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I. INTRODUCTION

(F. L. Ribe)

During this year most of the Scyllac activity has been
concerned with conversion to the full torus. As part of this
program the plasma behavior in an 8-meter toroidal sector
(R = 4.0 m) was analyzed and compared with that in the 5-
meter sector (R = 2.4 m). This stable period of toroidal
equilibrium scales with sector length. This is indicative
that the terminating m = 1 motion may be an end effect. How-
ever, other explanations, e.g., effects of axial pressure
equilibration over the different £ = 0 half-periods for R =
2.4 mand R = 4.0 m, are possible. Construction of the full
torus was complete in March 1974, and plasma experiments
began in April.

Some feedback experiments on the 8-m sector were per-
formed. They showed a perturbation of the equilibrium fields
by the & = 0 feedback coils. Eddy currents in the feedback
coils reduce the periodic mirroring amplitude 60 and caused
an upward shift of the 2 = 0 magnetic axis. Corrections
will be made in the full-torus feedback system to eliminate
this effect. Excitation of the feedback system on the 8-m
sector was observed to correct the downward plasma motion
induced by the shift of the magnetic axis.

The Scylla IV-3 system, before its being dismantled to
make way for the staged 6-pinch, was used to make more care-
ful measurements of the m = 1 instability driven by 2 = 1
and 2 = 0 fields and to observe its correction by externally
driving & = 0 feedback coils. An important effect on the
onset of the m = 1 instability was found to be displacement
of the £ = 1 or £ = 0 magnetic axis from the center of the
discharge tube, to which the plasma implodes.

An exciting new diagnostic development has been the
successful application to Scyllac of side-on laser Thomson
scattering through the quartz discharge-tube wall without
benefit of the usual elaborate collimators and beam dumps.
The major component is a new,highly rejective,3-grating
spectrometer which eliminates stray light. Side-on holo-
graphy using a HF laser is also being developed. Consider-
able progress has been made toward fully automated comput-
erized data taking and control of the Scyllac device.




The Scylla I-B experiment has produced good data on im-
plosion dynamics, indicating satisfactory agreement with the
elastic or bounce-model theory.

The important,new,staged 6-pinch experiment has reached
the point of staging bank completion and initial operation of
a 0.9-m section of shock heating on a 20-m-diameter discharge
tube. Two new spark gaps must be developed to run the 4.5-m
staged device. The first, a pulse-forming-network gap, has
been developed and is being delivered. The second, a “"stag-
ing" gap,which is a multi-arc-channel rail device, to isolate
and then switch on the 800-kJ, 50-keV staging bank after the
pulse-forming-network pulse,is still under development.

The 40-cm-diameter one-meter-long implosion heating
6-pinch experiment is driven at four feed slots by four 125-
kV pulse- forming networks. Unlike previous, collisionless-
shock experiments at low plasma density at other laboratories,
the present device operates at n = 1021/m3 and has correspond-
ingly lower impedance. This has involved much new high-
voltage component development. The apparatus is now complete.
The preionization method has been worked out and the first
plasma experiments are beginning.

Considerable progress has been made on the ZT-1 toroidal-
2inch experiment. Thomson scattering and doppler broadening
measurements establish that the electron temperature is much
lower than the ion temperature, and the non-Gaussian nature
of the scattered light spectrum strongly suggests turbulence
involving electron plasma waves. In order to study the
conditions of reverse~field stability more carefully the
discharge was derated from the "fuse" mode (I = 1.3 x 1012
A/s, I = 200 kA, T, Y 25 ev, T, Y 800 eV) by inserting 0.5-Q
series resistors to give I = 0.4 to 2 x 10!! aA/s, I = 80 KA.
Under these conditions Ty is about 4 eV and Ti is typically
about 60 eV. Good correlation of plasma stability with Bz
field reversal is observed, and stable times of ~10 us occur
as long as the total flux does not reverse.

There are separate and well-defined programs in the CTR
theory group on MHD-Vlasov macrostability theory of Scyllac,
Z-pinch,and Tokamak configurations and also on plasma simu-
lation of microinstabilities. In Scyllac theory the MHD cal-
culations are proceeding toward more and more realistic
stability estimates for diffuse profiles. The Vlasov-fluid
theory has provided estimates of finite-Larmor-radius effects,
which seem to account for the absence of modes with azimuthal
numbers greater than unity -- as is observed experimentally.
A simple model of £ = 1 wall stabilization has been made.

In Z-pinch theory, generalized estimates by Baker and Phillips
show the important fact that poloidal field diffusion in the
initial stages of high-beta Z-pinches and Tokamaks leads to



loss of confinement which must be alleviated by energy and
particle loss to the wall. Two-dimensional computer simula-
tion of 6-pinch implosion-sheath microinstabilities is being
pursued, coupled with examination of the analytic theories
of candidate microinstabilities for ad hoc transport co-
efficients in hybrid simulation codes, which suppress the
electron-wave time scale. On a more general level, alterna-
tive means to particle simulation for solving the Vlasov
equation are being explored.

In the experimental plasma physics research program the
measurements on A-C resistivity and plasma heating have been
extended to include nonlinear departures from Ohm's law be-
low the density threshold of parametric instabilities and to
measurements of electron energy distributions in the region
of strong parametric instabilities.

On the engineering side the main achievement has been the
conversion of Scyllac to its full-torus configuration (25-m
circumference). The feedback stabilization system is still
under test and construction. Component development for the
staging and transfer-capacitor portion of the 6-pinch Fusion
Test Reactor system is under way. Improved switching compo-
nents for the ZT-1 toroidal pinch have also been developed.

A systematic group design effort for the 6-pinch Fusion
Test Reactor has been initiated. Of primary importance is
the careful design and definition of the shock-heating and
staging waveforms and circuits to be compatible with the
slowly rising (v1-ms) compression field. The geometry and
electrical decoupling of the (end-fed) shock-heating and
compression coils has also been considered. The development
of metal-ceramic discharge tubes to withstand plasma and
radiation loads over times of tens of ms is being undertaken.
The design group effort also includes tritium handling and
estimates of D-T burn dynamics.

In the superconducting magnetic energy transfer and
storage research area,the main achievement has been the bring-
ing on line of the first 300-kJ storage coil which has shown
stable operation above its rated value. Development con-
tracts for 300-kJ storage coils capable of low-loss discharge
in 1 ms have been initiated with three industrial firms. A
systems cost study of the 6-pinch FTR with superconducting
METS has been carried out. Vacuum-breakers as alternatives
to the superconducting switch are being developed. A re-
search contract has been let to the Westinghouse Corporation
to determine the feasibility of various inertial energy-
transfer schemes for the Reference Theta-Pinch Reactor.

In the fusion technology area,the main accomplishment
has been completion of the joint AﬁL-LASL design of the

Reference Theta-Pinch Reactor power plant. A report:
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LA-5336/ANL-8019 has been issued. This involved close co-
operation by the LASL neutron-transport-computational and
nuclear cross-section groups. Materials research on insula-
tors has been extensive, a major result being the demonstra-
tion of greatly enhanced dielectric strength of alumina
under 6-pinch pulse conditions at elevated temperatures ap-
propriate to reactors. In the area of pulsed metallurgy,
cyclic stressing of molybdenum at 1150 K has shown that
failure occurs by creep -- not fatigue, as might have been
expected. In the important area of reactor plasma heat re-
moval by a neutral-gas blanket, the previous calculations
have been refined to take realistic account of finite mean-
free-path transport in the neutral gas.




II. THETA-PINCH PROGRAM

A. SUMMARY OF 6-PINCH ACTIVITIES
(G. A. Sawyer)

Conversion of Scyllac to its full-
torus configuration has been a major activ-
ity during 1973. The conversion is nearly
completed and plasma experiments will begin
in early 1974 (Sec. D). During conversion,
the Scyllac radius was increased from 2.4
to 4.0 meters; interim experiments were
performed in an 8-m sector at the new ra-
dius. These experiments showed an m = 1
sidewards motion to.the wall, as in the
previous 5-m sector, but the onset time for
the motion was later in the 8-m experi-
ments, scaling from the 5-m experiments
directly as the coil length. This result
suggests that the m = 1 sidewards motion is
caused by end effects (Sec. B).

Feedback experiments on the 8-m sector
demonstrated the performance of the system,
and revealed the need for an improved de-
sign of the & = 0 feedback coils. Limited
experiments with a closed feedback loop
showed that the system responded correctly
to unbalance signals but did not have suf-
ficient power to overcome the strong side-
wards motion that prevailed in the toroidal
sector (Sec. C).

A Staged Theta-Pinch program was
started in FY-74. The initial implosion
heating and subsequent adiabatic compres-
sion will be separated and operated from
different power supplies. Construction of
a 4.5-m-long linear-staged 8-pinch has been
started (Sec. E).

A series of experiments on Scylla
IV-3 studied the scaling of instability
growth rates with £= 0 and &= 1 param-

eters. The scaling of experimental growth

rates agrees best with the sharp-boundary
theory with old ordering (Sec. F).

The implosion phase of a conventional
6-pinch has been investigated in Scylla 1-B.
Magnetic probing shows a 2-cm-thick current
sheath imploding at a maximum velocity of
~2 x 107 cm/sec. Holographic interfero-
grams show some plasma traveling ahead of
the sheath and also show flute structure on
the trailing edge of the plasma (Sec. G).

Development of plasma diagnostics and
computer systems has been continuing during
the past year as an important activity in

the 6-pinch group.

B. SCYLLAC 8-METER TOROIDAL SECTOR
EXPERIMENT (W. R. Ellis, C. R. Harder,
R. Kristal, W. E. Quinn, G. A. Sawyer,
and R. E. Siemon) '
1. Introduction

The experiments on the 5-m toroidal
sector!:? were terminated at the end of
1972 to allow the conversion to the full
torus to begin. Experiments on the 5-m
sector, feedback stabilization experiments
on the Scylla IV-3 device, and studies of
the effects of the major radius of curva-
ture on the plasma equilibrium and stabi-
lity and the feedback stabilization re-
guirements suggested an increase in the
Scyllac major radius from 2.4 to 4.0 m
(cf. Sec., D).

concentrated on the sector to increase its

The initial conversion work

The conversion
of the 5-m, 120° sector to the 8-m long

major radius of curvature.

4.0-m radius was completed in May and
plasma experiments began on the larger 8-m
sector in June, while the conversion work
continued on the remainder of the torus.
The objective of these experiments was to




study the plasma equilibrium and stability
in the larger radius of curvature as well

as the scaling of the torcidal experiment

from the 2.4-m to the 4.0-m radius.

The plasma experiments in the previous
5-m sector demonstrated the existence of
high-8, £ = 1,0 toroidal equilibrium. The
plasma remained in a helical toroidal equi-
librium for 4 to 7 usec, followed by an
m = 1 sideward motion of the plasma column,
which was nearly the same all along the
sector. The m = 1 motions, which occurred
predominantly in the horizontal plane of
the torus, suggest either an imbalance be-
tween the equilibrium F; o and toroidal
forces at later times due to end effects or
the occurrence of the long wavelength m = 1
instability possibly triggered by the same
effects. It has not been possible to dis-
criminate between these phenomena. Meas-
urements of the plasma parameters and the
applied magnetic fields show that the
product of the 2 = 1 and £ = 0 fields for
plasma equilibrium agree with sharp-
boundary MHD theory. In these experiments,
with the 5-m sector operating at one-half
the capacity of the energy storage bank,
the plasma had an ion temperature of ~1 keV,
an electron temperature of ~ 350 eV, a peak
plasma density of ~2 x 10!6 cm-3, and a
plasma B8 on axis of ~0.8.

During the past year plasma experi-
ments were performed on the £ = 1,0 helical
equilibria and stability in the larger 8-m
toroidal sector. These initial experiments
were completed in August. A feedback sta-
bilization system was installed on the
sector during August and September. Plasma
experiments with the feedback system began
in late September and were terminated in
November to allow the conversion to the
full torus to be completed.

2. Summary of & = 1,0, Sharp-Boundary,

Toroidal Equilibrium Theory
When a straight theta pinch is bent

into a torus the combination of plasma
pressure and the gradient of the toroidal
compression field B, forces the plasma

toward the outside of the torus. In the
Scyllac sector, with a major radius R and
plasma radius a, the toroidal drift force,
Fp = BBg a2/4R, ) (1)
is compensated by a combination of £ = 1
helical and £ = 0 bumpy fields. (B is the
ratio of plasma pressure to the external
magnetic field pressure.) The superposi-
tion of the £ = 1 and £ = 0 equilibrium
fields?3,*,% on the main toroidal field B,
produces first-order plasma distortions

about the plasma radius of the form
r=a [1 + 6, cos (06~hz)

+ §o cos hz], (2)

where h = 21/A is the 2 = 1,0 wave number,
z is the toroidal coordinate, and 6 is the
azimuthal polar coordinate. The plasma
column distortions, §, and §,, are related
to the applied fields by

By-1/85
€21 (e)Ky (€) [1-(1-B)I; () K, (e) /T (€)K,  (€)]

(3)

B
1 2=1 _
* T(-e/m B, ¢ (67 ha<<h 4

and

9Q

o
5)

- L(e)k(e) [1-I5(e) K, (€) /1, (€)K,(e)] By
8o = €K (€) [1-(1-B) I (e)KG (e} /I (e)K (e)] B
(

= , (¢ = ha <<1) . (6)

The Ik
functions and ¢ = ha is the product of the
2 = 1,0 wave number and the plasma radius.

and Kz are the modified Bessel

The & = 0 bumpy fields produce the
asymmetry in the sum of the plasma excur-

sions 6, and §,,which is needed to produce

1 4



the equilibrating force

516
h2a3gB2 [1+(1-8) I (e) /1] (e) 12 (7)

B8 (3-2B) th2a36160/8, (ha<<l). (8)

Equating the outward toroidal force to the

Fi,0 force gives the equilibrium condition

516 =2/h2aR

[1+(1-B) I (e)/If(e)] (9)

R

2/(3-2B8) h? a R, (ha <<1). (10)

It should be noted that the singular
behavior in the approximate relations, Egs.
(6) and (8), as B approaches unity does not
Wwith B,_,
and B£=0 fields of equal magnitudes, Egs.

occur in the exact expressions.

(4) and (6) show that §, is appreciably
larger than 60 for B values which are not
too close to unity. Typical values for the
By=0/Bo = By=1/B,
& 0.07; € v 0.2; §; ~ 0.9; § v 0.1; and

B ~ 0.8.
Fl,o/FR force ratio, from Egs. (7) and (1),

as a function of the plasma B.

Scyllac experiment are:

Figure II-1 shows graphs of the

The choice of the & = 1,0 equilibrium
for Scyllac was the result of both theoret-
ical and experimental studies. Experiments
with high-8, high-temperature 6-pinches
have shown that, in general, only long
wavelength (k30) m = 1 modes are observed
experimentally. Based on this empirical
result, the m = 1 stability of high-B heli-
cal systems was investigated using sharp-

boundary MHD theory.%,5,7 The theoretical

T T T T T T T T 1 T T T
15k . :0.5 e
| R:40m, h-0.15¢cm™ 002 em ]
| By Byeg 1.0
29 -00683 .
r S Bo 1571
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L ]
ost 1
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Figure II-1

Ratio of the Fi1,0 equilibrium force to
the outward toroidal force as a function
of B8 for the indicated plasma radii a.

results showed that to leading order in €,
the 2 = 1 configuration is stable. Further
theoretical studies® with diffuse profiles
indicate that the vanishing of the leading
ordexr destabilizing term for 2 = 1 is not
just characteristic of sharp-boundary
profiles, but occurs for a wide class of
profiles satisfying the very weak condi-

1 dB(r)

B(r) dr
8-pinch field.

tion, >0, where B(r) is the main
When the higher order terms in the

m = 1 dispersion relation are calculated

and the harmonic content of the £ =1

fields optimized, the disperéion relation

for the m = 1 mode is given by“r%,10

4
2 ~ h2 v2 |- p2{&
Yl h vA [ B (b)

¢ U28) g ez]ag , (1)

where a/b is the ratio of plasma to wall
radius and Va is the Alfvén velocity. The
first term in Eq. (1ll) is a wall stabili-
zation term which is negligible in conven-
tional 6-pinches as a result of the small
a/b values, but which could be made to
dominate with increased implosion heating
such as in a staged 8-pinch.!! fThe second
term in Eq. (ll) is a weak destabilizing
term arising from unfavorable curvature of




the ¢ = 1 field.

as B approaches unity is a result of the

The apparent singularity
approximations used, §; << e < 1.

Weitzner!0 has devised a new expansion
with € << §; £ 1, which gives anm = 1

growth rate,

4 5
2 = 2 2 |_g2fd —B>  s2]| s2.
i h va [ B8 (b) + 33(2-8) 61] 61 (12)
For the Scyllac parameters the destabilizing
term of Eq. (12) is approximately one-fourth
that of Eq. (11).
tended the analysis with the new ordering

Weitznerl!® has also ex-

to the more general case of slightly ellip-
tical plasma cross section. This analysis
shows that the plasma.can be m = 1 stable
by conducting walls located at any finite
location.

3. Experimental Arrangement of 8-m Sector

a. Sector Parameters. The 8-m sec-

tor, which will comprise one-~third of the
Scyllac torus, had a larger major radius of
4.0 m and a coil arc length of 8.4 m. The
compression coil, whose inner surface was
shaped to generate the 2 = 1,0 equilibrium
fields, had a mean bore of 16.0 cm to ac-
commodate feedback coils. The inside di-
ameter of the guartz discharge tube was
8.8 cm.
3.5-MJ capacitor bank of 1,050 1.85-uF,
60-kV capacitors.
formed with the bank charged to 40 and 45 kV
to produce peak magnetic compression fields
of 40 and 45 kG with risetimes of ~4.1

A 50~kV, 9-~kJ
which produced a 400-kHz oscillating field,

The 8.4~-m coil was driven by a

The experiments- were per-
usec. 8-preionization bank,
was used to preionize the initial deuterium

gas fillings of 10 to 20 mTorr.
b. & = 1,0 Shaped Compression Coil.

The product of the helical £ = 1 and bumpy
% = 0 fields designed into the shaped

toroidal coils was determined through the
sharp-boundary equilibrium relations, Egs.

(3), (5), and (9), to give

Ba=1 Bamg _ _ 2na2 1(E) Ko0) .
R
ag Io(s)
{1 - (1-8) Ij(e) Kj(e)/I}(e) Ky (€]

L+ (1-8) I, (e)/T](e)] - (13)

A graph of the equilibrium field-product,
for B in the range of 0.6 to 0.9, is given
in Figure II-2 for plasma radii in the
range of 0.6 to 1.0 cm. The equilibrium
field product is nearly a linear function
of B in this range and is not a sensitive
function of the plasma radius. Equal mag-
nitudes of Boq and B£=0 were chosen
(By_1/B, = By_o/B, = 0.0683); this pro-
duces a bumpiness 60 of the plasma column,
which is small compared with the helical
displacements §;.

The designs of the shaped coils were
determined by calculating the shape of the
magnetic flux surfaces for the required
vacuum fields from

—_ _ A _£
B/Bo = e, (1 R cos 8) +Ve¢ , (14)
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Figure II-2

Values of the equilibrium field product,
Bz,lB£=0/B%, predicted by sharp-boundary
theory for equilibrium in the 8-m toroidal
sector.



where — -

¢ = (B£=1/Bo) [2 I;(hr)/h] sin (6 - hz)

+ (BZ=0/B0) [Io(hr)/h] sin hz

(15)
+ (BV/BO) r sin 6

+ Bl,z/Bo [I,(2hr)/h] sin (8 - 2hz).

The small vertical field B, and B;,, field
are required for equilibrium according to
the sharp-boundary theory.l!2 The amplitude

of these fields is given by

jEZ _ Bi,2 _ Boo1By=g (16)
Bo Bo 4B2

The B;,, field varies in space as sin
(6-2hz), and produces a small ellipticity
in the plasma cross section, in contrast to
the 2 = 1 field which varies as sin (8-hz).
Each wavelength, A;,¢9 = 41.9 cm (cf.
Sec. D), of the 8-m sector was divided into
330 steps, with 1.25 mm/step, and flux sur-
faces calculated for each step. Figure II-3

shows plots of the flux surfaces at 4 z po-

sitions: hz = 0, center of a land region;
hz = w/2, between a land and groove region;
hz = 7, center of a groove region; and

hz =-3m/2, between a groove and land region.

The annular cross-hatched areas of Figure
II-3 represent the region between the ID of
the discharge tube and the OD of the £ = 0
The flux
surfaces with the dashed lines were com-
puted with Bv/Bo = 0.001166, which is the
(16)]. We
note that the outer flux surface has an el-

feedback spabilization coils.

prescribed theoretical value [Eqg.
liptical shape. A vertical field amplitude
of BV/Bo = 0.00168, 44% larger than the
theoretical value, was used to give flux
surfaces (solid lines, Figure I1I-3) at the
coil wall which have circular cross sec-
tions for simplicity of machining. This

larger value of vertical field shifts the

R - - .0001683 —
Bj:I/Bo' 00683, 81=o/B°= 00683, Bl‘|‘2/B°= 0.001166, BV/BO>O,OOI|'66-'

}2 cm

hz=x (Groove]

Figure II-3

Magnetic flux surfaces at four z locations,
with the theoretical value of the vertical
field (B,/B, = 0.001166, dashed lines), and
the actual value used (By/By = 0.001683,
solid lines). The cross-hatched area con-
tains the discharge tube and £ = 0 feed-
back coils. The radial plane where B, is
maximum on axis due to the £ = 0 field is
referred to as the land (hz=0), and where
B, is minimum on axis as a groove (hz=m).

inner flux surfaces inward in the horizon-
With
this design the vacuum flux surfaces can be
centered in the discharge tube by the addi-

tal plane and decreases their area.

tion of a vertical field from driven
windings.

c. Discharge Tube. The quartz dis-

charge tubes were purchased in 45° toroidal
sections because of shipping problems and
compatibility of the toroidal bending fix-
ture with the requirements of the full
torus. Three 45° sections were aligned in
a plane and to the sector major radius of
4.0 m. The sections were fused together
into a single tube with an arc length of
9.4 m.

88 mm with a 3-mm wall thickness.

