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INTRODUCTION

.T. L. Tuck

The prime task of bringing into operation the five -meter curved

section of the Scyllac is on schedule and proceeding well (P-1 5). Already,

the on-line computer gap monitoring and data acquisition is proving its

wo rth during the setting-up stage. Operation with plasma is expected in

January 1971. The linear Scylla with x2 mirrors is also proceeding;

the projected operation date is late 1971.

The shock .heated toroidal z-pinch (P-14) is in advanced

construction. This experiment should give a definite answer to the

question whether or not fast z-pinches have a future for pulsed fusion

power. Experimental observation is estimated for the Spring of 1971.

Although it is peripheral to CTR, the three successful

firings of high power plasma guns powered from a complicated two -

stage explosive generator and carried by rocket to 210 km altitude,

must be acknowledged to be a remarkable physical and engineering

tour de force (P-17).

On the mathematical physics side (P-18 ), the computer

simulation of plasma has been carried to new heights of sophistication.

It has justified our early confidence and become a major tool of plasma

physics. The electron cyclotron drift instability which it revealed is

probably the key to understanding anomalous plasma resistitity which

is widely observed in machines such as Tokamak.

.
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THETA PfNCH

EXPERIMENTS ON SCYLLA IV-3 WITH /, = 1
FIELDS PRODUCED BY HELICAL GROOVES “
IN THE COMPRESSION COIL (P-15)

(C. F. Hammer, W. E. Quinn, F. L. Ribe
R. E. Siemon, K. S. Thomas)

In the last annual report, 1 the operation of

Scylla IV with a 3-meter coil was reported. The

effort during this report period has been devoted

almo at entirely to experimental studies with ~ = 1

helical magnetic field configurations superimposed

on the 3-m theta pinch. The effects of an %= 1

field are of considerable interest since it has been

shown theoretically that such a ~leld configuration

can provide an equilibrium for a toroidal high+

plasma. Plasma studies have been made with a

135-cm ?, = 1 region in the center of the compres-

sion coil as well as with the Z, = 1 configuration

extending over the full length of the 3-m coil. In

addition, an axia I current Iz has been used.

These experiments with Z, = 1 fields were

conducted primarily to test the Grad, Weitzner,

Freidberg stability theory. The most important

fact to emerge is that only the m . 1 MHD mode is

present. An unexpected observation is the impor-

tance of induced net longitudinal current 1= which

must now be understood in order to avoid Kruska I

modes in Scyllac. Since these t = 1 fields were

generated by helical grooves in the compression

coil, their timing (simultaneous )with respect to the

main field could not be changed. There is theo-

retical reason to expect that Iz is sensitive to this

timing, and, consequently, we shall do new experi-

ments on ScyHa IV-3 --and have designed Scyllac --

with f, = 1 fields generated by helical coils.

The m . 1 growth rate observed is sensitive

to initial implosion conditions, as controlled by

applying external 1=, which was, however, done

for reasons of controlling the $ = 1 induced 1=0 We

infer that the wide variations of growth rate

observed reflect a change of ~ with changed initial

conditions. That inference must be checked on the

ncw experiments. At any rate, we see some quite

slow growth rates, easily amenable to feedback

stabilization. The question next to be investigated

is: with what @1s and ion temperatures are they

associated ?

2

EXPERf.MENTS WITH AN L = 1 HELICAL FIELD
SUPERIMPOSED ON THE CENTIUIL 135-cm
LENGTH OF A 3-m THETA PINCH

Experimental Arrangement. The Z,= 1 helical

magnetic field is produced by cutting a spiral

groove or thread in the inside surface of the com-

pression coil. In the present experiment the coil

inner surface is shaped as a flux surface of the

4 = 1 helical field by means of rectangular grooves

of depth A . 1.59 cm and wavelength of 30 cm

(h = 2n/30 = 0.209). These grooves provide an

approximation to a sinusoidal amplitude at the

coil surface (cf. F. L. Ribe, LA-4098),

h(b)=++ (1 -&)=13.13, (1)

where b is the inside radius of the coil. For a

wal I-to-plasma radius ratio b/a =6.0/0.63 =9,5

and ~ = 0.5, the plasma distortion .51(. ) = 1.6.

Here 61 is the ratio of the helical excursion to the

mean coil or plasma radius.

In the initial experiments, the t. = 1 section

occupied a 135-cm length in the central region of

the compression coil with uniform field regions of

90 cm and 75 cm on its ends. Most of the experi-

ments with this arrangement were performed with

an annular array of trapezoidal lnconel-tube

inserts filling the 1. = 1 grooves, These were used

to provide an initial homogeneous B field during
z

the shock implosion phase of the discharge with

the generation of the ~ . 1 field occurring as the

magnetic flux diffuses into the Inconel inserts.

The Z, = 1 groove with the Inconel inserts in the

lower half of the compression coil is shown in

Fig. 1. Only one 15-cm section of the smooth-

bore portion of the coil is shown at each end of

the t = I section. The longer coil tab (Fig. 1 )

connects to the collector plate current feed.

Streak cameras viewed the plasma column

side-on at the coil midplane near thv ccnt(. r uf the

L = 1 region, at the end of the { = 1 region 61)-c IM

off the midplane, and at a position 15 cm bt,yond

the other end of the L = 1 region 90 cm from the

coil midplane. Each streak canlera vitnvccf thL.

plasma stereoscopica Ily. The holographic int.. r -

ferometer arrangement was used to vit,u. tlit,

plasma column in the axial direction. Ncut z-on

I
b

.
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SCAN— SCAN—

u

Fig. 1. Portion of Scylla Iv-3 compression coil
showing ?, = 1 helical groove and Inconel
inserts.

Fig. 3. Scylla IV-3 coil with 4, . 1 grooves and end
electrodes

+ 5psec +

.

Bz

Br

1psec/ cm
Fig. 2. Oscillograms of Scylla IV-3 compression

field (top) and Br component off, = 1 field.

emission from the plasma was observed by means

of a plastic scintillation counter and by silver

activation counters.

Initial Results . Magnetic probe measurements of

the Br component of the /, = 1 helical vacuum field

show the delaying effect of the Inconel inserts, as

shown in Fig. .2. The upper trace of the oscillo -

gram shows the applied Bz field and the lower trace

the Br component of the L = 1 field. The ~ = 1

helical field lags the B= field by approximately

one-half microsecond. The peak magnitude of the

vacuum Br component is about 8 kG at a radius

of 3.2 cm, or approximately 157. of the B= field.

E 1’

EE_1
1

Fig. 4.

IEE!!E

5EI

2psec/cm-

Streak photographs of m = 1 instabilit~ In
Scylla ~V-3 &ith_ 135-cm of ~ = 1 field: The
oscillograms show the compression field
(top) and the Iz current.

This corresponds to a pIasma distortion at r = a =

0.63 cm

bl(a)=[ (ha) (1 -p/2]-] Br/Bo = I-5. (2)

3



Typical streak photographs, using the arrangement

in Fi g. 3 ,of the radial plasma motion taken under

the above conditions are shown in the upper streaks

of Fig. 4. The streaks on the left were taken at

the coil midplane and those on the right at a position

15 cm beyond the end of the L = 1 region, 90 cm

from the coil midplane. The upper streak photo-

graph of each vertical pair shows the plasma

motion in the horizontal plane with the coil feeds lot

at the bottom, while the lower streak of each pair

shows the vertical motion of the plasma column in

its true orientation. The streak photographs show

that the plasma column in the L = 1 region goes to

the discharge tube wall in an m = 1 sideways motion.

An analysis of several such streak photographs

shows the following: (1) The plasma column in the

central portion of the 1, = 1 region moves toward

the wall ahead of the column at the ends of the Z, = 1

region; (2) the m = 1 sideways motion of the plasma

column is predominantly in the ho rizontal plane

away from the coil feedpoint; and (3) the plasma

begins to move off axis in 1 to 2 ysec and strikes

the discharge tube wall at 2 to 3 ~sec, i.e. , before

or at the time of Bz maximum, as evidenced by the

abrupt onset of intense illumination across the

entire streak photograph.

1= Currents Generated by the 7, = 1 Fields. The

application of the t = 1 helical field on the Bz

field can produce a current along the plasma

column, since the helical plasma links Bz flux.

With the Lnconel insert . the /, = 1 field is effec -

tively applied after the formation of the theta-

pinch plasma column. This method avoids inter-

ference of the Z, = 1 field with the symmetry of the

initial shock-heating process.

In order to observe such an Iz current,

hollow cylindrical electrodes were installed at each

end of the theta-pinch coil about 15 cm beyond the

coil ends. These electrodes were connected by an

external circuit of 8 insulated wires (Fig. 3).

Current measurements with a Rogowski loop

showed the presence of an Iz current as shown in

the lower trace of the upper oscillogram of Fig. 4.

The upper Lrace shows the applied magnetic field.

With the 135-cm length t = 1 coil section, the Iz
bucking current attains a maximum value of

,.

aPPrOfimatelY 1.9 kA. The variation of the

bucking current with time follows that of the

applied magnetic field (Fig. 4). The sign of the

observed Iz is opposite to that produced by a

rotational transform penetrating the plasma

column of the same sign as that external to the

plasma. The Iz current was very reproducible

from discharge to discharge.

Results with an Applied Iz Current. An axial Iz

current was applied to embed rotational transform

during the plasma formation (Fig. 3). A crow-

barred O. 7-p F capacitor charged to 41 kV was

discharged between the end electrodes with a

variable coaxial shunt in parallel with the plasma

column to assist in varying the magnitude of l=.

Composites of streak photographs and

corresponding oscillograms with an Iz applied in

opposition to the observed /, = 1 induced current

are shown in the lower portions of Figs. 4 and 5.

The left streaks were taken stereo scopically at

the coil midplane, 15 cm beyond the end of the

L . 1 groove, while the right streaks were taken

90 .cm off the midplane. The upper streak shows

the plasma motion in the horizontal plane and the

lower streak the motion in the vertical plane. The

lower traces of the left oscillograms below the

streak photographs show the Iz current on the

given discharge while the upper trace shows the

applied B field. The oscillograms on the right
z

of Fig. 4 and at the bottom of Fig. 5 show the Iz

current resulting from the timing of the passive

crowbar when fired on the afterglow of the prc -

ionized plasma, before the disc ha rge on which the

streak photographs and other oscillograms were

taken.

These streak photographs, taken with an

applied Iz (Figs. 4 and 5), are to be compared

with those of the upper streaks of Fig. 4, which

are typical of the case when there is not an

applied Iz. In addition, the cases with applied Iz

are compared with each other relative to the type

and magnitude of the 12 current pulse and relative

to the time of application of the main compression

field. The center streaks of Fig. 4 show the

effect of applying an 11.7 kA pulse of current

which is c rowbarred off in such a \vay as to

s
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Fig. 5.

ix_mE!l
m3.9 kA/cm

liEm-
S9 kA/cm

Eiiiiiam

m
39 kA/cm

m

-m

‘~r 39kA/cm

2pnc/cm

Streak photographs and oscillograms of
Scylla IV-3 as in Fig. 4 with 135-cm of

Z, = 1 field.

produce a net zero current. The plasma column

is almost stable in this case. The lower streaks

of Fig. 4 show the effect of applying a 17.4 -kA

current pulse sustained with the passive crowbar.

In this case, the streaks indicate that, with the

increased 1= current, 17.4 W, a (helical) Kruskal

mode has been excited with a quarter -wavelength

approximately equal to the distance (90 cm) between

the viewing slits. In this case, the plasma column

strikes the discharge tube wall.

Figure 5 shows the effect of applying the

main B= field at slightly different times relative

to a 12-kA current pulse which is crowbar red to

approti=tely zero current O In the upper streaks,

the field was applied before the current pulse

attained its peak value. In this case (B8 outside

the plasma column), the plasma column moved to

the wall in an m = 1 motion in the absence of an

applied Iz, much as it did in the upper streaks of

Fig. 4. In the center streaks of Fig. 5 the main

field was applied at the peak of the 1= current

pulse and a grossly stable plasma column resulted.

In the lower streaks, the main field was applied

after the Iz peak and a grossly stable plasma column

was observed with some apparent “shredding. “

In general, when the Iz current is applied

with a partial or completely sustaining crowbar,

the plasma column moves to the discharge tube

wall. Also if the 1= current is crowbar red so that

a sustaining current results on the second half

cycle, i. e. , a current in the opposite sense to the

initially applied Iz, the plasma column moves to

the wall.

Studies were also made with 2 and 5 U

of applied Iz and a sustaining crowbar. There was

only a small delay in the onset of the m = 1 motion

of the plasma column to the discharge tube wall.

With a 9 -M current pulse and without a sustaining

crowbar, the plasma column was af.rnost stable.

EXPERIMENTS WITH A L = 1 HELICAL FIELD
SUPERIMPOSED ON THE COMPLETE 3-m
LENGTH OF THE THETA PINCH

Experimental Arrangement. More recently, experi-

ments have been performed with t = 1 grooves,

starting 15 cm from each end, and extending over

the full length of the 3-m compression coil. In

these experiments, the Jnconel inserts were not

used. The same arrangement for the application

of an Iz current to the plasma column was used

(Fig. 3).

Streak cameras viewed the plasma column

at the coil midplane and at 60 cm east and 90 cm

west of the midplane. The holographic inter-

ferometry arrangement was used to view the plasma

column in the axial direction.

Results Without an Applied Iz Current. Streak

photographs of the plasma column in the coil with

the full-length 4, = 1 grooves are shown in Fig. 6A.

In the streak photographs in the left vertical

columns time elapses from right to left in contrast

to the other streaks where time elapses from left

to right. These streak photographs show the plasma

column moving toward the wall predominantly in

5



30 CMEAST COIL MIDPLANE SO CM WEST

~5@=+ +51G3EC+ ~5/iSEC+

A mBE

Iz(16kA/DIV.)

15iilm

mBE

I~39kA/DPJ)

❑
BE
11(3.9 kfl/DIV)

Fig. 6. Streak photographs and oscillograms of
Scylla IV-3 with L = 1 field over the full
3-mete r length.

the horizontal plane and opposite the coil feed-

point. This behavior is essentially the same as

that observed with the 135 -cm length L = 1 region

discussed previously. The plasma column begins

to move off axis at about 1 to 1.5 ~sec after the

main bank is applied and strikes the discharge

tube wall at approx:r-ately 2 to 3 I.Lsec. This

phenomenon is quite reproducible from discharge

to discharge.

The oscillograms of Fig. 6A show the Iz

current induced in the plasma column. The upper

traces s how the applied magnetic field. The

induced Iz current attains a maximum mlue of

approximately 3.9 Me This is about a factor two

greater than the 1.9 kA observed in the 135-cm

length, /, = 1 coil region. These two observations

indicate that the 12 current scales linearly with

the length of the L = 1 region, which has a length

of .270 cm in the present case, compared with the

earlier 135-cm length.

Results with an Applied 12 Current. Streak photo -

graphs with an 12 current applied in opposition to

the L . I induced current are shown in Fig. 6B.

Figure 6C s hews streak photographs of the plasma

column with an Iz current applied in the same

direction as the induced current. In the streak

photo graphs in the left vertical column time elapses

from right to left in contrast to the other streaks

where time elapses from left to right. The oscillo -

grams on the left show the 1= current on the lower

traces and the applied magnetic field on the upper

traces. The oscillograms on the right show the

same applied Iz current on a preionization discharge

taken before the main discharge.

With an 12 current pulse of .-18 M applied

in opposition to the Z, = 1 induced current, the

plasma column is grossly stable but shows some

evidence of the shredding phenomenon. When the

Iz current pulse is reduced to --10 kA, as shown in

Fig. 6B, the plasma column is almost stable with

the column striking the wall at -4 Usec. This is to

be compared with the streaks of Fig. 6A taken in

the absence of an applied Iz where the plasma column

goes to the wall in approximately 2 ~ sec.

The Iz current was also applied parallel

to the current generated by the L = 1 field. With

an Iz current pulse of -- 18 IA, the plasma column

is grossly stable but shows some evidence of the

shredding phenomenon. Figure 6C shows typical

streak photographs with an Iz current pulse of 11.7

kA. The plasma column is almost stable and goes

to the wall in approximately 4 Usec. The experi-

mental conditions for Figs. 6C and 6B were almost

identical with the exception that the applied 12

current was in opposition to the & = 1 induced Iz

current in Fig. 6B, whereas it was parallel in

Fig. 6c. The gross stability of the plasma column

in the two cases is very similar. Several plasma

discharges with both current polarities confirm this

conclusion. Parallel axial currents of approximate-

ely 7 kA were also applied. With the lower parallel

Iz current, the plasma moved to the wall with the

m = I sideways motion just as it does without an

applied Iz or with an applied antiparallel 1= current

of the same amplitude. (cf. Fig. 6A).

6
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Fig. 7. End-on inter ferogram of Scylla IV-3 with
1, = 1 field over the 3-meter length.

\ne dl (FRINGES) m

Ii

2.0 I .0 1.0 2.0
RADIUS (cm)

.

Fig. 8. Density profiles of Scylla IV-3. (I) With
no helical field. (II) With helical field
over the 3-meter length, no applied Iz.
(III) With helical field and applied Iz.

Interferogram Results. Holographic interfeyomet ry

has been used throughout these -!, = 1 helical field

experiments to obtain the radial plasma electron

density profiles integrated over the length of the

plasma column. In the unstable cases, the

Fslsws

110

RADIUS (cm)

Fig. 9. Density profiles from interferograms of
Fig. 7.

interferograms show the plasma column moving

off axis and striking the wall in good agreement

with the streak photo graphs. The inte rfe rograms

have also been used to determine whether or not

the plasma column is taking up a helical equilib-

rium distribution. If the plasma column takes up

a helical form about the coil axis, the integrated

radial plasma density profiles should show density

dips in the center.

The holographic interferogram in Fig. 7

shows a fringe pattern taken 2 Usec after the

beginning of the main discharge on the same shot

as the streak photographs in Fig. 6c, i. e. , with an

11 .7-kA parallel 1= current. Graphs of the inte-

grated plasma density profiles in the horizontal and

vertical directions, reduced from this inter fero -

gram, are in Fig. 9 and their average in Fig. 8,

Curve III. For refe rence, curve I shows the

integrated profile with no L = 1 fields”. Integrating

over the plasma profile gives the total number of

electrons in the discharge, 1.4 x 1018, which

compares quite well with the initial 12 mTorr

deuterium filling pressure. This profile (Fig.

8-III) shows a pronounced dip in the central region

of the integrated radial density distributions. The

luminosity of the plasma column in the side-on

streak photographs of Fig. 6C shows a maximum

plasma diameter of 1.3 cm at the time the inter-

ferogram was taken. This is more than a factor

of two less than the overall diameter of the density

profile of Fig 8-III. From “the integrated plasma

7



HELlCAL -1-1 PLASMA COLUMN

Fig. 10. Schematic diagram of L = 1 helical plasma.

density profile of Fig. 8 -III and the plasma diam-

eters from the streak photographs of Fig. 6C, it is

concluded that the plasma column is taking up a

helical form about the coil axis. Additional inter -

ferograms taken under s,imilar conditions sub-

stantiate this conclusion.

An integrated plasma density profile obtain-

ed from an interferogram taken 2 v sec after the

initiation of the main bank and without an applied

Iz current pulse (cf. Figs. 7 and 6A) is shown in

Fig. 8 -II. Such inte rferograms taken of the plasma

column in the absence of applied Iz current pulse

do not show a dip in the center of the plasma density

profile. These results indicate that, with an

applied Iz of -10 kA of either sign, the plasma

column takes up a helical form about the coil axis

(Fig. 10). h the absence of applied Iz, the helical

displacement appears only as a broadening of the

density profile.

Experiments with Initial Magnetic Bias Fields.

Magnetic bias fields with magnitudes of 500 G

were applied both parallel (+ B.) and antiparallel

( - B.) to the main compression field in the Z, = 1

grooved coil with initial deuterium filling pressures

of 10 mTorr. in the case of negative bias field,

the experiment waa to determine if the L . 1

helical field could penetrate the plasma column

during the strong plasma turbulence which occurs

just after the initial implosion. With the negative

bias field, the plasma stability was not as good as

in its absence, although the neutron emission was

greater. Without an applied axial current, the

plasma column moved to the discharge tube wall in

a sideways, m = l,motion approximately 1.4 p sec

&

COIL
Ml C$4.Ahf

m w=

.

EEi91
1+~Ec J

Z+SEUDIV 2/LsKmlv

Fig. 11. Streak photographs and oscillograms of
Scylla IV-3 with bias fields and 4 = 1
fields over the full 3-mete r length.

after the start of the main field. This is to be

compared with 2.2 + O. 5 ~sec in the absence of a

negative bias field. With an applied Iz of --11 M,

an improvement in the stability was obse rved as

shown in the streak photographs taken at the coil

rnidplane, Fig. 11A. The upper streak shows

the plasma motion in the horizontal plane, while

the lower one shows the motion in the vertical

plane. The oscillogram shows the applied B

(upper trace) and the Iz (lower trace). The ~lasma

stabiIity was not as good as with the same Iz in

the absence of the negative bias field.

With a parallel bias field applied to the

L = 1 grooved coil, a small /, = 1 helical field is

embedded in the preionized plasma before the im-

plosion. This field is compressed with the plasma

as the main field rises, Without an applied 12, the

plasma cohmm moves to the wall in 3.2 + 1.2 psec,

compared with 2.2+0. 5psec in the absence of a

parallel bias field. The measured 1, = 1 induced

current has a peak value of 2.2 kA compared to 4.0

kA without bias field. This reduced current in-

dicates that the 1, = 1 helical field is embedded by

the biae field before the implosion as conjectured

above.
The application of an axial current, Iz .-

11 M, in addition to the parallel bias field, results

in the stable plasma column shown in Fig. I I B.

In this case the Iz was applied parallel to the

induced cur rent. The same stable plasma

configuration was observed with the Iz applied in

opposition to the induced current. This independ -

ence of the plasma behavior of the sense of Iz ie

in agreement with the previous results without

bias magnetic fields.

.

.

.

1
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Fig. 12. Streak photographs and oscillograms of
Scylla IV-3 with 50 mTorr filling pres -
sure and axial currents for .?, = 1 field
over the full 3 -meter length.

E~eriments with an Initial Deuterium Filling

Pressure of 50 mTorr. In an attempt to improve

the penetration of the L = 1 helical field into the

plasma column the plasma temperature was

decreased by increasing the initial deuterium fil-

ling pressure from 10 to 50 mTorr. In the absence

of an applied Iz, the plasma column was more

stable and exhibited a slower growth rate than in

the 10 mTorr experiments as shown in the streak

photographs of Fig. 12A. The plasma column

underwent a sideways motion toward the discharge

tube wall as before and struck the wall in 3.6+ O. 2

~ sec after the initiation of the main discharge.

An axial bucking current of 5.1 + O. 2 kA was

observed. This current was approximately 25%

greater than that measured with an initial filling

pressure of 10 mTorr.

The application of an axial current, I -

11 kA, antiparallel, Fig. 12B, and parallel, ~ig.

12C, did not appreciably improve the stability of

the plasma over that observed without an applied

I~, Fig. 12A.

Analysis of Helical Interferograms. The helical

grooves were designed to produce a plasma column

shaped like an L = 1 helix with a helical displace-

ment of about 1 cm. Such a column is shown in

Fig. 10 for a plasma with radius a smaller than

the helical displacement r..

The interfe rograms measure the optical

path length of rays parallel to the helical atis.

Since such rays go in and out of the helical

column, the interpretation of the fringe shift is

It was pointed out by Harold Weitzner

that, in principle, the cohmm density and helical

shift could be calculated by the formula:

Jo(kr) m
ne(r) . ~ ~m kdk J

r rd Jon, (3)
o Jo (kro) o

where L = the length of the helical cohmm (No.

periods x A), k is a dummy mriable, Jo’s are

ordinary Bessel functions, and N(r) is the experi-

mentally observed fringe shift as a function of r

from the helical axis. The approach is awkward in

practice because experimental errors prevent a

perfect determination of N(r). Such errors lead

to difficulties because the inner integral viewed as

a function of k is not always zero when Jo (kro) is

zero. The ratio thus becomes divergent and ne(r)

cannot be calculated.

