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I. INTRODUCTION

(F. L. Ribe)
4

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 !2= O half-periods for R =

2.4 m and 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 L = O feedback coils. Eddy currents in the feedback

coils reduce the periodic mirroring amplitude 60 and caused

an upward shift of the !2= O 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 e-pinch, was used to make more care–

ful measurements of the m = 1 instability driven by L = 1

and !2= O fields and to observe its correction by externally

driving k = O feedback coils. An important effect on the

onset of the m = 1 instability was found to be displacement

of the L = 1 or E = O magnetic axis from the center of the

discharge tube, to which the plasma implodes.

h 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.

1



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 O-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

9-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 pr.eionization method has been worked out and the first

plasma experiments are beginning.

Considerable progress has been made on the ZT-1 toroidal-

pinch 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 (~ = 1.3 x 1012

A/s, I = 200 kA, Te ? 25 eV, Ti ? 800 eV) by inserting 0.5+7

series resistors to give ? = 0.4 to 2 x 1011 A/s, I = 80 !cA.

Under these conditions Te is about 4 eV and ‘l’iis typically

about 60 eV. Good correlation of plasma stability with Bz

field reversal is observed, and stable times of ~10 IJS 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 !2= 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

9
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loss of confinement which must be alleviated by energy and

particle loss to the wall. Two-dimensional computer simula-

tion of 13-pinch implosion-sheath microinstabilities is beinq

pursued, coupled with examination of the analytic theories

of candidate microinstabilities for ad hoc transport co-.—

efficient 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 e-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 0-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 (wl-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

s“torage 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 El-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 A%L-LASL design of the

Reference Theta-Pinch Reactor power plant. A report:



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 O-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.

.
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II. THETA-PINCH PROGRAM

A. SUMMARY OF 0-PINCH

(G. A. Sawyer)

ACTIVITIES

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 !2= O 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 0-pinch has been

started (Sec. E) .

A series of experiments on Scylla

IV-3 studied the scaling of instability

growth rates with E= O and L= 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

O-pinch has been investigated in Scylla l-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 0-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

sectorl ,2 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-

quirements suggested an increase in the

Scyllac major radius from 2.4 to 4.0 m

(cf. Sec. D). The initial conversion work

concentrated on the sector to increase its

major radius of curvature. The conversion

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

4.O-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 ~nd Btability

in the larger radius of curvature as well

as the scaling of the toroidal experiment

from the 2.4-m to the 4.O-rn radius.

The plasma experiments in the previous

5-m sector demonstrated the existence of

high-f3, k = 1,0 toroidal equilibrium. The

plasma remained in a helical toroidal equi-

librium for 4 to 7 psec, 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 Fl,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 ma9netic fields show that the

product of the g = 1 and k = O fields for

plasma equilibrium agree with sharp-

boundary NHD 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 w 350 eVr a peak

plasma density of %2 x 1016 cm-s, and a

plasma ~ on axis of ~0.8.

During the past year plasma experi-

ments were performed on the E = 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 L = 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 BO forces the plasma

6

toward the outside of the torus. In the

Scyllac sector, with a major radius R and

plasma radius a, the toroidal drift force,

‘R = OB~ a2/4R, (1)

is compensated by a combination of 9.= 1

helical and E = O bumpy fields. (I3is the

ratio of plasma pressure to the external

magnetic field pressure.) The superposi-

tion of the !?= 1 and E = O equilibrium

fields3,4,5 on the main toroidal field BO

produces first–order plasma distortions

about the plasma radius of the form

r = a [1 + 61 cos (0-hz)

+ 60 COS hz] , (2)

where h = 2T/A is the 9.= 1,0 wave number,

z is the toroidal coordinate, and 0 is the

azimuthal polar coordinate. The plasma

column distortions, &l and 6., are related

to the applied fields by

51 =
B1=l/Bo

~21r1(C)K1(E)[1-(1-13)II(E)K’I(C)/I’l(E)KI(~)]

1 ‘k=l. — , (c= ha <<1)
c(l-6/2) BO

and

10(C)K:(C)[l-I:(E)KO
60 =

EKO(C) [1-(1-j3)IO(s)K:

(3)

(4)

c)/Io C)K:(’)] !?+3- C)KO(C)] o

1 BL=O
—,(s=ha<<l)‘~BO

(5)

(6)

The It and Kk are the modified Bessel

functions and E = ha is the product of the

t = 1,0 wave

The !2=

asymmetry in

sions 61 and

number and the plasma radius.

O bumpy fields produce the

the sum of the plasma excur-

60,which is needed to produce

.
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the equilibrating force

6,60
Fl,o = h2a3f3B~[l+(l-r3)IO(c)/1~ (s)l~ (7)

= B(3-2B) B~h2a36160/8, (ha<<l). (8)

Equating the outward toroidal force to the

Fl,o force gives the equilibrium condition

61 60 = 2/h2 a R

[1+(1-6) 10(E)/I\(E)] (9)

= 2/(3-2f3) h2 a R, (ha <<1). (lo)

It should be noted that the singular

behavior in the approximate relations, Eqs.

(6) and (8), as f3 arqxmclm.s unitY @=S not
occur in the exact expressions. ‘ith ‘E=l

and ‘!t=o
fields of equal magnitudes, Eqs.

(4) and (6) show that 61 is appreciably

larger than 60 for 13values which are not

too close to unity. Typical values for the

Scyllac experiment are: BE=O/BO = BE=l/BO

~ 0.07; E ~ 0.2; 61 ‘X 0.9; d ~ 0.1} and

f3 % 0.8. Figure II-1 shows graphs of the

Fl,o/FR force ratio, from Eqs. (7) and (1),

as a function of the plasma f3.

The choice of the k = 1,0 equilibrium

for Scyllac was the result of both theoret-

ical and experimental studies. Experiments

with high-13, high-temperature 8-pinches

have shown that, in general, only long

wavelength (~0) m = 1 modes are observed

experimentally. Based on this empirical

result, the m = 1 stability of high-F3 heli-

cal systems was investigated using sharp-

boundary MHD theory. 5,6,7 The theoretical

1 I I t 1 t , , , I I 1
I.5- 0=0.5cm-

1.o-

!.5
~E
,0 I.0-

25-~–-

05 -

06 07
B

08 0.9.

Figure II-1

Ratio of the Fl,Q equilibrium force to
the outward toroldal force as a function
of $ for the indicated plasma radii a.

results showed that to leading order in E,

the 1.= 1 configuration is stable. Further

theoretical studies8 with diffuse profiles

indicate that the vanishing of the leading

order destabilizing term for E = 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)

tion, ~, ~ > 0, where B(r) is the main

fl-pinch field.

When the higher order terms in the

m = 1 dispersion relation are calculated

and the harmonic content of the i = 1

fields optimized, the dispersion relation

for the m = 1 mode is given by’qlg~lo

Y; . h2 “2
A [ ()

- 62:4

+ (4-313)(2-
8(1-f3)

“ 1
E2 6: , (11)

where a/b is the ratio of plasma to wall

radius and v~ is the Alfvbn velocity. The

first term in Eq. (11) is a wall stabili-

zation term which is negligible in conven-

tional e-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 O-pinch.ll The second

term in Eq. (11) is a weak destabilizing

term arising from unfavorable curvature of

7



the k = 1 field. The apparent singularity

as 13approaches unity is a result of the

approximations used, 61 << E < 1.

Weitzner10 has devised a new expansion

with E << &l $ 1, which gives an m = 1

growth rate,

2 = h2 v2
[()

4
-62 *

~s

Y1 A + 32(2-!3) 16;6:”(12)

For the Scyllac parameters the destabilizing

term of Eq. (12) is approximately one-fourth

that of Eq. (11). Weitzner10 has also ex-

tended the analysis with the new ordering

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 quartz discharge tube was

8.8 cm. The 8.4-m coil was driven by a

3.5-MJ capacitor bank of 1,050 1.85-pF,

60-kV capacitors. The experiments.were per-

formed with the bank charged to40 and 45 kV

to produce peak magnetic compression fields

of 40 and 45 kG with risetimes of %4.1

psec. A 50-kV, 9-kJ O-preionization bank,

which produced a 400-kHz oscillating field,

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

9.= O fields designed into the shaped

toroidal coils was determined through the

sharp-boundary equilibrium relations, Eqs.

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

Bi=l B2=0
=2 -
0

x

2ha2 I:(c) KO (C)
-—

R 1 (C)
0

[I - (I-B)II(c) Ki(~)/I\ (C) Kl(~)l . ~131

12.+ (1-6)Io (C)/I\(C)]

A graph of the equilibrium field-product,

for $ 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 8 in this range and is not a sensitive

function of the plasma radius. Equal mag-

nitudes of B
1,=1

and B ~=o were chosen

@8=1/Bo = BL=OIBO = 0.0683); this pro-

duces a bumpiness 60 of the plasma column,

which is small compared with the helical

displacements 61.

The designs of the shaped coils were

determined by calculating the shape of the

magnetic flux surfaces for the required

vacuum fields from

@BO = $= (1-:cose)+v$, (14)

.

.

- o.oG4 - R=4.Om

~----0006-
0.8

~
0
~<
:-0008-
~-1

-0010-

06 07 08 09 –
B

Figure II-2

Values of the equilibrium
BEXlBL=o/B~, predicted by
theory for equilibrium in
sector.

field product,
sharp-boundary
the 8-m toroidal

.

w
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where ----

$ = (BL=l/Bo) [2 Il(hr)/h] sin (13- hz)

+ (Bi=o/Bo) [IO(hr)/h] sin hz

(15)

+ (Bv/BO) r sin 8

}2cm ]2C.M
hz:O [Land] hz=7r12

+ Bl,2/B0 [Il(2hr)/h] sin (e - 2hz).

The small vertical field Bv and B1,2 field

are required for equilibrium according to

the sharp-boundary theory.12 The amplitude

of these fields is given by

Bv B1,2 ‘&=l ‘E=o
~=~’-” 4B; “

(16)

Figure II-3

hz:3r12

The B1,2 field varies in space as sin

(0-2hz), and produces a small ellipticity

in the plasma cross section, in contrast to

the 1 = 1 fi-eld which varies as s~n (e-hz) .

Each wavelength, alto = 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 = 7/2, between a land and groove region;

hz = n, center of a groove region; and

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

The annular cross-hatched areas of Figure

II-3 represent the region beliwe-enthe ID of

the discharge tube and the OD of the !2= O

feedback stabilization coils. The flux
,.

surfaces with the dashed lines were com-

puted with Bv/Bo = 0.001166, which is the

prescribed theoretical value [Eq. (16)]. We

note that the outer flux surface has an el-

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 II-3) at the

coil wall which have circular cross sec-

tions for simplicity of machining. This

larger value of vertical field shifts the

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

inner flux surfaces inward in the horizon-

tal plane and decreases their area. With

this design the vacuum flux surfaces can be

centered in the discharge tube by the addi-

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 fixt-

ure 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. The tube had an inside diameter of

88 mm with a 3-mm wall thickness.

9



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

d. Comparison of 8- and 5-m Sector in the upper portion of the photo above

Parameters. The parameters of the 8- and the compression coil.

5-meter toroidal sectors are compared in e. Plasma Diagnostic App aratus. The

Table II-1. Figure II-4 is a photograph following measurements were made of the

of the front end of the 8-m sector with plasma properties: (1) three high-speed

the compression coil and discharge tube in- streak cameras, viewing the plasma column

stalled. The feedback modules are shown side-on,were used to record the transverse,

,.

.
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TABLE II-1

SCYLLAC TORDIDAL SECTOR PARAMETERS

Parameter

R (m)

Coil Length (m)

Coil Bore (cm)

C (uF)
Bank transfer efficiency

?/4 (psec)

‘Bank (k”)
BO (kG)
E. (“/cm)
h (Cm-l)

L1,O (cm)

No. of A’s in sector

B1=l/BO

B1=O/Bo

Bv/BO

B1,#BO

5-m Sectqr
(Half Bank)

2.375

5.0
14-20

971
0.71-0.80
3.6 - 4.3
50
48 - 36
510 - 280
0.19

33.15
15

8-m Sector
(Full Bank)

4.0

8.38
16.0

1,942
0.86

4.1

50
50
470
0.15
41.89
20
0.0683
0.0683

0.00168

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 Equilibr~um and Stability

In the experiments on the 8-m sector

with fixed 1.= 1 and L = O fields generated

by the E = 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 F1 o and toroidal forces
?

through their f3dependence (cf. Figure

II-1) . With the bank operating at 40 kv,

B. = 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

(B. = 45 kG). The ratio F1 ~/FRde-

creases with increasing pres~ure in the

range of 8 to 45 mTorr. Since the ratio

increases with 6 this implies that $ 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 9,= 1 and t = O

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

in the 8-m sector. Figure II-5A shows the

plasma column in the helical equilibrium

position until approximately 6 psec when

it moves slightly inward in the horizontal

plane in both land and groove regions fol-

lowed by a reversal at 8.5 psec with an

outward motion that terminates the confine-

ment at 12 psec. The motion in the verti-

cal plane, which is inverted in the photo-

graph, is shown in the center frame. The

vertical field windings shadow a portion

of this view at the top and bottom.

Figure 11-5B 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 11-5C 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, 1 a small change

in the magnitude of the E = 1 fields moved

the plasma from its equilibrium position.

Likewise, in the shaped coil with fixed

E = 1,0 field ratios, a few percent change

in the deuterium filling pressure, with a

corresponding change in plasma L3,produced

the same results.

11



A ( 7687)

GROOVE

FRONT

LAND

L- Iopsec -1
P=19,0mtorr

l--lOpsec--l

P= 20.9 mtorr

Bo= 42

(A) (B)

Fiqure II-5

P=21.6mtorr

kG

Streak photographs sh~wing the transverse plasma motions
in the horizontal plane of adjacent land and groove
regions and in the vertical plane midway between these

(c)

regions.

The observed transverse motions of the

plasma at various positions around the sec-

tor show the following: (1) the plasma

column takes up an initial helical shift

and comes into an equilibrium position

which lasts 7 to 10 Psec in contrast to a

complete absence of equilibrium without

t = 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 mtions

are also similar to those observed with

the k = 1 driven windings, except that the

12

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.1

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 vsec in the

8-m sector, compared with 4 to 7 psec in

the 5-m experiment, at which times the



5m 8m

r’p=”l r“’”c”l

GROOVE
m-

LAND 5-
‘D2 = 16 mTorr

B. =36 kG

R =2.4m

Fiaure II-6
Streak photographs’
in the 5-m and 8-m

onset of the terminating m = 1 sideward

motion occurs. The ratio of the onset

times ,

T 0s (8-m)
7 to 10 psec = ~ ~

(5-m) = 4 to 7 usec “ ‘
(17)

‘0s

can be compared with the Alfv~n times,

comparing plasma behavior
toroidal sector experiments.

TA(8-m)
11.8 usec =

-= 7.1 psec

and with the scaled plasma

T (8-m) 26.9 psec

Tp(5-m) = 16.8 usec =

‘Dz = 19 mTorr

00 =42 kG

R =4.0 m

1.7, (18)

end-loss times,

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

agate to the center of the sector.

Assuming that the motion which

prop-

termi-

nates the stable period is the instability

predicted by theory, its measured growth

rates are yl (5-m) = 1.1 MHZ and y1(8-m)

* 0.6 ~Z. The growth rates calculated

from

Y; = fy:y+) 2 hti a2 62
‘A 1

0(

()

2
4-36) ‘L=l

= 2(1-f.3)(2-f3)
VA2 h2 _

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 L = 1,0 Equilibrium

Fields. The product of khe k = 1 and L = O

fields designed into the 8-m sector coils

was scaled by sharp-boundary theory from

the previous 5-m experiments through the

equilibrium relations, Eqs. (9), (3),and

(5) by

()‘L=l ‘9.=0 = ‘8m[B’ li(ha)’ ‘j(ha)]

B; 25m[B’ li(h a), Kj(ha)l
8m

[1h
8m

a2

x
8m ‘5m

~2
‘5m 5m

‘8m

x

()

‘L=l ‘!t=o
. (21)

B:
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 0 by the circle. The

average value of the plasma radius is 0.9

E

N;: 0.0047 -

>
~<

m; 00046 - hl=0.19cm_’, h2=0.15cm4

05m .0.7 cm, 08ms0.9cm
0.0045-

P \ ,,~-~m.0.85,Bem.0.8
,

06 0.7
P

0.8 0.9

Figure 11-7
Values of the equilibrium field product
(B~=I Bfi=O/Bo2) 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 6.

cm (cf. Sec. B5a 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 13Avs 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-9. The plasma radius in a groove is

~ 50% larger in the 8-m experiment after

peak field and confinement of the plasma

column is ~ 50% longer. The final value

of $ 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 !2= 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
5-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

B. The time behavior is different in the

two cases,x there being a clear tendency in

the 8-m case for the excluded flux to level

out in time. In the 5-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

2.4

‘IL /

o Scyllac exp K-45-8

● Scylloc exp J-45-5

~ 2.0
: Groovedoto
q 1.6
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z 1.2
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~ 0.8 J
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t i
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1 A I I 1 1 1
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0.8
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0.4

1
0.2

t 1
01 ! I I I I 1 1 1 1 I
0123456 78910

Time(psec)

Figure II-9
Comparison of the observed time variations
of plasma radius, excluded flux, and com-
puted 6 on axis in a groove region in the
5-m (J) and 8-m (K) sector experiments.

experiment, while the computed f?remains

about the same. This can only be possible

if the B field is larger in the 8-m experi-

ment, as isr in fact, the case. In the

5-m experiment, we measured (BL)max = 36.0

kG at 4.6 us. In the 8-m experiment,

(BL)mx = 46.0 kG at 4.0 us, an increase

of about 28%. ‘l?he corresponding groove

data were: (BG)mx = 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 11-10.
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SHOT 7696

m

O-GROOVE STREAK PHOTOS m
b-INTEGRATED OENSITY, THREE

wAvELENGTHS AWAY

Figure 11-10
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 psec) is about 3.4 x 1016

cm- 3.

d. Electron Temperature. The elec-

tron temperature was measured by Thomson

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

quartz discharge tube. Although focussed

at the center of the tube, the beam was

expanded at the wall to cover an ellipti-

cal area 10 x 20 mm. Thus the energy

density on the wall (about 0.02 J/mm2) was I

held below the level found to cause spal-

ling on similar quartz tubes (about 0.1

J/mm2 ).

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

\

590 ●V

t=3psec

L

1 I L
o 20 40 w 60 100

Wavelength Shifl(nm)

-1

Figure 11-11
Relative intensitv of the Thomson scattered
laser light from ~he sector plasma (experi-
mental points) compared with the theoreti-
cal curve (solid line) for Te = S90 eV

signal and fluctuations in the luminosity

were the limiting noise source in the ex-

periment. Typical data are shown in Figure

11-11. Each point represents the scattered

intensity for a channel centered on the

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) accoumts

for the varying spectral widths of the de-

tector channels. The theoretical curve

does not include relativistic effects,which

Iare nonnegligible at these temperatures

according to Gondhalekar and Kronast.13

Corrections for this effect are being made

and may drop the temperature to about

Te = 500 eV.

6. Time-Dependent Scyllac Equilibrium

a. Toroidal Equilibrium. As shown

in Figure II-1, for each value of the

plasma radius a,there is a corresponding

value of $ 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

1 radii measured in lands and grooves, viz:

aL + aG
was comparable in intensity to the scattered

aSB= 2 “
(22)

.

.
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With this assumption, the experimental

radius values shown in Figures 11-8 and

II-9 have been used to compute a theoreti-

cal sharp-boundary equivalent beta,

@L + 5G

‘SB=2’ (23)

which can be split into its land and groove

components using the axial pressure equi-

librium condition

(24)

where B
G

= BO - B1=O and BL = BO + BL=O.

The results, expressed in terms of the ap-

plied field ratio, are

H(’-+?’)
2

‘L = 6SB

()

2
‘!=0

1+7
o

and

!3G = 6SB
()

2
‘E=o

l.i-y
o

()

2
‘L=o

1+~
o.1

(25)

(26)

for the theoretical land and gr-oove equi-

librium beta values.

Figure 11-12 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

8-m sector (K) experiments. In both of

these experiments doubly grooved coils were

used, with appl%ed field ratios of Bk=l/Bo

= B1=o/Bo = 0.080 (J) and B~=llBo = Bg=o/Bo

= 0.068 (K),respectively.

The agreement between theory and ex-

periment is good after an initial time de-

lay of 4-6 psec, corresponding to the

period required for the plasma to come into

axial pressure equilibrium (see below) .

The explanation for an increasing 8(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 11-13 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 L = O field which is present dur-

ing the implosion phase. The relaxation

time is longer in the 8-m experiment (42-

Crn wavelength for 21,.) than in the 5-m

experiment (33–cm wavelength for ~l,o) 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 f3and nkT, in-

dicates an unexpectedly stable behavior

for the Scyllac plasma.
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Figure 11-12
Comparison of experimental values of f3in land and groove regions
with theoretical values corresponding to toroidal equilibrium in
the 5-m (left) and 8-m (right) toroidal sector experiments.

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 ~ O), 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

m = 1 motion from the 5-m to the 8-m

experiments is in good agreement with the

assumption that the terminating motion is

produced by end effects; (4) the experi-

ments confirm 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,

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. Zimmerman)

1. 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. lq,ls

Initial plasma experiments with the feed-

back system were performed on the Scylla

IV 3-m linear O-pinch with superimposed

R = 1 helical fields driving the m = 1

motion (Sec. F) . The feedback stabiliza-

tion system was installed on the 8-m sector

and checked out by Kutac during the summer.

Plasma experiments with the feedback system

began in September and were terminated in

.

.

—

“
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Figure 11-13
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 9,= O MHD feedback stabiliza-

tion system for Scyllac, the fe&&ack con-

trol is implemented through the generation

of small controllable 9.= O fields which

interfere with the % = 1 equi.libriurn field
‘FB

to produce a perturbation F1 ~ feedback
.

force. This is the same type of trans-

verse body force that provides the toroidal

equilibrium in the curved geometry and has

been previously shown to exert the pre-

m = 1 instability in the linear Scylla IV-3

experiment. 16 Its magnitude per unit

length is given by sharp-boundary theory as

F~~O = [6(3-28)/8] B~h2a3 61 &~B , (27)

where

#’B ~ _ l?%
o B1=o/2 BO(l-6) (28)

is the plasma bumpiness produced by the

J?= O feedback fields and 61 is the helical

plasma excursion produced by the k = 1

equilibrium field (Eq. (4)). The destabi-

lizing force per unit

k = 1 fields is

F1 =x a2 p y? ~

where p is the plasma

C is the displacement

‘1 is the growth rate

lity given by,

Y: = [8(4-36)/2 (1-6)

(BL=l/Bo)2 .

length due to the

# (29)

mass density on axis,

from equilibrium, and

of the m = 1 instabi-

(2-f3)] h2 (B~/41r9)

(30’

Equating the destabilizing force, Eq. (29)

to the feedback force, Eq. (27) , and uti-

lizing the relations for 6., 61,and y;

gives the E = O field required for stabi-

lization of the m = 1 instability,

(31)

dieted force on a deliberately induced

.
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The k = O field produced by the single-

turn feedback coils is given by

=0.2 hI~o/f , (32)

where L is the coil length, b is the coil

radius, and f is a geometrical parameter of

the 9.= O feedback coil defined by

f = h(L2 + 4b2)1/2/2n . (33)

Using Eqs. (31) and (32), the feedback

current required in each !2= O feedback

coil is given by

~FB ‘H5(4-3$) f ~ B ~ .
1=0 = 3-2f3 o (34)

o

The feedback system produces a peak

current of 4.0 kA in each k = O coil with

a risetime of 0.9 Usec. This produces a

‘ield’ ‘1=0 = 235 ‘.
From Eq. (34), these

feedback parameters should be able to con-

trol plasma displacements of up to 6 mm

with a plasma i?of 0.8, B g=l/Bo = 0.068,

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

indicates the additional constraint that

the current risetime T should be less than

the reciprocal of the growth rate (T c l/yl

= 1.6 p.see).

LW LEVCI. b14F11FlER

I

I ML8618—

FVNCRbnwmui ““~

Figure 11-14
Feedback stabilization system.

The ratio of the feedback force, Eq.

(27) , to the outward toroidal drift force,

‘R = B B; a2/4R , (35)

is given by

Fyo
FB

( ) ‘1=1 ‘8=0
= 4(1-f3?~;$/2) ‘R ~ ~ ‘

(36)
‘R

where use has been made of the approximate
FB

relations for 60 and 61. Using the para-

meters given above, F~~o/FR = 0.065.

3. Experimental Arrangement

‘The feedback stabilization system,

shown schematically in Figure 11-14, 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 ampli.fi.cati.on ending in push-pull opera-

tion of two ML-8618 power vacuum tubes

operating at 35-kV plate voltage; and (4)

9.= O feedback coils driven by the power

module output transformer.

Figure 11-15 shows the front end of

the sector with the feedback stabilization

system installed. The feedback power.,
modules are shown on the upper platform

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 L = O feedback coil

junction boxes are located on top of the

compression coil and connect the feed tabs

.

.

.

.

.
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Figure 11-15
Photograph of the 8-m toroidal sector with

the feedback stabilization system installed.

.

.

of each coil to cables from the transformer

secondaries.

a. 9.= O Feedback Coils. ~n Scyllac

both the 1.= 1 and L = O equilibrium fields

are generated by the shaped inner surface

of the main toroidal coil, while the 9.= O

feedback fields are produced by single-turn

coils inside the main coil as illustrated

in Figure 11-16. The slots in the L = O

coils allow khe penetration of the 1.= 1

helical field. The feedback coils are of

brass construction and vacuum encapsulated

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. This choice of diameters results in

the same toroidal magnetic flux threading

all the feedback coils. Four feedback

coils are used for each of the twenty k =

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= O coils in series as indi-

cated in Figure 11-14. This arrangement

nulls the induced voltage from the main

compression field. Each feedback module
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Figure 11-16
Perspective view of the E=O feedback coils
installed over the discharge tube in the
sector coil.

drives two pairs of feedback coils in series

(Figure 11-14) 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 t = O

Feedback Coils Installed in the Sector Coil

The initial experiments investigated

the toroidal plasma equilibrium with the

9.= O feedback coils installed in the

toroidal compression coil. With the bank

operating at 40 kV (BO ~ 40 kG), the side-

on streak photographs showed two dominant

features: (1) Plasma equilibrium in the

!2= 1,0 shaped compression coil required

an initial deuterium filling pressure of

m 6 to 8 mTorr compared with 16 to 19 mTorr

in the absence of the L = O feedback coils;

and (2) a downward vertical motion of the

plasma column developed at 2 to 3 psec after

the initiation of the discharge and carried

the plasma to the discharge tube wall in

approximately 2 to 3 psec. The downward

plasma motion was essentially the same all

around the 8.4-m sector.

a. Plasma Equilibrium. In these ex-

periments with fixed E = 1 and 1.= O 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 F1 o and

toroidal forces through their @ ~ependence

(Figure II-l). With the !?= O 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 (Fl o < FR) . This result

indicated that a iarger plasma 6 was re-

quired to produce the equilibrium force

balance than previously without the feed-

back coils (Figure II-l). ‘ince ‘he Fl,o
force is proportional to the equilibrium

field product, Bkl Bk=o/B~, these results

imply that the 9.= O 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 E = 1 helical fields showed that

a small decrease and a slight phase shift

.

.

.

22



7

AXIAL FIELD /%&%$ Co’K ‘PEN

mN
600&1~1~011& 1 I I I I I 1 1 1 !

[0203040
z ?cm)

Figure 11-17
Magnetic field plots of the vertical radial
component of the k=l field (upper graph)
and the axial field taken on the axis of
the shaped compression coil, with and with-
out the L=O feedback coils in place.

occurred in the BR component of the E = 1

field. However, the effect of the feedback

coils on a groove-generated $ = O field

was not explored. In 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 k = O field and had a

lesser effect on the E = 1 field. The Br

and B= components on axis are shown in -

Figure 11-17. Although the presence of

the coils distorted the fields, it made

very little difference whether the coils

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) .

. .

fe!%-back
( 8234) Hz%

-4 l-+

““ ~feedback
( 8233)

16-13,s —+

Figure 11-18
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 L = O and E = 1 fields. Figure

11-16 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 BL=l/BO ratio was re-

duced only about 7%, but the Bk=o/BO ratiO

was affected to a considerably greater ex-

tent and the waveform was distorted so

that it was flat-topped. The reduction in

peak amplitude was 21%,and Fourier analysis

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

BL=l/BO 0.0683 0.068 0.063

Bk=o/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 F1 o force a correspond-
?

ing amount. The quantity in parentheses

results from the use of the fundamental

component of the measured Bg=o waveform.
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It is this component that is important to

the plasma equilibrium.

The reduction of the Bg=@o field by

the feedback coils can be overcome by either

increasing this field through deeper 9,= O

grooves or by shaping the feedback coils

to conform to the spatial variation of the

~ = O 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 psec. The

uPper tracing of the underexposed streak

photographs shows the vertical plasma

motion in Figure 11-18. (The direction of

the motion is inverted in Figure 11-18.)

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

torus. The vertical feed tabs of the t = O

feedback coils (Figure 11-16) may produce

a perturbation in the E = 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 magnet,

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

c

in the Scylla IV-3 P.= 1 experiments (Sec.

F) with the L = 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

24

measured and was found on the average to

be 0.5 mm below the minor axis. It should

be noted that the axis of the discharge

tube lies in a plane to within + 1.5 nun.—
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 t = O feedback

coils . This reduced the rate at which the

vertical motion carried the plasma column

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

the plasma column. With the feedback cur-

rent applied between 0.3 and 0.7 psec after

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

photographs of Figure 11-18. Although the

streak photographs were quite underexposed

due to the low filling pressures required

for toroidal equilibrium, the estimated

growth rate of the vertical motion was of

the order of 1 MHZ or greater. With the

feedback filaments operating at 9.0 V, the

plate voltage at 30 kV, and the feedback

current applied later than 0.7 psec after

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. Howevert this result is over-

shadowed by the vertical mation of the

column .

.

.
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plane with the feedback stabilization
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6. Results with the Discharge Tube Raised

3mm

a. Plasma Motion without Feedback.

The discharge tube was raised 3 ti by ma-”

chining insulation from the tops of the

feedback coils and shimming these coi s up

in the main compression coil. The bottom

tracing of streak photographs in Figure

11-18 shows the plasma motion in the verti-

cal plane with the raised tube and without

khe 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 nrcm?ncr? ot 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 1.= O 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,

3.0, I I I I I I 1 , 1
4!8331

Intermedmfe amplifier oulpvi volfoqe

2.0 -

Module OUlpUf current

1.0 - I

:
-EO 1 ,
3
:
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3 -1.0 - \\ .
; ‘..

Q-
/“-’ output voltage

-2.0- ‘.\--/
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Time (As)

Figure 11-21
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 11-19

and 11-20, 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

11-19 and 11-20. The feedback system ap-

pears to reverse the plasma motion in

Figure 11-20. Figure 11-21 shows a plot of

the output voltage from the position detec-

tor, which drives the feedback system, and

the corresponding output current of the

feedback system on the same discharge from

which Figure 11-20 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.

Harrisr 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.

2. Scyllac Major Radius of Curvature

Equilibrium, stability, and feedback

stabilization considerations show that the

probability of successful high-~ plasma

confinement in toroidal geometry is con-

siderably increased as the major radius of

curvature increases. Studies~7 show that

the initially proposed Scyllac major radius

of 2.4 m places more strigent requirements

on the plasma equilibrium and stability

than will be encountered, for ex~ple, in a

high-$ 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 ‘W 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. EXP erimental 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 E = O bumpy equilibrium fields,

has an average bore of 14.2 cm. The toro-

idal quartz discharge tube has an inside

diameter of 88 mm. The primary energy

storage consists of a 1O.5-MJ capacitor

bank of 3,150 1.85-pF, 60-kV capacitors.

The primary energy storage system and the

compression coil are divided into 15

.
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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

surfaces modified and reassembled. In the

original design with a 4.8-m diameter, the

collector plates had a large, constant

width for the rear half of the assembly and

a tapered decreasing width in the front

half toward the coil feedpoints. The col-

lector plates have been reversed such that

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. ‘The upper levels of the machine

racks have been modified to accept the new

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

have an increased width of 1.67 m. Each

rack of the Scyllac energy storage system

feeds a single collector plate assembly

which in turn drives a 1.67-m arc-length

of the toroidal compression coil. Each of

the fifteen collector plates has been

cabled with lt260 coaxial load cables from

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.

c ._ Scyllac Control System. The

Scyllac control system, which formerly

performed a dual function in the operation

of the toroidal sector and the linear ma-

cfiine, 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 ~Ziginal 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. k = 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, al and 6., in-

dicated that dl and 60 should not be

appreciably increased. This consideration,

6160 = constant, places an upper limit on

the f.= 1,0 wavelength through the equi-

librium condition of Eq. (9). For techni-

cal reasons it is undesirable to make the

L = 1,0 wavelength shorter than in the 5-m

sector (yl,o = 33.15 cm). Scaling studies~7

for the equilibrium, stability, and feed-

back parameters resulted in a choice of

41.9 cm for the k = 1,0 wavelength.

A new compression coil, whose inner

surface is shaped to generate the k = 1

and L = O equilibrium fields, has been
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designed and fabricated for the 8-m-dia-

meter torus. The values of the helical

9.= 1 and bumpy E = O equilibrium fields

designed into the shaped coil were deter-

mined through the theoretical sharp-

boundary relations Eqs. (9), (3), and (5)

for the plasma distortions bl and 60 re-

quired for equilibrium with R = 4.0 m. The

equilibrium field values- are Bg=l/Bo

= BL=o/Bo = 0.064 and B~BO = B1 ~/BO
,

= O.OC1O24. The coil was designed by cal-

culating the shape of the magnetic flux

surfaces as described in Sec. B3. Figure

II-22 shows plots of the flux surfaces at

four z positions: hz = O, center of a land

region; hz = n/2, between a land and groove

region; hz = T, center of a groove region;

and hz = 3T/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 E = O feedback stabilization coils.

With the smaller tangent bore and the

choice ‘f ‘he ‘8=1 and ‘!2=0 ‘ields’ ‘he
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, Eq. (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

axis of the torus. The helical shift of

the flux surfaces about the minor axis is

produced by the 9.= L field.

r [Y I

I t J
hz=O(Landl

jY

I I
hz=T(Groove)

hz=W2

~z=37r
T

Figure II-22
Magnetic flux surfaces at four z locations
relative to the minor axes with BL=IIBO

= BL=o/Bo = 0.064 and Bv/B = B1 2/B. =o
0.001024. The inner surface of ~he 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 quartz

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 (1.5-cm x 4.O-cm) ex-

tending downward from the plane of the

torus. In addition the wall of the cylin-

drical portion of the ceramic section is

semicontinuous over the region of the

pump-out stub with 10, 5-mm apertures

opening into the stub. The series arrang-

ement of apertures and stub has a conduc-

tance of 12 L/see compared with a dis-

charge tube volume of 15 ! to be pumped
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TABLE II-2

SCYLLAC PARAMETERS

Parameter Full Torus

Preionization Bank

Bank capacitance 21 UF

Bank operating voltage 50 kv

Bank energy storage 26 kJ

Ringing frequency 400 kH Z

Peak current 2.4 NA

Maximum magnetic field 1.2 kG

Primary Bank

Bank capacitance 5,828 VF

Bank voltage 60 kv

Bank energy storage 10.5 MJ

Normal operatinq voltaqe
range 40 - 55 kV

Major radius

Torus circumference

Average coil bore radius

Discharge tube wall radius

Source inductance

Coil inductance

Transfer efficiency

Risetime

L/R decay time

Peak current (@ 50 kV)

Maximum magnetic field
(@ 50 kV)

Aximuthal electric field
(@ 4.4 cm and 50 kV)

!2= 1,0 wavelength

L = 1,0 wave number

No. of E = 1,0 wavelengths

BE=l/BO

Bt=O/BO

Bv/BO

‘1, 2’BO

4m

25.13 m

7.1 cm

4.4 cm

0.17 nH

0.80 nH

0.82

3.7 psec

250 Usec

110 MA

55 “kG

0.57 kvicm

41.89 cm

0.15 cm-l

60

0.064

0.064

0.001024

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

coil wall. The cylindrical ceramic tubes,

which have a metal valve near the center

of their l-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

completed in late December 1973. The

three new capacitor racks, i.e., the racks

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-storage

racks.

