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INTRODUCTION

(J. L. Tuck)

On November 21, 1968, shortly after the

end date of the period covered by this report,

construction started on the Scyllac building.

The continuous flow z -pinch is a concept

proposed by A. I. Morozov in 1967. It was dis-

covered experimentally and elucidated independently

at LASL in 1968 by J. Marshall and A. A. Newton.

The concept is as follows: Consider a z-pinch

consisting of a continuous source of low-~ plasma

at some large radius , which flows slowly, hydro -

magnetically and adiabatically, into the axis. The

resulting plasma distribution is automatically

neutral to interchange and the pinch is therefore

m . 0 neutrally stable. This work is reported

together with a demonstration of greatly increased

longevity (of order 50 ~ see) in a z-pinch by this

method. The incidence of shocks in a continuous

pinch for flows of finite speed, not discussed by

Morozov, is being studied by B. Suydam and R. L.

Morse at Los Alamos.

This provides a new and promising addi-

tion to the possibilities for stabilizing a z-pinch

discussed in this report last year.

If dynamic stabilization should turn out to

be essential on the Scyllac toroidal 9-pinch, then

some experiments are reported here which suggest

that it will be effective and less difficult to apply

than had been predicted.

FAST Z -PINCH

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

Introduction

The fast z-pinch experiment developed

from a consideration of why z -pinches have not

produced temperatures of the same order of mag-

nitude as some of the 9-pinch experiments. If, for

the moment, the method of coupling into the plasma

is excluded, then there should not be any fundamen -

tal difference between a z-pinch and a 9 -pinch

during the initial implosion phase. The z-pinch

remains intact for a few WSec which should be long

enough for the formation of a high-temperature

plasma. Calculations of the electrode effect on

the z-pinch indicate that thermal conduction to the

electrodes should limit the electron temperature.

But, thermal conduction along magnetic field lines

to the wall of the discharge tube can take place in

the 9-pinch. It may be just this effect that limits

the electron temperature in the 9 -pinch experi-
2

ment so The Scylla IV 9 -pinch has attained ion

temperatures in the range 5 to 10 keV while the
3

electron temperature is .-200 -300 eV.

In considering the differences between

the 9- and z-pinches it was observed that none of

the z -pinch experiments performed to date have

achieved the initial electric fields that are gen-

erated, for example, in the Scylla IV 9 -pinch

experiment. This excludes an experiment in

which high electric fields were obtained but no

attempt was made to confine the plasma. 4 (The

peak current was of the order of 75 kA. ) The

importance of the electric field can be noted in

the context of the snowplow model.

The term b is used in the following

equations rather than the equivalent electric field

on the surface of the sheath because it is difficult

to determine the electric field applied in the

z-pinch experiments due to a lack of sufficient

detail in the literature. In almost all cases ,

however, a current wave form is available from

which B may be calculated.

3



The snowplow model predicts the initial by Heflinger.
4

In that experiment high sheath

sheath velocities for the z-pinch and e -pinch as: velocities (equivalent to -J 1.8 keV for H) were

observed that are consistent with prediction of the

z- pinch model.

-f

t The 9-pinch experiments differ as far as
t= Ilcdt

*

) ()

~a o the peak magnetic field, length of coil, preioniza -

dt
= -r.

t-o xt. o (1-KS) tion, and technique of measuring the ion tempera-

ture, so that the parameter fi/~P cannot be expect-

0 -pinch ed to apply to these experiments in detail. In

f
‘l?Kdt

spite of these differences, there is what appears

)

&

()

~a o to be a scaling of the reported ion temperature

dt
t-o

--=o~t=o (l-K=) with increasing values of the parameter. The

where p = plasma mass density, r. = radius of the

discharge tube, K = r/ro, and B . fit; the e-pinch

is approximated by an infinite solenoid.

An approximate solution to these equa-

tions can be obtained by substitution of a power

series expansion for K. The results are:

z-pinch

e-pinch

where

C&=
dt

-r. [#t - ~ IFPI,

.

For the present purposes, the second term in the

expansion can be neglected. Computer calcula-

tions indicate that this approximation is accurate

to .- 107. duriag the first 25% of the sheath radial

motion for both the z- and 9 -pinches.

If shock heating of the plasma followed by

adiabatic compression of the heated plasma is the

mechanism that results in the high-temperature

plasma observed in the 9 -pinch,then the data in

Table 1 show that none of the z-pinch experiments

has achieved initial velocities that are comparable

to the Scylla experiments, except for the experiment

reported temperatures are as follows: Pharos O. 9

keV; R. L. Bingham 5 keV; ISAR I 3.7 keV;

Scylla IV 3-7 keV.

It is therefore required to perform an

experiment that can achieve high initial sheath

velocities and will be capable of supplying suf-

ficient current so that the plasma can be contained

until the formation of instabilities. The following

section will present the experimental technique

being developed at LASL for this extremely fast

z-pinch expe rim ent.

Magnetic Energ y Storage

Int reduction

Magnetic energy storage has an inherent

advantage over electrostatic energy storage in

that, for practical systems, the energy density of

a magnetic field can be larger than that of an

electrostatic field. This allows the energy to be

stored in a small volume close to the load so that

a system can be designed having extremely low

inductance between the energy source and the load.

Since the rate at which energy can be supplied to

the load depends on ~ (where f . V/L), there is a

possibility of obtaining extremely fast energy trans -

fer. Equivalent ~ ts can be obtained with electro -

static energy storage techniques, but to achieve a

source inductance comparable to that of a magnetic

energy storage system requires the parallel com-

bination of a large number of capacitors, spark

gap switches, and coaxial cables, all operating at

high voltage; the insulation needed then increases

the parasitic inductance.

4



Table 1.

.

.

i
I&a A/aec

Z-PINCHES

S. Berghmd, et al. 003

L.A. Arstimovich,
et al.

0.15

H.A. Bodin and
J.A. Reynolds

- 1.0

R.E. Dunway and
J.A. Phillips

- 0.13

H.A. Bodin, et al. 0.45

V.S. Komel’Kov 1.4

D.C. Hagerman and
J.W. Mather

- 0.7

L.O. Heflinger and
S.L. Leonerd

8.0

&PINCH8S

Pharos

Cariddi

R.J. Belitz, et al.

R.L. Bingham, et al.

H.A.B. Bodin, et al.

Scylla I

Scylla 111

Scylla IV

Isar I

Our Proposed -5
Expetiiment

The utilization of the magnetic energy

storage technique requires the development of a

switch that will pass a current of the order of 106

A and then will openina fraction of a microsecond.

In addition, the switch mustbe able to withstand

voltages 2 50 kV. Various techniques for opening

inductive circuits have been reported in the litera-
ture 20-23

. The essence of this switching tech-

nique is the use of a metallic fuse which is caused

to vaporize. The change from the solid to vapor

state results in a change in resistance; if this

r
o “ii P

cm l~” G/see v

14 0.3

10 0.3

7.5 2.7

3.5 0.74

7.5 1.2

9.5 2.9

5 - 2.8

0.63’5 260

5.25 1,15

9,0 l.O

5.25 2

1.4

5.0 2.0

2.7 6.6

4.1 ~ 5.0

5 4.0

5.3 2.8

5 - 20

10

10

320

100

30

100

70

,95

.95

1.5

0.74

2.2

2.9

3.3

2 )( 11Y6 140

ionslcn?

30 2.1

25 2.0

25 4

10 4.4

10 6.3

85 7.15

85 5.32

10 13

5 12.5

- 10 u 63

Ref

5

6

i’

8

9

10

11

4

12

13

14

15

16

17

18

3

19

change is large enough to reduce the current sub-

stantially, then the fuse can be considered to be a

switch. For the switch to remain open, the metal-

lic vapor must be prevented from becoming ionized.

The fuse is inserted in series with a

capacitive discharge circuit and the fuse opening is

timed to occur at peak current; the resulting ~ will

cause large voltages to be developed across the

inductive components of the circuit. If a load,

having a series spark gap switch set to conduct

5
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1. , 8

Fig. 1. Simplified schematic of magnetic energy
storage system.

when the fuse voltage reaches some predetermined

value, is placed across the fuse, then the initial ~

in the load circuit will be determined by the fuse

voltage and load inductance. Since a load induct-

ance of the order of 5-10 nH is feasible, and

voltages of - 50 kV can be developed across the

fuse, an ~ of the order of 0. 5-1.0 x 1013 A/see

can be obtained.

The switching technique developed by

Early and Martin
21

has been used and this report

presents some of the results of experiments for

maximizing the voltage developed acress the fuse

and determining the opening current as a function

of the fuse dimensions. A comparison with theor-

etical predictions is also presented.

Basic Circuit Theo ry

The circuit of the magnetic energy

storage system is shown in Fig. 1. The time

dependence of the switch resistance has been

replaced by a step function. Initially switches S1

and S3 are open and S2 is closed. The capacitor

bank is charged to the desired voltage and switch

S1 is C1Oseal. Current starts to flow in circuit A,

with amplitude and period determined as usual for

an LC circuit. When the current in circuit A

reaches its peak value, switch S2 is opened and

then switch S3 is closed. The voltage developed

across the switch resistance now causes a current

to flow in circuit B. The current in the two cir-

cuits can be expressed in the following way.

I. Before S2 is opened.

I*=X
Ao ‘in *C t “

.-

11. .% is opened and ~ closed at peak current.

The current transfer can be expressed by

%-(+%(l.:%’:-’C),
where

and tc = time at which S2 is opened and ~ closed.

Upon taking the time derivative, the following

expression for ~ is obtained:

Since the switch voltage at time t = t: is IAORS,

this result can be written as

A rapid transfer of current into the load requires

a large fuse voltage and small load inductance

and, in addition, the fuse resistance must be of a

suitable order of magnitude to match the time

scale of the experiment. For example, if L2 = 10

nHand~= 40nH, then I+=8nH. For one

e-folding time of 50 nsec the fuse resistance

must be 0.16 f).

Theory of Switch Operation

Details of the physical principles of the

fuse operation are given by Maisonnier, et. al.
22

To compare the LASL results with those of

Maisonnier requires the definitions

el.a=%s+ (1)

.

,.

.

b

6



and

b=~
yev “ FUSE ASSEMBLY

The fuse is considered to be on the verge of open-

ing when enough energy has been supplied to heat

the fuse to the temperature at which vaporization

will take place. The energy

be related to its resistance,

cur rent in the circuit by

f 12 dt
o

S2 =

input to the fuse can

cross section, and the

(2)

where S = cross section of fuse, l.. capacitor dis-

charge current, y = mass density of fuse, p =

resistivity of fuse, e = internal energy per unit

mass of the fuse, and kl is explained below.

The integration over the internal energy

is carried to the point of vaporization of the fuse

and does not include the heat of vaporization. The

correction factor kl is included to account for the

difference between the handbook values of the phys-

ical properties of the fuse and thos e obtained dur-

ing the extremely fast heating that takes place in

these experiments. The equation is also known as

the action integral equation.
24

The parameters of a and b for four metals

are quoted in Table 2; the data for copper have been
22

added to tho se given by Maisonnier.