To get around the problem of imperfect

data, a nonlinear least-squares approach was

chosen. The column was assumed to be adequately

described by

-(r/a)’ ~~cnr2n-21 ,
ne(r) = e (4)

with 1 < n s 3 (i. e. , up to #’) and r measured from

the center of the column. Such a column with a

helical displacement of r. would give an experi-

mental fringe shift:

N(r) . L ew (~nAnIn (8)) (5)

where

r2 + r2 2ror
o~.

a2
;~=— ; r is measured from the

a’

helical axis; An depends on the set of Cn, ro, and r;

and In are the modified Bessel functions. With

ne(r) containing terms up to rs there are six

parameters in the problem:

r = the helical displacement
o

a . the Gaussian width

c1 . the peak column density

C2, C3, C4 . coefficients which determine
the column shape.

The computer program “PACKAGE” from C-5

was then used to fit these six parameters to

experimental data using Gauss IS method of least
more complicated than for straight plasma columns. -squares.
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RZLICAL GtWOWS- APPLIED IZ, NO

k(cnd)

BO SHOT 4-17-70 (I6)

A. End-on oscillogram of Scylla IV-3.—— -
plasma corresponding to Figs. 6G, 7, and
8 -III. F(k) is the inner integral of Figs.
3 and 6. B. Fit to experimental points
of end-on density profile of helical plasma.
C. Derived plasma density distribution
as function of radius from the helical
axis. Data correspond to second row of
Table 1.

Actually it was convenient to begin by

examining the inner integral

F(k) = ~ r dr Jo(kr) Nexp (r).
o

(6)

If the plasma is helical the zeros of this

integral will come close to those of Jo (kro) for

some choice of ro. Given this estimate of ro,

the analysis was finished by performing the least-

squares fitting procedure.

As an example, the data from Figs. 6C,

7, and 8-III are interesting. The interferogram is

shown for reference with F(k) in Fig. 13A. Figure

13B shows the experimental data for this integrated

density profile along with the computer generated

least-squares fit and Fig. 13C shows the column

density profile implied by the fitted curve. Note

that Fig. 11 C gives the profile at a particular

cross section rather than the integrated density

profile. Referring to Fig. 13, we see that the

inter ferogram has a dip in the fringe shift at the

center which suggests a helical shape immediately.

The graph F(k) does have zeros and it is simple to

determine that if r. .

kl =

kZ =

k3 =

Root No. 1 of Jo

r
o

Root No. 2 of Jo
r

o

0.158

k4
= 12.478, etc.

.945, the roots should be

= ~~. = 2.545

= 5.841

Of course the larger roots are associated with the

fine grain structure of N(r) and thus become very

sensitive to small experimental errors. It often

happens that F(k) has zeros in addition to those

which coincide with Jo(kro), permitting mrious

choices for r., but in this case the re is only one

reasonable interpretation.

In Fig. 13B the experimental data are

seen to agree very well with the computer fit,

although the fitted values of Ca, Cs, and C4 were

not significantly different from zero. These

coefficients of higher powers of r were generally

hard to fit because the helical curve, N(r), is not

strongly dependent upon them when a s ro. Looked

at another way, the light goes in and out of the

column in such a way as to integrate over the

density profile; thus the fringe shift is rather

insensitive to the exact shape of the column. It

should be further noted that the least squares fit

was done while simultaneously varying a, Cl, and

r A good fit was found with r. = .946 * .013. It
o“

was further checked that when r is set at other
o

values and held fixed, the fit gets much worse.

It should be noted that the experimental

fringe shift in Fig. 13B never exceeds 8 fringes,

whereas the peak density in the column would have

produced nearly 40 fringes had the column not been

helically displaced. The plasma column radius is

fairly clear in Fig. 13B since r. is larger than

the plasma radius, but in other examples given below,

the plasma radius can only be determined by the

complete analysis. The cone Iusion may thus be

.

.

.

1
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HELICAL GROOVES-NOTHINGAPPLIED SHOT 4-17-70 (7)

Fig. 14. Same as Fig.
correspond to

13 except that data
first row of Table I.

reached that if the plasma is in a helical shape its

parameters are fixed rather well as given in Fig.

13C. Furthermore, since the side -on streak

photos show a column diameter consistent with

F’ig. 13C and since simple arguments based on

pressure balance predict a helical shape, there

is only one reasonable interpretation of the inter-

ferogram: it is the end-on view of a helical plasma

column. This is an important result because the

z dependence of the plasma density is very hard to

determine directly. This indirect method is rather

easy experimentally and determines quite nicely

the important parameters of plasma radius and

helical shift.

Data for various experimental conditions

are summarized in Table I and shown in Figs. 14

and 15. The entries in the table express average

results from more than one analysis of a particular

interferogram. In particular, each inter fe~ogram

provides four estimates of N(r) as one reads up,

\
k,= RCOTSF~ GY.?XI cm

J&L--&5
k[cdl

(c)

HELICAL GRCOVES-APPLIEO IZ WITH 60 SHOT 5-S-70 (4)

Fig. 15. Same as Fig. 13 except that data
correspond to third row of Table I.

down, left, and right from the center of the

interferogram. The plasma radius ~ is defined by

non~’=~ne2n rdr,

where no is the peak column density. The units

of “fringes !! on the density profiles are equivalent

to 1.19 x 1015 electrons per cm3 assuming the

system is 270 cm long.

Discussion of Results. Using the values of

61 = ro/a determined from the interferograms and

crude estimates of D based on Scylla IV experience

using a straight coil, it is possible to calculate

tb growth rate of the m . 1 instability.
2

Yf = 5? (hVA)= (ha)z
w

The results are compared with experiment in

Table II.
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TABIZ I

shot NO. Caments

4-17-70

No. 7

4-27-70

No. 16

5-8-70

No. 4

Helically grooved coil

Induced ~ obsemed.

Nothinx anplied before
main bank.
10 mTorr filling of
deuterium

Helically grooved coil

Applied 1=

No initial Bz

10 m’i’orr filling of
deuterium

Helically grooved coil

Applied 1=

Initial parallel B=

14mTorr filling of
deuterium

Typical operation
without helical
fields

10 mTorr filling of
deuterium

TABLE II

r. = helical shift i = plasma radius n. = peak electron density

.86& .04 cm 1.00* .15 cm

.89 ~ .09 CIU ,55 ~ .05 cm

.69 ~ .05 cm ,67 ~ .07 Cm

Case

Helical fields
without

Esti- Calculated ylObserved ,
mated !3 MHzx106 1MHZX 10

0.7 2.1 3.0

applied Iz or B
o

Applied I 0.3 0.85 0.6

Applied 12 0.1 0.35 0.2
and B z

o

We are inclined to interpret the variation of

observed growth rate with applied Iz and B. as

being dueto changes inplasma~ brought about

when the B or Bz field interferes with the plasma
e

implosion. Forthcoming experiments using

drivenl. = 1 coils will include measurements of~

to determine this variation.

The toroidal sector willbe producing hot

collisionless plasma in January, 1971, and we

anticipate the first tests of toroidal equilibria at

~ values in the range ofO.5or greater. Even

though the toroidal sector will be end-loss limited,

it will allowa test ofthet = 1, 1. = O helical

u
in column

1.8 & .4 X l$a cm<

4.4* .2 X lols cm-a

5.7 ~ .5 X Ids cm-=

4.Of 1.0 X l~a cma

●

✎

equilibrium and its stability during the ion thermal

transit time from the ends of the apparatus. Values

of m in the region of 1012 cm-3sec at densities of

a few times 10~6 cm-3 and ion temperatures in the

neighborhood of 5 keV are anticipated.

References

1. LA-4351-MS, p. 2.

2. I?. L. Ribe and M. N. Rosenbluth, Phys.
Fluids ~, 2572 (1970).
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THREE-LASER HOLOGRAPHIC
MEASUREMENTS ON SCYLLA IV-3 (P-15)

(F. C. Jahoda and R. E. Siemon)

The objective of this work is to provide

interferograms at three different times during one

shot on Scylla IV-3. AS show-n in Fige lb, the

arrangement involves a straightforward double -

exposure holographic method with some particular

details required by the three lasers: (1 ) the lasers

are combined with beam splitters of various

reflectivities in such a way that the plasma scene

can be illuminated with one-third the intensity of

any one of the lasers, (2) a reference beam from

each laser arrives at a different place on the film

plate, and (3) the scene beam is directed equally

onto three individual film plates. This is accom-

plished with a transmission grating which gives

about 57% of the incident intensity into each of the

three orders shown. Each film plate is also

exposed to the reference beam of one laser only.

Thus when all three lasers are fired each laser

makes a hologram on one film. Each film also

receives the illumination of two other scene beams

but f. rtunately this additional incohe rent expo sure

does not destroy the hologram. Figure 17 is a

photograph of the laser table with opt~s to form

one scene beam and three reference beams,

We now feel we have a satisfactory system

with the following characteristics: (1) three

20-nsec exposure inter ferograms can be obtained

on each shot of Scylla IV, (2 ) since the three

SCENE 8EAMS
n

~ -. ... . . ~e-. ... . . . .. ..:

PLASMA1

TRAN;;lSSl::~

Fig, 16. Three-laser holographic apparatus

Fig. 17. Laser table with optics of three-laser
holographic apparatus.

TOP

G
FEED SLOT

BOTTOM

t2=3.2psc f3 . 4.3px

HELlCAL COILS

TIME SEQUENCE OF HOLOGRAPHIC INTERFEROGRAMS
(MAGNIFICATIONS VARY SLIGHTLY)

Fig. 18. 3-laser holographic interferograms of
Scylla IV-3 with helical 1, = 1 coils.

exposures come from individual lasers they may

be taken at any time during the development of

the plasma, and (3) the quality of the final inter-

ferograms permits resolution of at least 50 fringes/

cm.

Pa reticularly important is the fact that in

the final arrangement, holograms are obtained

over quite a broad range of exposure levels. A

procedure insensitive to the unavoidable variations

of laser intensity and to the alignment difficulties

characteristic of large machines was a prime

consideration. Recent results are shown in Fig.

18 for a Scylla N-3 shot in which helical coils

were used.

13



t = O FEEDBACK SYSTEM FOR SCYLLA IV-3
AND SC YLLAC (P-15)

(R. F. Gribble, D. L. Call, R. E. Siemrm]

We plan to pursuel an .t . 0 MHD feedback

experiment to control the m = 1 mode (discussed

above in the Scylla IV-3 experiment) on a plasma

column subject to t, . 1 helical fields. The method

has been discussed by Ribe and Rosenbluth, 2 and

calculations concerning the feedback dynamics

have been performed by Thomassen and Weldon,

as summarized elsewhere in this report. The

extent to which the 4, = O feedback coils must be

driven will depend on the growth rate of the m = 1

instability observed in Scyllac. The present

design is capable of correcting a growth rate

of about 1 MHz. We pf.an to try it first on a

linear 0 pinch and then on the toroidal ScyUac

sector. The system consists of three blocks as

shown in Fig. 19: the position detector, the

analogue arithmetic computer, and the power

amplifier. The analogue arithmetic unit, now in

the design stage, wi 11 have a gain of from 10 to 50

and an output of 10 volts. The power amplifier

(including driver and final stage ) is presently

being designed and tested. This includes a power-

tube protection crowbar on the final stage.

POSITRON DETECTOR. Preliminary work on a

detector to track plasma column displacements

using the plasma luminosity has been encouraging.

A United Detector Technology SC -10 detector and

amplifier have shown signals compatible with

simultaneous streak photographs. Bent h-top

calibration of the detector with its amp Iifier

imply that one should observe linear signals as

the column moves as little as 1 mm or as much

as 1 cm off axis, provided that the plasma bright-

ness remains constant in time, First results

indicate the plasma column luminosity is fairly

constant, but this point will be carefully checked

with the new apparatus.

THE ARITHMETIC “COMPUTER”. The arithmetic

unit will probably consist of four sections : the

light level automatic gain control, a 45° rotational

translator, an automatic l’equilibrium’l setter, and

an output fan -out amplifier. A Silicon General

14
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1.0

Fig. 19. Block diagram of feedback electronics
for Scylla Iv-3 and Scyllac.

SG-3402 fast IC amplifier with a fast gain control

input will provide an almost true position output

with the sum of light level signals applied to the gain

control input. By obtaining the sum and differences

of the two 45° position detector signals, vertical

and horizontal position signa Is will be obtained.

The “equilibrium” setter output will be propor-

tional to the change in plasma position from an

l!equilibrium!! value which is the plasma position

at receipt of a control pulse, the time of which is

predetermined (about 1 u sec following main bank

start ). This is accomplished by essentially feeding

one position signal into both the normal and invert

inputs of a differential amplifier up to the control

pulse time. Following the control pulse, the invert

input is held to its value at the lime of the pulse.

This is accomplished by inserting between the

position signal line and the amplifier invert input

a gated sample-and-hold circuit. The fan-out

amplifier will drive the three power amplifier

modules for one mete r. Design and construction of

the arithmetic unit is rather straightforward and

will be delayed until the power-amplifier design is

finished.

THE POWER AMPLIFIER. This is made up of

four amplifier sections, a c rowbarred capacilo r

power source, and a crytron pulse network for

rapidly bringing vacuum-tube biases to a nearly

linear region.

The driver consists of onc transistor and

two wtcuum-tube stages feeding a driver output

transformer which drives the grids of the final

amplifier. The driver is ready for lUSS1in its

breadboard version. The tape -wound -c ur~, out put

transformer is SUCIIthat the driver can rftsliv<,r

8 -kV at 32 A to the final ~rids with a risctinw of

cO.2~sec.

.
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Thcs final anlplificr uses two Machlett 8618

nmgnt’tic-beam triodes in push-pull, driving an

output transformer wound on a 20 cmz, 1 -roil

lan~inatcd, 50’% Ni-50% Fc core. The turns ratio

\vill bt~ bc$tween 5:1 and 10:1, cfepcnding on output

u~.mts to tho f = O coils , which are driven by the

sin~lt, -turn secondary. Measured risetime is

‘ 0.15 USCC. The expected outputs are > 500 A

(plat.> ) and > 5000 A (to coils) for 10:1 turns ratio.

COMPONENTS. Two power tubes for pulse

modulation service we rc evaluated; the Machlett

NIL-8618V and the Eimac 4CW100, OOOE. The

x[L-8618 was accepted.

Both of the power tubes evaluated for the

feedback experiment met the primary specifica-

tions: 500 A plate current, 45-kV dc holdoff, and

10N, drive power. The Eimac 4CW100, OOOE has the

major drawback of exhibiting a highly nonlinear

and negative input impedance. Bet ween plate

currents of 200 and 300 A the negative grid current

is most pronounced. With a swamping resistance

across the input as low as 30 0, the plate current

switches uncontrollably between 200 and 300 A for

sufficient input drive. Negative feedback improves

the performance, but enough feedback to make the

tube useful requires a prohibitive amount of input

drive. Another problem with the tube was break-

down between screen and grid terminals at the

voltage required for high plate currents.

The ML-8618 was pulsed to 500 A at 20 kV

on the plate. The grid current appears to be

positive for plate currents to 500 A and plate

voltages less than 40 kVe The only problem

observed to date with the one ML-8618 tested is

high-voltage instability. This problem may be due

to an arc that occurred early in the life of the tube

when the crowbar failed. The tube was aged for

100 h with the dc plate voltage increased in steps

to 50 kv. After 100 h the tube withstood 50 kV

without arcing for 10 h. However, it has recently

been observed that the tube will hold 40 kV dc

indefinitely but arc shortly after the plate is pulsed

to more than 300 A.

The 70 ML-8618 tubes will start to arrive

about Fe bruarv 1 . 1971 at a rate of about 10 Der

month (5 initially, 15 later). The agreed time for

acceptance or rejection is 30 days, and the tubes

must be aged for 100 h before they can be rejected

because of insufficient hold-off voltage, Conse.

quently it was considered necessary to be able to

break in 3 tubes simultaneously. A 3-tube test

stand has been designed and is in the process of

construction. One 30 -kV and two 50 -kV suppliers

in addition to one driver will provide high-voltage

aging and high-voltage, high-current pulse testing

at a maximum rate of about 20 tubes per month.

Three kinds of tape-wound core materials

of several tape thicknesses were tested for the

final output transformer before settling on the

final core design, which has been ordered.

References
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SCYLLA IV-3 EXPERIMENTS WITH DRIVEN
4 =1 ANDL =OCOJ_LS (P-15)

(K. S. Thomas, W. R. Ellis, Jr. ,
C. R. Harder, H. W. Harris)

As a sequel to the experiments with 4. . 1

fields produced by helical grooves, we are design-

ing a new experiment with driven& = 1 windings in

order to gain better cent rol over the penetration of

the helical field and the induced Iz current. The

L = 1 system consists of 10 wavelengths of 4, . 1

coils driven in parallel by a capacitor bank con-

sisting of 18, 1.85w F, 60-kV capacitors. After

studying the driven & = 1 system we intend to add

driven L = O coils in order to study the ?, = O, 1

feedback force to be used to control the m = 1

instability of the helical system. The /, = O capac -

itor rack and associated structure for its trigger-

ing system have been installed.

Epoxy-potted L = 1 coils have been prepared

for this experiment. Each coil consists of two

copper windings of helical wavelength k = 30 cm in

a hollow epoxy cylinder (Fig. 20 ). The outer

surface of the coil is a machined sleeve of epoxy-

impregnated fiberglass, which fo rms the outer

portion of a mold in which the two helical windings

are placed. The inner surface is an acrylic

cylinder. The windings are wrapped before potting

with 1 -roil polyester (Mylar) tape and heat cured

at 400° F. They are then covered with fiberglass

sleeves which center them between the two mold

cylinders. Vacuum potting is done with Epon

815 epoxy + 15% D-40 hardener + 5% LP-3

plymerizer to reduce brittleness. The coils

test under dc (Hypot) to 100 kV and also withstand

100 kV induced voltage from the Scylla I-A coil.

.

.

.

Fig. 20. Z, = 1 coil for Scylla IV-3.
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SCYLLAC INSTALLATION AND TESTING (P-15)

{W. E. Quinn, C. F. Hammer, WOAO Bradley
( Eng-7) , R.A. Haarman (Eng-7), E.M.
Little, A.S. Rawcliffe, G.A. Sawyer)

INITIAL CONFIGURATION OF SC YLLAC. Figure

21 shows the initial configuration of Scyllac, now

under construction, It consists of a 5-meter

toroidal sector (Racks 11, 12, 13, 14, and 15,

South to North) and a 5. 5-meter linear e pinch

with .2:1 mirrors in the end regions where the

magnetic field is increased by a factor of 2, to

nearly 200,000 gauss. The toroidal sector is

now undergoing final electrical checkout, and

installation of racks and air system for the

linear device is complete.

,1

P

y t---

I
II I I II T II II

Fig. 21. Initial configuration of Scyllac.

The major part of the installation has been

done by LACI c rafts under the Zia Company and

Eng-4 supervision. In this section we outline

parts of the installation and testing done by

P Division personnel.

SC YLLAC COLLECTOR PLATE ASSEMBLY.

Six collector plate systems have been assembled

and leak tested during this report period. In

addition, the initial collector plate assembly was

reassembled with new Mylar sheet insulation

after an electrical fault developed on Rack No. 13.

Five collector plate systems have been installed

in the 5-meter toroidal sector. The sixth

assembly is a spare for this device. The

compression coil sections and the coil-collector

plate transition sections have been installed on

the collector plate assemblies for all five racks.

The assembly of the first collector plate for the

linear device is well under way.
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SCYLLAC TOROIDAL SECTOR INSTALLATION
AND TESTING (P-15)

[
W. E. Quinn, C. F. Hammer, G.A. Barnes
P-16 ), R. Baldonado, H. M. Crane,

L. H. McDowell, and A. S. Rawcliffe.
W. A. Bradley and R. A. Haarman (Eng-7 )

Testing and checkout of the completed

portions of the 5-meter toroidal sector have been

carried out on a 6:00 to 10:00 pm night schedule

since the beginning of August. This arrangement

has allowed the checkout to be accomplished without

interference with the construction of the to roidal

sector. The testing and checkout of Racks 12,

13, and 14 have been completed and that of Rack 11

is in process.

COMPONENT INS TALIATIO~ Following the

completion of work on each rack by the LACI

electricians and plumbers, LASL technicians per-

form certain final installations and checks. These

installations and checks include the items discussed

below in the various systems for each rack of the

device.

Capacitor Bank Systems . The polyflow air lines

are connected from the various spark gaps to the

appropriate air SUpply and exhaust manifolds, On

each rack this includes four lines from each of the

210 start and crowbar spark gaps. On the pre -

ionization (PI) bank and crowbar (CB) trigger bank,

small distribution manifolds are made and the

respective 18 and 48 air lines connected. In the

trigger systems air line connections are made to

the various buffer triggatron gaps, the pulse charge

gaps , master trigger gaps and the submaster

trigger gaps. In addition, flush valves with their

associated air control lines are installed for each

of the gaps in the trigger chains. The air line

connections are made to all shorting balls and their

operation checked.

An electrical check is made on each of the

245 spark gaps in each rack to insure that each

trigger cable is properly plugged into the spark

gap.

Each of the 245 spark gaps and the associat-

ed trigger gaps in each rack are filled with

insulating oil, A “teacup, “ filled with insulating

oil, is imstalled over the charge connections

exterior to each spark gap.

Trigg er Systems . For each of the trigger systems

on each rack, (a) the master trigger, (b) prima ry

triggers, (c) crowbar triggers, and (d) PI triggers,

the following components are installed: a pulse

charge buffer triggatron-t ransformer unit; a pulse

charge capacitor and spark gap; and a master

buffer triggatron-trans former unit. The inter-

connecting cables between these units and to the

trigger tank in a given system are dressed and

installed.

The master and subrnaster trigger gaps

are inspected for proper cable connections, closed

up and filled with insulating oil.

Collector Plate Systems . The collector plates

have been assembled and installed by P Division

personnel. Following the completion of the col-

lector plate cabling by the LACI electricians, LAS L

technicians fill all cable cartridges with oil,

fabricate and connect an oil reservoir fill system

for the cable cartridges on the bottom of the col-

lector plate, and fabricate and comect a SF6 supply

manifold to feed S F6 insulating volumes in the cable

cartridges and tie-through bolts. The collector

plate coil transition sections and coil sections are

installed by P Division personnel.

TEST AND CHECKOUT OF FLACKS 12, 13, AND 14

Each of Racks 12, 13, and 14 has been checked out.

In each rack the following systems were tested

individually: (1) PI trigger system followed by the

PI bank; (2) primary master trigger system and

primary submaster trigger system; (3) crowbar

master trigger system tbllowed by the operation of

the complete crowbar trigger system; and (4)

primary bank system.

Component Faults. A summary of component faults

is as follows: (a) 19 shorted capacitors of which 12

were Sangamo, 5 Aerovox and 2 McGraw-Edison;

(b) 10 shorted primary trigger cables having 8

faults at the end of the outer braid terminations

and two body faults (untested cables ); (c) only 5

.

.
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shorted RG 17/14 source cables; and (d) 10 shorted

RG 14/s9 crowbar trigger cables, (untested cables).

There was a failure of 11 Sangamo capacitors out

of a total of 46 (247. ) in Rack No. 13. After fail-

ure, x ‘Yapping ITtest suggests that the Sangamo

capacitors might be low on oil. The system test-

ing confirms the earlier capacitor testing at the

High Voltage Test Facility and the Gap Test Facil-

ity, showing that the Aerovox is a better capacitor

than the Sangamo and the McGraw-Edison units.

These tests show that the cable pretesting

program for the RG-17/14 source cables and tte

RG-17/14 load cables has been very worthwhile.

There have not been any faults in the 1368 load

cables and only 5 faults in the 450 source cables.

Previous experience on Scylla IV with the installa -

tion of cables which had not been pretested showed

a loss of approximately 10~. of load cables and 20

to 30~. of source cables.

The loss of the primary trigger cables

(special RG-17 ) and crowbar trigger cables

(RG-14/59 ), which were not pretested, is approxi-

mately as anticipated. The replacement of crow-

bar trigger cables is relatively easy while that of

the primary trigger cable is somewhat more

difficult.