Tw? of the vacuum pump-out ports have

been installed in the previous toroidal

.e&_c-tordevice 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

“tangent” bore. The Scyllac machine shop

‘bores the final t = 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, 191’4.

Plasma operation with the full torus should

occur by the first of April 1974.

I
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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 begun 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 greater

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. If the ratio of plasma radius to

coil radius can be made large enough, the

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 11-23. A

fast rising magnetic field drives the pre-

viously ionized plasma inward. In this

bounce model the ions are projected for-

ward with twice the velocity of the magne-

tic sheath. They cross the discharge

tube axis and again make the contact with

the magnetic sheath. The plasma is com-

pressed until the plasma pressure is

.

@

PLASMA
SHEATH -

MAGNETIC FIELD
B. w, SHOCK HEATING

COIL

ii

INSULATOR

$
~ ::::lpG:O?c-

DENSITY

‘&c
Ino

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

rapidly to its maximum. In the idealized

case of a step function rise in magnetic

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 i.n radius occurs if

the magnetic field reaches its maximum be-

fore the magnetic sheath propagates one-

third of the way to the

axis.

Additional heating

diameter plasmas may be

discharge tube

and even larger

obtained using the

.

.

.
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“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

trapped in the magnetic sheath. This method

could treat the plasma up to the time at

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

particles as analog circuits. This al-

lowed the following of plasma behavior

through the compression phase and showed

the effects of magnetic field programming.

This simulation technique was compared in

the case of idealized magnetic w~veforms

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 -

1-B experiment was modeled and the code gave

L417 IIH L2 211H

C2 1.2~F cl .6pF

v

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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Figure II-25
Layout of Staged Theta Pinch.

The final circuit design is shown in

Figure 11-24. 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

old Scylla IV experimental area is shown

in Figure 11-25. 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 &cylla 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.

h~
:...‘,,’.-’... . ..,. :.. II

. . ..

‘-’ t.’”:..-“:1 II
.

.

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 IV experiment was dis-

assembled and removed from the experimental

area.

b. The start gaps on the Scylla

main bank capacitors were replaced by

shorting columns and the crowbar gaps

IV

were

.

.

32



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.

9. 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

% = 1, m = 1 instabilities, and quantita-

tive m = 1 growth rate measurements for

k = O and f.= 1 fields of various wave-

lengths (usually called “variable-s” experi-

ments) .

1. Feedback Stabilization

The !?= O MHD feedback stabilization

system developed for Scyllac to control

long wavelength (k ? O), 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 !2= 1

field to the main theta-pinch field BO.

The k = 1 field was produced by internally

grooving the compression coil to coincide

with a computer generated k = 1 flux sur-

face. The !2= 1 wavelength was 30 cm, and

the L = 1 field strength was BE=l/BO = 0.04.

The feedback system was tested to see

if it could handle the resulting growth

rate of ~ 0.9 x 106 see-l. 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 (S0.5 psec 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 (Figure II-27) .

The feedback force was fairly small in

these experiments (Bg=l)/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-c Experiments

The name “variable-c experiment”

(E = ha = 2na/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. Theoretical ly,

however, m = 1 instabilities are predicted

when.either L = 1 or L = O 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. lie intend to continue these

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

Camera 2

Camera 3

Shot 949 Shot 936 Shot 935

Streak duration = 10.0 psec

F<allTf? II-27
Demonstration of feedback fo;~~–~~ Scvlla IV-3. Shot 949 is a control
shot showing k ~ O motion toward the ~eed slot. Shots 936 and 935 show
the effects of applying L = O 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. The bottom picture of the pair shows motion in the vertical
plane (downward for a down-going image). 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 k = 1 or L = O fields was very

sensitive to the position of the quartz

discharge tube within the compression coil.

This is especially true in the case of

1 = 1 fields. This effect is shown in

Figure II-28, where the plasma ~rajectory,

<(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

direction away from the feed slot. By ap-

propriately “tilting” the discharge tube,

the plasma m = 1 motion could be made es-

sentially k = O along the entire column

length.

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

E(t) = F,. eyt

where co is the initial displacement

from equilibrium and y is the growth

(37)

away

rate,

then the tube displacement in this case can

be identified with co.

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 Eq. (37) these should

produce parallel lines of constant slope Y,

and this is seen to be the case. The growth
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Shot tdo. Comers 2 Distance off axis

‘ha’’oo’m
‘hOt’008EBllllm
Shot 1009

Shot 1010

Streak duration = 10.0 psec

(Jl=l; A=30cm)

2.0 mm

3.0 mm

3.0 mm

4.0 mm

Fiqure II-28
Streak photograph; showing the effect of
discharge tube position on the m = 1 in-
stability motion in Scylla IV-3.

rate indicated by this graph is yl = 0.95

x 106 see-l. 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. In order to measure widely

different growth rates, which were a con-

sequence of using different wavelengths

and magnetic field strengths, Bk/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 psec) avail-

able before end effects influenced the

1 1 1

I Luminosity determined plasma ?rojectories

7’-I.OMHZ 4

v AAAAA A

0,, ~

Time (psec)

-1to=3mm

co= 2mm

4

Figure II-29
Plasma displacement ~(t) vs
30–cm wavelength L = 1 experiment on Scylla
IV-3 (same shots as in Figure II-3(I).

time for the

central plasma. In cases where this failed,

accurate growth rate measurements could not

be “made.

b. f.= 1 Growth Rate Measurements.

Growth rates were measured for two t = 1

wavelengths, i = 15 and 30 cm, using the

computer-designed, helically grooved coils

shown in Figure 11-30, B and C. These coils

produced essentially “pure” 9,= 1 perturba-

tion fields of magnitude Bk=l/Bo = 0.03

and 0.06, respectively.

(1). Old Ordering. According to

sharp-boundary theory for the “old order-

ing” (61 << E S 1), the ~ = 1, m = 1 growth

rate is given by

y2 = h2v2

[6’

4-3!3)(2-s)
1 A 8 (1-8) -1

=2 ~: (38)

where c = ha, h = 21r/i is the L = 1 wave

number, V =
A Bo/(4TPo) 112 is the Alfv&

speed, and 61 is the (normalized) helical

distortion,

1 ()‘E=l
61 = E(l-B/2) ~ .

(39)
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Figure 11-30
Three of the coils used in variable epsilon
scaling experiments on Scylla IV-3.

A. R = o; a = 30 cm, B9=o/B0 = 0“157

B. 2 = 1; A = 15 cm, BL=l/BO = 0“030

c. j, = I; A = 30 cm, BL=l/BO = 13.0613

If wa 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

4.09 x 107 ‘Oa

[

6(4-3S) (2-8)

1

1/2

Y1 =
@

)lRt
(1-f3)(l-f3/2)2

()‘L=l
x—

Bo (40)

in terms of experimental quantities. Here

yl is in see-l forBo in kG, a, .1, and Rt

(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 61, the

plasma radius a, and the column trajectory

G(t). The luminosity measurements were

combined with the excluded flux measure-

ments to yield ~(t) and BO(t) and with end-

on hologram data to yield an independent

measurement of 61(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 11-31. 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 yl for the conditions

studied (45 kV, 10 mTorr) was 1.0 x 106

see-l for A = 30 cm, and 1.1 x 106 see-l

for A = 15 cm, which is equivalent to agree-

ment within experimental error. This con-

firms the predicted

()lk
i BO

scaling of Eq. (40). The measured value of

1.0-1.1 x 106 see-l, however, is numerically

in disagreement

factor of two.

with Eq. (40) by roughly a

For our experiment typical

.

.

.

.
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Streak photographs(2)

Ourotion=q. so psec

2=1 fields ; A =15cm

f~2.O mm

shot
1239

m

[.= 3.Omm

m.-,-
shot
1245

“.

m..,, shot
1246

Figure 11-31
Stereoscopic streak photographs showing predominantly m = 1, k t O
plasma motion in the 15-cm wavelength I = 1 experiment on Scylla IV-3.

data values were f?= 0.57, a = 0.70 cm, B
o

= 40 kG, Rt = 4.2 cm, A = 30 cm, B1=l/Bo 5.18 X 105 ‘O i
Y1 =

[

135
a Rt

= 0.06, and P = 10 mTorr (for example, shot m (2-13)(1-6/2)4

1005 at t = 4 Usec), in which case Eq. (40)
predicts y] = 0.5 x 106 see-l.

()

2

x
&

(2). New Ordering. According to B.

sharp-boundary theory with the “new order-

1

1/2

(42)

i.ng” (E<< 61 s 1), the 1.= 1, m = 1 growth [same units as Eq. (40)]. Since this

rate is given by equation predicts that yl scales as

(41) ()
2

‘1=1
AT,

o

the difference between the predicted and
which, following the above procedure, can

observed changes is a factor of 8 in the
be written in terms of experimental quanti-

ties as:
present experiment, which seems to be very

strong evidence for the old ordering.
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Furthermore,the calculated new-ordering

value of Y1 is much smaller than observed:

W 1.2 ~ 104 see-l for A = 15 cm, and ~ 9.5

x 105 see-l for A = 30 cm.

We can calculate the relative c, 61

ordering in our experiments. From the data

values above we find E = 0.30, 61 = 0.15

for A = 15 cm, and c = 0.15, 61 = 0.60 for

A = 30 cm. Thus the new ordering is theo-

retically applicable to the k = 30-cm ex-

periment, and the old ordering to the 1 =

15–cm experiment. The old ordering gives

the best agreement in both cases to the

experimental data, however.

c. E = O Growth Rate Measurements.

Growth rates for the m = 1 mode were mea-

sured for two k = O wavelengths, A = 30 cm

and 1 = 90 cm, using the square-annular

grooved coil shown in Figure 11-30. The

t = O field strength was BL=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 B= = 54 kG,

and in a groove BG = 39 kG.

The procedure used to measure k = O

growth rates was similar to that described

above for the k = 1 experiments, with a few

exceptions. End-on holography was of

limited value in the L = O 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

E = 1 case, the sharp-boundary theoretical

growth rate (for either old or new order-

ing) can be written in terms of directly

measurable quantities as [same units as

Eq. (40)]:

5.79 x 10’
Y. =

JF

x ()‘!L=O—.
BO

B. a

A Rt 1
1 /2

(3(3-2!3)

(2-!3)(1-f3)

(43)
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Figure II-32
Plasma displacement ~(t) vs time for the
30-cm wavelength k = O 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 YO = 1.0 x 106 see-l. Similar

data taken in a land indicate YO = 1.1 x

106 see-l , which is equivalent to agreement

within experimental error. Typical plasma

parameters (the averages of many shots at

time t = 2.3 Bsec, when one of the two

holograms was exposed) were 13L= 0.57,

f3G= 0.93, B= = 54 kG, BG = 39 kG, a= =

0.70 cm, aG = 1.40 cm, A = 30 cm, Rt = 4.2

cm, and P = 10 mTorr. Forming land-groove

averages in the usual way gives BO = 46.5

kG, B = 0.73, and ~ = 1.05 cm, and hence a

theoretical value of y. = 1.8 x 106 see-l.

Thus the measured E = O 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 E = 1 case.

A further check on these results was

provided by the diffuse boundary E = O code,

written by B. Marder (Q-6). When the ex-

perimental values quoted above were used as

input parameters to this code, the Y. growth

rate was computed numerically. The result

.
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Figure II-33

Stereoscopic streak photographs of m = 1 and m = 2 plasma
motions for the 90-cm wavelength L = O experiment on
Scylla IV-3.

was y. = 1.25 x 106 see-l, which is inter-

mediate in value between the sharp-boundary

theoretical and experimentally measured

results.

In the 1 = 90-cm case the growth rate

was too slow to be measured accurately be-

fore end effects set in, as shown in Figure

II-33. This result was not totally un-

expected since YO scales as l/i. 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 psec. Figure II-33 also shows the

unusually well-developed m = ‘2 distortions

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.

G. SCYLLA l-B. (K. F. McKenna, R. Kristal,

F. C. Jahoda, R. F. Gribble, K. S. Thomas,

E. L. Zimmerman, F. T. Seibel)

1. Introduction

The transient interaction between the

imploding plasma and driving magnetic pis-

tion field in low-density (1012 cm-3 ~ no

~ 6 x 1013 cm-3) fast magnetic compression

8-pinch devices has received considerable

investigation. 18-20 In 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 (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 e-pinch

concept ana IS required for a better

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

on axis.

The Scylla 1-B linear e-pinch has been

constructed in order to investigate the im-

plosion phase at filling densities and Eo’s

characteristic of conventional e-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. *P arakus

A schematic of the Scylla l-B linear

O-pinch apparatus, together with a vacuum

magnetic field waveform taken at 40–kV main

bank voltage, is presented in Figure 11-34.

The apparatus is shown in Figure 11-35.

Scylla I-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

20-cm id. Experiments with 10-mTorr D2

filling pressure have been completed at a

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 psec after main dis-

charge initiation.

3. Preionization Studies

Preionization of the 10-mTorr D2 fill

gas was accomplished with a 500-kHz capaci-

tor discharge through the compression coil.

The 0.7–pF 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 Bz coils with a

2-cm separation between coils. The 0.16-

cm-diameter coils were mounted within a

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 = O 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 Ma gnetic 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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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 = O 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 Us 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 f3~ 1

plasma. A similar observation was made by

Keilhacker et al.19 at initial densities

no ? 1013 cm-3. The formztion of a field-

free, 13~ 1, plasma column was interpreted

as resulting from the separation of plasma

ions and magnetic field by elastic ion

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,21 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

discussed above.

flux, A+, by

where B
%

is the

at the r = 10-cm

magnetic field profiles

Defining the excluded

Bi(r,t)12T rdr (44)

magnetic field measured

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, R4, is

the expression

‘4 =

then calculated from

V A
(t) II . (45)

‘Rw
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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 ne ~ 1.6 x 1014

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 D2 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- ..

kribution.

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

up by the magnetic piston field. Although

only 15% of the fill gas was ionized at

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 z 600 nsec), a peak density on axis,

ne(o) , of 7 x 1015 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 (~ = 2.6). Over this

period (t ? 1.2 psec) an average compressed

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 B=(r) at fixed

times during the implosion, derived from
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Figure 11-40
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 11–40. 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 U = 1.5
P

us 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-
P

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 curr~nt

sheath.la

A numerical circuit code was used to

simulate the Scylla 1–B plasma and driving

electrical circuit.22 In the simulation the

wrrent sheath dynamics and plasma density

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. Comp-arisen 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 procaded in the past

without the benefit of a direct, in-place

calibration on the experiment. The lack of

an experimental calibration point was rec-

ognized early as a potentially serious

matter 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 torus

anyway, so a reliable alternative was a

high priority item.

The alternative method which has been

developed and successfully 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 k = 1 and !2= O

experiments on the 3-m linear theta-pinch

Scylla IV-3 presented the opportunity to

test our new calibration method against the

older copper-pipe technique. The results

of this test were very favorable. The two

methods showed a difference of less than

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 psec (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 Figure 11-41,

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.

Helmholtzcoil
I n

I !!,
1.91cm
L_;

l!!

‘? L

// ~ Connection
26.6° ‘>+<

--– -
between coils
ISprollelto

5cm coil ax!s

~/ ‘=, ~, * 10Wire

/4! ‘
1,s
~1~

~6.35cm
u

Figure 11-41
Coil wound with No. 10 magnet wire. Al 1
other material phenolic stock except nylon
screws.

The Helmholtz coil shown in Figure

11-41 was constructed and probed with an

uncalibrated search coil to obtain relative

plots of Bz(r, f3, 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 pH, 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 BF

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 N 10 amp if steady-state

operation is desired. At 10 amp the mag-

netic field on axis is ‘u 8 gauss, and

dBz/dt is * 2 x 106 gauss/see 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 (AA = 1200 ~) 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. This instrument

has permitted temperature measurements in

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

.“

.
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exceedingly useful plasma diagnostic tech-

nique.23~2k One of the practical obstacles

to its user 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 l.. Typically, for a portion of

the scattered spectrum, one has

Is = 10-29 ne 10
(46)

where ne is the plasma electron density

(cm-3) . For example, in Scyllac ne m 1016

cm-3 so that Is % 10-131
o“ This small

fraction is made acceptable in most ex-

periments by elaborate procedures which

permit almost none (i.e., less than 10-13

or so) of the incident laser light to reach

the detector. However, in the geometry

required by our experiment, the quartz tube

surrounding the plasma directs a large

fraction of the incident beam (N 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 10-3 - 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 (A. = 6943 ~)

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

centered on 10 with l/e half-width of about

600 i. To record this broad spectrum for

a single laser pulse we need a polychro-

meter with a broad passband which rejects
,

the stray light at Ao. Double monochro-

meters that have been used in Thomson

scattering experiments heretofore transmit

a narrow passband and thus require many

pulses of the plasma device and laser to

scan the spectrum.25126 Our attempts to

meet these requirements led to the redis-

covery of the varioilluminator principle

first described by van Cittert27 in 1923

and recently discussed by Lipsett et al.za

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

,10 is to be rejected while preserving ,11

and X2. After one grating we have Ao, ~1,

and AZ separated according to the disper-

sion of the grating. We can eliminate most

Ao, Al, i2

Entrance
slit

[s1 qratinq

2nd grating I

subtractive I
I

dispersion

( :.l

2nd grating

additive

dismrs ion

[
I

([.)

I
I
I

(10)

i,

(LJ

i,,A2

Al

I

I
I

(Aol

( io)

Figure II-42
The behavior of three discrete wavelengths
is disDlaved at 1) the entrance slit as-
sumed ~o 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 disper~ion.
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Figure II-43
Diagram of the three-grating polychrometer.
ES, entrance slit; Ll, collimating lens;
TG, transmission grating; SL, stray light;
L2 , relay lens; TS, transmitted spectrum;”
RG, reflection grating; IS, intermediate
slit; PM, photomultiplier array.

of A
o

with a mask but a small amount of A
o

is still mixed w-ith Al and AZ due to in-

strumental stray light from the first grat-

ing. If the second grating is reversed in

dispersion, Al and ,12superimpose in the

focal plane while their stray light com-

ponent Lo 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 Al and L2 doubles but the

stray light mixed with A2 from the first

grating falls on il. It becomeq 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 Al and A2 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

(47)

but except for this constraint A2 and al

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 princi-ple. Gratings

48
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Figure II-44
Optical transmission efficiency vs 1 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

A. light with the transmitted 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, 1S. 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

acrylic plastic light pipes. The last

stage, consisting of a grating used as in

a conventional polychrometer, provides the

final rejection of A. as shown with the

dashed line. Only a ray on axis has been

considered in this discussion, but because

of the collimation lenses, III, the

a

.

.
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argument can be extended to include all

rays which illuminate the gratings.

The machine-ruled (replica) gratings

obtained from Bausch and Lomb (102 ~ x

102 mm with 600 g/mm) were selected for

high efficiency and freedom from ghosts.

In l?i~ure 11-44 the transmission efficiency

vs wavelength is displayed for the combined

three-grating system using light with the

same polarization as the Thomson spectrum

(E perpendicular to grooves). The effi-

ciency is less for the other polarization.

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 ~. We found

approximately 10-10 at 6850 ~ and 10-IZ at

5500 i. This could probably be further

improved by the use of holographic gratings.

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 resolvable pass-

band and the diameter of lens L2 determines

the total passband transmitted. The linear

dispersion of the instrument is 27 ~/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 iight with conventional

methods. On the other hand, this approach

is appealing in that the usual tedious

aliqunent 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

of the Scyllac plasma density profile. The

plasma is probed side-on through the quartz

discharge tube using HF laser emission at

2.8 pm as the source. The system is ready

for installation on Scyllac.

The optical layout is shown in Figure

II-45. The source is an HF oscillator-

amplifier combination emitting up to ~ 2
!

joules in single mode puls”es 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

D

Disc
tube

Y
input
beam

output
\ I h I

beam
Amplifier L2 — 1~

A2 ,
Oscillolor

Figure II-45
HF laser side-on holographic

layout.

interferometry
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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 w 5 cm before

entering the discharge tube to cover the

region of interest. Lens L4 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

L5 and L6 in the scene and reference beams.

Since the detector plate is not optically

thick, scene and reference beams can be

incident from opposite sides. This method

is more flexible than the conventional

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 11-47 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. Resolution at

present is limited to about 1/4 fringe,

even without the discharge tube. This is

to be compared with the expected maximum

fringe shift of w 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.
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Because of the narrow dynamic range

(essentially that allowed by the interfer-

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-

ing redesign of components. The details

will be more fully discussed elsewhere.

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 . Data on these quantities become

increasingly important as thermonuclear

conditions are approached.

The experimental basis for end-on

forward scattering in a e-pinch was pro-

vided years ago.29-32 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-

sumably increase this substantially.) With

this incident power, total scattered power

in the ion feature into a 10-2 str solid

angle is estimated to be 2.5 PW. 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 < a S 2, where a

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
Cmmzof % 2 x 1o11 —

w
are obtained with in-

ditun arsenide detectors cooled to 77”K.

(This is an order-of-magnitude defectivity

advantage over C02 scattering experiments

at 10.6 pm.) With a detector diameter of

1 mm and half-width of 30 MHz, then about

0.03 VW is needed for an S/N ratio of 10.

Since the scattered light provides an

average of 0.25 VW 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 urn

and ‘l?e= 500 eV. This amounts to about

6 x 10-4 VW into a 2 ~-wide channel, com-

pared to a signal of ~0.3 vW.

Signal statistics also look good.

Assuming a 10% 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 (% 2 ; for 1.5-keV ion temperature).

We are studying several possibilities, in-

cluding both grating systems based on the

varioilluminator principle33 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 C02

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. The laser adapted

from the A-3 amplifier provided by L-1

will produce about 100 J of energy in 100

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-

sions34 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

35 has consequently beenneutronics analysis

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 survey36 of the literature on

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 C02 laser radiation, incident from the

ends) . For both methods, plasma confine-

ment was assumed to be limited by particle

flow out of the open ends at essentially

the ion thermal velocity. In order to have

a conceptual reactor with reasonably low

values of circulating power (10% - 20%), a

minimum plasma radius requirement must be

met.3g?40 This minimum plasma radius

turns out to be a few cm for magnetic fields

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. This laser energy requirement is

so enormous by present standards that laser

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
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a sharp-boundary MHD model with 6 = 1, kT
—— 10 keV, and n~ = 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 14-MeV (primary) neutrons.

The compression coil is assumed to be 10-

cm-thick Be-Cu at 500”C (electrical resis-

tivity 5 x 10-6 Cl-cm). The coil bore is

derived from plasma heating requirements.

With these assumptions, together with

the end loss criterion41 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 Eo.40 At 2 kv/cm

(the current RTPR design value42) and 400

kG, for instance, the magnetically heated

reactor has a length of 1.2 km, an ion

density of 2 x 1017 cm-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. Such a reactor compares favor-

ably with current toroidal (RTPR) theta-

pinch reactor designs.42 The major uncer-

tainty is with the high-field coil design

and coil lifetime. Experiments with high-

field coils 5 m long (250 kG) are scheduled

to be undertaken next year on the new lin-

ear facility Scylla IV-P,43 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,b 4 and a FERF facility for

materials testing.+s 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 E-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

total number on-line to 64. All of the

610’s have been modified to allow computer

readout at 50 kHz instead of the 2 kHz ori-

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. In

this mode,- a Biomation can operate with a

500-ns sample interval which gives a l-MHz

sample rate and a range of 128 ps.

In addition to feedback monitoring,

the Biomations have been shown to be an

zffective 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 1O-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.
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In a similar vein, data from the posi-

tion detectors utilized in the feedback

system have been recorded with Blomations

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 SCY119C capac-

itor bank is being implemented. A set of

critical power supply voltages is being

monitored using ihe Fifth Dimension A/D

convertor. A histogram of these voltages

is displayed at, t~,e operato’r’s console: If

any of these voltages drops below a preset

amount the charging cycle is stopped by the

computer and the capacitor bank is dis- ~

charged. . .

The Graf-Pen digitize; continues to

be very useful as a means of reducing

photographic data. The addition of a

plotter to one of the computers has greatly

increased the usefulness of this technique

of interactive data reduction.

A second scan-convertor controller was

tested and installed. There are now two

racks of scan convertors working although

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 tfie. 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 1021/m3.

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

% 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-

teresting. A field strength of 1 T was

chosen as a design goal, and with a con-

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. In order to provide 200 kV/m

around a 400-mm-diameter discharge tube, a

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

% 0.3 f-l. The high-voltage generator has

been designed to have an impedance approxi-

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’s) using capacitors similar

to those in t~ 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. In order to achieve acceptably

low inductance, capacitors similar to those

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 IIF. It had also been
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Figure III-1
The pulse-forming network for the IHX.
Cl is four 0.2-pF capacitors in parallel.
C2 is three 0.4-uF capacitors in parallel.
The 6.7-pH 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

PPN’s using dimensions and inductances

which would result from development.

‘I’hefinal 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-consistent 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. &other 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
Figure 1. The bounce model for
magnetic piston is assumed, and th; initial
plasma density is 1021 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 l?l?N. 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

(%300 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

problem is introduced, however. If the

load switches do not fire at the proper

time (1.35 us after Marx erection) , the PFN

capacitor voltage will continue to rise

58



rapidly and could conceivably reach 190 kV.

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

breakdown strength of air. Among the

components developed are a voltage gasket

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

had been mechanically assembled. 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. 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 Z-

pinch. Accordingly plans were made to at-

tempt theta-pinch preionization on the

40-cm tube. The vacuum system with the

four feed-slot coil was set up in a

separate room, so as not to interfere with

work on the PPN’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 Pfi’s. The construction and testing

of a fina~ prototype bank of this design

was done early this year. This bank has

seen considerable use throughout the 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 bot~om Marx bank,
(C) Cylindrical phenolic spacers,
(D) Aluminum plates, and
(E) Dowel pins.

the stacking concept, however, involved

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 III-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

rather occurs through the air. So if the

electric field is kept below the break-

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. A photograph of one of the

Marx stacks is shown in Figure 111-4.

A master trigger system for firing

the eight Marx banks has been developed and

installed. Each Marx bank has a trigger

cable, which can be charged to -40 kV,

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

supply has been installed. It has a

constant-current output which can be

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

series-connected capacitors. If V’ devi-

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

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-5.

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

.

.

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

the elastomer gasket. A thin layer of field strength at the outside

silicone grease (Dow Corning High Vacuum gasket. Approximately 2.67 x

Grease) is used between the gasket and force is used to compress the

edge of the

104 N of

insulation

each of the four layers of 0.8-mm- on the gasket. Since the silicone rubber

(1/32-in.) thick polyethylene sheet insu- gasket is molded 0.25 mm higher than the

lation. h additional 6.4–mm-(l/4-in.) surrounding plate, the force is distri-

thick polyethylene spacer is used above buted over the gasket surface at about

the sheet insulation to reduce the electric 1.38 x 106 Pa. This insulating
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Figure III-5

of low-inductance connection
between p~rallel 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 ps.

Raising the voltage on one sample to

failure produced a breakdown through the

capacitor insulator at 235 kV. Therefore

this design appears to be quite adequate

for the 125-kV service. Two of the PPN’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

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 PS

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 kv), shorted at its back end with a

stabbed polyethylene switch;

b. cable separated from

electrode by an isolation gap

the trigger

and charged

.

.

.
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to 80 kV, shorted at its back end with a

triggered gas gap (not quite as good as

the other system);

c. 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-PF 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.

Of 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 SF6. As explained

by Phil Champney of Physics International,

SF6 has very poor breakdown characteristics

at low pressures (around 1.4 x 105 Pa or

less) . High purity dry N2 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 N2 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 fill-

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 N2 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 edqe 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 III-6 shows flashover curves ob-

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 PS to peak. In order to minimize

time effects, the voltage amplitude was

adjusted so flashover occurred at 4 PS

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

conunon technique of flaring.apart

~—.clge extensicm-~

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 (~5-ps exposure time) , and takes

very little space. As shown in Figure

111-7 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

.

.

.

.
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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 (*300 kA),

which normally adds to the current from the

PFN to deliver the peak current of about

800 kA to the load. However, if the load

switches should fail to close, this Marx

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

111-6 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 khe 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

interleaving of the insulation. For the

voltage risetime of this experiment,

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

extension of 12.7-mm-thick polyethylene

flashes over between 130 kV and 136 kV;

these dimensions are the ones used. 3_n-

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 Conductin~

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. ‘l’hematerial selected

for a test of the sheet grading was a poly-

olefin film with a carbon filling. It is

obtained from Custom Materials, Inc. under

the trade name Velostat. The first test

was made with a sheet of 0.15-mm thickness

having a resistance of 7500 f2/sq. 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-

ducting plastic. The hold-off was about

650 kV/m for test specimens from 0.15 to

0.30 m in length. It thus appears that the

limit is at a current density of 90 amp/m.

The 0.15-mm Velostat was then used on a

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

the two main switch electrodes. With this

configuration the breakdown voltage was

about 195 kV which is safely above the

125-kV operating voltage. The breakdown

again appears to be governed by the limit-

ing current density found in the test
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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 kf?/sq, (70% higher resistance

than the original material) . This material

had a different breakdown mode khan 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-

ing along the insulator. For two sheets

of o.20-mm, 13.5 kS1/sq sheet, the voltage

hold-off is now above 680 kV/m.

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. In addition, a layer of

Velostat is placed along the insulating

path that separates the two electrodes to

which the cable braid and center conductor

are attached respectively. The 0.46-m

length so graded is found to hold off more

than 185 kV. Again, it is important that

/.”/:/:/.’/:/;/;/;/;/ ‘
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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-

Ss@!z

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

Figure III-9
Scale diagram of shielded resistive high-
voltage divider.

.
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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 111-9

where the 50-kSl 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-k.Q noninductive 1%-tolerance

wire-wound resistors (Dale Electronics

NS-10-27) . Each of these resistors has a

net reactance of 1.1 pF, will withstand 50

kV immersed in oil, and can absorb 11 J

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

8-kQ electrolytic grading shield. Without

the shield the risetime is slowed down to

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

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 t%me 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

voltage. 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 shots, 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 1021m-3. At the time of the

last annual report, no work had been done

on the preionization phase of the experiment.

67



It was thought that a Z-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 P’F’Nis 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-PF, 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 l-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 l-pH 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 vs. 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

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, 1 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

moves with the piston velocity. In both

cases the piston current sheath width is

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
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the random energy will cause the annular

gion of snowplowed particles to expand,

forming a growing sheath in front of the

piston.

re-

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

)2~r 12 Uo/2 = 2nr(l/2 . pov 2V

+ ‘~ (r: - ‘2)‘v/dt

+ “oT1/2(r2 -
0

r2)d~r,dt

P. =

r .
0

v=

G
r=

I=

+ 1/2; r(POv)2nr

initial ion density

original diameter of plasma

piston velocity

expansion velocity of sheath

coil current/length .

(1)

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

snowplowed mass. The third and fourth

terms are the contribution to the piston

pressure from the expanding snowplowed

sheath. In previous snowplow calculations

the third and fourth terms have not been

included.2 With the assumption of complete

randomness in the snowplow frame, it is

reasonable to use the average ion velocity

for ~r, thus

(V2 dr

r .t

1/2

11/2
llfiv3rdtl”

[

=0.6 ‘“
r’ _ ~’

o 1

The circuit for the current source and

theta-pinch load is shown schematically in

Figure III-1. Since the 0.40-m coil is

fed at four points this schematic is one-

fourth of the total circuit. 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)

again hits the piston. The results of the

calculations are shown in Figure 111-10 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

with the background plasma. The bounce

model uses essentially the first term of

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 111-10
Piston radius and coil current as a function
of time. Both bounce model and snowplow
model plasma loads are shown. The d;iving
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 111-10. 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

is largely independent of the details of

the process.
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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 ZT-1

experiment. 1 The particular type of pinch

being investigated has approximately equal.
poloidal and toroidal magnetic fields. The

toroidal current exceeds the Kruskal-

Shafranov limit. Stability is achieved by

the close proximity of a conducting wall,

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 NHD

stability. ~ During the past year attention

has been directed toward determining plasma

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 froni 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

instability. Contributions from the dis-

charge tube wall are small. (Section E)

In order to understand the require-

ments for establishing stable profiles it

was considered advisable to reduce the Iz

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.z

b) w 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 ZT-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 ZT-1 ex-

periment includes the following:

1) Studies of a transfer capacitor

circuit to replace the fuses on the experi-

ment have continued. 3

2) A fuse package capable of inter-

rupting 500 kA and absorbing 30 kJ of energy

has been developed for use in the present

ZT-1 experiment.3

3) Field distortion spark gaps have

been designed to crowbar the Z-current in

Zl!-1. These spark gaps use a molybdenum

shell as the electrode surface (Section I).

B. ELECTRON TEMPERATURE BY THOMSON SCAT-

TERING (L. Burkhardt, J. Di Marco, 1?.

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

AC vector (~.n -2 out) has both radial and

SHOT 6739
TIME 4.S0

TEMP 24~0

LJ_JIL
7073 7138

WAVE LENGTH (a)

Fiuure IV-1

J

Thomson scatterin~ spectrum taken with the
slow mode of operation. The temperature is
given in eV; the time in psec.

k
v
03 L

SHOTS7403

TIME 0.9f.LSEC

1 I I

7073 7003 6943 ● 6881

WAVE LENGTH (A)

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-

periment. Figure IV-I shows the data taken

in the slow mode. The time indicated is in

ps and is measured from the initiation of

the 1= current. The temperature is obtain-

ed from a least-squares fit to a Gaussian.

The data are typical of many shot% 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 10~5 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

those obtained in the fast mode. 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 6943;. The dis-

tribution is clearly not Gaussian but is

double humped. It should be

the parameter a = l/AkAD ,

noted that

where
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Figure IV-3
Plot of the dispersion relation for hot
electron plasma waves.

AD is the Debye length, is much smaller

than one in this experiment. Unfortunately

large systematic errors on the 6943:

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 IV-3, assuming

an electron temperature of 25 eV. A 35°

scattering experiment will help to determine

if this is an accurate explanation of

data. Whatever the phenomenon is, it

pears that it must be associated with

trons. Ion oscillations or waves are

ders of magnitude lower in frequency.

the

ap-

elec-

or-

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 ne =’3

x 1016CIII-3 and Te = 300 eVr the CV line is

comparable in intensity to the neighboring

CIII 227.8–rim line. This indicates that

the electron temperature in ZT-1 is less

than in the Scylla III experiment.

Preliminary time-resolved spectral

measurements have been made of emission

from the successive ionization statesbts

of the intrinsic carbon impurity in the

pinch. CIII came in early (<0.5 ps) 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 P$ 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.5 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.

and IV-7 for 25 and 100 eV,respective- [ [ I I I I I q

From these curves the electron tempera-

inferred for ZT-1 is ~30 eV.