Table 2.

Metal a

Ag 3.9X1016

Au 3 x 1016

Al 2.2 x 1016

Cu 5.9 x 1016

4 x 10-11

3.5 X1 O-11

3.5 x 10-11

2.1 Xlo-11

Experimental Apparatus

The fuse is shown schematically in Fig.

2. The design follows the pattern outlined by

Early and Martin
21

with the addition of polyethy-

lene sheets which were required to maintain the

integrity of the package during the discharge. The

fuse package is inserted between a parallel plate

transmission line and then the entire assembly is

OIL

YLAR

Fig. 2. Schematic of fuse.

clamped in a hydraulic press. The number o f

Ilfoldsll refers to the nu.rnber of active folds of the

foil; for example, Fig. 2 shows a 3 -fold fuse.

The portion of foil located at the top and bottom of

the package, being in contact with the parallel

plate transmission line, does not vaporize.

Since the voltage characteristics of the

fuse are investigated, the current is not trans -

ferred into a load. This means that all of the

energy stored magnetically will be dissipated in

the fuse, requiring the mechanical containment of

_ 10 g TNT energy equivalent.

The capacitor bank consists of 20, 15W F

20-kV capacitors, the maximum stored energy

being 60 kJ. Each capacitor is switched with an

ignitron which then couples into a parallel-plate

transmission line thm ugh a total of 60, 3-m long

RG -8 cables. The parallel-plate transmission

line consists of a header, to receive the coax

cables, which then tapers down to rectangular

plates 20 -cm wide and 17 -cm long with the fuse

package located at one end. The rectangular plates

are separated by 2 cm so that most (- # of the 40

nH inductance of the circuit is in this region.

This partially isolates the large voltage that deve-

lops across the fuse from the capacitor bank and

coaxial cables.

The resistive voltage probe is located 12

cm from the fuse package and it consists of 10,

1 -Ml 2-W carbon resistors connected to a 50-(2

coaxial cable. The resistors are placed in a plexi-

glass tube which is filled with transformer oil.

Capacitive compensation is accomplished by an Al

hat connected to the top of the probe which extends

partially down around the outside of the plexiglass

tube. The probe is found to have a rise time of

-J 10 nsec with - 10~0 overshoot. Amplitude

7



calibration of the probe is accomplished with a

Marx bank pulse-charge system having a period of

9 psec; it has been found to be Linear to 90 kV.

The voltage across the fuse is obtained

from that measured at the probe position corrected

for the inductive voltage drop between the probe

and fuse. The following techniques are used to

determine the inductance between the probe posi-

tion and the fuse: A plate of copper is substituted

for the fuse and the voltage at the probe position is

compared to the voltage on the capacitor bank.

With the tot al inductance of the system known, the

inductance between the probe and fuse location is

then calculated. A second determination is made

by measuring the probe voltage and ~ with the

copper plate in place. There is 10~0 agreement

between these techniques and the value of induc -

tance calculated from the geometry of the system.

Since the inductive voltage between the probe and

fuse amounts to at most 25~0 of the fuse voltage, a

10 ~. error in determining the inductive voltage

accounts for less than 2.57’. error in the fuse

voltage.

The current and f are measured with a

Rogowski probe placed around one transmission

line and constructed so that the measured rise

time of the probe is < 10 nsec.
25

Integration is

performed with a passive integrator that is down

3 dB from ideal response at 30 MHz.

Experimental Results

Since the purpose of the first phase of

these experiments is to obtain the conditions under

which the voltage across the fuse is a maximum,

the current is prevented from transferring into a

load. This condition pertains tn all of the data

discussed below.

It is convenient to consider the fuse

characteristics by dividing the time history into

two steps. The first step requires an energy input

sufficient to bring the fuse to a state at which

vaporization just starts. At this point the fuse is

considered to be on the verge of opening. The

second step requires the addition of energy to the

fuse to cause vaporization to occur. The fuse is

then considered to be in the process of opening.

w- 1 I

TIME(psad

Fig. 3. Characteristics of fuse as function of
time.

This history can be illustrated by

reference to Fig. 3 which presents the current,

voltage across the copper fuse (0.8-mil thick, 15-

cm long, 15. 3-cm wide), and the energy input to

the fuse obtained by mechanically integrating the

product of the fuse voltage and current. In addition,

the time dependence of the physical state of the

fuse is obtained by comparison of the internal

energy required, from handbook values, with the

experimentally determined energy input.

The history referred to above can now be

demonstrated by comparison of the physical state

of the fuse with the voltage. The solid-to-Liquid

transition results in a relative change in resis-

tance of 2.1 according to the handbook. The cor-

responding jump in the voltage is in good agree-

ment with the phase change and the relative resis -

tance change is calculated from the data to be

N108. The end of the first step is postulated to

occur at the time when enough energy has been

deposited into the fuse to heat it to the point where

vaporization should start, with a co responding

rapid increase in the resistance. A comparison

with the voltage trace shows it is at just this time

that there is a rapid increase in the voltage across

the fuse.

With this definition of opening time, Eq.

.2 can be solved by mechanical integration of the

measured current and the solution can be compa red

with the observed opening time. Figure 4 pre-

sents the results of this comparison; the triangles

are obtained by mechanically integrating the cur-

rent and assuming lq . 1, whereas the boxes and

solid circles are the experimentally observed
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Ir /
~

60
TIME (p m) “

Fig. 4. Fuse cross section vs opening time.

opening times. The boxes present the data for a

0.8-mil thick foil and the solid circles for a 2.0-

mil foil; both were 15-cm long. The open circles

represent the results of using Eq. 2 to calculate

the cross section of the foil.
22

If a correction

factor of kl x 2 is applied to this calculation it

would predict the actual experimental data. This

correction factor is not due to a discrepancy

between the handbook values of the physical pro-

perties of the material and thos e obtained under

conditions of rapid heating as previously repor -

ted;22 rather, it results from the properties of

the circuit. The experiment shows that, at the

current densities used, a correction factor is not

required. The need for a correction factor does

arise, however, when the current density in the

fuse exceeds -3 x 107 A/cm2 as observed in
26,27

other experiments.

The second stage, during which the

maximum voltage occurs , will now be considered.

The fuse voltage as a function of the fuse width is

shown in Fig. 5; The fuse was of copper O. 8-roil

thick and 15-cm long. The capacitor bank was

charged to 14 kV. The current values indicated

are those just before the fuse IIopens!!. It is seen

that the maximum voltage does not occur at the

time of maximum current but rather at times less

I00
t

10

I I I 1 I I I 1 I I 1 L
‘56789011121314 1516

WIDTH (cm)

Fig. 5. Fuse voltage vs fuse width.

100 r

10

1 1 I I 1 1 I 1 I 1 I 1 I I L

2 4 6 6 10121416182022242628 30

FUSE LENGTH (cm)
Fig. 6. Fuse voltage vs fuse length.

than the quarter period of the circuit oscillation.

Figure 6 presents the fuse voltage as a function of

fuse length. The results are grouped by the value

of the capacitor bank voltage: the lower curve is

obtained with 7.5 kV and a 5-cm wide copper foil,

and the upper curve with 14 kV and a 10-cm wide

copper foil. In both cases the copper is 0.8-mil

thick. The folds referred to in the Tlgure indicate

the number of active layers of fuse material (cf.

Fig. 2 for a 3-fold package). Those points plotted

with a square box indicate that a restrike takes

place; that is, the current is reduced to a low but

still detectable value (- 50 kA).

9
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mo -

200-

100-

j,.

i

0 current density (4. 04 x 107 A/cmz represented by x

t

0

1] J

in the figure) shows the same type of deviation ex-
.0

perienced with exploding wires in that an excess

4 s energy is delivered to the fuse when compared to

# the energy required to account for the observed
x

o xx resistivity. The occurrence of peak voltage is

A x

[

indicated by the vertical arrows. For all the cases

0
X“

analyzed this arises when the energy density in the

fuse reaches a mlue of 3.7 MJ/kg. The spread of

~ ~’f + 57’. is less than the experimental error, estimated

;0 to be 20~0. Also, the resistance is approximately
*
k 20- 4n’- the same at the time of peak voltage for the three

~ ,0 :0

:[
5 -“

0°

2 -

1. I i t I I I 1 J 26.8 to 310 kg/cm2. The copper fuse was O. 8 -roil

copper foils of O. 8 -rnil thickness.

In all cases discussed above the fuse

package is subjected to a force of 21,800 kg applied

3.
with a hydraulic press. The pressure on a 3-fold

3: package of 15-cm length and 14-cm width is 320

p
w kg/cmz. Figure 8 shows that no effect on the fuse

> voltage is observed by varying the pressure from

I 6
ENtRGYO:NSITY i’MJ/k g 5, thick, 15-cm long, and 14-cm wide; the capacitor

Fig. 7. Fuse re sistivity vs fuse length for different voltage was 17.5 kV.

cross sections.
A test to determine the effect of the

presence of the fiberglass is performed by assembl-

ing a 3-fold fuse package without the fzberglass.

The fuse voltage is reduced by a factor of& to %,

and the fuse package is destroyed. The over-

pressure is sufficient to result in an approximate

doubling of the gauge pressure of the hydraulic

press, an effect not encountered when using fiber-

glass.

~~
2060100140160 220 260 300

PRESSURE (kg/cm*)

Fig. 8. Fuse voltage vs pressure.

Figure 7 is a plot of the copper fuse

resistivity as a function of the energy per unit mass

deposited in the fuse for different fuse widths and

thicknesses; the capacitor voltage was 14 kV. The

results compare favorably with the exploding wire

work up to about 3.5 AIJ/kg. Again the highest

Discussion

The effect of folding the fuse material as

well as the role played by fiberglass cloth and

pressure applied to the fuse package can be ascer-

tained by using Eq. 1 to compare the results with

those of Maisonnier et al. ,
22

who used a thin foil

without folds, and also with the results of work on

exploding wires, since this equation predicts the

behavior of the latter up to the time of opening.
5

In Fig. 4, the predicted values of the opening time

are obtained from Eq. 1, using handbook v-dues of

the physical properties and mechanically integrat-

ing the experimentally observed current (with the

correction factor in Eq. 2 taken equal to 1.0 ). The

10



figure also shows the result obtained from Eq. 2

by considering the circuit to be ideal and integrat-

ing the undamped sinusoidal current. In this case

to fit the experimental data Iq x2. The agreement

between the experimental data and the prediction

of Eq. 2 is considered to be very good, since the

technique of obtaining the integral in Eq. 2 by

squaring the measured current followed by mech-

anical integration has an estimated accuracy of

207’0. Therefore, circuit damping cannot be

neglected when evaluating Eq. 2, and this equation

does predict the observed opening time when using

the handbook mlues for the physical constants.