The tube had an inside diameter of



Figure II-4
Photograph of the 8-m toroidal sector device.

d. Comparison of 8- and 5-m Sector

Parameters. The parameters of the 8- and
S-meter toroidal sectors are compared in
Table II-1.

of the front end of the 8-m sector with

Figure II-4 is a photograph

the compression coil and discharge tube in-~

stalled. The feedback modules are shown

10

in the upper portion of the photo above
the compression coil.
e. Plasma Diagnostic Apparatus. The

following measurements were made of the
plasma properties: (1) three high-speed
streak cameras, viewing the plasma column

side-on,were used to record the transverse,




TABLE II-]

SCYLLAC TOROIDAL SECTOR PARAMETERS

Parameter 5-m SectoQr 8-m Sector
(Half Bank) (Full Bank)

R (m) 2.375 4.0

Coil Length (m) 5.0 8.38

Coil Bore (cm) 14-20 16.0

C (uF) 971 1,942

Bank transfer efficiency 0.71-0.80 0.86

1/4 (usec) 3.6 - 4.3 4.1

VBank (kV) 50 50

B, (kG) 48 - 36 50

Ee (V/cm) 510 - 280 470

h (cm—1) 0.19 0.15

"1,0 {cm) 33.15 41.89

No. of A's in sector 15 20

B,_1/B, 0.0683

B£=0/B° 0.0683

B,/B, 0.00168

B),2/B, 0.001166

motions of the plasma column; (2) a coupled-
cavity He-Ne laser interferometer was used
to measure the time history of plasma elec-
tron density integrated along a chord of

the plasma cross section; (3) a magnetic
loop and probe arrangement was used to
measure the magnetic flux excluded by the
plasma. Combined with density profiles
from the luminosity, the excluded flux can
be expressed in terms of the plasma B; (4)
a ten-channel, side-on luminosity experi-
ment was used to obtain the intensity pro-
files of the plasma column. These luminos-
ity profiles, in conjunction with the
coupled~cavity interferometer data, give
absolute density profiles; (5) scintil-
lation and silver-foil activation counters
were used to measure the neutron emmission;
and (6) Thomson scattering was used to
determine the plasma electron temperature
with a unique three-grating polychrometer.

4. Plasma Equilibrium and Stability

In the experiments on the 8-m sector
with fixed 2 = 1 and £ = 0 fields generated
by the 2 = 1,0 shaped inner surface of the
compression coil, the plasma equilibrium
was achieved by adjusting the initial
deuterium filling pressure to give a bal-
ance between the Fl,O and toroidal forces

through their B dependence (cf. Figure
II-1). With the bank operating at 40 kV,
Bo = 40 kG, the plasma equilibrium was
achieved with a deuterium filling pressure
of 16-19 mTorr compared with a pressure of
19-21 mTorr at a bank voltage of 45 kV

(Bo = 45 kG). The ratio Fl,o/FR de-
creases with increasing pressure in the
range of 8 to 45 mTorr. Since the ratio
increases with 8 this implies that B is de-
creasing with pressure in this range. The
equilibrium pressure value of 16 to 21
mTorr is higher than the preferred operat-
ing pressure of 10 to 15 mTorr. This means
that the magnitudes of the £ = 1 and ¢ = 0
fields generated by the shaped coil are
slightly too large.

a. Transverse Plasma Motions. The

streak photographs of Figure II-5 show
typical transverse plasma motions observed
Figure II-5A shows the
plasma column in the helical equilibrium

in the 8-m sector.

position until approximately 6 usec when

it moves slightly inward in the horizontal
plane in both land and groove regions fol-
lowed by a reversal at 8.5 usec with an
outward motion that terminates the confine-
ment at 12 usec. The motion in the verti-
cal plane, which is inverted in the photo-
The
vertical field windings shadow a portion

graph, is shown in the center frame.

of this view at the top and bottom.

Figure II-5B shows no motion in the
vertical plane, but an outward motion at
later times in the horizontal plane of the
torus in both land and groove regions.

Figure II-5C shows a slow downward
motion in the vertical plane with an out-
ward motion occurring at later times in
the horizontal plane. In the experiments
with driven 2 = 1 windings,! a small change
in the magnitude of the £ = 1 fields moved
the plasma from its equilibrium position.
Likewise, in the shaped coil with fixed
2 =1,0 field ratios, a few percent change
in the deuterium filling pressure, with a
corresponding change in plasma B, produced
the same results.

11
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Figure II-5
Streak photographs showing the transverse plasma motions
in the horizontal plane of adjacent land and groove
regions and in the vertical plane midway between these

regions.

The observed transverse motions of the
plasma at various positions around the sec-
(1) the plasma

column takes up an initial helical shift

tor show the followinyg:

and comes into an equilibrium position
which lasts 7 to 10 usec in contrast to a
complete absence of equilibrium without

2 = 1,0 fields; and (2) as the plasma moves
away from the equilibrium position, the
motion in the land and groove regions is
similar around the sector, i.e., a long
wavelength m = 1 motion.

The streak photographs of Figure II-6
compare the plasma transverse motions in
the 5- and 8-m sectors having shaped com-
pression coils. The general characteris-
tics of the plasma motions are similar
except that in the 8-m sector the confine-
ment is increased. The transverse motions
are also similar to those observed with

the £ = 1 driven windings, except that the
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long wavelength m = 1 motion tends occa-
sionally to occur in planes other than that
of the torus.

Vertical magnetic fields of 25 to 100
G were applied by two pairs of toroidal
windings to the discharge tube region. These
fields were superimposed in opposition to
the vertical field generated by the shaped
compression coil to produce the theoretical
value of the vertical field {(cf. Table II-
1). However,this additional vertical field
did not have an observable effect on the
plasma column. This result is similar to
that observed previously in the 5-m sector
experiments.!

b. Scaling of the m = 1 Onset Times.

The examination of many streak photographs
shows that the plasma column remains in
stable equilibrium for 7 to 10 usec in the
8-m sector, compared with 4 to 7 usec in
the 5-m experiment, at which times the
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Figure II-6
Streak photographs comparing plasma behavior
in the 5-m and 8-m toroidal sector experiments.

onset of the terminating m = 1 sideward

motion occurs. The ratio of the onset

times, -
Tog (8-M) _ 7 to 10 psec _ 4 ¢ (17)
T__(5-m) 4 to 7 usec T
0s
can be compared with the Alfvén times,
Ta(8-m) . ll.8 usec _ ; 4 (18)
tA(S—m) 7.1 usec s

and with the scaled plasma end-loss times,

T, {8~m)
Tp(S—m)

26.9 usec

~ 16.8 usec 1.6 (19)

Thus, the onset-time scaling is in agree-
ment with the assumption that it is pro-

duced by end-effects. The plasma is

apparently stable until end-effects prop-
agate to the center of the sector.
Assuming that the motion which termi-
nates the stable period is the instability
predicted by theory, its measured growth
rates are Yj(5-m) = 1.1 MHz and Y; (8-m)
= 0.6 MHz.
from

The growth rates calculated

_ 8(4-38) (2-8) :
= Seame o VA B et 8

B 2
. 8la-38) Ba=1
= Ta-e (- At P ( B, ) (20)

are 1.0 MHz and 0.6 MHz for the 5- and 8-m
experiments, respectively. Thus the termi-
nating growth rates are in good agreement
with theory and scale between the 5- and

8-m experiments according to the theory.

13




c. Scaling of the £ = 1,0 Equilibrium

Fields. The product of the 2 =1 and 2 = 0
fields designed into the 8-m sector coils
was scaled by sharp-boundary theory from
the previous 5-m experiments through the
equilibrium relations, Egs. (9), (3),and
(5) by

=0 fsm[Bl Ii(ha)’ K. (ha)l
FenlB, I, (ha), Kj (ha) ]

2
% gm 2 8m RSm
R
2
hSm 2" 5m 8m
B,_, B,_
X _ﬁ:l;_&:g R (21)
Bo 5m

Graphs of this relationship are shown in
Figure II-7, where the curves represent the
8-m equilibrium-field-product ratio scaled
theoretically from its value at 5 meters.
The equilibrium-field-product ratio used
in the 8-m experiment is shown by the
horizontal dashed line; and the solid
point gives the averaged observed B value
(cf. Sec. B5a below) with an indication of
the upper limit of B by the circle. The
average value of the plasma radius is 0.9

LA et B S S S S U B S N BN S S e S B B B S S S S Su NS S S SN S g

~ 9=06cm
o_ - -
T 00046 M=0.19¢m’, hy=0.15cm N i
o \ N
() R,=2.375m, R,=4.0m Q o7
(B, B,.o/ E)5m - 000635 0.8
Ogr 207Cm, 0g =09 cm \>No0.9

0.0045

BSm =0.85, Bsm =08

I S TS T WA UG T T A S T T W U W W W U T W WA S S T Y W O O

086 8

Figure II-7

Values of the equilibrium field product
(Bg=1 Bp=0/Bo?) predicted for plasma equi-
librium in the 8-m toroidal sector, scaled
from the 5-m sector equilibrium. The mea-
sured 8-m ratio is shown by the horizontal
dashed line, and the two points give the
limits of the measured values of 8.
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em (cf. Sec. BS5a below) represented by
the solid curve. Thus the scaling of the
equilibrium field product is confirmed by
experiment.

5. Measurements of Plasma Parameters

a. 8-m Sector Results. Measurements

have been made of the plasma radius as a
function of time, determined by luminosity
profiles, and plasma diamagnetism as a
function of time, determined by the bal-
anced probe method. These measurements
have been made in positions of minimum and
maximum plasma radius [land (L) and groove
(G), respectively] in order to study the
approach of the plasma column to theoreti-
cally predicted axial and radial force
equilibrium (see Sec. B6).

b. Comparison of 8-m and 5-m Sectors.

The differences between the 8-m data (Ex-
periment K) and 5-m data (Experiment J) are
indicated in Figures II-8 and II-9, which
show plots of the plasma radius a, excluded
flux A¢, and beta on axis BA vs time for
these two experiments in the land and groove
locations (45 kV in both experiments). Each
curve represents an average of 4 or more
nominally identical shots, and the error
bars represent rms (standard) deviations
from the average value.

These figures illustrate some impor-
tant differences between the 5-m and 8-m
data. These differences are most pro-
nounced for the groove location, Figure
II-S.
"~ 50% larger in the 8-m experiment after

The plasma radius in a groove is

peak field and confinement of the plasma
column is ~ 50% longer. The final value
of B is near unity in both experiments,
but with larger variations in the 8-m
case. The low starting value of beta in
each case is thought to be associated with
the presence of £ = 1 fields during the
implosion phase. Similar behavior has

been observed in the 3-m linear Scylla

IV-3 experiment, during growth rate studies
employing an £ = 1 grooved coil (see Sec.
F). The pronounced oscillations in radius

and beta which occurred in the 5-m
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Figure II-8
Comparison of the observed time variations
of plasma radius, excluded flux, and com-
puted 8 on axis in a land region in the
S5-m (J) and 8-m (K) sector experiments.

experiments are nearly absent in the 8-m
case. The excluded flux in a groove is
much larger in the 8-m case, as it should
be for the observed larger radius and same
8. The time behavior is different in the
two cases, there being a cléar tendency in
the 8-m case for the excluded flux to level
out in time. In the S5-m experiments, A¢
was a monotonically decreasing function of
time in the grooves, without exception.

In the land location, Figure II-8,
the data in the two experiments are more
similar than in the groove location, but
some differences are still worth noting.
In particular, the plasma radius is smaller
and the excluded flux larger in the 8-m
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Figure II-9
Comparison of the observed time variations
of plasma radius, excluded flux, and com-
puted 8 on axis in a groove region in the
5-m (J) and 8-m (K) sector experiments.

experiment, while the computed B remains
about the same. This can only be possible
if the B field is larger in the 8-m experi-
In the
L)max = 36.0
In the 8-m experiment,

ment, as is, in fact, the case.
5-m experiment, we measured (B
kG at 4.6 us.
(BL)max = 46.0 kG at 4.0 us, an increase
of about 28%. The corresponding groove
data were: (BG)max = 30.0 kG (5 m) and
(BG)max = 38.8 kG (8 m) (peak fields
reached at the same time as in a land).

c. Scyllac Density Measurement. Mea-

surements have been made of electron
density in a groove region using a new
modified coupled-cavity interferometer:
Typical results are shown in Figure II-10.

15




SHOT 7696

a-GROOVE STREAK PHOTOS

b- INTEGRATED DENSITY, THREE
WAVELENGTHS AWAY

Figure II-10
Integrated plasma electron density along a
chord from the laser coupled-cavity in a
groove region taken simultaneously with a
streak photograph in a nearby groove
region.

The laser beam was positioned 2 mm forward
of the coil center. However, its position
with respect to the plasma column is known
only at one or two times in a discharge:
shortly after implosion or during a swing
through the beam due to drift or instabil-
ity. Density is therefore obtained only at
these times using radii derived from lumin-
measurements. In the optimum pressure
range (18-20 mTorr) the average density at
early times (< 7 usec) is about 3.4 x 1018
cm-3.
d.

tron temperature was measured by Thomson

Electron Temperature. The elec-

scattering using a special polychrometer
to reject stray light (cf. Sec. H3). A
10-Joule, 30-ns Q-switched ruby laser beam
passed side-on through the 88-mm-diameter
Although focussed
at the center of the tube, the beam was

quartz discharge tube.

expanded at the wall to cover an ellipti-
cal area 10 x 20 mm.
density on the wall (about 0.02 J/mm2) was |
held below the level found to cause spal-

Thus the energy

ling on similar quartz tubes (about 0.1
J/mm?2) ,

Data were taken in the 8-m sector
(main bank voltage 45 kV and filling pres-
sure V20 mTorr). Signals of typically 0.5
volts from seven channels were recorded
with oscilloscopes. The plasma luminosity

was comparable in intensity to the scattered

16

Relative Intensity

o] 20 40

3 .
Wavelength Shift (nm)

Figure II-11l
Relative intensity of the Thomson scattered
laser light from the sector plasma (experi-
mental points) compared with the theoreti-
cal curve (solid line) for T, = 590 ev
signal and fluctuations in the luminosity
were the limiting noise source in the ex-
periment.
II-11.

intensity for a channel centered on the

Typical data are shown in Figure
Each point represents the scattered
indicated wavelength. The spectral width
of each channel was made progressively
wider as the separation from the incident
wavelength increased. The indicated curve
for Te = 590 eV represents a least-squares
fit of a theoretical curve which 1) assumes

the spectrum is Gaussian and 2) accounts

. for the varying spectral widths of the de-

tector channels.  The theoretical curve
~does not include relativistic effects,which
are nonnegligible at these temperatures
according to Gondhalekar and Kronast.!3
Corrections for this effect are being made
and may drop the temperature to about
T_ = 500 eV.

e
Time-Dependent Scyllac Equilibrium

6.

a. Toroidal Equilibrium. As shown

. in Figure II-1, for each value of the

plasma radius a,there is a corresponding
value of B predicted by MHD theory for
toroidal equilibrium. The sharp-boundary
equivalent radius for the bumpy plasma in
Scyllac is taken to be the average of the
[ radii measured in lands and grooves, viz:
aL+a

_ G
asp = 2 . (22)




With this assumption, the experimental
radius values shown in Figures II-8 and
II1I-9 have been used to compute a theoreti-
cal sharp-boundary equivalent beta,

bsp =7 2 (23)

which can be split into its land and groove
components using the axial pressure equi-

librium condition

, 1 - 2=0\2
B B B
§£=(B—G> = \—2 (24)
G L 2=0
1+ B
o
where BG = Bo - B£=0 and BL = Bo + B1=0'

The results, expressed in terms of the ap-

plied field ratio, are

B, = Bgp 5 ) (25)
1+ ;=°
)
and
B 2
2=0
G i Bo)
B. =8 (26)

for the theoretical land and groove equi-
librium beta values.

Figure II-12 shows the time behavior
of the experimental and theoretically pre-
dicted beta values in land and groove posi-
tions for both the 5-m sector (J) and the
In both of
these experiments doubly grooved coils were
used, with applied field ratios of B£=1/Bo
= B£=O/Bo = 0.080 (J) and B2=l/Bo = Bm=0/Bo
= 0.068 (X), respectively.

8-m sector {(K) experiments.

The agreement between theory and ex-
periment is good after an initial time de-
lay of 4-6 usec, corresponding to the
period required for the plasma to come into
axial pressure equilibrium (see below).
The explanation for an increasing B(t) is
not known at this time, but may be related
to dissipative processes associated with
axial pressure pulses or shock waves ac-
companying pressure equilibration. Adia-
batic compression also occurs during this
period.

b. Axial Equilibrium. The approach

to axial pressure equilibrium is illus~-
trated in Figure II-13 for the 5-m and 8-m
experiments. Here we plot the experimental
beta ratio against the theoretical equi-
librium value [Eq. (24)] as a function of
time. The experimentally measured magnetic
field ratio is also shown, and is in gen-
erally good agreement with the grooved-
coil design value.

The direction of equilibration is the
same in the two experiments and corresponds
to a transfer of energy density from grooves
to lands. This is consistent with "over-
loading" the grooves initially with plasma,
as a result of the curved magnetic piston
from the £ = 0 field which is present dur-
ing the implosion phase. The relaxation
time is longer in the 8-m experiment (42-
cm wavelength for 21'0) than in the 5-m
experiment (33-cm wavelength for 21,0) by
approximately the ratio of wavelengths.

These studies confirm in detail that
a toroidal equilibrium is achieved in
Scyllac in both the 5-m and the 8-m sector
configurations, in agreement with the
streak photographs. The lack of axial
equilibrium during the early stages of the
discharge does not appear to affect the
toroidal equilibrium in a significant way.
The fact that the plasma appears to obtain
a toroidal equilibrium without axial equi-
librium initially, and to maintain it dur-
ing substantial shifts in B and nkT, in-
dicates an unexpectedly stable behavior

for the Scyllac plasma.
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Figure II-12
Comparison of experimental values of B in land and groove regions
with theoretical values corresponding to toroidal equilibrium in
the 5-m (left) and 8-m (right) toroidal sector experiments.
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7. Summary

The plasma experiments on the 5-m and
8-m toroidal sectors show the following:
(1) the plasma column takes up a helical
shift, comes into an equilibirum position,
and remains stable for 5 to 10 usec, which
is approximately the time for end effects
to propagate to the center of the sectors;
(2) the period of stable plasma confine-
ment is terminated by a long wavelength
(k ¥ 0), m = 1 sideward motion of the
plasma column from its equilibrium position
which usually develops in the plane of the
torus; (3) the onset-time scaling of the
1 motion from the 5-m to the 8-m

m
experiments is in good agreement with the
assumption that the terminating motion is
produced by end effects; (4) the experi-
ments conflrm the equilibrium scaling in
Scyllac by sharp-boundary theory from the
5-m to the 8-m device; and (5) measurements

of the magnetic field, the plasma beta,
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radius, and relative density profile confirm
in detail that a toroidal equilibrium is
achieved in Scyllac.

C. FEEDBACK STABILIZATION EXPERIMENTS ON
THE 8-m TOROIDAL SECTOR (R. F. Gribble, C.
R. Harder, K. Kutac, W. E. Quinn, G. A.

Sawyer, and E. L.
1.

Zimmermann)
Introduction

The feedback stabilization system for
Scyllac was developed by Gribble to control

the long wavelength m 1 motion and was
described in the 1971 annual report,l%,13
Initial plasma experiments with the feed-
back system were performed on the Scylla
IV 3-m linear 6-pinch with superimposed

2 1 helical fields driving the m 1
(Sec. F). The feedback stabiliza-

tion system was installed on the 8-m sector

motion

and checked out by Kutac during the summer.
Plasma experiments with the feedback system

began in September and were terminated in




T T T 1 T i T T T
1ol Ecyllac exp J-45ﬂ ]
(7] .
f_—’09~ (Vac) gesu;n . i
=] 2 (1-.08)7(1+.08)°=0.726
x (Bg/B,)
- o,a_Z Exp (plosma ) =
5 {
£ 07| .
3
x 0.6 —
Ll
os- (BL/Bg ey 1
ol L1 ! | | [ B R
o] 1 2 3 4 5 6 7 8 9 10
Time (usec)
n
1A T T T T T |
lor- lScyHuc exp K-45:§J B
(Vac) design
2 o9l (1-.068)%/ (1+.068)°=0.760 _|
- Exp { plasmo)
2 NYYVVI
e o8 {Bg /8B ) A A
k=
S o7
E
8 06
»
w
0.5
ol
(o]

Time (usec)

Figure II-13

Comparison of the measured ratio of beta's
in the land and groove regions with experi-
mental and design ratios of the magnetic
field corresponding to axial pressure equi-
librium. The upper curves are for the 5-m
and the lower curves for the 8-m experi-
ment.

November to allow the conversion to the
full torus to be completed.
2. Feedback Considerations

In the & = 0 MHD feedback stabiliza-
tion system for Scyllac, the feedback con-

trol is implemented through the generation
of small controllable £ = 0 fields which
interfere with the £ = 1 equilibrium field
T?O feedback
This is the same type of trans-

to produce a perturbation F
force.

verse body force that provides the toroidal

equilibrium in the curved geometry and has
been previously shown to exert the pre-
dicted force on a deliberately induced

m = 1 instability in the linear Scylla IV-3
experiment.!® 1Its magnitude per unit

length is given by sharp-boundary theory as

Fi% = 18(3-28)/8] BZhZa® &, 650 , (27)

where

FB

%o

. FB
= = By=g/2 By (1-8) (28)

is the plasma bumpiness produced by the

2 = 0 feedback fields and §; is the helical
plasma excursion produced by the £ =1
(4)). The destabi-
lizing force per unit length due to the

£ =1 fields is

equilibrium field (Eq.

= 2 2
281 T a P Yl g , (29)

where p is the plasma mass density on axis,
€ is the displacement from equilibrium, and

Y1 is the growth rate of the m = 1 instabi-

lity given by,
Y} = [8(4-38)/2 (1-B) (2-8)] h2 (B2/4mp)
(Byo1/Bg)? - (30)

Equating the destabilizing force, Eq.
to the feedback force, Eqg.