The energy losses due to carbon line
~

emission have also been considered. Using

t

“I v

the formula for the excitation radiation

loss rate given by McWhirter,4 it is found

that for a 1% impurity of

the CIV state emitting in

1548; line, the electrons

rate of 15 eV per vs.

carbon, all in

the dominant

would cool at a

1 “1
t I I I I I I I d

Photomultiplier jntensityvs Time for
CorbonIZ(2278 A) or0.5psec/division

Figure IV-5
Photomultip&ier intensity vs time for car-
bon V (2278A) at 0.5 ps]division. The
initial spike comes at 0.3 PS after the
start of IZ.
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Figure IV-6
Fractional abundances of carbon ionization
states vs time in a plasma whose electron
tern erature is 100 eV and density is

?101 cm-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

plasma. Up until now only the HeII 4686

~ line has been investigated. The ion-ion

collision time is short enough in the resis-

tor mode that the ions should relax to a

thermal distribution. The time for the cold

electrons to cool the hotter ions is about

1.5 psi for a 30-eV plasma at 3 x 1015cm-3

density. However no significant cooling

was seen in a time of ~5 Vs.

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 aperture6 of the monochromator to

diverge the beam to an array of eight light

pipes and photomultipliers positioned to

obtain wavelength separations of 0.85;

between channel centers. This allowed ion

temperature measurements over a range of

m25 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

I.0 I I 1 1 ! 1 1

Electrc.n temperature 25eV 1
15“e ,Io

0.8 - C=
s!
2
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: cm
> 0.6
D
a
zc 0.4
0.-
Z
P
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/

o
0.755 1.51 2.26 3.02 3.77 4.53 5.28

?ime[~sec)

Figure IV-7
Fractional abundances of carbon ionization
states vs time in a plasma whose electron
tern erature is 25 eV and density is

~101 cm-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.

08 1 1 1

IT T
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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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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 4686;

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

33900~ infrared radiation from a He-Ne

laser, with the Ashby-Jephcott interfero-

meter technique.g 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

length of the external cavity. Figure IV-

11 shows the mean electron density over the

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 $ime deter-
mined with a He-Ne laser (33900A infrared
line) interferometer using the modulated
Ashby-Jephcott method.
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preionization reaches a level of %3 x 1014

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 N9

us and falls off to ~70% peak value at N15

ps. There is no indication of large parti-

cle loss or impurity influx in this time

period. This is a good agreement with

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

Schofield)

probe

A.

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 l=’s of 200 kA. The plasma

is partially stable for 6 ps (calculated

growth times are w60 US for t ~ 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 be 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-

duce ,the Iz current in the pinch. The

growth rate of the instabilities would be

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 12 is to install

resistors (typically 0.4 to 0.6 s2) in series

with the capacitor bank and pinch. The

resistance is greater than the critical

value for the circuit (Rc.= 0.05 Cl). With
.

this technique the initial Iz is equal to

the bank voltage divided by the system in-

ductance. Values of 12 from 4 to 20 x 1010

A/s can be obtained. The risetime of the

current from the L/R time constant of the

circuit is %0.5 ps. The peak current is

*8O kA with 40 kV on the main bank. The

current decay, determined by the RC time

constant of the circuit, is 60 to 90 us.

The design of the resistor consists of

0.203-mm stainless steel, 152.4 mm wide and

9.14 m long. It is folded for low induc-

tance, rolled up into a cylinder, and im-

mersed in an oil bath to dissipate heat.

‘She machine is being operated with four re-

sistors, one in each quadrant. At 20 kv

and with the maximum magnetic storage in-

ductance of 160 nil, Iz is 40 kA and the

~z is 6 x 1010 A/s, as expected.

The data acquisition rate is increased

with resistors, compared with fuse opera-

tion, in that the time between discharges

is greatly reduced. The resistor design

also allows the machine to be changed from

fuse to resistor operation within %2 hours.

Figure IV-12 shows the pinch current

and voltage obtained with the main bank

~

Tlmo(#sec)

Figure IV-12
Current and voltage obtained when operating
in the derated mode. Peak current and
voltage are @O kA and 8 kV, respectively.
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charged to 20 kV. Peak current is %40 kA

and the voltage is <8 kV per quadrant of the—

torus. The following data are obtained with

a plasma having 20% helium and 80% deuterium

as the initial filling gas. The filling

pressure is approximately one Pascal. Dop-

pler width measurements of the He II 468.6-

nm line give an ion temperature of ~40 eV.

The Thomson scattered signal indicates a

temperature of -S eV for the electrons.

Streak photographs of the discharge

under several operating conditions are

shown in Figures IV-13 and IV-14. The

streak is taken looking down from the top

of the discharge with the major axis of the

torus beyond the top of the page. The data

displayed below each streak are: 1) the

total gz flux measured across a minor cross

section of the discharge tube, i.e., the flux

associated with the longitudinal magnetic

field; 2) the current Ie in the winding that

produces the B= longitudinal magnetic field,

and is a measure of the B= magnetic field in

the vacuum region outside the plasma column;

3) the Bz sine-cosine coils which measure

the first Fourier components of the B= mag-

netic field. This latter type of probe re-

sponds ideally only to a net helical dis-

placement of the plasma current.11 A signal

is then interpreted as due to an instability

in the plasma.

The streak photograph in Figure IV-13a

shows an instability with the experiment run

in the “stabilized” pinch configuration but

without reverse Bz. The longitudinal flux

is maintained constant by means of an elec-

trical crowbar in the circuit. Correlations

of the instability, as displayed by the

streak with the small negative step in IQ

and the signal in the Bz sine coil, are con-

sidered good. The streak in Figure IV-13b

is obtained under the same initial condi-

tions except that a Bz reversing field is

applied late in the discharge period at S7

us. The time of application of the revers-

ing field is most easily seen in the flux

measurement t. The general behavior of the

pinch reproduces the previous discharge,

going unstable in about 3 ps. Figure IV-14

displays two sets of data taken under iden-

tical conditions as in the previous figurer

except for the gradual advancement of the

time of application of the reversing field.

In Figure IV-14a some radial displacement

of the pinch is evident, but the magnitude

is reduced. This effect is also seen in

the reduced amplitude of Bz sine coil sig-

nal. The data in Figure IV-14b show that

the radial displacement is very small when

the reversing field is applied 0.6 US after

the start of the pinch implosion. The ori-

ginal instability appears to have been re-

duced significantly so that no obvious dis-

placement of the pinch is visible in the

streak. However, a new instability is

generated when the flux is allowed to re-

verse, violating one of the necessary sta-

bility conditions. The B= sine coil signal

shows the new instability occuring at dif-

ferent times, which are correlated to the

time at which the flux reverses. To correct

this, modified spark gap crowbar switches

are being installed to allow the B= current

to be crowbarred at this very slow rate of

change of the reversing field.

Figure IV-15 shows the streak of an

unstable pinch with the reversing field ap-

plied at the time of the implosion. With a

faster rate of change of this reversing

field the crowbar is effective in prevent-

ing the flux from reversing. Obviously,

setting up stable pinches is not yet simple.

Magnetic field profiles must be analyzed

along with all of our additional diagnos-

tics to establish some understanding of the

complicated processes of stabilizing the

pinch. That an instability can be sup-

pressed by a reversed magnetic field is

shown by these data. What type of instabi-

lities is being suppressed, and what is

required to set up the correct fields is

being investigated.

When the criteria for establishing

stable profiles are established, the 12

current will be increased to generate
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Figure IV-14
Time correlation of the streak photograph with longitudinal flux, I
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sine-cosine coils, 8’a) reversing field applied at *3 I.Is,b) rever lng

field applied at 0.6 ps.
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Figure IV-15
Time correlation of the streak photographs
with the longitudinal field being changed
faster than in Figures IV-13 and IV-14.

higher plasma temperatures and to determine

scaling.

G. MHD-STABILITY ANALYSIS (A. Haberstich)

Magnetic field profiles measured under

the derated mode of operation of ZT-1 have

been analyzed for MHD stability, using the

techniques described in our previous annual

report. 1 Tentative results are reported in

Figure IV-16.

The figure shows the e-folding time of

the fastest calculated m = 1 mode, as func-

tion of time for two discharges, one with

an initial axial bias field of 0.071 T

(solid line), the other with a bias field of

0.063 T (dashed line). The filling pres-

sure is 2.1 Pa (16 mTorr) of D2 in both

cases.

The behavior of the growth time is

quite different from the fuse shot result

reported earlier in that the instability

sets in gradually, rather than suddenly as

,.-1 1 I I I I I 1 I I

o 2 4 6 8 10
t (ps)

Figure IV-16
MHD Stability Analysis. Calculated growth
times of m = 1 modes as functions of time
for two discharges in ZT-1. Initial bias
field 0.071 T (solid line) and 0.063 T
(dashed line).

in the fuse mode of operation. The time of

penetration of the axial current is of the

order of 4.5 PS and it is likely that dif-

fusion plays a significant role in limiting

the stable time of the discharge. Increas-

ing the electron temperature, as in the

fast mode, should slow down the diffusion.

H. SYMMETRIC SUYDAM MODES (A. Haberstich)

Suydam modes are localized MHD modes

occurring at the singular radius rs where

k.B = O, ~ being the wave number of the per-——

turbation and ~ the total magnetic field.

An analytic expression for the growth rate

of this instability has been obtained for

the case where the Suydam modes are sym-

metric about rs.

.

.
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‘The growth rake is found to be an inc-

reasing function of the Suydam ratiolz

where p is the plasma pressure, P the pitch

length, B= the axial magnetic field, r the

radius, and the primes denote differentia-

tion with respect to r. Also, the growth

rate is a decreasing function of the local

beta f3= p/B2. The modes are single humped

for high shear and double humped for low

shear.

Although the derivation assumes a large

value of the azimuthal wave number m, the

results have also been applied to low m-

renumbermodes. Figure Iv-17 shows, as func-

tion of the radius r, the growth rates y

obtained with the analytic solution and with

the conventional normal mode analysis. lz

The agreement is good at large radii. The

discrepancy at small radii is due to the

fact that, in this example, the Suydam

modes are asymmetric in that region.

I. CROWBAR SPARK GAPS (A. Schofield)

Field distortion spark gaps have been

designed and purchased to crowbar the Z-cur-

rent in ZT-1. These spark gaps use a moly-

bdenum shell as the electrode surface. The

shells are 0.75–mm molybdenum sheets formed

to the electrode shape by metal spinning

techniques. Both molybdenum and tantalum

shells have been tested. With a peak cur-

rent of N60 kA and a q of ‘N9.5 coulombs per

shot the electrodes shells showed less than

0.03–mm erosion after 250 shots (2375 cou-

lombs) . The shells do not exhibit a great

deal of mechanical strength and require

solid backing to prevent being deformed by

the magnetic field of the switched current.

One advantage of the shell-type electrode

is that the surface exposed to the discharge

t -1
,o-30-

0.05 0.06
r (m) “

Figure IV-17
Symmetric Suydam Modes. Comparison of
growth rates calculated with the analytic
solution (solid line) and with the normal
mode analysis (dots) as function of radial
position.

is refractory metal with no possibility of

the arc “seeing” the structural parts of

the electrode which are usually aluminum.
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v. THEORETICAL PHYSICS PROGRAM

A. GENERAL SUMMARY (W. B. Riesenfeld)

During the reporting year the LASL CTR

theory group has concentrated its efforts

into three broad areas of research which to

a large degree reflect the organizational

structure of the confinement and research

programs. The work is therefore predomi-

nantly programmatic in nature, although

certain smaller and less programmatic pro-

jects in useful and interesting plasma

physics have been pursued by individual

staff members as permitted by time and war-

ranted by opportunity. Such a combination

of activities is thought to provide an atmo-

sphere of intellectual stimulation while

fully satisfying the programmatic research

requirements. The present report describes

progress in the three main research areas,

but several of the paragraphs below also

give a glimpse into some of the auxiliary

work. Since this report also covers pro-

gress for the quarter of October 1 through

December 31, 1973, the account below em-

phasizes the activities of that period.

The first major research area provides

theoretical support to the Scyllac toroidgl

theta-pinch confinement program. This ef-

fort has seen major advances in the refine-

ment of the MHD models which are used to

describe the equilibrium and stability of

toroidal theta-pinch configurations. In

particular, the so-called “Everest” calcu-

lational program is successfully extending

the MHD stability analysis to diffuse plasma

and magnetic field profiles for !2.=1equilib-

ria, making only minor and experimentally

justifiable approximations. This program

is expected to have great impact in provid-

ing reliable theoretical data references

and guidance to the Scyllac program. The

ion Vlasov-fluid model, which gives a more

realistic plasma description than the MHD

model, has received intensive development

in its application to all the major research

areas, and in relation to Scyllac theory it

is being used to investigate the influence

of finite ion gyro radius effects on the

stability of m=l as well as m?2 modes. The

entire toroidal theta–pinch 2=0,1 confine-

ment system has been subjected to a scaling

analysis which takes into account the re-

quirements of toroidal equilibrium, wall

stabilization of the m=l mode, and ion gyro-

stabilization of the m22 modes. The result

is a semiquantitative understanding of the

optimum values of major radius and other

physical parameters which probably must be

designed into a scientific feasibility ex-

periment or a physics test reactor based on

a stable toroidal theta pinch. The physical

significance of the wall stabilization of

the m=l mode in !t=l equilibria has been in-

vestigated. Finally, the influence of

cross-sectional shape upon the stability of

several types of pinches has received pre-

liminary study.

Our second major research area is the

program in numerical simulation of Vlasov

plasmas and computer applications. This

program is of course closely related to all

of our other research efforts. Its studies

of microinstabilities in high-beta systems,

of anomalous transport coefficients in col-

lisionless plasmas, of spatially inhomogene-

ous structures such as implosion sheaths,

and of the nonlinear evolution of instabi-

lities provide physical input for almost

all of the theoretical work. During the

reporting year this research program has

seen significant increases in effort,
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funding, and staffing, attesting to its

rapidly growing role in the theoretical and

computational support of the CTR program.

Significant progress has been achieved in

two-dimensional implosion simulations and

in understanding microinstabilities in theta-

pinch sheaths. other fields of active re-

search include the Darwin model simulation

method for electromagnetic modes, numerical

Vlasov equilibria, hybrid model implosion

simulations, Vlasov-fluid models for linear

stability analysis, Vlasov-fluid model

studies of the stability of hot pinches, and

comparisons of various simulation algo-

rithins. ‘l’helong-range aim of this research

effort is to provide physically realistic

descriptions of thermonuclear plasmas in a

geometrically realistic three-dimensional

framework. It will doubtlessly take many

years of hard work to achieve this ambitious

goal, but tangible progress is gratifyingly

evident. The organization of a centralized

computing facility to service all of khe

major CTR laboratories and university con-

tractors will hopefully furnish us with a

powerful new tool of which we intend to

make maximum use. Accordingly, the next

year will see additional computer applica-

tions efforts related to the operation and

maintenance of the remote terminal, along

with the programming and software activities

which the latter will require.

The third research area covers theore-

tical support for the toroidal dynamic Z-

pinch and related studies. In this field

much progress has been made in devising MHD

models which describe the equilibrium and

stability of such pinches. Stable diffuse

profiles have been found through the use of

a set of elaborate computer programs, and

the features of the plasma pressure and

magnetic field profiles which assure stabi-

lity against both pressure driven and cur-

rent driven modes have been checked against

the predictions of analytic theory. Com-

parison with the results of the experimental

program, where stability has generally not

been obsenred so far, has led to what is

perhaps the major advance of the year. It

was conjectured, and then analytically

demonstrated, that for the experimental ZT-1

parameters the conditions of energy balance,

pressure balance, and rapid poloidal mag-

netic field diffusion lead to a final com-

pressed pinch state which, in the absence

of effective energy loss mechanisms, carries

a beta value which exceeds the critical

value for stability as demanded by theory.

If this interpretation turns out to be cor-

rect, an important key may have been found

for overcoming the difficulties which seem

to be blocking experimental progress. The

program is not only interested in profile-

stabilized systems such as the dynamic Z-

pinch, but also in q-stabilized systems

such as belt pinches. The toroidal MHD

equilibrium codes have been adapted to the

study of such systems and have produced

interesting results which connect the shape

of the elongated plasma cross section to the

boundary conditions. The hope for such

systems was that the noncircular cross

section would provide an extra stability

margin, i.e., that the critical beta for

current driven kink modes could be increas-

ed. Preliminary finite-beta calculations

have indicated, however, that the stability

condition imposed on the safety factor q

becomes more strigent than is the case for

circular cross section, and that extreme

deformations may defeat their purpose.

This issue is not settled, but in both ex-

perimental and theoretical aspects of this

problem we note a gratifying and fruitful

interaction with the high-beta research

group at the Max Planck Institute for

Plasma Physics at Garching.

B. SCYLLAC SUMMARY (J. P. Freidberg)

During the past year several different

problems relating to Scyllac theory have

been investigated. The major thrust was in

the area of MHD theory, where of course the

problem is to understand the stability of

the !?=1 Scyllac configuration. Within this

area three basic problems were addressed.

.

.

.
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‘TWO were ideal MHD calculations, using dif-

ferent expansions, but both examining

straight L=l systems with diffuse profiles.

The third was an investigation of finite

Larmor radius effects on the m=l mode as

well as on the m~2 modes in Scyllac. A

second major area of investigation con-

cerned theoretical scaling laws and their

implications on theta–pinch feasibility ex-

periments. These calculations are based on

somewhat crude theories, but nonetheless

represent the best theories available today.

The final area investigated deaLt with the

physical significance of the m=l, 2=1 wall

stabilization term. This effect is vital to

the future of the Scyllac program. Because

of this and because of the unusual behavior

of wall stabilization in diffuse %=0 cal-

culations, it was useful to reexamine the

!.=1wall stabilization to insure that it was

understood. Given below is a brief summary

of the progress made in each of these areas.

1. MHD Theory

a) “Everest” is a calculation of the

stability properties of a diffuse 1=1 equi-

librium. The only simplification is that of

small z-dependence. The slow z-expansion in

“Everest” is an excellent approximation to

the experimental situation. By carrying out

this computation to sufficiently high order

(i.e., leading and first order) we will have

obtained the most reliable theoretical

Scyllac results for some time to come (i.e.,

until fully three-dimensional computations

become feasible). The calculation is large-

ly numerical and, because of the lowest

order L=l cancellation, it requires extreme

accuracy. The equilibrium solution is

computed numerically and is used in a 6W

minimization.

Because of the magnitude and complexity

of the problem the first quantitative re-

sults (i.e., leading order) will probably

not be available for about six months, and

the full results not available for perhaps

1-1/2 years.

b) A simpler diffuse MHD calculation

for diffuse I.=1 profiles was undertaken

last summer. The basic assumption here is

that the helical fields are small compared

to the Q-pinch field, but no assumption is

made regarding the z-dependence. The moti-

vation for this calculation is that the

most important destabilizing term arises

from a higher order effect in the slow z–

variation, but is not too dependent on the

size of the helical fields. Thus, despite

the fact that the theoretical ordering dis-

agrees with the experimental situation,

it is hoped that the important destabilizing

term will be reasonably treated on a time

scale much shorter than Everest. This cal-

culation is largely analytic and this por-

tion of the work is completed. There re-

mains some numerical work which will re-

quire about two months of concentrated ef-

fort to get quantitative results.

c) A fairly extensive effort has been

undertaken recently to investigate finite

Larmor radius (FLR) effects on the m=l

Scyllac mode. It is well known that a pure

m=l displacement is not influenced by FLR

effects. However, the Scyllac configuration

is stable to a pure m=l displacement and

only goes unstable if small m=O and 2 com-

ponents are present in the displacement.

This latter component could be influenced

by l?LR effects. The calculation is entire-

ly analytic at present and is progressing

steadily. It is however quite complicated

and it is hoped that significant results

can be obtained within six months.

2. Scaling of Wall-Stabilized Scyllac

Experiments

The Scyllac conceptltz consists of

producing toroidal equilibrium in a high-t?

theta pinch by superimposing a combination

of helical (L=l) and bumpy (9.=0) fields on

the basic toroidal O-pinch field. An in-

vestigation of the stability of this system

indicates that several opposing requirements

must be satisfied simultaneously in order

that all of the gross modes be stabilized.

Our purpose here was to investigate the

scaling laws based upon existing theory and

to determine their implication for future
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experiments such as a “scientific feasibi-

lity” experiment. It should be emphasized

that the existing theories have been derived

from sharp-boundary models and thus the re-

sults will be semiquantitative at best. In

addition, certain theoretical constraints

are required to be satisfied even though

some of the corresponding physical phenomena

have not been well verified experimentally.

It is our feeling that the criteria which

are required to be satisfied represent the

most pessimistic predictions of existing

theory. However, the basic conclusion of

our investigation is that, despite these

pessimistic requirements, reasonable values

of the physical parameters exist such that

the known theoretical conditions can be

satisfied.

Consider a next-generation experiment

where certain parameters will be assumed

fixed by scientific objectives as well as

economic considerations. In particular,

fix the D-T ion temperature Ti = 6 keVr the

magnetic field B = 50 kG,and plasma I? = 0.8.

These values are consistent with the scien-

tific goals of a feasibility experiment.

The economic constraints require that the

volume of magnetic energy be as small as

possible. Not too surprisingly, it turns

out that to minimize the total volume re-

quires using as small a value of coil radi-

us, b, as possible. Taking into account the

requirements of shock heating, assume the

minimum b to be fixed at b = 10 cm. Uncler

these conditions it must be determined what

existing theory requires of the plasma radi-

us a, the major radius R, the pitch number

h of the heligal field, the k = 1 plasma

~siplacement 61,and the L = O plasma dis-

placement 60 in order to satisfy the fol-

lowing three conditions:

(1) sufficient t = 1 and !2= O fields

for toroidal equilibrium

(2) sufficient wall stabilization to

stabilize the m = 1 mode

(3) sufficient finite gyro radius ef-

fects to stabilize m?2 modes. Each of these

requirements will now be discussed sepa-

rately.

We begin by noting that the application

of helical field distorts the shape of the

plasma such that the plasma radius is

given by

r = a[l + 61 cos (e-hz) + 60 cos hzl. (1)

The conditions that the theoretical con-

straints given below be valid are that:

(1) ha <<1; this corresponds to a helical

period long compared to the plasma radius,

(2) 6./61 << 1; this corresponds to making

E = 1 the dominant plasma displacement. In

present Scyllac experiments, typical values

are ha 2 0.15 and 6./61 ~ 0.1.

The theoretical condition for toroidal

equilibrium3?4 is given by

91 (B)
6.61 =— ,

h2aR (2)

where from sharp-boundary theory

2
91(B) = —.

3-26 (3)

Equation (2) is by far the most reli-

able of the constraints that we shall im-

pose. The scaling implied by this relation

has been confirmed experimentally2 over a

significant range of parzuneters including

two different major radii, R = 2.4 m and

4.0 m. In addition, the sharp-boundary

coefficient gl ($) turns out to be correct to

within 10%.

The theoretical condition for stabi-

lizing the gross m = 1, k 2 0 mode4#5,6#7

is given by

where

92(8) =
WJW-8)

1-0)

(4)

(5)
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93(f3) =
(3-26) (1-6)

6(2-B) “ (6)

The first term in Eq. (4) represents a

wall stabilization effect arising from the

induced helical dipole current flowing in

the plasma. Because of the strong fourth-

power dependence, relatively large values

of a/b (NO.4) are required in order to

achieve significant wall stabilization. In

addition, the next-generation experiment

will be heated by a staged8 power supply in

which the shock (implosion) heating is pro-

vided by a fast, high-voltage circuit and

the adiabatic compression by a slow, low-

voltage circuit. As previously stated,

these conditions require the first wall

radius, b, to be no smaller than 10 cm.

This allows the formation of a well-defined

piston front of thickness c/u .~<b at normal

filling densities of approxim~~ely 1015

cm- 3. Another important consideration in

choosing the minimum value of b is that too

small a value leads to excessively low induc-

tance of the implosion heating coil. This

leads to the result that the magnetic energy

of the high-voltage source is inefficiently

coupled in and is largely lost in irreduci-

ble stray inductance.

The second term in Eq. (4) is a de-

stabilizing term arising from bad curvature

of the L = 1 field. An m = 1 instability

has been observed in straight 9,= 1 systems

and the experimentally measuredg growth

rates agree to within a factor of 2 with

those given by the theory.4,5,6 However,

extensive scaling measurements have not been

made, in particular with respect to ha and

d~. A recent set of experiments on Scylla

IV,]O using two different values of h, gave

results that are in approximate agreement

with the scaling laws (i.e. , the g~ term of

Eq. (4)).

The last term in Eq. (4) is a destabi-

lizing term arising from bad curvature of

the 9.= O field and is the least understood

of all the effects considered here. The

2 = O coefficient, g3, given by Eq. (6) is a

sharp-boundary result. Sharp-boundary

theory also predicts wall stabilization of

this mode by the k = O fields, although in

a more sophisticated diffuse model, no such

effect exists. To be conservative we have

omitted this stabilizing effect. In high-

temperature Q-pinch experimentsl” k = O

growth rates have been measured which range

from slower to much slower than those pre-

dicted theoretically. However, we use the

theoretical value of growth rate which, from

the above evidence, is probably pessimistic.

A final point concerning the design of

the next-generation experiment is that we

assume the implosion heating coil and first

wall to have a helical configuration, rather

than a straight cylindrical shape as has

been conventional in the past. The purpose

of this is to allow reasonably “fat” plasmas

(a/b ~ 0.4) to have significant helical dis-

placements (61 m 1) without the plasma

touching the tube as it would in a straight

discharge tube.

The theoretical condition for the final

constraint, that of finite gyro radius sta-

bilization on m ? 2 modes,ll is given by

where

8~2(l_B)
94(6) = 2_~

(7)

(8)

and r =
L

[2miTi/e2B~]k is the ion thermal

gyro radius. The experimental evidence is

far from complete in evaluating the im-

portance of this constraint. On the one

hand, ideal MHI) predicts very fast gross

m = 2 modes which are not observed experi-

mentally. However, in all of these experi-

ments to date, Eq. [7] has been satisfied.

There is as yet no first-hand experimental

knowledge of whether Eq. (7) describes the

correct transition or if the scaling is

correct.

oretical

quire it

Nevertheless, it is our best the-

estimate, and hence we shall re-

to be satisfied.
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In scaling a next-generation experiment,

we consider ~, b, and the gyro radius r= as

fixed parameters and eliminate 60 and h from

Eqs. (2), (4), and (7), leaving a relation-

ship between R, 61,and a (or alternatively

a/b, since b is assumed constant) . This

relationship is given by

d
[ 1

+.
R ~ &mrL2 (a/b) 8

(a/b) 6 - (92/94)(rL/b61)2

(9)

The optimum design of an experiment is one

in which R, and hence the cost, is minimized.

If we examine R as a function of a/b for a

given 61 we note that Eq. (9) has a reason-

ably broad minimum at a critical value of

a/b given by

(lo)

Since the minimum is broad we introduce a

parameter a, defined by

:=2*a(-)”wr‘ (11)

which measures the deviation of a/b from the

optimum. Values of a # 1 may significantly

improve the value of certain other physical

quanities, while leading to only a small in-

crease in R.

Using .Eq. (11) we substitute back and

find the following expressions for R, ha,

and 6./61:

~

R=
24/3 U4 ~

93
5/6

9194 92

()

1/6 b8 3

(4a6-l)k *F (12)

88

ha = 1
1

27ag4~ g2
1/6

(13)

From Eqs. (11) - (14) it follows that if 61

is made as large as possible then: (1) R is

minimized (favorable for economics) ; (2)

a/b is minimized (favorable for staged heat-

ing) ; (3) ha and 6./61 are minimized (favor-

able for validity of theory) . Here we as-

sume 61 = 1, which represents the largest

value presently used in the Los Alamos ex-

periments.

The implications of these relations are

shown in the two examples, with a = 1 and

0.85, of Table V-I. In both cases we set

6 = 0.8, T. = 6 keV, b = 10 cm, 61 = l,and
1

B = 50 kG. For a 50% - 50% mixture of

deuterium and tritium, we calculate r=

= 0.354 cm.

TABLE V-I

PARAMETERS OF A LARGE SCYLLAC EXPERIMENT
FOR TWO VALUES OF THE PARAMETER a WHICH

MEASURES THE DEPAP3?URE FROM THE CONDITION
OF MINIMUM MAJOR RADIUS R

a=l a = 0.85

R 27.5 m 35.0 m

a/b 0.455 0.387

ha 0.084 0.099

&o/&l 0.331 0.160

For the optimum case a = 1, the values of

R = 27.5 m and ha = 0.084 are quite accept-

able. The value of 60/6~ = 0.331 is some-

what larger than would be desirable, and

the value a/b = 0.455 is uncomfortably

large with respect to the requirements of a

staged heating system. By going slightly

off optimum to a = 0.85 these problems are

significantly alleviated. The major radius

is increased to 35.0 m -- still a reason-

able value. Both ha = 0.099 and 60/61

= 0.160 are comfortably in the range where

.

.
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the theory is valid and where we have had

most of our experimental experience. The

value a/b = 0.387 is a substantial improve-

ment over the 6 = 1 case, although it still

is probably slightly higher than would be

desirable.

If we had simply taken the constraints

Of equilibrium, Eq. (2), and wall stabili-

zation of the L = 1 driven instability, the

first two terms of Eq. (4), we would have

Rlglg2 a~ .
10 (15)

The parameters of the ci= 0.85 case then

give R = 23.1 m, a considerably smaller

value than those required by the remaining

constraints of stabilization of the !2= O-

driven instability and finite Larmor radius

stabilization.

3. Physical Si gnificance of Wall Stabili-

zation

We give a simple physical picture of

the wall stabilization term arising in the

m = 1 Scyllac dispersion relation. It turns

out that this term arises from the inter-

action of a helically twisted E = 1 dipole

current with induced wall currents. TO do

the calculation we compute the force on a

rigid, helically symmetric dipole current,

resulting from moving the dipole a distance

Lx in the x-direction. This corresponds to

an m = 1 displacement. We show, perhaps

somewhat surprisingly, that the force in the

x-direction is independent of the angle be-

tween the dipole and the x-direction. The

calculation goes as follows. After displac-

ing the dipole by ~x, the geometry at a given

arbitrary z–plane is shown in Figure V-I.

Here b is the radius of the conducting wall.

The dipole consists of two currents 1, -1

separated by a distance d. At the given z,

the dipole makes an angle hz with the x-

axis. The image current for each of the

dipole currents is of opposite sign and is

located a distance y from the origin such

that xy = b2 where x is the distance from

the dipole current to the oEi~in. If we

Y

b

-x

h2

-I

I

Figure V-I
Geometry at a given arbitrary z plane.

treat the dipole as rigid, then the force/

length in the

Fx po12
—.

[

—_
L 2

The distances

x-direction is given by

Cosa

1

COS8 + COS6 + ~y ●— -— _
k ~ kz l.~ Lb

and angles can readily be cal-

culated in terms of d, E
x’

and b. For sim-

plicity we expand in Ex and l/b keeping

terms up to l/b4 and linear in C%. We find

(
-%a%~ ~coshz+~x

!LI b.2 )

.%
(
$ COS hz + Cx

)

(

COS6 m -1 A Cos hz _ ~
.t2~~2 x )

h22 ~
-—

k
COS hz - C

bq
)
x
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-e–––. –,. .— .. ..— –—eLr we lncroauce a rrequency

h22
(
; COS hz + ~x

)]

where

h22 = ~ i- 6X2 - d Cx COS hZ.

Combining terms we find

Fx PO (Id)2
—.
L nbb Cx .

This can be cast in a more familiar form by

writing the dipole moment Id in terms of

the diamagnetic L = 1 field on the plasma

surface, Bd(a) .

Id=~2 Bd(a).
o

Using standard Scyllac theory Bd(a) can be

expressed in terms of 61, the helical dis-

tortion, Bo, the vacuum Q-pinch field, 6

and ha.

Bd(a) = }ha&Bo .

U2 = (Fx/L)/rPoa2~x

we obtain finally

This is the usual m = 1 wall stabilizing

term.

4. Diffuse 9,= 1 Scyllac Stability Calcu-

lation (B. M. Marder, J. P. Freidberg)

“Everest,” a two-dimensional, diffuse,

L = 1 stability calculation is progressing

well and should soon be yielding quantita-

tive information. Two fundamental diffi-

culties seem to have not been overcome in

this calculation. They are convergence of

the equilibrium algorithm and achievement

of very high accuracy in all phases of the

calculation.

A previously developed method for ex-

amining the stability properties of screw

pinches with arbikrary cross section has

been applied in the Tokamak low-f3 regime

to study the doublet configuration. Opti-

mistic predictions on the enhancement of

the critical B for stability produced by

the doublet shape do not seem justified by

our analysis. In its regime of operation

(6 poloidal = 1) only a modest increase in

$ of about 25% seems possible. Since the

f3is so low to begin with, this is not of

real significance.

5. Optimization of Plasma Column Cross

Section (B. M. Marder)

A method by which one could determine

the stability properties of a screw pinch

of arbitrary cross section has been deve-

loped and is described in Los Alamos Re-

port LA-UR-73-1068 (see also Q-6 Quarterly

Progress Report for April 1 - June 30,

1973) . The material has been submitted

.

.
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for publication. A problem which suggests

itself is the inverse calculation -- to

determine which cross section has the best

stability behavior. This is a far more

difficult problem than the original one in

which a cross section is given and critical

!3’s are sought as a function of q. ‘l’his

problem has, however, been formulated as

an exercise in the calculus of variations.

As such it consists of nine nonlinear

coupled integrodifferential equations for

eight functions and an eigenvalue. It ap-

pears that a numerical algorithm might be

found to enable one to determine optimum

cross sections in a toroidal geometry. It

was possible to prove one result analyti-

cally. From the calculations done at Los

Alamos in the last year by Freidberg, Haas,

and Mardert as well as others, it seems

reasonable to guess that in a straight

geometry no cross section has better stabi-

lity properties than the circle, and, in-

deed, I have shown this to be the case.

This result was not so obvious a year ago

when elliptical cross sections were in

vogue. Toroidal effects alter this pic-

ture, however, and noncircular cross sec-

tions are still under active study.

c. HIGHLIGHTS OF THE NUMERICAL SIMULATION

AND COMPUTER APPLICATIONS PROGRAM

1. Two-Dimensional Implosion Simulations

(C. W. Nielson)

Over the course of the year a large-

scale computer code was developed which in-

cludes in two dimensions all six field

components and full electromagnetic inter-

action. Inhomogeneous boundary conditions

are incorporated which allow gradient ef-

fects to be simulated for the first time

in a two-dimensional code. It remains dif-

ficult to simulate physically realistic

parameter values, so artificial values are

chosen and varied in an attempt to discover

the parametric dependence. Such a depen-

dence would allow scaling the results to

the physical regime.

The principal result of these studies

has been to demonstrate the overwhelming

importance of gradient instabilities in the

initial formation of the sheath. At early

times the wavelength of the instability and

the size of the sheath are comparable. ?m-

alytic studies had previously noted such

instabilities but had dismissed them as un–

important. These simulations have revived

interest .in them as the possible source of

the very fast field diffusion during the

first several nanoseconds of a theta–pinch

implosion.

2. Microinstabilities in the Theta-Pinch

Sheath (N. T. Gladd)

There remains uncertainty as to which

instabilities are responsible for the anom-

alous resistivity leading to sheath broad-

ening in a theta pinch; candidates include

the modified two-stream instability, the

ion acoustic instability, the electron

cyclotron drift instability, the lower hy-

brid drift instability and, as recently

suggested by Freidberg, an ion Larmor ra-

dius modified flute instability. A compre-

hensive analysis of the linear theory of

these modes which includes the effects of

finite 8 and temperature anisotropies in

addition to the traditionally included

parameters is being performed. The analy-

sis is being carried out with both homo-

geneous and inhomogeneous equilibria.

A primary motivation for this analysis

is its use in conjunction with two-

dimensional inhomogeneous electromagnetic

simulations of the implosion phase of the

theta pinch. Results from analytic theo-

ries of this turbulence are essential also

to the success of hybrid simulation codes

which introduce the anamolous transport in

an a_dh~c way. .—

The complexity of the dispersion rela-

tion necessitates numerical analysis and a

general code for analyzing complex func-

tions has been developed, This code has

facilities for root location, root counting,

efficient following of roots through
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parameter space, and automatic mapping of

marginal stability curves and maximum growth

curves. This code will be made interactive

as soon as appropriate computational faci-

lities are available, and this step should

greatly facilitate the analysis of the dis-

persion relation.