In considering the fuse voltages shown

in Fig. 3, it is to be noted that if the length of the

fuse is sufficient to prevent restrike, making the

fuse wider reduces the voltage developed across

the fuse, even though the fuse current and the

amount of energy sto red inductively increases.

To explain the voltage dependence upon

length, given in Fig. 6, it is seen that for fuse

length shorter than 15 cm the voltage increases

with length, and also restrikes (denoted by boxes)

are observed. This suggests that the maximum

electric field the fuse mpor can withstand without

restriking is -6 kV/cm. To the right of the peak

voltage the longer fuse requires more energy for

vaporization to take place, resulting in increased

dissipation of the inductively sto red energy. For

example, as shown in Fig. 3 a copper fuse 150 3-cm

wide, O. 8 -rnil thick, and 15-cm long requires

5330 J to raise its temperature to the point at

which ~porization commences, and an additional

10,700 J is required by the time of peak voltage.

The 5330 J is supplied from the capacitor bank

during the long current rise of 3-5 psec, whereas

the 10,700 J is transferred rapidly so most of it

must be stored inductively. Since the energy

sto red inductively for this example is found

experimentally to be 12,200 J, almost all of the

inductive ene rgy is dissipated in the fuse. Of the

inductive energy remaining at the time of peak

voltage (4080 J), 2580 J is supplied by the capa -

cito r bank.

Mechanical integration of the current

trace to obtain the change in voltage on the

capacitor bank during the time from the beginning

+2.0
t

Fig. 9. Dependence of fuse voltage on inductively
stored energy.

of vaporization to the maximum volts ge shows that

the capacitor bank has supplied 2400 J during this

period, in agreement with the energy balance ob-

tained above. This dependence of voltage upon the

inductively stored energy is shown in Fig. 9 where

the difference between the maximum energy sto red

inductively and the energy required at peak fuse

voltage is plotted against the peak fuse voltage for

four different fuse cross sections. More inductively

stored energy is required to produce the higher

voltages.

To attempt to maximize the efficiency of

the circuit, so that peak voltage will occur when the

minimum amount of energy has been dissipated in

the fuse, requires an analytic expression for the

dependence of the fuse resistance on the circuit
one mode128

parameters. that attempts to pre-

dict the resistance differs from the experimentally

determined value by a factor of 4 at the time of peak

voltage.

In a second phase of the experiment,

current is transferred into a load of constant

inductance by means of a switch that consists of a

number of layers of 2-roil thick polyethylene. The

load inductance is calculated to be 40 nH and the

resulting current transfer is consistent with the

equations developed from circuit theory. When

transfer takes place at the time of peak fuse volt-

age, the maximum energy transferred into the load

is - 87% of the maximum energy stored inductively

in the primary circuit. These efrlciencies are

much lower than the theoretically predicted effic-

iency of 50~. when ~ = ~, because of the require-

ment of waiting until the peak voltage is developed

11



across the fuse. If the transfer into the load is

accomplished before peak voltage, less energy is

dissipated in the fuse and the transfer improves.

The current transfer is similar to that observed
21,22 .

by others with the initial I being of the order

Ofzxlo 12 A sec.I Unfortunately, there is con-

siderable variation in the breakdown voltage obtain-

ed tith the dielectric switch. Rather than try

other techniques of initiating breakdown in a di-

electric switch, it has been decided to use an

illuminated spark gap switch. Tests with such a

switch indicate very reproducible breakdown volt-

age (N 1 ~. ). Use of this switch will add inductance

and thereby reduce ~. It is felt that this sacrifice
.

in I is worth the advantage gained in having a

reproducible voltage.

It is planned to use this technique of

magnetic energy storage to develop strong shocks

in a plasma using the z-pinch geometry.

Conclusion

By using the technique of exploding

fuses to interrupt a current and thereby transfer

the inductive energy into a load, it is possible to

achieve a rapid transfer of energy. Voltages as

high as 90 kV are measured, which when working

into loads of the order of 10 nH inductance, would

result in ~ of the order of 1013 A/see. Up to the

time at which vaporization of the fuse takes place

the properties of the fuse can be predicted with the

model and follows C1OSely the work done with

exploding wires at the same current densities.

Therefore, folding the foil and compressing it

between fiberglass does not noticeably affect the

behavior of the fuse when compared with exploding

wires. For short lengths of fuse the voltage is

determined by the maximum electric field that the

fuse can withstand (- 6 kV/cm). For long lengths

of fuse, the maximum voltage that can be produced

across the fuse decreases as the length is in-

creased; such behavior is associated with the

amount of energy required to ~porize the fuse.

If current transfer is to take

place at the time of peak voltage, the efficiency

at which energy is transferred to the load compared

to the magnetic energy stored at the time of peak

current is low, being on the order of 87%. In spite

12

of such low efficiency this system affords the

definite advantage of a&ieving very rapid transfer

of energy.
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CO LUMBA

(J. A. Phillips, P.R. I?orman, A. Haberstich,
H.J. Karr, A. E. Schofield)

.-

Simple Z-Pinches

Deuterium and argon discharges in the

Columba experiment have been examined with an

axial Mach -Zehnder interferometer. As interfero -

grams give only the line density averaged down the

line of sight parallel to the axis, small scale fluc-

tuations are not seen. Side-on image converter

photographs of the discharge were therefore taken

simultaneously. These photographs were obtained

through the pyrex discharge tube at a right angle to

the z axis. The results are shown in Fig. 10 and

11.

With deuterium (Fig. 10) the z-pinch breaks

up into a series of blobs with a characteristic wave-

length of -2 cm; there is a pronounced necking

down (- 1 mm radius) of the discharge between the

blobs . If all the discharge current (- 60 M) passes

“through these filaments the current density is high

- 2 mA/cm2. Argon (Fig. 11 ) shows the same

geneml pattern but the discharge does not neck down

as tightly.

It is clear from the side-on photographs

that the pinch is far from equilibrium during late

times and a comparison of the expe rirnental radial

density profiles with theory (e. g. , a Bennett

distribution) should not be attempted.

Superposition of Z -Pinch
on ~ -Pinch Plasma

The Columba experiment was constructed to

see if the plasma created by a 9-pinch could be

further compressed and hea ted by the addition of a

strong z-current. The initial fear that the z-cur-

rent would not flow on the plasma but rather on the

discharge tube wall has been allayed. Image

converter pictures taken with a quartz discharge

tube show no evidence for m = O instabilities for

the combined 9- and z-pinched plasma; m = 1

instabiLities are present, however, and their

growth rates have been measured. Modifications

13
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Fig. 11. Side-on image
and axial Mach-Z ehnder
argon pinch.
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converter photographs and
interfe ro grams for an

of the machine are in progress to see if these

instabilities can be suppressed by dynamic stabili-

zation.

The Columba experiment has been adequate .

ly described previously. 1 It is a 28-cm long

9 -pinch upon which it is possible to apply an axial

current of up to 500 kA. Because of difficulties

in ionizing and breaking down the gas the experiment

was initially operated on the second half-cycle of

the 8 -pinch.

Figure 12 shows streak photographs tiken

down the axis of the discharge tube across a

diameter with the system operated on the second

half-cycle of the e -pinch. The initial deuterium

gas pressure was O. 1 torr. The e-pinch field

passes through zero at the end of the first half-

cycle at t = O. The initial implos ion of the dis -

charge and the subsequent radial oscillations of the

plasma are quite apparent. From a study of the

period of these oscillations and a knowledge of the

strength of the magnetic field, B, the line mass, M

(mass for unit length), can be found from the

relationz

‘T= 2n(M/B2)+6,



--
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Fig. 12. Axial streak photograph of e-pinch
discharge.

wh ere 6 depends on the compression of the plasma

column and on the radial d istribution.

The results show: (1 ) At early times,

- 0.8 ~sec after t = 0, most of the gas is swept

up by the e-pinch. (2) At later times the line

mass increases over the initial line mass filling,

showing that the 9 -pinch has trapped a reversed

magnetic field and that the plasma cohirnn com-

presses axially.

The existence of trapped reversed fields

inside the plasma column has been confirmed by

means of a Mach -Zehnder interferometer. Fig-

ure 13 shows a number of interferograms taken

down the axis of the tube at various times in the

discharge. Each picture represents a separate

discharge. In this series of shots the z-pinch was

fired 1.2 ~sec after the first zero of the 9-pinch.

~tt ‘
on the figure, indicates the time at which the

laser recording the interference pattern was fired.

For each time there are two cases shown: (1)

9 -pinch only (2) 9- plus z-pinch. Below each

interferogram is a plot of the average density

profile. As can be seen the plasma column is

hollow.

The most remarkable characteristic of

the second half-cycle operation is demonstrated

in Fig. 13. At 2.4 ~sec there is ample plasma on

the axis yet O. 3 psec later the plasma is essential-

ly gone. Diamagnetic loops were placed just out-

side the ends of the 9-pinch coil to see if the

plasma was being lost axially. This indeed seems

to be the case. At the time of plasma loss, strong

signals appear on these coils as if plasma were ex-

cluding flux from the loops. On a few occasions,

the sense of the signal was reversed as if the

plasma was carrying flux with it.

X-rays emitted by the discharge were ex-

amined using a double absorber geometry for the

time-resolved measurement of the plasma electron

temperature.
3

The detector had two channels with

Be foil absorbers; one had a thickness of 10.7 mg/

cmz (thin foil) and the other of 24.7 mg/cm2 (thick

foil). In Fig. 14 the effect is indicated of a z-

current on the x rays seen by the detector with the

thin Be foil. Zero time is the start of the second

half-cycle of the 8 -pinch current and the initiation

of the z-current is indicated by an arrow. With a

late start of the z-current (Trace No. 4682), the

x-ray signal starts at 1.1 psec and then falls

smoothly, as also observed with e -pinch alone. As

the z-pinch is fired earlier, this peak in the x-ray

signal is quenched at - 2.0 ~sec in No, 4673, at

- 1.5ksec in No. 4680, and is absent in No. 47o3.

It is not clear why the onset of the z-pinch current

quenches the x rays. In Fig. 15 the ratio of the

two x-ray signals is expressed as an electron

temperature. In all three cases, at- 3.0 psec

there is a peak in the electron temperature at

about the time for the loss of plasma.

To eliminate the possibility of a trapped

reversed field as an energy source for the rapid

loss of plasma associated with second half-cycle

operation, the Colurnba device has been modified to

achieve the first half-cycle operation. An initial

preionization %current of about 10 kA lasting

-10 psec has been added. A Bz field bias bank,

which provides an essentially constant axial

magnetic field of 6 kG of either polarity, has also

been installed. With these modifications, the

first half-cycle of the 9-pinch produces a dense,

pinched plasma. With reverse bias field, the

pinch is not hollow apparently due to annihilation

of the bias field during the formative stages of the

pinch. The catastrophic loss of plasma with the

z-pinch at 2.4-2.6 ~ sec previously found with

second half-cycle operation does not occur. As

late as 3.5 ~ec, as much plasma remains in the

central region as with the e -pinch alone,
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Fig. 16. Probe traces showing radial dependence
of azimuthal field.