(29),
(27), and uti-
lizing the relations for § , §,,and v?
gives the 2 = 0 field required for stabi-
lization of the m = 1 instability,

N __ég 3
B 3-28 h g B2=1/BO ° (31)

[o]

19



The % = 0 field produced by the single-

turn feedback coils is given by

FB _ FB 2 211/2
Bj2, = 0.4 w Ip° /(L2 + 4b2?]

FB
=0.2h T2 /E (32)

where L is the coil length, b is the coil
radius, and f is a geometrical parameter of
the 2 = 0 feedback coil defined by

£ = h(L2 + 4b2)1/2 /20 . (33)

Using Egs. (31) and (32), the feedback
current required in each % = 0 feedback
coil is given by

B

FB _ 5(4-38) 2=1
To=o = 73728 £&B B_ - (34)

o]

The feedback system produces a peak
current of 4.0 kA in each £ = 0 coil with
a risetime of 0.9 usec. This produces a
field, Bl=0 = 235 G. From Egqg. (34), these
feedback parameters should be able to con-
trol plasma displacements of up to 6 mm
with a plasma B of 0.8, B£=l/Bo = 0.068,

B, = 45 kG,and £ = 0.35. Computer modeling

indicates the additional constraint that
the current risetime 1 should be less than

the reciprocal of the growth rate (v < 1/yv;

=~ 1.6 usec).

]
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Figure 1I-14
Feedback stabilization system.
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The ratio of the feedback force, Eqg.
(27), to the outward toroidal drift force,

Fp = B Bg a2/4R , (35)

is given by

B FB
F?,o B (3-28) R By—1 By=o (36)
Fp ~ 4(1-8) (1-8/2) B, B ’

where use has been made of the approximate
relations fox GgB and §,;. Using the para-
meters given above, F??O/FR = 0.065.

3. Experimental Arrangement

The feedback stabilization system,
shown schematically in Figure II-14, con-
sists of four basic components: (1) the
plasma position detectors consist of quad-
cell optical detectors capable of detecting
plasma motion of 1 to 10 mm away from the
equilibrium position with an approximate
linear response; (2) signal processing
units, which act as intermediate amplifiers
while adding damping and filtering to the
position detector signal, gate the position
detectors off during the initial period
when the plasma forms and electronically
select the plasma position at the time
when the gates open as the null position
for feedback:; (3) power amplifier modules,
each of which consists of 3 separate stages
of amplification ending in push-pull opera-
tion of two ML-8618 power vacuum tubes
operating at 35-kV plate voltage; and (4)

%2 = 0 feedback coils driven by the powér
module output transformer.

Figure II-15 shows the front end of
the sector with the feedback stabilization
system installed. The feedback power
modules are shown on the upper plaéforh
above the compression coil. The module
output cables connect to'the primaries of
the transformers located above and to the
rear of the coil. The % = 0 feedback coil
junction boxes are located on top of the
compression coil and connect the feed tabs
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Figure II-15
Photograph of the 8-m toroidal sector with
the feedback stabilization system installed.

of each coil to cables from the transformer
secondaries.

a. 2 0 Feedback Coils. 1In Scyllac
both the £ =1 and 2 = 0 equilibrium fields

are generated by the shaped inner surface
of the main toroidal coil, while the & = 0
feedback fields are produced by single-turn
coils inside the main coil as illustrated
in Figure II-l6. The slots in the & = 0
coils allow the penetration of the & =1
helical field.

brass construction and vacuum encapsulated

The feedback coils are of
with epoxy. The two coils in the groove
region, which has-a minimum in the toroidal

field, have a diameter of 12.4 cm compared

with a diameter of 11.8 cm in the land

region, which has a maximum in the toroidal
field.
the same toroidal magnetic flux threading
all the feedback coils.
coils are used for each of the twenty & =

This choice of diameters results in

Four feedback

1,0 wavelengths in the sector with its
8.4-m arc length. Appropriate phasing of
the currents in these coils provides a

feedback force in the desired transverse
direction. The output transformer drives
alternate 2 = 0 coils in series as indi-
cated in Figure II-14. This arrangement
nulls the induced voltage from the main

compression field. Each feedback module
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2=0 coil
current feed

Figure II-16
Perspective view of the =0 feedback coils
installed over the discharge tube in the
sector coil.

drives two pairs of feedback coils in series
(Figure II-14) through a 5 to 1 step-down
transformer.

b. Position Detectors. The feedback

plasma position detectors consist of sili-

con quad-cell optical detectors, which are
capable of detecting plasma motions of 1

to 10 mm away from the equilibrium position
with an approximate linear response. These
detectors have a risetime of about 25 nsec.
Two position detectors sense the plasma
motion in orthogonal directions, 45° above
and below the horizontal plane of the torus.
The sum and difference signals from each
position detector are fed to an immediate
amplifier to provide the control signal

for equilibrium compensation of one degree
of freedom of the transverse plasma motion.
Three pairs of position detectors and cor-
responding intermediate amplifiers were
used for the Scyllac sector.

4. Transverse Plasma Motions with £ = 0

Feedback Coils Installed in the Sector Coil

The initial experiments investigated
the toroidal plasma equilibrium with the
2 = 0 feedback coils installed in the
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With the bank
operating at 40 kv (Bo ~ 40 kG), the side-
on streak photographs showed two dominant

toroidal compression coil.

features: (1) Plasma equilibrium in the

%2 = 1,0 shaped compression coil required

an initial deuterium filling pressure of

~ 6 to 8 mTorr compared with 16 to 19 mTorr
in the absence of the & = 0 feedback coils;
and (2) a downward vertical motion of the
plasma column developed at 2 to 3 usec after
the initiation of the discharge and carried
the plasma to the discharge tube wall in
approximately 2 to 3 usec. The downward
plasma motion was essentially the same all
around the 8.4-m sector.

a. Plasma Equilibrium. In these ex-

periments with fixed ¢ =1 and & = 0 equi-
librium fields generated by the shaped

inner surface of the toroidal coils, the
plasma equilibrium was achieved by adjust-
ing the initial deuterium filling pressure
to give a balance between the Fl,O and
toroidal forces through their B dependence
(Figure II-1). With the £ = 0 feedback
coils installed and the bank operating at

40 kv, the approximate plasma equilibrium
occurred with a deuterium filling pressure
of 6 to 8 mTorr compared with 16 to 19 mTorr
in the previous experiments without feed-
back coils. With the £filling pressure
greater than 8 mTorr, the plasma column
moved outward (Ii‘l’0 < FR). This result
indicated that a larger plasma B was re-
quired to produce the equilibrium force
balance than previously without the feed-

back coils (Figure II-1). Since the F

force is proportional to the equilibriiﬁo
field product, B,_; BL=0/Bg, these results
imply that the % = 0 feedback coils were
decreasing the equilibrium fields.

With the filling pressures of 6 to 8
mTorr required for approximate equilibrium,
the streak photographs were underexposed
and not suitable for reproduction.

Previous magnetic probing with feed-
back coils in a straight coil grooved to
generate £ = 1 helical fields showed that

a small decrease and a slight phase shift
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Figure II-17
Magnetic field plots of the vertical radial
component of the %=1 field (upper graph)
and the axial field taken on the axis of
the shaped compression coil, with and with-
out the 2=0 feedback coils in place.

occurred in the B component of the £ =1
field. However, the effect of the feedback
coils on a groove-generated & = 0 field

was not explored. 1In order to determine
the effects of the feedback coils on the
toroidal equilibrium fields an additional
meter of coils was grooved idential to
those used in the sector. The magnetic
probing results showed that the presence of
feedback coils produced an appreciable
distortion of the £ = 0 field and had a
lesser effect on the £ = 1 field. The Br
and B, components on axis are shown in
Figure II-17.
the coils distorted the fields, it made
very little difference whether the coils

Although the presence of

were shorted by pairs or open-circuited.
For clarity on the figures, therefore,
only one of the cases is shown for each
field component (open-circuited for B,
and shorted by pairs for Br)‘

" No ' 7
feed-back E/
(8234) —>{ Z
With
feed-back
(8233)
Tube roised 3mm
no feed-back
(8269)

e 13 s 5

Figure II-18
Tracings of underexposed streak photographs
showing the transverse plasma motions in
the vertical plane of the torus.

The feedback coils were, of course,
designed to minimize interference with the
grooved-in £ = 0 and 2 = 1 fields. Figure
II-16 shows the slotted construction used
to reduce eddy currents. The probing
shows, however, that the fields were some-
what distorted and attenuated by eddy
currents flowing on the surface of the
feedback coils. The Bz:l/Bo ratio was re-
duced only about 7%, but the B£=0/B° ratio
was affected to a considerably greater ex-
tent and the waveform was distorted so
that it was flat-topped.

peak amplitude was 21%,and Fourier analysis

The reduction in

shows that the sine wave fundamental was
reduced about 15%.

The probing results gave the following
values for the equilibrium fields:

Without With
Design Feedback Feedback
Value Coils Coils
B£=l/Bo 0.0683 0.068 0.063
Bz=0/Bo 0.0683 0.065 0.051
(0.054)

The equilibrium field product was reduced
by 27.3% (23.0%) with the feedback coils,

which reduces the Fl'0 force a correspond-
ing amount.
results from the use of the fundamental

The quantity in parentheses

component of the measured B£=0 waveform.
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It is this component that is important to
the plasma equilibrium.

The reduction of the B2=0/Bo field by
the feedback coils can be overcome by either
increasing this field through deeper ¢ = 0
grooves or by shaping the feedback coils
to conform to the spatial variation of the
2 = 0 equilibrium field.

b. Vertical Plasma Motion. The down-

ward vertical motion of the plasma column,
which developed at 2 to 3 usec after the
initiation of the discharge, carried the
plasma to the wall in 2 to 3 usec. The
upper tracing of the underexposed streak
photographs shows the vertical plasma
motion in Figure II-18. (The direction of
the motion is inverted in Figure II-18.)
This behavior is to be contrasted with the
absence of vertical motion with the same
operating conditions without feedback coils
(Figure II-5).

It is likely that the dominant verti-
cal motion resulted from a shift of the
magnetic axis in the vertical plane of the
The vertical feed tabs of the & = 0
feedback coils (Figure II-16) may produce

torus.

a perturbation in the £ = 1 field which
shifts the helical axis upward. The plasma
implodes to the center of the discharge
tube and finds that it is not in its equi-
librium position about the helical magnetic
axis. Consequently, the plasma column
begins to move farther off the axis in a
long wavelength m= 1 instability motion.
This type of plasma behavior was observed
in the Scylla Iv-3 £ = 1 experiments (Sec.
F) with the & = 1 helical fields generated
by grooves in the compression coil. It
was found that the direction of the m =1
instability motion of the plasma column
could be controlled by varying the position
of the discharge tube within the compres-
sion coil. A few mm displacement of the
tube off the magnetic axis was sufficient
to induce the instability in a predicted
transverse direction.

The vertical position of the discharge

tube in the toroidal compression coil was
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measured and was found on the average to
It should
be noted that the axis of the discharge

be 0.5 mm below the minor axis.

tube lies in a plane to within + 1.5 mm.
In order to check the above prediction on
the cause of the vertical plasma motion,
the discharge tube was raised 1.1 mm by
shimming it up inside the £ = 0 feedback
This reduced the rate at which the
vertical motion carried the plasma column

coils.

downward to the discharge tube wall. Al-
though this result is not completely de-

finitive, it does suggest that the above

explanation may be correct.

5. Application of Feedback Fields

In the initial experiments the feed-
back system was energized in a fixed con-
figuration to produce an upward force on
With the feedback cur-
rent applied between 0.3 and 0.7 usec after

the plasma column.

the initiation of the main discharge, the
m = 1 downward vertical motion of the
plasma was overcome and the column remained
in the horizontal plane of the torus as
shown in the center tracing of the streak
Although the

streak photographs were quite underexposed

photographs of Figure II-18.

due to the low filling pressures required
for toroidal equilibrium, the estimated
growth rate of the vertical motion was of
With the
feedback filaments operating at 9.0 V, the
plate voltage at 30 kv, and the feedback
current applied later than 0.7 usec after

the order of 1 MHz or greater.

the beginning of the discharge, the feed-
back force was unable to overcome the m = 1
vertical motion.

With the feedback applied to produce
a force in the horizontal plane of the
torus, a perceptible push of the plasma
column is observed on both the streak
photographs and the position detector
signals. However, this result is over-
shadowed by the vertical motion of the
column.
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Figure II-19
Position of the plasma column in a radial
plane as a function of time without feed-
back, as observed by the position detector.
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Figure II-20
Trajectory of the plasma column in a radial
plane with the feedback stabilization
system energized.

6. Results with the Discharge Tube Raised
3 _mm

a. Plasma Motion without Feedback.

The discharge tube was raised 3 mm by ma-
chining insulation from the tops of the

feedback coils and shimming these coils up

The bottom
tracing of streak photographs in Figqure

in the main compression coil.

IT-18 shows the plasma motion in the verti-
cal plane with the raised tube and without
the feedback coils energized. This motion,
which is comparable to that without feed-
back coils (Fiqure II-5), is to be contrasted
with that of the upper streak (Figure II-
18) before the tube was raised. This re-
sult verifies the hypothesis above (Sec.
C4b) that the vertical motion resulted
from a shift of the magnetic axis in the
vertical plane of the torus due to asym-
metries introduced by the nresence of the
feedback coils. Although the position of
the magnetic axis cannot be determined by
the magnetic probing, the feedback coil
geometry is likely to produce such a shift.
b. Results with Feedback. Only fif-

teen discharges were taken with the feed-

back loop closed prior to an electrical
fault in an & = 0 feedback coil which broke
the discharge tube. Unfortunately, this
fault occurred 2 days before the sector
experiments were to be terminated to allow
the torus conversion work to.continue.
Much of the time during this period was
spent adjusting the gain and damping con-

trols of the feedback system. However,

3‘°']‘I‘I‘I'l'l""
#8331 Intermediate amplifier output volitage
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Figure II-21 ’ _
Plots of the output voltage from the posi
tion detector, the intermediate amplifier
voltage, and the corresponding output cur-
rent of the feedback system.
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the feedback system appeared to be respond-
ing to the plasma motions and applying ap-
propriate corrections.

Transverse plasma motions without and
with feedback are compared in Figures II-19
and II-20, respectively. The position of
the center of the plasma column, which was
observed with the position detector, is
plotted as a function of time in Figures
II-19 and II-20.
pears to reverse the plasma motion in
Figure 1I-20.

the output voltage from the position detec-

The feedback system ap-

Figure II-21 shows a plot of

tor, which drives the feedback system, and
the corresponding output current of the
feedback system on the same discharge from
which Figure II-20 was obtained. This
shows that the feedback system was respond-
ing properly to the input signal from the
position detectors.

D. SCYLLAC TORUS (J.J. Banta, W.H.
Borkenhagen, K.W. Hanks, C.R. Harder, H.W.
Harris, E.L. Kemp, W.E. Quinn, A.S.
Rawcliffe, and B.A. Sawyer)

1. Introduction

The conversion to the full Scyllac
torus began on January 2, 1973. The 5-m
Scyllac toroidal sector was closed down on
December 29, 1972,to allow the conversion
work to begin. The experiments on the 5-m
linear Scyllac device with strong magnetic
mirrors were terminated on March 1, 1973,
to allow the conversion work to continue.
The conversion work was a cooperative ef-
fort between Q-4, Q-3, and Zia with Ward
Harris of Q-4 directing the overall effort.
The construction work involved in the con-
version to the full torus was completed in
late December 1973.

Considerations concerning the effects
of the major radius of curvature on the
plasma equilibrium and stability and the
feedback stabilization requirements neces-
sitated an increase in the Scyllac major
radius from 2.4 to 4.0 m. This increase
in radius was implemented during the

conversion.
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2. Scyllac Major Radius of Curvature

Equilibrium, stability, and feedback
stabilization considerations show that the
probability of successful high-8 plasma
confinement in toroidal geometry is con-
siderably increased as the major radius of
Studies!? show that
the initially proposed Scyllac major radius

curvature increases.

of 2.4 m places more strigent requirements
on the plasma equilibrium and stability
than will be encountered, for example, in a
high-B8 toroidal feasibility experiment.

The m = 1 instability growth rate and the
requirements of the feedback stabilization
system decrease approximately in a linear
manner with increasing major radius.

The plasma experiments in the 5-m
toroidal sector, which produced a plasma
with an ion temperature of ~ 1 keV, were
performed with the capacitor bank operating
with one-half of its capacity. Therefore,
with the full bank, the capability exists
for producing a plasma with identical pro-
perties to those in the 2.4-m radius sector
in a device with twice the major radius of
curvature. An 8-m-diameter torus is the
largest practical major diameter which can
be accommodated in the Scyllac facility
under the criterion that a hot collision-
less plasma be produced with the existing
Scyllac energy storage system. The in-
creased major radius of 4.0 m was imple-
mented during the conversion to the full
torus with minimum cost.

3. Experimental Arrangement

The Scyllac torus has a major radius
of 4.0 m and a circumference of 25.13 m.
The initial compression coil, whose inner
surface is shaped to generate the & =1
helical and £ = 0 bumpy equilibrium fields,
has an average bore of 14.2 cm. The toro-
idal guartz discharge tube has an inside
diameter of 88 mm. The primary energy
storage consists of a 10.5-MJ capacitor
bank of 3,150 1.85-uF, 60-kV capacitors.
The primary energy storage system and the
compression coil are divided into 15



independent sections. Each 1.67-m arc-
length section of the compression coil is
energized by a 700-kJ rack.

a. Arrangement of the Energy Storage

Racks. The five pairs of energy storage
and machine racks of the 5-m sector were
moved outward approximately one meter to
accommodate the increased major radius of
4 m. The seven racks of the former linear
machine and three new racks were moved to
complete the toroidal configuration. A
new platform structure fills the central
core of the torus. This structure consists
of three different levels above the base-
ment floor with the upper or diagnostic
level situated 6.7 m above the basement
floor and 1.3 m below the horizontal plane
of the torus.

b. "Front End" Arrangement of Col-

lector Plates and Compression Coils. The

original Scyllac collector plates have been
disassembled and the rear current-contact
In the

original design with a 4.8-m diameter, the

surfaces modified and reassembled.

collector plates had a large, constant
width for the rear half of the assembly and
a tapered decreasing width in the front

The col-
lector plates have been reversed such that

half toward the coil feedpoints.

the original rear portions with the greater
widths now form the front end, in the 8-m-
diameter arrangement, to which the transi-
tion and compression coil sections are at-
tached.

racks have been modified to accept the new

The upper levels of the machine

orientation of the collector plates and to
allow the plates to be positioned farther
to the rear of the rack. New transition
sections, which join the compression coils
to the collector plates, are shorter and
Each

rack of the Scyllac energy storage system

have an increased width of 1.67 m.

feeds a single collector plate assembly
which in turn drives a 1.67-m arc-length
Each of
the fifteen collector plates has been
cabled with 1,260 coaxial load cables from

of the toroidal compression coil.

the 210 capacitor-spark gap units of the

main bank and with 24 cables from the two
0.7-uF capacitors of the preionization
bank.

¢. Scyllac Control System. The

Scyllac control system, which formerly
performed a dual function in the operation
of the toroidal sector and the linear ma-
chine, has been unified for the operation
of a single device. It is planned to in-
crease the monitoring functions of the
Scyllac computer in the operation of the
full torus. In particular, the detailed
monitoring of the various bank voltages
during the charge and pretrigger phases
will be done in such a manner that the
computer has an abort control of the over-
all system.

d. Spark Gap Firing Monitor System.

The original spark gap monitor system,
which has been used to monitor the main
bank start gaps and crowbar gaps, is being
extended to include the monitoring of the
crowbar trigger spark gaps. This extension
will facilitate the maintenance and trouble
shooting on the 24 crowbar trigger spark
gaps per energy storage rack.

e, Parameters of the Scyllac Torus.

The parameters of the full Scyllac torus
are listed in Table II-2.
4. 2 =1, 0 Toroidal Equilibrium Fields

The experiments on the 5-m toroidal
sector and the dependence of the instabi-
lity growth rates on the equilibrium
plasma column excursions, 6; and 60, in~
dicated that §; and 60 should not be
appreciably increased. This consideration,
6160 = constant, places an upper limit on
the £ = 1,0 wavelength through the equi-
librium condition of Eq. (9). For techni-
cal reasons it is undesirable to make the
2 = 1,0 wavelength shorter than in the 5-m

Scaling studies!?

sector (Yl,o = 33.15 cm).
for the equilibrium, stability, and feed-
back parameters resulted in a choice of
41.9 cm for the & = 1,0 wavelength.

A new compression coil, whose inner
surface is shaped to generate the £ = 1

and £ = 0 equilibrium fields, has been
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designed and fabricated for the 8-m-dia-
meter torus. The values of the helical

£ = 1 and bumpy £ = 0 equilibrium fields
designed into the shaped coil were deter-
mined through the theoretical sharp-
boundary relations Egs. (9), (3), and (5)
for the plasma distortions 61 and 60 re-
quired for equilibrium with R = 4.0 m. The
equilibrium field values- are B2=1/Bo

= By_o/B, = 0.064 and B /B = B; ,/B

= 0.0C1l024.

culating the shape of the magnetic flux

The coil was designed by cal-
surfaces as described in Sec. B3. Figure
II-22 shows plots of the flux surfaces at
four z positions: hz = 0, center of a land
region; hz = w/2, between a land and groove
region; hz = m, center of a groove region;
and hz = 37/2, between a groove and land
region. The annular cross-hatched areas
of Figure II-22 indicate the quartz dis-
charge tube. The outer flux surfaces give
the coil bore cross sections at the indi-
cated z position.

This initial coil for the full torus
has a smaller tangent bore (11.2 cm) than
that used in the 8-m sector experiments
(14.2 cm), which was designed to accommo-
date the 2 = 0 feedback stabilization coils.
With the smaller tangent bore and the
choice of the B£=1 and B2=0 fields, the
theoretical value of the vertical field,
Eq. (16), gave flux surfaces which were
very nearly circular. This is in contrast
to the shaped coil used in the 8-m sector,
which required a vertical field 44% larger
than the theoretical field to yield circu-
lar flux surfaces. This difference in
flux surfaces results from the dependence
of the modified Bessel functions on the
coil radius, Egqg. (15).