System Problems . The usual problems have

occurred in the control system. Excessive voltage

drops in the dc control circuits due to, long lengths

of control wiring have been corrected. Difficulties

with power supply breakers tripping because of

the initial surge cur rents drawn by light -bulb

ballasted power supplies have been corrected by

the installation of fuses. Some logic functions

in the control system interlock circuitry have been

revised. A fault in the control system which

turned power supply circuits on in a discharge

mode has been repaired.

Considerable difficulty was encountered in

keeping the primary bank trigger cables plugged

into the load spark gaps. This problem results

from both the required cable routing and the

stiffness of the special RG -17 trigger cable. K.

Hanks has designed a molded nylon clamp, which

will attach to the top of the load gap and firmly

hold the trigger cable in place. However, CMB-6

plastics has not been able to deliver any of these

clamps in the past two months. On the 5-m

toroidal sector a less elegant, but simple,

clamping arrangement has been fabricated and

installed. An additional difficulty with the trigger

cables was an arc breakdown from the outer braid

termination up along and through added vinyl and

shrinkable tube insulation to the top spark gap

flange. This problem has decreased considerably

since the addition of the trigger cable clamp.

In the submaster-type trigger gap, an

inte rrnittent breakdown occurred between the

center and top gap electrodes along the surface of

a polyethylene “wrap” insulator. This breakdown

was unexpected from our previous experience.

To eliminate the possibility of it reoccurring, a

simple insulating IIhatll cut from the bottom of a

dime store plastic basket has been and is being

installed on all submaster-type trigger gaps.

The high-voltage meter multiplier,

located in the trigger tank, in the PI bias circuit

was destroyed by an electrical transient. This

problem was eliminated in all trigger tanks by

re locating the HV terminal of the meter multipliers

in both the bias and cable charge test circuits to

a point back of an isolation resistor, where there

is some protection from transients.

A failure in a crowbar shorting ball

assembly occurred due to a high-voltage track

developing in the phenolic base. Nylon, a better

insulator, has been substituted in some assemblies.

In others, a design modification has allowed the

use of the original phenolic base. Another

difficult y in the PI and crowbar shorting balls has

been a breakdown across the shorting ball assembly.

This has been corrected by modifying the assem-

bly to allow approximately an inch-deep layer of

oil to cover the IIhotl’ ball in the charged state.

The liquid charge resistor assemblies

have required some additional electrical insulation

to withstand the high voltages which develop in

prefire situations.

One of the most potentially serious

problems which has deveLoped is that of “loose”

charge lead connections to the capacitors inside

the primary load spark gaps. TWO types of
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failures have occurred: (1) failure at the charge-

lead solder connection and (2) failure at the treaded

charge -lead connection to the aluminum alloy base

spark gap electrode. These charge connections

may carry large currents in a prefire situation and

when the spark gaps extinguish. Lock washers are

presently being used on the threaded connection

and the charge connection has been redesigned.

Liquid 300-2 resistors, each capable of absorbing

21 kJ, are being installed in the charge leads to

each capacitor to limit current in the charge system

in the event of a prefire or capacitor short.

Collector Plate Fault. During the initial tests on

Rack 13 an insulation breakdown occurred in the

collector plate. The failure was caused by a lack

of SFS insulating gas in the vicinity of a tie-

through bolt in the collector plate skirt area. The

necessary SF6 connection had not been made before

the area was covered with sheet insulation. The

darnage to the collector pIate components was

minimal. However, the fault required the remoml

and reassembly of the collector plate in order to

replace the Mylar sheet insulation which is con-

tinuous throughout the plate area. The entire

removal and replacement of the collector plate

assembly including cabling took 140 man hours.

Arcing has been experienced at current

joints between the transition section and col~ector

plate as well as at the coil closure. It appears

that this difficulty may be partially a result of the

mechanical assembly involving tolerances in the

current joint regions and the insulation thickness.

However, the basic difficulty is that the ScyUac

current joint carries an unprecedentedly high

number of coulombs from each bank discharge.

CHAIWCTERJSTICS OF THE MCK. A 1 -m long,

10. 5-cm bore compression coil is being used in

the electrical testing of each energy storage rack.

Preionization (PI) Bank. The preionization capac -

itor bank (per meter) consists of nine 0.7wF

75-kV capacitors whose spark gap switches are

each connected into the rear of the collector plate

with 12 RG-1 7/14 coaxial cables (average length =

7.8 m). The PI bank oscillates at 318 kHz

(T/4 = 0.78 ~sec) and produces an initial peak

field of 8.7 kG (with Vcap = 60 kV) with an ex-

ponential damping factor of e
-9.78 X 104 t in the

absence of plasma. The azimuthal elect ric field

Ee is 405 V/cm (with V cap = 60 kV) at a radius of

4.3 cm. The bank has a source inductance of

28.84 nH compared with the coil inductance of

IO. 76 nH, giving a transfer efficiency of O. 27.

The PI source inductance consists of 6.67 nH in

the capacitor-spark gaps, 11.14 nH in load cables,

3.54 nH in cable cartridges, and 7.49 nH in the

collector plate and coil feed.

These results suggest that the PI bank

could be reduced in size from nine to perhaps

five capacitors. With five capacitors in the PI

bank, the above results extrapolate to a PI

frequency of 357 kHz with an initial magnetic

field maximum of 5.5 kG and an Ee of .283 V/cm

with the bank charged to 60 kV.

Prima ry Capacitor Bank. The primary capacitor

bank consists of 210 l.85-u F 60-kV capacitors

per meter. The primary bank spark gap switches

are each connected into the collector plate with

6 RG-17/14 coaxial cables (average length = 6.$ m).

The complete primary bank has been fired only

with the crowbar system. The primary bank

charged to 55 kV produces a magnetic field of 102

kG in the compression coil with a rise time of

3.85 ~ sec and an initial azimuthal electric field

of 0.95 kV/cm at a radius of 4.3 cm. The crow-

bar system extends the magnetic field in time with

measured e-folding times of up to 280 usec. The

average e-folding time for 15 discharges was

220 ~sec. This time mries somewhat from dis-

charge to discharge, depending on the timing and

simultaneity in the firing of the crowbar gaps.

Figure 22 shows an oscillogram of the magnetic

field waveform in the 1 -meter compression coil.

The crowbarred waveform shows an initial peak-

to-peak modulation of about 10~0.

The source inductance of the primary

bank is 4.70 nH with O. 29 nH in the capacitor-

spark gaps, O. 83-nH in the load cables, O. 30 nl{

in the cable cartridges, and 3. 38 nH in the

collector plate and coil feed. The system has an

energy and voltage transfer efficiency of 0.70

into the 10. 5-cm diameter coil (coil inductance =

10.76 nH).

.

.
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Fig. 22. Crowbar red current waveforms of one
rack and coil section of Scyllac.

Vacuum Systems. One of the two mcuum systems

for the toroidal sector has been assembled and is

being tested. These systems employ both a turbo-

molecular pump and a Vacion pump in a manner

similar to those used in the Scylla IV system.

The assembly of the second vacuum system has

begun.

Neutron Detectors. Both plastic scintillator -

photomultiplier detectors and silver activation

counters are being fabricated to monitor neutrons

for the toroidal experiments. The power supplies,

line drivers, and scalers to be used with the silver

counters have been fabricated by A. T. Brousseau.

SCYLLAC COMPUTER AND
DATA ACQUIS1’I’ION (P-15)

(G. A. Sawyer, D. Brown (P-1 ), J. W. Lillberg,
M.J. Seamen (C-4), D. M. Weldon)

During this period the Scyllac computer was

moved from the Scylla IV area to the Scyllac

building. The Scylla IV gap monitor is now operat -

ing with the computer over a long cable.

The spark gap monitor system has also been

installed in the first five racks of Scyllac and had

been operating satisfactorily during Scyllac

checkout. Some minor noise pickup problems have

been discovered in the prefire detect section of the

gap monitor. This section has been redesigned

and is being installed. The Scyllac spark-gap

monitor system has also been placed under computer

control. The computer will sort out gaps that are

not firing within acceptable jitter limits and list

them. The experience with the monitor system on

an actual operating theta pinch is proving to be

important in understanding electrical interference

problems as we go into Scyllac operation.

Development of the programming for the

Scyllac computer has continued. The plot routines

using the CRT display system are in final form.

Basic routines for monitoring spark-gap firing

time, reading scan converter tubes, and mete r

reader analogue-to -digital converter have been

developed,. Typical displays are samples of tables

of spark-gap firing data and sample plot routines

for displaying single and multiple graphs and

oscillograms from the scan converters.
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SCAN CONVERTERS AND TIUINSIENT
RECORDERS FOR SCYLLAC (P-15)

(J. W. Lillberg and R. F. Gribble)

All necessary drawings and printed cir-

cuit films for the dual tube version of the analogue

section of the scan converters have been sent to

ARF Products at Raton for production of the first

eight modules (16 scan converter tubes ). The

prototype unit has been sent to Raton for a few

weeks to be used as a production model to dem -

onst rate wire routing. ARF has started production

on the first eight dual analogue modules and

all eight modules are expected in January. Testing

of the scan converter system has begun.

Mechanical drawings and a prototype

have been made of the scan converter controller.

The wiring and cable tabulations have been written

and are being modified as prototype test proceeds.

An interface capable of handling four

Biomation Model-610 transient recorders has

also been designed and is currently under

construction.

ESTIMATED MIRROR RATIOS FOR TH1.;
SCYLLAC LINEAR DEVICE (P-1 5)

(w. E. Quinn)

Mirror ratios for the Scyllac linear device

are estimated by scaling the parameters of the

mirror section from a 1 -meter module of the

central coil region. The mirror ratio Rm is given

by

(1)

where the subscript m refers to the mirror section

and the subscript 1 to a 1 -meter module of the

central coil region. The transfer efficiency is o

(the ratio of the coil inductance to the sum of the

coil and source inductances ), C is the capacitance

of the bank energizing the coil, ? is the length of

the coil, b is the coil radius, and V is the capaci-

tor bank voltage. Takingtl = 100 cm, tm ❑ 20 cm,

and bl = bm = 5.25 cm gives

(2)

Furthermore , if we make the assumption that

al = am, take Cnl = Cl, i.e. , the mirror coil is

energized with one rack of the Scyllac device

(720 kJ) which energizes each meter of the central

coil, and take Vm = VI, a mirror ratio, Rln = 2..24,

is attained. The magnetic field in the mirror coil

would be approximately 250 kG. The mirror coi 1

must be placed relative to the main coil such that

most of the magnetic field lines from the main

coil pass through the mirror coil while the c.xtra

mirror lines return through a gap between the two

coils. The mirror ratio can be increased by de-

creasing the radius of the mirror coil relative to

the central coil. However, this rcqui res a

transition in the diameter of the discharge tube.

The above assumption that transfer efficic’ncies

are equal ~1 = ~m) is a reasonably good approxi-

mation since both the mirror coil inductance and

the source inductance of its current feed \\,ill be

larger than the corresponding inductances of the,

1 -meter central coil section.

.
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The rise time of the field in the mirror

~,oil ri’lalive to that of the main coil is given by

\Yith b,,, =bl = 5.25 cmand Ln1 ={.1/5,

(4)

H, as abo~.e, we assume al = ~m and take Cm =

c], - m/T, = 2.0. This is satisfactory since the

mirror field can be initiated simultaneously with

that of the central field and can continue to rise

after the central field is crowbar red.

Another quantity of interest is the current

line density at the mirror coil, which is given

relative to the main coil by

I 1,

(-f( )
m

)7 ‘‘.
m

(5)

\Vith bm = bl . 5.25 cmandg, m =tl/5,

(?:)/(3=‘43(%Y%. “)

\Vith the assumptions above am = n], Cm = Cl,

Vm= vl,(~){~) .2..5, Lncentral region of

the coil, the current line density will be approx-

imately 88 kA/cm. This predicts a current line

density of - 220 kA/cm at the mirror coil. This

will require a careful design to prevent arcing

at the current-feed joints of the coil.

SC YLLAC-TYPE FEEDBACK SYSTEM (P-1 5)

(D. M. Weldon and K. I. Thomassen (MIT, Summer SM)

The system proposed by Ribe and Rosen -

bluth for feedback control of the m = 1 instability

on the Scyllac t, = 1 helical plasma column involves

the programmed excitation of weak Z, = O fields in

various phases (along the z axis ) to produce com-

pensating forces in various directions. Analytical

and computer studies have been carried out to

determine the limits of stability for feedback

forces proportional to plasma displacement, as

well as its derivative, the transverse velocity.

An LA report is being prepared.
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EQUILIBRIUM CONFIGURATION OF THE
SCYLLAC 5-METER TOROIOAL SECTOR

EXPERIMENT (P-15)

(F. L. Ribe, W. H. Borkenhagen, (P-16), W. R.
Ellis , and K. S. Hanks (P-16))

The first portion of the Scyllac e-pinch

experiment to be placed in operation is the 5-meter

toroidal sector whose compression coil is shown

in Fig. 23. 11 produces a toroidal equilibrium by

means of: (a) anl, = 1 helical field (61 s 1)

produced by capacitor-driven windings, (b) a

smaller 4, = O field (60 s O. 1 ) produced by flux-

shaping annular grooves in the compression coil,

and (c) a circuit for d riving longitudinal current

Iz is also provided for equilibrium during the

implosion phase of the discharge when the L = O

and 1. . 1 fields may not yet be operative. A

more detailed view of the arrangement of ~ = 1

coils and Z, ❑ O grooves is shown in Fig. 24.

An LA report describing the system in detail is

being prepared.

; COLLECTOR PLATES
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Fig. 23.

.— +

Top view of compression coil and
discharge tube of 5-meter Scyllac
toroidal sector.
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Fig. 24. Arrangement of 1, = 1 coils and t = O
grooves in Scyllac toroidal sector.

.

.

.

.

24



.

.

FAR-fNFRARED DIAGNOSTICS (P-15)

(R. W. Peterson and F.C. .Tahoda)

HCN LASER AT 337 ~. The past year marked the

bc,$innin~ of Ivork to develop a capability in far-

in frarecl inter ferometry. The following is a brief

suljlmary of advantages and disadvantages of this

Ivavelcngth region along with a description of

progress and goals.

The far-infrared region (50 ~m - 500 ~m)

is ivell suited for density measurements in the

range “n~ d~ . 1012 to 1016 cm-z and thus provides a

considerable extension of the usual sensitivity

range for the visible and near-infrared, At the

lo\ve r end , this bridges the gap to the microwave

range \vhile maintaining inherently better spatial

resolution capability because of the shorter wave-

lengths. Until recently, far-infrared interferometry

has been kindered by the lack of a strong source of

monochromatic radiation, but the recent discovery

of molecular Laser transitions has provided a

variety of available wavelengths (e. g. , HCN at

337u, 128u, HzOat118V, 79U, 48u; H&at 225u,

193U; ICN at 773U, 676u, 538 U; etc.). Wave-

lengths ? 300 ~ have the further advantage over the

shorter infrared region of being easily transmitted

by crystalline quartz.

In spite of the above advantages , difficulties

abound in the far-infrared. A major problem

involves fast detection of such low frequency

radiation. Detection systems featuring O. 1 ~ sec

response times have recently been developed, but

require liquid helium temperatures and large

magnetic fields for peak responsivities (our system

is described below). Because of the relatively long

wavelengths , diffraction sets the limit on the spatial

resolution which can be obtained. For example,

the diffraction effects produced by a 10W pinhole

at 4000 ~ can be produced by a 1-cm “pinhole” at

400 ~.

The power supplies and discharge tubes

for both pulsed and CW laser action in the far-

infrared have been purchased from Far Infrared,

fnc . Both modes of operation have been achieved

for the strong HCN transition at 337 ~ Our “fast”

detector system (O. 1 ~sec) has been purchased

from Advanced Kinetics , and consists of an InSb

crystal cooled to 1.8°K by liquid helium at

~ 12 Torr and placed in a 6-12 kG magnetic field

produced by a superconducting magnet. Ln

addition, we are working with a pyroelectric

detector which operates at room temperature, and

has a frequency response up to at least 1 kc.

Our initial attempts were to construct a

far-infrared version of the double-cavity laser

interferometer at 337 p. Such a system is

relatively simple and very sensitive to small

plasma density changes. The limits on its use-

fulness are set primarily by the achievable

spatial resolution of a few mm by its cut-off

frequency corresponding to -1016 cm-3.

CW operation was studied with variations

in discharge current, gas pressures, gas ratios

(i. e, , partial pressure ratios of CH~ and Nz for

HCN), and laser mirror surfaces, The steadiest

HCN discharge at maximum output was achieved

with a 2 to 1 ratio of methane to nitrogen at a

pressure of 400 mTorr and a discharge current

from O.8 to 1.0 A. fn the case of H20, a

significantly lower pressure (200-300 mTorr) and

higher currents (1. 3 to 1. 5A) are required for

laser operation. Rough estimates from our

detector responsivities indicate CW outputs in the

1 mW region.

Some time has been devoted to studying

standard methods of far-infrared optics , i. e, ,

how does one efficiently transmit, focus , and

reflect the submillimeter radiation from our

laser. CM B-6 has been helpful in the construction

of lenses molded from polyethylene and TPX (a

methyl -pentene polymer). Beam splitters have

been made from thin sheets of Mylar (typicalLy

3 roils for 50y. transmission). Light pipes and

corner reflectors have been constructed of

polished brass.

With careful control of gas pressures ,

gas mixtures, and discharge currents , we have

achieved very clean feedback signals with our

apparatus in a double cavity configuration. It has

been found that some troublesome laser beat

phenomena can be minimized by careful longitudinal

tuning of the laser. Figure 25(a) shows a slow

and a fast sweep taken during feedback operation.
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SwEEP(a) - PLASMA

SWEEP(b)-NO PLASMA

DENSITY MEASUREMENT

(a)

Fig. .25. (a) HCN laser feedback modulation on
slow sweep (top trace) and fast sweep
(bottom trace).

(b) Plasma density measurement by
time distortion of feedback modulation.

The envelopes of the upper trace correspond to

complete revolutions of the rotating corner mirror.

Each fringe of the fast lower trace corresponds to

an optical path change sufficient to change the phase

in the external cavity )y 2n radians. These two

traces allow an interferometric determination of

the laser output wavelength accurate to better than

l%. The maximum fringe frequency we have

obtained is mechanically limited by our ability

to change the external cavity length; however,

noise-free fringes at 160 kHz have been obtained.

In an effort to demonstrate the fractional

fringe capability of this interferometer for studying

plasmas lasting 10-100 use. , we have used it to

measure a low density plasma formed in a simple

pulsed discharge tube. 30-50 mTorr of argon

are excited in a 10-in. -long 2-in. id. tube with

brass electrodes near each end. The discharge is

produced by a 1 w F capacitor charged to 6 kV

which is triggered by a spark gap. A 204

resistor is placed in series with the load cable in

order to slow down the discharge to -20 psec.

Figure 25(b) shows the effect of such a

plasma on the reference fringe pattern. Fringe

shifts are measured relative to the second ref-

erence fringe pattern. Fringe shifts are measured

relative to the second reference trace which is

recorded with no plasma. It is possible to

measure shifts of 1/20th of a full fringe. The

phase change in radians produced by a density

n(cm-3) at 337 ~ is given by

L

~337(=dians) = 9.5 x 1o-15 f nd~ .
0

Thus when transversing the plasma of length L

twice, our minimum measurable line density is

found from,

L
~ . 2 x 9.5x10-15 ~ ndt

o

or

In the case of our discharge tube, where L= 25

cm, we obtain

n(cm-3) I min -7 x 1011 cm-3.

Densities of this order have been measured from

data similar to that of Fig. 25(b). Our time

resolution is still limited to - 6 usec by the

angular velocity of the rotating mirror. Spatial

resolution of the 337w beam in the present

experiment is close to 1 cm.

DIAGNOSTICS AT 10. 6U (COZ LASER)

A GaAs crystal has been used to elect ro -

optically modulate the phase of the reference

beam in the C02 laser interferometer of Hamrnel,

et al. We have used the rotating corner mirror

version of a coupled cavity C02 interferometer

to make an absolute calibration of the phase

changes produced by the crystal in situ at——

frequencies comparable to the plasma application.

.
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Assuming a refractive index n = 3.28, 1 the
o

resulting value of the clectro-optic coefficient,

ru = (1.~0 * O. 12) x 10-10 cm/V (95~0 confidence)

compares favorably in magnitude and precision

Ivith values in the literature obtained more labor-

iously from intensity modulation measurements

\vith pola rization analyzers. This generally

applicable technique is being reported in a short

not~’ to Review of Scientific Instruments.

Reference

1. C. J. Johnson, G. H. Sherman, and R. Weil,
Appl. Opt. 8_, 1667 (1969).

HOLOGRAPHY (P-15)

(F. C. Jahoda)

Passing mention was given in the 1969

Annual Report to an in-place, dry-processing

photopolymer recording technique, reported by

Hughes Research Laboratories, 1 that promised

elimination of the tedious photographic processing

of eve ry holographic exposure. Besides conven-

ience, such capability would represent significant

improvement in the utility of procedures that now

require exact repositioning, such as the consecutive

frame “live” fringe method. Our own attempts at

preparing the chemicals were promising enough to

maintain our interest, but not really successful.

During this year we have been successful

with sample solutions furnished by Hughes. The

sensitivity is approximately 1 mJ/cmz (better than

Kodak 649F, not quite as good as Agfa Gevaert

10 E75), and the diffraction efficiency and resolution

are very high. Signal-to-noise ratio is worse than

with photographic emulsions (some of this is

inherent to phase recording, as distinguished from

amplitude recording of holograms , and some to an

unidentified milky precipitate), but this is quite

tolerable for inter ferometry, where the only “gray-

scale” requirement is adequate fringe contrast for

readout. Hughes can furnish mate rial at an equiva-

lent cost per exposure significantly less than the

cost of our photographic plates. The obstruction to

widespread use, apparently, is that the user must

mix together two solutions , each of long shelf Life

when unmixed, within 1 h before exposure , spread

the mixture between glass plates to approximate a

photographic plate, and pre-expose the results to

an equivalent fog level in order to remove certain

initial inhibitors to the photo -chemical reaction.

In practice, these steps can be carried through quite

simply.

An abbreviated explanation of the photo -

chemistry follows. A red-sensitive dye (methylene

blue), after absorbing a photon, has a high pro-

bability of crossing from its normal singlet state

to an excited triplet state which is metastable. In

the triplet state, it has a higher oxidation potential

and produces free radicals in a reaction with

p-toluenesulfinic acid. The free radicals , in turn,
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CRYOGENIC ENERGY STO RAGE

(Henry L. Laquer (P-8))

Fig. 26. Scylla IV-3 interferogram reproduced
from photopolymer exposure.

initiate polymerization of barium and lead acrylate

monomers. The monomers are water soluble,

whereas the polymer precipitates out. The process

is stopped (fixed) either by continued weak ex-

posure that drives the polymerization to conclusion,

or by desensitizing the dye with components that

result from uv exposure of another constituent,

p-nit rophenylacetic acid. The precipitated polymer

has an altered refractive index and its spatial

distribution after exposure to interfering coherent

light beams constitutes . phase hologram.

Figure 26 is a copy of the polaroid print

produced by white -light illumination of the photo-

polymer with lens-pinhole selection of the first

diffracted order, in situ, immediately after the——

usual two consecutive laser exposures on a Scylla

Iv-3 plasma experiment. Immediately after the

implementation of this technique, however, we

converted to the tt.ree-frame holographic inter-

ferometry (reported elsewhere in this report) and

the reby suffered enough additional light 10Ss to

render this technique impractical in routine use.

Reference

1. D. H. Close, A. D. Jacobson, J. D. Margerum,
R. G. Brault and F. J. McClung, Appl. Phys.
Letters ~, 159 (1969).

The cost of conventional capacitive energy

storage makes capacitors at their present stage of

development an unlikely choice for generating the

magnetic fields needed in pulsed thermonuclear

reactors and in some larger scale plasma physics

experiments.

Inductive magnetic energy storage with

superconductor rs or c ryogenic aluminum con-

ductors may present a more economical alter-

native, provided a number of technological pro-

blems can be solved; among these are:

(a) High voltage cryogenics

(b) Stability or stabilization of super-

conductors under transient fast discharge conditions.