An attempt was made to determine to

what extent the z-cur rent was flowing on the plasma

column created by the e -pinch. A small radially

movable probe was built to measure the radial

dependence of the azimuthal magnetic field inside

the discharge tube. The probe was located during

thes e measurements 7 mm beyond the end of the

9 -coil. In Fig. 16 are shown probe traces recorded

at four different distances from the tube atis. The

trace marked r . 3.65 corresponds to a position

O. 5 cm outside the discharge tube; the other traces

are for positions inside the discharge. The repro-

ducibility of the traces up to 2 ~sec is taken as

evidence that the discharge is centered, in agree-

ment with other measurements. Use was made of

the total Iz recorded to predict the strength of the

azimuthal magnetic field at the radius of the probe,

assuming a 1 /r dependence. These fields are

represented by dashed curves in Fig. 16. The

discrepancy occurring at r . 3.65 can be partially

justified by the discrete structure of the return

bars. The agreement between the 1/r dependence

and the probe traces at r = 2.65 and 2.15 is quite

Fig. 17. Comparison of Mach-Z ender interfere -
grams with observed position of the Iz current.

satisfactory, indicating that Iz current detaches

from the wall of the discharge tube very early, if

not at all times, during the first part of the z-pinch

and flows along the plasma created by the e -pinch.

To determine the m . 1 stability of the pinch

a technique was developed to determine the center

of gravity of the z-current at three different pos-

itions along the axis of the discharge. The details

and results of this measurement are given in the

next section. Figure 17 indicates the excellent

agreement that was “obtained between the center of

gravity of the z-current as measured by these coils

(represented by the squares on the figure) and the

position of the plasma column as determined by the

Mach -Zehnder interferometer (shown are contours

of constant density). The plasma at large radii

that appears on the Mach -Zehnder inter ferograms

has been shown, in a separate experiment, to be due

to electrode effects and is not related to the plasma

COIU_. On the right is seen a case, early in time,

where the plasma column is still centered. On the

left, later in time, the column has moved off axis.

This is taken as further evidence that the z-current

is flowing on the plasma column.
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RADLAL STABILITY OF THE PINCH
IN THE CO LUMBA EXPERIMENT

(A. Haberstich and P.R. Forman)

The Columba experiment, described

above, consists of superimposing a strong z-cur-

rent on a pIasma preheated by a e-pinch. The

objective is to produce a denser and hotter plasma

than would be possible with a 9 -pinch alone.

If a sharp boundary model is assumed, such

a configuration is theoretically unstable. The

most dangerous mode, according to Kruskal and

Shafranov, is the m = 1 mode. One of the reasons

for building the Columba machine was to see if

this mode does indeed develop in a hot z-pinch.

The measurements reported here have been de-

vised to throw light on this matter.

The m = 1 instability is expected to produce

a helical displacement of the z-pinch current.

The experimental method used consists in measur-

ing changes in the azimuthal magnetic field dis -

tribution due to this displacement. 17he perturba -

tion is detected by means of three sets of sensing

coils located at midplane, as weH as 9.5 cm above

and below midplane of the machine. Each set

consists of two strings of sensing coils, such as

those shown on the right side of Fig. 18.

This configuration is designed to perform a

discrete Fourier analysis of the azimuthal magnetic

field distribution. The output of each string is

proportional to the sum of the individual coil

signals. As indicated in. the figure, the coil

sensitivities marked 10, 14, etc. , go like the

cosine of the azimuth for the upper string, and like

the sine of the azimuth for the other.

Each string is essentially an 8 -coil

system, the two missing coils having zero s ensiti -

vity. The time -integrated output of such N-coil

systems is given by

m

Vc - c;

[- 1a,+~(a,,-, + “,t+t,)

-14

P
-lo -10

+
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b

Fig. 18. Cut along discharge tube of the Columba experiment and
sensing-coil configuration.
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for the cosine coils, and

[

V~=C; bl+ i (b,..,+ b,w,)
2=1 1

for the sine coils. The Fourier-coefficients ak

and bk are given by

In these expressions, Jz(r,9) is the z-current

density, R is the radius of the inner wall of the

0 -pinch coil, and C is a constant dependent on the

design of the coils.

The sum appearing in the expressions for

VC and VS is an aliasing term due to the discrete-

ness of the analysis. If this term is neglected for

the time being, it is found that VC and VS become

proportional to the x and y components of the

first moment of J
z“

The proportionality between sensing-coil

signal and position of the discharge is perturbed,

for large radial displacements, by the emergence

of the aliasing term. The relative magnitude of

this perturbation is plotted in Fig. 19, for a

filamentary current at position (r, O). The 8 -coil

configuration is seen to remain linear within 10’70

up to a radial displacement of O. 6 times the wall

radius. The lines r range of a conventional 4 -coil

system, by comparison, is only about half as

large.

Turning now to the stability measurement,

Fig. 20 shows a typical result obtained at a z-

bank voltage of 15 kV. The large circles corres-

pond to the inner wall of the discharge tube. The

small circles indicate the position of the center o f

gravity of the current, at the three axial positions

and at ten consecutive times during the discharge.

The z-pinch is applied 1.1 p sec after the 8 -pinch

and the plasma column of radius O. 9 cm is seen to

become unstable -0.7 v sec after initiation of the

z-pinch. The plasma first moves towards the wall

almost as a straight column. Once the eccentricity

reaches 1.5 cm, the column goes into a helix in

the direction of the magnetic field.

Measurements carried out at 5 and 10 kV

showed ess entially the same behavior. The

angular displacement between the two extreme

axial positions rarely exceeded 45°, indicating

a wavelength larger than 150 cm. The z-pinch

remained stable at these low r voltages for up to

1.1 ~sec.

A comparison between these measurements

and end -on Mach -Zehnder inte rfe rograms was

given in Fig. 17. The left side of the figure shows

a plasma column on its way towards the wall.

The two results are seen to be in good agreement.

Furthermore, the interfe ro gram confirms tie

small angular dispersion of the plasma column

during the initial stage of the instability.

By knowing the time dependence of the

eccentricity , the growth rate, v, of the instability

can be calculated. Results for delayed z-pinches

at z-bank voltages of 5-15 kV are shown in Fig. 21.
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The e-folding time is seen to range between O. 5 and
References

0.125 ~sec. The 5-, 10-, and 15-kV results over-

lap, indicating a one-to-one correspondence
1. E. M. Little, et al. , Paper CN-24/K-2.
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between growth rate and Be/B Similar measure- Cont. Nut. Fusion Res. , Novosibirsk; 1968.
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rates.
3. K. S. Thomas, et al. , Paper 1A-4, Annual
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Mtg. Amer. Phys. Sot. , Div. of Plasma
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iscent of a Scylla experiment, in which a quasi-
.

constant z-current is superimposed on a e -pinch. 1

The Scylla group observed an m . 1 instability with

wavelength twice the length of their machine and

growth rate 1/9 the Kruskal-Shafranov value.

To compare tie growth rates in the present

work with the SCylla data, Kruskalfs equation2

has been solved numerically for a wavelength of

twice the length of the Columba machine. The

result, normalized to the sound speed s, is rep-

resented by the upper curve in Fig. 22. The growth

rate to be expected from the Scylla results, i. e. ,

1/9 the theoretical ~lue, is represented by the

lower curve. It should be noted that the Scylla

experiments were carried out at values of B@/B=

smaller than O. 2 5; the remainder of the curve has

not been verified.

The growth rate observed in Columba is

seen to be larger than in Scylla but still about three

times slower than the Kruskal value. More recent

results on Scylla IV indicate a growth rate 1 /5 the

theoretical value.
3

This is comparable to the

Columba growth rate.

Conclusion

A method has been developed to measure

the m . 1 stability of the Columba pinch from the

outside of the discharge tube. The plasma

column becomes m . 1 unstable at 0. 7-1.1 ~sec

after initiation of the z -current with a wavelength

longer than 150 cm. The growth rate of the in-

stability is comparable to the latest Scylla IV

results, but still about three times slower than the

Kruskal value for a wavelength of twice the length

of the machine, The discrepancy is believed to be

due in part to the idealized current and density

distributions assumed in the theory.
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SUMMARY OF THE PULSED PLASMA GUN
PROGRAM

(I. Henins and J. Marshall)

The primary purpose of the program has

been to develop a pulsed coaxial plasma gun with

a large output of hot thermonuclear plasma. Pre-

sumably this plasma would be used for injection

into some containment device. However, the pro -

cess of trying to understand the gun behavior and

the adaptability of the experiment have led into

slightly different directions during the past year.

First, the removal of the outer electrode

allows the study of the “snowplow” discharge in an

ambient gas filling as initially reported in the last

annual report (1A-3831 -MS, p. 39). These exp-

eriments were extended and a paper was prepared

for publication in cooperation with R. L. Morse

and T. D. Butler, who have developed a theoretical

model and performed particle-in-cell computer

simulation calculations for comparison with the

experimental data. A discussion of the work is

presented later in this report.

Another interesting investigation has been

the continuous flow pinch. This developed from

the observation of the relatively stable pinch which

persists in front of th~ gun for rather long periods

of time after the plasma emerges. In cooperation

with A. A. Newton of the Culham Laboratory, this

has led to a study of the phenomenon with the aim

of understanding it, and improving those plasma

properties which might be of thermonuclear inter-

est. Various aspects of the continuous flow

pinch are discus sed in the following three sections.

Other developments, primarily of a

technological nature, have been made as necessary.

One of these is the high-pressure fast gas valve.

This was needed to make it possible to put the

desired gas loads in the large gun (1.02-m long,

6.4-cm diam inner electrode, 17.1 -cm diam outer

electrode) used in the experiments. A paper on the

valve has been submitted for publication to the

Review of Scientific Instruments and is included

in a later section of this report. Another develop-

ment of this type is the adaptation of the holographic

interferometer to the large field of view (25-cm

diam) needed in these experiments. This inter-

ferometer is discussed in detail in the Snowplow

Discharge section of this report. The solid

dielectric switch development was discus sed in

the last annual report (LA-3831 -MS, p. 43), and
1

a paper on it has now been published.

Reference

1. I. Henins, J. Marshall, Rev. Sci. Instr. 39,
1481 (1968).
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THE CONTINUOUS FL43 W PINCH
INVESTIGATION

(I. Henins, J. Marshall, A,A. Newton)

Intro duc tion

The continuous flow pinch is a phenomenon

which appears to allow the achievement of very ‘

large plasma densities at thermonuclear tempera.

tures in z-pinch configurations without the usual

m = O (sausage link) instability. It differs con-

ceptually from the usual z-pinch in that there is no

boundary between plasma on the inside and con-

taining magnetic field on the outside. Instead

there is a continuous gradation from dense, high-

temperature, high-~ plasma near the axis to

tenuous, low-temperature, low-~ plasma at large

radii. The distribution of density and temperature

is maintained by continuous flow of plasma and

magnetic flux inward, balanced by flow outward

along the axis.