Figure II-22 also shows that the inner
flux surfaces are circular in cross section
and as a set are centered about the minor
The helical shift of
the flux surfaces about the minor axis is

produced by the & = 1 field.

axis of the torus.
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Figure II-22
Magnetic flux surfaces at four z locations
relative to the minor axes with Bz=1/Bo

= B2=0/Bo = 0.064 and BV/Bo = B1'2/B° =

0.001024. The inner surface of the com-
pression coil was machined to the outer
flux surface in these radial planes. The
annular cross-hatched area represents the
discharge tube.

5. Toroidal Discharge Tube and Pump-Out

Ports

The discharge tube for the 8-m torus
consists of 10 quartz tube sections, each
with an arc length of 2.5 m. The guartz
sections are joined by O-ring seals to
short (5-cm length) ceramic sections of 99%
alumina. The ceramic sections have an oval-
shaped pump-out stub (l.5-cm x 4.0~-cm) ex-
tending downward from the plane of the
In addition the wall of the cylin-

drical portion of the ceramic section is

torus.

semicontinuous over the region of the
pump-out stub with 10, 5-mm apertures
opening into the stub. The series arrang-
ment of aperatures and stub has a conduc-
tance of 12 %/sec compared with a dis-

charge tube volume of 15 & to be pumped



TABLE II1-2

SCYLLAC PARAMETERS

Parameter o Full Toxus
Preionization Bank
Bank capacitance : 21 uF
Bank operating voltage 50 kv
Bank energy storage 26 kJ
Ringing frequency 400 kHz
Peak current 2.4 Ma
Maximum magnetic field 1.2 kG

Primary Bank
Bank capacitance 5,828 uF

Bank voltage 60 kv
Bank energy storage 10.5 MJ
Normal operating voltage

range 40 - 55 kv
Major radius 4 m
Torus circumference 25.13 m
Average coil bore radius 7.1 cm
Discharge tube wall radius 4.4 cm
Source inductance 0.17 nH
Coil inductance 0.80 nH
Transfer efficiency 0.82
Risetime 3.7 usec
L/R decay time - 250 usec
Peak current (@ 50 kV) 110 MA
Maximum magnetic field .

(@ 50 kV) 55 kG
Aximuthal electric field

{8 4.4 cm and 50 kV) 0.57 kv/cm
2 = 1,0 wavelength 41.89 cm
2 = 1,0 wave number 0.15 cm!
No. of 2 = 1,0 wavelengths 60
Bl=1/Bo 0.064
Bg':o/B0 0.064
Bv/Bo 0.001024
Bl,Z/Bo 0.001024

by each port. The objective in the design
of the pump~out ports was to achieve suf-
ficient pumping speed while minimizing the
perturbation in the magnetic field due to
the pump-out slot in the main compression
coil.

The ceramic pump-out stubs terminate
into a 9-cm-diameter ceramic tube after

partial penetration through the compression

" "tangent" bore.

coil wall. The cylindrical ceramic tubes,
which have a metal valve near the center
of their l1-m length, provide appropriate
voltage insulation. These tubes connect
into a common toroidal manifold below the
torus.

6. Status of the Full Torus

The construction work on the Scyllac

torus, which involved the Zia crafts, was
1973. The
three new capacitor racks, i.e., the racks

completed in late December

which were not previously used on the
toroidal sector and linear devices, have
been checked out electrically and operated
for a number of shots at 50 kv. In addi-
tion, the primary and crowbar master
trigger systems have been tested on five
of the seven former linear energy-storxage
racks.

Tw9 of the vacuum pump-out ports have
been installed in the previous toroidal
sector device and have been tested in
normal operation with plasma discharges.
Some minor difficulties were encountered
and corrected relative to vacuum seals.

The voltage insulation of the plasma column
from the main compression coil via the
vacuum system has been evaluated and found
to be satisfactory.

The delivery of the main compression
coils by the fabricator has been delayed
as a result of material procurement prob-
lems. An outside fabricator provides
finished coil sections with a toroidal
The Scyllac machine shop
bores the final & = 1,0 shaped surfaces
and adds the diagnostic and pump-out slots.
The machining of the coils should be com-
pleted on March 1, 1974. The assembly of
the compression coils with the discharge
tube should be completed on March 22, 1974.
Plasma operation with the full torus should

occur by the first of April 1974.
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E. STAGED THETA PINCH
1. Introduction (K. Thomas, Q-7)

The Staged Theta Pinch is a new experi-
ment which was bequn in 1973. Previous
theta pinches have performed initial im-
plosion heating of the ions and subsequent
adiabatic compression with a single capa-
citor bank power supply. Projected theta-
pinch feasibility experiments and fusion
reactors, however, will require separation
of the two functions to achieve gre&ter
implosion heating and less adiabatic com-
pression. The Staged Theta Pinch is a 4.5-
m-long linear theta pinch designed to study
the technological and physics problems
associated with separating the two func-
tions. It will use a relatively low-energy,
high~-voltage capacitor bank to produce the
theta-pinch plasma. A lower voltage, higher
energy capacitor bank will be used to con-
tain the plasma and provide a variable
amount of adiabatic compression. The ex-
periment will be capable of producing high-
temperature plasmas with a much larger
ratio of plasma radius to discharge tube
radius than is possible in conventional
theta pinches. Plasma experiments will
include studies of the effect of magnetic
field amplitude and time history on plasma
formation, the properties of the plasma
formed, and later, studies of the effect
of helical magnetic fields on plasma sta-
bility.
coil radius can be made large enough, the

If the ratio of plasma radius to

effect of plasma stabilization by image
currents in the coil walls will be observ-
able.

2. Theory of Operation

The implosion heating phase of a theta
pinch is illustrated in Figure II-23. &
fast rising magnetic field drives the pre-
In this
bounce model the ions are projected for-

viously ionized plasma inward.

ward with twice the velocity of the magne-
tic sheath.

tube axis and again make the contact with

They cross the discharge

the magnetic sheath. The plasma is com-

pressed until the plasma pressure is
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Figure II~23
Illustration of the processes involved in
ideal implosion heating.

sufficient to stop inward motion of the
magnetic sheath. The plasma then expands
and thermalizes until it comes into equi-
librium with the external magnetic field.
These processes are illustrated in the re-~
sults of the Scylla 1-B experiment (de-
scribed elsewhere in this report) and the
theory is treated in detail in the report
LA-5026-P (Rev).

In order to obtain the maximum heat-
ing and largest possible plasma diameter
the implosion magnetic field should rise
In the idealized
case of a step function rise in magnetic

rapidly to its maximum.

field, the plasma comes to equilibrium
with a radius which is 0.63 times the dis-
charge tube radius. Computer simulations
show that little change in radius occurs if
the magnetic field reaches its maximum be-
fore the magnetic sheath propagates one-
third of the way to the discharge tube
axis.

Additional heating and even larger

diameter plasmas may be obtained using the




"free expansion” method of programming the
magnetic field. The plasma does work on
the magnetic field as it expands after the
initial implosion. If the external magne-
tic field is reduced at the time when the
ions which have crossed the discharge tube
axis contact the magnetic sheath and then
raised again just before the plasma con-
tacts the discharge tube wall, this work

is reduced and more energy remains in the
plasma, resulting in higher plasma temper-
atures and larger diameter plasmas.

To aid in the design of the experiment
the NET-II computer code was used. This
code is available on all the large compu-
ters at Los Alamos and allows the treat-
ment of electrical circuits with varying
values of the electrical circuit para-
meters. R. F. Gribble used this code to
model the plasma in two ways. The first
calculations modeled the varying inductance
in the coil region by means of an analyti-
cal expression which could treat either the
bounce model, mentioned previously, or the
snowplow model, where all the plasma is
This method

could treat the plasma up to the time at

trapped in the magnetic sheath.

which the magnetic sheath had advanced 2/3
of the way to the discharge tube axis. The
plasma was then allowed to thermalize to
find out the relative effectiveness of
different circuit designs. In later model-
ing, a simple plasma simulation (up to 25
particles) was made by treating the plasma
This al-

lowed the following of plasma behavior

particles as analog circuits.

through the compression phase and showed
the effects of magnetic field programming.
This simulation technique was compared in
the case of idealized magnetic waveforms
with more complex plasma simulations per-
formed by personnel in Q-6 and the results
agreed to three significant figures, giving
considerable confidence in the method. To
test the effectiveness of the model in pre-
dicting experimental results, the Scylla i
1-B experiment was modeled and the code gave

Te212uF TorepF

Figure II-24
Circuit diagram of 0.9-m section of Staged
Theta Pinch.

good agreement with the experimental results
when the bounce model for plasma-magnetic
sheath interaction was used.
3. Experiment Design (R. F. Gribble, R. K.
Linford, E. M. Little, Q-7; W. H.
Borkenhagen, R. S. Dike, and C. F. Hammer,
Q-4)

The Staged Theta-Pinch experiment was

originally designed to use the same high-
voltage circuit as the implosion heating
experiment. Since the rail switch used in
that experiment is not capable of handling
the large amounts of energy required for
staging, it would have been necessary to
feed in the staging current between the
rail switch and the compression coil. Upon
investigation it was determined that this
arrangement would add an unacceptably large
source inductance to the circuit. There-
fore, in order to allow the staging current
to be supplied at the end of the collector
plates away from the coil it was decided

to mount an individual spark gap on each
high-voltage capacitor. In addition, by
building a new spark gap which does not
prefire when the other high-voltage gaps
in the circuit are fired, it is possible,
with this arrangement, to vary the time
history of the magnetic field in the com-
pression coil (field programming) by
changing the time at which different parts
of the circuit are activated.
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STAGED THETA PINCH

J

IMPLOSION BANK

SCALE METRES

Figure II-25
Layout of Staged Theta Pinch.

The final circuit design is shown in
Figure II-24. The 22.5-cm-i.d. compression
coil is fed from both sides and Figure II-
24 represents a 0.9-m-long section. There
will be five such sections on each side of
the machine. The opposite sides will
operate at different electrical polarities,
necessitating the insulating of the elec-
trical components from ground potential.
The high-voltage (125-kV) part of the cir-
cuit is divided into two parts with in-
dependent trigger systems.

The layout of the experiment in the
0ld Scylla IV experimental area is shown
in Figure II-25. The staging bank, which
is the Scylla IV 50-kV main bank, is located
on a platform above the high-voltage im-
plosion circuit. The start switches for
the staging bank have been moved down to
the collector plate in order to isolate
the load cables from the high-voltage cir-
cuit. This necessitated the replacement
of the start switch in the Scylla IV capa-
citor gaps with a shorting column. The
crowbar system was left intact. The high-
voltage gaps are connected directly into
the collector plates.

In addition to the high-voltage
technology developed for the implosion
heating experiment, the Staged Theta-Pinch
design required the development of two new
spark gap designs. The switch for the
implosion circuit, designed by R. F.
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Figure II-26
Implosion circuit spark gap.

Gribble, is shown in Figure II-26. This
switch has the high-voltage hold-off and
fast trigger-electrode biasing character-
istics required for field programming. It
also has lower inductance than the present
Scyllac design. The second gap, used to
switch-in the staging bank, must also have
these characteristics and also be able to
carry larger currents for a longer time.
Two designs are under investigation, one
linear and the other coaxial like the
implosion circuit gap.

In order to trigger these gaps reli-
ably a higher voltage trigger system than
the one used on Scyllac is under develop-
ment.

4, Experiment Status

During 1973, the following progress on
the Staged Theta-Pinch Experiment was made:

a. The Scylla 1V experiment was dis-
assembled and removed from the experimental
area.

b. The start gaps on the Scylla IV
main bank capacitors were replaced by
shorting columns and the crowbar gaps were



rebuilt.

c. A new platform and capacitor racks
for the staging bank were designed, built,
and installed.

d. The electrical circuit. for the
experiment was designed.

e. A 0.9-m-long prototype of one sec-
tion of the experiment was designed and
construction started. It will be operated
originally with modified Scyllac spark gaps
and later be fitted with the new implosion
circuit spark gaps. It will allow evalua-
tion of electrical components in the final
geometry and provide preliminary physics
results.

f. A new high-voltage implosion cir-
cuit spark gap was designed and tested.

g. Two versions of a staging circuit
gap were designed and one version was con-
structed.

h. Preliminary development of a new
higher voltage trigger system was carried

out,

F. SCYLLA IV~-3 (W. R. Ellis, R. F.
Gribble, C. R. Harder, and R. Kristal)
Scylla IV-3 is a 3-m linear theta
pinch which was terminated as an active ex-
periment on June 28, 1973, to make way for
the new staged theta-pinch facility (Q-7).
The experimental activity on Scylla IV-3
during the six months of 1973 in which it
was in operation covered two areas: feed-
back stabilization of deliberately induced
2 =1, m=1 instabilities, and quantita-
tive m = 1 growth rate measurements for
2 =0 and & = 1 fields of various wave-
lengths (usually called "variable-e" experi-
nments) .
1. Feedback Stabilization )
The & = 0 MHD feedback stabilization

system developed for Scyllac to control
long wavelength (k & 0), m = 1 sideward
motions of the plasma column was installed
on Scylla IV-3 for checkout and preliminary
evaluation. A plasma instability was

deliberately induced by adding an & =1
field to the main theta-pinch field B .

The £ = 1 field was produced by internally
grooving the compression coil to coincide
with a computer generéted % =1 flux sur-
face. The £ = 1 wavelength was 30 cm, and
the £ = 1 field strength was Bl=l/Bo = 0.04.

The feedback system was tested to see
if it could handle the resulting growth
rate of v 0.9 x 108 sec~!. There were four
feedback coils per 30-cm wavelength posi-
tioned between the discharge tube and the
compression coil wall, with a resulting gap
of 9 mm to accommodate the return flux.
When the feedback system was switched on at
sufficiently early times (£0.5 usec after
main bank time), the feedback force was
sufficient to stop the plasma motion to
the wall and drive the column in the oppo-
site direction (Fiqure II-27).

The feedback force was fairly small in
these experiments (B2=0/Bo ~* 0.004), and
the feedback loop was not "closed" to in-
corporate position-detector activation.
These deficiencies were remedied to some
extent in subsequent Scyllac sector experi-
ments (see Sec. II-C).

A paper summarizing these feedback
experiments on Scylla IV-3 has been submit-
ted to Physics of Fluids for publication.
2. Variable-e Experiments

The name "variable-e¢ experiment"

(e = ha = 2ra/A) has been given to scaling
experiments concerned with measuring experi-
mental growth rates relevant to the Scyllac
configuration. Experimentally, it is not
yet clear whether plasma confinement in the
5-m and 8-m Scyllac sector experiments is
terminated due to a loss of stability or a
loss of equilibrium or both. Theoretically,
however, m = 1 instabilities are predicted
when either £ = 1 or 2 = 0 fields are added
to a straight theta pinch, and such insta-
bilities have been observed on Scylla IV-3.
Preliminary determinations of the growth-
rate scaling with wavelength were completed
before Scylla IV-3 was decommissioned in
June 1973.

studies on the new Scylla IV-P 5-m linear

We intend to continue these
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Shot 949

Camera |

Camera 2

Camera 3

Shot 936

Shot 935

Streak duration=10.0 usec

Figure II-27

Demonstration of feedback force on Scylla IV-3.
shot showing k & 0 motion toward the feed slot.

Shot 949 is a control
Shots 936 and 935 show

the effects of applying & = 0 fields from the feedback modules with

polarities to aid and oppose the instability, respectively.

Streak camera

orientation: Cameras 1 and 3 show stereoscopic views of the plasma at
locations 90 cm from the east and west ends of the machine, respectively.
The top picture of the pair shows motion in the horizontal plane with
motion away from the feed slot appearing as an upward motion in the

photograph.

plane (downward for a down-going image).

The bottom picture of the pair shows motion in the vertical

Camera 2, located 135 cm from

the east end of the machine, shows horizontal motion only.

theta-pinch machine as soon as that faci-
lity is available.
a. Sensitivity to Discharge Tube

Position. It was observed that the m =1
sideward motion of the plasma column in the
presence of £ = 1 or & = 0 fields was very
sensitive to the position of the quartz
discharge tube within the compression coil.
This is especially true in the case of

2 = 1 fields.

Figure II-28, where the plasma trajectory,

This effect is shown in

£(t), is seen in the streak photographs to
be a strong function of the tube position.
The off-axis displacement indicated in the
figure is measured from the empirically

located equilibrium position for the plasma,

which was ~ 1 mm from the coil center in a
By ap-
propriately "tilting" the discharge tube,

direction away from the feed slot.
the plasma m = 1 motion could be made es-

sentially k = 0 along the entire column
length.
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The explanation for this effect is
thought to be that the plasma implodes to
the center of the discharge tube, regard-
less of the tube placement relative to the
magnetic axis (i.e., equilibrium position).
If we assume that the unstable plasma mo-

tion obeys the simple equation

¢ oft
E(t) =€, e (37)

where Eo is the initial displacement away
from equilibrium and y is the growth rate,
then the tube displacement in this case can
be identified with Eo.

Figure II-29 shows a semilog plot of
the plasma trajectory £(t) vs time for the
shots in Figure II-28, obtained by digitiz-
ing side-on luminosity profiles of the
plasma. According to Eqg. (37) these should
produce parallel lines of constant slope Y,

and this is seen to be the case. The growth




Shot No.

Caomera 2

Distance off axis

Shot 1007 2.0 mm

Shot 1008 3.0 mm

Shot 1009 3.0 mm

Shot 1010

Streak duration =10.0 usec
(2=1; A=30cm)

Figure II-28
Streak photographs showing the effeg¢t of
discharge tube position on the m = 1 in-
stability motion in Scylla IV-3.

rate indicated by this graph is y; = 0.95
x 10® sec™!. In this manner we have veri-
fied the theoretical prediction that the
growth rate y has the same value for all
shots shown. in Figure II-28, although the
appearance of the streak photographs does
not immediately suggest this fact.

The discovery of the tube-displacement
phenomenon gave rise to immediate concern
over its implication for the Scyllac experi-
ment, and the effect was subsequently veri-
fied there (cf. Sec. II-C). In the case of
the Scylla IV-3 growth rate measurements,
however, the tube displacement effect was
used to advantage to control the plasma
trajectory and to confirm Eq. (37) quanti-
tatively over a wide range of experimental
conditions. 1In order to measure widely
different growth rates, which were a con-
sequence of using different wavelengths
and magnetic field strengths, BR/BO’ in the
various experiments, it was necessary that
the column move at least 1-2 column dia-

meters in the short time (4-5 usec) avail-

able before end effects influenced the
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Figure II-29
Plasma displacement £(t) vs time for the
30-cm wavelength & = 1 experiment on Scylla
IV-3 (same shots as in Figure II-30).

central plasma. In cases where this failed,
accurate growth rate measurements could not
be made.

b. & =1 Growth Rate Measurements.

Growth rates were measured for two 2 = 1
wavelengths, X = 15 and 30 cm, using the
computer-designed, helically grooved coils
shown in Figure II-30, B and C. These coils
produced essentially "pure" £ = 1 perturba-
tion fields of magnitude BL=1/B0 = 0.03
and 0.06, respectively.

(1). 014 Ordering. According to
sharp-boundary theory for the "old order-
Y

ing" (8, << € £ 1), the £ = 1, m = 1 growth
rate is given by

2 . 2 4-38) (2-8) 2
Y] = h2VA [ 58 ] €2 61

(38)

where € = ha, h = 2r/) is the £ = 1 wave
number, V, = Bo/(41rpo)1/2 is the Alfveén
speed, and §, is the (normalized) helical

distortion,

B . (39)
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Figure II-30
Three of the coils used in variable epsilon

scaling experiments on Scylla IV-3.

A. £ =0; A =30 cm, B,_,/B = 0.157
B. & =1; » =15 cm, B£=1/Bo = 0.030
C. & =1; A =30 cm By_;/B = 0.060

If we assume that the plasma density
is equal to the filling density multiplied
by the compression ratio (an assumption
verified by the interferograms), the growth
rate can be written as

B(4-38) (2-8)

1/2
Y1 =
(1-8) (1-8/2)2

4.09 x 107 Bo?
/P AR,

B

=1
x
Bo (40)
in terms of experimental quantities. Here

Yy is in sec™! for B, in kG, a, A, and R,
(the tube radius) in cm, and P (the £filling
pressure) in mTorr.

Simultaneous luminosity measurements
were made one-half wavelength apart (7.5 cm
and 15 cm, respectively) to measure §;, the
plasma radius a, and the column trajectory
g(t).
combined with the excluded flux measure-
ments to yield B(t) and Bo(t) and with end-
on hologram data to yield an independent

The luminosity measurements were
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measurement of §,(t). Streak photographs
were taken at three axial positions, the
center one of which coincided with the
luminosity viewing slot. Typical streak
photographs from this center camera are
shown in Figure II-31. Note the apparent
m = 2 rotation.

Experimental growth rates derived from
digitized streak and luminosity data gener-
ally agreed well, and also were reproduc-
ible from shot to shot (e.g., Figure II-29).
The measured value of y; for the conditions
studied (45 kv, 10 mTorr) was 1.0 x 108
30 cm, and 1.1 x 108 sec~!

15 cm, which is equivalent to agree-

sec~! for A =
for A =
ment within experimental error. This con-

firms the predicted

(40).
1.,0-1.1 x 105 sec~!, however, is numerically

scaling of Eq. The measured value of

in disagreement with Eq. (40) by roughly a

factor of two. For our experiment typical



Streak photographs (2)
Duration =450 usec
k=1 fields ; A =15 ¢cm

shot
1245

shot
12486

Figure II-31
Stereoscopic streak photographs showing predominantly m = 1, k A 0
plasma motion in the 1l5-cm wavelength £ = 1 experiment on Scylla IV-3.

data values were B = 0.57, a = 0.70 cm, Bo

= 40 kG, Rt = 4.2 cm, A = 30 cm, B£=l/Bo

= 0.06, and P = 10 mTorr (for example, shot
1005 at t = 4 usec), in which case Eg. (40)
predicts y; = 0.5 x 106 sec~!.