(c) Fabrication of “high temperature” 20°K

superconductors into usable shapes and forms.

(d) A high current ,,circuit breaker” to

transfer the energy from the inductive storage to

the load coil.

Some progress has been made on items (a)

and (d) of this list in a cooperative program with

the LAS L cryogenics group.

A cryogenic aluminum coil was operated

success fully in liquid hydrogen under pulse

conditions at 100 kJ and 10 kV. 1

One approach suggested for the high current

transfer switch or circuit breaker is also cryo-

genic, i.e. , a superconductor which changes to

the normally resistive state. Analysis of varioua

storage and switching configurations has shown

that the volume (V) and hence minimum cost of

such a switch is related to maximum voltage (E),

maximum current (I), supercurrent density (Jc )

before switching, and normal state resistivity

(P n) after switching, through the equation

V = E I/J: Pn.

Experimental work is uncle r way to

determine the shortest possible switching times

for mrious materials and switching parameters

such as magnetic field, current density, and

temperature. It appears that switching times of

●

4
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2 or 3 ~sec are readily achievable and that

shorter times may be possible with material of

sufficient thinness to pe rrnit rapid flux penetra -

tion, At the present, the analysis of these

experiments is complicated by the lack of more

than a phenomenological description of the so-

called “flux flow state)) where resistance appears

in a superconductor.

Reference

1.

SC YLLAC ENGINEERING (P-16)

(E. L. Kemp et al. )

The installation of the Scyllac energy

system began in January 1970. Installation

actually consists of three phases: evaluation and

testing of all electrical components, installation

into the Scyllac building, and electrical debugging

and checkout of the installed hardware.

All capacitors , cables, and spark gaps
E. Lady, D. Call, Proc. of the Lntersociety
Energy Conversion Conference, Las Vegas, were evaluated for design performance and tested

Sept. 1970. in mockup systems before they were installed in

Scyllac. Two special facilities were established

to perform these critical tests and manned by

engineers and technicians. The installation of all

hardware was performed by skilled c rafts. Elec -

trical checkout is being done by the Scyllac operating

crew of engineers , physicists , and technicians.

There will be two independent experiments

in the first phase of Scyllac: a 5-meter toroidal

sector experiment and a 7 -meter linear experiment.

The toroidal experiment is being put into operation

first. All fifteen capacitor racks have been instal-

led, five racks forming a 120° toroidal sector

and ten racks aligned for the linear experiment as

is shown in Fig. 27.

The power supply system and the control

system, which are common to both experiments ,

were completely installed. The toroidal racks

.

Fig. 27. Alignment of racks for linear experiment
with 120° toroidal sector and associated
energy storage racks in background.
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were loaded with capacitors and each rack checked

out as an integral unit. This was accomplished

by allowing the installation crafts to work during

the day and checking out at night. Checkout of the

first rack was completed in ten weeks; subsequent

checkouts are taking about three weeks per rack.

The checkout has revealed very few com-

ponent or design problems--considering the fact

that all the major components in the system had to

be developed for this application. The first five

racks contain essentially only Aerovox 1. 85w F

60 -kV capacitors and their performance is excel-

lent. Similar capacitors built by Sangamo and

McGraw-Edison have not been as reliable in

preinstallation evaluation. The piggy back-c rowba r

spark gap developed by R. F. Gribble, C. F.

Hammer, and D. L. Call operates better than

expected as indicated by the long 280 wsec, L/R

decay time of load current. The 6000 installed

load cables contain over 150,000 ft of cable and not

a single load cable has yet failed in operation. The

two types of cartridge terminations are operating

satisfactorily. The trigger system is also per-

forming well within the design requirements. The

only serious problem so far encountered has been

the charge lead connections to the spark gaps.

This problem was solved by installing an electro-

lytic resistor in each capacitor charge lead.

Plasma physics experiments in the toroidal sector

are scheduled to begin in February 1971.

The total cost of the ScylIac project will

be about $8.94 million, an overrun of $440,000.

That overrun was principally due to increased costs

for some of the hardware and an unprecedented

rise in installation costs. A request has been

made to the AEC for the additional funds required

to finish the project. Meanwhile, the installation

of the lines r system will begin at the rate allowed

by the existing finds.

As plasma physics experiments begin on

Scyllac, it seems appropriate to identify some of

the personnel responsible for this milestone.

The capacitors and cable were developed by G. P.

Boicourt. The start and crowbar spark gap

was developed by Gribble, assisted by Hammer

and Call. The cartridge terminations were

developed by K. W. Hanks and B oicourt. The

trigger system was initially designed by Gribble

and fully developed by Hammer. The design

team project engineer was W. A. Bradley.

Structural design was performed by J. D. AlLen

and component installation design was performed

by J. J. Banta. R. A. Haarman designed the

charging system and A. S. Rawcliffe designed the

control system. The collector plate system was

designed by Hanks, and W. H. B orkenhagen

designed the stabilization hardware. The data

acquisition system was developed by Gribb le,

D. Brown, J. Lillberg, G. A. Sawyer, and

D. M. Weldon. Checkout is directed by W. E.

Quinn, assisted by Hammer, A. S. Rawcliffe,

and Sawyer. The scientific project leader is

F. L. Ribe and the engineering Leader is E. L.

Kemp.
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S~lhlMAR~ or YEAR!S AC~lVITIES

~ “~ll EORY AND NUMERICAL SIM.
tlLAT1ON OF PLASMA (P-18)

(It’. B. Riesenfeld)

This year has seen gains in understanding

!Ilt$ equilibriuln and stability properties of toroid -

ally confined high-beta plasma, and the nature

of lhcs heating process and attendant instabilities

in laser pulse heated plasmas. in addition, the

scope of the program in numerical simulation of

Vlasov plasmas has broadened considerably with

the developn~ent of new codes to attack more

realistic pro blcnls of interest to CTR and related

projects. Finally, several applications of new

techniques to other fields have proved possible,

such as a ne~v variational approach in the analysis

of the mode spectrum of classical many-particle

systems \rith full electromagnetic interactions, a

ne~v theory of rigorous invariants to solve the exact

equations of motion in certain classical and quantum

mechanical systems , and numerical techniques in

integrating the Fokker-Planck equation to solve the

astrophysical problem of the spherically sym-

metric contraction of a gravitationally interacting

star cluster. Approximately thirty publications

on these and other topics were made in appropriate

professional journals and conference proceedings.

Of special interest is the magnetohydro -

dy-namic analysis of the toroidal theta pinch of

Scyllac type, using rotationally transformed

multipole fields to balance the toroidal expansion

force and thus achieve equilibrium. The equilib-

rium requirements of such a system and its

stability relative to transverse displacement of

the plasma column have been studied for a fairly

realistic model in which the pressure profile is

diffuse, and the results have been compa red with

those of earlier models based on a sharp boundary

between the magnetic field and the plasma. In

particular, the configuration uses a dominant

~. = 1 multipole field to produce finite displacements

of the plasma column from cylindrical symmetry.

Growth rates of the m . 1 modes (transverse

motion) are small enough to be stabilizable by

appropriate feedback systems; their action, in

addition to mo re conventional dynamic stabilization

schemes, have also been analyzed. Similar MIID

analyses have been made for toroidal z-pinches

with diffuse pressure and field profiles , and for

the equilibrium and trapping of high-beta plasma in

the injected quadruple experiment, along with the

effect of dipole shielding of the ring supports. A

two-dimensional code has been written to study

the dynamic implosion phase of theta pinches.

This code will be used to gain information about

the implosion of helically symmetric pinches

with realistic transport coefficients.

The interaction of the rf electric field of

a laser beam with a collisionless, homogeneous,

underdense plasma has been studied; linearized

growth rates were calculated and verified by

numerical simulation. Simulation runs have been

extended into the nonlinear regime th rough s eve ral

stages of excitation and saturation of streaming

instabilities , throughout which electron heating was

observed. A two -dimensional electromagnetic

simulation code has been written to study laser-

radiation induced instabilities in a plasma with a

density gradient. Finally, an estimate that is based

on solution of a pa ramete rized Fokker-Planck

equation has been made of the direct collisional ion

heating and thermonuclear reaction rate of a multi-

ion species plasma. That estimate has been com-

pared with collisionless ion instability heating;

this last item of work was mostly accomplished

outside the group.

The advances in the CT R-related numerical

simulation of Vlasov plasmas were in the following

areas : multi-dimensional beam and beam-plasma

inte ractions, anomalous resistivity and turbulent

heating connected with current and field driven

instabilities, two-dimensional electromagnetic

simulation with application to the Weibel electron

anisotropy instability, isolation of a new high-beta

electron cyclotron drift resonance instability of

large growth rate, the effects of high amplitude

rf fields, and the incorporation of binary collisions

into Vlasov codes.
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MAGNETOHYDRODYNAMIC STABILITY
OF HIGH BETA PINCHES (P-18)

(J. P. Freidberg)

SC YLLAC STABILITY WITH DIFFUSE PROFILES
JWith B. M. Marder )

The encouraging sharp boundary MHD

results for the t = 1 Scyllac configuration have

been extended to include diffuse profiles. It is

found that if the condition

dB
1
.—
B dr” >0

0

is satiafied, where B. is the e -pinch field, then

the leading order m . 1 term in 6W vanishes for

L = 1 as it did in the sharp boundary case. This

implies that , at worst, the plasma is very weakly

unstable. For any L # 1, the leading order term

does wmish and is destabilizing. The above con-

dition is a weak one requiring only that B z be

hollow and not reverse.

IMPROVED SHARP BOUNDARY THEORY FOR
SCYLLAC

A new sharp boundary theory was fo rmu -

lated which recovers both previous sharp boundary

theories, in the appropriate limits, in addition to

extending the range of parameters over which the

theory is valid. The intent was to develop a more

accurat e theory for detailed comparison with

experiments. First results indicate that the old

ordering, in which the helical shift is assumed

small and the helical coil is assd.med tightly wound,

yields results which are closer to the newer, mo rc

exact theory. A more recent ordering theory,

which assumes large helical shifts and loosely

wound helical windings, predicts greater stability

than found in the newest calculation. This is

slightly surprising since the parameter range of

interest is, on the surface, more closely approxi-

mated by the new rather than the old o rdering.

Further results will be forthcoming to delineate

which regions of parameter space are accurately

described by which theory.

STABLE “STABILIZED Z -PINCH” PROFILES

Z -pinch profiles have been calculated

which satisfy Suydam!s criterion and arc com-

pletely MHD stable. The ptofiles are similar to

those obtained at Culham Laboratory. Typical

profiles are characterized by a 10% reversal in

B=, and a maximum 8 ~ 20Y0. These profiles are

consistent with old Perhapsatron data as WCII as

recent data from the fast z-pinch. Jn the process

of calculating these profiles we have derived the

followrng useful form for Suydamls criteria by

eliminating p! from the pressure balance equation

We seethat if rB~/Bo c -1, Suydamfs criterion is

automatically satisfied; that is, the old intuition

of wanting Be to fall off faster than 1/r does

indeed guarantee that Suydamts criterion will be

satisfied.
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NUMERICAL STUDIES OF THE
HELICALLY SYMMETRIC THETA PINCH (P-18)

(T. A. Oliphant, H. Weitzner (NYU), F. L. Ribe (P-15))

In order to understand experimental results

recently obtained on the helically symmetric ver.

sion of Scylla IV-3, 1 and to be able to predict

plasma behavior as variables are changed, a

numerical program has been written for studying

such a device using dissipative magneto hydrodynam-

ics. The mathematical formulation has been

thoroughly described by H, Weitzner. For com-

putational convenience, the fluid and elect romagnet -

ic equations have been written in a rectangular

coordinate system. At present the fluid equations

are being solved by the PIC2 method, with the

benefit of close consultation with T-3. The electro-

magnetic equations are being solved by the SCjfR

method. The geqe ral helical equations have been

included in the code and have been thcnroughly

checked for computational symmetry. Shock wave

propagation has been checkqd only in the cylind ric -

ally symmetric limit. A well-defined shock front

propagates toward the center of the plasma under

the pressure of the driving field. However, the

reflected shock wave, which propagates back out,

develops certain apparently mesh- dete rrnined

asymmetries. The present view is that these

asymmetries arise because of an inadequate treat.

ment of mesh cells containing the boundary

between the plasma and the magnetic field. There -

fore, a special boundary treatment has been

included and is being checked out.

References

1. LA-4599-MS.

2. Anthony A. Amsden, “The Particle -in-Cell
Method for Calculation of the Dynamics of
Compressible Fluids, LA-3466.
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The numeric? I technique (D. Baker, P-18)

Z -PINCH

SUMMARY OF Z-PINCH ACTIVITIES (P-14)

The effort on the z-pinch has been accel-

erated during the past year. The group has con-

cent rated on one large to roidal experiment which is

now uncle r construction. We have also been given

theoretical support from P-1 8 in understanding

pinch stability and equilibria.

In the fast linear z -pinch experiment,

plasma heating is accomplished by a strong shock.

The Be magnetic field rises two to three times

faster than in hot e -pinch experiments. Measure-

ments give plasma temperatures of 750 eV at ion

densities -3 x 10*5/cm3. In addition, the plasma

column exhibits stability for - 8 -p sec after which

the current decays to zero. This report covers

changes made in the experiment by increasing the

length of the discharge tube from 30 cm to 63 cm

and describes new techniques developed to attain

the desired level of ope ration.

The results from the linear system have

encouraged us to construct a shock heated toroidal

z-pinch experiment. The primary purpose of this

experiment is to avoid electrodes and end effects.

In addition, the to roidal geometry has marked

advantages for z-pinches in that it has azimuthal

symmetry and exhibits stabIe equilibria. A short

description of this experiment appears below

(Phillips et al.).

Numerical z-pinch calculations (Haber -

stich) are being performed using a one-dimensional

MHD code in an attempt to duplicate the magnetic

field and density profiles as well as the z-current

and voltage observed in the linear shock heated

z-pinch experiment. These calculations will give

us a better uncle rstanding of the processes taking

place in these discharges.

The MHD stability of the linear z-pinch

has been examined (Freidberg, P-18). Completely

stable diffuse magnetic field profiles have been

found. The ~ of the confined plasma may be as high

as 20~0.

for calculating ideal MHD equilibria” (developed

for toroidal multiples) has been extended. to handle

asymrnet ric equilibria with perfectly conducting

boundaries. The equilibrium for the to roidal

z -pinch has been calculated fo r a cla~s of z-pinches

with hollow pressure profiles and. reverse B z
field outside the pinch column. These distributions

closely match those required for stability and arc

similar to those found in the linear experiment.

We have again become interested in

using metal discharge tubes in our z-pinch

experiments. Metals have important advantages

over ceramics as the duration of plasma confine-

ment is extended. The results with an aluminum

tube are described (Phillips ).

Our investigation of methods of high

frequency dynamic stabilization of the z -pinch

has been completed. We report (Fo rman, et al. )

the results of using an oscillating Bz magnetic

field. ,

!.
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FAST 7.-PINCH (P-14)

(J. N. DiMarco, L.C. Burkhardt)

INTRODUCTION. This experiment is being per-

io rll~cd in an attempt to achieve a high temperature

(kL.V) z -pinch. Heating is accomplished by driving

a strong shock through the plasma. It is therefore

rt.qui red that the z-pinch be driven by a system

capable of supp Lying a few thousand joules in a

time scale faster than the sonic transit time

(approxinlatcly O. 5 u sec ). A low inductance energy

source is utilized employing the technique of
1

magnetic ene rgy sto rage. This system is capable

of supplying current at a rate of .2 x 10*2 A/see

~vith voltages of - 80 kV and peak currents of 200 kA.

At an initial deuterium pressure of 30 mTorr,

shock velocities - 4 x 107 cm/sec are measured.

The plasma temperature, as determined by

pressure balance, is -750 eV. These results are

developed in a previous report.
2

This report will present the changes that

have been incorporated in the linear pinch in order

to simulate the operat ion of the shock heated

to roidal z-pinch experiment that is now under

construction. Some new techniques have been

developed to attain the desired level of operation.

DESCRIPTION OF EXPERIMENT. A schematic

representation of the experiment is shown in Fig.

28. Deuterium gas flows continuously through the

system; it is preionized by a 28-MHz, 300-W

oscillator. The level of ionization is increased by

a preliminary 25 kA axial current pulse of 13 ~sec

half-period. This current is removed from the

pinch by means of a crowbar applied at the end of

the first half-cycle. The rapid main current

transfer is timed to occur approximately 3 IIsec

after the end of the first half cycle of the preioniza -

tion current pulse, A description of the operation

of a magnetic energy storage system is given
1

elsewhere.

When the switch is closed the energy is

trarisferred into the 145 nH storage inductance.

This inductance occurs in the capacitors, coaxial

cables , headers, and parallel plate transmission

PRE-PREI
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Fig. 28. Schematic of high temperature (keV)
linear z-pinch experiment.

line. The majority of the inductance, however, is

associated with the parallel plate transmission

line so as to isolate the capacitor bank from the

high voltage generated across the fuse. The fuse

typically consists of a copper foil 1 mil thick,

10 cm wide, and 15 cm long. Conductor-fuse

interface continuity is maintained by a 9 -ton

hydraulic press which holds the short section of

transmission line in contact with the top of the

fuse. An illuminated dry air gap switch is used

to transfer the current from the storage induct-

anc e into the z-pinch. It operates at atmospheric

pressure and the gap is illuminated by a current-

limited (- O. 1 A ) discharge located within the top

electrode. The switch is not triggered but rather

is allowed to break down spontaneously. The

breakdown voltage is found to be very reproducible

(+ 5’%).

The discharge tube is made of 99.87’.

alumina and has a wall thickness of 0.47 cm.

Electrodes are made from 304 stainless steel with

a wall thickness of 0.635 cm. Optical access is

achieved by using tubular electrodes. The return

conductor is made from an aluminum cylinder of

wall thickness 1.27 cm. Assembly is achieved by

splitting the cylinder along the axis and clamping

the halves together with stainless steel clamps.

These clamps then serve as flux conserves

during the lifetime of the z-pinch, but allow the

slow Bz bias field to penet rate the O. 3-cm gap in
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the return conductor. The bias magnetic field is

produced bya solenoid external to the discharge

tube, and has a half period of 3 msec.

To simulate the operation of the shock

heated to roidal z-pine h experiment, the discharge

tube length is doubled to 63 cm to match the length

of a quarter-section of the torus. The storage

inductance is increased to 145 nH and the total

energy initially sto red in the capacitor bank is

doubled. The capacitor bank is set up as a two -

state Marx system following the predictions of a

numerical code which was developed as an aid to

determining the desired operating conditions.

EXPERIMENTAL RESULTS. In order to main~in

the same ope rating characteristics while doubling

the length of the discharge tube, it is required that

the initial b and total plasma current remain the

same. This then demands that the vultage and

energy handling capability of the magnetic energy

storage system be doubled to 70 kJ.

Considerable difficulty is encountered as

the energy level increases. The most difficult

problem developed in the fuse package. The

designl that worked well with the short tube no

longer gave reliable operation. The violence of

the explosion that resulted when the fuse vaporized

caused considerable damage to the high voltage

insulation in spite of re -ent rant traps that were

designed into the system to catch the molten

copper.

T his problem was attacked in two ways.

The efficiency of the transfer was improved by

reducing parasitic inductance between the fuse

and the z-pinch so that more voltage is developed

across the discharge. Also, a numerical cal-

culation was performed using an experimentally

determined relation as the equation of state for

the funse.
1

The transfer gap was therefore

redesigned because it was found that 33~. of the

pinch voltage had developed across the gap. This

increased the voltage across the z-pinch by 107..

The numerical calculation enabled the transfer

efficiency to be increased by 20~. . The net result,

being a 30 ~. improvement in ove rail efficiency,

allowed the total stored energy to be reduced from

70 k.T to 50 kJ. Unfortunately, even at this energy

level the fuse operation was unreliable.

After discussing the problem with G.

Schenk at the Laboratory Gas Ionizzati wc adopted

a new technique. That part of the copper foil

that vaporizes is now placed in contact with glass

beads of 100-170 * diameter, instead of the fiber-

glass cloth used in the previous design. The

violence of the explosion is drastically reduced

as measured by the lower noise level and the

reduced perturbation of the area surrounding the

fuse. Also the fuse is no longer centrally located

between the transmission lines but is moved over

to one side and extends outward from between the

transmission lines. The result is that the molten

copper can now be prevented from damaging the

high voltage insulation. The fuse design is also

made simpler by making only one fold, in the

copper foil and inserting a single sheet of 1/16

polyethylene between the folds. This new design

produces consistent transfers at the 70-80 kV and

200 M level.

The stability of the plasma column is

determined by observing the signal from a loop

that measures the B= flux inside the discharge.

The occurrence of a jump in flux is then associated

with a kink mode instability. So far, stable

periods from 4 to 8 usec have been observed

depending on experimental conditions. An ex-

periment using 90° Thompson scattering of a

ruby laser light is being set up to determine the

plasma temperatures.

Reference
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J. N. DiMarco
Phys. ~, 3894
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and L. C. Burkhardt, J. Appl.
(1970).
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THL; SHOCK HEATED TO ROIDAL Z-PINCH
EXPERIMENT (P-14)

(J. A. Phillips, et al. )

The high temperature toroidal z-pinchl

experill~ent has been clcsigned and is being assem-

bled. An artist~s conception of the experiment is

shovm in Fig. 29.

+

.
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Fig. 29. Artistts conception of the high tempera-
ture toroidal z-pinch device.

Each quadrant of the torus approximates

the dimensions and electrical characteristics of

the present linear experiment. The magnetic

energy sto rage technique as developed for the

linear experiment is used. The large (244-cm-

diameter) coaxial conductor connects the four fuses

with low inductance to force the voltages developed

ac ross the fuses to be identical. A coaxial

inducto r, -36 nH, is common to the four quadrants

and stores the magnetic energy.

The design parameters of the experiment

are shown in Tab le I.

Table I

Major diameter 76.5 cm

Minor diameter 11. Ocm

Rate of rise of plasma current -3 x 101z A/see

Peak plasma current - 300 kA

Maximum voltage for quad rant -80 kv

Primary energy source -0.5 MJat20kV

Longitudinal bias B field <6kG

The experiment should be assembled in the

spring of 1971.

Reference

1. LA-4352.

MHD CALCULATIONS OF THE
LINEAR SHOCK HEATED Z-PINCH (P-14)

(Albert Haberstich)

Numerical z-pinch calculations, using a

one-dimensional MHII code, are performed in an

attempt to duplicate the magnetic field and density

profiles as well as the z current and voltage

observed on the linear shock heated z-pinch
1

experiment. The purpose of these calculations is

to gain better uncle rstanding of the processes taking

place in this type of discharge and to determine

parameters such as the diffusion rate and the ion

temperature.

Experimentally, the B magnetic field is
e

found to diffuse into the discharge at a rate higher

than classical. This effect, which in the MHD

model is related to an anomalously high electrical

resistivity, has also been observed in low density

theta pinches.
2

After 1 psec, the shape of the

magnetic field profiles changes much less rapidly.

Following Bodin et al. ,
2 we assume that

the enhanced diffusion is caused by a micro -

instability which is triggered when the electron

drift velocity exceeds an acoustic velocity

((Te + Ti)/mi~ , Te and Ti bing the electron and

ion temperatures and mi being the i on mass. For

the anomalous resistitity u we take a multiple ,

of the Bohm value, B/(16 ne e), where B and ne

are the local magnetic field and electron density

and e is the charge of the electron. Whetk r this

is a good choice is difficult to establish with the

presently available data.

Since the achievable ion temperature

depends to a large extent on the rise time of the

z current, we drive the computed z-pinch with an

electrical circuit equivalent to the magnetic energy
3

storage system used in the experiment. The fuse

is replaced by a variable resistance which,

beginning at the time when the current in the sto r.

age inductance goes through its first maximum,

rises at a rate of 0.25 Q/~sec. The transfer

switch closes at 25 kV.

The linear pinch is initially biased with

a Bz field of the order of 3 kG. A cylindrical

conductor conserves the Bz flux during the

discharge. The problem thus involves anomalous
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Fig. 30. Be and Bz profiles.

resistitities both pa rallel and transve rse to the

magnetic field. Some paramagnetic effect is

allowed to obtain the low Bz ~leld observed in the

outer region of the pinch. This is done by choosing

u// ==vh~cl where c1 is a constant of order 10.