In principle, the lifetime of the pinch

could be indefinitely long, but the containment time

for Lawson criterion purposes is the flow time of

an average ion along the pinch after compression.

Neutral stability against m . 0 by hydromagnetic

interchange modes is predicted in the simplest

steady flow model. In practice it appears to be

possible to attain positive interchange stability by

inversion of the distribution, i. e. , by having a

larger than normal plasma pressure at large radii.

No means are presently available for assessing the

problem of the m = 1 instability except that experi-

mental continuous flow pinches, encountered

beyond the muzzle of a coaxial gun, are usually

free of it for long times, and recover from m . 1

displacements if they develop at early times.

The continuous flow pinch shares the

property of z-pinches in general that magnetic

pressures can be employed which are far beyond

the strength of materials. It also has the advan-

tage that the containment field energy is trans -

formed into the plasma energy during the com-

pressional flow, so that no parasitic energy is

required for the containment field. If a reactor

could be built on this principle, the hot plasma

es taping after the containment time would be led

away from the confinement region in a natural

manner so as not to damage the walls. In principle,

also, the walls in the containment region can be far

from the plasma so as not to suffer excessively

large neutron loads.

The Coaxial Gun

Perhaps the best way of introducing the

continuous flow pinch is to point out that it could be

a coadal gun, modified so as to provide a steady

(or nearly steady) flow of plasma and magnetic

flux out through its muzzle. A coaxial gun usually

consists of two long concentric cylindrical elec-

trodes, separated at one end by an insulator and

opening at the other into a large evacuated volume.

The terminals, which are separated by the insula-

tor, can be connected by a switch to a high-voltage

capacitor bank. A pulsed valve admits gas to the

interelectrode space, and, after a suitable delay

for gas to spread along the gun barrel, the switch

is closed, connecting the bank to the terminals .

The resulting high-current discharge is driven away

from the terminals hydromagnetically. It does not,

however, drive the gas load ahead of it through the

muzzle but rather pushes most of it aside leaving

it stagnated against the outer electrode. The

gas which has been left behind along the gun barrel

is mixed with a substantial amount of magnetic flux

by mechanisms which are not fully understood.

The magnetic piston carries a plasma with it partly

because of gas distribution conditions which are

empirically optimized through adjustment of gas

inlet position and delay after admission. All of

the plasma in the gun is magnetized with a Be field

at the time the discharge reaches the muzzle, and

all of the magnetic field on the gun side of the

insulator carries at least some plasma. The

plasma emerging from the gun is the result of the

expansion through the muzzle of this magnetized

plasma. The so-called “fast plasma” is the result

of the expansion of the magnetic piston part of the

field, the part which carries only a tenuous plasma.

The “slow plasma !! is the result of the expansion

of the less magnetized, denser plasma which was

left behind against the outer electrode.
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Qualitative Description of the Phenomenon

The continuous pinch phenomenon in the

gun results from the flow of magnetized plasma

over the end of the center electrode. Suppose that

the Be magnetized plasma between the gun elec-

trodes is in radial equilibrium as a moderately

1OW-B plasma, i. e. , that most of the pressure is

magnetic. The plasma-field mixture exerts an

inward pressure on the inner electrode where the

Be field is bounded by an axial current. As the

plasma and field flow over the end of the electrode,

the support provided by it is removed. The

current bounding the ~leld must now be carried

by the plasma, and the result is an inward force

which drives the plasma toward the axis. Assume

for the purposes of the model that the plasma is a

perfect conductor, so that the number of ions

and electrons in a tube of flux is a constant. As

the tube of flux moves inward its volume de-

creases. (In a Be = 21/r field the volume of a

tube containing one Maxwell of flux is v = 2nr/B .

TIr2/1). The magnetic energy density in the field

however varies as 1/@ so that the magnetic

energy of the tube is independent of radius. The

plasma energy, however, grows because of the

compression. The result is that the ~ of the

plasma rises, and, if the inward flow is carried

far enough, nearly all of the pressure is due to

the plasma.

Morozov Model

Flow systems of this kind have been

treated theoretically by A. I. Morozovl by meahs

of a hydromagnetic Bernoulli equation

V:+g+ =const. ,

where Va . Alfv& speed ( -, C . speed

of sound (yp/p ), and V = streaming speed of the

plasma. The equation is derived on the assump-

tion that the plasma is nonre sistive, adiabatic

in the sense that the particles follow E x B

guiding center drift motion, and that the plasma

conforms adiabatically and isotropically to the

changing volume of a tube of flux.

The three terms in the Bernoulli equation

can be transformed one into the other by suitable

flow patterns. For example, where a streamline

approaches the axis, the Alfw% velocity or mag-

netic energy term becomes negligible. If at the

same time the streaming velocity term can be kept

small by somehow throttling the flow, the plasma

density and temperature can be raised by large

factors from their values at the source. The max-

imum factor by which the density can be raised is

given by
1

,

.

n
y-1

—=+1,
no 0

whereas the maximum temperature is

If the compressed plasma near the axis

is allowed to flow out into a large volume, it will

e~nd so that its thermal energy and the mgnetic
energy associated with it are both negligible com-

pared to its streaming energy. This corresponds

to complete dominance of the first term in the

Bernoulli equation. The streaming energy per

particle will now be ~ mV2 = B~/4rrno. At this

point in the flow the density is small because of

the expansion and the plasma is probably not of

immediate thermonuclear inte rest.

The Slow-Fast Model

This model of the continuous flow pinch

was developed at LASL in ignorance of the work of
1

Morozov. It includes no inertial effects and is

one-dimensional, assuming purely radial flow o f

plasma and flux, with a flux sink at the axis. It

is described in the next section (p. 28 ). Its only

virtue, compared to the more sophisticated treat-

ment of Morozov, is that, since it includes no

inertial effects, it describes a static equilibrium

and !t is immediately obvious tiat the situation is

neutrally stable against m = O hydromagnetic

instability. This follows from the reversible

adiabatic compression assumed in the model. Any

two tubes of flux, complete with attached plasma ,

.
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Fig. 23. Interferogram of deuterium plasma
pinch in front of gun muzzle.

can in principle be interchanged without altering

the system at all. This means that such a per-

turbation produces no change of energy, and is

therefore neutrally stable.

Observations with Coaxial Guns

For a number of years it has been known

that a z-pinch configuration of current extends

beyond the muzzle of a coaxial gun, and that it is

remarkably stable, showing no violent fluctuations

in voltage and current. For a little more than a

year work has been proceeding at Los Alamos with

a scaled-up coaxial gun driven by large, rather

inductive, capacitor banks. Much larger gas loads

have been used than before, this being a natural

scaling requirement of the move toward higher

energy. In addition the technique of holographic

interferometry has been applied to the emergent

plasma. Taken together, these factors have led

to the direct observation of the gun muzzle pinch.

The example in Fig. 23 is for a deuterium plasma

pinch in front of the gun muzzle at 55 psec after

breakdown; the first plasma emerges at -15 psec.

The 3. 2-cm3 plenum was filled to 500 psig; the

2800WF capacitor bank was charged to 10 kV and

the firing delay was -400 ~ sec after valve opening.

Under appropriate conditions the pinch is

found to be grossly stable over periods of about

100 p sec and to have densities of several times

1017 /cm3 , both in deuteriurn and argon. Plasma

temperatures and streaming energies are in the

region of about 100 eV although they can be varied

over wide ranges. Spectroscopically, the pinch

is observed to show only the lines of the injected

gas (no copper from the electrodes is found). The

current in the muzzle pinch is considerably less

than that along the center electrode well within

the gun. In addition, it decreases rather rapidly

with increasing distance from the gun. The cur-

rent, decrease is due to expansion thm ugh the

muzzle and away from it. The expansion involves

plasma acceleration, due mostly to~ ~ ~ forces,

and the current required to do this flows radially

out of the pinch and returns to the outer electrode,

thus decreasing the current in the pinch.

Muzzle pinches observed with argon and

deuterium gas injection both show gross stability

over long periods, although unstable behavior is

found under some conditions. It appears that with

argon the plasma column of the pinch is smaller *
in diameter and more turbulent, i. e. , with a

lumpier appearance as viewed photographically or

by interferometer. The smaller diameter is

probably due to more resistive behavior in argon

where a great deal of energy can be dissipated in

line radiation. The resistance leads to flux

annihilation at the axis and enhanced hydromagnetic

drift inward toward the flux sink.

Shock Waves

The edge of the muzzle pinch is frequently

sharper than would be expected from the simple

adiabatic flow theory. This may be due in part

to a standing shock wave which has appeared in a

hydromagnetic particle-in-cell computation.
2

Some of the results are shown in Fig. 24; the

problem is started with a cold isomagnetic plasma

load on a 1/r Be field filling tie space between

the electrodes. After some time, the system

achieves a nearly steady state with a plume of

high-velocity, hot plasma streaming along the

axis. A shock wave bounds this plume, apparent-

ly re suiting from supersonic implosion against

the axis.

Flux Annihilation

The detailed shape of the muzzle pinch

must also be affected by resistive flux annihila-

tion, as mentioned above. Measurements of the
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Fig. .24. Calculation of plasma configuration in
the gun muzzle pinch (made by T. D. Butler, J. L.
~aok, and R. L. Morse2).

magnetic field carried with the flow of plasma in

the pinch indicate that the plasma is substantially

demagnetized as compared with its state inside the

gun barrel. In addition, total flux flow measure-

ments made with electric probes show that with

argon about ~ of the flux emerging from the gun

muzzle disappears into the first 20 cm or so of

muzzle pinch.

In ordinary resistive hydromagnetic systems

magnetic flux can be shown to be conserved except

at singularities of a particular type, namely,

where a resistive current bounds a magnetic field

zero. The axis of a z-pinch is an example of such

a singularity. Thus in a resistanceless flow pinch

the streamlines of hydromagnetic flow, which are

identical to the streamlines of flux flow and of

plasma flow, never reach the axis, but first

approach it and then later recede. In a resistive

continuous flow pinch, many of the streamlines of

flux flow are seen to terminate on the axis. The

reason they do so is the presence of electrical

resistance and this implies a departure from

hydromagnetic behavior. Thus the plasma flow

is not identical with the flow of flux, particularly

near the axis. However, at larger radii, where

the current density is much smaller, the behavior

remains reasonably hydromagnetic. No computa -

tions have yet been made that include resistive

effects. At present it is not even clear as to

whether resistance makes the pinch more or less

stable. It can be shown that, at least on the aver-

age, it has no effect on the amount of energy del-

ivered to a particle.