(2) . New Ordering. According to

sharp-boundary theory with the "new order-
ing" (e~<< §; £ 1), the £ = 1, m = 1 growth
rate is given by

_ S
y2 = h2v2 [537g:§7 ] 6? (41)

which, following the above procedure, can
be written in terms of experimental quanti-

ties as:

1/2
4, = 5:18 x 108 o * 85 /
/5 2 Re | (2-8) (1-g/2) "
B 2
x % (42)

[same units as Eq. (40)]. Since this

equation predicts that Y, scales as

2
B ’
o

the difference between the predicted and
observed changes is a factor of 8 in the
present experiment, which seems to be very

strong evidence for the old ordering.
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Furthermore, the calculated new-ordering
value of yv; is much smaller than observed:
v 1.2 x 10% sec~! for A = 15 cm, and ~ 9.5
x 10° sec-! for A = 30 cm.

We can calculate the relative e, §;
ordering in our experiments. From the data
values above we find € = 0.30, §; = 0.15
for A = 15 cm, and € = 0.15, 8§, = 0.60 for
A = 30 cm. Thus the new ordering is theo-
retically applicable to the A = 30-cm ex-
periment, and the old ordering to the A =
15-cm experiment. The old ordering gives
the best agreement in both cases to the
experimental data, however.

c. 2% = 0 Growth Rate Measurements.

Growth rates for the m = 1 mode were mea-
sured for two & = 0 wavelengths, A = 30 cm
and A = 90 cm, using the square-annular
grooved coil shown in Figure II-30. The
2 = 0 field strength was B£=O/Bo = 0.157
for both wavelengths and the calculated
harmonic content was about 15% of the
periodic field on axis. At 45-kV bank
voltage the field in a land was BL = 54 kG,
G = 39 kG.

The procedure used to measure £ = 0

and in a groove B

growth rates was similar to that described
above for the % = 1 experiments, with a few
exceptions. End-on holography was of
limited value in the 2 = 0 experiments be-
cause of the plasma bumps, and growth rates
were measured separately in land and groove
regions to check against the possibility

of ballooning modes. In analogy to the

2 = 1 case, the sharp-boundary theoretical
growth rate (for either old or new order-
ing) can be written in terms of directly
measureable quantities as [same units as
Eq. (40)1:

_5.79 x 107 Bo 2 [ B (3-28) ]“2
0o = T xR, | T2-8) (1)

B
x (—g:—°)- (43)
[o]
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Figure II-32
Plasma displacement £ (t) vs time for the

30-cm wavelength 2 = 0 experiment on Scylla
Iv-3.

Typical results for the A = 30-cm case
are shown in Figure II-32. These data were
taken in a groove location and indicate a
growth rate vy, = 1.0 x 106 sec”!. similar
data taken in a land indicate Yo * 1.1 x
108 sec-!, which is equivalent to agreement
within experimental error. Typical plasma
parameters (the averages of many shots at
time t = 2.3 usec, when one of the two
holograms was exposed) were BL = 0.57,

BG = 0.93, B, = 54 kG, B, = 39 kG, a; =
0.70 cm, ag = 1.40 cm, X = 30 cm, Rt = 4,2
cm, and P = 10 mTorr. Forming land-groove
averages in the usual way gives B, = 46.5
kG, 8 = 0.73, and a = 1.05 cm, and hence a
theoretical value of vy = 1.8 x 105 sec~i.
Thus the measured £ = 0 growth rate is a-
bout 0.5 - 0.6 times the sharp-boundary
theoretical prediction, which is in dis-
agreement in the opposite direction from
that found in the 2 = 1 case.

A further check on these results was
provided by the diffuse boundary & = 0 code,
written by B. Marder (Q-6). When the ex-
perimental values quoted above were used as
input parameters to this code, the Yo growth

rate was computed numerically. The result
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Figure II-33
Stereoscopic streak photographs of m
motions for the 90-cm wavelength & =
Scylla IV-3.

was v, = 1.25 x 10% sec—!, which is inter-
mediate in value between the sharp-boundary
theoretical and experimentally measured
results.

In the A = 90-cm case the growth rate
was too slow to be measured accurately be-
fore end effects set in, as shown in Figure
I1-33.
expected since Yo scales as 1/A.

This result was not totally un-

Because
of the long equilibration time, commensu-
rate with the longer wavelength, there was
also some doubt whether axial pressure

equilibrium was established in the avail-
able 4-5 usec.
unusually well-developed m = 2 distortions

Figure II-33 also shows the

of the plasma column which were apparent in
both land and groove regions in this ex-
periment. These distortions have not been
analyzed in detail, but show generally
damped behavior in time.

These scaling results will be reported

in more detail in a planned journal article.

= 1 and m = 2 plasma
0 experiment on

G. SCYLLA 1-B. (K. P. McKenna, R. Kristal,
F. C. Jahoda, R. F. Gribble, K. S. Thomas,
E. L. Zimmermann, F. T. Seibel)

l. Introduction

The transient interaction between the
imploding plasma and driving magnetic pis-
tion field in low-density (10!2 ecm~3 < n
26 x 10!3 em—3) fast magnetic compression
8-pinch devices has received considerable
investigation.!8-20 1In these experiments
the implosion behavior can generally be
described, depending on the density range,
by either snowplow or free particle models.
However, in Scyllac-type devices which
operate at higher fill densities (n0 N
1015 cm~3) the plasma-piston field inter-
action has not been studied and, accord-
ingly, the processes involved in the im-
plosion event are not well understood. A
basic knowledge of these processes is
fundamental to the proposed staged 8-pinch
concept ana 1s required for a better

understanding of existing §-pinch devices.
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Figure II-34
Schematic of the Scylla 1-B 0-pinch appara-
tus. tp indicates time of plasma arrival

on axis.

The Scylla 1-B linear 6-pinch has been
constructed in order to investigate the im-
plosion phase at filling densities and Ee's
characteristic of conventional 6-pinches and
to explore the diagnostic problems inherent
in the study of transient nanosecond time
scale events. Operation with plasma began
in June 1973 and experiments are currently
being conducted.

2. éggaratus

A schematic of the Scylla 1-B linear
-pinch apparatus, together with a vacuum
magnetic field waveform taken at 40-kV main
bank voltage, is presented in Figure I1I-34.
The apparatus is shown in Figure II-35.
Scylla 1-B has a maximum capacitor energy
storage of 106 kJ at 75 kV, and a two-feed-
point compression coil 100 cm long and 22

cm in diameter. The discharge tube has a
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20-cm i.d.
filling pressure have been completed at a

Experiments with 10-mTorr D,
main bank voltage of 40 kV. The initial
azimuthal electric field at the inside wall
of the discharge tube was 0.7 kV/cm and a
peak crowbarred compression field of 9.5
kG was obtained 1.25 usec after main dis-
charge initiation.
3. Preionization Studies

Preionization of the 10-mTorr D, fill

gas was accomplished with a 500-kHz capaci-
tor discharge through the compression coil.
The 0.7- uF preionization capacitor was
charged to 55 kV. Time-resolved measure-
ments of the preionization discharge
plasma radial electron density distribution
were carried out with an end-on He-Ne
coupled-cavity interferometer; data were
collected in l-cm radial increments. In-
tegration of the resulting density profiles
over the tube diameter indicated that 15%
of the initial fill deuterium atoms were
ionized at the time of main bank discharge
(14.5 usec after preionization discharge).
At that time, a spatially uniform -60 G
trapped preionization field (Bz opposite
to direction of main compression field)
was detected within the preionized plasma
by internal magnetic field probes.

The magnetic field probe contained
three identical ten-turn B, coils with a
The 0.16-

cm-diameter coils were mounted within a

2-cm separation between coils.

sealed 0.65-cm-diameter alumina tube and
inserted radially through the discharge
tube at an axial position 17 cm from the
tube center. Radial surveys of the pre-
ionization discharge were made in l-cm
increments from the discharge tube axis

(r = 0 cm) to the tube wall (r = 10 cm).
Perturbations of the plasma by the probe
were investigated and found to be negligi-
ble.

4, Main Discharge Magnetic Field Profiles

Profiles of .the transient magnetic
field distribution during the main dis-
charge implosion phase were obtained from

the internal field probe data. Measurements
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Scylla 1-B Linear 8-Pinch Experiment.
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Figure II-36
Magnetic field profiles during radial
plasma implosion, reconstructed from mag-
netic probe data. The profiles are shown
in 50-nsec time increments.

were made in l-cm increments from r = 0 to
r = 10 cm. The time development of the
magnetic-piston field, reconstructed from
the magnetic probe data,is presented in
Figure II-36. The profiles are shown for
50-nsec time increments. The magnetic-
piston sheath accelerates to a maximum ve-
locity U, of 1.9 x 107 cm/sec at about 400
nsec. The piston sheath thickness halfway
through the implosion (r = 5 cm, t = 350
nsec) is about 2 cm. The sheath thickness
was determined from the tangent slope in-
tercept technique. Rapid deceleration of
the imploding field occurs during the ini-
tial formation of the plasma column; the
piston field is finally stopped by the
kinetic pressure of the compressed plasma
at about 600 nsec. At this time, a com-
pression ratio n (ratio of tube radius to
plasma radius) of about 3.8 is indicated
from the field profiles. The nearly com-
plete exclusion of main field from the
compressed plasma column indicates a B N 1
plasma. A similar observation was made by
Keilhacker et al.!® at initial densities
n, 2 1013 cm~3. The formation of a field-
free, B ¥ 1, plasma column was interpreted
as resulting from the separation of plasma
ions and magnetic field by elastic ion
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reflections from the imploding magnetic
piston (free-particle model).

It is of interest to note that the
observed magnetic field penetration rate
during the implosion requires plasma resis-
tivities several hundred times higher than
classical. However, at the end of the
implosion phase the compressed trapped pre-
ionization field (Figure II-36) is not
annihilated and remains within the plasma
column for the duration of the experiment.
Such behavior implies a sharp drop in
resistivity within the compressed plasma.
Accordingly, if microinstabilities are
responsible for the anomalous resistivity
during the implosion,2! then such instabi-
lities are apparently not supported in the
plasma column.

5. Excluded Flux Measurements

The effective radius at which magnetic
flux is excluded from the imploding plasma
can be determined from standard differential
magnetic loop probe measurements which are
obtained totally external to the plasma.

The same measurement can be made using the
reduced internal magnetic field profiles
discussed above. Defining the excluded
flux, A¢, by

Ap =

o~

W
[%Rw(t) - Bi(r,t)} 27 rdr (44)

where B is the magnetic field measured

at the r = 10-cm radial position which
coincides with the inner radius of the
discharge tube, and Bi is the internal
field determined from the internal magnetic
field probe data, the effective excluded
flux radius, R¢, is then calculated from

the expression
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Figure II-37
Experimental and calculated plasma excluded
flux radius.

The excluded flux radius calculated
from the differential magnetic loop probe
data and from integration over the internal
field profiles, as discussed above, is pre-
sented in Figure II-37. The imploding cur-
rent sheath dynamics are clearly identified
by both diagnostics, each indicating the
development of a nearly constant sheath
velocity of 1.9 x 107 cm/sec.

The time-to-maximum-plasma-compression
and the minimum-excluded-flux radius, indi-
cated by each diagnostic, also display
satisfactory agreement. A significant
divergence in the two excluded flux radius
measurements after completion of the im-
plosion phase is noted. Nevertheless, the
relatively good agreement between these
two completely different techniques during
the implosion phase serves as an effective
check on the consistency and validity of
the experimental data and diagnostics.
Furthermore it increases confidence in the
excluded flux measurements on the Scyllac
sector, where no cross-checks against in-
ternal probes have been made.

6. Holographic Interferometry

The imploding-plasma electron density
distribution was measured by means of a 30-
nsec pulsed holographic ruby laser inter-
ferometer. A double-pass, modified
Michelson end-on system was used to double

the interferometer sensitivity. This

technique has a 1/10 fringe shift resolu -
tion which corresponds to n_ ¥ 1.6 x 101%
cm-3 for a 1 m length of plasma. Figure
II-38 shows interferograms taken at various
times during the radial plasma implosion.
The data were collected with a filling pres-
sure of 10 mTorr D, and 40-kV main bank
voltage. Each interferogram was obtained
from a separate plasma discharge. The en-
tire 20-cm diameter of the discharge tube
was illuminated by the laser light. The
tip of the magnetic field probe, seen in
the interferograms, was located 5 cm from
the discharge tube axis. At early times
during the implosion (t £ 190 nsec) a rela-
tively smooth density distribution is
observed. At later times a definite
structure develops (Figure II-38). Large-
scale flute-like instabilities can be seen
on the trailing edge of the density dis- _
tribution.

Interferograms of the compressed
plasma column are shown in Figure II-39.
Spatial integration of the reduced plasma
column density profiles, ne(r), indicated
that all of the initial fill gas was swept
Although

only 15% of the fill gas was ionized at

up by the magnetic piston field.

the time of main bank discharge, the re-
maining neutral particles were ionized and
swept up during the implosion process. At
the termination of the plasma implosion

(t ¥ 600 nsec), a peak density on axis,
ne(o), of 7 x 10!5 cm~3 was obtained. A
compression ratio n = 3.8 was indicated
from the half-width of the approximately
Gaussian ne(r) profile, in good agreement
with that derived from the magnetic field
profiles. After a few radial oscillations
the plasma column settled to a mean radius
of about 3.8 cm (n = 2.6).

period (t 2 1.2 psec) an average compressed

Over. this

plasma kinetic temperature (Te + Ti) of 500
eV was determined from pressure balance.

7. Plasma-Magnetic Field Interaction Dur-

ing the Implosion Phase

Profiles of ne(r) and Bz(r) at fixed

times during the implosion, derived from
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Plasma Radial Implosion
Figure II-38

Time sequence of interferograms taken
during the plasma implosion phase.

t=1170{nsec) t=1760(nsec)

Confined Plasma Column
Figure II-39

Time sequence of interferograms taken
during the quiescent plasma column phase.
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Figure II-40
Implosion profiles of ne(r) and Bz(r) at

fixed times, reduced from interferograms
and magnetic field probe data.

the interferograms and magnetic field probe
data, are presented in Figure II-40. At
110 nsec the density and magnetic field
profiles coincide, a behavior indicative of
snowplow dynamics. With increasing time,
the density front accelerates away from the
piston field, attaining a velocity Up =1.5
Ug immediately prior to plasma arrival at
the discharge tube axis. This indicates
that a fraction of the particles incident
on the magnetic piston is reflected, gen-
erating a density distribution ahead of the
piston field. For total elastic particle
reflection, U_ = 2 US. The difference be-
tween the observed velocity of the plasma
leading the magnetic piston and that pre-
dicted from the free-particle model may be
a result of the current sheath acceleration
during the implosion. In addition, the re-
flection properties of the piston could be
altered by instabilities within the current
sheath.18

A numerical circuit code was used to
simulate the Scylla 1-B plasma and driving

In the simulation the
gurrent sheath dynamics and plasma density

electrical circuit.2?

distribution were calculated during the
radial implosion; electron heating and
thermal conduction were not included. Both
free particle and snowplow models of the
plasma implosion were simulated. The ex-
cluded flux radius predicted by the simu-
lation code using the free-particle model
is shown in Figure II-37. Comparison of
the experimental data with these prelimi-
nary calculations indicates that the plasma-
magnetic field interaction is most nearly

described by the free-particle model.

H. DIAGNOSTICS
1. Excluded Flux Measurements (W. R.
Ellis)

Excluded flux measurements in the

Scyllac sector have proceeded in the past
without the benefit of a direct, in-place
The lack of
an experimental calibration point was réc—

calibration on the experiment.

ognized early as a potentially serious
natter for the beta measurements on Scyllac,
since a calibration point is absolutely
essential for quantitative beta measure-'
ments. The problem arose primarily from a

desire not to risk discharge-tube breakage

or contamination by introducing a section

of copper pipe or other conductor through

the ends of the discharge tube into the

central regions of the curved sector where

the loop-probe diagnostics were located. A
secondary reason was the knowledge that the ~
traditional copper-pipe method would proba-

bly have to be abandoned on the full £orus

anyway, so a reliable alternative was a

high priority item.

The alternative method which has been
developed and successfﬁlly used on Scyllac
involves ‘a bench-top calibration of various
electrical components of the loop-probe
system (e.g.,difference-circuit losses, RC
integrator time constants, loop area, volt-
age divider ratio, cable losses, etc.) and
a subsequent theoretical calculation of the
desired calibration point. The method was
described briefly in the last annual report

(LA=5250=PR, pp. 38-40).
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Recently, a series of £ = 1 and 2 = 0
experiments on the 3-m linear theta-pinch
Scylla IV-3 presented the opportunity to
test our new calibration method against the
The results
The two
methods showed a difference of less than

older copper-pipe technique.
of this test were very favorable.

3% in the determination of the plasma beta.
Furthermore the indicated value of reff(t)
for the copper pipe was within 4% of the
measured radius of the pipe and constant
in time for the first 7 usec (before skin
effects become significant) to within 1.5%.
An LA report describing the Scyllac
beta measurement in more detail is planned
for the near future.
2. Helmholtz Coil (W.R. Ellis, E.M. Little)
A small Helmholtz coil has been built

to serve as a magnetic field standard for

calibrating small search coils for use in
probing and in excluded flux measurements.
A Helmholtz coil is made by placing

two identical current-carrying circular
hoops a distance apart equal to their
radius. If a multiturn coil is desired it
can be built as shown in Figqure II-41,
where each pair of turns meets this re-
quirement. Such a coil produces a field
uniform to within 1% over a relatively large

cylindrical volume near its center.

Helmholtz coil

N\
17\\\}Qh’ | T R
1.91em ! | i
4 — ! li=!
< _ ~ & Connection
266° \ - between coils
- _+_ ~—+— #"1s parallel to
Sem 7 - coil axis
- g #10 Wire

:
| | l

L l-635¢cm ~
10.0cm

15.1em

Figure II-41
Coil wound with No. 10 magnet wire. All
other material phenolic stock except nylon
screws.
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The Helmholtz coil shown in Figure
II-41 was constructed and probed with an
uncalibrated search coil to obtain relative
plots of Bz(r, 6, z). These plots were
then compared to predictions from a com-
puter code provided by D. Baker (Q-6). The
cylindrical volume defined by the Helmholtz
coil is roughly 50 mm long by 100 mm in
diameter. According to the code, the Bz
magnetic field is uniform to within 1%
within a smaller volume roughly 30 mm long
by 25 mm in diameter. The probing results
confirmed the code predictions.

The Helmholtz coil was designed to
accommodate a variable frequency oscillator
current source supplied by R. Gribble (Q-7).
This oscillator is limited to ~ 2 amp max
at a frequency of 50 kHz for the Helmholtz
coil inductance of 13 uH, and is very
steady. For higher currents (and hence
larger Bz), a series resonant circuit was
formed by adding capacitors in series with
the coil. For example, with C = 0.91 uF
the resonant frequency was 50.6 kHz and
Imax was 51 amp. At this current level the
coil and capacitors become very hot to the
touch in a minute or two, and the current
must be dropped to ~ 10 amp if steady-~state
operation is desired. At 10 amp the mag-
netic field on axis is ~ 8 gauss, and
de/dt is v 2 x 10% gauss/sec at 50 kHz.

3. A Polychrometer for Thomson Scattering

on Scyllac (R. E. Siemon)
A three-grating polychrometer has been
designed to transmit efficiently a broad
passband of light (A = 1200 A) while re-
jecting a particular wavelength (A = 6943
i). Transmission efficiencies of about 20%
have been obtained coupled with rejection
ratios of 10-10 to 10-12,

has permitted temperature measurements in

This instrument

Scyllac despite the quartz discharge tube
surrounding the plasma which precludes the
use of an entrance port, an exit-port, a
beam dump, or a viewing dump.

Thomson scattering, by which plasma
electrons redirect and doppler shift a

portion of an incident laser beam, is an



exceedingly useful plasma diagnostic tech-
nique.?3,2% oOne of the practical obstacles
to its use, however, is the small Thomson
cross section which makes the scattered
light intensity, Is' many orders of magni-
tude weaker than the incident laser beam
intensity I,- Typically, for a portion of

the scattered spectrum, one has

= -29
Is =10 g I (46)

where ng is the plasma electron density
(cm~3). For example, in Scyllac ng v 1016
cm~3 so that I, 10'1310. This small
fraction is made acceptable in most ex-
periments by elaborate procedures which
permit almost none (i.e., less than 10~1!3
or so) of the incident laser light to reach
the detector.

required by our experiment, the quartz tube

However, in the geometry

surrounding the plasma directs a large
fraction of the incident beam (v 10-3) to-
ward the detector. We have therefore

chosen to rely entirely on the spectral
shift of the scattered light to distinguish
it from the incident light and thus we re-
quire an instrument with far greater rejec-
tion of an unwanted wavelength than the
typical 103 - 10-5 found for single filters
or gratings.

Our basic approach is to use gratings
in series to permit the consecutive rejec-
tion of ruby laser light (Ao = 6943 g)
while transmitting the desired spectrum.