3. Darwin Model Simulation Method (H. R.

Lewis, C. W. Nielson, T. A. Oliphant)

The proper way to neglect radiative

effects in Maxwell’s equations was first

deduced by C. G. Darwin in connection with

atomic physics calculations. He expanded

the full set of Maxwell-Lorentz equations

in Lagrangian form in terms of v/c of the

source particles, keeping terms up to

(v/c)2. The resultant set of equations

gives an “action-at-a-distance” set of

equations which contains Faraday’s law of

induction and part of the displacement cur-

rent due to time-varying charge distribu-

tions but no retardation and no electro-

magnetic waves.

These equations, or subsets of them,

have been used in innumerable plasma phy-

sics calculations where radiation is not

important. Simulation codes based on them

are also numerous, but have heretofore been

successful only in restricted special cases,

namely when only one-dimensional variations

are allowed or when electrostatic effects

are completely ignored. Attempts to imple-

ment the full set in two dimensions have

until now been faced with violent numerical

instabilities.

The source of the numerical instabi-

lities is the “transverse” part of the

electric field, the part which comes from

the time derivative of the vector potential.

It can be shown that any numerical method

which actually takes that time derivative

in the context of the Darwin model will be

numerically unstable since it contradicts

the instantaneous action-at-a-distance pro-

perty of the model. We have derived an

implicit equation for the transverse elec-

tric field which displays explicitly that

this field depends only on the instantaneous

values of source positions and velocities.

The elliptic partial differential equation

which must be solved is of a new form and

much of the work we have done has been in

testing various means of solution for this

equation. A combination of direct Poisson

inversion and global iteration has been

found to be a satisfactory method of solu-

tion and results are being obtained for

theta-pinch implosion simulations which

can be compared with previous simulations

made with a fully electromagnetic code

which includes radiation. The great ad-

vantage is that the Darwin or inductive

mQdel can be applied economically in the

nonrelativistic regime when the fully

electromagnetic code would be prohibitively

costly because it must follow the uninter-

esting light wave propagation effects on a

very fast time scale.

4. Numerical Vlasov Equilibria (N. T.

Gladd, C. W. Nielson)

In an attempt to study the relatively

slow microinstabilities that allow field

penetration during the slow compression

and confinement phases of a theta pinch,

it is desirable to initialize an electro-

magnetic particle simulation code with a

Vlasov-Maxwell equilibrium. Since analytic

forms for such equilibria exist only in a

very few nonphysical cases, a numerical

technique to generate such an equilibrium

at will is required. Mathematically, the

problem is that of solving two coupled

nonlinear differential equations for the

vector and scalar potentials. Without the

assumption of charge neutrality these

equations are extremely sensitive to numer-

ical integration and a number of standard

techniques were inadequate. However, it

has been found that the equations can be

directly integrated by using an iterative

scheme based on a Taylor expansion of the

charge and current densities in conjunction

with artificially contrived boundary condi-

tions. ‘l’hesolutions examined to date are

based on a particular form of the distri-

bution function based on exponential

.
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dependence of a particular sort. The re-

sulting equilibria differ from the desired

form because of large deviations from

charge neutrality. Generalizations of the

distribution function are being considered

in order to generate profiles similar to

those of collisionless shocks.

5. Hybrid Model Implosion Simulation (C.

W. Nielson, T. A. Oliphant)

To make macroscopic simulation feasi-

ble on present computers, some method must

be devised to avoid the very fast electron

time scale, and to average the fast effects

somehow into slow time scale parametric ef-

fects. On the other hand, the reflected

ions known to be of great importance in a

theta pinch cannot be described correctly

at all if the ions are considered to be a

fluid. The hybrid model being investigated

treats the ions as particles and the elec-

trons as a fluid with anomalous transport

properties whose detailed character is

determined either by theoretical analysis

or by empirical fit.

As an initial step, the hybrid simula-

tion code previously developed by Oliphant

using classical resistivity has been modi-

fied to have a resistivity corresponding

to a colliskon frequency of half the ion

plasma frequency when the cross-field drift

velocity exceeds the ion-acoustic velocity,

and classical when it is less. This fairly

crude algorithm was suggested by work of

Chodura and collaborators at Garching where

it is reported to describe their low-density

shock-heating experiments with some accu-

racy. In the high-density regime, where

we compare it to the results in Scylla l-B,

agreement is fair in that the magnetic

field profile and excluded flux measure-

ments agree to within about 50% with the

hybrid simulation. It is expected as the

code is refined, particularly with respect

to thermal conductivity effects, and when

the anomalous resistivity is made to follow

in some detail the best analytic estimates

corresponding to local conditions of

temperature and drift velocity, the agree-

ment will be better.

6. Vlasov-Fluid Model for Linear Stability

Analysis of High-f3 Plasmas (H. R. Lewis,

B. L. Buzbee (C-3))

In the Vlasov-fluid modelll-lq the

charged ions are treated as collisionless,

the electrons are treated as a massless

fluid, charge neutrality is assumed, and

the displacement current in Maxwell’s equa-

tions is neglected. Also, at present, the

equilibrium ion distribution function is

required to be a function only of the total

energy. This model is being applied to

study the linear stability of infinitely

long, axially symmetric, inhomogeneous

equilibria with arbitrary ion gyro radii.

To date, two problems have been considered,

both with a sharp-boundary equilibrium

density profile: 1) theta pinch with a

small azimuthal field, and 2) stabilized

Z-pinch.

The formulation of the model is in

terms of two functions, s(r,v,t) and C(r,t).-- ——
The function s(r,v,t) is related to the——

perturbed ion distribution function and

particle orbits, and it is expanded in a

series of eigenfunctions of the unperturbed

Liouville operator. The function ~(r,t) is—-
related to the perturbed vector potential

and is analogous to the MHD plasma displace-

ment; it is expanded in a series of eigen-

functions of the incompressible ideal NHD

operator. For numerical studies, the ex-

pansions are truncated, in which case the

number of eigenfrequencies equals the number

of expansion functions. The eigenfrequen-

cies are then usually determined by means of

a g~obal Newton’s method which finds all of

the eigenfrequencies simultaneously. Be-

cause the number of eigenfrequencies can be

quite large (e.g., several hundred) , means

were sought for speeding up the computer

code that carries out the global Newton’s

method. Nhereas the number of iterations

per root required previously increased ap-

proximately linearly with the number of

93



eigenfunctions of the unperturbed Liouville

operator that were used, the required num-

ber of iterations per root is now nearly

independent of the number of Liouville

eigenfunctions. This has led to a large

increase in speed, especially for the large

problems in which the total number of eigen-

frequencies is a few hundreds. For example,

a problem that previously could not be

completed in one hour on the 7600 now fin-

ishes in about two minutes. The source

of the improvement lies in having experi-

mentally understood the nature of the eigen-

frequency spectra and having used that

knowledge to greatly refine the initial

estimates of the roots that are supplied

for the Newton’s method. A method related

to Nyquist’s theorem was tried for extract-

ing information about maximum growth rates

without having to find all of the eigen-

frequencies. However, that method was

found to be more costly than the refined

global Newton’s method.

Experience with the two problems that

have been tried with this method, especi-

ally the stabilized Z-pincht has demon-

strated the desirability of obtaining fur-

ther analytic understanding of the model.

As a result, the limit of the model for

small ion gyro radius is now being investi-

gated in collaboration with R. A. Gerwin.

It is expected that the method will be ap-

plied to problems with diffuse equilibrium

density profiles during the coming year.

7. Stability of 13GKEquilibria (H. R.

Lewis)

An important feature of the Vlasov-

fluid model is that it appears to be possi-

ble to treat the stability of inhomogeneous

equilibria by severely truncating an ex-

pansion related to the inhomogeneity when

the equilibrium distribution function is a

function only of the total energy. In

order to determine whether a similar formu-

lation is possible and useful in other

problems, the techniques used in the deriv-

ation of the Vlasov-fluid model were ap-

plied to one-dimensional electrostatic

equilibria, and an analogous set of equa-

tions were derived, again under the assump-

tion that the equilibrium is a function

only of the total energy. It appears likely

that stability can also be studied in this

case by severly truncating the expansion

related to the inhomogeneity.

8. Nonlinear Evolution of Vlasov Plasmas

(H. R. Lewis, D. C. Barnes (c-6 and Purdue

University) )

The nonlinear evolution and long-time

behavior of a one-dimensional two-stream

unstable plasma has been studied using a

standard discrete-particle PIC code, as

well as two continuum models. The objec-

tives of the studies were a) to determine

whether the asymptotic behavior admits of

a useful description in terms of relatively

few time-dependent parameters, and b) to

find a simulation technique for the conti-

nuum Vlasov equations that is significantly

more effective than the standard methods.

It was found that the continuum models, in

which the dependence of particle trajec-

tories on initial conditions was approxi-

mated, exhibit serious violations of

Liouville’s theorem; that is, the mapping

of the phase plane at the initial time to

the phase plane at later times becomes

significantly nonmeasure-preserving in the

course of time. Study is under way of the

feasibility of using the constraint of

measure preservation to simplify the exact

equations or to derive more effective ap-

proximation schemes.

9. Vlasov-Fluid Model and Stability of

Hot Pinches (R. A. Gerwin)

The ion Vlasov-fluid model was studied

relevant to its predictions for the stabi-

lity of hot pinches. During the course of

this work, it was necessary to verify that

a new formulation of 6W (the MHD potential

energy of a pinch perturbation) due to J.

Freidberg contained the well-known result

of L = 1 Scyllac stability to the (pre-

dominantly) m = 1 mode in the limit ha

<< 1 (a = plasma radius, h = helical wave

number) . This was indeed verified after a

.

.

.
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great deal of algebra. It was further

found that the MHD displacement correspond-

ing to this instability (the eigenfunction

of the minimization problem) was essenti-

ally a rigid sideways motion in the limit

ha << 1.

In addition, the numerical formulation

of the Lewis-Freidberg Vlasov-fluid stabi-

lity code was extended to include the ef-

fects of ion-ion collisions.

Finally, it was found that a previously

neglected term in the Vlasov-fluid trial-

function dispersion relation approach of

Freidbergl] (the U3 term) cannot generally

be neglected, even for small U. The impli-

cations of keeping this term in the trial

function dispersion relation are now being

examined.

10. Comparisons of Some Plasma Simulation

Models (H. R. Lewis, C. W. Nielson, D. I.

Brown (University of Pennsylvania) , and

S. J. Gitomer (University of Pennsylvania))

Plasma simulation models in one and

two dimensions have been compared with re-

gard to the electrostatic two-stream in-

stability. The primary reason for making

these comparisons was to determine the ex-

tent to which physical results depend on

numerical method for a problem in which

collective effects dominate. Previously ,15

comparisons were made of four one-

dimensional simulation models using a stable

double-streaming situation as a test prob-

lem. In that case the comparisons were

with regard to collisional effects, energy

conservation, and momentum conservation;

however, because a stable test problem was

used, OnlY tentative conclusions could be

drawn as to the comparison among the models

when they are applied to a problem in which

collective effects dominate. We have ap-

plied the same four one-dimensional models

to compute the evolution of a two-stream

instability, an_dcompared the time depen-

dence of the electric energy as determined

by each of the models.16 The models are

characterized by the representation of the

electric potential, and by how the electric

field is computed from the potential. The

potential is represented either as the

exact negative gradient of the potential

or it is smoothed by interpolation with a

spline function of the same order as the

spline function used for the potential.

The result of our comparisons is that the

evolution of the electric energy of a two-

stream unstable plasma does not depend

strongly on the choice of model. There is

a much stronger dependence on the random

numbers that are chosen to represent the

initial distribution function in phase

space.

Three models were used for the two-

dimensional comparisons.17 In each model

the potential was represented as a bi-

linear spline function. In one model the

difference approximation to the Laplacian

in Poisson’s equation was the nine-point

operator prescribed by a variational

principle,l 8 and the electric field was

computed as the exact negative gradient of

the potential. In another model the more

usual five-point Laplacian was used, and

the field was smoothed by interpolation

with a bilinear spline function. In the

third model the nine-point Laplacian was

used with the smoothed field. The test

problem was an unstable double-streaming.

plasma that was initially cold in one

direction. As in the one-dimensional case,

the two-dimensional evolution of the elec-

tric energy did not depend strongly on the

choice of model, and there was a much

stronger dependence on the random numbers

that were chosen to represent the initial

distribution function in phase space.

We conclude that the choice among

these computer models for practical plasma

physics computations should be made on the

basis of considerations such as computa-

tional speed and storage requirements.

Future development of significantly better

computer models may emphasize approaches

that do not rely exclusively on the use of

discrete particles to represent the plasma.
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11. Study of Plasma Turbulence Using Mea-

surements on the Solar Wind (H. R. Lewis,

W. C. Feldman (P-4))

Work is continuing toward the goal of

obtaining a phenomenological description of

plasma turbulence from satellite measure-

ments of proton and electron velocity dis-

tributions in the solar wind. A prelim-

inarystudy of the degree of symmetry of the

electron velocity distribution has been

made, 19 and the mechanism of heat conduc-

tion in the solar wind is also under in-

vestigation.20

12. Energy Loss of a Relativistic Electron

Beam (R. A. Gerwin)

The energy loss of a relativistic

electron beam in a slightly resistive,

field-free, homogeneous plasma was numeri-

cally evaluated, with particular attention

paid to the finite beam length (usually as-

sumed infinite) and finite ratio of beam

radius to c/up (usually assumed infinite).

D. HIGHLIGHTS OF TOROIDAL Z-PINCH THEORY

1. Z-Pinch Stability Studies (D. A. Baker,

L. W. Mann)

We have developed a model for a dif-

fuse cylindrical Z-pinch having as few

parameters as seems necessary to obtain

good stability properties. The model in-

corporates hollow pressure profiles and

reversed axial field, thus giving stability

against diffusion, and eliminates equili-

brium wall currents. The model is de-

scribed in terms of parameters for Be and

pressure, with Bz being deduced by pressure

balance. The pressure is described by the

peak value, its value on axis, the radius

of the peak pressure,and the radius beyond

which p = O. ‘he ‘e
field is specified by

its maximum value, the radius of the maxi-

mum value, and the radius where d(rBQ)/dr

= o. The radii can be scaled by the wall

radius, and the fields and pressures by

‘Q max.
This still leaves six independent

variables to investigate. In particular we

have been investigating how these parameters

can be exploited to maximize the stable e~.

The gross m = O and m = 1 modes are

checked for stability by testing the 6W

integral numerically. The localized

Suydam criterion is calculated separately.

Profiles have been obtained which are sta-

ble for m ~ O for f3ew 58%. A sequence of

plots showing what happens to the minimum

wall position for stability as the pres-

sure is scaled up, keeping the came profile

shape and BO distribution, is shown in

Figure V-2. The wall position for stabi-

lity against gross modes is shown by the

arrow. Robinson21 quotes a limit of 50%

for m = O but his derivation assumes p x O

at the point of Bz reversal. An upper

limit using his trial function without that

assumption is

Be s 0.5 i-f30

21.lp
where 50 = ~ is the local @ at the radius

where Bz vanishes. For the problems cur-

rently being studied, the field reversal is

well inside the plasma edge resulting in

!3.’S of ~ 0.25. Equilibria which have Bz

reversal well inside the plasma are ad-

vantageous if stable operation at high L3e

values is desired.

It has been found that the position

of the wall for stability is insensitive

to the depth of the pressure depression on

axis. Hollow pressure profiles therefore

give somewhat smaller critical average Be

since they have smaller average pressure.

Profiles which are initially hollow should

remain stable longer as field diffusion

proceeds.

The high 13econfigurations are being

used to formulate problems to be tested for

stability in full toroidal geometry. The

stable toxoidal configurations reported

earlier had a rather low Be (% lCI~l .

2. Pressure Balance and Diffusion Heating

(D. A. Baker, J. A. phillips (Q-2))

The experiments in the LASL toroidal

Z-pinch (ZT-1) show that the poloidal field

diffuses rapidly and that most of the
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Figure V-2
Equilibrium pressure and field profile
showing the effect of increasing pressure
on the location of a conducting wall for
stability.

profiles now being considered therefore

have longitudinal currents nearly uniform

inside the pinched plasma column. In many

experiments the plasma f30’sare high. The

production of stable configurations would

be greatly simplified by operating at lower

values, which by MHD theory would have a

greater margin of stability. Attempts,

however, to lower the plasma energy density

have not been completely successful.

These considerations suggest that

there are limitations on f30due to the pro-

cesses involved in setting up the plasma

and field profiles. In particular, the

plasma is ohmically heated during the dif-

fusion of the poloidal field.

Applying energy balance (making use of

Poynting’s theorem) and pressure balance to

a cylindrically symmetric configuration of

plasma and fields fi(r,t), fi(r,t)one can

deduce the following necessary relation-

ship* for a plasma final state with radius

having a scalar pressure p and a uniform
‘P
longitudinal current density.

WP(0) + 2[2(f-1)~+1] Wol.nK+ 2(f-l)~W0

- ‘L3p+ ‘zin + : (WZ-WR) - [Wz-wf(o)l

-WL=O.
(1)

The quantities WP(0) and Wf(0) are the init-

ial plasma and field energies present at

the time of onset of the longitudinal cur-

rent I.

The remaining quantities are to be

evaluated at a time T when equilibrium is

reached and are defined as follows:

W. = u12/8T (MKSA) units)

K = R/r
P

= compression ratio

-----------.---

*A paper with the derivation of this equa-
tion is scheduled to appear in Phys. Rev.
Letters, Feb. 1974.
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~ is a mean-value theorem parameter

O < ~ < 1 for a rising current and is given

by J ‘Ez(O,t)I(t)dt/[I(T)
J
‘Ez(O,t)dt] .

0 0

w =U
-lT”

zin f
@zBz(R,t)dt

o

where $0 and $2 are the Be and B= fluxes in-

side the wall radius R.

f = flux annihilationfactor

J
T. Ez(R,t)dt/$@(T)
o

w= = longitudinal field energy

‘R
= nR2 [p(R) + Bz(R)/2~1

‘L = energy lost between t = o and t = T

We apply Eq. (1) to a stabilized Z-

pinch energized with a step function I(t)

which reaches an equilibrium state with

compressed Bz and the diffuse Be field dis-

cussed above. At the time of onset of the

longitudinal current (t = O) we assume that

the only field present is an initial uniform

B= supplied by a crowbarred conductor so
.

that $Z = Ofort>O. Under these condi-

tions Wf(0) = WZ(0) and Wzin is zero. For

a step function I(t) the term WOp
is zero.

Since WP(0), LnK, ~, and f-1 are all positive,

the first three terms in Eq. (1) cannot be

negative. For the compressed field case,

if p(R) is negligible, we have Wz ? WZ(0)

2W ~ so that the grouping of terms ~ (Wz

- WR) is positive and dominates the negative

grouping - [Wz - WZ(0)I. Thus the loss term

must be nonzero in order to satisfy Eq. (1).

The condition is only marginally met with

no losses for the nontypical special case:
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(1) there is no initial plasma energy at

the time of current onset [WP(0) = 01, (2)

the Be flux is conserved (f = 1), and (3)

there is no plasma or Bz field compression

[K=l, Wz = Wz(o) = WRI.

Thus if a cylindrically symmetric

stabilized pinch is driven with a current

which rises to its final value very rapidly

compared to the compression and flux dif-

fusion times it cannot achieve static equi-

librium after the B. field diffuses to a

uniform current distribution unless losses

or plasma pressure at the wall is present.

It follows from continuity that this con-

clusion will be true also if a small amount

of reversed longitudinal field outside the

compressed plasma column is added for sta-

bility. It may be possible, however, to

achieve magnetic containment without the

loss requirement by increasing WR using. .
substantial amounts of reversed longitudi-

nal field outside the pinch applied before

the poloidal field diffusion is complete.

If this is done by external field program-

ming, any additional energy input (Wzin)

must be included and, if positive, the lat-

ter acts in the opposite fashion to WR so

that care must be taken not to defeat the

purpose. ‘l’hisreduction of the loss re-

quired to achieve magnetic containment

amounts to arranging the configuration so

that the longitudinal field supports a

portion of the excess pressure arising from

poloidal field diffusion in addition to its

usual role of supplying stability. To

achieve confinement the whole operation

must be done in a fashion that a stable

configuration results.

For a slow current rise one expects

less heating for the final diffused state

since the WDB term in Eq. (1) will give a
.–

negative contribution rather than zero as

for the step function case. A measure of

the closeness of a given finite current rise

to the step function is given by the small-

ness of the ratio D = WGp(T)/[$e(T)I(T)].
We inquire as to whether the ratio D

for Z-pinches is high enough that

.

.

.
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equilibrium can be obtained with negligible direct evaluation of W
@p

then gives W

losses and plasma pressure at the wall. We
Elp

= WO and I = 2W0, so that the upper limit

solve Eq. (1) for D, and since WP(0) is on D for the incompressible case is 1/2.

positive it can be omitted, giving a lower Since ~ > 1/2 the condition on D will be

limit on D for the diffuse BO profile. We violated if f > 2. Since (1) Tokamaks typi-

obtain the following necessary condition tally operate with f factors larger than

for energy and pressure balance without two for the initial setup phase, (2) the

losses: flux does not penetrate instantaneously,

$ [2(f-l)E+l] Ink + ;(f-l)c + @3e) + (Wzin + Wz(o) - wR)/4w
DZ o

? (2)

!tnK+~

where

For common current waveforms ~ is

greater than 1/2 since Ez(O,t) is low at

the beginning of the current rise and be-

comes larger with time as the field dif-

fusion progresses, thus weighting the lar-

ger current values. (For the risetime of

a sinusoidal current and Ez(O,t) = tn, ~

ranges from 2/T for n = O to unity for n

+ CO.)For stabilized Z-pinch operation with

compression ratios of about two, with small

amounts of external reversed field and

p(R) = O, the above condition is typically

D & 0.5. If this condition on D is not

satisfied in fast compression experiments,

radiation and ionization losses are likely

to be insufficient and equilibrium can be

obtained only after wall contact. The con-

ditions required to establish stable equili-

bria are difficult to predict since the ex-

perimental flux penetration rates are anom-

alous.

It is of interest to apply condition

(2) to a Tokamak. Approximating this case

with K = 1, f30= 1, Wzin = O, and WZ(0)

= WR we obtain D ~ ~(f-1). An upper limit

on D for the incompressible case can be

obtained assuming that the B@ field dif-

fuses instantaneously to a uniform current

diskributi.onduring the current rise. The

and (3) ~ will most likely be considerably

greater than 1/2, the above argument pre-

dicts that an energy loss is also needed

for a Tokamak to achieve a final state of

uniform current for confinement by the

poloidal field, i.e., f3e= 1. This sug-

gests that the poorly understood early

phase of the Tokamalc discharge before it

falls into a steady regime is related to

the excess heating caused by the poloidal

field diffusion. The discharge can lose

any such excess energy (above that needed

for ionization) by instability, recycling,

or other means before it settles down to

its equilibrium phase.

The sometimes suggested method of re-

ducing ~e by reducing the plasma density

is far from being a simple conclusion. The

plasma density nowhere enters explicitly in

the above considerations. Its effect ap-

pears indirectly in determining the flux

penetration rates which determine the

energy input integrals. The density can

become important however, by affecting the

compression rate and also diffusion rate

if it is anomalous.

The arguments given are based on the

general assumptions of energy and pressure

balance, cylindrical symmetry,and plasma

thermalization. The results apply (toroi-

dal corrections aside) to a wide class of

containment devices.
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3. Belt Pinch Equilibria (D. A. Baker, L.

W. Mann)

The motivation behind the belt pinch

was twofold: (1) to produce a hot plasma

by compression heating, and (2) to achieve

stability at high beta as a result of the

increased q value associated with the non-

circular elongated plasma cross section.

The latter motivation was based upon the

speculation that large q (i.e., operation

well below the Kruskal-Shafranov limit)

implies MHD stability.

Our previous work (LA-5250-PR) showed

that for a given rectangular boundary shape

two types of equilibria were found from the

numerical solution of the MHD equilibrium

equation -- the desired solutions with high-

ly elongated cross section and those which

are short and contracted. The pressure

profiles used in these calculations were

flat-topped. Numerical convergence to a

solution whose plasma cross-section length

was about half the corresponding boundary

length of the device (as observed experi-

mentally in the early experiments at

Garching) was not obtained. More recent

calculations with mre peaked pressure pro-

files have denxmstrated the existence of a

continuum of solutions ranging from the

short nearly circular cross section to the

elongated ones. Three equilibria having

different eccentricity are shown in Figures

V-3, V-4, and v-5. The three solutions are

obtained by solving the MHD equilibrium

equation for varying values of the para-

meter which controls the width of the plasma

pressure profile. A striking result of

these calculations which is apparent by

comparing Figures v-3 and v-4 is that a

very small reduction in the width (relative

to the boundary) of the plasma profile as

measured at the midplane is accompanied by

a large reduction in the length (largest

dimension) of the plasma profile. This ef-

fect is also shown in Figure v-6, where the

length of the plasma pressure profile is

plotted vs its corresponding width. Both

dimensions are measured from the calculated
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Figure V-3
Poloidal flux lines, plasma pressure, and
field profiles at the midplane for a long
solution for a ratio of plasma width to
boundary width equal to 1.

position of the plasma edges where the pres-

sure is zero. The curves are given for

two values of the ratio of the dimensions

(length/width) of the rectangular cross-

section conducting boundaries. These

curves show that small amounts of compres-

sion in the radial direction drastically

reduce the elongation of the plasma, which

in turn reduces the “safety factor”

q = 1/277$BToR/rBpol d%.
The variation of the q factor on the

various flux surfaces (for the solution

given in Figure v-6) is shown in Figure V-7.

Flux surfaces are measured on the abscissa

by their minimum distance to the innermost
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Figure V-4
Intermediate solution -- ratio of plasma
width to boundary width equals 0.935.

boundary normalized to the total boundary

width. The q value reaches a minimum on

the innermost flux surfaces. This minimum

q value has been calculated and plotted vs

the plasma length in Figure v-8. All of

these results are given for a toroidal as-

pect ratio (mean major radius/boundary

width) of 1.5 and a toroidal $ value of

0.3. Other aspect ratios show qualitatively

similar results. Analogous calculations

have been made with the open geometry with

a separatrix as in the Garching experi-

ments (see LA-5250-PR) . All calculations,

whether with open or closed conducting

boundaries, have shown that equilibria re-

presenting large radial compressions are

incompatible with the desired highly elon-

gated, high q solutions. ‘I’heequilibria

can have high toroidal O(m 85%) with q

everywhere greater than unity. The latter

condition is not sufficient for stability

and the stability properties are presently

under study.
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Figure V-5
Short solution -- ratio of boundary width
to plasma width equals 0.313.
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Figure V-6
Effect of width of plasma distribution on
plasma height for boundary height to
width ratios of 4 and 8.
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VI. EXPERIMENTAL

A. SUMMARY (H. Dreicer)

PLASMA PHYSICS RESEARCH PROGRAM

During the past year the LASL Plasma

Physics Research (PPR) program continued

to be devoted to the study of the plasma

AC electrical resistivity and plasma heat-

ing produced by the application of high-

frequency electromagnetic radiation t~

fully ionized plasmas. This research cen-

ters on the dependence of the classical

and anomalous resistivity on the value of

the applied electric field.l The work in-

cludes measurement of the electron velocity

distribution as modified by high-frequency

heating, and, where feasible, determines

the spectrum and intensity of plasma waves

excited by the heating process. The resis-

tivity is measured in two different regimes,

a classical stable and an anomalous turbu-

lent regime. The transition between these

two regimes depends upon the value of the

electric field and has been found to be the

threshold for AC parametric instabilities

(Section Bl). In the classical regime,mea-

surements made for 0.1 $ (Wp/W)2 fi1 yield

the weak electric field (Ohm’s Law) resis-

tivity (Section C). At the lower plasma

densities ((11~/w2< 0.7) where it is possi-

ble to apply significantly larger fields

without exceeding this threshold, a signi-

ficant deviation from this Ohm’s law limit

has been observed in the classical regime

(Section D). This deviation, believed to

be the classical limit of those electric

field nonlinearities frequently described

in quantum language by the title multi-

photon inverse bremsstrahlung absorption,

may have important application to the laser

heating of 0-pinches. Our observation in

this interesting multiphoton regime was

made possible by the considerable effort

the group expended in the past to carefully

identify the threshold electric field de-

pendence upon plasma density and to accu-

rately measure the classical weak field

resistivity.

Above threshold, in the anomalous or

turbulent regime, observations yield a

larger resistivity than can be explained

by two-body Coulomb encounters (Section

B3) . The evidence indicates that this

anomalous resistivity arises from the in-

teraction of the current carrying parti-

cles with plasma waves excited by AC para-

metric instability to saturated nonlinear

levels (Section B4). Simultaneous mea-

surements of the electron energy distribu-

tion, analyzed during the past year,2 indi-

cate that under certain conditions the

energy is mainly absorbed by a small number

of energetic electrons, while under other

conditions a more uniform heating of all

electrons occurs (Section B4). The study

and understanding of the collective heating

mechanisms at work in this regime will con-

tinue to be a major task for the PPR group.

Because absorption and heating mea-

surements are intimately connected with

heat flow, the group has also devoted some

effort to measuring the thermal conducti-

vity Kll and to computing the influence of

heat flow upon the phenomena we observe.

A provisional measurement of Kll , made in

the classical regime, is in reasonable

agreement with results predicted by kinetic

theory. This measurement will be refined

in the future and if possible will be ex-

tended into the anomalous or turbulent

plasma regime where little understanding

about heat flow exists.
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The primary motivation of the PPR

group’s research program is the fact that

the electrical resistivity is not yet a

well-understood transport parameter al-

though most present devices considered for

heating DT plasmas to fusion temperatures

and achieving a plasma equilibrium rely

strongly upon mechanisms that involve the

resistivity. These devices depend, for

example, upon ohmic heating (Tokamaks,

Stellarators, laser heated e-pinches) , upon

the degree of anomalous skin effect (Toka-

maks and Z-pinches) , upon the maintenance

of sharp magnetic piston-plasma interfaces

for implosion heating (theta pinches) , and

upon very efficient energy dissipation by

turbulent heating (laser and relativistic

beam fusion devices). More specifically,

in each of these phenomena there appear to

be some conditions under which parametric

decay of excited plasma waves, as studied

by us, becomes an important nonlinear satu-

ration mechanism for the plasma waves and

fluctuations which provide anomalous resis-

tivity. Even the study of collisional pro-

cesses may provide important information

about plasma behavior in CTR devices. For

example, our observation that multiphoton

processes affect collision rates and resis-

tivity can be extrapolated to the effect

that plasma oscillation fields may have

upon the electron-ion energy relaxation

rate.

It appears reasonably prudent to con-

jecture that a detailed understanding of

resistivity and heat flow will strongly

influence the efficient utilization of

energy injected into all CTR devices cur-

rently under consideration.

Much of our research has also served

as a means of testing the validity of the

increasingly sophisticated predictions pro-

duced by the C’TRprogram’s computational

activity. Such scientific exchange has

occurred between members of the PPR group

and personnel at university and CTR labora-

tories.

Atomic Beam
‘Tt I

for

our

and

Figure VI-1
Experimental Setup.

Mr. F. Wittman has been responsible

the engineering work associated with

experiments. He and Messrs. N. Gardner

A. Mondragon have provided expert tech-

nical assistance in all phases of the

group’s experimental activities.

B. ABSORPTION OF ELECTROMAGNETIC WAVES

NEAR THE ELECTRON PLASMA FREQUENCY

(H. Dreicer, R. F. Ellis, J. C. Ingraham)

By using a fully ionized Q-machine

plasma column, a high-quality 2-GHz micro-

wave resonator, and a set of plasma probes

(Figure VI-l),we have studied the electri-

cal resistivity near the electron plasma

frequency, up, and also the effect of micro-

wave absorption upon the electron energy

distribution F(E). Scientific progress has

occurred in the following areas:

1. Parametric Instability Threshold

During the past year we have measured the

threshold for anomalous microwave absorption

over a wider range in density (i.e., #/u2 )

than reported earlier. We have also shown

that the results are essentially indepen-

dent of confining magnetic field (i.e.,

~c/up) . Figure VI-2 shows our experimental

observations of the threshold in (vE/vT)

for a wide range of confining magnetic

fields B. (or IJ)c/up)and density. Here

.

.

.

.
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‘E _ eEO/(nw)

~– (2kT#n)% ‘

E. = microwave electric field amplitude

Te = electron temperature.

At threshold,EO = Eoc and VE/VT = (VE/VT)c.

The solid line curves on Figure VI-2 show

the theoretical threshold for the paramet-

ric decay and oscillating two stream in-

stabilities computed for an infinite uni-

form plasma with B. = O and Te = Ti. The

poor agreement with theory in the over-

dense regime, (Wp/U2) > 1, occurs because

this theory ignores the possibility of

parametric excitation of plasma waves propa-

gating obliquely to BO, and also i~ores

finite plasma column effects. Such oblique

waves, propagating in an infinite plasma,

obey the dispersion relation

u 2 ‘“P.
COS e(l + ; k2A~),

provided BO is infinite. 0 is the angle

between ,pOand the wave vector ,$of the

plasma wave. It is important to note that

the dispersion relation for electron plasma

waves propagating on a similarly magnetized

uniform plasma of finite radius

(Trivelpiece-Gould modes) is exactly the

same provided that the plasma is bounded by

a good conductor. Thus we expected the

inclusion of oblique waves in the infinite

plasma theory to go a long way toward

explaining the finite plasma results. This

was a reasonable expectation especially

since the infinite plasma threshold theory

for oblique waves predicts perpendicular

wave numbers that are consistent with our

radial boundary conditions. Computations

made during the past year have borne out

this expectation. We modified the

Freidberg-Marder3 theory to include the

effect of infinite magnetic field on the

electron motions, retained zero magnetic

field for the ion motions, and ignored the

effect of magnetic field upon the electron-

ion collision rate (see Section C) . This

limit approximates well the uc/up ratios

for electrons and ions in our experiment.

The results, indicated in Figure VI-3, show

that the threshold curves for various

obliquely propagating waves are very simi-

lar to each other, but are shifted along

the (up/w)2 axis by the factor l/cos2e.

The measured threshold field at any value

Of (upO/u)2is then associated with that

angle of propagation which has the smallest

threshold field. For (upo/w)2 ~ 0.99 this
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minimum threshold is associated with waves

propagating parallel to BO (i.e., 6 = O)and

this case agrees with the BO = O theory

shown in Figure VI-2. The modified theory

predicts that for (upo/u)2 ? 0.99 the ob-

served threshold field should remain es-

sentially constant at its minimum value

(as it does), because the minimum threshold

for parametric excitation of oblique waves

propagating with increasingly larger prop-

agating angles is being observed. In this

range the theory predicts the relationship

between up/w and the propagation angle 9 of

the wave responsible for minimum threshold.

The observed thresholds shown in Figures

VI-2 and VI-3 have not been adjusted by any

arbitrary parameters to improve the agree-

ment with the theory. In the theoretical

treatment the unperturbed electron and ion

velocity distribution are assumed to be

oscillating Maxwellian distributions at the

hot plate temperature of our Q-machine,

i.e., T = 2250”K. Figure VI-4 shows the

sensitivity of the threshold to the choice

of electron temperature. Apparently the

main effect occurs for 0.9 S (UpO/W)2 S 1.0,

where the threshold electric field has a

minimum and is determined by collisional

damping rather than by Landau damping. Our

measurement of the collisional damping be-

low threshold in the weak electric field

limit (See Section C) is in good agreement

with the value implied by the measured

minimum in the threshold. At the lower

densities, (upo/u)2 $ 0.9, Landau damping

is responsible for the sharp increase in

threshold field. For the three electron

temperatures investigated theoretically the

Landau damping of the ion waves remains

especially strong. The observation of a

somewhat lower threshold in the Landau

damped region than theory predicts for an

oscillating Maxwellian suggests that the

actual distribution may be non-Maxwellian,

t ?
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Figure VI-4
Electric field threshold vs density.

perhaps slightly distorted by the absorp-

tion which accompanies the threshold mea-

surement. The generally good agreement

between these observations and the theoret-

ical predictions is one of the really im-

portant accomplishments in this field.