Plasma Flow Experiments

The Mather type of dense plasma focus

(DPF ) machine3 resembles a coaxial gun very

C1Osely in shape. The outstanding difference

between the detices is that the plasma focus is

operated with a static gas filling at relatively high

pressure (.u 5 torr), whereas the coaxial gun

operates with fast valve gas injection. In addition,

a DPF device is said to operate “better” with the

positive electrode at the center. Coaxial gum, on

the other hand, produce a more useful plasma

stream with the negative electrode at the center.

One reason is that the trajectories of individual

ions in a negative center electrode gun approximate

the guiding center motion of the hydromagnetic

plasma assumed in flow theory. Ion trajectories

with positive center electrode would be expected to

be directed initially outward away from the axis, so

as to produce a much less focused stream. It is

not clear why higher neutron yields are produced

in a DPF machine with positive center electrode,

but grossly the behavior is nearly independent of

polarity. Higher gas density and relatively small-

er ion gyro radius presumably allow the plasma to

behave more nearly like an ideal hydromagnetic

fluid than in a gun.

The Snowplow Experiment

The continuous pinch process may also be

involved in the pinch of the “snowplow” discharge

experiments (p. 35 ). There it is found that the

magnetic field disturbance, created by the snowplow

spilling over the end of the electrode and pinching,

propagates toward the terminals at a finite Alfv&

speed. From this it is inferred that the snowplow

is somewhat leaky. By combining it in one par-

ticular case with the magnetic field value at the

surface of the electrode, the plasma mass density

is calculated to be about 1 /200 of the initial filling

density. This remaining plasma should be thorough-

ly magnetized, and thus the plasma and magnetic

.
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flux flow into the pinch is a more-or-less sus-

tained process and, according to Morozov, should

compress to a high density. The question then is

whether or not this might also be the process

responsible for the high densities observed in the

DPF experiments.

The Mather Experiment

Detailed measurements have been made by

J. W. Mather et al. , of the angular distribution of
4

neutron energies in their DPF machine. The

measurements have been interpreted to indicate

that the neutrons are produced by approximately

thermal distribution of deuterons with a stream-

ing velocity > 108 cm/ sec. At the same time the

neutron pulse lasts for - 0. 1 ~sec. These obser-

vations and conclusions are in agreement with

those of other experimenters. It appears that it

is very difficult to reconcile these observations

with anything but a sustained flow model. Further-

more, in the admittedly different experiment

described a hove, the plasma required for SUS-

tained flow is present and the flow exists.

Other Gun Expen ments

Exploratory experiments have been made

with the idea of seeking to improve the stability

and density of the continuous flow pinch observed

beyond a coaxial gun muzzle. The central idea

has been modification of the plasma source. The

design of coaxial guns was partially optimized to

produce the maximum possible amount of fast

plasma. The parameters arrived at in this way

are not necessarily optimum for continuous pinch

operation. It would be desirable to operate a

continuous source of low-~ plasma with an “iso-

magnetic !! distribution; isomagnetic is a word

coined by Moro zov to indicate that every Weber

or Maxwell of flux carries the same amount of

plasma. Low ~ is required because of the inverse

relationship between initial p and final density

after compression. A source which might be

applicable is the “deflagration” process which

apparently h:s been observed in a coaxial gun by

D Y. Cheng. Attempts have been made to dupli-

cate Chengls results in modifications of his gun

geometry, but they have not yet been successful.

Apparently in Chengts system there is a break-

down on the downstream side of a puff of injected

gas which burns away at the gas so as to drive a

high-velocity, tenuous plasma out through the

muzzle. A relatively steady source has been

achieved, feeding on continuous flow through the

gas valve, but apparently there were relaxation

oscillations in the discharge which produced an

unsteady plasma source and sausage-type instab-

ilities in the pinch. A number of other things

have been tried, but so far no conclusive results

have been achieved.

The Continuous Flow Pinch as a Reactor

It is not yet clear if the continuous flow

pinch can make a thermonuclear reactor, but

there are interesting possibilities. The most

obvious way of making a reactor is to use the

self-field of the pinch alone for containment, and

to make the pinch long enough so that the ions , at

their streaming speed out along the axis, remain

in the pinch for the time required to satisfy the

Lawson criterion. Suppose the streaming speed

is assumed to be equal to the speed of an ion with

the energy kT. Then, a density of 10m/cm3 could

be achieved, the streaming time would have to be

at least 10-8 sec. At 10 keV this wmld require

the pinch to be 1 m long. The assumption that the

streaming velocity is equal to the thermal speed

may be unduly pessimistic. If it can be slower,

the pinch need not be so Long.

In principle, a given density can be achieved

at any desired value of the pinch current, simply

by varying the density and temperature of the

plasma at the source. The diameter of the pinch,

however, will be proportional to the current, since

the same plasma pressure requires the same

containment field. Thus, a total pinch current

which is increased by a factor ten, for instance,

will be carried in a plasma column having 100

times the area or the resistive voltage drop will

be reduced by a factor of 10. This will reduce

the accumulation of plasma in the pinch because

of resistive flux annihilation and may contribute

to s tabi Iity.

In the coaxial gun version of the continuous

flow pinch, the pinch current falls off rapidly with
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increasing distance from the gun muzzle. This is

due to axial acceleration and presumably can be

overcome by control of the flow pattern. One pos-

sibility is to restrict the flow away from the gun

muzzle by a poloidal magnetic field as generated

for instance by a coil coaxial with the pinch.

Another is to use inward radial flow from an ex-

tended source at large radius. Pre su.mably the

axial flow w uld be outward at each end diminish-

ing in velocity to zero at the center. A coaxial

coil around each end of the pinch could be used to

restrict the flow to a smaller radius. A practical

difficulty here is that it is not known how to make

the plasma source.

Control of m . 1 instability, if it is

serious in the continuous flow pinch, must wait

for a better knowledge of the instability. In

principle, the same methods of stabilization are

available as for an ordinary z-pinch, but more

knowledge is needed in this connection.
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THE CONTINUOUS FLOW PINCH

(J. Marshall an~ A. A. Newton)

Recent experiments with a coaxial gun,

firing into vacuum and using pulsed gas injection

half way along the center electrode, have demonstra-

ted tie existence of a dense, stable pinched plasma

column in front of the gun which is sustained for

periods of more than 100 psec. 1 It is remarkable

that, although probe measurements of the current

distribution show this to be a z-pinch, which is

known to be unstable to the m = O mode, no such

unstable behavior at the boundary is observed.

Within the pinch there is some turbulent structure.

A model is proposed here to account for the heating,

sustainment, and stability of the pinch.

The investigations have shown the plasma

in the column to be flowing away from h gun and

to originate from a Be magnetized plasma produced

and left behind between the gun electrodes by a

high-current electrical discharge. It corresponds

to the “slow plasma II from the gun, comprises

most of the gas admitted by the valve, and carries

about half of the streaming energy. It succeeds

tie IIfast plasma, it the component usually considered

to be of primary interest in gun studies.

The significant part of the flow, for the

present purpose, is radially inward, and occurs

when the plasma I!falls off!! the end of the inner

electrode. If there were no means for removal of

high-pressure plasma, accumulating near the axis

because of this flow, the flow would be only mom-

entary. Expansion away from the gun along the

axis provides a sink, however, and the spillover

process continues until all of the stored plasma

and flux have been echausted from the interelec -

trode space.

Thus a one-dimensional model of inward

flow is constructed assuming a sink for plasma and

magnetic flux at the axis, and a steady source for

both at some outer radius; J is considered to be

purely axial so that B is azimuthal. Ideal M.H. D.

flow is assumed, so that the plasma density, n,

varies with field and radius as

.

.

.

NB
“z’

(1)
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where N, the number of particles per unit flux, is

conserved. If the flow is slow and steady, pres-

sure balance takes the form

~(nkT)+JB .00 (2)

Furthermore, is entropic compression is assumed,

so that

T/T. = (n/no)y-l (3)
>

where the suffix zero denotes a wilue at the source

radius, ro. There is a problem here as to what

value of Y should be used, since the compression

is somewhat anisotropic, and the anisotropy varies

with radius. Qualitatively, the results are indep-

endent of the value of y within reasonable limits.

If J and B are related by Maxwellts equa-

tions , Eqs. ,1-3 may be combined to give

(4)

where

A = 2y Nk!I’o (ro/Bo)y-l.

Integration then yields

rB(y-1 + Ar-y By-2) = constant,

It is of interest to note that the ultimate

temperature is related to the field energy/particle

at the source, i. e. ,

-2

’90 y-l
kT = ~Y

max
o Y“

An equivalent statement is that

C:. (y-l)va: ,

where Cs is the ultimate sound speed and V a. the

Alfv&n speed at the source. ‘The ultimate density

is given by .

n =n [( )]2$+ * .
max o (5)

o

-2 -1 0 I

Log. Radius (cm).

Fig. 25. Computed density, temperature, and
magnetic field for a pinch with a slow, steady
inward flow.
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Fig. 26. Computed radial distribution of sound and
Alfv& speeds corresponding to Fig. 25.

Typical distributions of density, temperature and

magnetic field for y . 5/3 are shown in Fig. 25.

The numbers have been chosen b correspond to

possible conditions in a dense plasma focus mach-

ine. The growth of Cs at the expens e of V is
a

shown in Fig. 26.

Inclusion of inertia in EqO 2 , i. e. , by

adding (pV)(b V/b r ) in this case, gives an additional

term in the denominator of Eq, 4 , namely,

-%poV~roBo/rB3 . The singularities obtained
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suggest a standing shock. A two-dimensional
2

numerical model reveals a shock which corres-

ponds qualitatively to some of the observations

made in this work.
.

Mo ro ZOV5 has studied the two -dimensional

plasma flow in axisyrnmetric systems by means of

a hydromagnetic analogue of the Bernoulli equa-

tion. When his treatment is specialized to slow,

one-dimensional flow the results are identical with

those given above. However, the possibility of

shocks was not considered.

The existence of a shock is important

because its appearance invalidates Morozov%

(and the present ) calculations of a continuous flow

pinch as a thermonuclear device. With a shock, a

high temperature is still obtained but the large com-

pression, which is an essential feature of such a

device, falls short af that predicted by Eq. 5.

A feature of the continuous flow pinch is its

neut~al stability to m = O interchanges when the

flow is slow and steady. Neutral stability against

flutes is implied by the reversibility and steady

flow of the model. Thus, if any two tubes containing

equal magnetic flux and numbers of particles are

exchanged, there is no change in the total energy of

the system. This is consistent with the general

criterion for stability against interchange

(6)

where v is the volume per unit flux. With N con-

stant everywhere, Eq. 6 reduces to

~=~~P-ydJ>o
P dr pdr”

In the isentropic case r = O and the stability is

neutral.