The Thomson spectrum, for 90° scattering
from the Scyllac plasma (electron tempera-
ture about 1.0 keV), is a Gaussian spectrum
centired on Ao with 1/e half-width of about
600 A.

a single laser pulse we need a polychro-

To record this broad spectrum for

meter with a broad passband which rejects
the stray light at xo.
nmeters that have been used in Thomson

Double monochro-

scattering experiments heretofore transmit
a narrow passband and thus require many
pulses of the plasma device and laser to

scan the spectrum.25/2% oOur attempts to

meet these requirements led to the redis-
covery of the varioilluminator principle
first described by van Cittert2?7 in 1923

and recently discussed by Lipsett et al.28
The basic idea for a series of gratings is
to alternate the direction of dispersion
for each grating. Arranged in this manner,
three gratings will reject stray light at
each stage, transmit a wavelength passband
of arbitrary width, and provide a final
dispersion equivalent to a single grating.
The advantage for stray light rejection is
illustrated in Figure II-42 where we com-
pare the result of 1) reversing the dis-
persion of the first two gratings and 2)
adding the dispersion of the first two
gratings. We imagine in this figure that
Ao is to be rejected while preserving i,
and A,. After one grating we have Ao’ Ay,
and A, separated according to the disper-

sion of the grating. We can eliminate most

Ao A Xy
Entronce
slit
g L1 A,
7
f
{st grating "
i
; (A (A
A,
2nd grating | :
subtractive { |
dispersion | |
(xo) (Ao)
A A,
2nd grating I |
additive | |
dispersion : !
(ro) (ag)

Figure II-42
The behavior of three discrete wavelengths
is displayed at 1) the entrance slit as-
sumed to be very narrow, 2) at the exit
plane of the first grating stage which is
also the entrance plane of the second grat-
ing stage, and 3) at the exit plane of the
second grating stage for both additive
and subtractive dispersion. Stray light
indicated by (A ) is best rejected by sub-

tractive disperS$ion.
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Figure II-43
Diagram of the three-grating polychrometer.
ES, entrance slit; L1, collimating lens;
TG, transmission grating; SL, stray light;
L2, relay lens; TS, transmitted spectrum;’
RG, reflection grating; IS, intermediate
slit,; PM, photomultiplier array.

of Ao with a mask but a small amount of Ao
is still mixed with A; and A, due to in-
strumental stray light from the first grat-
ing. If thé second grating is reversed in
dispersion, A; and i, superimpose in the
focal plane while their stray light com-
ponent Xo is diffracted to the side where
it can again be eliminated with a mask. On
the other hand, if the dispersion of the
second grating is the same or additive, the
separation of A; and A, doubles but the
stray light mixed with A, from the first
grating falls on A;. It becomes clear

that if we are interested in only one wave-
length we can use the two gratings in
either configuration, but if we wish to
observe A, and A, we must reverse the dis-
persion of the second grating and use a
third grating for the final dispersion.

We have considered the case where

Az"‘)\ =2(A1—)\0)

) (47)
but except for this constraint A, and i,
are arbitrary so the problem exists for
half of the desired spectrum.

Figure II-43 shows a ray diagram for
our three-grating polychrometer constructed

according to the above principle. Gratings
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Figure II-44
Optical transmission efficiency vs A for
the three-grating polychrometer with no
masks to reject Ao.

are used in the Littrow manner. A single
incident ray at the entrance slit, ES, is
diffracted by the first (transmission)
grating, TG, permitting stray light, SL,
to be separated from the transmitted
spectrum, TS. The behavior of stray light
at each stage is indicated with dashed
lines. Lens L2 relays light to the second
(reflection) grating, RG, where due to the
grating's orientation it recombines the
transmitted spectrum into a single ray
(subtractive dispersion). The transmis-
sion grating mixes a relatively small (but
large in absolute magnitude)} component of
Ao light with thgrtransmitted spectrum.
This component, being of a different wave-
length, is diffracted by the reflection
grating as shown by the dashed lines and
is stopped by a mask at the intermediate
slit, IS. Beyond the intermediate slit,
which is the same width as the entrance
slit, the light is dispersed by the third
grating and detected by an array of photo-
multipliers, PM, illuminated through

The last

stage, consisting of a grating used as in

acrylic plastic light pipes.

a conventional polychrometer, provides the
final rejection of Ao as shown with the
dashed line. Only a ray on axis has been
considered in this discussion, but because

of the collimation lenses, L1, the




argument can be extended to include all
rays which illuminate the gratings.

The machine-ruled (replica) gratings
obtained from Bausch and Lomb (102 mm x
102 mm with 600 g/mm) were selected for
high efficiency and freedom from ghosts.
In Figure II-44 the transmission efficiency
vs wavelength is displayed for the combined
three-grating system using light with the
same polarization as the Thomson spectrum
The effi-
ciency is less for the other polarization.

(E perpendicular to grooves).

The total transmission of stray light is
very small and thus difficult to determine
experimentally. Furthermore. it varies with
wavelength, becoming smallest for wave-
lengths furthest from 6943 R. We found
approximately 10~10 at 6850 A and 10712 at
5500 R.

improved by the use of holographic gratings.

This could probably be further

For the most part stray light is relayed

by the gratings themselves although specu-
lar reflections from the collimation lenses
of the last two stages form a comparable
source.

The lenses L1 {focal length 629 mm and
diameter 128 mm) are telescope objectives
available from A. Jaegers Optical Corpora-
tion, as are the lenses L2 having one-half
the focal length and the same numerical
aperture. The entrance slit width (1.1
mm) determines the minimum rescolvable pass-—
band and the diameter of lens L2 determines
the total passband transmitted. The linear
dispersion of the instrument is 27 i/mm
and the numerical aperture is 1:5.7.

In summary we have developed a method
for making Thomson scattering measurements
in the presence of an extraordinary stray
light level. It should be mentioned that
such a high stray light level prevents
density calibrations with spectrally un-
shifted Rayleigh scattering and if such
calibrations are essential one has to
prevent the stray light with conventional
methods. On the other hand, this approach
is appealing in that the usual tedious

alignment procedures attendant to a Thomson

scattering experiment are circumvented.
The incident laser beam needs no compli-
cated apertures and is thus more accessi-
ble for ease in alignment. The resulting
ease of installation and time saved thereby
is of particular significance to a large
experiment such as Scyllac.

4. Side-on Holographic Interferometry

System (R. Kristal)

We have developed a system for making
holographic interferometric measurements
The
plasma is probed side-on through the quartz

of the Scyllac plasma density profile.

discharge tube using HF laser emission at
2.8 pym as the source. The system is ready
for installation on Scyllac.

The optical layout is shown in Figure
II1-45.

amplifier combination emitting up to ~ 2

The source is an HF oscillator-

joules in single mode pulses 100 nsec long.
Output pulse waveform is shown in Figure
II-46. A photograph of a typical laser
module, suspended above its insulating oil

tank, is shown in Figure II-46. Line
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Figure II-45
HF laser side-on holographic interferometry

layout.
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Figure II-46
A. HF laser module. .
B. Output pulse waveform, 100 nsec/div.

selection is accomplished externally by a
plane reflectance grating setup. The beam
is then allowed to expand to v 5 cm before
entering the discharge tube to cover the
region of interest. Lens L, provides a
convergent beam into the tube to compensate
for the negative lens effect of the tube

on a collimated beam. The detector plate,
D, is a thin bismuth film (200 ;), exposed
by local evaporation. To provide enough
energy to expose the film, the beam size

is reduced by about 5:1 by imaging lenses
Lg and Lg in the scene and reference beams.
Since the detector plate is not optically
thick, scene and reference beams can be
This method

is more flexible than the conventional

incident from opposite sides.
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Figure II-47
Double exposure holographic interferogram
through quartz discharge tube.

method in terms of fringe spacing and direc-
tion. Coarse background fringes are in-
troduced by tilting the plate between ex-
posures.

Figure II-47 shows a double exposure
interferogram taken through the quartz tube.
This was done at an interim stage in the
development. The coarse fringes run per-
pendicular to the tube axis. Image size
is about 1.3 by 2.7 cm and the fine fringe
spacing is in the range of several hundred
lines/mm. Playback photography was done in
diffracted white light.

present is limited to about 1/4 fringe,

Resolution at
even without the discharge tube. This is
to be compared with the expected maximum
fringe shift of v 1 fringe due to plasma
in the groove of the Scyllac coil. The
net error can be reduced, however, by
averaging the results for as many fringes
as are desired within the field, provided
the fringe spacing is greater than the
error correlation distance.




Because of the narrow dynamic range
(essentially that allowed by the interfexr-
ence pattern) we are also experimenting
with other detector types. So far, however,
we have not found any material with sensi-
tivity or resolution comparable to that of
the bismuth film.

Numerous problem areas were uncovered
during the development, frequently requir-
The details

will be more fully discussed elsewhere.

ing redesign of components.

5. Collective Light Scattering Experiment
(R. Kristal)

We are evaluating the feasibility of
a side-on, forward light scattering mea-
surement on Scyllac. Such a measurement
would yield information on either ion
temperature, microturbulence levels, or
both.

increasingly important as thermonuclear

Data on these guantities become

conditions are approached.

The experimental basis for end-on
forward scattering in a 6-pinch was pro-
vided years ago.2%-32 However, a scatter-
ing experiment on the Scyllac toroidal
plasma must be done side-on through the
quartz discharge tube since there are no
ports or windows. This feature introduces
high stray scattered light levels into the
receiver. The severity of the problem
depends on the forward scattering angle,
and the largest scattering angles are usable
at the longest wavelengths. Therefore we
propose the HF laser as a light source. In
the optical domain it is the longest high-
energy wavelength available, at present,
that penetrates the quartz discharge tube.

Detailed design has not yet been con-
sidered, but the following estimates seem
to hold good promise for the technique.

HF output energies available from trans-
versely excited lasers are about 1 joule,
single line, in a 100-nsec-long pulse.
{(Electron beam excited systems can pre-
With
this incident power, total scattered power

sumably increase this substantially.)

in the ion feature into a 10~2 str solid
angle is estimated to be 2.5 uW. Optical

efficiency of 10% is assumed with a 4-mm
field of view and density of 2.5 x 1016
cm-3. The solid angle is defined by a 1-
cm-wide slit in a groove of the Scyllac
compression coil at a 6-cm radius, with a
scattering angle range from 17° to 13°.
This corresponds to 1.5 < o £ 2, where ¢
is the scattering parameter. The scatter-
ing angle advantage over the ruby laser
wavelength is a factor of 4. This also
permits an increase in the receiver solid
angle by a factor of 4 for a given range

in a.

For reception, highest detectivities
of v 2 x 1011 QE%EZ are obtained with in-
dium arsenide detectors cooled to 77°K.
(This is an order-of-magnitude detectivity
advantage over CO, scattering experiments
at 10.6 um.) With a detector diameter of
1 mm and half-width of 30 MHz, then about
0.03 uW is needed for an S/N ratio of 10.
Since the scattered light provides an
average of 0.25 uW per channel (for 10
channels), there is more than enough signal
available to see even purely thermal scat-
tering.

Both plasma background light_and the
noise due to plasma background light are
estimated to be negligible. This is based
on the bremsstrahlung continuum at 2.8 um
and Te = 500 eV. Thif amounts to about
6 x L0~* uW into a 2 A-wide channel, com-
pared to a signal of ~0.3 uWw,

Signal statistics also look good.
Assuming a 1.0% quantum efficiency, about
4 x 105 scattered photons per channel give
an S/N of 200.

The major problem to be addressed is
rejection of the high stray scattered
light levels with moderately high resolu-
tion (v 2 R for 1.5-keV ion temperature).
We are studying several possibilities, in-
cluding both grating systems based on the
varioilluminator principle3? and etalon

systems.
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6. Laser Heating (K. F. McKenna, G. A.
Sawyer, F. C. Jahoda, W. R. Ellis, T.
Stratton, L-1, G. Stark, L-1)

Experiments on laser heating of a

theta-pinch plasma are planned for Scylla
1-B in 1974 in cooperation with the CO,
laser group, L-1. A 5-cm bore, l-m-long
coil on Scylla 1-B will provide a peak mag-
netic field of 58 kG.
from the A-3 amplifier provided by L-1

will produce about 100 J of energy in 100

The laser adapted

ns. Studies of anomalous backscatter,
laser beam channeling, and plasma heating
will begin in mid-1974.

I. HIGH-DENSITY LINEAR THETA-PINCH STUDIES
(W. R. Ellis, G. A. Sawyer)
Summary

During this report period several ver-
sions3* of the high-density linear theta
pinch have been studied which might find
possible application in the CTR program.

In the confinement program, the
straight, open-ended theta pinch remains
of interest as a possible back-up candidate
to toroidal Scyllac. A question of con-
siderable importance is how the linear sys-
tem will scale up to a reactor. The answer
turns out to be sensitive to the choice of
magnetic field strength used, with higher
field strengths being favored. Such a de-
sign concept would probably necessitate
locating the magnet coil inside the lithium
breeding blanket, from strength of mater-
ials and energy storage considerations. A
neutronics analysis3® has consequently been
started to look into the problem of radia-
tion damage effects on a high-field inside
coil, employing various conceptual blanket
structures.

Another important question involves
the maximum magnetic field that can be
used, and whether one should apply magnetic
mirrors. It turns out that the maximum
nT is produced, all else being equal, when
the applied mirror ratio is unity and con-
sequently B = Bmax along the entire plasma
column. A survey3® of the literature on
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high magnetic field technology indicates
that the largest magnetic fields obtained
so far have been in single term solenoids.
The limits for coils that last many shots
are about 600 kG for coils of l-cm bore
and 300 kG for coils of 10-cm bore.37 The
LASL high-density theta-pinch studies

have treated magnetic fields in the range
200-400 kG, although fields up to 500 kG
have been proposed elsewhere in connection
with the laser-heated solenoid concept.38

Scaling studies36,39,%0 have been made
of the length, confinement time, ion den-
sity, cycle time, etc., for a linear re-
actor as functions of the magnetic field
strength B, for two assumed methods of
plasma heating. In the first method, con-
ventional theta-pinch (staged magnetic)
heating was assumed (i.e., shock heating
followed by adiabatic compression). In
the second method, long wavelength (direct)
laser heating was assumed (i.e., classical
inverse bremsstrahlung absorption of 10.6-
um CO, laser radiation, incident from the
ends). For both methods, plasma confine-
nent was assumed to be limited by particle
flow out of the open ends at essentially
the ion thermal velocity. 1In order to have
a conceptual reactor with reasonably low
values of circulating power (10% - 20%), a
minimum plasma radius requirement must be
met. 39,40

turns out to be a few cm for magnetic fields

This minimum plasma radius

of a few hundred kG, and the concomitant
minimum laser energy, assuming the laser
does all the heating, turns out to be a
few GJ.
so enormous by present standards that laser

This laser energy requirement is

heating can probably be practical only if
it is one of several stages. For example,
one can imagine replacing the shock-heating
stage in a conventional theta pinch with a
laser stage.
To illustrate the sort of reactor

parameters one can calculate for the high-
density linear theta pinch, we consider the

following example. For the plasma, assume



a sharp-boundary MHD model with B = 1, kT
= 10 keV, and nT = 10!5 cm™3 sec for the
burn. For the reactor, assume an overall
thermal conversion efficiency of 40%, an
overall circulating power fraction of 20%,
and an average first-wall loading of 3.5
MW/m2, due to 1l4-MeV (primary) neutrons.
The compression coil is assumed to be 10-
cm-thick Be-Cu at 500°C (electrical resis-
tivity 5 x 10-% Q-cm).
derived from plasma heating requirements.

The coil bore is

With these assumptions, together with
the end loss criterion*! mentioned above,
the reactor size and power output are found
to be sensitive functions of B, but not
very sensitive functions of the shock-
heating electric field Ee.“0 At 2 kV/cm
(the current RTPR design value“?) and 400
kG, for instance, the magnetically heated
reactor has a length of 1.2 km, an ion
density of 2 x 1017 ¢m™3, a plasma radius
of 2.3 cm, a coil radius of 12 cm, a mag-
netic energy storage requirement of 58 GJ,
and a plant electrical output of 1.8 GW(e)
on the line.
ably with current toroidal (RTPR) theta-

Such a reactor compares favor-
pinch reactor designs.*? The major uncer-
tainty is with the high-field coil design
and coil lifetime.
field coils 5 m long (250 kG) are scheduled

to be undertaken next year on the new lin-

Experiments with high-

ear facility Scylla IV-P,%3 and neutronics
studies35 are under way.

Other potential applications of the
high-density linear theta pinch which have
been studied include fusion/fission reactor
systems,** and a FERF facility forx
materials testing.*® These studies will be

continued during the coming year.

J. AUTOMATIC DATA PROCESSING (J. W.
Lillberg and F. T. Seibel)

The computer-based system for acquir-
ing and processing Scyllac data has been
expanded considerably during the past year.

The new gap monitor systems necessary

for the rest of the toroidal Scyllac, which
were built by £~2, are currently being

tested and installed. The new gap monitor
system was in use during checkout of the
new Scyllac capacitor racks.

The gap monitor display program has
been modified to present a histogram dis-
play of the start-gap and crowbar-gap fir-
ing times. This display presents all the
pertinent data from fifteen gap monitors
on the four TV screens available at the
operator's console. In addition, 15 push-
buttons have been installed which give the
operator random access to a numerical read-
out of any desired rack.

The arrival of an order for 24 Bioma-
tion transient recorders will bring the
All of the
610's have been modified to allow computer

readout at 50 kHz instead of the 2 kHz ori-

total number on-line to 64.

ginally available. These Biomations will
be used mainly for monitoring the feedback
control system. The Scyllac program now
has the capability of reading and display-
ing the Biomations independently on an
actual shot, allowing a quick test of the
feedback system just prior to a shot. The
capacity of the Biomations for performing
routine monitoring functions has been
doubled with an add-on chopping pre-
amplifier which allows two signals to be
multiplexed into a single Biomation. 1In
this mode, a Biomation can operate with a
500-ns sample interval which gives a 1-MHz
sample rate and a range of 128 us.

In addition to feedback monitoring,
the Biomations have been shown to be an
2ffective means of recording physics data.
"Real-time" reduction of the data has been
shown to be feasible. Specifically the
luminosity data from ten photomultipliers
which view ten chords through the discharge
tube were recorded at a 10-MHz rate using
the Biomations. Following the shot, den-
sity profiles were generated as a function
of time; from these data, plots of plasma
position and radius as functions of time
were produced and displayed for the ex-

perimenter.

53



In a similar vein, data from the posi-
tion detectors utilized in the feedback
system have been recorded with Biomations
and polar plots of plasma position vs time
have been generated. This feature is cur-
rently being incorporated into the Scyllac
monitor program.

At the present time 'some real-time
control of the firing of the Schlacucaég—
citor bank is being implemented. A set of
critical power supply voltages is being
monitored using the Fifth Dimension A/D
convertor. A histogram of these voltages
is displayed at the operator's console. If
any of these voltages drops below a preset
amount the charging cycle is stogped by the
computer and the. capacitor badk is dis-
charged.

The Graf-Pen digitizef continues to
be very useful as a means of reducing
The addition of a

plotter to one of the computers has greatly

photographic data.

increased the usefulness of this technique
of interactive data reduction.

A second scan—-convertor controller was
tested and installed.

racks of scan convertors working although

There are now two

the reliability of the scan-convertor tubes
is still a problem.

In addition a Vidicon-based digitiza-
tion system was built and tested and ap-
pears to be a feasible method of automati-

cally digitizing oscilloscope traces.
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III.

IMPLOSION HEATING EXPERIMENT

(J. E. Hammel, I. Henins, J. Marshall, and A. R. Sherwood)

A. SUMMARY -

The Implosion Heating Experiment
(IHX) has been in planning and construction
for about two years. It is expected to be
in preliminary operation by about the end
of February 1974. It has two main objec-
tives, one scientific and one technical.
The scientific objective is to study the
physics of the implosion heating process
in theta pinches under conditions of more
violent implosion than have been used in
the past. The technical objective is to
develop the high-voltage pulse technology
required to obtain these more violent im-
plosions. Both objectives are required for
realistic extrapolation toward future gen-
erations of theta pinches, perhaps leading
someday to a controlled thermonuclear
reactor.

In order to facilitate the physics
investigations a large diameter (400-mm)
theta-pinch coil has been chosen. This
gives space and time in which to study the
imploding sheath. An attempt is being
made to simplify the implosion process by
keeping the field strength of the driving
magnetic piston nearly constant during the
collapse time. It is desirable to keep
the plasma density in the normal range for
theta pinches, so all design studies have
assumed a deuterium ion density of lozl/ma.
With this ion density, and assuming an
elastic bounce model for the interaction
between the ions and the magnetic piston,

a magnetic field strength of 1 T produces
an electric field strength at the surface
of the plasma in the laboratory system of

A~ 200 kV/m and an ion energy of ~ 2.5 keV.

This is about twice the normal electric
field in high-performance theta pinches,
and the ion energy is high enough to be in-
A field strength of 1 T was
chosen as a design goal, and with a con-

teresting.

venient coil length of 1.0 m this requires
a current of 800 kA. A current risetime is
required which is short compared with the
implosion time of the plasma and a pulse
length is desirable which is larger than
the implosion time. The design goals for
these times were taken as ~ 100 ns and

~ 500 ns.

around a 400-mm-diameter discharge tube, a

In order to provide 200 kV/m

voltage of 250 kV must be applied in the
presence of the plasma. The plasma however
represents an extremely low impedance load.
With the chosen parameters it has an ef-
fective resistance during the implosion of
~v 0.3 Q.

been designed to have an impedance approxi-

The high-voltage generator has

mately equal to that of the plasma so that
a total emf of 500 kV is required.

By January 1973 it had been decided to
drive the IHX theta-pinch coil through
four feed slots with 125-kV pulse-forming
networks (PFN'§) using capacitors similar
to those in the Scyllac preionization
system. The Scyllac capacitors were known
to be capable of handling 125-~kV pulsed
voltage, although they are used and rated
at 70 kv dc.

low inductance, capacitors similar to those

In order to achieve acceptably

used in Scyllac were procured with reduced
capacitances, to be connected several in

parallel. The Scyllac preionization capaci-
tors are 0.7 uF; those procured for the IHX

are 0.2 and 0.4 yF. It had also been
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Figure III-1
The pulse-forming network for the IHX.
C, is four 0.2-yF capacitors in parallel.
C, is three 0.4-uF capacitors in parallel.
The 6.7-uH inductance is that of the
switches and coil feed. The network on
the left represents two Marx banks in
parallel. Identical PFN's are connected
to all four coil feed slots.

decided to switch the system with commer-
cially developed field-distortion rail
gaps which could be purchased from Physics
International, if tests on a prototype gap
turned out to be promising. This would
save the time and effort required to de-
velop a high~voltage low-inductance
switch. It remained to arrive at a final
electrical and mechanical design for the
PFN's using dimensions and inductances
which would result from development.