2. Indirect Observation of Lanaau Dampinq

According to the theory of AC parametric

instabilities the sharp break in the

threshold field versus density curve at

(upo/u)2 % 0.9 corresponds to the transi-

tion between Landau and collisional damp-

ing. For smaller densities (i.e., (upo/w)2

< 0.9) the sharp rise in the theoretical

threshold field reflects the sharp increase

in Landau damping as the wavelength of the

excited plasma oscillations decreases with

decreasing (wpo/u)2. The observation of

this sharp rise in threshold has interest-

ing implications apart from the measure-

ment of threshold. Our plasma column is

characterized by a Debye length, AD, of

2 x 10-3 cm, a plasma radius, R, of 1 cm,

and according to theory the wavelength of

the most unstable parametric waves is

about 0.05 cm. Thus agreement between

threshold theory and measurement amounts

to an indirect experimental verification

.
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of Landau damping under conditions for

which AD/R = 2 x 10-3. This ratio is much

smaller than the value of 10-1 achieved in

the classical Malmberg, Wharton,and

Drummond4 experiment, and our experiment

therefore comes closer to satisfying the

infinite plasma conditions of the Landau

damping theory. The impact of our thresh-

old results on the physics of Landau damp-

ing would become more important if the

wavelength of the unstable waves could be

measured near threshold.

3. Anomalous Electrical Resistivity

A pulse technique has been used for mea-

suring microwave absorption (Figure VI-5)

above the threshold. The data indicate

dependence upon density and pump power
.

which must be studied in greater detail be-

fore a proper understanding can be deve-

loped. ‘Themagnitude of Veff is compli-
.

cated by the need to know the detailed

radial distribution of anomalous absorption

while the microwave technique only yields

the total absorption over the plasma. In

the analysis leading to Figure VI-5 we have

used our measurement of the radial distri-

bution of very hot electrons for this

purpose (see Figure VI-6). This ignores

, , ,
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Figure VI-6
Electron energy distributions.

the radial distribution of anomalous heat-

ing in the body of the electron energy dis-

tribution because too little is known about

this. Figure VI-5 also ignores changes in

vei and in E the threshold electricOc’
field, as a result of the heating which

accompanies the absorption measurement.

These corrections are not expected to alter

the magnitude of Veff significantly, and

their detailed study is not expected to

become worthwhile until the anomalous

absorption mechanism itself becomes more

amenable to experimental observation.

4. Anomalously Heated Electron Enerqy

Distribution

Retarding potential probe measurements of

F(E) have yielded the first quantitative

data (Figure VI-6) which show that long

tails of hot electrons are produced when

the parametric instabilities are driven

into their nonlinear regimes. The result

indicates that the number and distribution

of hot electrons is a very sensitive func-

tion of w#/w2 and pump power, and may in-

volve the production of a second bump on

the tail. Some heating of the main body

of the electron di.gtributionhas also been
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observed. The sensitive dependence of hot

electron properties upon plasma density may

be summarized as follows: Two regions of

plasma density are found, corresponding to

strikingly different properties of the hot

electrons: 0.70 s w;o/&l*S 0.85, where

Landau damping dominates the threshold; and

0.9 ~ u~O/w2 ~ 1.0, where collisional damp-

ing dominates the threshold. Figure VI-6

displays F(E) curves for a density in each

of these regions, with P = E~/E~c as a

parameter. The common features for the two

cases in Figure VI-6 are the following:

(1) nHOT/nO, the ratio of hot to ambient

electron density, increases strongly with

increasing P, but is always less than 1%

(see Table VI-l); (2) at the 10West p

values F(E) is Maxwellian, but at a much

higher temperature than ambient; and (3)

the average energy Uav of the hot electrons

increases linearly with 4P (Figure VI-7) .

The features not in common are these: (1)

uav of the hot electrons for the collision-

damped region is considerably higher than

for the Landau-damped region; (2) the S1OPS

of Uav versus 4P is different for the two

regions; and (3) a bump develops in F(E)

at higher P values only for densities in

the collision-damped region. The sudden

change of Uav between these two density

regions correlates with the expected be-

havior for electrons moving at the
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Figure VI-7
Average hot-electron energy
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theoretically predicted3 phase velocity of

the most unstable electron wave, suggesting

that wave-particle interactions play a

role. For example, at W~o/u2 = 0.77 this

energy is 1.6 ev, at u~o/u2 = 0.94 it is

5.0 eV, and at u&/u2 = 0.96 it is 7.7 eV.

Note that the position of the bump in F(E)

at W$o/U* = 0.94 is also consistent with

these energies, and that such bumps could

also exist at u&/u2 = 0.77 but be at

energies too low to be measured by our

detector. Another distinction between the

two density regions is in the fraction of

the measured anomalously absorbed micro-

wave power PmOM carr”ied‘by the hot elec-

trons. The absolute power in hot electrons

‘HOT is computed from F(E) . ‘HoT@ANoM
and nHoT/nO are given in Table VI-1 for

TABLE VI-I

HOT-ELECTRON PROPERTIES

~2 /.2 P
po 102nHOT’no ‘HOT’PANOM

— .—
1.6 0.015 0.021

0.77 4.0 0.10 0.10

14. 0.75 0.13

2.2 0.0038 0.12

0.94 6.6 0.096 0.80

32. 0.77 1.10

the cases shown in Figure VI-6. Only in

the collision-damped region, and for higher

P values, is a very large fraction of PmoM

given to a very small fraction nHoT/no of

the electrons. The estimated uncertainty

‘f ‘HOT/p~oM is * 50%. Preliminary mea-

surements of the temperature increase of

the body of the electron distribution show

that a significant fraction of the

unaccounted-for PANOM goes into moderate

body heating rather than hot-tail produc-

tion.

.
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c. WEAK FIELD ELECTRICAL RESISTIVITY

(J. H. Brownell, H. Dreicer, R. Ellis, and

J. C. Ingraham)

Below the threshold for anomalous

absorption (Section Bl) the electrical

resistivity is primarily due to electron-

ion encounters. In the weak field limit,

where vE/vT << 1, the current obeys Ohm’s

law and the resistivity is independent of

electric field strength. Our measurement

of this quantity is based on its relation-

ship to the quality factor (Q) of the

microwave resonator used in the experiment

(Figure VI-l). The incremental change in

l/Q due to microwave dissipation in the

plasma is given by

provided Vei c<.6J. The factor n depends

only upon the geometry. A theoretical

value of A (l/Q) based upon the Dawson-

Oberman electrical resistivitys has been

computed for T = 2250”K (solid line) and is

compared with the observations (black dots)

in Figure VI–8 for 0.1 S (Wp/W)2 S 1.0.

These data were reported earlier by US,6

but are included because other work in this

report depends upon it. The excellent

agreement between theory and experiment
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A(l/Q) VS (LIJpo/w)4.

in this case has made it possible to uti-

lize the proportionality Vei Q Te-3/2 for

the measurement of electron temperature.

An important point which remains to be

settled, however, concerns the effect of a

static magnetic field upon the weak field

electrical resistivity. The Dawson-Oberman

computation ignores magnetic field effects

while our experiments are carried out on a

magnetized plasma column with E. parallel

to BO and with uc/w
P

in the range 3.0

< uc/w < 14.4, for which Debye length
P

> electron gyration radius. In such a

strong magnetic field the usual hyperbolic

electron-ion

modified for

than

where

e2
h=—=

mv 2

scattering orbit is strongly

impact parameters p larger

Pc =m

nearest distance of approach

electron gyration radius

V1 = component of electron velocity per-

pendicular to BO.

‘Thequantity pc is the impact parameter for

which the Coulomb force just equals the

magnetic force. If at any p the gyration

radius is large enough for the electron to

gyrate from p > pc to p < pc then it is not

possible to use pc to make a clear separa-

tion of Coulomb-dominated and magnetic-

field-dominated collison orbits. This is

unfortunately the usual situation encoun-

tered, and it means that simple collision

computations are difficult to make.

During the past “year the Dawson-Oberman

theory for the AC resistivity, R, was

modified by us to include the confining

magnetic field5 and also arbitrarily large

electric fields. The computation can be

carrie”dthrough, but the resulting resisti-

vity formula is complicated. We have

so far evaluated this resistivity in

the limit of B. + LVand E. + O
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only. Figure VI-9 shows a comparison be-

tween this result and the B. = O result.

Inasmuch as the B. = M limit corresponds

strictly to PC = O this result may bear

little relation to the situation encoun-

tered in the laboratory, because finite BO

always implies a range of impact parameters

p ~ PC for which the Coulomb force predom-

inates over the magnetic force. This range

is completely absent in the B. = - limit.

Evaluation of R for finite B. is required

to resolve this issue, and this task will

be carried forward during the coming year.

In view of the fact that our observed

resistivity is in good agreement with the

zero magnetic field Dawson-Oberman resisti-

vity it appears likely that much larger

magnetic fields than are available to us

are necessary to produce a noticeable de-

viation from the zero magnetic field re-

sult.

D. EXPERIMENTAL EVIDENCE FOR NONLINEAR

INVERSE BREMSSTRAHLUNG ABSORPTION (J. H.

Brownell, H. Dreicer, R. F. Ellis, J. C.

Ingraham)

During the past year we obtained the

first experimental evidence that the classi-

cal electrical resistivity (or inverse

bremsstrahlung absorption) deviates from

Ohm’s law, and is a function of applied

electric field strength when the radiation

intensity is strong enough for ve/vT to

approach unity. In our experiment this

phenomenon can be separated from the

anomalous absorption, because the threshold

for anomalous absorption rises rapidly

with decreasing density (Figure VI-2) . By

choosing ((I)p/W)2< 0.7 it is possible to

aPPIY electric fields strong enough to ob-

serve deviations from Ohm’s law, but too

weak to excite the AC parametric instabi-

lities.

We have measured the classical resis-

tivity as a function of vE/vT in such a

regime with the same microwave technique

used to measure the weak field resistivity

(Section C). The new problem that arises

in this case is the need to separate the

effect of Ohmic heating on the electron-

ion collision rater v from the more
ei’

fundamental influence of a strong electric

field upon this collision rate. To explain

the distinction we first recall that in

weak fields

Temperature

v Ohmic
ei.

temperature

(vE/VT + O) we have vei ccT-312

changes can therefore affect

heating raises the electron

at the rate

+% = : (vE/vT)%
‘h = ei

when Vei << w and heat flow can be ignored.

The use of microwave measuring pulses whose

duration exceeds Vh-l can therefore lead

to sizeable changes in Vei. Secondly we

note that the applied electric field com-

petes with the Coulomb force and modifies

the hyperbolic orbit ordinarily traversed

by an electron when it collides with an

ion. A measure of this modification is

the amplitude

sion in space

6 is given by

6 = vE/lo

6 of the oscillatory excur-

excuted by a free electron.

= aD (vE/VT) (wp/fAl),

and equals the Debye

and Up/u are unity.

length AD when vE/vT

A study of these vE/vT

.

.
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orbit modification effects is simplified

by use of measuring pulse lengths Tp

shorter than Vh-l. Otherwise some means of

correcting for temperature changes is re-

quired.

Our experimental runs were carried out

at densities corresponding to 0.55 < (up/w)2

S 0.65. Microwave pulses with pulse dura-

tions in the range 0.2 psec $ T & 30 psec

were used to measure A(l/Q). T~eir elec-

tric field strengths were restricted to

values below threshold which ranged from

(vE/vT)c = 0.5 to (vE/VT)c = 0.7 over the

densities studied. For (up/w)2 = 0.6 our

earlier weak field resistivity measurements

(Section C) yielded Vei = 6 x 10+6 see-l at

Te = 2250”K = TO. This means that for ap-

plied fields whose magnitude is about one–

half the threshold value, we expected

significant Ohmic heating only from pulse

durations T
P
which were larger than 1 to

2 psec.

This conclusion was tested by first

ignoring the existence of the orbit modifi-

cations and using the conventional inter-

pretation of A(l/Q) to deduce the tempera-

ture increase due to heating from the mea-

sured A(l/Q) values. This procedure is

based upon the relation between the con-

ventional vei

v =6x106
ei

as well as on

A (l/Q):

and the temperature

(TO/T)3/2 (for TO = 2250”K),

the relation between Vei and

A (l/Q) = rl(up/u)2 (vei/w). (See Section

The resulting values of T/TO deduced are

shown in Figure vI-10 (black dots) , for

c.)

vE/vT = 0.37, together with two theoretical

curves (solid lines) that give the expected

heating as a function of pulse length.

Both theoretical curves are based on the

actual pulsed electric field distribution

in time and spacer but the heating cal-

culation utilizes the measured weak field

I 1“1’1 1“”1 I
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Figure VI-10
T/TO VS T for vE/vT =

P
0.37 and (up/w)2

~ 0.6,

resistivity (Section C) . To test the ef-

effect of heat flow along the plasma column

on the temperatures achieved it was in-

cluded in one of the two theoretical solu-

tions as indicated. These theoretical

curves are numerical solutions to

(1)

where

K = Ko(T/TO)5/2 = Spitzer’s thermal con-

ductivity

~2

S(x,t) = + P Vei(T) E: (x,t).
~2 + v~i(T)

The striking feature of the result shown

in Figure VI-10 is the large apparent

temperature jump (T/TO % 1.5) deduced from

the A(l/Q) measurements for the shortest

used. Moreover this app
‘P

arent tempera-

ture jump is nearly independent of T until
P

‘P
equals ~ vh-~. Provisional temperature

measurements carried out with Langmuir

probes indicate no such increase fox small

‘P
in agreement with the theoretical cal-

culations which also predict much less

early time heating irrespective of heat

flow. BY monitoring the electron density
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we have also ruled out the possibility that

the large apparent temperature deduced for

small T
P
might actually be due to a sudden

density reduction produced by the micro-

wave pulse itself.

The observation of this large early-

time apparent temperature jump leads us to

conclude that the value of Vei is altered

when vE/vT approaches unity. We conclude

that the temperature jump deduced for early

times is false, but indicates instead that

vei itself has become a function of applied

field. Such modification in Vei would

manifest itself in a modification of A(l/Q)

that follows the detailed time dependence

of the applied field without delay.

The data shown in Figure VI-10 cor-

respond to V*/VT = 0.37 or the single

electric field value E. = 74.3 volts/cm.

The effect of vaxying electric field is

shown in Figure VI-11 where the ratio

‘eff
/vei(TO) defined in terms of the ex-

perimental quantities A(l/Q(Eo)) and

A(l/Q(0)) by

‘eff A(l/Q(EO))

‘ei (To) = A(l/Q(0))

is plotted for T = 0.2 to 0.4 psec as a
P

function of Eo. For the short pulses in-

volved, there is no Ohmic heating in weak

fields. Therefore the weak field A(l/Q)

values, denoted by A(l/Q(0)) , yield the

classical electron-ion collision rate at

the initial temperature TO. If the strong

field orbit modification were absent and

had the weak field dependence‘eff

v
eff = ‘ei

(T) = T-3/2

then the sole result of applying a micro-

wave pulse would be Ohmic heating, and

‘eff/vei (To) would be simply given by

(TO/T)3/2. Equation 1 has been solved for

all of the microwave pulses used in

experiments to determine T/To. The

(solid black line) in Figure VI-11,

a measure of the difference between
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Figure VI-11
vs E~ for (up/u)2 ~ 0.6.

the observed effect. It indi-

cates the real nature of the discrepancy

involved and shows the convergence of the

observations and theory in the weak field

limit, as expected. The reader is cau-

tioned not to deduce the actual temperature

rise from this theoretical curve, because

the source term S(x,t) in Eq. VI-1 is based

upon the weak field value of Vei and thus

overestimates heating. This is also true

of the theoretical curves in Figure VI-10.

The orbit modification effects dis-

cussed earlier are presumably included in

the theoretical treatment of the resisti-

vity published by Salat and Kaw.7 A de-

tailed comparison o“four observations with

this theory is not yet complete, but it

does indeed show that our measured devia-

tion of veff from vei (T) due to high fields

is of the order of five times greater than

their theoretical prediction. This work

will continue during the coming year.
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VII. CTR ENGIN)ZERIN’G

A. SCYLLAC ENGINEERING

1. Toroidal Conversion (W. H. Borkenhagen,

K. W. Hanks, H. W. Harris, E. L. Kemp, C.

F. Hammer,and J. H. Banta)

The first phase of Scyllac shown pic-

torially in Figure VII-1 was divided into

two experiments: a 5-m toroidal sector and

a linear experiment that actually consisted

of a 5-m linear coil with strong mirrors on

each end. A blast wall was installed be-

tween the two experiments to isolate them

from each other.

The conversion of these two experi-

ments into a single toroidal experiment was

phased to maximize the physics experimental

program during the construction period. In

general, three phases were involved: the

continued operation of the linear experi-

ment while the five toroidal sector racks

were relocated; operation of the five

toroidal sector racks with the new toroi-

dal radius (4 m vs 2.5-m Phase I radius) ;

and finally, integrating all racks into a

complete system. The conversion proceeded

.-——
SCYLLAC PHASE I

Figure VII-1
Scyllac Phase 1.
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as planned, and in the 52 weeks in 1973,

the linear experiment operated 7 weeks and

the enlarged toroidal sector operated 23

weeks.

The conversion proceeded in the fol-

lowing manner. Referring to Figure VII-1,

the blast wall remained in place and the

linear experiment continued to operate

while the five toroidal sector racks were

disconnected and moved back radially ap-

proximately one meter using air pallets.1

The collector plates were modified, re-

installed,and connected to a new coil. In

Marcht the blast wall was removed and the

two linear racks adjacent to the toroidal

sector were moved into their proper toroi-

dal location. A new blast wall was

installed through these two racks so phys-

ics could be conducted on the new toroidal

sector while conversion proceeded in the

other racks. One linear rack was removed

from the building to allow manuevering

room for the remaining seven racks. When

they were in position the last rack was

installed. Finally, the blast wall was

removed and physics experiments have ceased

until the toroidal experiment will begin

operation. Figure vII-2 shows the col-

lector plate system in the toroidal con-

figuration.

Two types of personnel were involved

in this conversion, union crafts and skilled

technicians.2 The crafts performed the

construction work for a total cost of

.

.

.

.

Figure VII-2
Scyllac collector plate system in toroidal configuration.
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$550,000 while the technicians completed

the unconventional work. Approximately 20

craftsmen and 15 technicians were involved

in this program for a full year. The con-

struction work was completed at the end of

December and toroidal physics experiments

are expected to begin in May 1974.

2. Toroidal Feedback System (K. J. Kutac,

W. H. Borkenhagen, E. G. Sherwood, G. A.

Barnes, and L. S. Schrank)

The toroidal Scyllac system requires

a feedback stabilization system to control

an instability that is generated by the

fields required to obtain equilibrium in a

curved theta-pinch geometry. The feedback

system, described in LA-4888-PR, consists

of a position detector, a signal processor,

a Power amplifier, and E = O field coils.

Only a few (three to six) position detec-

tors and signal processors are required

for the system while 60 power anplifier

modules are required as well as 240 !,= O

coil assemblies. Each power amplifier

module includes two ML-8618 power amplifier

triodes as well as amplifier and driver

circuits.

Two teams were organized to fabricate,

install, and check out this system. The

fabrication team modified all the modules

from the Scylla IV experiment and then

began fabrication of the remaining 50

modules. The operations team installed and

operated 32 modules on the 4-m radius toroi

dal sector experiment. This feedback sys-

tem performed relatively well and showed

some evidence of controlling the plasma

although the experiment was terminated be-

fore the feedback was optimized. Fabri-

cation and installation of the remaining

28 modules is under way.

B. COMPONENT DEVELOPM31NT

1. Components for SFX Capacitor Bank

(R. A. Haarman, E. L. Kemp)

The theta-pinch Scientific Feasibility

Experiment (SFX) will require over 200 MJ

of magnetic energy in the compression coil

which will ultimately be supplied by a

Magnetic Energy and Transfer System (METS).

A AC. e ., ----- . . . . . . . ..--.. —
,“.. suppur, –

sandwich
opton Insert

brass
stub,
nlmx.411’nm

Figure VII-3
High-energy fuse package.

The METS system requires a large transfer

capacitor bank to improve its transfer ef-

ficiency. This capacitor bank may actually

be first used to energize the compression

coil for the initial SFX experiment.3 ‘The

principal components for this capacitor

bank are a low cost capacitor, a crowbar

igni.tron,and a series switch.

The development of a low cost capaci-

tor and a crowbar ignitron has begun. The

presently available 170-pF, 10-kV, 8500-

joule capacitor sells for about three cents

per joule. This capacitor is being fully

evaluated in a crowbarred circuit to deter-

mine its life and failure mechanism.

Higher stressed, lower cost units are being

ordered for evaluation.

The most difficult component in this

circuit is the crowbar switch. A size D

ignitron is being evaluated for this appli-

cation. Six type NL 5553B/T2600 ignitrons

were evaluated in a test circuit carrying

a peak current of 100 kA with an L/R time

constant of 4 ms which required the tubes

to conduct a total charge of 400 coulombs.

Two of the tubes went beyond 15,000 shots

at which time they were opened to determine

their internal condition. These two tubes

did not prefire during these tests and

showed very little evidence of arc transfer
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to the wall when they were opened. The

other four tubes failed for a variety of

mechanical problems that can be corrected.

A new bank is being built to evaluate tubes

at 1000 coulombs which is the goal for

this component.

2. High-Energy Fuse Development (R. S._

Dike and R. A. Haarman)

A fuse packageq capable of interrupt-

ing 500 kA, developing an 80-kV pulse, and

absorbing 30 kJ of energy has been devel-

oped for use in the present ZT-1 experiment.

The same fuse can also be used in the pro-

posed ZT-S experiment with two fuses per

quadrant, one mounted above the other and

connected in parallel.

After a series of tests of various

arc-inhibiting materials described in

LA-5250-PR, it became clear that sand was

the superior arc-inhibiting medium. Figure

vII-3 shows a sketch of the fuse package.

The PVC sand container is flexible enough

to absorb the blast wave without rupture.

The Eastman 910 adhesive, which is used to

bond the PVC pocket to the cycolac fuse

support, is strong enough to prevent the

PVC from tearing away from the support.

Kapton sheets are inserted between the fuse

supports in a sandwich design to provide

increased dielectric strength.

The advantages of the fuse package in-

clude the capability of inverted mounting,

no sand or debris being expelled when the

fuse is fired, and the relative ease of

replacing fuses after each shot and thereby

increasing the amount of experimental data

that can be obtained per day.

3. Transfer Capacitor I?rototype Circuit

(R. S. Dike, R. A. Haarman, and R. Helm)

A prototype transfer capacitor test

header has been built to determine the

characteristics of the transfer capacitor

circuit described by J. N. DiMarco in

LA-5250-PR. This header, shown in Figure

VII-4, is proposed to replace the fuse

switched inductive storage circuit on

future Z-pinch experiments. The prototype

is being used to evaluate the components

required for this system, in particular a

0.08-PF, 100-kV capacitor, a transfer

switch, and a damping resistor, as well as

to evaluate the high-voltage characteristics

of the header design.

The header has been fired about 1000

shots during which the header design was

modified to make it operate reliably at

100 kV, the design goal. This testing oc-

curred with one-fifth of the design energy

in order to minimize the fault energy. The

header is now relatively reliable at 100 kV.

The transfer switch characteristics

have been investigated in the self-breakdown

mode and the triggered mode; however, the

switch inductance is relatively high and

approximately 70% of the total voltage ap-

pears across the transfer swit<h. At the

one-fifth energy level, an ~ of 1.5 x 1012

amps/see has been achieved at 100 kV on the

transfer capacitors. The current transfer

characteristics appear to follow the theo-

retically predicted values.

Effort continues in decreasing the

transfer switch inductance, transferring

higher currents by increasing energy levels,

and placing the header in an automatic fir-

ing mode for component life testing.

c. ENGINEERING ANALYSIS

1. Prediction of Failures in CTR Sys-

tems (G. P. Boicourt)

The problem of predicting failure

rates5 is becoming more important in CTR

engineering because of the large systems

under consideration. A large theta-pinch

system will contain thousands of identical

components, many of which are barely beyond

the development stage and whose failure rate

may be fairly high. If such a system is

assembled without due regard for these

failure rates, there is a real danger that

it will not operate satisfactorily.

The usual “mean time between failures”

calculation is not applicable here because

it assumes all the components in the system

are on the flat part of their failure-rate

curve. This means the early failure com-

pone,ltshave been eliminated before the

120



.

●

.
Figure VII-4

Prototype transfer capacitor test header.

components are installed in the system.

Unfortunately, some of the critical compo-

nents in a large CTR system may not be

tested sufficiently to reach the flat part

of the failure-rate curve because of the

time and expense involved. Usually only a

few types of components determine the fail-

ure rate in CTR systems and this makes

possible the Monte Carlo calculation of an

analogous quantity, the “expected time to

next failure,” provided the failure distri–

butions of the critical component types

are known.

The “expected time to next failure”

is defined to be the reciprocal of the

failure rate of the composite systems and
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is thus time dependent. For the case where

failures are independent, the failure rate

of the system is given by the expression

(1)

where Rs is the system reliability function.

For systems which are series systems in the

probabilistic sense

N
Rs = 11Ri

i=J.

where R
th

i is the reliability of the i

component,

J
m

Ri = fi(t) dt= 1 - Fi(t) .
t

Therefore, since

-dRi
fi(t) = ~

and

we have

N

I
fi(t)

r(t) = 1 - Fi(t) “
i=l (2)

This can be simplified a little by noting

that if we have Mj components that obey

identical statistics and J such groups then

r(t) =
i+%
j+ (3)

provided each component in each group has

been operating the same length of time.

If some components have been replaced, then

the Mj can be reduced accordingly and terms

for each replacement component added to the

sum of equation (3) as required.

A computer program has been written

to predict the “expected time to next fail-

ure” for a system having up to ten types

of failure distributions. The number of

failure distributions will be expanded in

the future. The use of ten component

types is sufficient since the more usual

parts of the system, i.e. power supplies,

control circuits, etc. , have low failure

rates and will be well tested before in-

stallation. Thus they can be lumped to-

gether into a single composite type fol-

lowing exponential statistics as is done

in the usual “mean time to failure” cal-

culation.

The logic of the program is as fol-

lows. For a given shot the probability of

failure is computed using known component

failure distributions and Monte Carlo

methods are used to determine if a failure

occurred. If SO, the Monte Carlo method

is again used to find the failed component

which is then replaced before the computa-

tion proceeds to the next shot. At ally

time the failure rate and “expected time

to next failure” can be computed using the

known failure distributions and the pre-

vious history of the system. Example cal-

culations and applications can be found

in the reference.5

2. Fitting Test Data to Weibull Statis-

tics (G. P. Boicourt)

A prime objective of component testing

is to determine whether a given component

is of sufficient quality to perform satis-

factorily in a large system. In order to

use the failure data obtained from the

tests of samples of a component type, it

is advantageous to describe the failures

by a probability distribution. A distri-

bution which has great generality and

describes many mechanical and electrical

components is t;..~aibull distribution.

.

.

.
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The Weibull distribution in complete

generality is a function of three para-

meters. Its density function is given by

f(t) = !?t(~-l)
a.

The literature tends to

parameter distributions

the location parameter,

-(t-y)~
a

e

treat only the two-

and assumes that

y, is zero. Un-

fortunately, at least two common CTR

components, cables, and capacitors obey

Weibull statistics with nonzero y . Thus ,

if full value is to be obtained from the

testing of these components, some way of

fitting the test data to the three-

parameter distribution is required.

A FORTRAN IV program has been devel–

oped to fit data to a three-parameter

Weibull distribution. The fit is accom-

plished by assuming that y is nonzero,

performing weighted least-squares fits, and

using the data from the last fit to improve

the next fit iteratively. l?woweights are

used: a weight of one to emphasize the

early failures and aid in picking up pos–

sible multiple distributions, and a weight

chosen proportional to the reciprocal of

the variance. The latter weight is the

theoretically correct weight when only one

distribution is present. Specialized

Weibull plotting routines were developed

and are included in the program. These

provide optional standardized Weibull plots

of the raw data and fitted data. The

program is able to handle data which in-

cludes suspended items, that is, units

which have been removed from test prior to

failure. This feature allows periodic

examinations of operations data on corn-

ponents in situ since a component may still

be operating and be weighted in the anal-

ysis.
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VIII. FUSION TECHNOLOGY

.

.

?+. INTRODUCTION (R. A. Krakowski)

Activity in the reactor technology

area commenced in CY 1972, and has accel-

erated considerably during the past year.

The first major iteration on an engineer-

ing design of a Reference Theta-Pinch Re-

actor (RTPR) has been completed jointly by

ANL and LASL.1 An environmental assess–

ment based on this engineering design is

near completion. Computational efforts in

neutronics, CTR blanket physics, heat

transfer/fluid flow, and materials evalu-

ation have generated a realistic calcula-

tional base upon which future, more de-

tailed design efforts and reactor assess-

ments can proceed. Numerical simulation

of the thermonuclear burn and gas cooling

dynamics has been advanced. Experimental

research in both insulator and metal tech-

nology has moved ahead. Given below is a

synopsis of the results of the activities

during 1973.

B. REACTOR DESIGN STUDIES (R. A.

Krakowski, Q-DOT)

The Argonne National Laboratory and

the Los Alamos Scientific Laboratory have

initiated and completed an engineering

design of a fusion reactor which uses the

theta-pinch principle of plasma confine-

merit.1-3 The RTPR operates in a pulsed

mode, and during the 10.O-sec duty cycle

the following sequence of events occurs:

(a) implosion heating of the preionized

DT plasma to WI keV (0.000–0.010 see) ,

(b) adiabatic compression of the plasma to

ignition at %6 keV (0.010-0.030 see), (c)

thermonuclear burn of the high-beta plasma

at constant magnetic field (0.030-0.110

see), (d) quench of the burning (’Y15keV)

plasma by a programmed relaxation of

magnetic field (0.110-0.130 see) , (e’

the

transfer of the plasma internal energy by

conduction through a neutral gas layer+

to the blanket (0.130-1.130 see), and (f)

removal of excess blanket enthalpy by

flowing lithium metal, ash removal, re-

fueling, and preionization for the next

power pulse (1.130-10.0 see).