Be and B= profiles obtained at 1 u sec

into the discharge cycle with a deute rium filling

pressure of 30 ~Hg are shown in Fig. 30 (a). The

Bohm factor is 2.5 and the resistivity is anomalous

everywhere at all times. The plasma is still ex-

pe riencing some bouncing motion at this time as

indicated by the calculated solid curves. The

error bars correspond to the measurement.

The profiles in Fig. 30 (b) were obtained

with a local anomalous resistivity of 5 tirms the

Bohm value, using the above threshold condition.

The toe of the Be distribution occurs at the

transition between classical and anomalous resis -

tivity at this point. Whether the finite structure of

Y!iilK
200

Ti

(WI

100

0
0 0.4 0.8

t(ps’sc)

{

E
o 0.4 0.8

t (psbc)

Fig. 31. Time, voltage, and Iz profiles

the numerical scheme has a retarding effect on the

penetration of Be is still under investigation.

Figures 31 (a) and (b) show time dcpcn -

dences of the calculated and measured z current

and voltages as well as the calculated average ion

temperature for the two cases. The magnitude and

bouncing frequency of the calculated current arc in

good agreement with the measurement. The lack

of structure of the measured z voltage may be an

electrode effect. Voltage traces obtained with a

longer discharge tube are in better agreement with

the calculation. The average ion tempe raturcs a ru

of the order of 150 eV. This value is 35’!: .1OIVCr than

calculated with an idealized z current rising to

200 kA in 0.1 uscc.

.
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Re fc rcnccs
ALL METAL WALL DISCHARGE TUBE (P-141

J. N. DiMarco and L. C. Burkhardt, Annual1.

2.

3.

Meeting of the A. P.S. Division of Plasma
Physics, Washington, D. C. , Nov. 4-7, 1970.

H.A. B. Bodin, J. McCartan, G.H. Wolf, Third
European Conference on Controlled Fusion and
Plasma Physics, Utrecht, June 23-27, 1969.
H. A. Bodin and A. A. Newton, Phys. Fluids
~, 2175 (1969).

J. No DiMarco and Le C, Burkhardt, J, Appl.
Phys. M_, 3894 (1970).

(J. A. Phillips)

We are again looking at metal discharge

tubes as replacements for conventional ceramic

tubes, e. g. , quartz or alumina. The advantages

to be gained with metals over ceramic may be

summarized as follows:

10 A conductor can absorb higher energy

pulses on the surface exposed to the plasma with-

out melting because of its higher thermal

conductivity.

2. A careful choice of wall material can

lessen plasma contamination from material released

by evapo ration and ion bombs rdment. Loss es by

bremsstrahlung radiation, - Z 2, can be reduced if

low-Z metals can be considered.

3. Fabrication of a discharge tube that

fits closely inside a return conductor or primary

can be easier if the tube is machined out of metal.

In our proposed to roidal experiment, it is difficult

to procure ceramic or quartz torus sections that

do not add prohibitive inductance.

?3A figure of merit (CM ) has been determined

for evaluating various materials. It has been

calculated that the temperature rise (AT ) of a

surface for a flux of Q of energy is given by

AT = 2Q(t/n Ckp )*

where t = time, C = thermal conductivity, k =

thermal capacity and p = specific heat. With AT

determined by the melting point, it is clear2 that

metals are superior to insulators. With metals,

the question arises how to reconcile the conflict

between the high elect rical conductivity of the wall

and the necessity for the axial electric ~leld in a

z-pinch. For slow to roidal experiments such as

Zeta and Tokamak it is practicable to use cor-

rugated thin walls to keep the wall currents to

tolerable proportions. For the planned fast

to roidal z -pinch experiment with high field gra -

clients (Ez ~ 1 kV/cm), the wall currents would be

too large for a practical tube. There are two

other ways by which wall currents can be reduced

other than high resistance, i. e. , by subdivision of

the wall, and by high inductance. We report here

on results on subdividing the walls.
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When a conducting discharge tube wall is

subdivided, the voltage between adjacent conducting

surfaces must be less than the running voltage of

an arc, because a cathode spot might form on the

negative side, and an arc would short-circuit the

gap. Experiments 3 have shown that this voltage is

about 25 V. If the discharge is to hold off -1000

V/cm then the tube must have -40 subdivisions/cm

with insulation between adjacent metal surfaces.

Subdividing the metal wall will also reduce unipolar
3

areas, i. e. , reduce the area of each metal sur -

face so that the current is below that required to

maintain an arc spot.

An experiment was conducted using a

series of stacked aluminum rings (washers).

Aluminum was chosen as the mate nal not because

it has the most desirable thermal properties but

the surfaces can be anodized. A total of 800 rings

have a discharge tube length of -24 cm. The

rings were made of O. 010 -in. aluminum and were

anodized on each flat surface. Tests showed that

300 V could be applied between adjacent washers

without breakdown. The construction is shown in

Fig. 32a. The outer coaxial current return has

also introduced a difficulty with this design, Fig.

32b. The capacity of each washer to ground,

although much smaller than the inter-washer capa -

city, leads to a non-uniform division of the

applied high voltage down the washer train. That

difficulty can be avoided by surrounding the system

with a relatively high resistance. In the present

test experiment we chose a low resistance epoxy

(Eccobond 60 -L) with 150 fi total resistance. An

outer layer of glass cloth impregnated with epoxy

gives strength to the assembly. The completed

tube is shown in Fig. 33.

In some cases a small bias Bz field

was initially applied to the all-metal tube in an

attempt to minimize m = O instabilities and protect

the tube against damage. When experience showed

that the tube was not as fragile as we feared, runs

were made without the bias field. A copper flux

conserver wrapped around the discharge tubes

smoothed out the azimuthal asymmetry of four

return conductors.

The results of the tests of the all-

metal tube have been compared with those of a

40

1.) lb) ,,

Fig. 32. Co? stmction and schematic of stacked
washer discharge tube.

Fig. 33. Completed stacked washer discharge
tube.

high purity alumina tube. The inside radii of the

two tubes were the same (11. 9 cm) but the all-

metal tube was shorter (24. 1 cm) than the ceramic

tube (30. 5 cm).

Several hundred discharges were made in

the all-metal tube with voltages up to 30 kV. The

period of the discharge current was - 15 ysec with

peak currents up to 0.45 MA. The behavior of the

discharge was dete rrnined by measuring (a) the

voltage across the electrodes, (b) the discharge

current, and (c) the Be magnetic field distributions

in the

of the

region 5 cm in front of the tube surface.

Our first concern was the initial formation

current sheath: was it symmetrical, and

.

.
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Fig. 34. Rate of charge of z-pinch current as a
function of charging voltage.

did it pull off the wall? The time rate of change of

the z-pinch current as a function of the charging

voltage is shown in Fig. 34. If an arc developed

along the tube wall or an asymmetric pinch formed

as the voltage was raised, the discharge inductance

li?ould increase and the ~ fall. We see that, up to
.

the maximum voltage of 30 kV, I remains propor-

tional to voltage at 0.4 psec in the discharge cycle.

At 1.2 usec the ~ is somewhat smaller indicating

the increased inductance due to discharge pinching.

No large irregular behavior occurs when the volt-

age is raised.

The voltage hold-off properties of the

tube were examined by running a discharge at low

pressures where the applied voltage would hold

up for .- 1 usec before the discharge current was

initiated. When gas current did flow, the discharge

behaved normally. This mode of operation was a

severe test of the tube, but there was no wall

breakdown even when electric field of - 0.83 kV/

cm was applied. Indeed, when ope rating at the

maximum voltage of 30 kV, where Ez ~ 1.24 kV/cm,

B8 VS. RAOIUS AS FUNCTION OF TIME

~

\ 1

----- --

2 psec

.H

I —

o
I I

6.5 7.5 8.5 9.5 10.5 1[9
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Fig. 35. Be field distribution.

we neglected a few times to add the filling gas to

the tube with the result that after an initial voltage

hangup the discharge tube behaved as a vacuum

spa rk gap! These tests showed that the resistor

divider along the tube behaved as expected and no

damage to the tube resulted when fast or long high

voltage pulses were applied.

To determine the nature of the current

sheath, Be probe runs were made in the interval

5.2 cm in front of the tube wall for both the all-

metal and ceramic tubes. Figure 35 shows plots

of the B field distributions at selected times.
e

The results for the two tubes have been normalized

to the same magnetic field at the wall. (The dis -

charge current in the ceramic tube was - 10 ~.

smaller than in the all-metal tube due to its

greater length). Note that in both cases the plasma

current pulls off the walls, with perhaps a larger

percentage of the current flowing at smaller radii

in the all-metal tube than in the ceramic tube.

These data show that the plasma current does pull

off the wall and contracts towards the axis.

Examination of the all-metal tube after

several hundred discharges showed no severe
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Scanning Electron Microgrnphs
Laminated Aluminum Discharge Tube

(After Firing)

With these encouraging results, we have

designed an all-metal discharge tube for the fast

linear z-pinch experiment.

1Oox

300X

Fig. 36. Scanning elec.ron micrographof lami-
nated aluminum discharge tube (after
firing).

arcing. With the alumina discharge tube a Fine

brownish-white powder covered the lower electrode

when the discharge tube was removed. This

powder has been identified as a -plane A1203. Small

chips apparently were plucked out of the surface

during the discharge. No such debris was observed

with the all-metal tube and the electrodes merely

discolored as is usual in these discharges.

Scanning electron micro graphs, Fig. 36,

taken by T. Gregory (Group GMX-1 ), of the inside

surface of the all-metal tube show some melting

along the sharp edges of the washers. No heavy

References

1. A. A. Ware, TID-7536, Part 2, p. 293.

2. J. A. Phillips and J. L. Tuck, Proc. of the
Geneva Conference, p. 40, Vol. 32 (1958).

3. J. L. Cranston, et al. , Proc. of the Geneva
Conference, p. 414, Vol. 32 (1958).

.

arcing between adjacent washers was seen.
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1lICI1l I’RINU ENCY DYNAMIC STABILIZAT KIN
017 TIIE Z-PINCH MHD INSTABIL~I12S (P-14)

(P. R. Forman, H.J. Karr,
J.A. Phillips, A. Schofield)

Our investigation of methods of high fre-

quency dynamic stabilization of the z-pi.lch MHD

instabilities ivere concluded this year. The method

report~, d here makes use ok a high frequency

oscillating Bz field. To accomplish this, a single-

turn 13z coil 28 cm long was added to the Columba

f.-pinch expe riment. This coii was energized by a

.69 A F capaoitor bank charged to 25 kV. This

circuit produced a damped 750 kHz field with a

n)aximum field of 2700 G. Th,e rest of the system
1

If.as described earlier,

THEORY OF DYNAMIC ~. ~TABILIZATION. The
L

theoretical modified growth rate of the Kruskal -

Shafranov helical instabilities is determined

assulming for the plasma a sharp boundary model

that obeys the ideal MHD equation. Cylindrical

geometry is assumed and only divergenceless dis-

placements are considered. If one linearizes the

ideal magnetohyd rodynamic equations and assvmes

that all perturbed quantities vary as

;(r, e,z, t)=>(r) exp(yt +i (m9 +kz))

one obtains an equation for the helical

placement (~) of the plasma surface

d

(

r d
= ~ ‘gr

)

- <r=o.
k2r2 + mz

The solution of this equation, which is

the origin, is

5
‘r m (kr).=CI!

(1)

radial dis -

(2)

regular at

(3)

In the vacuum region outside the plasma

there are no currents flowing. Therefore, v x ~=

O so ~can be expressed as the gradient of a

potential. Since v . ~ = O, the potential is a sol-

ution of Laplace!s equation in cylindrical

coordinates ,

B_=v@ (r)

?(r) = A Im(kr) + B Km(kr).

(4)

(5)

By requiring the magnetic field to be tangential to

both an exterior conducting wall and to the helically

perturbed plasma-vacuum interface and requiring

the total pressure to be constant, one obtains

appropriate values fOr the unknown constants A,

B, and C of Eqns. (3) and (5).

The resulting growth rates for the Kruskal -

Shafranov helical modes is

[

ka I~(ka )
y2 = B;e (1-@) (ka)2+U2 * ~kal +

m

-1
I’m (ka )

(ka + mu)’ -T M(b)
m

I

where

21
z

‘=a B
ze

()
B.2

8 =1-+
ze

a . plasma radius

@ = radius of conducting wall

B ze = axial magnetic field in the vacuum region

B . axial magnetic field inside the plasma
zi

‘Im(ka) K’m(kb) - I’m(kb) Km(ka )
M(b) = ~,

m(ka) K1m(kb) - I:m(kb) K1m(ka) “

(7)

(8)

inclusion of the inertial term gives the equation of

motion

I‘2S ‘~e 1: k a I’m(ka)
na2p —+ ~ (1 -~ )(ka)2 +

dt2
(

a2 Im (ka )

[

B2 m212m
* & (ka)2 +— + mkIzBze

a2 1
I’m(ka )

[

~ ‘(b) Q’”
(9)

where p is the mass density.
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If the external field B ~e is allowed to have

an oscillatory component Bze = B. + Bl cosut, and

the following definitions are made

z.”+ e=~
I’m (ka)

‘=-
(lo)

u)2rla‘p

r=(l-p+EM(b)j

+ kIz ~ BoM(b) E
1

[

‘OB1 (ka~ r +m k lZ ‘1
ql=~z~

1

M(b) E

2

()

kaB1

q~ = -6 T r;

the equation of motion is the Hill equation .

[
~ + ~..2q1cos 2z-4c12cos4z]<=o (11)
Clzzz

The growth rates are obtained from the complex

part of the exponential term of the Floquet

solution of the Hill equation.

For the experimental parameters used in

the Columba experiment, only parametric modes

are predicted and the theory indicates that the

growth should be reduced to rates too small to be

observed in the time duration of the experiment.

EXPERIMENTAL RESULTS. Initial experiments on

oscillating B= dynamic stabilization were f rust rated

by the appea rant e of azimuthal j~ currents which

excluded the oscillating Bz flux from region near

the plasma column. It was speculated that wall

breakdown was the problem. Pyrex, quartz, and

ceramic discharge tubes were used in an attempt

to minimize the effect. A quartz tube, after about

100 discharges, seemed the best, but the effect

was still overwhelming and did not improve with

successive discharges. These induced j
e

currents

were observed with a Bz probe inserted radially

into the discharge chamber. In addition, B=

probes showed a lack of an oscillatory component

beyond the first half-cycle; external 42 flux loops

showed that the B= was being excluded after onc -

half cycle; and Mach -Zehnder interferograms

showed a significant increase in electron density

near the wall. A one-dimensional MHD code was

employed to investigate the expected behavior of

the plasma. The calculations revealed good pene-

tration of the oscillating Bz in agreement with

experiment for the first half-cycle of stabilization

and in disagreement with the observed shielding of

the subsequent oscillations of the stabilizing field.

These results reinforced the suspicion that a wall

effect was involved.

Habe rstich pointed out that sine e the E.

field is a maximum at the discharge wall, and if j.

currents could be prevented from flowing in the

outer regions, then, perhaps, close to the pinch the

electric field would be low “enough so that secondary

currents would be reduced and the oscillating B=

field would then be able to penetrate closer toward

the pinch column. The je currents may be

inhibited by a limiter, as used in Stella rato rs and

Tokamaks, to confine the z-currents to the central

region of the discharge tube. In our geometry, such

a limiter would consist of longitudinal fins that

are parallel to the tube axis, and extend the full

length of the discharge. Objections can immediately

be raised to such limiters, the most serious of

which is that the close proximity of the leading edge

of the fin to the discharge will lead to heavy plasma

bombardment and the release of impurities. Hou-

ever, the area of the fins is small and contamina-

tions may not be serious. Such an experiment

would show whether magnetic fields could be made

to penetrate further into a discharge region, and a

more meaningful test of the theory could be made.

Consequently the glass shop fabricated a

Pyrex tube (i. d. - 6.5 cm) in which two dia -

met rically opposite longitudinal fins wc rc fo rmcd

with a distance of 3.90 cm between the inner c’clgcs

of the tins. This distance was chosen so that there

would be a distance of - 1 cm between the edge of

the fin and the plasma column of diameter - .? CIN.

Two runs were made with the z-pinch, on.’

with the tube having the longitudinal Iimitc, rs and

the second with a standard cylindrical quartz tube

.

.

.
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I>iagnostics included the measurement of z-pinch

currcwt and voltage, and ~~ flux inside ~ one-turn

coil wound on the outside of the tube, Be and B
z

\vith magnetic probes, and the stabilization current

in the 9 -pinch coil; Mach -Zehnder interferograms

NTrC taken axially down the tube. Runs were made

\vith and without a small (- 206 G) B= bias field.

The measurement of the $Z flux immediately

showed a marked difference between the two dis-

charge tubes (Fig. 37 ). Before the stabilization

field was applied (at - 1. 6~sec) the normal increase

in 64 flu~ was seen due to pinch compression and

para]magnetism. In the first half -cycie of the

oscillating Bz field, the flux was seen to behave

the same in the two discharge tubes; the flux

penetrated into the tubes unimpeded. However, on

the second half cyc Le there were marked differ

ences. IVith the uniform quartz tube the flux did

not reverse and was shielded out by a conducting

layer close to the inside wall. With the longitud-

inal limiters the flux oscillated about the starting

value. There was a relatively free flow of B fluxz

I 1
I I I I

50 t- ‘+

H o~ ----------

-&N
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,.. -

. ---------

1 I

S:.B.

PYREX- LONG.
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Fig.

TIME - psec

37 ● @z flux.

in and out of the discharge tube. The dashed lines

on the figure represent typical values that the

flux would have if no stabilization field were

present.

Flux loop and probe measurements con-

firmed that the limiters were indeed inhibiting the

je currents and the oscillating Bz efiended in aS

far as tbe fins.

Allowing the Bz field to penetrate close to

the pinch column by the limiters delayed the onset

of the kink instability. The signaIs from flux

loops indicated that the average time of onset was

delayed by 7 57%, from 3.1 p sec without stabiliza -

tion field to 5.4 p sec with stabilization. At these

late times @ the discharge cycle, (a) the peak Bz

had decayed to about 30 YO of the first half cycle

by fhe damped JX driving circuit, (b) loss of

plasma out the ends decreased the line mass of

the pinch column, and (c) the Iz current had

increased to about 40 kA.

All these factors result in less effective

stabilization by the Bz. The increase in stable

time, as shown in this experiment, may not be

the ma~imum that caq be obtained by this method.

An extension of the experimental parameters

would be necessary to demonstrate the limits.

Reference

1, LA-4351 -Ms.
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TO ROIDAL Z-PINCH EQUILIBRIA (P-18)

(D. A. Baker and L. W. Mann(T -5))

INTRODUCTION The techniques for calculating

ideal MHD equilibria numerically for to roidal

multipoles, as discussed in the last annual Status

Reportl have been very useful aids in the LASL

quadruple program. In particular, the flux cal-

culations, when used in conjunction with laser

interferometer measurements and magnetic probe

data taken outside the hot plasma, allow a deduc -

tion of the injected plasma temperature as a function

of time. Further details are given in the quadru-

ple section of this report.

We have been successful in extending the

numerical techniques to handle general axis ym-

metric MHD equilibria with perfectly conducting

boundaries. Interest, of late, is in calculation of

possible equilibria for the LASL toroidal z-pinch

presently under construction.

EQUILIBRIUM CALCULATION. We desire

solutions of the system of equilibrium equations

vp=~xd (1)

VXi l..? (2)

.J .3=0 (3)

for a cylindrically symmetric system having

perfectly conducting boundaries and both poloidal

and toroidal magnetic fields.

We introduce a cylindrical right-handed

coordinate system (r, q, z) with co responding unit

vectors (?,@, 2) and a poloidal flux function ~ so

that the poloidal magnetic field is given by

dp .+V$ x~. (4)

From Eq. (1 ) we see that 3P . ~ and $p . ~ are

zero so that ~ and ~ are everywhere tangent to the

constant pressure surfaces. It follows that the

pressure and poloidal current inside a radius r

are functions of +

P= P($)

T=T(*)

only. We therefore let

(5)

(6)

with the to roidal field BV given by

(7)

We have defined ~ and ~ such that 2TI* and 21-I~,

evaluated at any radius r, are the poloidal mag-

netic and current fluxes threading an r = constant

and z = constant contour. With these definitions

Eqs. (1 ), (2), and (3) can be reduced to the

following single equation for $:

where the toroidal current density J can be
Q

written in terms of the p and ~ functions

Jq= r2p’ +Uo~d”

(8)

(9)

Primes denote differentiation with respect tit.

Once the functions P($ ) and~ (t ) are chosen, we

solve Eq. (8 ) numerically on a finite diffe rence

mesh, subject to the condition that $ is constant

on all conducting boundaries. Once *(r, z) is

known, all quantities of interest can be computed.

RESULTS

General. The gene ral change in the properties of

a linear cylind rical pinch when it is bent into a

torus are shown in the pressure and flux plots

of Fig. 38. These were obtained from a computa-

tion for a case with a single peaked pressure pro-

file and an aspect ratio (major radius/minor radius)

very nearly unity. The normally circular flux

surfaces become elongated in shape and are dis-

placed to larger radii as the plasma compresses

flux against the outer wall, thus compensating the

radial expansive forces associated with the loop

of pinch current. As a check, our computed out-

ward shift has been compared with the expansion

formula of Shafranov and found to agree for Large

aspect ratios.

Hollow Pressure Profile . The experimental

results of Burkhardt and DiMarco cm a fast linear

z -pinch show an enhanced containment and tern-

perature over earlier z-pinches. Their measure-

ments indicate that the pinch has a hollow pressure

distribution, i.e. , the pressure peaks at a finite
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1.009 demonstrating toroiclal distortions.
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radius of the symmetry axis. Freidberg inve sti -

gated stability properties of a class of linear z-

pinches with hollow profiles and reversed field out -

side and found them to be favorable for obtaining
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Fig. 39. Profiles of magnetic field and pressure
for a to roidal equilibrium representing
hollow 300 -kA z- pinch having trapped and
compressed toroidal field. The origin of
the radial variable x is located at the
minor axis of the conducting toroidal wall.

MHD stability. We have computed such equilibria

for the to roidal case to examine their properties.

The resulting pressure and field distributions for

a hollow 300 -kA pinch having a small reversed
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Fig. 40. Plots of the field magnitude along field
lines for a hollow z -pinch to roidal equili-
brium as a function of major radius. The
minor axis is at x = O. The poloidal flux
values (Webers ) give the flux between
each given flux surface and the wall.

field outside the pinch are shown in Fig. 39. The

geometry is that of the LASL toroidal z-pinch under

construction, namely with a major radius of 38.2

cm and a minor radius -f 5. 5 cm. Some interest-

ing properties of this equilibrium can be seen by

inspecting Fig. 40. Here we show the total mag-

nitude of the magnetic field on flux surfaces as a

function of radius from the symmetry axis. The

values of flux are indicated starting with zero at

outer conducting boundary. These plots start at

their maximum length, corresponding to the outer

wall, and become shorter, corresponding to flux

surfaces approaching the magnetic axis. In Toka -

maks, the toroidal 1/r field dominates and the

strongest fields, which are at smaller radii, will

mirror particles toward the region of unfavorable

toroidal curvature (large radii). This is true in

this trapped field z -pinch equilibrium also for the

region well inside the pinch where the poloidal

field is small. But, as can be seen from Fig. 40,

I I I I I
‘n ‘

I 1 I I
Is24t /\,

~.

x.r-rm(cm)

Fig. 41. Radial distribution of total field and
pressure along the symmetry plane
z = O for the hollow toroidal z-pinch
equilibrium.

at outer flux surfaces, where the poloidal field

dominates, the field becomes maximum at the

outer -most radii. This means that particles should

be mirrored toward the good to roidal curvature

region60 The maximum mirror ratio is 1.1 both

inside and outside the pinch. The co responding

maximum mirror ratio for a Tokamak with this

aspect ratio is 1.3.

It is evident from Fig. 40 that there is a

magnetic well in the sense that there exists a

toroidal flux surface whose B values are lower

than those in regions on each side of it. The

location of the plasma pressure relative to this

well is shown in Fig. 41. Detailed stability

analyses are under study.