(7)

It follows from Eq. 7 that heat conduction

and radiation cooling of the central regions induce

stability whereas dissipative heating has the oppos -

ite effect. A suitable distribution of N can ensure

stability in real cases at the expense of steady

flow. That the flow may sweep away a pe rturba -

tion before it grows to significant amplitude is

clearly beneficial, but only for short systems.

from the coaxial gun and accounts for the sustain-
,..

ed stable pinch observed. similarity with the

dense plasma focus suggests that the “paradox”

noted by Ivfather5 may be explained in an analogous

manner.

It is clear that conditions for continuous

flow pinching are not optimized in the gas-injected

gun and occur fortuitous ly through broadening of

the initial current sheet in the plasma focus. If

rm ans were protided to replenish the plasma

magnetic field mixture convected into the pinch,

then the pinched column could be sustained for

much longer times.

W. Riesenfeld, I. Henins, and D. Hender-

son contributed to the discussion of the work

described above.

1.

2.

3.

4.

5.
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It is concluded that the foregoing explains

qualitatively the production of the slow component
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lHL buN’llN UU US l-MI W PINCH AS A
THERMONUCLEAR REACTOR

(A. A. Newton)

ht reduction

In the work of A. I. Morozovl it can be

seen how the magnetic Bernoulli equation may be

used in the description of the properties of ideal

M.H. D. flows. Large and predetermined increas-

es in density and temperature can be expected.

The possibility is examined here of using these

effects to make a thermonuclear react. r.

As indicated earlier in this Report, the

plasma column somewhat resembles a z-pinch,

although there are special differences, viz. , the

distributions of pressure and density. These

appear to suppress the dangerous m . 0 instability,

at least in the simplest model. In the experiments

of Morozov and those made at LASL, the plasma

is observed to be stable; hence, ideal stability will

be assumed in what is to follow. In addition, it is

assumed that the flow channel can be constructed

in such a manner as to suppress any shock effects

akin go those predicted by R. L. Morse.

Technological considerations, such as the

durability of electrode surfaces, will be assumed

to be favorable.

Concept

As presently conceived, the Continuous

Flow Pinch Reactor comprises three regions.

First, there is a chamber where neutral gas is

fed in and ionized in an azimuthal magnetic field

to produce the low-p plasma-field mixture.

Neutral gas and electrical energy are continuously

fed in to make a continuous supply of the mixture.

Then the plasma streams from the low-~

region to a second region where it is compressed

and heated. Densities and temperatures are

sufficient to generate thermonuclear reactions.

Fina Ily, the plasma flows to a third region where

its energy is mostly in streaming motion for

recovery by some mechanism unspecified.

The effective lifetime T of an ion in the

pinch is the time spent flowing through the high-

density region and it is this time which must be

used when Lawsonfs containment criterion is

applied.

It is visualized that the flow pinch will be

sustained indefinitely. If it is necessary to use

pulse operation, the supposition is made that one

pulse will last many ion transit times so that

energy expended in setting up and disassembling

the pinch can be neglected. Clearly if the latter

energy is not negligible then the criteria have to

be revised to take this fact into account.

Scaling Laws

Scali@g Laws can be obtained through the

application of Lawsonts criterion using the ideal

M. H. D. Bernoulli effect. At the end of this

section there is given a qualitative discussion of

the effects of radiation 10ss, diffusion, and micro -

stability.

The reactor comprises three regions: (i)

An inlet where low temperature, low-~ magnetised

plasma is generated. It has a density ~ and a

magnetic field B1 - 211/R1 where 11 is the current

in the central electrode of radius R1. In the

Bernoulli equation (appropriate to this special

case v . V(Vr, Vz), B = B(Be) )

(Y2
v;+— + ~ = U = constant

y-1

(see p. 24 for definitions), the first term is

dominant, i. e. ,

(1)

(2)

where pl = mini.

(ii) The plasma flows and compresses into a high-

temperature, high-density region where a thermo-

nuclear yield is obtained. Here Va + O so that

c: @
u.—

y-l ‘T” (3)

The flow and thermal terms will be taken

as equal; the density compression ratio is then

(4)

where the factor (~)y-l arises from flow and

thermal terms being equal,
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At this time the physics determining the

length L of this region is uncertain, and so it is

chosen to be

L = aRo. (5)

Then the reaction time is

Mass and Energ y Fluxes

The mass flux through the device can be

estimated by using the pressure balance relation-

ship

b’ p~ c *2

()
2 Bz—— . (nkT )max = — s ~ (13)
y ,8n max

yll R22
.

.
(6)

to find the value of Rz approximately. Then the

mass flux is(iii) The flowing plasma enters a final region in

which the energy is all in flow, 1. e. ,

@
—.
2 “

(7)

and is recovered by means as yet unspecified.

Lawson Criteria

The Lawson criteria require the tempera-

tur e and the containment parameter to attain cer -

I’* i!

()r =vpakzvz = ~ & =
c

(pTf C*a R, ~ 2

62
LYA

1?

()
~

(14)

with the assumption Iz = 611.

The energy flux is

tain

The

will

(starred) values, i.e. ,

T = T*, (n~) = (nT~.

equivalent form (15)

C.2 = C*: (P2T) = (PT)* (8)
,

The driving ernf can be found to be
be used here. T’he current and density are

determined through Eq.

&2 *2
—.

*
n PI Rlz

2and6, i. e.,

(9)

(pry. (lo)

+

()

2
~

(11)

now

and the dynamic resistant e

and
w 2*Z *

‘dyn=~=bc
()

~. (17)
aR1ypl

()

/?q=

c*

If a and R are given, then

(p?~ C*3 R,
It = UX r

This is the resistance seen by the power source

looking into the device.

Compression Ratio

The compression ratio k merits some dis -

cussion. There is an upper Limit, since V - C*
a

which is fixed and Cl has a minimum value since

the plasma must be fully ionized. Even so

C*2/C12 may be -104.

and

(12)

must be chosen to satisfy the Lawson criteria.
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Also, the compression ratio is sensitive

to y, particularly as y + 1. A change of y from

2 to 5/3 can make a facto r--- 10 increase in maxi -

mum values of 1. This suggests that in practice

the device may not exhibit a unique or well-

defined ~.

Aspect Ratio

The physics determining the aspect ratio

is not known at present. Experiments suggest

CY-1-1O is feasible. The scaling laws suggest

much higher values, i. e. , ~ w 100-1000, would be

more useful.

To raise u, Marshall and Morozov have

advocated a B= guide field. However, no signifi-

cant gain would be expected from having a mag-

netic channel unless B= - B
e“

In this case much

of the advantage of a continuous pinch reactor is

lost since B= is limited by practical considera-

tions and KYR. turns out to be rather large.

(Morozov calls this device the “Prolyototron” or

literallY !Ifly-t,hrough-tron”).

Numerical Examples

Typical numbers appropriate to a D-T

mixture for the Lawson criteria are

n7. 1014 cmv sec T = 104 eV

or

(pT)* =4x10L0 gcm% see,

C* = 0.895x 108 cm see-l.

For the calculations, y is taken as 5/3 or 2 and

the temperature of the cold gas corresponds to

Cl . 1.414 x 106 cm see-l. The resulting para-

meters of the flow pinch are given in Table 3.

The extreme sensitivity to y is illustrated

there being one and a half orders of magnitude

difference in k for the two cases chosen. The

importance of achieving a high aspect ratio to e

is also apparent.

Radiation

To test for the importance of radiation,

a system with large a is assumed; then radiative

cooling is only important in the jet. A figure

Table 3

Parameters of a Flow Pinch Satisfying
rn = 1014 cm% see, T = 104 eV

y = 5/3

A 2.55 X 105

I 1.35 x 105~emu

pl 2.43 x 10q/a Rlgcm-3

r 3.56 x 10z82R1/agsec-1
*

Wf8.5 x 101852RI /a erg see-l

(? 6.3 x 101362 ~emu

R 4.65x 108 62 emu

*
i. e., 850/a RkMW

.. ).2

4.01 x 103

7.98 X 105J~

1.26 X 10-s/a Rl

1.02 x10462 Rl/a

1.6x lo~62Rl/ff

2x10462~~

2.53 X 108 62

of merit is defined by

x’=%
which is the ratio of radiated energy to the internal

plasma energy

PR = k (322 C*

for pure brernsstrahhmg (k . 1.21 x 1016 erg cm2
*2g-2 ). It then follows , using yp/p = C ,that

Upon inserting numbers, it is found that

xl = 0.06 for 10 keV nT = 1014

XI SO.4 for 20 keV m . 1015

so that radiation is a feature which ought to be

included for reactor calculations. In particular

its effect may be manifest through A(y).

Diffusion

To assess the importance of diffusion, the

ohmic and dynamic resistances of the plasma column

are compared, i. e. ,

R

~z= R
ohmic .
dynamic

Now Rohmic -a RITI/nR2 and Rdpamic has already

been calculated. Thus
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()1 @_:
X2’%+-;2.

62 C RI

For negligible diffusion it is required that Xa<< 1

which imposes an upper limit on a/62 R1. TO

obtain representative numerical values

’11. 10s emu/Te: (eV) is used. Then

CY— << 170 cm-l for y . 5/3

62 RI

and

0’ <<4000 cm-l for y = 2.
62 R1

Micro stability

A particular microinstability, viz. , the

excitation of ion acoustic waves which leads to an

enhanced resistivity, is excited if the electron

drift velocity, u, exceeds a characteristic speed

(kTe/mi)*. Now

and

So that the criterion y U2 < C*2 for the excitation of

the waves becomes

(0 )
** ;

ff—< T ()C ezfl 2

62 R1 A y miz
~

i.e. ,

U < 22 cm-l y = 5/3
62 RI

a e 1590 cm-l y=2.
62 Rl

It fo 11OWS that if the criteria for micro stability are

met then there should be no risk of diffusion.

Wall Loading

There is an upper limit to the energy flux

incident on a reactor wall, which is one of the

technological constraints in reactor design. A

continuous flow pinch can have a metal wall. The

energy flux incident on the wall of radius R = cR2
w

which bounds the second (reacting) region is

where <u* Q+ is the product of reaction rate and

energy release. Making use of previous scaling

laws, it is found that

Inserting the numerical values <uV> = 10-16 cm3

see-l, Q*= 2.26 x 10-12 J, the result for y = 5/3 is

F = 2.6x1013 ~ W cm-z.
CR1wz

The upper limit to F is presently < 103 W cm-z

which constrains

cRlff2
b

a 2.6 x 1010 cmz.

To see the restrictions imposed by wall

loading, assume e/6 w 26, y . 5/3. Now to keep

the power Wf within reasonable bound~, say 109 W

(this is the electrical ~t power) it is necessary

that R1/a P 107 cm. Moreover, the machine must

be a reasonable length say a% N 104 cm. Thus RI

x 3 and a .- 3 x 103 which leaves the result a factor

of 3 x 102 short of the above criterion.

These difficulties might be overcome with

pulsed wall loading.

Pulsed Wall Loading

Consider a pulse of duration VT. The

energy received by the wall is

The radius is now removed from the criterion.