Figure VIII-1 illustrates schemati-

cally the essential elements of the staged

theta-pinch concept. A low-energy magne-

tic field, (~1.4T), implodes a fully ion-

ized, low–temperature plasma. The im-

plosion field is driven by a large azi-

muthal electric field (mO.2 kV/mm) which is

derived from a capacitive discharge and

IMPLOSION HEATING SLANKET
ESS

~ “LAS”A~
Al IMPLOSION HEATING B) EQUILIBRATION

IMPLOSION HEATING
ION

C) ADIABATIC COMPRESSION D) BURNING AND
PLASMA EXPANSION

Figure VIII-1
Plasma heating, thermonuclear
direct conversion in a staged
reactor,

burn, and
theta-pinch

125



_ -10’ ,~ NE
Bremsstralurq H

22

[c+ 1.0 10’

Impbsion and

~~~#j O;

Start Start next
staging com p poww pulse

(r-. los)

Time (ins)

Figure VIII-2
Instantaneous fluxes to which
wall will be subjected during
power cycle.

must have a risetime of a few

the first
a 10-sec RTPR

tenths of a

microsecond to be effective in heating the

plasma wikhout significantly decreasing

the plasma radius.* The implosion stage

is followed by a slowly rising (% tens of

milliseconds) compression field (mll.OT’

which is generated by massive, room-

temperature coils that are energized by

an external, superconducting magnetic

energy store. The energy contained by

compression field is appreciable (178

MJ/m) and must be efficiently recovered.

he

The shaded regions of Figure VIII-I re-

present a magnetic field perpendicular to

the plane of the figure. The arrows indi-

cate the flow of energy into and out of

the system. As the plasma is reduced in

radius, the density and temperature in-

crease adianat~cally. Shortly before the

maximum compression field is attained, the

plasma ignites and the thermonuclear burn-

ing accelerates at a constant compression

field. The energetic alpha particles (a

DT cycle is being considered) thermalize

in the dense plasma and the internal

energy of the plasma increases proportion-

ately. The plasma, therefore, expands

against the constant magnetic field, doing
---------------

*Large values of the ratio of plasma radius
to first-wall radius are desirable for ef-
fective wall stabilization of the plasma.

useful (direct-conversion) work in the pro-

cess. After the burn the compression field

is reduced to %3.2T”~ the density and

temperature decrease, and the thermonuclear

burn is quenched. The plasma internal

energy, which is still significant follow-

ing the quench (’w4.1MJ/sn), is conducted

through a neutral gas layer to the first

wall of the reactor; the neutral DT gas

layer is introduced during or immediately

after the adiabatic compression. Once the

plasma internal energy has been slowly

transferred to the lithium primary coolant,

the burn ash is removed, new fuel is in-

jected and ionized, and the system is read-

ied for the next power cycle. The total

duty time is governed by the desire to de-

rive a maximum of useful energy per cycle;

the need to restrict the radiation, thermal,

and stress levels to which the first vacuum

wall will be exposed; and the need to

evacuate and refuel the plasma chamber.

The unoptimized choice of 10 sec for the

RTPR duty cycle is based on the latter con-

siderations. Figure VIII-2 summarizes the

radiation fluxes to which the RTPR first

wall will be subjected; evaluation of the

first-wall materials response has been

summarized elsewhere.5,b

Table VIII-1 summarizes important de-

sign parameters for the RTPR power plant,

which is depicted in Figure VIII-3. The

fusion reactor/power plant is shown dia-

grammaticallyin Figure VIII-4 and consists

of 10 major systems as follows: implosion

heating, plasma compression/confinement,

magnetic energy transfer and storage, first

wall, blanket, biological shielding, fuel

supply/removal, fuel/ash removal and re-

processing, lithium processing, and energy

conversion. A total of 36 GJ (101 MJ/m) of

recoverable neutron, gamma,and bremsstrah-

lung energy is deposited into the RTPR

blanket every 10.0 sec. Liquid lithium

is used as the primary coolant. Other

materials used include alumina (provision-

ally chosen as the first-wall insulator) ,

niobium for the first-wall and blanket
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structural material, beryllium neutron

breeder and graphite as a moderator. Two

energy conversion schemes are considered:

a) a conventional, low-temperature system

which uses a Na/steam cycle, and b) an

advanced high-temperature steam system

which uses a potassium topping cycle.

Special attention is given to the plasma

burn dynamics, overall energy balance,

blanket neutronics and thermal response,

radiation shielding, radiation effects,

corrosion of construction materials, thermal

and irradiation response of the A1203/Nb

first wall, and tritium recovery and con-

tainment. Unique features of the design

include a superconducting magnetic energy

128

transfer and storage system and modular

blanket structure (shown in Figure VIII-5),

which permits easy access for maintenance.

The first-wall loading corresponds to

2.0 MN/m2 based on the 14.1-MeV neutron

current or 2.9 MW/m2 based on total thermal

power generation by neutrons (3.3 MW/m2

based on a total thermal power generation).

The ratio of instantaneous-to-average neu-

tron flux is m100, and continuous, full-

power operation is ass”umed. Table VIII-2

summarizes the calculated thermal excur-

sions, thermal stresses, dpa and transmuta-

tion rates, and H/He production rates ex-

pected of the RTPR first wall. In certain

instances the conditions (neutron fluence,

instantaneous neutron flux, gas generation

rate, transmutation rate, etc.) under which

the first-wall materials are expected to

function have never before been experienced.

Extrapolation of existing fission-reactor

and accelerator irradiation data, however,

forecasts potential troubles. A major

goal of the RTPR design exercise is to de-

fine major problem areas and where possible

to identify quantitatively the kinds of

design changes which will alleviate these

problems. The engineering design is de-

tailed enough to provide the basis for a

subsequent environmental (Sec. G) impact

study and an assessment of future research/

development needs.

.
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TABLE VIII-1

SUMMARY OF RTPR POWER PLANT CHARACTERISTICSa

Minor diameter (first wall)

Major diameter

Number of 2-m-long modules

Blanket thickness

Blanket construction material

Duty cycleb

Burn time

Uncollided (14.1-MeV) neutron current averaged
over the power cycle

Total instantaneous neutron flux averaged
over the - 0.08-sec burn period

Total neutron flux averaged over the power
cycle

Annual fluence of uncollided 14.1-MeV
neutrons (2.0 MW/mZ)

Annual fluence of 14.1-MeV neutrons

Annual fluence of neutrons with E > 10 MeV

Annual fluence of all neutrons

Bremsstrahlung energy flux at the first wall

Total power density in A1203C

Total power density in Nbd

Burnup/pulse

Breeding ratio

Ratio thermal power to recirculating power

Gross thermal output

Thermal conversion efficiency

Recirculating power fraction

Gross electrical output

Net electrical output

---------------

1.0

112.

176.

0.4

A1203, Nb-l%Zr, Be, C

10.0

~o.080

13
8.92 X 10

1.11 x 1017

9.04 x 1014

2.81 X 1021

5.52 X 1021

6.43 X 1021

2.85 X 1022

71.62

1652.2

493.4

4.8

1.11

15.6 (13.6)e

3,600.

40. (56.4)

0.16 (0.13)

1,440. (2030.)

1,210. (1770.)

aBased on a sodium/steam power conversion system. Plant characteristics
conversion system which uses a potassium topping cycle are summarized in
fluence, and energy values are evaluated at the first wall.

bThe duty cycle is limited to a lower value of 3.0 sec by first-wall heat
fuel/ash pumpout time constants.

C86.6% bremsstrahlung, 3.9% gamma, 9.5% neutron.

d58.0% bremsstrahlung, 37.2% gamma, 4.8% neutron.

‘Numerical values in parentheses refer to a power conversion system which
temperature potassium topping cycle.

m

m

m

sec

sec

n/cm2-sec

n/cm2-sec

n/cm2-sec

n/cm2-yr

n/cm2-yr

n/cm2–yr

n/cm2-yr

J/cm2-pulse

J/cm3-pulse

J/cm3-pulse

%

Mwt

%

MWe

MWe

for a power
Ref. 1. Flux ,

transfer and

uses a high-
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Cutaway view of RTPR module. 176 such modules form the
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THETA-PINCH REACTOR NEUTRONIC STUDIES

J. Dudziak, T-1)

Several modifications of the original

Reference Theta-Pinch Reactor7,8 (RTPR)

design were studied from a neutronics view-

point. Included were substitution of moly-

bdenum for niobium (RTPR,MOD6)* and varia-

tions in the thickness of the Li-Be and

and graphite regions (MOD7 and MOD8).

---------------

*11MODI1n~ers refer to specific details
of the neutronic model used for the Rl?PR
neutronic analysis and generally refer to
small variations of materials distribution
in space and kind.

Results show that simple substitution of

molybdenum for niobium throughout the re-

actor will decrease the tritium breeding

(N.s%)principally because of increased

parasitic capture by structure in the

graphite region. It can be inferred from

the calculations, however, that substitut-

ing molybdenum in only the first wall would

increase breeding approximately 3%. The

latter effect is due to increased (n,2n)

and decreased parasitic absorption re-

action rates in molybdenum versus niobium

for the hard neutron spectrum at the first

wall. Table VIII-3 summarizes some of the

reaction rates in the two cases. All

.
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breeding ratios given do not account for .

resonance self-shielding, which will result

in increases by %5%.

Tritium breeding is also sensitive to

the amount of beryllium which is located

in the

of the

crease

region

of the

hard neutron spectrum just outward

first wall. A roughly linear in-

in breeding occurs as the Li-Be

is extended outward at the expense

graphite region, at least up to 40

mm. Table VIII-4 shows that within a wide

range the breeding ratio is easily adjust-

able without altering the total blanket

thickness. However, a slight penalty is

paid for increased breeding because the

neutron leakage to the compression coil

also increases, aggravating the radiation

damage and nuclear heating problems. Such

damage and heating could, if necessary, be

alleviated by extending the blanket radius.

Energy deposition in various RTPR

blanket modifications was evaluated in

detail. Of particular interest is the re-

coverable, high-grade energy per neutron.

Table VIII-5 summarizes the component and

total energy depositions at a 3.5 MW/m2

wall loading of 14.06-MeV neutrons. Gamma

transport calculations were performed only

for MOD4 and MOD8.*

A major difference in computed neutron

energy deposition occurs, depending upon

the kerma factors chosen. Most neutronics

studies to date have used the ORNL set of

kermas,g so for comparison purposes among

CTR reactor concepts those values in Table

VIII-5 are most appropriate. However, re-

cent calculations by Abdou and Maynard,~O

using ENDF-111 data, have provided gener-

ally much lower kerma values. Because all

transport and photon production calcula-

tions (with minor exceptions) performed at

LASL used the ENDF-111 data, the Ref. 10

values in Table VIII-5 should be most
---------------

*MOD4 is the same as the RTPR MODl of Ref.
7, except with 10 v/o lithium in the graph-
ite region. MOD7 and MOD8 are the same as
MOD4, except for the region thickness
vari.ati.onsnoted above.

consistent. The reference set of neutron

kermas used in these calculations was com-

posed mostly of the ORNL valuesg supple-

mented by Abdou’s valuesl” for materials

not included in the ORNL compilation (viz.,

0, Al, and Ti). From Table VIII-4 it is

apparent that increasing the Li-Be region

thickness not only enhances the recoverable

energy but the breeding as well.

Since all neutron transport calcula-

tions for this RTPR design were normalized

to 3.5 MW/m2, it is interesting to compare

the rates of displaced atoms, between

niobium and molybdenum first walls. The

respective values in the first wall for

niobium and molybdenum are virtually the

same: 59.0 dpa/y and 61.2 dpa/y, respec-

tively.

1. Reference Theta-Pinch Reactor (RTPR)

Engineering Design Nucleonic Studies

A comprehensive nucleonic analysis

has also been performed for the more recent

RTPR engineering design study.~ For con-

venience this engineering design study is

designated RTPR MARX II to differentiate

the neutronic model from the original RTPR.

Characteristics analyzed included neutron

and gamma-ray flux distributions, tritium

breeding ratio, nuclear energy deposition,

displacements per atom, transmutation,

activation,and other reaction rates. These

studies employed a new calculational model

including 36 discrete regions from the

plasma to the titanium support, thus giving

more detailed reaction rate distributions

and more accurate integral parameters.

Otherwise the calculational procedure was

the same as that discussed previously,

(one-dimensional discrete-ordinates cal-

culations using the DTI?-IVcode in an

S4-P3 mode, and 100-group cross sections) .

‘l?ritiumbreeding ratio for the re-

ference engineering designl was computed

to be 1.11 after accounting for resonance

self-shielding; this breeding ratio cor-

responds to a tritium inventory doubling

time of 36 days. Variations on the refer-

ence design were made to explore the

133



1.

2.

3.

4.

5.

6.

7.

8.

9.

Reaction

(n,2n) in first wall
(Region 4)

Parasitic absorption
in first wall
(Region 4)

Net absorption (2-1)
in first wall

(n,2n) total in Mo(Nb)

Parasitic absorption
total in Mo(Nb)

Net absorption (5-4)

Parasitic absorption
in Mo(Nb) in
graphite (Region 6)

Parasitic absorption
in Mo(Nb) in
Li-Be (Region 7)

Parasitic absorption
in enriched Li
(Region 8)

---------------

*Not accounting

TABLE VIII-3

RTPR MOD6 VS MOD4

(Mo vs Nb structure)

MOD6 MOD4
Mo Nb

0.0638043 0.0481011

0.0463598 0.0587085

-0.017445 0.010674

0.119057 0.0884778

0.323921 0.242936

0.204864 0.154458

0.167115 0.084766

0.105658 0.093518

0.0045031 0.0055446

MOD6-
MOD4
MO -Nb

0.01570

-0.01235

-0.028119

0.030579

0.080985

0.050406

MOD6 net breeding ratio:* 1.0196

MOD4 net breeding ratio:* 1.0714

0.082349

0.01214

-0.001042

for resonance self-shielding.

TABLE VIII-4

EFFECT OF INCREASED THICKNESS OF Li-Be REGION

MOD4 MOD7 MOD8

Li-Be region thickness (mm) 96 116 136

Graphite region thickness* (mm) 220 200 180

Tritium breeding ratio? 1.071 1.125 1.172

Neutron flux with energies
>1 MeVt at compression
coil (n/cm2-see) 1.80 X 1013 1.94 x 1013 2.08 X 1013

Neutron energy deposition

in compression coil

(MW m--l)

_______________

*Graphite outer
tNot accounting
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0.121 0.129 0.138

rad’iusconstant--62O mm.
for resonance self-shielding.

MoD6/
MOD4
Mo/Nb

1.326

0.7897

1.346

1.333

1.326

1.971

1.130

0.812

.
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sensitivity of breeding ratio to thickness

of the beryllium multiplier. Other changes

in region thickness included the thinning

of the second graphite region and corre-

sponding thickening of the enriched 6Li

region. Within the constraints of constant

blanket thickness and unchanged blanket

materials, the breeding ratio was easily

adjusted between values of 1.08 and 1.19.

As summarized in Table VIII-6, the beryl-

lium thickness is the principal determinant

of breeding ratio. In a test calculation

to ascertain if large margins for breeding

were available without modifying total

blanket thickness (and hence magnetic

volume) , the first graphite region was re-

placed with beryllium. The resulting 1.37

breeding ratio indicates that possible fu-

ture increases in neutron leakage or struc-

tural parasitic absorption can be compen-

sated by increased beryllium multiplier.

Doubling times given in Table VIII-6 are

for a blanket tritium inventory of 95.9 g,

external tritium inventory of 5.86 kg, and

triti>xnconsumption of 1.5 kg per day.

Detailed results for the new calcula-

tional model were reported in the joint

ANL-LASL engineering design study~ of an

RTPR. No major changes in energy deposi-

tion, displaced atom rates, or transmuta-

tion were observed, as compared to the old

O.SO-m radius homogenized model discussed

previously. In addition niobium activation

rates were provided to ANL for estimation

of coolant activities. Activation rates

for 63 impurities in niobium and lithium

have also been computed, but the results

remain to be analyzed.

A bulk biological shield design for

the RTPR NARK II was performed in coopera-

tion with ANL. Using the blanket neutron

fluxes as boundary “sources,” ANL computed

neutron transmission through 2 meters of

ordinary concrete. The blanket gamma-ray

sources were used for a similar gamma-ray

transmission calculation; gamma-ray doses

represent %99% of the total dose outside

the shield. Details of the calculation

were presented in a joint ANL-LASL paper.11

Details of radiation damage rates,

transmutation,and nuclear heating can be

found in the joint ANL/LASL design report.1

These reaction rates were calculated for a

reference neutron wall loading of 2.0 MW/m2

corresponding to a 10-second cycle time.

Figure VIII-6 shows a composite neutron

and gamma-ray energy deposition distribu-

tion for the RTPR blanket and magnetic

coils at the reference 2.0 MW/m2. Neutron

flux spatial distributions over the same

regions are shown in Figure VIII-7 for

three neutron energy ranges. ‘These flux

distributions were subsequently used to

calculate afterheat and radioactive in-

ventories, which are discussed as a sub-

sequent section (Sec. V-G] on the environ-

mental aspects of the RTPR.

2. RTPR Blanket Sensitivity Studies

A set of blanket calculations was per-

formed to determine the sensitivity of im-

portant reaction rates to the multigroup

0
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TABLE VIII-6

RTPR MARK II BREEDING STUDY

.

Region (No.)
Thickness (mm)

MODO MOD1 MOD2 MOD3 MOD4

Lithium Coolant (5) 30 25

Be (7) 25 30

Lithium Coolant (9) 45 45

Second Graphite (21) 150 140

Enriched 6Li (25) 24 34

Lithium Coolant (27) 10 03

Enriched 6Li (29) 24 31

MOD Breeding Ratio*

4 1.08

3 1.09

0 1.11

1 1.15

2 1.19

_—-------------

*
Including 0.07 for resonance self-shielding.

tAfter including resonance self-shielding.

Compression ond

< 1013

i

— Totol
.... ~,

: loll —-–-– >-1Mev .... \
L .... ‘\

.......... > 10 MeV ... ‘\

‘:L-_N
o 0.5 Lo 1.5

Radius (m)

Figure VIII-7
spatial Variatign Of neutron flux in RTPR
blanket.

25 30 30

35 20 20

40 50 50

135 135 150

39 39 24

03 03 10

31 31 24

Doubling Time?

(Days)

49

44

36

26

21

treatment of the Be(n,2n) secondary dis-

tributions. The secondary energy-angle

distributions are approximated differently

by various cross-section multigroup codes.

A corrected treatment of the Po-P3 scatter-

ing matrices using a newly developed LASL

processor code yields a 6% decrease in

tritium breeding and an 11% decrease in

total recoverable energy, both of which

are significant. Further study is being

done to verify these preliminary results.

3. Linear Theta-Pinch Neutronics

Neutron transport and energy deposi-

tion calculations were completed for a

linear theta-pinch conceptual reactor de-

sign. The reactor was assumed to have a

O.1-m radius bore and a O.11-m-thick com-

pression coil (CU-O.5 w/o Be). Cooling of

the coil, which operates at 800 K, was

provided by 10 v/o ‘Li, and 20 v/o of the

coil is assumed to be A1203 insulator,
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The coil was surrounded by a 0.79-m-thick

region of ‘Li at 1100 K, which proved in-

adequate for tritium breeding because of

high-neutron leakage rates. A mre realis-

tic blanket would incorporate a moderator

and/or greater thickness so adequate breed-

ing may be achievable. Because the coil is

inward of the breeding region of the blan-

ket, joule losses should be insensitive to

the blanket region thickness. An average

plasma radius of 0.02 m was used, assuming

an isotropic source per pulse of 6.81x101a

neutrons per meter of length in the plasma.

This corresponds to s24.4 MJ/m2 wall load-

ing of 14.06-MeV neutrons. Assuming 18.9-

MeV energy release per plasma neutron one

calculates MJ/m2 or 20.6 NJ/m, at least

half of which is estimated to be deposited

in the magnetic coil. Although the copper

parasitically absorbs ‘v24%of the plasma

neutrons, the compression coil is a net

positive contributor to neutron balance,

because m26% of the plasma neutrons undergo

(n,2n) reactions in copper. However, tri-

tium breeding is adversely affected because

the (n,2n) neutrons from copper are gener-

ally below the 7Li(n,nta)T threshold.

Rapid transmutation of the copper into Ni,

Zn,and Co will occur from radiative capture,

(n,2n),and (n,x) reactions, and is shown

in Table VIII-7; a cycle time of 10 seconds

was assumed for Table VIII-7. Neutron

heating rate spatial dis~ribukions have

been computed for the linear reactor;

gamma-r+y transport and heating calcula-

tions remain to be done. Radiation damage

rates of ~50 dpa/y would be expected in the

coil if pulsed once every 10 seconds.

4. CTR Irradiation Facility at LAMPF12

Monte Carlo calculations for a tempo-

rary graphit”ebeam stop experiment are be-

ing performed in cooperation with LASL

groups CMB-8 and P-n. The resulting

neutron flux spectrum will then be compared

to one unfolded from foil activation by

group CNC-11. High-energy neutron produc-

tion and transport are being computed with

an intranuclear cascade code,13 followed

by low-energy (E ~ 20 MeV) neutron krans-

port using the MCN Monte Carlolq code.

Reaction

63Cu(n,a)

63Cu(n,2n)

63Cu(n,p)

63Cu(n,y) -

65Cu(n,a)

6sCu(n,2n)

65Cu(n’,p)

65Cu(n,y)

TABLE VIII-7

LINEAR 0-PINCH
CU* TRANSMUTATION FOR A 1O-SECOND CycLE

INNER SURFACE OF COPPER COIL (0.1025m)

PPmh Ni (+Co) PPm/y Zn

2.37 + 2 (60co,5.272y)
.

3.01 + 3

7.57 + 2

6.25 + 2 6.25 + 2

2.37 + 2

2.94 + 3 2.94 + 3

(f3- decays back to 65CU in 2.52 h)

5.65 + 2

---------------

*
Isotopic Abundances: 63CU - 0.691

65CU - 0.309
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A cooperative dosimetry program was dis-

cussed in detail with CTR Dosimetry Center

(ANL) personnel who are participating in

the foil activation analyses. The purpose

of the comparison exercise is to verify the

Monte Carlo calculations. Calculations

will then be performed for the regular cop-

per beam stop to predict flux intensities

and spectra at the Irradiation Facility.

Additional, one-dimensional S calculations
n

are in process to assess the effectiveness

of a nickel reflector in enhancing the

flux intensity. If found to be effective,

a nickel lining will be placed on the ir-

radiation cavity walls in proximimity to

the irradiation experiments.

Dosimetry planning for LAMPF has con-

tinued on a minimal, intermittent basis.

Discussions were held with participants at

a recent LAMPE’applications conference

regarding two subject areas: (a) measure-

ment of high–energy neutron flues by

double scattering and time-of-flight; (b)

theoretical modeling and computation of

recoil ion transport and interactions in

materials. A multigroup Monte Carlo trans-

port code has been activated and modified

for LAMPF beam stop neutron flux calcula-

tions. The code has been tested on a bench-

mark calculation and was found to be in-

adequate for P3 calculations.

5. Development of Monte Carlo Capability

The CTR blanket benchmark is being

used to debug a multigroup Monte Carlo

neutronics code. Calculations were being

performed with uncorrected PO cross”sec-

tions and will be repeated with transport-

corrected P~ and PO-P3 cross sections for

comparison. The benchmark is being used

to gain confidence in the code and its

suitability for LAMPF beam stop neutron

transport calculations, as well as future

RTPR studies. Capability will then exist

to perform neutron streaming calculations

in the RTPR coolant pipe channels and

shield ducts. Identical cross-section sets

are being ueed in the Monte Carlo and

discrete-ordinates calculations.
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Figure VIII-8
CTR nuclear analysis computational system.

6. CTR Nuclear Analysis Code System (D. J.

Dudziak, F. Brinkley, and P. Rood)

Progress has been made toward develop-

ment of a systematic calculational scheme

applied to CTR nuclear analysis. The cur-

rent system is shown schematically in

Figure VIII-8. PREMIX is a code written

to premix region materials for DTF-IV,

thereby conserving storage during its

execution. GAMSTRP is a minor service

code to strip selected records from a mas-

ter data file containing multigroup neutron

interaction, photon production,and photon

interaction data sets. Another minor code

not shown in Figure VIII-8 is TODTF, which

prepares response functions and kerma fac-

tors in DTF input format. The principal

development has been the TR3 code. This

code is essentially a DTF-editing post-

processor that computes quantities”of in-

terest for CTR neutronic analyses. Such

quantities are renormalized fluxes, fluxes

summed over selected groups, integral

fluxes, differential fluxes in energy,

radiation damage (displacements per atom

and helium production) , activation of blan-

ket materials, spatial distribution of

nuclear heating, integral heating by region,

and gamma source spatial-spectral distri-

bution. Most of these quantities are also

plotted on film and the gamma sources are

prepared on an input file for DTF’-IV.
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In the process of performing radio-

activity and afterheat calculations, two

new versions of TR3 were developed, denoted

TR3A(Nb) and TR3A(V). Continuing minor

improvements are also being made to the

code. Currently T’R3is linked to DTF-IV,

but modifications are planned to create

multigroup Monte Carlo flux output in a

compatible format. Improvements in TR3

have been mainly providing optional plot

capabilities (e.g., grid lines or tick

marks) , improved plot scales, and minor

output format changes to increase clarity.

Also, a spin-off code (TR3G) has been pro-

vided specifically for postprocessing of

gamma-ray fluxes. All system codes are

now in the LASL file manager called UPDATE.

Future plans for TR3 include incorporation

of a sensitivity module, which will be an

adaptation of an existing LASL code.

7. 14-MeV Intense Neutron Source Design

Support (D. J. Dudziak)

Assistance was provided on the pro-

posal for an intense 14-MeV neutron source.

In particular, a section of the proposal

on “Scientific Justification of Need” was

written to describe the facility’s useful-

ness in blanket neutronic studies; i.e.,

benchmarks and (at a later stage) engineer-

ing mockups. Also, one-dimensional trans-

port calculations (DTF-IV) were performed

for a spherical mockup of the RTPR to

estimate the reflected flux enhancement

to be expected at such a facility. Normal-

ized to a unit source, the values $(E = 14

MeV) , @(E>l MeV), and @(E>O) relative to

the 14-MeV current at a 149-mm-radius

alumina first wall were: 1.14, 2.04, and

3.79,respectively. By comparison, the

corresponding relative and absolute values

for the cylindrical-geometry original RTPR

at 3.5 ~/m2 (14-MeV current of 1.56 x 101”

n/cm2/s) are, respectively: 1.97, 4.22,

and 9.10.

D. NUCLEAR DATA PROGRAM (D. W. Muir, L.

Stewart, R. J. LaBauve, G. M. Hale, and

D. R. Harris, T-2)

The effort to provide reliable nuclear

data for the LASL fusion program concen-

trated during 1973 on the expansion of the

LASL/CTR multigroup library and the im-

provement of the national ENDF/B evaluated

files for CTR applications.

1. The LASL/CTR Multigroup Library

Neutron and photon interaction data

must be processed into the group-averaged

form required by the discrete ordinates

code used in the design of fusion reactors.

The LASL/CTR library of processed data has

been expanded this year to include new

data for fluorine and molybdenum and modi-

fied data for beryllium. A new section of

multigroup neutron effects cross sections

was added for the evaluation of material

damage, radiological hazards, and decay

afterheat; 75 different reaction cross

sections are now found in this section.

The LASL/CTR library now contains

nearly half a million data entries and this

number is expected to double during the

next calendar year. To validate its con-

tents, a national fusion blanket bench-

mark was analyzed in considerable detail.~5

Comparison with other results led to the

revision of the Nb[n,y] cross sections in

the LASL library. TO provide rapid visual

checks of the data, a short computer code

was written which displays various sections

of the library in histogram form.

In averaging neutron cross sections

over broad energy groups, it is important

to use the proper weighting function,

namely the energy spectrum of neutrons

which fall in that group. This is espe-

cially true for threshold reactions in the

vicinity of the 14-MeV fusion peak. For

this reason, the detailed shape of the

fusion peak was reviewed~6 and numerical

examples constructed to examine the sensi-

tivity of certain cross sections to the

thermal broadening of the 14-MeV peak.

.

140



b.

*

2. Neutron Cross-Section Evaluated Files .

Reevaluation and review of nuclear

data for CTR applications continue to be

important activities due to known defi-

ciencies in the available evaluated files

such as ENDF/B (the national evaluated data

file). The newly organized CTR Subcom-

mittee of the U. S. Nuclear Data Committee

has become a forum for identifying these

deficiencies and, in an effort to correct

them, this Subcommittee has recommended

that critical reviews be prepared by the

evaluators for certain CTR materials avail-

able on ENDF/B. The LASL materials are:

hydrogen, lithium (both stable isotopes) ,

nitrogen, oxygen, and aluminum. These re-

views are intended to serve as a guide to

the Subcommittee for recommendations of

future efforts in the measurements and

evaluation programs of interest to CTR.

Major deficiencies are already identified

in the 7Li evaluation, so a reevaluation

of this material is planned at LASL in

fiscal 1975.

In addition to deficiencies in the

basic evaluated data, the ENDF/B formats

are not completely adequate for all CTR

applications. For example, the problems

of adequately describing prompt and de-

layed neutron heating (kerrna),transmuta-

tion, and activation processes are yet to

be solved. The process of prompt neutron

heating was discussed at a Seminar at the

Radiation Shielding Information Center.17

It was pointed out that the use of energy-

balance techniques can reduce considerably

the amount of new evaluated data required

for multigroup prompt heating calculations.

To implement this approach, however, new

formats for energy-dependent nuclear

Q-values and minor modifications in the

multigroup processing codes would be re-

quired.

3. Other Activities

Intensity-limited 14-MeV neutron cross-

section measurements were reviewed and

specific experiments suggested for the pro-

posed Los Alamos Intense Neutron Source

(INs). Although primarily a radiation

damage facility, this project will provide

a unique capability for the production of

long-lived (102-106 years) activities and

the measurement of (n,a) cross sections as

small as 1 mb.

In connection with laser fuSion con-

cepts and other engineering applications,

the llB(p,a)8Be cross section has been

evaluated using R-matrix theory.* These

results show that, for plasma energies

above ~150 keV, the reaction rate <civ>is

similar in magnitude to the D-T and D-3He

fusion reaction rates and actually exceeds

the D-D rate.

E. ELECTRICAII INSULATOR RESEARCH (J. M.

Bunch, F. W. Clinard, Jr., CMB-5)

During 1973 a number of experimental

studies were carried out or initiated on

electrical insulators for the Reference

Theta-Pinch Reactor (RTPR). Additional

efforts were initiated at midyear to

evaluate insulators and bonded insulator/

metal composites for possible use at the

first wall of the Fusion Test Reactor

(FTR).

1. DC and Pulsed-Voltage Dielectric

Strength of Insulators

The insulating liner of the RTPR first

wall should have the highest bulk dielec-

tric strength possible, so that a thin

layer can be used and heat transfer prob-

lems minimized. This insulator will be

subjected to high-temperature (*11OO K),

pulsed-voltage application. Both theoreti-

cal and experimental reasons18 exist to

expect higher dielectric strength in the

pulsed mode than in the DC mode for most

materials at elevated temperatures. The

primary goal of this study is to evaluate,

understand, and exploit dielectric strength

enhancement under pulsed–voltage conditions

for RTPR applications.

---------------

~This work supported by other agencies.
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The plasma chamber of the FTR will

grobably be made of insulator-coated metal

segments arranged so that their inner edges

form the first wall. This insulator must

withstand a pulsed voltage similar to that

anticipated for the RTPR at room tempera-

ture or at a suitable degassing temperature

(m400 K). An additional goal of this study

is to identify insulators which exhibit an

adequate dielectric strength and that can

be satisfactorily bonded to the metal sub-

strate which serves as the FTR first wall.

The electrical behavior of high-

density, high-purity, polycrystalline

A1203 has been investigated over a range

of temperatures. A number of other mate-

rials for FTR applications have also been

tested: sintered AIN, Si3NQ,Si20N2, and

Y203; plasma-sprayed Y203 and A1203 and

bonded Si3Nb. The latter material appeared

to be a conductor and will not be discussed

further.

The apparatus used to determine volt-

age breakdown characteristics consists of

a furnace and sample holder inside a pres-

sure vessel containing N2 at pressures up

to 3 MPa. The N2 serves as an electrical

insulating medium for the suppression of

corona and surface flash-over. The sample

(a disk 25 mm in diameter and 0.25 to 0.5

mm thick) rests on a cylindrical Ni pedes-

tal ~ 10 mm in diameter. The sample is

contacted at the center of its upper side

by a roughly spherical Ni contact of radius

~ 5 mm, to which the test voltage is ap-

plied. In most cases contact has been

made directly to the bare samples, but in

a few instances, metallic surface coatings

have been evaporated onto the samples over

small areas under the Ni contacts, thus

providing a more intimate and well-

controlled contact and giving some control

over field uniformity within the sample.

DC measurements are made by gradually

increasing a DC voltage applied to samples

in the apparatus just described, until

breakdown occurs. In pulsed studies the

test voltage is supplied by a 0.25-pF

capacitor charged to a selected voltage,

in series with a 5000-ohm resistor (to

limit breakdown current), a triggered

switch tube, and the sample electrodes.

When the tube is triggered, the sample

voltage rises to the preset value in ‘V10-6

sect then decays with a time constant of

~ 1 sec. llnoscilloscope connected across

the sample is triggered shortly before the

switch tube, and is used to measure the

time to breakdown by observation of the

sharp drop in sample voltage when break-

down occurs. Test pulses are applied re-

peatedly to a given sample starting at a

low voltage and increasing the voltage by

steps until breakdown occurs.

Theorylg predicts that for “impulse

thermal” breakdown, which occurs when the

voltage pulse duration is short compared

to the characteristic sample thermal dif-

fusion time, the time to breakdown T should

vary in proportion to (T12po)/(bE2),

where E is the constant applied field, TI

the initial sample temperature, and the

sample resistivity is assumed to vary with

temperature according to the relation

p = pOe-b/T. The field is approximately

constant in these experiments for times

much shorter than l-see, and therefore the

latter expression is valid. Under these

conditions a unique breakdown strength can

be defined only when a pulse length is

specified. The technique used here is

designed to measure this relation in terms

of time-to-breakdown vs applied field.

For longer times the breakdown field ap-

proaches a (generally lower) Ildcl,value.

For shorter times the breakdown field

should approach an “intrinsic” value, which

depends on the details of the electronic

collision processes in the crystal lattice,

and which in general would be expected to

increase with sample temperature, (in con-

trast to the “thermal” breakdown field).

For times short compared to the electron

collision mean-free-time, the breakdown
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enters another regime where the breakdown

voltage may be further enhanced over the

“intrinsic” value.

Enhancement of high-temperature break-

down strength for short times was observed

for high-purity, high-density polycrystal-

line A1203 samples, but the time to break-

down varied more rapidly with voltage than

expected. As a result, a more-or-less

unique “pulse” breakdown

fied, nearly independent

value compared to the dc

same temperature. These

Figure VIII-9 along with

values obtained from the

value can be speci-

of time, and this

value at the

data are shown in

room-temperature

manufacturer’s

literature. Higher dielectric strengths

and an apparent increase in breakdown

strength with temperature are observed for

the thinner samples.

Field nonuniformity resulting from the

nature of the contact geometry may be partly

responsible for the scatter and the depar-

ture from predicted delay-time dependence.

However, the latter also may be explained

by a different delay mechanism, such as

ionic polarization, which appears to satis-

factorily fit data for NaC1.18 Also, some

scatter in pulsed voltage dielectric

strength is predicted theoretically. lg
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dielectric strength of

The effects of improving field uni-

formity by using evaporated chromium con-

tacts with diffuse edges on high-purity,

high-density A1203 samples are being in-

vestigated. For the samples investigated

to date, an increase in breakdown strength

of as much as 50% over the data presented

in Figure vIII-9 has been observed. How-

ever, more work needs to be done in deve-

loping evaporated contacts which are

chemically stable at the higher test

temperatures.

The LASL Materials Technology Group

has fabricated a number of sintered cera-

mics and plasma-sprayed ceramic/metal

samples for evaluation as possible FTR

first–wall materials. Dielectric strength

data for these materials and other samples

obtained from outside sources, all of

which are suspected to contain consider-

able porosity, are presented in ‘l!ableVIII-

8. Although the results obtained thus far

are preliminary, two facts appear obvious.

Firstly, little difference is usually ob-

served between pulsed and D.C. dielectric

strengths for a given material at a given

temperature. This behavior could be ex-

plained if breakdown initiated within

pores in the samples by processes which

occurred quickly compared to the bulk

mechanism. Secondly, the breakdown

strength of all the materials, including

plasma-sprayed A1203, is low compared to

that for the high-density A1203. This

behavior is also explicable in terms of

sample porosity; it has been shown theo-

retically and experimentally20 that break-

down strength decreases dramatically with

even modest sample porosity. Tests are

currently under way to evaluate porosity

in the samples tested to date.

Although a dielectric strength re-

quirement has not yet been specified for

FTR, a reasonable value is 10 kV/mm. Re-

sults obtained to date suggest that con-

ventional plasma-sprayed insulators may be

able to meet such a requirement at room

temperature with a reasonable factor of

143



TABLE VIII-8

DIELECTRIC STRENGTHS OF INSULATOR/METAL AND INSULATOR SAMPLES

Dielectric Strength, kv/cm
Materials* Temperature, K Remarks

dc Pulsed

Plasma-Sprayed Insulator/Metal Samples

A1203/Inconel 293 303 --- LASL - fabricated

873 130 --- LASL - fabricated

873 --- ~ 200 Plasmadyne - fabricated,
0.5-mm-thick A1203,
purported to be of fairly high
density

A1203/SS 873 91 91 LASL - fabricated

Y203/SS 293 252 --- LASL - fabricated

Insulator Samples

AIN 873 118

Si3N4 873 118

Si20N2 873 20

Y203 - 10% Th02 293 224

Y203 293 244
873 ---

---------------

*
Metal substrate thicknesses % 1 mm; insulator
specified.

safety. It is also possible that consider-