.

.
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SHOCK-HEATED TO ROIDAL
Z -PINCH EXPERIMENT (P-16)

(R. S. Dike)

The shock-heated toroidal z-pinch expe ri -

ment, proposed by P-14 in the 1969 Annual Report,

was approved for construction. The design

features are shown in Fig. 29. The toroidal pinch

in the center of the machine is driven by a

toroidal primary that. is split into four quadrants.

Each quadrant contains an iron core to improve

the coupling between the primary and the plasma

secondary. The energy system is a 400-kJ, 20 -kV

capacitor bank that charges a magnetic storage

inductor in the bottom of the assembly through a

fuse. When the inductor is fully charged the fuse

opens creating about 90 kV that is transferred to

the four primary quad rants via the transfer switch.

The fast rising current in the primary shock-heats

the plasma and compresses and contains it for

some time. The primary is also wrapped with a

Bz winding.

All the hardware has been designed and

ordered. Most of it has been delivered and

installation has begun. The first experiments on

this machine are scheduled to begin in the spring

of 1971.

.

49



COMPUTER SIMULATION OF CLASSICAL
RES15TW~Y (P-18)

(T. A. Oliphant)

The method reported in a recent paperl

for including the effects of binary collisions in the

computer simulation codes has been gene ralized

to include the treatment of various species moving

at nonzero relative average velocities. A sample

calculation was set up consisting of a clas 9ical

Lo rentz gas moving under an appf.ied E -field. The

ions were assumed to be cold and infinitely heavy.

For small applied fields, the elect rons accele rated

to an equilibrium velocity close to the classical

Lorcntz drift velocity in several electron-ion

rc laxation times. For values of E close to the

critical value for elect ron runaway, a group of

runaway electrons was observed. For higher values

of E, more runaway electrons were observed.

Reference

1. T. A. Oliphant and C. W. Nielson, Phys.
Fluids ~, 2103 (1970).

PLASMA GUN PROGRAM

BIRDS EED EXPERIMENT (P-17)

(I. Henins, J. Marshall)

The entire effort of two staff members and

two technicians for approximately 8 months of the

year went into the Birdseed experiment. The ex-

periment involved the fi ring of a gun plasma from

a rocket at high altitude, and observation of its

interaction with the geomagnetic field and the

partially ionized plasma of the ionosphere. Gen-

eral responsibility for the experiment was taken

by LASL Group J-10. Other organizations con-

tributing to the program included GMX -6, explosive

gnerators and diagnostic support; P-17, plasma gun

and diagnostic support; Sandia Laboratories,

Albuquerque, rocket hardware, telemetry, and

Iaunch; EG&G, diagnostic support. A general report

will be prepa red after all data have been reduced.

We give a brief account here of the experiment as

it involved Group P-17. In addition, we shall

discuss certain aspects of gun behavior as encoun-

tered in this work.

The Birdseed program is an extension of

auro ral work and high altitude barium release

experiments carried out in the past at LAS L.

While this work is not directly concerned with con-

trolled thermonuclear research, it involves

phenomena which might well be. It also involves

the extension of gun size and energy beyond that

which can be funded in the present CT R prograln.

We wished to inject plasma into the region

of interest with a velocity of the order of 107 cm/scc

or greater in quantities large enough to allo~v ob-

servation from the ground. The plasma was to

have a composition such that it could be distin-

guished spectroscopically from components of the

atmosphere. To meet the requirements, it

appeared that the best choice was neon plasma

gene rated by a coaxial pulsed hydromagnet ic

plasma gun, powe red by explosive gene raters.

Explosive generators allowed the use of several

hundred kilojoules of energy to operate the gun

within the payload limits of a STRYPI rocket sys( en).

.

.
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The requirements of thp experiment

il~~plicd considerable changes in gun parameters

frolll those used before, as well as a change in

the Sas used, and the use of the explosive genera-

tors instead of capacitor banks, It was decided to

pc rfornl a series of ground tests in which explo -

siv(, generators were used to drive a gun firing

into a large vacuum tank in which mrious plasma

diagnostics could be performed. Most of these

tc. sts and their diagnostics were described in the

last annual report as was the gun performance

achieved. During the pe~iod covered by this

report t~vo more large vacuurq tank explosive

generator shots were made. Diagnostics were

lnuch the same except for measurements qf

angular distribution of plasma energy which will

be discussed below, In both of these shots , gen -

erato r performance appears to have been inferior

to the average of earlier shots, so no spectacular

gun performance was achieved.

After the end of the ground test fvacuum

tank series it was planned to shoot three complete

rocket payload assemblies, to test the system

under simulated flight geometries, These shots,

o r perhaps mo re accurately, these payloads, were

named Birdseed Auk, Birdseed Buzzard, and

Birdseed Crow. A modest sized (79 -cm diam x

122 -cm long) expendable vacuum tank was used for

each shot so that gun plasma would be driven into

vacuum and photographed through a side window to

determine whether the gun had worked normally,

Auk was a failure. Apparently a short circuit

developed in t~e explosive switch designed to

connect the primary capacitor bank into the gen-

erator circuit. Presumably it was caused by

conducting explosive gases. A number of other

s~akedom problems were encountered, but all

qeem to have been corrected in the successful

Buzzard stiot. Diagnostics op these shots were

rather crude because of limited facilities and space

in the expendable vacuum tank and in the rocket

nose cone ibself. Enough dia gno sties were

brought out to give a reasonable chance of identify-

ing malfunctions so that they copld be corrected,

but the re was no chance to do q~ntitative mpas -

urements on the gun plasma. The Crow payload “

was intended to be shot after a number of

meclfanical tests involving centrifuging and

vibration over a wide range of frequencies with the

capacitor bank charged. During this there we re

s e rious malfunctions. A capacitor failed and a

high-voltage lead pulled off the bank. The date on

which the Duck and Egret payloads were to be ship-

ped to the launch site on Kauai, Hawaii, was

approaching, and it was decided that there was not

time enough to rebuild Crow and fire it. The

failures during mechanical testing were assumed

to be due to conditions considerably more severe

than they would probably be in flight, and it was

decided to go ahead with the Duck and Egret

launches without a second successful payload test

S hot. The capacitor failure during testing, in

addition to some other unpleasant experiences, led

to the decision not to charge the bank fully before

launch as had been planned, but to finish charging

during flight so as to minimize time at full voltage.

This was done with a power supply which had the

original purpose of simply maintaining full charge

against leakage.

T’he telemetry system used on the Bird -

seed rocket flights did not have wide enough band-

width to give measurements allowing more than

qualitative evaluation of gun performance. While

quite adequate for its normal function of monito ring

more. or less steady voltages, temperatures and

attitude , it could not transmit data fast enough to

provide current and voltage information from which

energy input into the gun could be calculated. This

was an undesirable situation since, with the observed

variability of generator pe rformance, we could not

reliably predict the amount of plasma energy which

would be produced by the gun. An attempt was

made to use an on-board analogue computer to

Calculate total elect rical energy delive red through

the gun terminals and to telemeter this simpler

information to the ground. The information which

came back through this system on the Duck and

Egret shots appear to have cut off before all

energy had been delivered to the gun. Some com-

ponent may well have been destroyed by blast.

The result is that the energy of these shots is not

known.

Duck and Egret appear to have performed

satisfacto rily. Both payloads were fired at

altitudes of about 210 km, and produced plasma
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effects which were visible from the ground. The

two shots were oriented in different directions

relative to the geomagnetic field with the plasma

from Duck being injected about 65° away from the

direction of the field and Egret about 35°. In both

cases a streak of luminosity was observed to move

north and south in the direction of the field with a

speed of at least 108 cm/see, 5 to IO times that of

the gun plasma. Luminosity was observed for

more than 20 km in each direction. The fast

moving luminosity was succeeded by a slower

brighter l-nosity moving north (downward) along

the field at speeds comparable to gun plasma

speeds, apparently stopping and then gradually

diminishing in intensity for many tens of milli-

seconds. The bright light was, presumably,

mostly produced by gun plasma at the injection

point and was easily visible to the naked eye. The

first luminosity required image intensification to

be seen by a camera.

Calorimetry, Angular Distribution and Ablation
ff ects. Several of the large vacuum tank

explosive generator gun shots included diagnosis

by calorimetry and ballistic pendulum. In the

last three, Birdseed XII, XIII, and XIV, the

ballistic lpendulum-calo rimete r was subdidived to

provide information about heat distribution inside

the calorimeter can. XIII and XIV were elaborated

by a double diaphragm toward the rear of the

calorimeter. Plasma passing through the hole

would strike the rear plate and either leave its

energy there or spread it around the rear chamber

as ablation products or reflected plasma. As

can be seen in Table 1, with reference to Figure

42, approximately 2/3 of the energy passing

through the hole was finally collected on surfaces

which could not possibly have been hit directly by

the gun plasma. The center of the copper back

plate, which was hit directly, shows signs of

superficial melting with a rough center area about

7 cm in diameter surrounded by a polished area.

The inside of the back can appears to be covered

by a deposit, presumably of copper condensed

from vapor. We assume that the rate at which

energy was delivered to the central spot (about

5 x 106 W/cmz averaged over the area behind the

182 cmz hole in the diaphragm) was too high for

I ,,- CALORIMETER PANELS I

I

I VACWMTANK I

Fig. 42.

0 so 100 ma
SCALE- em

Schematic representation of vac.mrn tank
and calorimeter location relative to
plasma gun.

Table I
Energy Measurements in Calorimeter Can

Average of Birdseed XIII and XIV

Solid Energy/
Solid Angle

Location = ‘% (J/sr)

1. Back plate 13.9 \

2. Back can 22.3

1

39.7 .0039 1.02 x 107
3. Back of

diaphragm 3.5

4. Front of
diaphragm 10.7 .020 5.35 x 105

5. Middle can 13,3 .010 1.33%106

6. Front can 19.7 .022 o.~o x 106

the copper to carry the heat away from the surface

without melting and vaporization. The result is

that at power levels such as this most of the plasma

striking a surface is carried away by hot ablation

products. We observe ablation effects to be more

pronounced when plasma power fluxes are large r

and when materials other than copper, such as

aluminum alloy or glass, are struck. As can be

seen from Table I, the energy collected per

steradian by the front of the diaphragm is smaller

than that collected by the middle calorinmte r can.

Presumably this too is partly due to ablation, since

ablation scars are observable on the surface.

In Fig. 42 we show the locations of a number of

calorimeter panels. Most of these were simple

redangles of sheet copper with thermocouple

junctions attached. Two of them were in the form

of copper cans, oriented so that the op.? n end

pointed toward the gun muzzle and was protected by

.

.
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masks so that plasma from the general direction

of the gun would not strike the outside. The two

cans gave energy flux measurements approximately

twice’ as high as the open panels. Lf we assume

that the open panel values shoqld be multiplied by

tivo, we obtain a reasonably smooth distribution of

.snt>rgy fluxes which falls off to low values at large

anSles but which integrates to approximately 150 k.J

for Birdseed XIII. Thermocouple measurements

of gun barrel temperature allow us to estimate

energy lost there. For Birdseed XIII it was 36 kJ.

!~hcn we include the 79 kJ of energy collected in

the calo rin@er can for this shot we get a total of

265 kJ which agrees well with the electrical energy

delivered to the gun terminals. Presumably, a

large fraction, perhaps half, of the energy

co Uccted by the calorimeter panels is radiation.
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C2UADRUPOLE

C2UADRUPOLE

INJECTION EXPERIMENT (P-17 )

(J. E. Hamrnel, A. R. Sherwood, R, W.
Kewish (P-16), J. Marshall, I. Henins )

INTRODUCTION. This experiment is the latest

phase of a continuing LASL program directed

toward the study of the physical processes that

occur when the plasma stream from a coaxial gun

enters, and moves through, a transverse magnetic

field. In addition to the continuation of this study,

objectives of the experiment are to achieve trapping

of an energetic gun plasma in a confinement geom-

etry, to study the mechanism of this trapping, and

to measure its efficiency. Since levitation of the

coils is inconsistent with the leve I of effort on the

experiment, the coils are supported by dipole-

guarded current feeds. A further objective is to

determine the size of the leak introduced into the

containment volume by this scheme of dipole-guard-

ing the supports.

The assembly of the apparatus has been

completed, and an experimental program aimed

towards these objectives is now under way. So far,

operation has been at half the design containment

field. Electrostatic probe measurements have been

made of the polarization electric field d the plasma

stream in the injection region. In the same region,

Ro gowski loop measurements have also been made

of the depolarizing curl ent believed to be respon-

sible for the trapping of the plasma. The results

of these measurements are consistent with previous

re suits obtained in other experiments.

A theoretical model of the containment

leak caused by a dipole-guarded support has been

investigated for comparison with the similar

analysis of Meade. The size of the leak appears to

depend sensitively on Limits of integration in such

a way as to suggest that valid results may require

calculations of the precise three-dimensional

system rather than an idealized two -dimensional

system as done so far. This in turn casts doubt

upon the validity of any such simple model and

emphasizes the necessity of good experimental

rcsultso The first measurements obtained are of

the elect ric field in the dipole region, and

indicate outward plasma drift velocities con-

siderably smaller than those predicted by the

model. It has been observed, however, that an

unguarded, protruding portion of the coil assoc -

iated with the dipole feeds is being bombarded by

the energetic plasma. New coils are being

produced on which this protrusion has been

suppressed. -

A C02 laser interferometer (~ = 10.6 W)

has been developed and used to make density

measurements of the plasma in the containment

region. In addition, diamagnetic measurements

have been obtained with a magnetic flux pickup

loop. When combined, these measurements yield,,
an average plasma temp~rature, Although the

plasma energy containment tirm is of the order

of 100 ~sec, the temperature decreases much more

rapidly. This is probably due to insufficient

containment magnetic field strength f. r the several

kilovolt ion energies observed at early times. The

rate of temperature decrease and the energy con-

tainment time are found to be greatly affected by

change in the gun parameters and configuration.

With the se diagno sties, two important

results have already been obtained, even with the

field at half design strength. These are the very

high efficiency of the trapping of the fast gun

plasma in the quadruple null and the previously

mentioned electric field measurements in the

dipole region.

MEASUREMENTS IN THE INJECTION REGION

The polarization electric field of the

injected plasma stream has been measured by a

set of three double prcb es located in the bridge of

the outer coil as is shown in Fig. 43. The probes

are in a line perpendicular to B (out of the plane

of the Fig. 43), and they measure the electric

field in the plasma stream according to where the

B lines that intersect the probes connect to the

plasma. A typical electrical field signal is shown

in Fig. 44 for the case where the maximum

magnetic field encountered by the injected stream

is 3.5 kG. The electric field pulse lasts - 5 Usec

and has a peak value of 400 V/cm. Although

the re is some uncertainty in the measurement

.

.
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Fig. 43.
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ROGOWSKI LOOPS

Diagram showing the placement of the
double Probes and the Ro~owski looDs for.
making measurements jn the injection
region. Both the double probes and
Rogowski loops are positioned to intercept
B-lines which are centered on the in-
jected plasma stream. The two probes
are not in position simultaneously.

I Gun current

250&m/dlv. ●

E-field

5ps/div.

Fig. 44. The measurqd electric field in the in-
jectipn region shown as a fun~tion of
t ime.

involving lack of knowledge of the g?xact flu~ su~-

face qn which the probes lie, the peak value

obtained for E/B in the plasma stream is 40 cm/

u sec which is at the lower end of the range of

velocities expected from the gun.

After the plasma stream crosses the

qua~ rupole null its polarization electric field must

IUNER LINER

NsN\\\xl\\\\xR\\\\\q
INNER C&< ,.----—->.. —----- \

IFLUX WR) ..>7---:

Fig. 45. The interferometer arrangement used
for observing gun plasma that was not

t rapped by the quad rupole field.

reverse direction because it encounters a magnetic

field having the oppo site direction from that on the

other side of the null. These two regions of opposite

polarization on either side of the null are connected

by magnetic field lines, and depolarization currents

flow along these field lines around the coils. The

depolarization currents are believed to be the

means by which the forward momentum of the

plasma stream is lost; that is, they are responsible

for the trapping of the plasma in the containment

region. A measurement of the depolarization

currents was obtained with Rogowski loops in the

bridge region as shown in Fig. 42. Peak currents

of about 5 kA were observed, having a pulse time

of 5 to 15~sec. The resulting ~ x ~ impulse is

what would be expected for eliminating the mom-

entum of the pla$ma stream.

A C02 laser interferometer r was set up to

observe the plasma passing completely through the

quadruple field, as is shown in Fig. 45. The

peak density across the stream was several tenths

of a fringe for the case when the quadruple field

was not present. As the quad rupole field was

increased from zero, the amount of plasma

observed decreased until it was below the detectable

limit at 1/2 the peak design field.

From these measurements, we conclude

that the plasma is indeed polarizing as it crosses

the quadruple field, that depolarization cur rents

are flowing along t~e B lines as we had hoped they
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Fig. 47. Plasma density as a function of time for
two different configurations of the in-
sulato rs between the gun and the baffle
rings.

would, and (taking into account other measurements

described below) that the t rapping is quite efficient

(perhaps > 50%).

MEASUREMENTS IN THE MAIN CONTAINMENT

VOLUMz A major effort of our group has been

to develop a COa laser interferometer for obtaining

area density measurements of the plasma. An

unsuccessful first attempt was to use an Ashby -

Jephcott configuration (in which the light beam

after traversing the plasma is coupIed back into

the laser cavity and modulates the output of the

laser). The most obvious symptoms of the diffi-

culties encountered with this configuration were:

56

4

T [kaVI

3

2

I

Injmctlon ttdd . 2,3 kO

.03 .6,0xtd4

9. DI 2.!3
7

0 10 20 3a 4’a S“a so 7’0 Sa

V,*C.

Fig. 48. Diamagnetic signal, plasma density, and
plasma temperature for an injection
field of 2.3 kG.

7

6

s

4

T (kW)

3

2

I

Inj. ctlo. fi.ld . 4.0 ka

J 03
.
:
s
&
-_
:~ az

F.

a 10 20 30 40 50 60 70 80
V,*C,

Fig. 49. Diamagnetic signal, plasma density, and
plasma temperature for an injection
fie Id of 4.0 kGO

(a) approximate~y flat instrument response occurred

only over the frequency range of 50 kHz to 175 kHz,

(b) non-reproducible results for the plasma density

which were not physically reasonable. An extended

series of experiments indicated that the source of

the problem was a nonlinear response of the Iascr

output to the feedback signal. We were, therefore,

led to try an interferometer geometry that avoids

any return beam into the laser. The “misaligned”

Michelson interferometer that we have employed

very successfully fo r these measurements is

shown in Fig. 46. The sensitivity of this inst rumcnt

is better than 1/100 of a fringe. The GaAs crystal

is modulated at a frequency of 200 kHz-300 kIf~

and at a magnitude such as to produce a va riation

.
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in the optical pnth of fron) 1/15 - 1/50 of a wave-

l..nglh. This additional modulation is useful for

int(’rpr~’tinp signals of 1/4 fringe shift or larger,

otln.rtvisc’ it is not ncccssary and can be removed.

J\ spticial feature of the interferometer is an

eluct ronic disc riminato r which initiates the cxpe ri -

]n~,nt \vhen the low frequency (- 50 H7.) room

vibrations have resulted in the two interferring

Lwal)ls being at a phase angle ofw/2 from in-phase

(the most sensitive region of the interferometer).

Typical results for the area density as a

function of time are shown in Figs. 48 and 49. The

decrease in the rate of rise of the density at about

25 Usec is observed on nearly every shot. In

general, the peak density occurs at from 75 to

100 uscc and decays in several hundred micro-

seconds. .+11 of the data obtained so far are for an

azimuthal position which is 90° from the dipole-

guarded coil supports and 75° from the injection

region, As discussed below, it is believed that

the density rise after about 20 ~sec or so is due

to an influx of cold plasma. The source, or

sources, of this cold plasma have not yet been

identified but good possibilities are: a) it could be

coming from the gun itself, b) it could be coming

from bombardment of surfaces at o r near the

baffle rings occurring as the plasma passes

through this region on its way into the quadruple

field, c) an unguarded coil protrusion at the coil

feeds that is known to be bombarded by the hot

plasma, d) bombardment of the coil and liner

surfaces themselves. The magnitude of the cold

plasma influx can be greatly influenced by

altering the gun parameters (voltage, gas load,

etc. ) or by altering the geometry of insulat o rs in

the region between, and around, the gun and the

baffle rings. Figure 47 illustrates the effect of

changing the insulator geometry. Similar results

are obtained when gun pararnete rs are changed.

Although most of the density measurements

were taken along a line pas sing through the quad -

rupole null, we have taken a few measurements

along lines displaced one and two inches from the

null towards either coil. The interpretation of the

density profiles so obtained is made difficult by

the normal shot-to-shot variations tk t we observe,

but within these variations there seems to be an

essentially flat area density profile over the 4 -in.

spread centered on the null for the early hot

plasma. The later cold plasma profile peaks

slightly toward the center. The observed area

density profile can be compared to the predictions

of various models for the plasma distribution.

Comparison with a distribution of the form

1 + cos/2, as in the model of Baker and Mann

discussed below, suggests that hot plasma is eithe r

centered on the separatrix, or perhaps, displaced

s lightly outward towa rd. the liners and baffles with

the late cold plasma having a narrower distribution.

Plasma energies have been inferred from

the flux change in a magnetic pickup loop positioned

outside the plasma. In order to get a plasma

energy from the magnetic loop signal, a model for

the plasma distribution must be made. For this

purpose the model used by Baker and Mann in the

finite ~ MHD calculations on the quad rupole is used

to relate the magnetic loop signal to the plasma

energy. This model assumes an azimuthally

symmetric isotropic plasma pressure which varies

with $ , the flux function, as

P

[.

+-$0
P.+ 1l+cos Tl—

$1-$0 “

For the case of plasma centered on the separatrix,

$0 is the flux surface for the separat nx and $1

corresponds to the edge of the plasma distribution.

The measurement technique is then to place a

magnetic loop just outside the plasma and calculate

the plasma energy given by the model for the flux

change obse rved by the loop. Temperature is then

obtained from this, using the area density given by

the interferometer.

Figures 48 and 49 show the diamagnetic

signals, labeled A* , as well as the measured area

density and the deduced plasma temperature plotted

as a function of time for two different strengths of

the main quad mpole field. It is seen tta t the

density rise occurs with the temperature drop,

giving rise to the interpretation that the main

density signal is due to an influx of cold plasma.

Also, it is evident that the higher-valued quadru-

ple field gives a much longer energy containment

time.
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The values for T given in the figures are

calculated with the plasma distribution assumed

to be centered on the separatrix. The flux change

for a distribution off the separatrix was also cal -

culated by Baker and Mann. The two off-

separatrix cases were centered on flux surfaces

on both sides of the separatrix equal to 1/3 the

distance in flux from the separatrix to ~crit. For

the distribution displaced toward the coils, the

measured loop would indicate a temperature of

about O. 7 of that given. For the opposite dis-

placement, the experimental q would give a cal-

culated temperature rm re than 5 times that shown

in the figures. This would say that the plasma

temperature cannot be much lower than that shown

in Figs. 48 and 49 even with large displacements

of the plasma from the separatrix.

The results of the time history of tem-

perature and density with B as a parameter clearly

show that two avenues must be taken in the

experiment .

1 ) The magnetic field strength for the

present gun energies is much too small for effec-

tive containment. The B field must be pushed

toward design strength.

2 ) Further efforts to control the gun

output are needed, and the sources of the cold

plasma must be identified and eliminated.

Time-integrated photographs of the

insulators in the coil shroud show no evidence of

the insulators being hit by the plasma as long as

the coils are crowbarl ed. This presumably

means that the main plasma loss is not by follow-

ing the B field lines back into the coil as the field

decay. At present this is not understood.

MEASUREMENTS IN THE DIPOLE RmION

Double probe measurements of the electric field

in the dipole regi on have been made. The probes

were located near the outer liner on magnetic

field lines which go into the dipole region. As

illustrated in Fig. 50, there were three probes

oriented such that they measured the electric fields

which would transport plasma out of the contain-

ment region. The electric fields were found to

have a peak value of about 100 V/cm and to last

for only about 25 ~sec. These measured values are

IT
DIPOLES

.