The final PFN circuit is shown in
Figure III-1. It is the result of com-
puter modeling using the NET II code which
was modified to take into account in a
self-consistant way the electrical effect
of the imploding plasma. The calculated
current waveform is shown in Figure III-2.
The current is calculated assuming a model
for the physics of the implosion process,
and, of course, that physics is just what
the experiment is designed to study. Al-
most certainly the waveform will differ
from the prediction. Information about
the implosion process may result from the
differences. Another decision made during
1972 was to fast pulse charge the PFN's
from Marx banks. A Marx design had been
completed by January 1973 and a prototype
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Figure III-2
The calculated waveforms of the circuit of
Figqure 1. The bounce model for a perfect
magnetic piston is assumed, and the initial
plasma density is 102! deuterons/m3. The
coil is 1 m long with an inner radius of
0.20 m; the inner wall of the discharge
tube is 0.18 m.

constructed. As was explained in the last
annual report, this design requires two
Marx banks per PFN. The fast pulse charg-
ing makes the system operate more or less
as a peaking capacitor circuit. The load
switches are closed while a substantial
charging current is still flowing

(~v300 kA). This current is available to
the load without having to flow through

the capacitors of the PFN with their
self-inductance. The result is a consider-
able upgrading of PFN performance. A

If the
load switches do not fire at the proper
time (1.35 pus after Marx erection), the PFN

problem is introduced, however.

capacitor voltage will continue to rise



rapidly and could conceivably reach 190 kvV.
This would almost certainly destroy capa-
citors. A means had to be found to deal
with this situation.

A number of techniques and components
had to be developed to arrive at a practi-
cal, sufficiently reliable PFN design.
These will be discussed separately below.
They include methods of suppression of
electrical flashover along insulator sur-
faces, some depending on novel geometric
arrangements of the insulation, some on
resistive voltage grading with conducting
plastic, and some on shaping of the elec-
tric field so as nowhere to exceed the
Among the

components developed are a voltage gasket

breakdown strength of air.

insulated header to provide low-inductance
high-voltage connection between capacitors
and collector plate, and a surface-
flashover overvoltage-protection switch.
Enough of the critical development
was finished by May 1973 that final design
of the system and procurement of parts
could be started. The PFN design was
essentially complete by August and nearly
all parts were on hand by the middle of
December. A few capacitors remain to be
delivered in January, but these are not
seriously holding up the assembly of the
machine. By September the first four
Marx banks were operational, and at the
end of the year the other four Marx banks
Near the
end of the year the first PFN had been
constructed and satisfactorily tested to
130 kv, that is, to a voltage slightly ex-

ceeding the full design value.

had been mechanically assembled.

The suc-
cessful performance of this first quarter
of the total system prompted the decision
to start on the second PFN. This unit was
under construction at the end of December.

Preionization studies were started
during the summer on Scylla I-B in co-
operation with Ken McKenna and Richard
Kristal of Q-3 and Keith Thomas of Q-7.
This was on a 20-cm-diameter tube and so
not directly applicable to IHX. Both

theta-pinch and Z-pinch preionization were
tried. The theta-pinch method appeared to
be satisfactory, leading to perhaps 70%
ionization, and it does not introduce
certain difficulties found with the 2-
pinch. Accordingly plans were made to at-
tempt theta-pinch preionization on the
40-cm tube.

four feed-slot coil was set up in a

The vacuum system with the

separate room, so as not to interfere with
work on the PFN's, a preionization system
was developed using four of the Scyllac
preionization capacitors, pulse charged
to 100 kV with a Marx generator, and
studies of the degree of ionization are in
process.

In summary, several significant ob-
jectives have been achieved in producing
a fast-rising high-current system. The
desirable feature of having the current
source operate at 0.5 MV without being
under a liquid dielectric will be achieved
by the development of the several high-
voltage techniques described below.

B. DEVELOPMENT OF THE CURRENT SOURCE
1. Marx Banks

The basic Marx bank design was com-
pleted last year and is discussed in the
last annual report. The capacitors chosen
for the Marx banks dictated that a total
of eight banks be constructed to charge
the PFN's.
of a final prototype bank of this design
This bank has
seen considerable use throughout the year

The construction and testing

was done early this year.

in our separate high-voltage testing area.

In order to conserve valuable floor
space in the experimental area it was
decided to arrange the eight Marx banks
into four stacks, each stack consisting of
two Marx banks arranged vertically with
the high voltage appearing at the center
of the stack. The upper bank required
some minor modifications, to the electro-
lytic resistors for example, because of
the fact that it must be constructed

"upside~down." The main design problem in
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Figure III-3
Insulating support for stacked Marx banks.
(A) Output plate for top Marx bank,
(B) Output plate of bottom Marx bank,
(C}) Cylindrical phenolic spacers,
(D) Aluminum plates, and
(E) Dowel pins.

the stacking concept, however, involwved
devising an insulating support structure
for setting the upper Marx bank upon the
lower one. Our solution to this problem
is a capacitive voltage grading system
consisting of aluminum plates spaced apart
by 76-mm-long phenolic insulators as shown
in Figure IXI-3. If such an insulator is
placed in a uniform field region such that
the electric field lies parallel to its
surface, it is observed that breakdown does
not occur along the surface of the insula-
tor when the system is overvolted, but

So if the

electric field is kept below the break-

rather occurs through the air.

down strength of air and parallel to the
insulator surface, breakdown will not oc-
cur. Each upper Marx bank, then, sits upon
a stack of six sets of the phenolic insu-
lators with five intermediate aluminum
plates. This arrangement has been tested
to 240 kv.
Marx stacks is shown in Figure III-4.

A photograph of one of the

A master trigger system for firing
the eight Marx banks has been developed and
installed.

cable, which can be charged to -40 kV,

Each Marx bank has a trigger
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capacitively coupled to the electrolytic
trigger resistors. These trigger cables
are all of equal length and are connected
to a single trigatron shorting switch.
The system is simple and provides for the
simultaneous triggering of all the Marx
banks.

A 600-mA, 50-kV Marx-charging power
It has a

constant-current output which can be

supply has been installed.

varied for charging any number of Marx
banks. The control system senses the in-
stantaneous charging voltage, V, and also
the voltage V' at the midpoint of the

If V' devi-

ates by more than 1 kV from V/2 the system

series-connected capacitors.
is dumped. This prevents overcharging
half of the capacitors if one capacitor
becomes shorted. When the charging voltage
reaches a preset level, the control system
shuts off the power supply and allows
either manual or automatic triggering of
the experiment and the diagnostics. A
spark-gap pressure-regulating system has
been installed which also flushes the gaps
after each shot. Several other control
system features, such as a flushing system

for the rail gaps and a safety interlock

'system,have also been installed and tested.

2. Low-Inductance Capacitor Connection

The design for the capacitor header
insulation reported in the 1972 annual
turned out to be unsatisfactory, primarily
because it allowed sparks to start along
insulator surfaces before they came to the
elastomer gasket. It was found that once
a high-voltage breakdown is started in air
along an insulator, it is very hard to stop
at the insulator-elastomer gasket inter-
face. An improved design minimizes this
problem by reducing the electric field
strength and by eliminating air spaces at
the edge of the gasket.

This design is shown in Figure III-5S.
The usual capacitor insulator barrier is
cut down to further reduce the inductance.
Then Dow Corning 184 Sylgard silicone

compound is poured in place to form




Figure III-4 ,,
Stacked Marx banks for the IHX.

the elastomer gasket. A thin layer of
silicone grease (Dow Corning High Vacuum
Grease) is used between the gasket and
each of the four layers of 0.8-mm-
(1/32-in.) thick polyethylene sheet insu-
An additional 6.4-mm- (1/4-in.)
thick polyethylene spacer is used above

lation.

the sheet insulation to reduce the electric

field strength at the outside edge of the
gasket. Approximately 2.67 x 10" N of
force is used to compress the insulation
on the gasket. Since the silicone rubber
gasket is molded 0.25 mm higher than the
surrounding plate, the force is distri-
buted over the gasket surface at about

1.38 x 10% pa. This insulating
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Figure III-5

Scale diagram of low-inductance connection
between parallel plate line and the 125-kV
capacitor header. (A) Transmission line
plates, (B) Transmission line insulation:
four sheets of 0.8-mm polyethylene, (C)
Capacitor can, (D) Capacitor terminals,

(E) Capacitor insulator, (F) Poured-in-
place silicone rubber high-voltage gasket,
and (G) 6.4-mm-thick polyethylene spacer.

arrangement has repeatedly been success-

fully tested on several capacitor headers
to 200 kV with pulses rising in less than
1 us and with a decay time of around

100 us.

Raising the voltage on one sample to
failure produced a breakdown through the
capacitor insulator at 235 kV. Therefore
this design appears to be guite adequate
for the 125-kV service. Two of the PFN's
have now been assembled and tested for
over a hundred shots around 120 kV and
several shots as high as 130 kV.

A year ago Mylar was to be used for
the parallel plate insulation. However,
during the capacitor header tests it be-
came apparent that polyethylene was more
reliable. While Mylar has higher di-
electric strength in a uniform electric
field, it is much more susceptible to
puncture from an electric breakdown in
the grease or air next to it.

3. The Rail-Gap Load Switches
The main load switches are multi-

channel field-distortion rail gaps built

by Physics International. They are used
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in pairs, two of them connecting each PFN
to its coil feed slot. The rail gaps are
a modification of a design used under
water for switching considerably higher
voltages. Extensions on the acrylic-
plastic spark-gap bodies allow operation
in air at 125 kV with voltage grading as
described below.

We have encountered three types of
problems in the testing and preliminary
use of these rail-gap switches. One
problem was a voltage insulation problem.
As supplied the switches will hold off
125 kV when operated in one Los Alamos
atmosphere of freon. When operated in
air, however, they will invariably flash
over along the insulation from one main
electrode of the switch to the other.
This flashover spark takes about 2 us
to become fully developed when the voltage
is 125 kV. This problem has been very
satisfactorily solved by the technique of
voltage grading using conducting plastic.
This solution is described in more detail
in another section of this report.

A second problem in the use of these
rail-gap switches is to develop a trigger
system capable of producing multichannel
operation. All eight switches will be
triggered from a single source, that is,
from a master gap. The full system has
not yet been triggered or even assembled,
but master gaps with eight load cables
have been used to trigger one gap success-
fully. Also the modified Physics Inter-
national master gap (see below) has
successfully triggered two rail gaps dur-
ing the checkout of the first PFN.

Satisfactory multichannel operation
(i.e., 15 to 20 channels) has been obtained
for a single switch with the following
trigger systems:

a. cable attached to trigger elec-
trode and charged to trigger bias voltage
(40 kxV), shorted at its back end with a
stabbed polyethylene switch;

b. cable separated from the trigger
electrode by an isolation gap and charged




to 80 kV, shorted at its back end with a
triggered gas gap (not quite as good as
the other system);

¢. Scyllac master gap system charged
to 100 kv and separated from the trigger
electrode by an isolation gap;

d. same as c, but without the isola-
tion gap:;

e. a field-distortion master gap
purchased from Physics International but
modified by the addition of a Condenser
Products low-inductance (<25 nH), 70-kV,
0.02-uF capacitor. This modification al-
lows a bias voltage to be applied to the
master gap without the use of isolation
gaps between each cable and the correspond-
ing trigger electrode.

0f these trigger systems we are pres-
ently considering only the last two. The
Scyllac master gap system seems to be the
more reliable because it can produce high-
er output pulses, but it is quite bulky
and complicated compared to the modified
Physics International master gap. This
latter gap also gives satisfactory per-
formance except that perhaps a little
more work is needed on its own trigger
system.

The final problem area concerns the
working gas for these switches. Our ini-
tial attempts to obtain multichannel oper-
ation failed because we were operating in
the "fizzle phase” of SFg. As explained
by Phil Champney of Physics International,
SFg has very poor breakdown characteristics
at low pressures (around 1.4 x 105 Pa or
less). High purity dry N, in the 3.0 x
105 - 5.5 x 105 Pa range has given opera-
tion with 10 to 20 spark channels. Inter-
estingly, air in a similar pressure range
gave much poorer performance of the switch.
Thus we have been using the high purity
dry N, for the filling gas. There is evi-
dence, however, that this gas may be sub-
ject to a different set of problems. Our
prototype switch suffered a substantial
loss of breakdown strength and exhibited

very erratic behavior after a few months

of operation (i.e. several hundred shots).
Almost doubling the pressure of the £ill-
ing gas did not improve the erratic be-
havior, which was characterized by large
shot-to~-shot variation in breakdown
strength. According to J. C. Martin of
AWRE this behavior, called dropping out,
is fairly common for high-voltage switches
and is corrected by changing the filling
gas. When we disassembled this switch for
inspection it was found to have a dry
black powderish substance on the insula-
tion surface. Phil Champney reports that
they found the same sort of black powder
when they used N, and that they have since
shifted to a different gas mixture. Fur-
ther tests on our prototype switch with
different gas mixtures are planned for the
near future.

4. Edge Insulation for Parallel Plate

Lines

Flashover prevention provided by a
simple extension of sheet insulation be-
yond the edge of parallel plate high-
voltage electrodes diminishes in effective-
ness as voltages are raised to 100 kV and
higher. Tests have shown that the voltage
standoff for a given voltage waveform is
a function of both the edge extension of
the sheet insulation and its thickness.
Figure I1I-6 shows flashover curves oOb-
tained for various thicknesses of poly-
ethylene. The voltage waveform in these
tests approximated a single half cycle of
a slightly under-damped sine curve rising
in 5 us to peak. In order to minimize
time effects, the voltage amplitude was
adjusted so flashover occurred at 4 us
while the voltage was still rising. We
have also observed that the flashover
voltages are not significantly different
for the same dimensions of Mylar and poly-
ethylene.

Our understanding of the flashover
process under pulsed-voltage conditions
is that at the high electric fields im-
posed on the insulation, the air at the
electrode edge breaks down and a large
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Figure III-6
Flashover voltages for a straight exten-
sion of polyethylene insulation of various
thicknesses from the edge of a parallel
plate transmission line.

number of streamers start from each elec-
trode edge. Some of these streamers may
coincide on the opposite surfaces of the
insulation, and since the streamers are
conductors, they tend to extend the poten-
tial of each plate outward along the sur-
face, further ionizing the air at their
tips. The streamer propagation is in-
fluenced by their intrinsic impedance, the
source impedance, and by the field strength
at the streamer tips. A similar process
has been suggested by J. C. Martin in one
of his notes on "Dielectric Breakdown and
Tracking" (SSWA/JCM/Hun/5).

Therefore, if the insulator surface
can be separated so that the streamers
propagating outward find the field
strength decreasing at their tips, the
flashover voltage may be increased. The
common technique of flaring-apart
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Figure III-7
Flashover prevention by "ballooning" the
insulation at the edge of a parallel plate
transmission line.

the edges of insulating sheets to increase
flashover potential apparently depends
more on this reduction of capacity between
the two sides of the overhanging insula-
tion than it does on increase of surface
path., It is somewhat inconvenient and
messy to use in practice, and we have
investigated alternative methods of de-
creasing the capacity between the surfaces
along which streamers must propagate to
form the arc. Many arrangements were
tried, some better than others, not al-
ways for obvious reasons. The arrange-
ment which we settled on we call "balloon-
ing."” It is easy to apply, holds off more
than 200 kV for the test pulse we were
using (v5-us exposure time), and takes
very little space. As shown in Figure
III-7 the insulation between the plates,
consisting of four sheets of 0.76-mm
polyethylene sheets, is allowed to extend
0.1 m beyond the edges of the plates. A
ballooning strip of insulation 0.3 m wide,
consisting of a sheet of 0.76-mm poly-
ethylene, is inserted with one edge as far
in as possible between the top two sheets
of main insulation, and the other edge
similarly between the bottom two sheets.
In order to be effective the separation

by the ballooning sheet has to start at
the edges of the electrodes. The entire
assembly protrudes less than 0.15 m



beyond the edge of the parallel plate line
conductors. Occasional pieces of adhesive
tape are used to keep the ballooning strip
from falling out.
5. Overvoltage Protection

At the time that the PFN has reached

125 kV, the Marx bank is delivering a con-

siderable amount of current (v300 ka),
which normally adds to the current from the
PFN to deliver the peak current of about
800 kA to the load.

switches should fail to close, this Marx

However, if the load

current, because of the circuit inductance,
would seriously overcharge the PFN capaci-
tors. Therefore, it is desirable to have
some sort of an overvoltage protection
switch.

When taking the data shown in Figure
I1I-6 it was observed that, for a given
insulation edge extension and thickness,
the flashover voltage is very repeatable
and that there is little damage to the in-
sulation. This observation led to the
development and adoption of an overvoltage
protection "switch" which is merely a
place along the edge of the main insulation
of each PFN which is tailored to allow a
flashover if the voltage exceeds 125 kV.

It seems inadvisable, of course, to allow
the flashover to occur on the main in-
sulation itself. So the "switch" actually
consists of a pair of electrodes ‘mounted on
a replaceable piece of insulation which is
interleaved into the main insulation. The
device is placed at the thick (20-mm) sec-
tion where the two plates of the transmis-
sion line are separated to provide the in-
ductance between the two capacitive legs of
the PFN; this is a convenient place for the
For the
voltage risetime of this experiment,

namely about 1.5 us, we find that a 55-mm

interleaving of the insulation.

extension of 12.7-mm-thick polyethylene
flashes over between 130 kV and 136 kV;
these dimensions are the ones used. In-
cidently, the whole switch is enclosed in
a sound-absorbing box because for our

energies it is quite loud if it is allowed
to operate in the open room.

6. Prevention of Flashover by Conducting
Plastic

The rail switches developed by
Physics International for the IHX were de-~
signed to operate in an atmosphere of
freon or sulphur hexafluoride to prevent
flashover around the switch. This re-
quirement would entail added design diffi-
culties in providing the gas-tight en-
closure around the switches. Another ap-
proach to the flashover problem is to
provide electric field grading rather than
brute-force breakdown strength. The use
of water around the switch for this grad-
ing would again present difficult design
problems. A much more convenient solution
would be to provide the grading by conduct-~
ing sheet material. The material selected
for a test of the sheet grading was a poly-
It is
obtained from Custom Materials, Inc. under
The first test
was made with a sheet of 0.15-mm thickness

having a resistance of 7500 Q/sq.

olefin film with a carbon filling.
the trade name Velostat.

In vari-
ous configurations the voltage hold-off was
increased over nongraded hold-off by a
large factor for pulses 4 to 6 us in dura-
tion. The breakdown was no longer along
the insulator surface, but through the con-
The hold-off was about
650 kv/m for test specimens from 0.15 to
0.30 m in length.
limit is at a current density of 90 amp/m.
The 0.15-mm Velostat was then used on a

ducting plastic.

It thus appears that the

rail-gap switch prototype with the sheet
placed between the switch and the poly-
ethylene transmission-line insulation
{completely covering the bottom and sides
of the switch) and securely connected to
With this
configuration the breakdown voltage was
about 195 kV which is éafely above the
125-kV operating voltage.

the two main switch electrodes.

The breakdown
again appears to be governed by the limit-
ing @urrent density found in the test

65



specimens. The current connections between
the Velostat and the electrodes must be
made with the current limitation in mind.
Elastomer backing of the sheet is used to
ensure a uniform connection, and all cor-
ners are well rounded to remove current
concentrations.

After the tests with the 0.15-mm
Velostat, a 0.20-mm sample was obtained
and tested. The resistance of the sample
was 13.5 kQ/sq,

than the original material).

(70% higher resistance

This material
had a different breakdown mode than the
0.15-mm sheet. In the test the breakdown
is no longer in the Velostat, but is now
along the insulator. For this test, two
layers of Velostat raise the breakdown
voltage. It appears, therefore, that the
mode of breakdown is lack of voltage grad-
For two sheets
of 0.20-mm, 13.5 kf2/sqg sheet, the voltage

hold-off is now above 680 kV/m.

ing along the insulator.

Velostat grading is also being used
at the point where the Marx output cables
connect to the PFN. The conducting sheet
is a great simplification over the water
grading originally planned for these con-
nections. Each cable has a skin-back
length of about 0.46 m which is wrapped
with a layer of Velostat as is shown in
Figure III-8. 1In addition, a layer of
Velostat is placed along the insulating
path that separates the two electrodes to
which the cable braid and center conductor
The 0.46-m
length so graded is found to hold off more

than 185 kV.

are attached respectively.

Again, it is important that

Figure III-8
Schematic diagram of voltage grading of a
cable skinback by conductive plastic. (A)

Cable conductors, (B) Cable insulation,
(C) Split-ring conducting clamp, (D) Con-
ducting plastic wrap, (E) and (F) Hose
clamp.
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the current connections to the Velostat be
carefully designed to avoid current con-
centrations.

7. Fast Resistive Dividers for High Volt-

ages
Often it is necessary to measure the

pulse shapes and amplitudes of fast-rising
high-voltage pulses. Capacitive voltage
dividers can be made to have the high-
frequency response, but they suffer in low-
frequency response and in ease of calibra-
tion. On the other hand, resistive divi-

ders are easy to calibrate, but they
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Figure III-9
Scale diagram of shielded resistive high-
voltage divider.




commonly do not have the necessary high-
frequency response because of distributed
capacitive loading along the usually long
length of the resistor string. This capa-
citive loading can be eliminated by plac-
ing the resistor string in an enclosure in
which the potentials next to the resistor
string are graded to be the same as those
along the resistor itself. This has been
accomplished as shown in Figure III-8
where the 50-k§! resistor string is placed
along the axis of an annular electrolytic
resistor of the same length. The voltage
divider resistor has to be long enough to
withstand the applied voltage and of high
enough resistance to not overheat during
the measurement; therefore, it is made up
of five 10-kQ noninductive l%-tolerance
wire-wound resistors (Dale Electronics
NS-10-27).
net reactance of 1.1 pF, will withstand 50
kV immersed in oil, and can absorb 11 J

Each of these resistors has a

with a 200°C temperature rise in the wire.
The annular electrolytic resistor contains
350 cm3 of water and can absorb a maximum
of 3 kJ with 2°C temperature rise, thus its
resistance can be made much lower than that
of the dividing resistor.

The voltage divider described above
has an output risetime of <10 ns with an
Withoyt
the shield the risetime is slowed down to

8-kQ electrolytic grading shield.

over 100 ns.
8. Stabbed-Polyethylene Switch Develop-
ment

Early in the year we conducted a pro-
gram to develop the technique of producing
reliable stabbed-polyethylene switches.
These switches, which are used in various
other laboratories in this country and a-
broad, can be convenient off-the-shelf
items to have available; in addition, we
were considering their use in the over-
voltage protection system for the PFN's.

In this program we verified several of
the results found elsewhere. For example:

a. the voltage at which the switch
breaks down depends upon the depth of the

“voltage.

stabs as well as the thickness of the re-
maining insulation;

b. the voltage at which the switch
breaks down is not a linear function of the
thickness of the remaining insulation:

c. the voltage at which the switch
breaks down is about twice as high if the
electrode on the stabbed side of the insula-
tion is negative than it is for the case
where the polarity is reversed.