able enhancement of dielectric strength

can be expected if plasma-spraying techni-

ques which minimize porosity are employed.

However, results described here may not be

directly related to a fusion reactor first-

wall application for the following rea-

sons : (a) breakdown in a reactor would

presumably be influenced by the plasma;

(b) the time dependence of the applied

pulse will undoubtedly differ from that

used for these studies, and (c) the much

larger area of the first wall compared to

our samples could lead to a large degrada-

tion in effective (statistical) breakdown

strength. The last uncertainty can be re-

solved by proof-testing of

while the first two can be

large components,

addressed by

--- MRc - fabricated, hot pressed

157 MRC - fabricated, hot pressed

98 Norton - fabricated, hot
pressed

--- LASL - fabricated, hot pressed
--- LASL - fabricated,
98 slip-cast and sintered

thicknesses Q

testing first

vironment.

0.3 mm, unless otherwise

wall segments in an FTR en-

2. 14-MeV Neutron Damage in Single Crystal

A.I.7-03

The nature of 14-MeV neutron radiation

damage to insulators has received little

study because interest in this area is

quite recent and because no intense

sources of 14-MeV neutrons as yet exist.

Experiments have been initiated in this

area for two reasons: (a) to evaluate 14-

MeV neutron damage in potential RTPR in-

sulators, and (b) to compare 14-MeV neutron

damage with that observed from fission

neutrons and protons. The goal of the

comparative study is to develop fusion

neutron damage

will allow use

simulation techniques which

of the intense fluxes of

‘c

“-

d

.
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other irradiating particles which are now

available. In work done to date single-

crystal A1203 (sapphire) has been irradi-

ated with 14-MeV neutrons and the resulting

damage has been compared with that obtained

from fission neutron irradiation of the

same material.21

The change in optical absorption

which accompanies irradiation is being used

as a measure for radiation damage. The

measurement of coloration in insulators

provides a damage index that is generally

more sensitive to low damage levels than

other indices (such as direct measurements

of electrical properties) and is specifi-

cally sensitive to isolated point defects.

Point defects in insulators, such as

those caused by irradiation, can trap

electrons or holes and become “color cen-

ters,“ which produce unique optical absorp-

tion spectra. The area under the spectrum

or the height of a spectral peak for a

given color center is proportional to the

concentration of the corresponding defect,

assuming that the fraction of defects popu-

lated by electrons is constant. The latter

condition was approximately fulfilled in

these experiments by x-raying each sample

to color saturation before performing the

optical measurements. In practice a super-

position of spectra corresponding to several

kinds of defects is usually observed. Al-

though models for the optically active de-

fects have been deduced for some materials,

this has not been the case for all the de-

fects observed in A1203. In analogy with

other materials the assumption is made that

the coloration comes from defects that com-

prise a significant fraction of the total

damage.

The source of 14-MeV neutrons used in this

study was the Lawrence Livermore Laboratory

ICT rotating target Intense Neutron

Source.22 Single crystal A1203* samples
-----—_________
*UV grade sapphire window material, approx–
imately 99.999% pure, c axis perpendicular
to bombarded surface, obtained from Crystal
Products Division of Union Carbide, San

Diego, CA.

1 I I I t 1

130-
IF‘\

\I20i-l.

-Iuu

c

“:90-
E
~ 80—
o
g 70—
=
~ 60-
g
: 50—

G,240—
z
o 30-

20-

10-

I
o

I I

6.0 5.5 5.0
PhotonEnergy(eV)

—*lx1017n/cm2, En =14MeV
___ “5xlo17n/cm2 ,En>O.IMeV

-__._l\---
4.5 4.0 3.5

Figure VIII-10
RT optical absorption spectra for single
crystal A1203 after near-RT irradiation by,
respectively 14-MeV neutrons (present work)
and fission neutrons (Levy).21

were irradiated at room temperature at a

flux of N 1010 n/nun2sec to a fluence of

~ 1015 n/mm2. Figure VIII–10 compares a

typical absorption spectrum with that ob-

tained by Levy,2~ who exposed similar

samples at 338 K to a total fluence of N 5

x 1015 fission n/mm2 from the Brookhaven

National Laboratory graphite moderated

reactor.

The two spectra appear similar. Levy

has resolved his spectrum into sets of

Gaussian curves; it appears the spectrum

from 14-MeV neutron irradiated A1203 has

the three principal peaks at or near the

same wavelengths as Levy’s, and the ratio

of peak heights is about the same. Al-

though the prominent peaks of the spectra

are qualitatively similar, the amount of

damage per neutron can be seen to be about

4 times greater for the 14-MeV neutrons, if

it is assumed that the coloration in the

three peaks accurately reflects the total

damage. This result is in rough agreement

with an estimate based on interpolation of
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calculations by Robinson,23 which compared

damage effectiveness of 14-MeV and l-MeV

neutrons for various elements; uncertain-

ties in this correlation between theory and

experiment stem partly from uncertainties

in the knowledge of the fission spectrum

in Levy’s study.

Thermal annealing of the coloration is

another source of information concerning

similarity in the damage in the two experi-

ments. At these dose levels the defects

produced are probably mostly isolated

Frenkel pairs; other neutron irradiation

experjments24 have indicated that only

about 10% of the defects produced in A1203

at room temperature survive immediate

spontaneous recombination. Defects that

survive do so either because one member of

the pair has been trapped, or is so widely

removed from a complementary defect that

recombination does not occur at the given

temperature because of low mobility. The

temperature at which annealing of a given

absorption peak begins to progress rapidly

is related to the energy at which the re-

sponsible defect or its complement becomes

mobile. Since the bulk of the neutron

damage energy goes into collisions whose

energies do not depend in detail on the

initial neutron energy, one should expect

the environment seen by the defects pro-

duced by 14-MeV and fission neutrons to be

similar, and thus the annealing behavior

should also be similar. This postulate is

borne out by Figure VIII-11, which compares

isochronal step annealing in air of the

optically active defects as seen by reduc-

tion of the heights of the three main peaks.

Small differences between the annealing re-

sults and those of Levy may reflect the

somewhat different annealing techniques

used.

Annealing begins at temperatures cor-

responding to typical interstitial migra-

tion temperatures (< 0.5 Tin),and extends

to temperatures typical of self-diffusion

(’k0.5 Tin). It is thus apparent that an-

nealing of defects which are stable near
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Figure VIII-11
Isochronal annealing (in air) of the three
prominent optical absorption peaks in
single crystal A1203 after irradiation with,
respectively, 14-MeV neutrons (present work)
and fission neutrons (Levy).21 (a) height
of 6.02-eV band; (b) height of 5.34-eV band;
(c) height of 4.85-eV band.

room temperature does not occur by simple

recombination but rather by complex defect

interactions, as is usually observed in

such studies. It may be concluded that for

the damage observed optically in A1203, 14-

MeV and fission neutron damage are qualita-

tively similar, although 14-14eVneutrons

are about 4 times as effective per neutron

in causing damage.

i-

.
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3. Evaluation of Postirradiation Electri-
.— — —

cal Resistivity at Elevated Temperatures

The first-wall insulator of the RTPR

is not required to behave as a dielectric

during the intense bremsstrahlung and neu-

tron irradiation. The function of the in-

sulator is to support the high voltages

imposed on the first wall for % 0.1 psec at

the beginning of the thermonuclear burn

cycle. The irradiation is severe only after

this heating or preburn stage. Subse-

quently, the insulator will have several

seconds at 11OO-15OO K to recover electri-

cally before the dielectric requirement is

imposed by the next implosion stage. There-

fore it is important to determine the rate

of recovery of dielectric properties at

these temperatures and to understand the

mechanisms of dielectric degradation and

recovery in a radiation field.

An apparatus has been constructed for

measurement of postirradiation resisti-

vity at elevated temperatures. This device

utilizes protons from the LASL Van de

Graaf Accelerator to create ionization

electrons and atomic displacements in in-

sulators of interest. Samples are thin

enough to allow passage of the protons, and

guarded electrodes enable bulk resistivity

to be monitored. Samples are held at ele-

vated temperature, and the pulsed nature of

RTPR radiation simulated by a beam shutter.

Postirradiation resistivity is measured

with a high-speed recorder monitoring the

analog output from an automakic-ranging

picoammeter. TO test the apparatus, resis-

tivity measurements have been made on SCB

glass* in the unirradiated condition from

Zoom temperature to 1100 K.
.

4. Fission Neutron Irradiation of Bonded

Insulator/Metal Composites at Elevated

Temperatures

It is desirable that radiation-induced

swelling of first-wall insulator and metal
---------------

*SCB is a name for a glass which is composed
of Baf)/A1203/Si02.

be as small as possible to minimize stress

effects. A limited amount of information

is available on insulator swelling, pri-

marily from fission reactor exposures.

Behavior of common insulators often differs

widely; for example,it has been found25

that polycrystalline A1203 suffers w 3%

volumetric swelling after exposure to

fission neutron fluences of 5 x 1019 n/mm2

(En > 0.1 MeV) at w 1000 K, whereas Y203

does not appear to swell under these condi-

tions .

An EBR-11 fission reactor exposure of

A1203 and Y203 samples bonded to Nb-1% Zr,

which was initiated in December 1972 under

another LASL project, has been taken over

by the CTR Electrical Insulator Program.

The irradiation capsule, which was held

at N 1000 K during irradiation, was re-

cently removed from the reactor and shipped

to Los Alamos. Although detailed dosimetry

analysis has not yet been made, it is esti-

mated that the maximum fluence attained

was ~ 8 x 1019 n/mm2 (En > 0.1 MeV).

5. Development of SCB Glasses for Fusion

Reactor Applications

Consideration is being given to the

use of glassy insulators in fusion reactor

applications. Advantages can include:

good radiation damage resistance, good

applicability to metal substrates, and good

tolerance of transmutation-induced impuri-

ties. The principal disadvantage of glasses

is their poor thermal conductivity, which

may render them unsuitable for use as a

first wall insulator. However, they may

still be useful for other fusion reactor

applications.

During FY 1973, Atomics International

(AI) Division of Rockwell International

carried out a study of a family of glasses

for possible fusion reactor applications,

under subcontract to LASL. These materials,

which are of the BaO-A1203-Si02 type and

referred to as SCB glasses, were known to

resist structural damage in exposures to

moderate fission neutron fluences at
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elevated temperatures. However, nothing

was known about their electrical properties.

The following tasks were performed by

AI: evaluation of electrical properties,

determination of coatability on Nb-1% Zr

and ‘TZM (molybdenum alloy) , execution of

preliminary proton irradiation studies, and

optimization of frit compositions. Results

of the development study are described in

the final report issued by AI;26 the find-

ings are summarized below.

a. The original glass composition

suffered severe loss of electrical inkeg-

rity after exposure to hydrogen at elevated

temperatures. Several of the modified

frits showed little or no degradation after

such exposures.

b. Preliminary findings indicated

that good coatings could be obtained on

Nb-1% Zrt but not on TZM.

c. Elevated temperature proton ir-

radiation resulted in bubbling of samples

when the bombarding particles stopped in

the glass. There was some indication that

when protons passed through (a more realis-

tic case) , damage was minimal.

d. DC dielectric strength of some

modified frits at 1073 K was fairly good,

and improved with pulsed voltage applica-

tion. However, dielectric strength de-

creased rather rapidly with increasing glass

thickness. DC electrical resistivity at

1073 K was quite high.

F. ALLOY RESEARCH (W. V. Green, R. A.

Yeske, CMB-8)

The radiation, thermal,and stress en-

vironment to which the RTPR first-wall alloy

wiil be subjected has been estimated and

summarized in Table VIII-2 (Sec. VIII-B) .

The long-term objective of the experimental

work described herein is to quantify the

materials limitations and to provide im-

provements on these limitations when pos-

sible. The intense neutron irradiation of

the blanket structure will displace atoms,

produce interstitial gases (He and H), and

generate impurities via transmutation

reactions. Vacancy agglomeration leading

to void formation will induce embrittle-

ment of structural alloys.

These processes will occur in the pre-

sence of cyclic thermal and hydraulic

stresses as well as corrosive, flowing Li

coolant. Facilities with which to expose

candidate structural metals (refractory

metals, vanadium, stainless steel, SAP)

to conditions which remotely simulate the

anticipated RTPR conditions, unfortunately,

do not exist. The effort, therefore, in

the metals research area have concentrated

on (a) out-of-pile testing of candidate

metals to determine creep/fatigue proper-

ties and (b) the planning of irradiation

testing facilities which have potential for

providing an environment which closely

resembles that of the future CTR (i.e.,

the beam-dump irradiation facility at

LAMPF) . Additionally, a program has been

planned which will subject mock-up RTPR

blanket specimens (i.e., insulator-coated

metal segments) to simulated stress and

irradiation environments.

1. Response of Refractory Metals to Cyclic

Stresses

The thermal stress anticipated for a

Nb first wall in the RTPR has been summa-

rized in Table VIII-2. Stress levels on

the order of 60 to 80 MPa are expected to

occur once every 10 s; this corresponds to

2.7 MHz each year (85% load factor) . The

failure of the structural alloy via fatigue

crack growth, accumulation of pulses of

thermal creep deformation, or by irradia-

tion creep represent real potentialities.

Unfortunately, published data on the high-

temperature mechanical response of re-

fractory metals and their alloys to cyclic

stress are almost nonexistent. Although

the study of creep under 14.1-MeV neutron

irradiation must await the development

and construction of an appropriate facility,

some insight into this problem can be ob-

tained from out-of-pile investigations.

Extremely good vacuum is required to

investigate the high-temperature, fatigue

148



1

.

.

properties of niobium or its alloy (Nb-l%Zr).

The available vacuum fatigue tester was not

suitable in this respect, but proved ade-

quate for molybdenum. Since the properties

of Mo are “representative” of Nb (or V) ,

initial tests of the mechanical properties

were made on the former metal.

A programmable tester (MTS) was fitted

with a cold-trapped, diffusion-pumped

vacuum system. ‘I’heforce-displacement re-

lationship was determined at all times at

temperatures of 1150 K, and rapid quenching

by cold He was possible with the test speci-

men under stress. Typically a 2-see stress

cycle was used (1 sec to maximum and 1 sec

to minimum stress).

Table VIII-9 summarizes experimental

results obtained at 1150 K. The samples

exhibited both reversible and irreversible

strain during each stress cycle. The non-

recoverable strain is summarized vs number

of cycles in Figure VIII-12. As expected

for high-temperature creep, these data dis-

play an initial period of rapid strain

rater which decreases to a constant rate

and eventually terminates in failure.

Sample(a)
No.

3

4

5

6

7

8,(c)

9

___________.

Number of Cycles

Figure VIII-12
Percent of strain which was irrecoverable
vs number of cycles for molybdenum tested
at 1150 K for various stresses.

Microscopy indicated that failure occurred

via a large number of intercrystalline

cracks. ‘?atigurefailure ensues by the

propagation of a single crack across the

grains until the crack eventually spans

the entire sample cross section, whereas

failure via creep involves the opening and

linking of many intercrystalline cracks.

Hence, the failure of Mo at 1150 K under

tension is by creep rather than fatigue

mechanisms.

The number of cycles required for

failure depends strongly on the stress

TABLE VIII-9

RESPONSE OF MOLYBDENUM TO CYCLIC STRESS AT 1150 K

Minimum Maximum Cycle
Area Stress Stress Stress

(m2 x 10-5) (ma)(b) (Mpa)(b) (MPa)(b)

3.60 5 130 125

3.60 5 170 165

3.64 5 170 165

3.72
Tensile test with ~ = 5 x 10-3 see-l
= Y.s. = 102 MPa, VTS = 191.3 MPa

3.67 5 105 100

3.10 5 80 75

3.06 5 170 165

Full Cycles
to Failure

1.07 x 105

5.5 x 102

6.2 X 102

1.6 X 10s

>2.5 X 106

1.33 x 102

Strain
to Failure

Pct

67.

37.

42.

57.

57.

0

35.

(a)Samples 1 and 2 were used in preliminary tests.
(b)l MPa = 141 psi,

(c)l%is sample Showed no strain and no failure.
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amplitude, and in a similar way the time

to failure and the creep rate depends

strongly on the stress level. The steady-

state creep rate depends on the stress

raised to the fourth power for temperatures

in excess of one-half the melting point

(1140 Kequals 0.4 Tm for Me). For fatigue

dominated mechanisms the number of cycles

to failure increases with decreasing stress

until a limit is reached below which failure

increases with decreasing stress until a

limit is reached below which failure does

not occur. The cyclic stress amplitude for

sample 8 (75 MPa, Table VIII-9) appears to

be below this limit, which lies above 2.5

MHz . On the basis of these preliminary

results, ~t aoes not appear possible to

fail Mo by fatigue at 1150 K, since failure

by creep occurs first at high stresses and

the stress is below the fatigue limit at

low stresses. This situation is sho~

schematically on Figure VIII-13.

Since the temperature considered herein

represents a larger fraction of the Nb

melting point than for Mo, the life deter-

minant for Nb probably will also be creep

rather than fatigue. Whether this con-

clusion holds for dilute alloys like TZM

or Nb-l%Zr remains to be elucidated by

further experimentation. Furthermore, the

stress cycle used in these tests is dif-

ferent than that expected for the RTPR,

k t

:
.
i% Failure by creep

+

Figure VIII-13
Schematic diagram illustrating the depen-
dence of creep life and fatigue life on
stress for Mo at 1150 K.

and this difference also limits the ex-

tension of these results to forecast the

RTPR first-wall response. In spite of

these uncertainties, the conclusion that

alloy failure via creep rather than fati-

gue represents a potential reality for

RTPR materials, and future experimenta-

tion will be directed at a clearer eluci-

dation of this potential. The influence

of radiation embrittlement on the failure

mechanism will also be investigated.

2. LANPF Irradiation Facility

The development of the LAMPF beam

step as a neutron irradiation facility is

well in progress. This effort is equally

supported by DCTR and DPR. The fatigue

tester/vacuum system will be capable of

good vacuum and, therefore, the testing

of Nb alloys will be possible. The design

of the irradiation facility, experiment

stringers, furnaces, temperature/stress

controllers, and neutron dosimeters is

nearly completed and components are being

fabricated. The irradiation cavity is

assembled, although this cavity will be

lined with 0.1 m of Ni to enhance the

neutron flux (see Section VIII-C] . A 10W-

Ievel proton beam has been delivered to

the beam dump, and a 1O-PA beam is ex-

pected by May 19i’4. Present expectations

suggest the first materials irradiations

will be started in the winter of 1974.

G. ENVIRONMENTAL STUDIES (R. Krakowski,

Q-DOT, and Donald J. Dudziak, T-1)

The engineering design of the Ref-

erence Theta-Pinch Reactor (RTPR) has been

subjected to an environmental impact study

by the Los Alamos Scientific Laboratory

and the Argonne National Laboratory.27 To

facilitate a realistic assessment of the

environmental effects anticipated for the

RTPR, two specific sites were chosen where

nuclear (fission) power plants now exist

or are under consideration: one site sup-

ports a high population adjacent to a

large lake (Bailly, near Chicago) and the

other site is located on a river in a low
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indicating potential

population zone (Oconee, in South CarolinZi).

Environmental effects under conditions of

normal operation (tritium release, struc-

tural and impurity activation, thermal ef-

fects, radwaste accumulation and transport,

resource commitment, and land despoilment)

and accidents (maximum credible accident,

magnet malfunction, failure of cryogenic

systems, fuel injection accident, liquid-

metal fires, loss of coolant, and very un-

usual occurrences) were examined.

A major portion of this study was

devoted to understanding quantitatively the

rate of routine tritium release to the en-

vironment. Figure VIII-14 illustrates the

RTPR power plant from the viewpoint of tri-

tium release paths. Tritium migration

through the coolant system and into the

steam generator represented the major

~ Tritium Leakage Path

_ Process Flow

——~ He Purge

_ Boundary Of
Tritium Zone

—.— Region Subjected
To He Purge

tritium leakage paths.

leakage rate: <6 Ci/day with a 2.5-mm-

thick copper diffusion barrier (99% ef-

fective) at the Li/Na heat exchanger,

compared to ~0.1 Ci/day from all other po-

tential sources. The leakage rate without

the copper diffusion barrier was found to

be >30 Ci/day. The leakage of 6 Ci/day

corresponds to 2.8 x 10-5% per day of the

total tritium contained by the power

plant. Table VIII-10 summarizes the dose

rates anticipated for the two sites con-

sidered, and were determined using two

methods of airborne dose rate calculation

and three potential power plant cooling

schemes. For all cases and for both

methods of calculating doses the annual

doses are far below the ICRP28 limit (500

mremlyr) , the average background (%125
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TABLE VIII-10

MAXIMUM ANNUAL AVERAGE INDIVIDUAL DOSES

FROM THE RELEASE OF 6 Ci/day OF TRITIUM (mrem/yr)

Case Site 1 (Bailly) Site 2 (Oconee)

ICRP28 MHz9 ICRP28 ~~z 9

Once-through Cooling 0.064 (water) --- 0.064 (water) ---

Wet Cooling Tower 0.0059 (air) 0.12 (air) 0.027 (air) 0.18 (air)

0.80 (water) --- 0.80 (water) ---

0.81 (total 0.92 (total) 0.83 (total) 0.98 (total)

Dry Cooling Tower 0.18 (air) 0.77 (air) 0.17 (air) 0.14 (air)

mrem/yr) , and the l~mlts allowed by 10 CFR

2030 (5 mrem/yr).

In ~ddition to tritium, neutron acti-

vation of the RTPR blanket structure po-

tentially represents a significant radia-

tion hazard and radwaste problem. Consid-

erable effort was devoted to analyses of

induced radioactivity and afterheat.

Short- and long-term activities were com-

puted for niobium-1 w/o zirconium (Nb-l%Zr),

vanadium-20 w/o titanium (V-20%Ti),and

copper-33 w/o alumina materials. Alto-

gether, activities of 28 radioactive iso-

topes were calculated, several of which were

produced by multiple reactions. Table

VIII-11 gives a summary of the radioacti-

vity in units of Curies per thermal watt

of operating power; afterheat as a.percent-

age of operating power is also given.

Values in Table VIII-11 are for the ref-

erence design parameters currently being

used, viz., a neutron wall loading of 2.0

MW/m2, a blanket lifetime of 5 years, and

a magnetic coil lifetime of 20 years.

Parametric studies were also performed to

determine the variation of induced activity

with wall loading and operating lifetime.

Wall loading had the most pronounced ef-

fect, especially in Nb-l%Zr where the rela-

tively short-lived ‘5~95~b activity in-

creased by over a factor of ten for load-

ings of 0.2 to 6.7 MW/m2. Long-lived Nb

activities, however,decreased with in-

creased wall loading for shutdown times

beyond 5 x 109 seconds (’v150years) due to

a burnout effect. The same burnout effect

can be seen for the longer blanket life-

times. Afterheat calculations are also

strongly dependent upon wall loading be-

cause of the second-order 94Nb(n,y)

Ss,gsqb reaction; values at shutdown

varied from 0.312 to 1.52% ot operating

power as wall loadings increased from 0.2

to 6.7 MW/m2. Much of this variation may

be illusory, however, because of large

uncertainties in the “Nb(n,y) cross sec-

tion. Conservative assumptions were made

which err on the side of overpredicting

95,95mNb activities. Calculations of total

V-20%Ti radioactivity and afterheat showed

only slight (’w1%)effects of wall loading

and blanket lifetime for two reasons: (a)

all isotopes have relatively short half-

lives (1 year) , and (b) small contributions

from second-order reactions, which build

up activity proportional to the square of

the neutron flux.

Radioactivity expressed in units of

Curie per thermal watt of operating power

(Ci/Wt) is not useful for assessing bio-

logical hazard potential (BHP), because no

account is taken of the maximum permissible

concentrations (MPC) of the individual

isotopes. Thus, a unit of BHP was computed

by dividing Ci-Wt by MPC (units of Ci/km3)

to estimate relative biological hazards.

Figure VIII-15 gives the biological hazard

potential (km3/Wt) as a function of

L

.

.

.
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TABLE VIII-11

RTPR RADIOACTIVITY & AFTERHEAT FOR Nb-lZr & V-20Ti STRUCTURES

Iw = 2.0 MW/m2

Isotope

89sr

90s=

92~b

92 mNb

9 3mNb

9+~b

9+mNb

95~b

95mNb

Total Nb-l%Zr
4Sfla

4 7Ca

46sC

47SC

48s=

49s=

50s=

4 5Ti

5 llJll

4 9V

52v

51~r

Total V-20%Ti
6 Oco

62c0

6 3Nj,

6 5Ni

6 2CU

6 4(-u

66r.u

Total Cu coils

Half-life

50.5d

29y

2X1OYy

10.13d

12y

2.oxlo4y

6.26rnin

35.ld

3.61d

163d

4.54d

83.8d

3.41d

43.7h

57.3min

1.71min

3.078h

5.76min

331d

3.755min

27.71d

5.272y

13.9min

looy

2.520h

9.78min

12.74h

5.10min

Blanket Life = 5 years

Coil Life = 20 years

Absorbable
Energy

(MeV)

---

---

~1.o

0.9345

0.0304

1.75

0.0433

0.821

0.235

0.095

1.45

2.15

0.26

3.54

0.80

4.81

1.37

0.98

0.005

2.18

0.03

2.62

3.89

0.022

3.85

2.26

0.326

1.23

Radio- Afterheat
activity (at shutdown)

(Ci/Wt) (%)

1.O4X1O-4

4.67x10-7

7.36x10-8

0.287

0.0606

4.45X1O-4

1.75

1.55

0.311

3.959

4.55X1O-3

6.56x10-5

5.1OX1O-3

3.83x10-3

0.0226

4.44X1O-4

1.64x10-4

2.08x10-4

0.0467

4.58x10-3

0.369

3.62x10-4

0.426

3.38x10-3

1.63x10-3

2.84x10-3

9.54X1O-4

0.0262

0.648

0.108

0.790

0.991

0.553

0.247
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Radioactivity (Ci/Wt) and biological hazard
potential (km3Wt)* for Iw = 2.0 and 6.7
MW/m2 and T = 5 y.

shutdown, ts, for both Nb-l%Zr and V-20%Ti

blanket all~ys for two wall-loadings (2.0

MW/m2.for a 10-sec duty cycle and 6.7 MW/m2

for a 3-see duty cycle); the activation of

the copper compression coil is also illu-

strated, as is the total radioactivity

(Ci/Wt). These data pertain only to ax-yr

operating period (100% load factor), al-

though the dependence of activity on wall

loading and operating time is treated in

detail.31 For a corrosion rate of 10.0

vm/yr, the lithium clean-up system (assumed

100% effective) will yield approximately

1.7 Ci/kWt-y of radwaste which must be

stored or reclaimed.

The nuclear afterheak generated by

the radioactivity depicted in Figure VIII-

15 is of the same order as that for fission

power plants when expressed as a fraction

of operating power (P/Pnml.u ana 1.5% for

Iw = 2.0 and 6.7 MW/m2-after 5 years of

operation) . The afterheat power density,

however, is a quantity which determines the

potential for meltdown in event of a loss-

of-coolant accident and is of the order of
---------------
*The biological hazard potential (BHP) is
defined as the ratio of radioactivity (CI/
Wt) to the maximum permissible concentra-
tion in air (Ci/km3) for a given radioactive
isotopes

30-50 times below that for a fission power

plant of equivalent power rating.

Although this environmental study is

based on an engineering design which is in

part speculative and preliminary, no signi-

ficant environmental impact is anticipated

for the RTPR above those expected for any

large, power producing facility (i.e.,

resource depletion, land allotment, etc.).

The radiological impact is expected to be

far below the already acceptable impact

associated with fission power plants of the

same power rating. Future design itera-

tions based on better data will permit a

more detailed, thorough environmental as-

sessment to be made.

H. NUMBRICAL STUDIES OF RTPR BURN AND

PLASMA COOLING PROCESSES (T. A. Oliphant,

Q-7)

The thermonuclear burn code (BURN-1)

has been replaced by a new code (BURN-2) in

which the physical model is the same, but

the numerical differencing scheme has been

replaced by a more recent, superior one.32

The computer running time for a given ac-

curacy has been reduced by almost an order

of magnitude. This speed of running has

allowed a free use of this code as a sub-

routine in a code EBAL-1 written to perform

an overall RTPR energy balance for a given

set of plasma/burn parameters.

Another improvement in the BURN-2 code

has been the introduction of a search pro-

cedure for determining precisely the amount

of compression field required to obtain

thermonuclear ignition. It has been ob-

served that if a compression field is used

which is exactly enough for ignition, the

reaction does not produce enough energy to

overcome bremsstrahlung and thereby to in-

crease substantially the reaction rate to

obtain a significant burn. To attain a

significant burn rate, it has been found

that a value of compression field somewhere

between 5% and 10% larger khan the thresh-

old field must be used.
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Also learned from’running EBAL-1 is

that if enough energy is introduced to

yield a favorable energy balance, the

quenching by expansion close to the .first-

wall radius will not entirely stop the burn;

it appears likely that additional energy

extraction by the cooling layer will be

necessary to fully stop the burn. More

close coupling between the burn code and

the gas blanket code will be required to

examine this quench phenomenon in detail.

The classical formula for the thermal

conductivity of a neutral gas, -x= no ~ ,

has been used by many authors33-3e in dis-

cussing the neutral gas layer surrounding

a thermonuclear plasma. This relationship,

however, is suspect in that it is based on

the short mean free path limit. Moreover

it can be seen by inspection that the

temperature profiles predicted by the

mode137 change somewhat over a mean free

path, particularly in the vicinity of the

central plasma. To investigate the finite

mean free path effects, a Monte Carlo ap-

proach has been used38 in which the colli-

sion processes are performed explicitly

for simulation particles. The purely neu-

tral region of the cooling layer between 47

cm and 50 cm was considered and a heat flow

equilibrium was allowed to take place dcross

this region by running the Monte Carlo code

for a sufficient length of time. The cell

temperatures in this equilibrium state are

plotted (individual points) along with the

smooth function obtained from classical

theory in Figure VIII-16. The results from

the Monte Carlo code are subject to fluctua-

tions and a smooth, monatonic curve should

be visualized as passing through the region

occupied by these points. The overall flow

rate is severely limited by the lunq mean

free path of the particles entering from

the plasma-neutral boundary on the left and

a rather pessimistic value of heat flow

rate is given; namely the heat flux is a

few orders of magnitude below that predicted

from classical theory. This change is not

I.0
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Figure VIII-16
The classical temperature profile (smooth
curve) has been piotted al~ng with “isolated
cell temperatures from the Monte Carlo cal-
culation.

a Precise indicator of how much denser the

neutral gas will have to bet since the

region where classical theory is limited

occurs near the ionized region where

diffusion effects will alter the situation

anyway. New work has been done in ref-

erence to the FTR experiment (reported in

Sec. X-F). A new version of the neutral

gas-central plasma code now being written

will remove the difficulties associated

with finite mean free path and diffusion

across field effects simultaneously and

will give more real insight into the de-

tails than the previous calculation.
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IX. MAGNETIC ENERGY TRANSFER AND STORAGE (METS)

.

A. SUMNARY OF METS EFFORT (Laquer)

The aim of the superconducting mag-

netic energy storage and transfer project

is to provide energy in the 300-MJ range

for plasma compression in the next genera-

tions of 0-pinch experiments and reactors

and to develop the low-loss superconducting

energy storage technology needed for effi-

cient 0-pinch reactors.

Highlights of this year’s activities

have included the following:

(1) Placing into operation a new ex-

panded facility for all METS work in a re-

modeled 31 x 18.5 m building.

(2) Construction and preliminary tests

of a 200-kJ energy storage coil.

(3) Construction of a 3+2, 10-kA super-

conducting switch.

(4) Operation of 20-kJ, 5-fl,l-kA

switches at 90% of short sample critical

currents.

(5) Operation of a superconducting 1-

kA link or “transmission line” between a

storage coil and a switch in separate de-

wars.

(6) Modification of energy transfer

circuit concept from parallel to series

arrangement of coil and switch and experi-

mental demonstration of the operational

advantages of this arrangement.

(7) Systems parametric analysis which

suggests greater economy for direct coupled

systems with transfer capacitors than is

attainable in transformer coupled systems

and in systems which do not use transfer

capacitors.

(8) Contractual involvement of three

industrial groups in the design and con-

struction of additional 300-kJ energy stor-

age coils to assure the needed long-range

technological base.

(9) Development of design concepts for

low-loss superconductors, methods of loss

measurement,and initiation of industrial

production with adequate quality control

of such conductors.

B. NEW METS FACILITY (Blevins, Laquer,

Lindsay, Miranda, Rogers, Swannack, Weldon)

The move to the remodeled building

SM-218 was completed during the Spring and

the 31 x 18.5 m facility is now a fully

operational high-voltage cryogenic labo-

ratory with separate facilities for 2-,30-

and 300-kJ energy transfer experiments,

switch testing, critical current measure-

ments from 1 A to 25 kA in fields up to

6.5 T, residual resistivity determinations,

and energy loss measurements. Oscillo-

scope instrumentation is shared in a cen-

trally located screen room.

c. 300–kJ ENERGY TRANSFER EXPERIMENT

1. Storage Coil (Blevins, Haarman, Laquer,

Miranda, Rogers, Stewart)

Table IX-1 lists the physical para-

meters for the first storage coil built for

the 300-kJ series of energy storage and

transfer experiments. The coil, shown in

Figure IX-1, consists of 120 turns of

fiberglass-wrapped, rectangular cross-

section superconductor, edge-wound at

Everson Electric Co. on a fiberglass epoxy

cylindrical form and potted in a filled

epoxy. The conductor with a 6:1 copper

matrix to niobium-titanium superconductor

ratio is a substitute for the mixed matrix

3 CuNi-3 Cu-1 NbTi used in the original

design,l but which, unfortunately, was not

delivered by the manufacturer. The coil
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TABLE IX-1

PHYSICAL PARAMETERS FOR ENERGY STORAGE

COIL, ST 300-1

Construction Edgewound

Length of Winding (m) 0.730

ID of Winding (m) 0.563

Number of Turns 122.

Length of Conductor (m) 219.5

Conductor Dimensions (mm) 10.’16X 5.08

Copper Matrix to NbTi Ratio 6.

Number of NbTi Filaments 2700.

Inductance (mIi) 4.83

Coil Constant (T/kA) 0.1653

!4--‘“T“7

.

*.

ii

Fiqure IX-1
Photograph of ~torage coil ST 300-1.
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has been tested to 30 kV at room tempera-

ture and has been temperature cycled to

liquid nitrogen without any adverse effects.

The load line for maximum magnetic field

at the conductor intersects the measured

critical current curve of the conductor at

9800 A and 1.77 T for a maximum stored

energy 228 kJ, Figure IX-2. The coil has

been operated at 12.4 kA or 365 kJ

stored.

2. Switch (Blevins, Lindsay)

The center-tapped normal-going super-

conducting switch, shown in Figure IX-3,

consists of two parallel Ayrton-Perry

wound braids on a phenolic tube. Table IX-

2 lists the parameters. The braid is made

from 29 3-wire cables of 2.8/1 Cu 70-Ni

30 matrix to NbTi superconductor, is sol-

dered at all crossovers, and is held to

the form and itself by a thin layer of

cryogenic epoxy adhesive.

22
Sample mounting and field oriemtatian

4

2

1/

Coilinductance=4.83mH

/

Mogneticfield
otwinding
(0.162TtkA)

Cailmaximum

9.75kA, L77T

Stored energy =228kJ

~1

1o~
o 0.5 . . . . .

MogneticFieldB(T)

Figure IX-2
Plot of critical current vs field for the
conductor used in ST 300-1 and load line
for the storage coil.



TABLE IX-2

Figure IX-3
Photograph of 3-~ noimal-going supercon-
ducting switch SW 300-1.

3. Instrumentation and Controls (Bailey,

Haarman, Swannack)

A double 20-kV, 15-pf capacitor bank

and associated spark gap have been assembled

for triggering the superconducting switch.

Sequence timers, firing controls,and safety

interlocks have also been installed, The

SUPERCONDUCTING SWITCH,

Construction

Length of Winding (m)

ID of Winding (m)

Number of Turns (each half)

Length of Conductor (each
half) (m)

Conductor Construction

Conductor Dimensions (mm)

Wire Diameter (mm)

CuNi (70-30) Matrix to NbTi
Ratio

Number of Filaments

Resistance at 300 K (Q)

Resistance at 20 K ($2)

Sw 300-1

Ayrton-Perry

1.45

0.306

45.5

43.8

29-element
braid of 3-
wire cables

9.5 X 0.76

0.203

2.8

61.

3.42

3.00 est

operating characteristics of the power

source, a 6-v, 12-kA homopolar generator,

have been determined.

D. LOW ENERGY TESTS AND TRANSFER EXPERI-

MENTS (Laquer, Lindsay, Miranda)

The 30-kJ, l-kA energy transfer faci-

lity has been reassembled with the storage

coil and the switch located in separate

dewars and connected by a 3-m-long super-

conducting current link or “transmission

line.“ The facility has been extremely use-

ful as a test bed to evaluate switch de-

signs, switch stabilization, instrumentation

improvements,and advanced energy transfer

concepts. 1 In particular, it was shown that

the arrangement where the coil and switch

are in series with respect to the power sup-

ply is much more reliable, safer, and easier

to operate than where the coil and switch

are in parallel. The conventional “persis-

tent mode” method of long-term energy

storage, which uses the parallel circuit, is

not really required for O-pinch CTR appli-

cations. To date the 30-kJ system has been

fired approximately 900 times. Half of

these shots were made during 1973, with the

series circuit and using center tapped

switches triggered from double capacitor
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banks, as described in the 1972 report.2

It was now proven that the two halves of

the switch go normal simultaneously to

within 1 us in spite of the fact that

switching and stored currents add in one-

half and subtract in the other and thus

are made to exceed Ic with opposite cur-

rent flow.

E. SWITCH DEVELOPMENT (Blevins, Laquer,

Lindsay, Weldon, Weeks).

As of this writing, a normal-going

superconducting switch represents the only

available high-current circuit breaker al-

lowing microsecond timing. However, it is

an expensive device both in terms of