.

Fig. 50. Schematic diagram showing the position
of the double probes used for the
electric field measurements in the dipole
region. The unguarded protruding dipole

crossover piece is also shown.

less than 10~. of the value predicted by the model

of Meade or by the model of Baker, Hammel, and

Sherwood presented in the next section of thin

report. On a majority of the shots, the largest

electric field was seen by the double probe which

straddled the dipole separatrix. In some cases the

ratio of the signal from this central probe to the

signal from the side probes was about 5. Although

the probe on the separatrix always gives a field

direction which would transport plasma out of the

machine, a reverse E field on the side probes is

observed on some shots indicating some circulation

of the plasma in this region.

Time-integrated photographs of the

vicinity of the dipole -guarded supports have been

obtained. These photographs show that the dipole

supports themselves are not being bombs rdcd by

the hot plasma. A thin line of light was semi at

the position of the dipole null. These observations

are consistent with our present level of knowledge

of the effect of the dipole guard field.

It was also observed, however, that the

crossover piece at the base of the dipole which

protrudes above the surface of the coil (see Fig. W )

is being bombarded by the plasma. Time-resolved

photographs have shown that the bombs rdment of
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x[ocft.1. Th(’ !nagnetic fi,ld,duc to the dipole -

$u.lrrft,d current fccvl, upsets the plasma equili -

briunl that ot)c ii c>ulrlc,spcct for the duarl rupole

fi~$kl alont’. The. purpose of this work is to attempt

t’> calculate the c~xpt,ctt,d plasma loss due to this

upst~tting of the (~qujlibriunl. t\’~suse a simplified

model sinlilar to that used by Meadcl in which

an infinite dipole is placed in a uniform back-

s r~t,nd fi~.ld , IVe ]~laintain that tllc actual physical

situation in the experiment is much more com-

plicated so the model is quite crude.

The spirit of our )nodel is that wc have a

large reservoir \vith a small hole. As in the case

of a large tank with a snlall hole in its side, wc

determine the loss rate by calculating the un-

balanced force (on the plasma) in the region of the

hole (dipole) assuming an undisturbed density dis-

tribution. An effective loss area, or “hole size, “

is that size of hole which gives a plasma momentum

flow equal to the unbalanced force.

\!re can consider the plasma loss due to the

dipole to be composed of two parts. First, there

is a loss due to the complete lack of pressure

balance for the plasma in the region of the two

magnetic field line nulls that arc present where the

dipole field just cancels the background field. But

in the model plasma is ako lost because the

unbalanced forces on the plasma exist over an

extended region away from the nulls. This latter

loss has been treated with the simplified model

(see Fig. 51 ). The result of this treatment gives

an “effective hole size, 1’

Fig. 51. The geometry of the model.

$ is the flux function describing the field and is
+

related to the vector potential A as follows ~

8.?X.Z

2=G.~

where & is a unit vector in the z direction.

NUMERICAL RESULTS. Consider first the case

where the dipole current makes the dipole force-

free. Figure 52 shows a graph of ,~dZ./B (in

arbitrary units) for various field lines plotted

against the value of x/d at Y = O for the field

line in question (2d is the dipole separation

distance ). It is seen in Fig. 52 that near the

dipole s df. /B is greater than its asymptotic

value. This corresponds to a net force on the

plasma in the z direction away from the con-

tainment region. More distant field lines, how-

ever, have ~dt/B less than the asymptotic mlue,

and for them the force on the plasma is towards

the containment region. These more distant field

lines are predominant and the net force on the

plasma as a whole is inward towards the contain-

ment region. This net inward force is a con-

sequence of our choice of the boundary condition

that the current very far from the dipole is

undisturbed. Other choices are possible. For
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Fig. 52. ~dt/13 for a flux line vs the value of x/d
at y = O for that line.

example, Meade uses a different boundary condition,

which, in the present context, can be expressed as

~ Exdx=O , and which gives no net force on the
.

plasma outside the separatrix. Nevertheless,

using the information presented in Fig. 52, we can

perform the integrations in Eq. (1 ) and obtain an

Ineffective hole size” for the outward accelerated

plasma close to the dipole. For the lower limit

$1, we have arbitrarily chosen the outermost flux

line that just grazes the nonadiabatic region (defined

—> 1 ) near the nulls. For the upper limit, weby ~ ~n

choose the value $a that corresponds to the crossing

over of the curve in Fig. 52 from the region where

s dk/B is greater than its asymptotic value to the

region where it is less.

The “effective hole size” we obtain from

our model in the manner just outlined turns out

to be K 6da. This is to be compared with Meadels

value of . 6nd2. The difference between the two

results is duc at least in part to a difference in

choice of the range fo r the $ integration. Meade

integrated from a different upper limit (because of

his different boundary conditions ) all the way to the

surface of the suppo rts for his machine. Curves

of s dL/13, such as shown in Fig. 52, were obtained

for various values qf ymax = Ay/2 in the t integra-

tion. The position (or ~ value) whc re the curve of

Fig. 52 crosses its asymptotic value depends on

Y Extending the integration length moves the
max”

crossover flux surface farther from the dipole.

●ffective hole

size In units

of dz.

Including

axcludlng

.

.

I
10 20 30 40 Sil

YrnaXld

Fig. 53. Effective hole size as a function of the--

Ymax~d

maximum y/d to which the dl, integration
was taken. For the dotted curve the
integration is taken all the way into the
nulls so that the non-adiabatic region is
included. For the solid curve the non-
adiabatic region has been excluded.

= 10 is an appropriate value for our

machine. We also checked the effect of the length

of the t integration on the “effective hole size” by

calculating the hole size just as before but with the

I. integration being taken out to yma~ = 50d. The

mlue found was ~ 10d2. We can also obtain a

different number for the hole size by using

~1 = O for the lower limit of the ~ integration, i. e. ,

by integrating all the way into the separatrix.

Although this is a very questionable procedure ,

because our model is particularly bad close Lo the

nulls , it does have the advantage of including all

of the hole in a single calculation.

Figure 53 shows the “hole size” as a

function of the y/d value to ivhich the , integration

was taken fo r the case whe rc the loive r linlit of the

~ integration is the edge of the non-adiabatic

region. It also shows Lht. case w’here tht. : intL>-

gration is taken all the w,ay into the nulls.

We have e xtendml thc model so n]c’ivhal ln-

rernoving the condition that the dipole current be

such as to make the dipole force-free. \V~.de fint.

a parameter D which is a mcasum of the nmgnitwfc

of the dipole currcnl as the ratio of tht, dipole

current to that rcqui rcd to make the clipolu fo rcc -

free. Figure 54 shows the c,ffc,ct of 1) on Lhc Imlt,

size.
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lVeaknesses of the Model. The long-range effects

exhibited in Figs. 52 and 53 cast serious doubt as

to the applicability of the present two -dimensional

infinite-dipole model to our actual apparatus. When

~ve started this work, we had hoped that the effects

of the dipole would be localized enough that the

model would be a reasonable approximation. This

does not appear to be the case. Jn our apparatus

the actual length of the dipole elements is about 7d

and the background field becomes distinctly non-

planar at about y = 4d. Also the background field

is not very unifo rm in the z direction. Thus, it

aPPears that a three -dimensional case would have

to be solved to apply to the experiment.

Furthermore, the model is unrealistic

because it fails to take into account any plasma

flow and the pressure gradients associated

therewith.

Reference
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PLASMA PHYSICS

SUMM4RY OF FUNDAMENTAL
PLASMA GROUP ACTl_VITIES (P-13)

(H. Dreicerj

During the past year we utilized the radio -
1active test ion technique, proposed a year ago, to

measure the spatial distribution of ion drift speeds

in our potassium Q-machine plasma column by

means of auto radiography. We find the surprising

result that axial drift speeds are considerably

smaller than the conventional C2-machine sheath

model predicts, probably because of resonant

charge exchange. The success of this technique

warrants its examination by experimenters con-

ce rned with open-ended magnetic confinement

geometries.

During the same period we developed a

fast -transient technique for measuring the ac

resistitity of the C2-machine plasma column near

the electron plasma frequency. Our observations

indicate that this resistivity can become anomal-

ously large when a threshold electric field is

exceeded. We believe this is due to the excitation

of the ac two-stream and parametric instabilities.

Although this experiment was carried out at Z GHz

with our potassium plasma, the possible scaling to

higher frequencies, even into the micron wavelength

laser regime, makes this work important as a guide

for heating much higher density plasmas.

Studies of the electron cyclotron heated

(ECH) plasma device have now reached the point

where steady state magnetized plasma columns with

central densities up to 1011/cm3 and central average

electron energies up to 50 eV can be obtained

routinely and reproducibly in many gases including

hydrogen. Recent work on this device indicates

that the plasma column contains hot elect rons in

its interior and is surrounded by profile wings of

colder electrons that have a substantial density.

This status report describes a novel microwave

system which we have used on the ECH device to

measure electron density and to cross-check

Langmuir probe measurements. The system uses

a high-C2 prolate spheroidal multi-mode microwave

cavity with very large plasma access holes, and

should find wide application for plasma heating

and diagnostics in other CTR devices. Major

portions of the ECH experiment constitute the

Ph.D. thesis work of D. Michael who leaves the

group December 31, 1970. His impending depar-

ture made available a position in our group which

has been filled by J. C. Ingraham since April 1 of

this year.

Theoretical work is under way on several

fronts to support the experimental program. Our

earlier solution to the Fokke r-Planck boundary

value problem has been extended in several

important ways. It leads to an understanding of

the spatial relaxation of velocity distribution

functions, a mechanism which is especially im-

portant in steady state plasma devices. Spurred

on by our auto radiographic measurement of ion

drift speeds, we have formulated and solved the

ion Boltzmann equation with special emphasis on

the effect of charge exchange encounters upon the

ion velocity distribution. This solution indicates

that charge exchange encounters can explain the

low ion drift speeds we observed. Finally,

synchrotrons radiation computations are being made

to predict the spectral distribution of radiation

emitted by the elect rons produced with our new

electron beam injector.

The task of regulating the 3 MW of d.

power available for our magnets is nearing com-

pletion. All major construction work has been

completed. The regulator for the O. 5 MW motor

generator, which powers magnets for the ECH

machine and the electron injector, is completed

and provides us with current stability of 0.01 %.

The remainder, a Z. 5 MW supply utilizing

rectifiers, has been split into two 1.25 N[W units.

One of these has been supplying power for the

potassium C2-machine magnet with a stability of

O. 1 ~.. Further improvements are expcctcd to be

completed by July 1, 1971.

Messrs. N. Gardner and A. Mondragon

have provided expert assistance in all phases of the

group!s experimental activities ,

Reference
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.

.

.

.

62



D1:VI;LOPLIF, NT OF A SECOND GENERATION
QUIESCENT PLASMA SOURCE:

TIIF; l; CH-C2 MACHINE (P-13)

(D. hlichael, J. McLeod, and H. Dreicer)

Wc have studied the properties of a steady

state hydrogen plasma column produced with a

nmde.st amount of 10 GHz microwave power near

t~lcctron cyclotron resonance. Our motivation is

the need for a steady state plasma, which, unlike

the con~,entional alkali C2-machine plasma, is not

restricted to O. 25 eV particle energies and to

alkali ions. This research, carried out during the

last tm’o and one half years, was primarily the

Ph.D. thesis research of one of us (D. M. ), and

Ivith its imminent completion (12/31 /70 ) the status

of this plasma machine as a tool for further plasma

research will be assessed in the near future.

By utilizing a Lisitano -like microwave
1

coupling structure with up to 200 W we are able

to produce plasma columns with electron densities

up to 1011/cm3 and average electron energies up

to 50 eV in any of the commonly used gases includ-

ing hydrogen. The ratio of working to electron

cyclotron frequency, uI/u , for such operation lies
B

within an absorption bandwidth of 1 y. near cyclotron

resonance. By tuning ~/% it is possible to produce

a P1asma column whose boundaries, as determined

by light emission in the visible part of the spec -

trum, are very sharp, with emission falling to

zero beyond the Lisitano coil radius. However,

detailed studies of the plasma density profile made

with a Langmuir probe and a new type of microwave

resonato r system (described elsewhere) show that

the density profile does not possess a correspond-

ingly sharp boundary. As reported by us earlier, 2

the column has extensive wings beyond the radius

at which light emission ceases. We have used a

novel probe design to verify that photo emission

of electrons from the Langmuir probe due to

ultraviolet photons is not responsible for the

production of the signal when the probe is located

in the wings of the density profile. This design

(see Fig. 55) incorporates a Pyrex T -tube jacket

a round the Langmuir probe that shields against

ultraviolet photons and yet pe rrnits the collection

of positive ions which drift to the probe along

magnetic lines. Our conclusion is that such a

kST/6T PRoSE BODY

CERAMIC PLUG

=*

CERAMIC TUSING
IoN ORSIT .010 OIA. TuNGSTEN WIRE

so —-. — —.. —

x 0.251.0. PYREX TUBING

Fig. 55. Langmuir probe with ultraviolet
protective Pyrex jacket.
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E’ig. 56. Neutral hydrogen gas pressure vs
average electron energy.

photo effect does not play a significant role in

p reducing the Langmuir probe signal and that the

wings of the density profile are re al. This

suggests the following model for the plasma

column maintenance in the wings. Electrons

within the Lisitano column diameter are main-

tained at the ave rage energy mentioned above by

repeated transits through the microwave coqling

structure. When an electron diffuses across this

d~ameter and makes an inelastic collision with a

neutral atom it loses most of its energy and

remains tied to its magnetic line without further

heating until elastic collisions, or whatever other
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THE PROLATE SPHEROIDAL MICROWAVE
CAVITY ELECTRON DENSITY PRO BE (P-13)
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Fig. 57. Specific microwave power vs the
effective elect ron temperature in eV.

mechanism is at work, produce further diffusion

across field lines. Recent experimental evidence3

verifies this sudden drop in average electron

energy with radius at the coupling structure

radius.

Our earlier theoretical analysis was one-

dimensional, allowing plasma losses along field

lines only. This assumption leads to predictions

about the ave rage electron energy and the micro -

wave power requirement for steady state opera -

tion4 which the experimental data shown in Figs.

56 and 57 largely verify. The average electron

energy in these studies is deduced from a

measurement of the plasma diamagnetism. A

more detailed account of our measurements will

become available with the publication of the

thesis.
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LA-3831-MS.

(J. McLeod, D. Michael, H. Dreicer)

We are using a new type of microwave

resonator shaped like a prolate spheroid to obtain

reliable measurements of the density of our ECH

(electron cyclotron heated ) plasma column by

observing the change in resonant frequency when

plasma is int reduced into the cavity. A prolate

spheroid is the surface of revolution formed when

an ellipse is rotated about its major axis (Fig. 58).

This novel geometry, to the best of our knowledge

not used before in the field of microwave electronics,

is dictated by the need for very large plasma access

holes several wavelengths in diameter. The probing

wavelength is limited by the combination of high

central density and the need to avoid the ECH

cyclotron resonance frequency (10 GHz) to a

maximum of about 2.5 cm. The minimum diam-

eter of the access hole required to avoid inter-

f e rence between the cavity and the wings of the ECH

plasma profile is significantly larger than this

maximum wavelength. Therefore the conventional

low mode cavity whose access holes are protected

by waveguides below cut-off cannot be utilized.

Moreover, use of the conventional microwave phase

shift interferometer on our ECH plasma column

would involve serious systematic errors due to

diffraction-refraction effects for the highest micro -

wave frequencies we have available. To avoid

.

.

.

Fig. 58. Spheroidal coordinate system showing
cavity cross -section.
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Fig. 59. KU-band prolate spheroidal cavity.

these errors requires rnic rowave equipment

operating at 150 GHze However, phase shifts

expected at this frequency are so small that ap.

paratus rigidity becomes a serious problem

instead.

We have avoided these problems with the

help of the spheroidal cavity, Fig. 58, whose

dimensions are many times the wavelength in

KU-band (12.4 - IL300 GHz), E Suppofis modes
9

with Q 1s of 50,000, which are not significantly

perturbed by the large, 12-cm diameter, access

holes. Thus we have been able to carry out

measurements without perturbing the wings of

the plasma density profile at all, and all previous

data” taken with our diamagnetic coil have remained

valid.

A high mode cavity also has the advantage

that many modes are available with a va nety of

different spatial distributions of electric intensity.

Such distributions are shown in Fig. 60 for three

modes in the spheroidal cavity. The use of

several modes permits reconstruction of the plasma
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Fig. 60. Radian sensitivity functions for an
axisymmetric plasma.

density profile purely on the basis of the shifts in

resonant frequency measured for these modes.

Density measurements made with the

spheroidal cavity have been compared with the

Langmuir probe density measurements. on the

average, the cavity indicates that probe theory

gives too high a density by about a factor of two.

However, this calibration facto r varies with

plasma parameters with sufficient sensitivity to

indicate that a thorough mapping of parameter

space may be required. On the other hand, the

probe calibration factor does not change greatly

between different cavity modes --which are sen-

sitive to different parts of the density profile --

when used on the same plasma. This implies that

the extensive wings which appear on the Langmuir

probe profiles are probably real.

A more

being prepared

detailed account of this work is

for publication.
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ELECTRON INJECTOR FOR SYNCHROTRON
RADIATION STUDIES (P-1 3)

(D. Ignat (Post-Doctoral Appointee) and H. Drei.er)

It has been recognized for a long time that

electron synchrotrons radiation may result in

serious power losses from fusion reactors. To

understand this problem better, we have planned

to study the effect of background plasma on the

synchrotrons radiation emitted by energetic test

electrons. The design of an electron injector

for producing such test electrons was described by
1

us earlier; it was placed into operation during

the past year. It produces a 200 WA electron

beam with perpendicular energy of about 2-5 kV

(as dete rrnined with a diamagnetic coil), longitud -

inal energy of about 20 eV, (as determined from

the Doppler shift in the electron cyclotron

absorption spectrum) with a microwave power of

about IO W at IO GHz incident on the injector.

The rnic rowave radiation emitted by this beam in

vacuum is presently under study.

Reference

1. LA-4351-MS, p. 101.

VELOC~Y DISTRIBUTIONS OF BOUNDED
PLASMAS: SPATIAL RELAXATION (P-1 3)

(H. Dreicer, J. D. Thomas (NMSU)

The problem of determining the va rims

plasma velocity distribution functions in the region

between boundaries upon which they are specified

involves the simultaneous solution of the Poisson

equations and of the time-independent electron and

ion Fokke r -Planck equations with space de riva -

tives retained. The latter take the form

V “ tIf/a* = (af/tIt)collision and, since these have

not previously been solved for Coulomb forces,

they represent the most formidable barrier to an

uncle rstanding of this boundary value problem.

Our previous workl in this field addressed itself

to this point by considering the case of plane

parallel boundaries for electrons subject to angular

scatte ring by positive ions only, with the general

space charge electric field ignored. This involved

the solution of

where

(1)

A(v) = :VF = a/i. (v)

r = 4 npe210gA /m2

a . distance between two plane parallel boundary
walls

v = electron speed

~ = cosine of angle subtended b electron velocity
and normal to boundaries; ?’-Isusl)

x = spatial coordinate measured pe rpcndicula r to
boundaries in units of a/2. (-l s x s +1 )

- positive ion density
‘P -

1, (v) = mean free path for an electron with the speed
v to collide with a positive ion

subject to the boundary conditions

f(-l, y;v) =a L;v)

I

0< U51. (~)
f(l, w;v)=~ ~;v)

The properties of the solution to this problem have

been described. 1 The status of this w. rk at the

end of 1968 is described in a paper presented at the

Second International Conference on the Physics of

Quiescent Plasmas. 2

,
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During the past year work was resumed on

this problem and the following advances were made.

Solutions to Eq. (1 ) have been obtained

ivith the ion density n allowed to be a function of
P

x such that

+1 m
llP(X) = he(X) = h j’ f f(x, ~;v) vzdvd~ .

-1 ‘o

This is a strict charge neutrality condition which

satisfies the Poisson equation with a zero space

charge electric field everywhere in the plasma.

The solution to the inhomogeneous Fokker -

Planck problem, i.e. , Eq. (1 ), with its right hand

side supplemented by a source term S(X, I.L,v), has

been constructed.

The completeness of the functions used to

represent the solution to Eq. (1 ) has been

demonst rated.

Equation (1 ) has been solved with mirror

machine boundary conditions, i. e. , reflective

boundary conditions at x = +_ 1 over part of the u

range, which replace those in Eq. (2). This

solution describes electron velocity distributions

as a function of position in a steady state mirror

machine in which electron scattering into the loss

cone is due to electron-ion encounters only.

More details about these developments

will be made available in an article being prepared

for publication.
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2. H. Dreicer, J. D. Thomas, and W. B. Riesen -
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ANOMALOUS AC PLASMA RESISTIV1l’Y FOR
LARGE AMPLITUDE ELECTRIC FIELDS NEAR
THE ELECTRON PLASMA FREQUENCY (P-1 3)

(H. Dreicer, J. C. Ingraham,
D. B. Henderson, F. E. Wittman)

The ac resistivity p of a plasma column

has been measured as a function of the amplitude

E of the ac electric field for a range of plasma

densities in the neighborhood of the critical density.

The measurement is carried out with a high-Q,

2 GHz TMOIO microwave cavity that surrounds a

steady state magnetized the rmally ionized potas -

sium column. Our Q-machine is used for this

purpose. By -rying the flux of neutral potassium

atoms directed at the Q -machine hot plate, we vary

the plasma density in the range 0.2 c wzpo/w’< 2.0

where ~., the plasma frequency, is defined at peak

density of the density profile and w is the working

force. The ac resistivity is deduced from the

quantity A(1 /Q) which arises from the change in

resonator Q produced by power dissipation in the

plasma. A fast-transient Q meastiring technique,

developed by us and described separately, permits

a determination of Q and avoids the effects of

plasma density fluctuations upon the cavity!s

resonant frequency. po/u2 = 1.4, we findBelow U2

that A(l /Q) is consistent with a resistivity P due

to classical electron-ion encounters that decrease

with increasing E because of ohmic heating of

electrons. This effect is illustrated in Fig, 6 la

and 61 b, where curves of microwave power trans -

mitted by the cavity as a function of frequency are

shown for two different levels of incident power at

W2po/w2 = 1.4. Figure 62a, produced with an

incident power of 1.7 W, represents a cavity Q of

1.7 x 104, while Fig. 62b, produced with O. 17 W,

represents a Q of 1.35 x 104. The distortion of

these response curves and the beats observed on

their high frequency wings are due to the fast-

transient Q measurement.

Near and above w2po/w’ = 1.8, we find

that p decreases similarly with increasing E

until the threshold value eEt/(rrw) = y~2kTe/m

in ac electron drift speed is reached, above which

p suddenly increases. Figures 62a and 62b,

respectively, illustrate this effect for incident

powers of 1.74 W (corresponding to Q - 4800) and

O. 15 W (corresponding to Q = 8000). The factor
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(10 ~sec/horizontal division =0. 296 MHz/ditision)

Fig. 61a. Transmitted microwave power vs
frequency at 1.7 W.

(10 ~ see/horizontal division ❑ 0.296 MHz/division)

Fig. 61b. T ransrnitted microwave power vs
frequency at O. 17 W.

y is found to be approximately O. 1, consistent with

existing theories by Silin, Kruer, et al. , and

Marter et al.
1

for parametric and ac two -stream

instabilities. Simultaneous ly with the anomalous

increase in p , E shows evidence of low frequency

plasma fluctuations at - 1 MHz. (See Fig. 62a).

Computations show that the anomalous increase in

A (1 /C2) and p cannot be attributed to ionization of

background gas by electrons unless an anomalous

resistitity first increases the electron energy

considerably.

So far in our experiment, we have

determined the electron density from the cavity

resonant frequency shift, assuming that the radial

density profile is described by the zeroth order

Bessel function with its first zero at the plasma-

vacuurn boundary. This probably results in an

overestimate in the value of ~zpo/w2, since the

profile is known to be flatter than this, and the

true threshold value for the onset of anomalous

po/w2 = 1 thanresistance is probably closer to U)2

quoted above. Despite this uncertainty, we

believe that the parametric and ac two -st ream

instabilities have been observed in this experiment.