For a set of switches all stabbed at the
same time the variance in the breakdown
voltage is typically ~5%,

If a stabbed dielectric switch were
used as the overvoltage protection system
this switch would be repeatedly subjected
to a voltage of 90-95% of its breakdown
The question then arises whether
the switch will suffer degradation, and if
so, how rapidly. Tests were made to in-
vestigate this matter and we found that in-
deed our stabbed polyethylene switches have
a finite lifetime. One repeatedly subjected
to 90% of its rated voltage would last only
10 to 20 shots, one subjected to 86% about
25 to 30 éhots, and one subjected to 75%
more than 50 shots. It appears that these
lifetimes are purely statistical in origin.
The evidence is that switches subjected to
lower voltage shots equal in number to one-
half or three-fourths of the expected life-
time are then found to still break down at

full breakdown voltage. One would expect

the breakdown voltage to be lowered under

these conditions if a degradation mechanism
were the dominant effect.

The short lifetime observed for a
switch operated under the conditions en-
visioned for the overvoltage protection ap-
plication caused us to abandon this approach

when a more promising solution appeared.

C. PREIONIZATION

The ideal initial conditions for the
IHX are a magnetic-field free plasma with a
density of 102lm~3., At the time of the
last annual report, no work had been done
on the preionization phase of the experiment.
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It was thought that a 2-pinch would be the
likely preionization method. Since that
time two developments have led to a high-
voltage theta pinch as the method of pre-
ionization to be installed on the experi-
ment. The first of these is a calculation
which indicates that proper circuit design
will allow a theta-pinch preionization bank
to drive the main coils in such a way that
the PFN is not degraded and the preioniza-
tion bank is not overvolted. High currents
in the preionization phase, even with the
required isolation can be achieved with
pulse-charged 125-kV capacitors. One
0.7-uF, 125-kV capacitor at each feed point
will produce 110 KA. '

The second development supporting the
decision to preionize with a theta pinch is
the result from experiments on the 200-mm-
diameter Scylla 1-B. These results are re-
ported in some detail in another section of
this report. In brief, the Scylla 1-B pre-
ionization tests showed that the theta pinch
was as effective as the Z-pinch method. The
theta pinch gives, in addition to simpli-
city, the distinct advantage of avoiding
problems introduced by the Z-pinch elec-
trodes and electric fields when diagnostic
probes are put into the plasma.

The first experiments on the preioni-
zation of the 40-mm-diameter IHX have begun
with one 0.7-uF capacitor tied to each of
the four gaps with about 1-uH isolating in-
ductance. The capacitors are switched by a
standard Scylla-type gap which was found to
hold the pulsed 125 kV without difficulty.
The four capacitors and the master trigger
are charged by one of the IHX-type Marx
banks. The first preionization data were
taken at a capacitor voltage of 85 kV
producing a peak current of 75 kA with a
period of 4.5 us. The electron density was
measured by the usual coupled cavity method.
The fraction of ionization (defined as
electron density over twice the deuterium
filling density) was very low in these first
measurements. At 1.3 Pa the ionization a-

mounted to about 5% at late times when the
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PI current has damped out. There is evi-
dence that higher voltage on the PI bank
will greatly increase the ionization level.
Preparations for operation at voltages up
to 125 kV on each capacitor are now being

made.

D. COMPUTER MODELING OF THE HEATING IN A
FAST PISTON IMPLOSION OF AN UNMAGNETIZED
PLASMA

In the design of the current source,
the switching and the preionization for the
experiment, a bounce model for the plasma
was used to predict the performance of the
system. In the bounce model,! the plasma
is assumed to be completely collisionless
with the piston reflecting ions at twice
the piston velocity. Another model used in
calculations for the system is the snowplow
model. The snowplow is at the opposite
extreme from the bounce in that it simulates
a high-collision rate after the piston in-
teraction. In this model the plasma is
assumed to be gathered up by the piston
after which the center-of-mass of the plasma
In both

cases the piston current sheath width is

moves with the piston velocity.

small compared with other dimensions. The
calculations using these two models bracket
the results to be expected from an imper-
vious imploding piston.

A simple method which achieves the
snowplow configuration is for a cold ion to
be reflected from the piston elastically
with twice the piston velocity, and immedi-
ately collide with a stationary ion. The
center-of-mass of the pair will be moving
with the piston velocity, i.e., a snowplow.
After the collision only one-half the
original particle energy is in the directed
energy of the two particles so the random
energy of the two will account for the re-
maining one-half of the original particle
energy. Of course, any number of pro-
cesses could set up this configuration;
however, this one is particularly simple
in showing how the energy is distributed in

the snowplow. As this process continues




the random energy will cause the annular re-
gion of snowplowed particles to expand,
forming a growing sheath in front of the
piston.

The calculation combines this picture
of the imploding piston with the circuit of
the current source of the driving theta-
pinch field. The relation between the cur-
rent in the theta-pinch coil and the motion

of the piston and sheath is given by
27r I? uo/2 = 2nr(l/2 . pov)2v
2 _ g2
+ pom(ro r )dv/dt

+ ponl/Z(ri - rz)dGr/dt

+ 1/2vr(pov)2wr (1)
P, = initial ion density
r = original diameter of plasma

v = piston velocity

r = expansion velocity of sheath
I = coil current/length -

The first term on the right side gives
the piston pressure from the primary imping-
ing ions. The coefficient of one-half
arises because a second ion is picked up in
an ion-ion collision. The second term is
the contribution from the inertia of the
The third and fourth

terms are the contribution to the piston

snowplowed mass.

pressure from the expanding snowplowed
sheath.

the third and fourth terms have not been

In previous snowplow calculations
included.? With the assumption of complete
randomness in the snowplow frame, it is
reasonable to use the average ion velocity
for ;r’ thus

- again hits the piston.

t 1/2
fO v3 r dt

r2 - y2?
(o]

= 0.6

The circuit for the current source and
theta-pinch load is shown schematically in
Figure III-1.
fed at four points this schematic is one-
fourth of the total circuit.

Since the 0.40-m coil is

This circuit
has now been built as a source for the fast
theta-pinch implosion heating experiment.

For the analysis, the circuit and the
plasma load described by Equation 1 are
numerically evaluated with time in a self-
consistent manner using the NET II code.
The calculation continues until the front of
the sheath (after passing through center)
The results of the
calculations are shown in Figure III-10 for
the following conditions

capacitor voltage = kV (500 kV for the

whole coil)

initial ion density = 1021m-3

coil radius = 0.2 m

initial plasma radius = 0.18 m.

- The bounce model consists of an imper-
vious magnetic piston which elastically
collides with the background cold plasma.
It is assumed that reflected particles move
in a radial direction with twice the piston
velocity and suffer no further collisions
The bounce
model uses essentially the first term of

with the background plasma.

equation 1 with a factor of two to account
for all of the background particles which
are involved. The results of the numerical
calculations for the identical parameters

as given for the snowplow are also shown
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Figure III-10

Piston radius and coil current as a function
of time. Both bounce model and snowplow
model plasma loads are shown. The driving
circuit is that of Figure III-1 except for
minor variations in the inductances used.
For both bounce and snowplow the average
deuteron energy is 2.0 keV when the piston
has reached one-third the initial radius.

in Figure ITII-10. It is seen that the two
extreme models give only minor differences
in all the results. The piston moves in
slightly faster for the snowplow and reaches
a slightly smaller radius before turn-
around. The total particle energy is not
significantly different for the two cases.
When the effects of the random energy
and sheath expansion are added these two
extreme models give results which differ
only in certain details. Such important
features as piston velocity and resultant
plasma energy are essentially the same. If
the experiment shows that a reasonable
piston is formed, then from a practical
point of view of heating a plasma, these
results indicate that details of plasma in-
teractions are unimportant. An important
question to be answered by a heating experi-
ment is the transparency of the driving
magnetic piston. An impervious fast piston

appears to give a plasma temperature which
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IV. Z-PINCH PROGRAM

A. SUMMARY (J. A. Phillips)

In the Z-pinch program we examine the
diffuse toroidal pinch generated by the 2T-1
experiment.! The particular type of pinch
being investigated has approximately equal
poloidal and toroidal magnetic fields. The
toroidal current exceeds the Kruskal-
Stability is achieved by

the close proximity of a conducting wall,

Shafranov limit.

and the strong shear of the magnetic field,
due to reversal of the toroidal magnetic
field in the region outside the pinch. The
advantages of this reversed field pinch in-
clude: 1) toroidal equilibrium, and 2) theo-
retical predictions of complete MHD stabi-
lity for all wave numbers and modes. The
purpose of the present phase of the experi-
ment is to investigate the requirements
necessary to establish a high-temperature,
stable, reverse-field pinch.

In the fast mode of operation full pro-
gramming of the magnetic fields has been
reached and the pinch, though not yet com-
pletely stable, is closer to having MHD
stability.!
has been directed toward determining plasma

During the past year attention
parameters. These include the following:

a) Electron temperature measurements
indicate a non-Gaussian velocity distribu-
tion and a low electron temperature <100 eV.
(Sections B and C)

b) Ion temperatures are found to be
considerably higher than those for the
electrons. Ion temperatures in excess of
800 eV are found with the experiment run in
the fast mode. (Section D)

c) The plasma temperatures (Ti + Te)
inferred from plasma pressure profiles are
in agreement with the independently measured
values for electron and ion temperatures.
(Section D)

d) The total particle line density is
found to be constant and equal to the ini-

tial line density until the onset of pinch
Contributions from the dis-
{Section E)
In order to understand the require-
ments for establishing stable profiles it

instability.
charge tube wall are small.

was considered advisable to reduce the I,
current in the pinch. The growth rates of
instabilities would be reduced by this
change and make it easier to study the
evolution of the magnetic field profiles.
The electrical circuit for the Z-current
has therefore been modified (Section F).
MHD stability analyses of measured magnetic
field profiles are described in Section G.
There is evidence that unstable modes can
be stabilized by reversing the longitudinal
field. Stable times of 8-10 us have been
achieved with stability limited by dif-
fusion.

In addition we have considered the
following:

a) Necessary criteria for both energy
and pressure balance on Z-pinches with dif-
fusion have been established.?

b) An analytic expression for the
growth rate of Suydam instabilities has
been obtained for the case where the modes
are symmetric about a singular radius.
(Section H).

The low electron temperatures found in
the 2ZT-1 experiment are unexpected. The
plasma resistivity is then high and the
diffusion of the poloidal magnetic field to
the axis is rapid. Stable plasma confine-
ment by the pinch for long times is then
difficult, with the magnetic fields dif-
fusing quickly toward unstable profiles
and ohmic heating raising the plasma pres-
sure above that which the pinch can contain.
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Mechanisms responsible for the low electron
temperature have not yet been identified.

Engineering support for the 2T-1 ex-
periment includes the following:

1) Studies of a transfer capacitor
circuit to replace the fuses on the experi-
ment have continued.?

2) A fuse package capable of inter-
rupting 500 kA and absorbing 30 kJ of energy
has been developed for use in the present
2T-1 experiment.3

3) Field distortion spark gaps have
been designed to crowbar the Z-current in
2T-1.
shell as the electrode surface (Section I),

These spark gaps use a molybdenum

B, ELECTRON TEMPERATURE BY THOMSON SCAT-
TERING (L. Burkhardt, J. Di Marco, P.
Forman, H. Karr)

Thomson scattering measurements are
being made to determine the electron tem-
perature. A plasma volume, 8 mm long and 2
mm in diameter, located 1 cm from the minor
axis of the machine, is viewed at an angle
of 90° from the incident laser beam. The

o+ > + .
Ak vector (kin - kout) has both radial and

SHOT 6739
TIME 480

TEMP 2440

SCATTERED SIGNAL

1
6943 7008 7073 7138
WAVE LENGTH (R)

Figure IV-1
Thomson scattering spectrum taken with the
slow mode of operation. The temperature is
given in eV; the time in usec.
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Figure IV-2
Thomson scattered spectrum taken with the
fast mode of operation.

poloidal components but no toroidal compo-
nent.

Striking differences are observed be-
tween the scattered spectrum for the slow
and fast modes of operation of the ZT-1 ex-
Figure IV-1l shows the data taken
The time indicated is in

periment.
in the slow mode.
us and is measured from the initiation of
the Iz current. The temperature is obtain-
ed from a least-squares fit to a Gaussian.
The data are typical of many shots taken in
the slow mode, and the electron temperature
varies from 10 to 50 eV, depending on the
time of the measurement. The density,
typically 3 x 1015 cm~3, obtained by com-
parison with Raleigh scattering in nitro-
gen, is as expected from compression of the
filling gas.

Figure IV-2 shows data typical of
The solid
curve is only included as a guide to the
eye. The data are seen to be symmetric a-
bout the laser line at 69433. The dis-
tribution is clearly not Gaussian but is
double humped. It should be noted that

the parameter o = 1/Ak)\D ,

those obtained in the fast mode.

where
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Figure IV-3
Plot of the dispersion relation for hot
electron plasma waves.
XD is the Debye length, is much smaller
than one in this experiment. Unfortunately

large systematic errors on the 69433
channel were present when the data of
Figure IV-2 were obtained. These will be
eliminated on future runs.

The wave number and frequency of the
double humped feature shown in Figure IV-2
coincide with the dispersion relation of
Bohm-Gross modes, see Figure 1IV-3, assuming
A 35°

scattering experiment will help to determine

an electron temperature of 25 eV.

if this is an accurate explanation of the
data. Whatever the phenomenon is, it ap-

pears that it must be associated with elec-
trong. Ion oscillations or waves are or-

ders of magnitude lower in frequency. The

distorted spectrum is observed for times
ranging from 0.75 us to 5 us in the dis-
charge. Since the Landau damping of these
waves is large, a strong driving mechanism
would have to be present. There is experi-
mental evidence for runaway electrons in

the plasma.

C. ELECTRON TEMPERATURES FROM TIME-RE-
SOLVED SPECTROSCOPY (B. Howell, H. Karr)

The time integrated impurity emission
spectrum was observed for the ZT-1 plasma
in the fuse mode. A plot of the densito-
meter measurements of the spectrum is shown
in Figure IV-4. Carbon is the dominant im-
purity with some aluminum, oxygen, and sili-
con also present. Emissions from the ioni-
zation states of CI up to CV are observed.
In the time-resolved spectra described be-
low, weak CV emission is observed at 2278
; but this weak emission is not observed
in the above spectrum. For comparison, in
the Scylla III spectrum for which n, = 3
x 10'%cm™3 and T, = 300 eV, the CV line is
comparable in intensity to the neighboring
CIII 227.8-nm line. This indicates that
the electron temperature in 2T-1 is less
than in the Scylla III experiment.

Preliminary time-resolved spectral
measurements have been made of emission
from the successive ionization states” s’
of the intrinsic carbon impurity in the
pinch. CIII came in early (<0.5 us) and
never died away. The CV signal came in
after 2 or 3 us and a peak at roughly 0.5 us
was sometimes observed. This is seen in
Figure IV-5. The large amplitude signal
starting at 2 or 3 us is thought to come in
when the plasma hits the wall. The early
peak is not understood. However it may in-
dicate that some of the electrons were
briefly hot enough to excite CV emission
during formation of the pinch.

The lifetimes of various ionization
states were obtained from the solutions to
the transient stripping equations.® The
fractional abundances of the ionization

states versus time are plotted in Figures
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Figure IV-4
Impurity spectrum for pinch in the fast mode.
IV-6 and IV-7 for 25 and 100 eV, respective- I I I I T I T T

ly. From these curves the electron tempera-
ture inferred for 2T-1 is ~30 ev.

The energy losses due to carbon line
emission have also been considered. Using
the formula for the excitation radiation
loss rate given by McWhirter,* it is found
that for a 1% impurity of carbon, all in
the CIV state emitting in the dominant
15485 line, the electrons would cool at a
rate of 15 eV perxr us.
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Photomuitiplier Jntensify vs Time for
Corbon X (2278 A) ot 0.5 usec/division

Figure IV-5
Photomultiplier intensity vs time for car-
bon V (2278A) at 0.5 us/division. The
initial spike comes at 0.3 us after the
start of I,.
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Figure IV-6
Fractional abundances of carbon ionization
states vs time in a plasma whose electron
temgerature is 100 eV and density is
10l5cm—3,

D. ION TEMPERATURE FROM DOPPLER BROADENING
MEASUREMENTS (B. Howell, H. Karr)

To obtain information on the plasma ion
temperature, measurements were made of the
Doppler broadening of spectral lines from
impurity ions added in known amounts to the
Up until now only the HelIl 4686
g line has been investigated.

plasma.
The ion-ion
collision time is short enough in the resis-
tor mode that the ions should relax to a

The time for the cold
electrons to cool the hotter ions is about
1.5 pus for a 30-eV plasma at 3 x 10!5cm~3
density.

thermal distribution.

However no significant cooling
was seen in a time of ~5 us.

The Doppler broadening was measured
with an eight-channel polychromator modifi-
cation to the McPherson Model 216 monochro-
mator. The first modification had a 2-mm-
diameter cylindrical lens inserted on the
output aperture® of the monochromator to
diverge the beam to an array of eight light
pipes and photomultipliers positioned to
obtain wavelength separations of 0.853
between channel centers. This allowed ion
temperature measurements over a range of
n25 eV to >1 keV and was useful for the
fuse mode. In the resistor mode, (Section
F), the heating was much less and a second

modification was made to the polychromator

1.0 T T T T T T T
Electron temperature 25 eV
ne =10®
o o8- CII
g co
Bos cy =
3
F-]
a
°
§ 04 c
g
%02 ]
0o L A

1 1 [l 1
0755 1.5 2.26 302 377 453 528
Time (usec)

Figure IV-7
Fractional abundances of carbon ionization
states vs time in a plasma whose electron
temgerature is 25 eV and density is
1013cm—3,

to measure the smaller Doppler broadening.
This consisted of taking out the 2-mm cyl-
indrical lens and using instead a negative
lens before the focus of the monochromator
to magnify the image slightly. Then a set
of eight fiber optic light guides, each
0.063 mm wide, was used. This gave a separa-
tion between channels of 0.67& and extended
the ion temperature range down to about

15 ev.
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Figure IV-8
Comparison of ion temperature from Doppler
broadening to plasma temperature found using
probe measurements and pressure balance.
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Fiqure IV-8
Leasg-squares fit to the Doppler broadened
4686A line of He II.

One of the series of measurements for
the fuse mode is shown in Figure IV-8 and
the results are compared with plasma tem-
peratures obtained from the magnetic probe
measurements showing fair agreement between
the two methods of temperature measurement.
The signal on six of the photomultiplier
channels at a given time and the least-
squares fit to a Gaussian are shown in Fig-
ure IV-9. Finally a plot of ion temperature
for the resistor mode is shown in Figure
IV-10. The observed widths of the 46863
line were appreciably greater than the
Zeeman broadening’ and Stark Broadening® so
that only small corrections would be needed.

E. PLASMA DENSITY MEASUREMENTS WITH LASER
INTERFEROMETER (L. Burkhardt, J. Di Marco,
P. Forman, H. Karr)

Measurements of the electron line den-
sity along a minor diameter through the
pinch discharge have been made using the
33900A infrared radiation from a He-Ne
laser, with the Ashby-Jephcott interfero-
meter technigue.? The laser beam passes
through a small aperture in the primary and
a clear quartz section of the discharge
tube located 5.3 cm away from a pump port.
The beam is modulated to produce fringes by

means of a rotating mirror or, more
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Figure IV-10
Ion temperature from Doppler broadening in
the resistor mode.

recently, by a pair of counter rotating CaF
plates in the beam to vary the optical path
Figure IV-
11 shows the mean electron density over the

length of the external cavity.

path of the beam through the plasma as a
function of time measured from the start of
the preionization stage, ~20 us before the
main discharge in the resistor mode. At
the time of firing the main discharge, the
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Figure IV-11
Plasma electron density versus time deter-
mined with a He-Ne laser (33900A infrared
line) interferometer using the modulated
Ashby-Jephcott method.



preionization reaches a level of ~3 x 10!%
cm™3, corresponding to 50% ionization at
the filling pressure used. During the
pinch formation, the line density increases
as the pinch compresses. A compression of
~3 is reached for the conditions of Figure
IV-11. The density reaches a peak in 9

us and falls off to ~70% peak value at ~1S§
us. There is no indication of large parti-
cle loss or impurity influx in this time
period. This is a good agreement with probe

measurements and streak observations.

F. DERATING OF THE ZT-1 EXPERIMENT

(L. Burkhardt, J. Di Marco, P. Forman,

R. B. Howell, H. Karr, J. Phillips and A.
Schofield)

The results presented in this report
together with results previously document-
ed,1,10 show that a high ion temperature of
several hundred eV is achieved in the fuse
or fast mode of operation with iz's of 1.3
x 1012 A/s and I,'s of 200 kA.
is partially stable for 6 us {(calculated

The plasma

growth times are v60 uys for t 2 5 us) at
which time a sudden disruption occurs, as
evidenced by the onset of light seen in the
streak and the increased number of unstable
modes calculated from magnetic probe data,
with growth times of 0.7 us. Because of
this behavior it has been postulatedl?®
that the sudden disruption might bé due to
a change of magnetic field, perhaps due to
diffusion, leading to an unstable config-
uration rather than the slow growth of an
initial instability. In order to understand
the requirements for establishing stable
profiles it was considered advisable to re-
The
growth rate of the instabilities would be

duce the Iz current in the pinch.

reduced by this change making it easier
to study the evolution of the magnetic field
profiles, as well as to increase the time
during which field programming can be per-
formed.

One method of derating I, is to install
resistors (typically 0.4 to 0.6 Q) in series

with the capacitor bank and pinch. The

resistance is greater than the critical
value for the circuit (R,.= 0.05 Q). With
this technique the initial iz is equal to
the bank voltage divided by the system in-
Values of I from 4 to 20 x 1010
A/s can be obtained. The risetime of the

ductance.

current from the L/R time constant of the
circuit is ~0.5 us. The peak current is
~80 kA with 40 kV on the main bank. The
current decay, de