materials and refrigeration requirements.

The latter have been analyzed in detai13

as a function of the energy deposited in

the switch, its mass, the permitted temp-

erature excursion, and the presence of a

parallel resistor at room temperature.

On the experimental side, 12 switches

have been built for the 30-kJ system to

evqluate various materials, configurations,

and assembly and potting methods. So far,

the noninductive, counterspiralling Ayrton-

Perry arrangement of two electrically par-

allel braided conductors, usually soldered

at the crossover points, has been most

successful. The prevention of wire motion

is the single most important factor in pro-

ducing switches capable of operating near

the sum of the self-field (m 0.5 T) short

sample critical currents of the individual

wires in the braid. This immobilization

of the wires relative to each other and

relative to any magnetic field lines has

to be accomplished without loss of thermal

contact between the wires and the liquid

helium bath by using a specially formulated

slightly flexible cryogenic epoxy adhesive

known as Aerojet #2.4

As the Ayrton-Perry configuration in-

herently does not fill space very effi-

ciently, some attempts have been made to

build more compact pancake switches which,

however, create additional insulation and

cooling problems. However, the operation

of a number of concentric Ayrton-Perry

switch modules in parallel would be ex-

pected to alleviate the packing problem

and allow easier testing and individual re-

placement of the 2000-to 5000-A modules

that would make up the required 10-to 25-lLA

switch units. The only problem is that of

matching residual inductances with control-

led or augmented contact resistances to

assure proper current equalization between

the modules. A test of this concept was

successful in that two nominally 1OOO-A

switches quenched at 2200 A when connected

in parallel. Low-resistance, high-current

pressure contacts (0.6 n~ at 10 kA) have

been developed that allow reproducible

component assembly without the often awk-

ward in-place soldering of superconducting

wires. All soldering can be done at the

bench.

F. ALTERNATIVES TO CRYOGENIC SWITCHES

(Swannack, Thomassen)

The primary technological problem in

inductive energy storage involves the in-

terrupting switch. Current and voltage

limitations on these switches limit the

amount of energy one can store for a given

transfer time T. In the capacitive trans-

fer circuit the limit is VIT/’?r,or about

0.5 MJ for a 30-kA, 50-kV interrupter and

a l–msec transfer time. The 300-MJ SFX/

FTR device would then consist of 600

modules.

The cryogenic switches under develop-

ment here suffer two major disadvantages.

First, when switched the resistance is

fairly low, which leads to an unacceptable

dissipation. This energy must be removed

from a 4° K circuit, hence there is a

severe penalty associated with the Carnot

efficiency. Estimates of the cost of

various subsystems in SFX\FTR indicate that

the cryogenic switch costs are .$34million

of the total $90 million cost. The second

disadvantage is the current limitation of

a braided and/or cabled multifilamentary

“
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wire. At present, 10-kA switches are being

built, but higher currents may be very dif-

ficult to achieve, which breaks the energy

store into even smaller sized modules.

There are alternatives to supercon-

ducting switches which we are exploring.

The vacuum interrupters used on a-c power

lines for fault protection can be used for

d-c interruption if a current zero is

forced in the switch with a commutation

circuit. The circuit consists of a capa-

citor bank which is discharged through the

switch to reverse the current, and a satur-

able inductor to slow the rate at which

the current goes through zero. The limit-

ing values of dI/dt depend on the type of

interrupter. The current must be lower

than some value for the deionization tiime,

which is different for each type of switch.

Vacuum interrupters with metal arcs have

deionization time of some tens of micro-

seconds, whereas the liquid metal arc

(mercury vapor) switch under development

at Hughes Research Laboratories may have a

5-10 psec deionization time.

The rate of recovery of voltage, dv/dt,

after interruption must also be limited or

the arc will restrike. The value of dI/dt

to extinguish the arc is related to dv/dt

after interruption, and this relationship

has not been extensively explored. our

program on interrupters will attempt to de-

termine this relationship and to devise

minimum cost commutation circuits. The

costs refer both to capital costs of

switches and circuit elements and to the

cost in energy necessary to interrupt the

current.

The capacitive transfer system to be

used on SF’X/E’l’17for inductive energy trans-

fers alleviates some of the problems

associated with current interruption.

First, the capacitor bank is very large,

and by charging it to a fraction of the

energy it handles during the transfer cycle

it can affect the commutation. Also, the

capacitance limits the voltage rise to

values much lover than those encountered

in the usual a-c interrupting application.

At present, we are building a test

facility for experimentation on the com-

mercial vacuum interrupters in a capacitor

transfer circuit. The limitations of these

devices will be explored and the techno-

logical problems with the entire inductive

transfer system will be addressed. The

first vacuum interrupters will be available

soon for this program.

G. PARAMETRIC ANALYSIS OF ENERGY TRANSFER

SYSTEMS (Rogers, Weldon)

An extensive computer parametric

analysis has been undertaken of the SFX

and PTR systems requirements and costs.

The most important results of this study

relate to the alternatives of direct or

transformer coupling between the energy

storage and the compression coils, and to

the use of transfer capacitors to increase

the energy transfer efficiency and thus

reduce the size of the inductive storage

coils.

The studies indicate that the most

economical system meeting the 300-MJ SFX

plasma compression energy requirements is

one where the energy is transferred from

QJ300modules with direct coupling at a

current of 25 kA, a voltage of 60 kV,and

with transfer capacitors capable of stor:

50% of the transferred energy.

H. INDUSTRIAL COIL DEVELOPMENT (Blevins

Rogers, Thomassen)

Development contracts have been let

n9

with Magnetic Corporation of America (MCA),

Intermagnetics General (IGC),and Westing-

house (W) to design and build three dif- .

ferent 10-IcA,300-kJ energy storage coils.

As shown in Table IX-3, there will be

different approaches on the choice of

superconducting wire, methods of conductor

stabilization,and heat transfer to the

coil. Thus MCA will use a flat braid of

45 cables of 36 insulated fine single core

wires with only copper in the matrix,

whereas IGC and Westinghouse propose to
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TABLE IX-3

INDUSTRIAL 300-kJ COILS

Wire Element:

Number of Filaments

CuNi/Cu/SC Ratio

Wire Diameter (mm)

Number of parallel super-
conducting wires for 10 kA

Subelement

Cable Core

Assembly Method

Layers in Coil

Mechanical Stabilization

MCA
.
J.

0/1.6/1

0.114

1620

6 x 6 cable

Fiberglass

Flat Braid

1
.!.

EPOXY
adhesive

use coarser multifilament mixed-matrix

wires in a compacted cable or the Roebel

transposition respectively. The latter

consists of a steeply pitched spiral wind-

ing of 12 parallel cables around a flexible

strip of stainless steel. Similarly, the

MCA and IGC coils will definitely be potted,

albeit by different processes, whereas the

Westinghouse coil with a higher copper to

superconductor wire may not require potting.

The total cost of these contracts is about

$450,000 and the first coils should become

available for testing at LASL at the begin-

ning of the 1975 fiscal year.

I. HIGH CRITICAL CURRENT TEST FACILITY

(Miranda)

A high-current critical-current test

facility has been assembled following an

Argonne National Laboratory design.b Cur-

rents of up to 25 kA can be induced by a

single cycle flux-pump in samples located

within a superconducting 4.5 T dipole

magnet. The sample can be rotated so as to

study critical current anisotropies. The

apparatus was used extensively in the de-

velopment of the 10-kA conductor for the

300-kJ coil,and the critical current curve

shown in Figure IX-2 is typical of these

measurements. The final stage in manu-

facturing the rectangular section conductor
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1.5/2/1

0.381

400 i 50

3 x 4 cable

None

Compacted
cable

1

Culham epoxy
process

w—
397

3/3/1

0.508

144

12-wire cable

nonsuperconducting wire

Roebel transposition

4

Framework

apparently flattens the filaments so that

critical currents with the applied field

perpendicular to the wider face of the

conductor are about 25% lower than when

the applied field is parallel to the wider

face. The apparatus was also used to

evaluate the low-resistance high-pressure

contacts discussed above.

J. LOW–LOSS SUPERCONDUCTOR (Laquer, W.

Turner, Weldon)

The full potential of superconductive

inductive energy storage can only be rea-

lized if the energy losses in the super-

conductor are so small that they do not

impose an appreciable energy load on the

system. This load, of course, includes

not only the energy, Wl, deposited in the

cryogenic environment, but also the refrig-

eration costs, W2, to remove that energy.

Thus W2 is about 200 WI due to the Carnot

limitations of all thermal engines and the

mechanical inefficiencies of compressors.

A program has been initiated in co-

operation with industry to develop low-

10SS NbTi superconductors for energy

storage coils with millisecond discharge

or transfer times. There are three dis-

tinct loss mechanisms present in multifila-

mentary superconductors:

1. Hysteresis in the superconductor

.

.



proper which varies as the filament dia-

meter (per unit volume of conductor) and is

essentially independent of frequency.

2. Eddy currents in the stabilizing

copper which vary as the square of the cop-

per diameter and the first power of the

frequency (per pulse and per unit volume

of copper) .

3. Coupling losses between filaments

which appear when the rate of field change

exceeds a critical value ~c.

Unfortunately, decreasing the coupling

losses for millisecond discharges requires

large filament diameters which, in turn,

increase hysteresis and eddy losses over

what they would be with finer filaments.

Alternatively, one could reduce the dia-

meter of the individual insulated multifil-

amentary superconducting wires, but this

increases their number and hence the prob-

lems in assembling them into a single 10-

to 25-kA braid or cable. Clearly, any

conductor will represent a complex com-

promise of many factors. In addition,

there are a number of uncertainties and

quality control problems in the manufac-

ture of NbTi from the composition and

metallurgy of the pure NbTi rods, to the

extrusion rate and temperature of the

composite billet, and finally the heat

treatment and annealing during the wire

drawing. All of this information, some

proprietary, will be furnished to LASL

from pilot production runs now under way at

PICAand Supercon. The conductors will be

built up from hexagonal NbTi rods sur-

rounded by hexagonal copper shells (for

stability) and hexagonal 70-30 copper-

nickel shells (for decoupling) as shown in

Figure IX-4. Between 150 and 400 of these

units will be stacked into internally

machined 10-cm-diam by 30-cm-long CuNi ex-

trusion shells to yield about 13 000 m of

nominally 0.5-mm-diam wire. Actual d~a-

meters will be between 50 and 200% of the

nominal value. The ficof each wire also

varies at l/t2, where t is the 360° twist

pitch of the wire. This effect is stronger

d2
q-p

d,

Figure IX-4
Design of low-loss mixed-matrix supercon-
ducting wires with stacked hexagonal ele-
ments.

than composition and filament diameters.

With present technology, it is difficult

to reduce to below 6 or 10 wire diameters

without breaking filaments and attempts

will be made to evaluate this limitation.

The wires will be evaluated by mea-

suring:

1. the residual resistance ratio of

the copper in the matrix,

2. the critical current and critical

current density as a function of the mag-

netic field together with the current shar-

ing behavior, i.e., the details of the

resistivity variation at the transition

from the superconducting to the normal

state,,
3. the cyclic frequency dependent

and independent energy losses discussed

above.

It is possible to calculate the ex-

pected cyclic losses from existing

theories,7 but there is little experimental

verification on the mixed-matrix low-loss

165



conductors that we are developing. In ad-

dition, the measurement of rate dependent

losses in millisecond pulse times and at

6 values of 3 x 103 T/see (3 x 107 G/see)

represents a difficult experiment which

has not been performed anywhere. For this

reason, we have assembled a miniature METS

system with a normal-going superconducting

switch to produce the required

rates in a small 4-mH, 1OOO-A,
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x. DEVELOPMENT AND ENGINEERING OF THE SFX/FTR

-+ The Scientific Feasibility Experiment/

Fusion Test Reactor (SFX/FTR) represents

the immediate goal of all major, on-going
. efforts in theta-pinch research at LASL.

Therefore, much of the progress reported in

other parts of this document is directly or

indirectly applicable to the SFX/FTR. In

this section we describe the various sub-

systems in the SFX/FTR design and the de-

velopment programs which are required be-

fore the device can be built. Progress

which has not been heretofore discussed is

also reported.

A. GENERAL DESCRIPTION OF THE SFX/FTR

The essential elements of the SFX/FTR

are presented diagrammatically in Figure

x-1. Detailed accounts of work which is

specific to a given portion of the SFX/FTR

have been covered elsewhere in the docu-

ment; the development of the “load” com-

ponent (i.e., first wall, vacuum systems,

coils, etc.) has not been previously de-

scribed and will be addressed in Section E’.

A decision has not been made to drive the

SFX/FTR with a magnetic energy transfer and

storage (METS) system or an electrostatic

energy transfer system (EETS). This deci-

sion must await future developments in METS
.

research and switching technology. A

possibility exists of initially operating

the SFX/FTR with an EETS (a low-voltage,.
compact capacitor bank using standard

D’
8

METS TRANSFER
CAPACITOR “

STAGING + HEATING

EOERTS SYSTEM
SYSTEM SYSTEM

,

Figure X-1
Five major systems and systems development
required by SFX/FTR.

starter and crowbar switches) with the

OptiOn of converting later to a METS-

driven SFX/FTR if and when the latter tech-

nology matures. Figures X-2 and X-3 il-

lustrate conceptually an EETS and METS

driven SFX]FTR, and Table X-1 summarizes

nominal values of important operating para-

meters.

The experimental and design activity

in each of the major areas identified in

Figure X-1 is summarized below. Once the

present series of Scyllac experiments dem-

onstrates toroidal equilibrium, the results

of the toroidal equilibrium experiments

will be used to operate a “staged Scyllac”

experiment (25-m major radius) , which will

require staging of the implosion field;

some plasma compression (N2.T) is expected.

The “staged Scyllac” experiment will lead

—+———————————–- w-t=-=

Figure X-2
Conceptual plan view of a staged O-pinch
scientific feasibility experiment powered
by low-voltage capacitors (outer racks).

.

.-,-
,-. . .
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Figure X-3
Conceptual plan view of a staged e-pinch
SFX/FTR powered by a cryogenic magnetic
energy supply.

into the SFX/FTR experiment first, by the

use of EETS, followed by METS with the

EETS converted to a transfer capacitor

bank.

Tin!. {ps.d

)UUI,S.T.J,.CO,! ,.
C4wtott..Tmn$l,(
ml,

Figure X-4
Circuit diagram and waveforms for the
staged e-pinch SFX/FTR of Figure X-2.

... . TABLE X-1

SUMMARY OF IMPORTANT SFX/FTR

B

‘f

6./61

‘f

kTf

‘f

b

R

‘B

E6*

‘R

‘D

po*

fB*

ratio of plasma pres-
sure to magnetic
pressure

radius ratio at end
of compression

ratio of 1 = O to
i = 1 distortions

plasma density in the
compressed state

plasma”temperature in
the compressed state

final value of com-
pression field

first wall radius

PARAMETERS

%0.8

0.30-0.40

0.15

5.0 x“1015
atoms/cm3

5.4 keV

5.-6.T

0.1 m

major radius of device 30 -35 m

magnetic energy per 800 kJ/m
unit reactor length

implosion heating 2-3 kV/cm
electric field

risetime of compres- N 1.0 msec
sion field

decay time of com- w 10.O msec
pression field

filling pressure 2-8 mtorr

fractional burnup of %0.001
DT

*Specific values of these parameters as
determined from thermonuclear burn calcu-
lations are summarized in Table X-3.

B. METS AND EETS DEVELOPMENT

The use of capacitors to drive the

compression field in SFX/FTR represents a

scaling upward in size of an available

technology. Roughly 31,000 8-kJ capacitors

at 10 kV will be required in conjunction

with w 104 starter and crowbar switches.

A circuit diagram with voltage and magnetic-

field waveforms is shown in Figure X-4.

~ implosion coil with four feed slots is

shown driven by peaking circuits similar

to those described in Sec. D. To tie into

the compression capacitor bank, the capa-

citor peaking circuit is crowbarred through

a set of

tance is

switches whose paralleled resis-

on the “order of 3 mfl.
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A parameter stu,.yof a superconduct-

ing magnetic energy transfer and storage

driven SFX/FTR has been made;2 both direct

and transformer coupling between the load

and the primary energy storage coil were

considered. Without transfer capacitors,

only about one-fifth3 of the magnetic

energy of the torus is transferred, and the

primary energy storage coil must store about

5.8 MJ per meter of compression coil, which

corresponds to a total energy of about 1000

Ml. To alleviate this situation a transfer

capacitor bank will be used. In many re-

spects this concept also gives a start on

the RTPR energy storage problem.b

There is an intrinsic lower limit on

the risekime of the METS system of about 1

msec, which is set by the superconductor

coil current and voltage. 3 Therefore an

intermediate “staging” capacitor bank of

relatively low energy will probably be re-

quired as a bridge between the vezy fast

implosion heating circuits and METS. Such

a bank is indicated in Figure x-3. Since

the risetime of an EE1’S-drivencompression

field is considerably smaller khan a MEl’S-

driven system, the staging requirements

for the former will be considerably relaxed.

The design and fabrication of proto-

type NETS coils (300 kJ] has begun at LASL.

Additionally, three contracts have been

made for similar storage coils with the

Westinghouse Corporation, Intermagnetics

General Corporation, and Magnetics Corpo-

ration of America. Switching within the

METS represents a crucial problem, and in

addition to superconducting switch develop-

ment in progress at LASL, plasma switches5

and vacuum (mechanical) circuit breakers6

are under consideration and study.

c. TIUINSFERCAPACITOR DEVELOPMENT (D.

Weldon, Q-7)

An important problem encountered in

transferring energy from an inductive

storage unit directly to an inductive load

is the intrinsic inefficiency of the trans-

fer. No more than 25% of the energy origi-

nally stored is delivered to the load.

However, if a large capacitor bank is

placed across the load, the energy transfer

can be made as efficient as desired. Under

usual conditions of operation this so-

called transfer capacitor must store one-

half of the energy transferred to the

inductive load at one point of the transfer

sequence.

A number of circuits involving in-

ductive energy storage and transfer capa-

citors have been studied to determine some

of ihe relative advantages and disadvan-

tages for use in a scientific feasibility

experiment. The circuits studied included

the cases in which the load and storage

units were transformer coupled and that in

which they were mutually connected across

the capacitor bank. Results of this anal-

ysis along with additional studies on such

subjects as high purity aluminum conductors,

charging power supplies, current joint

resistance, etc. will appear in a forth-

coming LANS report.7

A comprehensive parameter study com-

paring direct capacitive transfer systems:

transformer coupled, capacitive transfer

systems; and transformer coupled, non-

capacitive transfer systems has been ini-

tiated. Results of this study should give

definitive cost estimates for SFX/FTR ex-

periments based on present day theta-pinch

and magnetic energy storage concepts.

D. SFX/FTR STAGING TECHNOLOGY (R. Gribble,

Q-7)

A major difficulty anticipated for the

SFX/FTR is the requirement for staging or

bridging magnetic fields to hold the plasma

away from the discharge tube wall from the

time of implosion until the compression

field is large enough to begin the com-

pression phase. One solution to this

staging problem is the use of a bank of

50, 60-kV capacitors that is connected to

the implosion coil during the implosion

169



phase. The staging bank is then crowbarred

at peak current to obtain an L/R decay of

some 200 US for a l-insrisetime NETS system

or 50 PS for an EETS system. The required

staging bank energy depends on the resis-

tance of the crowbar circuit, which is as-

sumed to be located mainly in the crowbar

gaps. If a 0.1 mohm crowbar gap could be

developed, then about 70 kJ/m of staging

energy will be needed for METS and about

20 kJ/m would be required for EETS.

E. SFX/FTR IMPLOSION HEATING TECHNOLOGY

(R. Gribble, Q-7)

The implosion heating system involves

the free expansion concept discussed in

Ref. 1. This process uses a rapidly rising

magnetic field, which accelerates ions in

a fast implosion until the initially ac-

celerated ions recontact the sheath after

passing through the tube center. The field

is reduced at this time to a low value,

allowing the ions to move outward toward

the tube wall with little loss of energy

to the field. Just prior to hitting the

wall, the ions are stopped or reflected by

the rapid application of a more intense

magnetic field. Ideally the magnetic field

transition times should be much less than

an ion transit time across the tube. Prac-

tically, however, the production of such a

short transition time is very expensive

and difficult.

A technically feasible arrangement

that does not produce the ideal waveshape

appears by simple computer modeling to

provide plasma parameters almost as de-

sirable as those produced by ideal wave-

forms and consists of three sections of

capacitors with independent switching of

each section. The first section has a

quarter-cycle sinewave risetime of about

0.2 PS and provides the magnetic field for

the first implosion of the plasma. Switched

into the load coil just after peak current,

the slower third section provides the

staging field, prolongs the first implosion

phase,and prevents the field from going
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negative during the second half cycle of

the first section. The fast second section

is then switched into the load about midway

into the second half-cycle of the first to

stop and reflect the sheath before the

plasma contacts the wall.

A more efficient alternative scheme

involves charging the second and third

sections to the opposite polarity of the

first section and switching again at a

point near the beginning of the second

half-cycle of the first section. This pro-

cedure provides a faster field risetime to

stop the expanding plasma, thereby result-

ing in a lower 10ss of plasma energy to

the field during the expansion. However,

the reverse field which is trapped in the

plasma by this scheme may result in plasma

instability. A schematic diagram of this

circuit is depicted in Figure X-5. The

switch for the first section is represented

by Sl; S2 is the second switch, S3 is the

third switch, and S4 the staging crowbar

switch.

High-voltage coupling between the

implosion coil and the compression coil is

a problem that always exists in circuits

with more than one capacitor bank connected

to a load. The total voltage around the

implosion coil, whether it be a single or

a fractional turn type, is of the order of

300 kv. Clearly any reasonable compression

coil design cannot withstand such a large

induced potential. By connecting a low

inductance capacitor across the compression

Figure X-5
Circuit diagram of bipolar switch.

“
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coil terminals, a flux is produced in the

space between the coils equal to and in the

opposite direction of the implosion coil

flux, thereby alleviating the problem. How-

ever, some voltage will still appear across

the capacitor inductance, but this remain-

ing voltage can be further reduced by add-

ing a resistive liner just inside the com-

pression coil.

The penalty exacted for this isolation

is the increased implosion system energy

storage required to fill the volume between

the two coils with magnetic energy. Less

implosion system energy is used for larger

volumes, but more compression system energy

is wasted. The present compromise makes

the compression coil volume twice that of

the implosion coil. Therefore, almost twice

as much energy in the implosion system is

required as compared to an arrangement that

does not include compression. Utilization

of the same coil for both implosion and

compression has the same difficulty. A

possible solution to this problem is the

use of nonlinear elements, such as ferrite

material, to fill the void between the

coils.

A very simple “ion simulation” calcu-

lation was made to estimate the plasma

parameters to be expected from an implosion

circuit that used four feed plates. Each

feed plate was driven by a 125-kV pulse-

forming network described above (PFN) and

a 60-kV staging bank. The “ion simulation”

calculation used only twenty ions to re-

present the plasma with a bounce model. No

electron effects were included except those

implicitly required for charge neutraliza-

tion. Table X-2 shows the results of this

calculation for 10-and 20-mtorr filling

pressure and several values of implosion

systems stored energy. The value of X5

and kT is normalized to 10-kG shock field,
s

B , where x is the normalized equilibrium

p~asma radi~s and kTs is the ion tempera-

ture. In these calculations the implosion

magnetic field was not allowed to reverse;

the PFN triggering time occurs when section

two is switched and likewise for staging

time. The difference between kTs directly

calculated from ion energy and that calcu-

lated from pressure balance is due to

inertial effects still present at the end

of the run. The rapidly rising field used

to stop the plasma does more than just stop

the sheath; this field is sufficient to

turn the sheath around and

thereby adding more energy

would be obtained from the

sion procedure (where ions

the wall).

TABLE X-2

CALCULATION RESULTS OF IMPLOSION HEATING CALCULATIONS

Implosion energy, kJ/meter

Staging energy, kJ/meter

Filling pressure, mtorr

PFN trigger time, psec

Staging time, ~sec

Min. plasma radius, mm

Max. plasma radius, mm

x

k~s, keV

kTs,* keV

Plasma energy, kJ

62.5

109.

10.

0.70

0.35

56.

100.

0.64

1.6

1.5

6.9

75.

109.

10.

0.65

0.30

47.

103.

0.68

1.8

1.6

9.2

83.3 125.

156. 156.

10. 10.

0.60 0.46

0.30 0.46

43. 32.

102. 99.

0.69 0.61

1.7 1.4

1.7 1.3

9.2 7.4

accelerate it,

to the ions than

pure free expan-

simply stop at

125.

156.

20.

0.70

0.35

39.

99.

0.74

1.0

1.0

11.7

---------------

*Calculated from pressure balance.

171,



F. DESIGN OF SFX/FTR PLASMA CHAMBER (R.

Krakowski, Q-DOT, T. Oliphant, K.

Thomassen, Q-7)

During the last quarter of CY 1973 an

SFX/FTR design group was formed to study

specific design and fabrication problems

anticipated for the first-wall vacuum re-

quirements, tritium handling, implosion

heating/adiabatic compression coils, and

general layout. This design team is com-

posed of personnel with expertise in mate-

rials science, fabrication, Scyllac theory/

experiments, tritium chemistry, and general

engineering. The major accomplishments of

this newly-formed group are (a) a quanti-

tative identification of the thermal/

radiation environment to which the SFX/FTR

first wall will be subjected and (b) the

initiation of a first-wall design/

fabrication/testing program which will lead

to a workable SFX/FTR vacuum chamber.

SFX/FTR First-Wall Radiation and Particle

Fluxes

A quantitative assessment of the wall

problem requires scaling information from

wall-stabilized Scyllac experiments to

specify the size of the experiment; im-

plosion heating physics to determine the

necessary electric field stress on the in-

sulator to achieve ignition after magn~ic

compression; and a thermonuclear burn cal-

culation specifying the time history of

neutron and bremsstrahlung production and

plasma internal energy. A concise state-

ment of the scaling laws and their basis

in experiment was recently given by

l?reidbergand Ribe,8 and further verifica-

tion will be forthcoming from the recently

completed toroidal Scyllac experiment.

The physics of the implosion process

has been explored with both theoreticalg~lo

and computer simulationll models, and the

results of these theoretical analyses will

soon come under experimental scrutiny by

the implosion heating experiment and the

staging experiment. 12 The thermonuclear

burn code13 used in the design of the

Reference Theta Pinch Reactor (RTPR)

gives all the required plasma and radiation

data except the particle fluxes. The

particle flux must be estimated from plasma

internal energy and the expansion of the

plasma in the decaying magnetic field. Dif-

fusion of the magnetic field into the

plasma limits the rapid loss of plasma

after the column expands to the wall and

the flux between the wall and plasma bound-

ary disappears. The radiation and particle

fluxes so computed are factored into a

first-wall heat transfer calculation from

which the time-dependent temperature and

stress loading at the first wall is deter-

mined. The results of this wall flux cal-

culation are given below.

The DT plasma is brought to ignition

by a combination of implosion heating and

adiabatic compression. From the physics

of implosion heating as described by a

bounce model and free expansion after the

contraction of the ions to their minimum

radius, the plasma radius after the im-

plosion process is determined. Further,

when the initial filling pressure and

azimuthal electric field are specified,

the magnitude of the plasma temperature

and magnetic field after the implosion

process are uniquely determined. Specifi-

cation of the magnetic field to which the

plasma is compressed and of the initial

electron temperature yields the final

electron and ion temperatures, the alpha

particle production rate, the final plasma

radius, the plasma internal energy, and

the neutron and bremsstrahlung wall fluxes.

These parameters are the output of a

thermonuclear burn code]3 which follows the

evolution of the ion, electron, and alpha

particle distribution functions as the

alphas are born and deposit their energy

in the plasma. The plasma expands adia-

batically against the magnetic field, doing

direct-conversion work, and the plasma also

cools by bremsstrahlung radiation. All

these processes are treated self-

consistently in following the plasma

history.

.

.

.

.
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Fiqure X-6
Internal plasma e~ergy after a l-msec com-
pression to ignition and 100-msec decay of
the 60-kG external field for PQ = 5 mtorr
and Ee = 3 kV/cm. The energy M normal-
ized to the wall area which will eventually
receive this heat load.
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Fiqure X-7
Wall flux of brem~strahlung radiation
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parameters of Figure X-3. “
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Fiqure x-8
Neutron current t; the wall for the param-
eters of Figure X-3.

The results of the application of this

code to the FTR plasma are given in Table

X-3 for various filling pressures P.

(mtorr) and electric fields E. (kV/cm).

In each case the compression field is al-

lowed to reach 6.0 T and then decayed ex-

ponential with a time constant TD. The

computed parameters of interest here are

fractional burnup (fB),neutron and brems-

strahlung wall flux ($ and dEBR/dt),and

internal plasma energy per unit first-wall

area (EINT). The rate at which energy is

deposited at the first wall is determined

primarily from an MHD diffusion and heat

transport calculation, since a portion of

the energy is transported by the hot DT.

The bremsstrahlung load is not important,

and the neutron flux will produce insigni-

ficant fluences during the life of the

first wall at the anticipated duty cycle.

(WSO pulses/day); the neutron-induced

structural activation will not be trivial,

however. To indicate the temporal behavior

of the fluxes and energies in Table X-3,

Figures x-6 through x-8 show the time

variation of the plasma internal energy

per unit first-wall area, the bremsstrah-

Iung energy flux, and 14-meV neutron
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FTR burn calculations for l-msec field
decay (TD) thereafter.

P. = filling pressure (mtorr)

‘e
= shock field kV/cm

f = percent burnup (%)

‘TABLEX-3

risetime from Bs to 60 kG (m sinz~) and exponential

‘BR = bremsstrahlung energy density at
first wall J/cm2

‘$ = neutron wall flux at first wall
(peak) 1014/cm2sec

‘INT = internal plasma energy density
at first wall J/cm2

PO (mtorr) E. (kV/cm) @ 1014/cm2sec f EINT (J/cm2) EBR (J/cm2)

2

2

3

4

5

5

8

8

2

2

5

5

8

8

2

2

5

5

8

8

2

3

3

3

3

2

3

2

2

3

2

3

2

3

2

3

2

3

2

3

1.6

1.7

2.4

2.8

3.0

1.9

2.7

1.8

1.6

1.7

1.9

3.0

1.8

2.7

1.6

1.7

1.9

3.0

1.8

2.7

0.18

0.21

0.17

0.13

0.11

0.07

0.06

0.03

0.72

0.85

0.31

0.46

0.16

0.27

1.11

1.2

0.52

0.76

0.28

0.27

current for the case where PO = 5 mtorr and

‘e
= 3 kV/cm. The internal energy is about

3.5 J/cm2 when the plasma begins making

substantial wall contact. Neutron currents

exceed 101q/cm2/sec during the initial

burn, and bremsstrahlung rates diminish

from 13 watts/cm2.

A single fluid MI-IDmodel was used to

follow the resistive diffusion of magnetic

field into the high-beta plasma during the

expansion phase of the thermonuclear burn.14

The time variation of the particle flux and

a normalized integrated wall flux is shown

in Figure X-9 for the case PO = 5 mtorr,

‘e = 3 kV/cm. The initial conditions for

the MHD code assumed a plasma radius

5.6

7.5

8.4

9.2

9.8

7.7

11.3

8.9

5.6

7.4

7.7

9.8

8.9

11.3

5.6

7.4

7.7

9.8

8.9

11.3

0.03

0.02

0.04

0.06
‘D

= 10 msec
0.08

0.09

0.14

0.17

0.10

0.09

0.35
‘D = 50 msec

0.30

0.67

0.58

0.13

0.11

0.46
‘D

= 100 msec
0.40

0.92

0.78

corresponding to the minimum radius after

compression and a magnetic field of 6.0 T

outside the plasma and 1.2 T inside the

plasma. The initially sharp boundary

plasma was allowed to expand as the field

diffused into the plasma and smeared the

boundary. The 6.0 T field at the wall was

diminished with an exponential time con-

stant of 100 ms. An anomaly factor of 100

was put into the classic resistivity to

smear the field profile, but the classical

heat conductivity was used. The particle

flux increases rapidly after 120 ms (well

after the bremsstrahlung flux has dimin-

ished), reaching 6 x 1012/cm2/sec and

lasting about 50 ms. As a rough

w

●

.

.
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Temperature transient expected in SFX/FTR
first wall..

approximation these particles consist of

2-keV ions and electrons and (0.38%) alphas

with an average energy of 2 MeV.

The energy flux carried by the ions is

shown in Figure X-10, and this energy flow

occurs over a period of about 25 msec. The

total energy conducted is 0.76 J/cm2, or

25% of the internal plasma energy when the

plasma first strikes the wall. The remain-

der may be accounted for by the alpha par-

ticles which are 0.38% less numerous, but

1000 times more energetic; hence the alphas

account for 3.8 times the 0.76 J/cm2 or

2.89 J/cm2. The temperature transient

anticipated for an A1203 (0.3-mm)/Nb (l.O-

mm) first wall under adiabatic conditions

is shown in Figure X-n for the case where

Q (J/cm2) is 10 times that of the expanding

D’1’ions.

t (m see)

Figure X-10
Heat flux to the first wall and total heat
per unit area for the parameters of Figure
X-3,
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G. SFX/FTR FIRST-WALL DESIGN AND FABRICA-

TION

The majority of theta-pinch discharge

tubes used to date at LASL have been made

of quartz. For the following reasons the

SFX/FTR will require the use of ceramic/

metal composite construction for the dis-

charge tube (i.e., first wall).

(a) As the first-wall heat load is in-

creased the thermal heat capacity and con-

ductivity must be increased. ‘Thesein-

creases can be accomplished satisfactorily

by the use of thin (~0.3–nun)dielectrics

supported on a substantial (’wl.O-mm)metal-

lic structure.

(b) Increasing the first–wall diameter

(0.2 m for SFX/FTR and 1.0 m for RTPR)

makes impractical the use of a monolithic,

ceramic,or glass discharge tube.

(c) The first wall will support the

9.= 1,0 (helical, bumpy) distortions re-

quired for toroidal equilibrium. Incorpo-

ration of these radial perturbations into

a monolithic first-wall structure appears

impractical.

(d) Since the SFX/FTR will eventually

burn DT, a reliable tritium barrier(s)

must be provided. The first-wall struc-

ture may serve as a tritium barrier and its

integrity under stress induced by occa-

sional crowbar failures must be assured.

(e) Internal cooling and tritium

purging of the SFX/FTR first wall may be a

necessity. The use of a dielectric-coated,

metallic structure presents a straightfor-

ward method to satisfy these requirements.

The implementation of a ceramic/metal

discharge tube represents not only an in-

novation in fabrication/assembly techni-

ques, but also an extrapolation of present

theta-pinch technology (high-voltage tech-

nology, coil design, implosion heating) is

involved. For this reason a team of ex-

perts in the areas of materials engineer-

ing, fabrication/assembly technology, high-

voltage techniques, and plasma physics has

been assembled to attack this problem.

Given below is the R/D schedule which has

been adopted for the SFX/FTR first-wall de-

sign, fabrication, and testing.

(a) Fabrication of a small (0.5-m-long

x 50-mm-i.d.), stainless steel/alumina (or

glass) discharge tube which is formed from

36 azimuthal segments (7.5-mm thickness).

This discharge tube will be straight and

will be tested in an existing Scylla faci-

lity for voltage (under crowbar and uncrow-

barred conditions) and plasma (DD) implo-

sion characteristics. Considerable pretest

(bend strength, dielectric/breakdown char-

acteristics, insulator porosity and bond

strength, etc.) and posttest (fracture,

surface erosion, changes in mechanical

properties) analyses will be made to opti-

mize materials selection and fabrication

(assembly techniques).

(b) On the basis of the experience

gained from (a) above,a larger (~100-mm i.

d.) discharge will be tested in conjunction

with a specially designed vacuum theta-

pinch coil. Similar pretest and posttest

analyses will be performed.

(c) A full-sized SFX/FTR discharge

tube (200-mm id.) will be fabricated and

tested in the facility now being used for

the heating experiments. Although the

first discharge tube may be in the form of

a simple cylinder, the !?= 1,0 distortions

will be incorporated into this discharge

tube.

The major accomplishments of the SFX/

FTR design group have been the origination

and initiation of R/D plans which will lead

to a materials/fabrication technology re-

quired of the SFX/l?TRby %1976. Contact

with industrial capability will be made

during phase (b) and strengthened to the

point where fabrication en masse of SFX/——
FTR discharge tubes (and associated vacuum

and coil systems) can smoothly transpire

at the end of phase (c).

.
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