(10 ~sec/horizontal division = 0.296 MHz/division)

Fig. 62a. Transmitted microwave power vs.
frequency at 1.7 W.

m..-.—...
(10 y see/horizontal division = 0.296 MHz/division)

Fige 62b. Transmitted microwave power vs
frequency at O. 15 W.

In future experiments we expect to refine the

density measurement and study other piasma

properties associated with the anomalous ac

resistivit y.
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NEW TECHNIQUE
F(>R RAPID Q MEASUREMENT (P-13)

(J. C. Ingraham, H. Dreicer)

.An important limitation on the measure -

ment of the Q of our plasma-filled microwave

resonator is due to the inherent low frequency

electron density fluctuations in the plasma.

These occur at frequencies below 10

kHz and have an amplitude that causes the cavity

resonant frequency to fluctuate over a frequency

range as large as several MHz. This corresponds

to only a few percent change in electron density

for typical operating conditions, but the several

IIHz range is much greater than the 100-500 kHz

natural ~vidth of the cavity resonance.

Thus, it is impractical to measure the

cavity Q using the usual technique of slowly

sweeping the oscillator frequency over the region

of the cavity resonance while monitoring the

power transmitted through the cavity. It is nec -

essary in this case either (a) to sweep the oscil -

lato r frequency sufficiently rapidly across

resonance so that the electron density does not

change appreciably in this time (rapid FM) o r (b)

to apply a resonant exciting signal to the cavity

and observe the decay of the power emitted from

the cavity following the rapid termination of the

exciting signal. In the latter case, the power, P,

decays with time according to

P = P. exp (-w. t/Q ) (1)

where U. = 2n f. and f. is the cavity resonant

frequency. A measurement of the decay of this

power yields the Q of the cavity-plasma system.

This technique has so far been more difficult for

us to app~y, and we have developed the rapid FM

technique to a greater extent. Use of this method

requires that the driver frequency must be swept

sufficiently rapidly across the cavity resonance

to avoid appreciable change in electron density

during sweep time. In our experiment this re-

quired that the driver frequency traverse the

cavity resonance in times comparable with the

cavity response time

T = ~fuo.

Such fast sweep rates result. in a distortion of the

resonance curve obse rved in the transmitted power

for the following reasons:

1 ) There is insufficient time for the cavity -

stored energy to reach equilibrium with the d river

power at each frequency, resulting in a reduction

of cavity-sto red energy and transmitted power.

2) The energy stored in the resonator at

frequencies excited during earlier parts of the

driver’s traversal across the bandwidth has only

partly decayed at later times when the driver is

exciting other frequencies in the cavity. Thus a

beating phenomenon occurs because of interference

between energy in the cavity at the instantaneous

frequency of the driver and ene rgy at the resonant

frequency, excited by the driver at earlier times.

The resulting nonstandard response curve

wilI possess a half power bandwidth which is not

simply related to the cavity Q. Thus, to determine

Q, it is necessary to proceed from first principles.

Such an analysis, based upon the driven harmonic

oscillator equation obeyed by the field amplitudes

in the cavity, has been carried out for both the

reflected and transmitted signals from the cavity.

The results are shown in Figs. 63 and 64, which

can be interpreted with the help of the quantities

v, Vo, and ~ defined by

o ‘~o/[4Q/t3]v

B = du)/dt

where ~. is the cavity resonant radian frequency

and B is the time rate of change of the driver radian

frequency. Figure 63 gives Af, the full width at

half power, as a function of ~ and v From the
o“

measured values of Af and B it is thus possible to

determine Q with the help of Fig. 63. Measured

points determined from a microwave cavity of

known Q are also shown on the figure, and are in

good agreement with this theory. The straight

line on the figure represents the expression

Q = f/Af, for determination of Q at very slow

sweeping rates, or large v It is seen that for
o“

Af/~~ 2 1 the error made in using Q . f/Af is less

than 3’7.. For Af/~~ = 1, v = 1. 55; that value
0

corresponds to a time-for-traversal, B, of the
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Fig. 64. Power transmitted through cavity as a
function of frequency sweep rate. De-
creaaing V. is increasing frequency
sweep rate.

gene rato r frequent y from one half-power point

of the resonance to the other of At = (Q/we) 38.4,

where Q/u. is the energy relaxation time constant

of the cavity.

Figure 64 illustrates two faster and more

accurate techniques for C2 determination which do

not require detector calibration. As shown, the

resonance curve has a point of inflection near

v = 0.66; near V.
o

= O. ,?9 the first and second

minima are equal. More exactly, the mlues of

these quantities are V. = 0.665 and V. = 0.292,

respectively. Thus, by observing the transmitted

power on an oscilloscope trace while the frequency

sweep-rate is slowly adjusted, either of these

points can be determined to a high degree of

accuracy. With a knowledge of 13from the calibra-

ted sweep generator, the cavity resonant frequency,

and V. from the wave form (either 0.292 or 0.665)

Q is immediately determined.

These results have been used to interpret

anomalous resistivity measurements on our

Cl-machine plasma column. D. B. Henderson

aided in the computer evaluation of the formulae

leading to Fig. 64.

.
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~rs~ OF RADIOACTIVE T~T Iopfs ~ THE

hl[.:ASIIREMKNT C)F THE SPATIAL DISTRIB.
IITION OF PLASMA ION DRIFT SPEEDS (P-13)

(11. Dreicer, D. R. Hendersonj D. Mosher, E. Wittman)

According to presently accepted ideas, 1

the steady state operation of a magnetized single-

c.nded Q -machine plasma column involves the pro -

duction of positive ions by contact ionization on a

hot plate and their subsequent acceleration in a thin

elc. ctrostatic sheath situated adjacent to the hot

plate. The same sheath serves to reduce the cur-

rent of thermionically emitted electrons so that a

quasi-neutral plasma develops between the sheath

and a cold collecting plate located farther down-

st ream. A standard method of determining the

total ion flux leaving the hot plate consists of biasing

the cold collector negatively with respect to the hot

plate and monitoring the ion saturation current,

I = e ~~ j dA that it collects (j = ion current density,

e = electron charge). We have frequently noted in

our Q-machine experiments that W, the ratio of

I/e to the measured line density ~ndA(n. ion

density), is smaller than the ion drift speed ex-

pected on the basis of the collisionless sheath model,

This difference need not necessarily indicate a real

discrepancy since W does not in general equal the

space average drift speed ~ (j/n) dA/A. To

investigate this point it is necessary to measure the

distribution of both the ion current density j (r, 9)

and the ion density n(r, e) as functions of the

cylindrical coordinates r, 9 in a plane perpendicular

to the plasma axis. During the past year we used

radioactive test ions in our potassium Q-machine

to carry out such a measurement by means of

autoradiography.

The experiment involves the production

and contact ionization of radioactive 4% atoms ,

which serve as test or tracer ions. These follow

typical ion orbits and are condensed on a cold

collector which terminates the plasma column. By

exposing a photographic film to the radioactivity on

this collector it becomes possible to obtain an

autoradiographic spatial distribution of the total ion

current density j(r, 9 ). The spatial distribution of

ion density n(r, e ) is obtained from a combined

analysis of the frequency shift of a microwave

resonator and the spatial distribution of the ion

saturation current collected by a small movable

Langmuir probe. By taking the ratio j /n, we

obtain the spatial distribution of axial ion drift

speeds vd(r, 9 ). Contours of constant j, n and Vd,

obtained in this way, are shown in Fig. 65. (A

detailed account of this work will be published in

The Physics of Fluids. )

The measured drift speed distribution

displayed in Fig. 65 is nearly constant at the value

‘d =
7 x 104 cm/sec over most of the plasma ,

column. Significant drift speed gradients exist

only near the limiter radius where they might be

expected to occur. In particular our earlier

suspicion that the axial ion drift speed is sub-

stantially lower than predicted by the s heath model

is confirmed. For our operating regime we

compute ei /kTh . 3.7, and the sheath drop @

should accelerate the ions to a drift speed of

2.2 x 105 cm/sec (s J__M )which exceeds Vd

considerably. This conclusion is not altered when

ion-ion and ion-electron encounters in the plasma

are taken into account.

At present two slowing-down mechanisms

appear to provide possible explanations for the

low drift speed observed. The first of these

involves the resonant charge exchange, the

importance of which for Q-machine operation was
3

pointed out by us earlier. In this process , charge

exchange occurs when K ions encounter the slow K

atoms which form a gas cloud in front of the hot

plate. Such collisions replace a fast ion with a
4

slow ion. only a crude estimate of Vd is possible

without a detailed kinetic theory for the plasma

ion velocity distribution which includes charge

exchange. We have recently developed such a

theory. It uses measured charge exchange cross
5

sections, and indicates that a sizable fraction of

the ions may be involved in charge exchange after

they are accelerated through the sheath. Anderson
6et al. recently demonstrated this effect at low

plasma densities with artificially produced gas

clouds. At high plasma density these authors also

measure a low ion drift speed and ascribe it to

charge exchange. The second possibility considers

that the sheath, in producing a larger than thermal

relative drift between electron and ion velocity

distributions, might be a source of unstable ion
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Contours of j, n, and vd at 4 kG in a plane perpendicular
to the axis of the plasma column. Profiles taken along
the y = O axis are shown above each contour plot together
with the position of the limiter. (The 8 kG contours are
very sim-ilar. )

plasma waves which slow down the ions. Meas -

urements at lower background atom densities

s hould help to clarify these matters.

Our successful use of the autoradiographic

technique indicates that radioactive isotopes form

an important source of test ions with which to

carry out plasma measurements. The motion of

such ions can be followed by detecting their radio-

activity, a nuclear property that plasma collisions

cannot modify. This is in contrast to optically

pumped test ions7 whose metastable lifetimes

depend upon plasma conditions. Apart from the

technique described here, we have also introduced

radioactive ions into plasmas by charge exchange
5

with radioactive atomic beams. This charge

exchange method, or that of ionizing a radio-

active atomic beam by plasma electrons and ions,

may be especially useful in adapting radiography

to plasma studies in open-ended magnetic

confinement geometries.

References

1.

2.

3.

4.

5.

6.

7.

x. Oa

P. L. Auer, J. Appl. Phys. ~, 2096 (1960).

N. D! Angelo and S. vonGoeler, Nucl. Fusion 5_,
279 (1965).

H. Dreicer and D. B. Henderson, Phys. Rev.
Letters, 20_, 374 (1968).

E. W. McDaniel, Collision Phenomena in
Ionized Gases (New York; John Wiley and_Sons,
1964) p. 244.

H. Dreicer, D. B. Henderson, D. Mosher,
F. E. Wittman, and K. Wolfs berg, Proceedings
of the International Conference on Physics of
Quiescent Plasmas, Part III p. 11 Paris,
Seutember 8-13, 1969: B. M. Palvukh and
L.’ S. Savchin, Sov. P“hy8. Tech. “Phys. ~,
883 (1969).

S.A. Anderson, V.O. Jensen, P. Michelson,
and P. Nielsen, Danish Atomic Energy
Commission Research Establishment Ris6
Report QM-3.

D. Dimock, E. Hinnov, and L. C. .Tohnson,
Phys . Fluids , ~, 1730 (1969).

.

.

.

.

72



,

.

~,:10’FKCT C)F ION-ION ENCOUNTERS
ON THE ION DRIFT SPEED IN A
SfNGLE-ENDED Q-MACHINE (P-13)

(D. Henderson, H. Dreicer)

IN TRODI~CTION. We have used an auto radiographic

technique to measure the axial drift speed in our

sinsle -ended Q -machine plasma. (See preceding

section). If we assume the sheath drop to be

30 ~ ~ (kTHp/e) as indicated by collisionless sheath
1

theory, ive find an axial ion drift speed greater

than the measured #lue. At the plasma densities

in our expe riment, ion-ion encounters occur fre-

quently and therefore a collisional plasma model

nlight be more appropriate for analyzing our data.

R_e have constructed and examined a reasonable

collisional model for this purpose. fn doing so

we have used ideas which appear to parallel

those of Anderson, Jensen, and Michelsen. Z We

find, as one might expect, that the difference

between the collisionless and collisional models is

not significant at moderate o r high values of

e~/kTHp, the ratio of sheath drop to thermal

energy associated with the hot plate temperature

‘HP”

THE MODEL. We assume the plasma potential to

drop monotonically from the hot plate to the

negatively biased cold collector. We assume that

we may divide the column into four regions which

may be approximated in length by AD, Aii, L, and

again Lii, where the Debye length AD is much

shorter than the ion-ion collision length Aii, which

in turn is much shorter than the column length L.

The first region encompasses the sheath drop q

whose physical function is to control to electron

density, giving charge neutrality. Since XD<< A..,
11

we know the distribution of new ions from the hot

plate at the sheath edge to be a Maxwelliam dis -
1

tribution truncated at a minimum energy Vq. The

third region is the useful length of plasma column,

in which we hope to define the ion distribution in

terms of three simple parameters (A, Vo, T ),

independent of axial position, by

fp . A exp [-m [(v-v:) + v~/2kT].

There may also be some plasma ions

which return over the barrier v and are lost to

the hot plate. In order to include this effect

precisely, one would have to solve the Boltzmann

equation in region two. f.nstead we make alternate

use of two extreme assumptions about these

reflected ions:

1. There are no reflected ions , and

2. The plasma extends back to the sheath

edge, and the distribution function of the reflected

ions is given in terms of f
P“

One expects the proper solution to lie

between assumptions 1 and 2. Since the results

are insensitive to these assumptions for ecp/kTHp

> 1, we feel that the reflected ions are not

important in the region of interest. Regions two

and four are transitions with spatially dependent

distribution functions determined by ion-ion

collisions. They do not enter the present model,

except in the heuristic arguments given.

With. the distributions one may solve for

the density, the mass flux, the pressure, and the

energy flux. The conservation laws then relate the

parameters A, Vo, ad T to the plasma density,

the sheath drop, and the hot plate temperature.

QUASI-NEUTRAL TRANSITION. The density of

new ions at the edge of the sheath is less than the

density in the plasma. Presumably this change in

density occurs over the quasi-neutral region.

Taking the electron density

Ne=N e -ev/kT’e
eo

(-q because of the previous

that an electric field

to be

convention), we find

is required to retard the ions in traversing region

two . We include this field but neglect collisions

and reevaluate the moments of the Boltzrnann

equation for the plasma. T his additional field

must also change the plasma potential from its

original sheath drop value. Thus the plasma

potential is more positive than the base of the

sheath by an amount
kT

Ap=@ .Ln (density ratio across

neutral transition).

the quasi-
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It is desirable to compute the solution with and

without this quasi -neutral transition since the ad

hoc way in which the additional field is introduced

is not fully self-consistent.

NUMERICAL RESULTS. The resulting nonlinear

equations have been solved under the various

assumptions: with and without reflected ions, and

with and without a quasi-neutral transition. This

has been done with a recursive computer

SUBROUTINE SOLVE, written by John Hancock of

Group C-4. Hancock also provided some assis-

tance in using SOLVE.

In Fig. 66 we plot the drift speed vs the

plasma potential ~p/kTHP. In the figure, curve

ill 1! denOtcs the collisional model with no reflected

ions and no quasi-neutral transition; curve “2”

has reflected ions, curve “3” has a quasi-neutral

a q-si -neut ral transition. Also plotted are the
1

results from the collisionless model, and our

experimental Q-machine) data from May 20 and 21

1970. While the collisional model did not resolve

our experimental problem, it is an inte resting

description of the ion velocity distribution in a high

density single -ended (2-machine regime. We

conclude from these results that the small measured

value of the ion drift speed is not due to the ion-ion

collisions in our plasma.
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PLASMA SIMULATIC)N

PLASMA SIMULATION
AND RELATED THEo Ry (P-18)

(D. W. Forslund, J. P. Freidberg, B. M, Marder,
R. W. Mitchell, R. L. Morse, C. W. Nielson,
L. Rudsinski (C-4) and C. R. Shonk (3-10))

It is a real pleasure, when working on the

theory of plasma, to be able to report progress in

understanding plasma experiments. Recent linear

statiliby and simulation work at LASL has turned
1

up the Electron Cyclotron Drift Instability, and

shown it to be capable of causing sufficient

anomalous diffusion to account fo r the diffuse

profiles seen in pinches and collisionless shock

experiments. These results are obtained with

realistic values of all physical parameters. There

is no need to fudge conditions to fit experimental

results as has been done, for example, with ion

temperatures in trying to explain anomalous dif-

fusion with ion acoustic instability. We now expect

to be able to calculate field and density profiles

of pinch plasmas from first principles.

Since the last annual report, two different

methods have been developed for performing fully

electromagnetic simulations. These have been

applied to the Weibel instability and to the

absorption of laser light in plasmas. This latter

application has shown energy absorption as large

as 40~0 by the instabiLity absorption mechanism

(see the paragraph on high frequency plasma

instabilities by Freidberg and Marder) and has

shown that the oblique angle resonance mechanism

may also be important.

In addition, the old inductive (nonradiative )

electromagnetic method3 has been coupled to an

electrostatic field solver in one dimension and

used to study a variety of whistler and magneto-

acoustic effects.

multi-scale problems, which are probably

more important in low density machines than in

high density pulsed machines, it is beginning to

appear that they can be done on different scales

and combined as in many other branches of

applied science. Altogether, we seem to be in a

position from which the fastest progress toward

controlled fusion could be made with a considerably

larger ratio of computing to laboratory experi-

ments than we have now.
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At the present time there is hardly any

single time-and-length-scale plasma phenomenon

for which effective numerical simulation methods

have not been developed and tested. As for the
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HIGH FREQUENCY PLASMA INSTABILITIES (P-1 8 )

(J. P. Freidberg and B. M. Marder)

With the advent of high-powered lasers,

and their possible use in inducing fusion, much

attention has recently been given to energy absorp-

tion mechanisms. One area of interest has been

absorption resulting from the nonlinear growth of

high frequency plasma instabilities. These in-

stabilities have been investigated by many authors

using various approximations in different regimes.

We, too, have studied the stability properties of

a cold plasma under the influence of an imposed

electric field oscillating at frequencies near the

plasma frequency. Our theory, however, is

exact and presents a global picture of the behavior.

The perturbed behavior of a plasma under

the influence of an imposed electric field E = E.

sin uot is described by the two coupled ordinary

differential equations

2

Ui +W+ bi - Pe exp(-ikk~ sin t)] = O
u

o

u?
tie +-u [Pe

Of.

where w and
pi

frequencies,

- pi exp(ikk L sin t) ] =0

be
are the ion and electrom plasma

eE mi + me
o

‘L=~ mim
, and

e
o

t
P .n

e,i e,i
exp[ if kV~, idt ].

o

This system can be written

i = A(t)z

where A(t + i?n) = A(t). The periodicity of A allows

us to apply Floquet theory to the equations. The

Floquet multipliers, whit h determine the stability

properties of the system, are found numerically

to a very high degree of accuracy. The regions of

instability for mass ratio 1/1836 are shown cross -

hatched on the (kk L, up/uo ) plane in Fig. 67. The

largest growth rates are shown in Fig. 68.
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To supplement and amplify this work, a

tvw -dimensional electromagnetic code was written

to simulate the propagation of laser radiation into

a plasma with a density gradient. Agreement with

the lines r theory is good and th? subsequent

conversion of laser energy into heat energy is on

the order of 5cI~o for mass ratio 1/100.

Finally, a theory which includes tempera-

ture effects is being studied.

LINEARIZED vARIATIONAL ANALYSIS OF
VLASOV PLASMAS (P-18)

(H. R. Lewis)

The application of Hamiltonts variational

principle to derive numerical schemes for studying

1 ~2 has been adaptedfully nonlinear Vlasov plasmas,

to the description of linearized behavior in terms

of a systemof linear, ordinary, second-order

differential equations in time. The coefficients

of the homogeneous part of the equations are

constant in time. They depend on the equilibrium

distribution functions, but can be calculated with-

out knowledge of the equilibrium particle orbits.

The inhomogeneous driving terms are time-

dependent, depending on the initial perturbations

of the equilibrium distribution functions and on the

unperturbed orbits.

The method has been worked out in detail

for a single-species, one-dimensional plasma with

a uniform neutralizing background charge and

periodic boundary conditions, and many numerical

examples were very successfully computed. This
3

is described in an article submitted for publication.

In this case an exact particular solution of the

equations was found which was used to express the

perturbed electrostatic potential solely in terms

of solutions of the homogeneous equat ions. In

addition, a useful explicit form of the secular

equation for the eigenvalues of the truncated homo -

geneous equations was found. This form allowed

an interpretation of the eigenvalues in terms of

beams in velocity space and was useful for comput-

ing the eigenvalues numerically. The method is

applicable for nonanalytic equilibrium velocitY

distributions as well as analytic ones. To illustrate

the utility of the method, numerical examples were

worked out for a single Maxwellian, sums of two

Maxwellians, and several nonanalytic distributions

that are bounded in velocity and represented by

cubic spline functions. Excellent results were

obtained. Good quantitative agreement was

obtained in a comparison of Landau damping rates

and growth rates obtained by this method with

those obtained by precise solution of the usual

dispersion relation4 for cases in which the
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equilibrium velocity distribution was a Maxwel -

lian o r a sum of two Maxwellians. The numerical

aspects of this work were done in collaboration

with J. R. Neergaard, B. L. Buzbee, D. K.

Kahaner, J. H. Hancock, and J. R. Sopka of C-

Division; and by G. H. Golub, a LASL consultant.

For the general case, including external

fields and magnetic forces, no application has

been made as yet. However, it is thought that an

exact particular solution of the equations has been

found in analogy with the one -dimensional case

described above. Part of the proof has been

carried out, but it has not yet been possible to

prove or disprove that the remainder of the proof

is possible. If the proposed particular solution is

correct, then it can be used to express the scalar

and vector potentials of the perturbed electro-

magnetic field solely in terms of solutions of the

homogeneous equations. Further investigation of

this point in terms of a simple inhomogeneous

equilibrium is planned.
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NUMERICAL SIMULATION (P-18)

(H. R. Lewis)

Charge and energy conserving numerical

simulation schemes have been derived from the

variational principle for the case in which there

are external fields and both electric and magnetic

forces in general geometries. This represents

extension of the application of the variational

principle to numerical simulation given pre-
1,2

Viously. This formulation should be useful

for numerical simulation studies.
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NUMERICAL SIMULATION WITH
the previous attempt to treat a continuum of

A CONTINUOUS DISTRIBUTION OF
INITIAL PARTICLE POSITIONS (P-18 )

particles (see Section V of reference 1 ).

(H. R. Lewis with K.J. Melendez, C-4) Re fe re nc e

A different approach to the numerical
1. H. Ralph Lewis, chapter in Methods in

Computational Physics (Academic Press , Inc. ,

t reatment of Vlasov plasmas has been worked out New York, 1970 ), Vol. 9, edited by B. Alder,
S. Fernbach, and M. Rotenberg.

in which the particles are distributed continuously .

This is an outgrowth of previous work (see Section

v of reference 1 ). A major object ive is to sig-

nificantly decrease the computer storage requi re -

ments compared to the storage necessary for

simulation with disc rete particles. Although only

the relatively simple problem of electrostatic

oscillations in one dimension has been considered

so far, the approach can be extended to include

more dimensions and magnetic forces.

In the one-dimensional electrostatic

problem we allow only a discrete set of initial

velocities, but for each initial velocity we let the

particles be distributed continuously with respect

to their initial positions. (The restriction to a

discrete set of initial velocities was made for

convenience, and is probably not necessary. ) For

each initial velocity the time-dependent particle

position is approximated as a time-dependent

piecewise linear function of initial position. The

values of position at the nodes of these piecewise

linear functions are the dynamical wariables.

Between each pair of adjacent nodes a continuum

of particles is represented, and this should lead

to a significant reduction in the computer storage

requi rement by reducing the number of dynamical

variables required. The equations of motion are

determined from the variational principle.

The use of piecewise linear functions has

two important consequences. In the first place,

when piecewise linear functions are used, it was

found that the electric field can be calculated in

closed form in terms of simple functions. In the

second place, definite integrals that occur in the

equations of motion, and which must be evaluated

at each time step, can also be calculated exactly

in closed form in terms of simple functions. This

overcomes a difficulty that was encountered in
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