Numerically for y = 5/3

Ew#3 x 105~ J cm-z per pulse.

.
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A certain upper limit to Ew is that at which the

walls melt e. go,when Ew - 105.

The wall loading criterion has now been

freed from an RI dependence. Moreover the

energy balance will be less favorable, requiring

inclusion of terms for setting up and disassembl-

ing the plasma on the energy balance sheet.

Conclusion

The foregoing attempt to assign scaling

laws is of tours e only approximate and it is clear

that some detailed computational model will be

required to obtain more realistic numerical

results. The situation with regard to diffusion and

micro stability appears to be good. Radiation

cooling is also not severe if the plasma is pure.

However, a number of points have been

neglected, e. g. , conduction heat loss and the all-

important alpha-particle heating. The former

being across field transpor’

culate directly.

Reference

1, A. I. Morosov, Zh. Te

is difficult to cal -

h. Fiz. , ~, 2147
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GOA~L SNOWPLOW DISCHARGE

(T. D. Butler, I. Henins, F. C. Jahoda,
J. Marshall, R.L. Morse)

Introduction

Since the advent of coaxial plasma accelera-

tors some years ago, numerous studies have been

made to determine the characteristics of the plasma

produced. Studies have centered on both the puffed
1-6

gas mode of operation as well as on the static

filling mode.
7-16

. There has been much discussion

of the results and many are left unexplained by

available theory.

For the static-filled operational mode, gas

at uniform density and temperature fills the space

between two cylindrical coaxial electrodes that

are separated at one end by an insulator and are

open at the other end. When a capacitor bank is

discharged through the gas-electrode system, an

axially symmetric current sheet forms at the sur-

face of the insulator at the breech end of the accel-

erator. The sheet propagates axially along the

electrode to the open end by means of a Y x 8 force

leaving in its wake a rarefield region perlneated
12

with an azimuthal magnetic field. Lovberg

studied this phase of the dynamics extensively

using schlieren photography. Upon reaching the end

of the electrode, the sheet diffracts around it and

implodes on the axis forming a pinch. This latter

phase of the dynamics has been investigated by

Mather13’15 and is called the dense plasma focus.

The primary purpose of this work is to

investigate the dynamical plasma distribution in the

accelerator. Both experiment and theory are used

with each complementing the other to aid in the

understanding of the problem. In addition, an

evaluation of the applicability of the theoretical

models to the problem is made by comparing their

predictions with experiment.

Previous investigations have raised specific

questions concerning the plasma properties and

distribution in the accelerator , and some light has
10

been shed on the problems. For example, Keck ,

Lie}et al.
14

, and others have indicated that signifi-

cant differences in the distribution occur as a
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result of an interchange in polarity. In these cases,

the negative center electrode experiments produce

distributions that differ more from the conventional

“snowplow” theoretical predictions than do distri-

butions formed using a positive center electrode.

This is not the result found in the present work.

Good agreement between experiment and theory is

obtained although the experiments were performed

only with negative polarity.

The experimental setup differs from those

usual in accelerator studies. As mentioned above,

an outer cylindrical electrode surrounding the

inner one has provided the current return in pre-

vious work. The outer electrode obstructs the

radial flow of plasma in the devices and hampers

the diagnostics during the time interval when the
12

sheet propagates along the electrode. Lovberg

and Mather13’15 have carried out studies with a

perforated electrode that mitigates these problems.

In the present work, the outer cylindrical electrode

has been eliminated altogether and replaced by an

unobstructive current return. This allows the use

of the various diagnostics in all phases of the

discharge.

Experimental Arrangement

General Description

The experiment was set up in a large

vacuum tank, w 120-cm i. d. and 200-cm long, which

can be pumped to a base vacuum of < 10-7 torr by a

combination of pumps capable of creating a relativ-

ely oil-free vacuum. The work was performed

with static gas fillings to various pressures within

a factor 50 up or down from 1 torr. Pressures

were measured, depending on the range, with a

trapped McLeod gauge or a precision diaphragm

gauge. A large number of shots could be taken on

one gas filling with no observable change in the

time history or photographic appearance of the dis -

charge. The gas was changed, however, at fre-

quent intervals to avoid the possibility of contamin-

ation. The tank is provided with appropriate ports

for probes, photography, and straight-through

laser illumination for interferometry (Fig, 27).

The energy storage system is an adapta-

tion of existing capacitor banks. The normal gun
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27. Experimental arrangement for plasma
gun studies.

bank uses variable numbers of 14q.LF, 20-kV

capacitors each with a low-inductance ignitron

switch mounted on its terminals , and up to six low-

inductance cables from each capacitor to the gun

terminals. Typically the bank has less than 10-nH

inductance as seen by the load. For some of the

present experiments eight of these capacitors were

used, and for some 16. With dense gas fillings,

it was necessary to increase the amount of stored

energy beyond the capability of the normal gun

bank by paralleling this bank with relatively high-

inductance banks normally employed for operating

pulsed magnetic field coils. A nominal 140 kJ of

bank energy with an inductance of about O. 3 @ was

used. The gun bank was left connected in parallel

with this much larger energy source so as to reduce

the large voltage transients otherwise accompanying

the current break when the snowplow discharge

spilled over the end of the electrode.

In all cases a negative voltage was applied

to the electrode. The cables connect to a pair of

parallel flanges at the gun terminal with a sheet of

polyethylene between them for insulation. The

I

.

.
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Fig. 28. Optical system for holographic inter-
ferometry (not to scale).

electrical insulator through the tank vacuum wall

is a tube of high-alumina ceramic - 5-cm diam.

To make the joint between the flat polyethylene

insulator and this tube, phenolic !%atl! insulators

are used in a space pressurized to -3 atrn SFg.

The feed to the snowplow electrode passes through

the ceramic tube, and the electrode overlaps it

inside the tank so as to protect its end from the dis-

charge. The gas discharge starts along the outer

surface of the insulator tube and is then driven out-

ward hydromagnetically in an inverse pinch config-

uration. As a general rule, there was no trouble

with this design in the sense that a good clean hydro -

magnetic behavior was obtained with a nriety of

gases from a few mtorr to 50 torr.

The electrode is made of ordinary copper

tubing 6. 35-cm diam with - 3-mm wall thickness.

The end is left open to a considerable depth (> 20

cm) to avoid current concentration on the end;

during operation with a closed end, such concentra-

tion resulted in enormous amounts of light, pre-

sumably from evaporated copper. The low light

level achieved with the open end allows optical ob-

servation of behavior after collapse over the end of

the electrode; this would have been difficult or

impossible otherwise Also it does not affect the

theoretical interpretation of the collapse in a very

serious way.

For most of the experiments the current

return was to a copper sheet covering the inside of

the end of the tank. The shape of this positive

electrode wried somewhat, and in some cases it

was left out completely, the current returning

directly to the aluminum alloy end plate. The

shape or material of the return electrode would be

expected to make little difference to the behavior

of the system , and this appears to be the case.

Holographic Interferometry

The diagnostic technique of ho lo graphic

inter ferometry is relatively new and has been used
17

at LASL in studies of the 9-pinch. However,

certain modifications were necessary in order to

adapt the technique to the larger field of view and

increased plasma self-luminosity in the present

work. The primary advantage is that holographic

interferometers are much simpler to apply to the

present problem than a Mach- Zehnder interfero-

meter, while giving equivalent results.

A diagram of the optical system (not to

scale ) is shown in Fig. 28. The light source is a

rotating mirror Q-switched ruby laser, TRG Model

104A operated at N 460 J input and with a pulse

duration of- 30 nsec. In order to improve the

spatial coherence, only a part of the laser light is

selected by pas sing it through a O. 5 -mm diam pin-

hole; this makes the light slightly divergent as a

result of diffraction. The divergence is increased

by a negative lens and the beam is separated with a

beam splitter into a scene beam and a reference

beam. The former is enlarged with a second

negative lens to fill a 2 5-cm diam collimation lens

just in front of a glass window in the tank. The

laser light passing through the plasma is then parallel,

and just fills another glass window on the other

side of the tank.

A second 25-cm diam lens refocuses the

light on a small-aperture diaphragm; this combina-

tion permits all the laser light to pass while letting

through only a very small fraction of the plasma

luminosity. An additional lens behind the diaphragm

then forms an image of the plasma location on a

ground-glass diffuser plate. This imaging counter-

acts the refract ive bending effects due to density

gradients. In order to reduce the temporal

coherence required of the laser the reference beam
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is set up to have about the same mean optical

path length (within N 1 cm) as the scene beam.

The film used is Kodak High Definition Aerial

Safety Film, Type SO -243.

Briefly, holographic inte rferometry con-

sists of the superposition of two successive holo-

graphic exposures on the same photographic
18

plate. For the first exposure the Q-switched

laser is fired without plasma. On the next ex-

posure, which may be up to several minutes later,

the laser is synchronized with a discharge of the

machine, so that phase shifts of varying amounts

are introduced in parts of the field of view,

depending on plasma refractivity. When the holo-

gram from the developed plate is reconstructed,

the two separately recorded images of the diffuser

interfere with each other to produce a fringe

structure that delineates successive contours of 1

wavelength optical path difference.

If the plate is exposed to two successive

laser shots with no plasma on either one, some

fringes may appear because of random vibra-

tions which move the optics in the system slightly.

These fringes are generally straight and of random

orientation. In practice it is convenient to over-

whelm the random fringes by changing the gas

(hydrogen or air) in a hollow glass wedge in the

scene beam between shots. This introduces a

closely spaced set of parallel fringes across the

field with a known sense of optical path length

gradient. The effect of the random fringes is then

only a slight change in spacing or orientation of

this background and the interpretation of fringe

shifts introduced by plasma is unambiguous.

Theoretical Description

Basic Assurn@ions

In order to simulate the experiments, use

has been made of two mathematical models which

apply to two -dimensional flow; one is analytic

whereas the other is numerical time-dependent.

Each has its basis in the following assumptions:

(1) the continuum hydromagnetic equations are

applicable for describing the flow field; (.z) the

plasma conductivity is infinite so that the driving

current flows in a thin layer separating the plasma

and magnetic field; (3 ) the magnitude of the current

is constant in time.

The basis for the fluid approximation (1 )

is that, for the densities and temperatures con-
20

side red, the effective ion-ion and ion-neutra121

mean free paths are short compared to the thickness

of the shock layer. Assumption (2), perfect con-

ductivity at the piston interface, can be justified if
22

classical field diffusion in the plasma is assumed,

but the possibility of anomalous diffusion leaves

the basis for this asswption mostly experimental.

The external circuit parameters were adjusted to

some extent to cause only a slow variation of cur-

rent flow to occur near the time wkn most of the

plasma measurements were made. Hence, the

mathematically convenient constant current as sump -

tion is not too strained.

The Analytic Model

The analytic model in the cylindrically

symmetric snowplow discharge helps in under-

standing the gross features of this phenomenon. , ,

The model applies to the class in which the center

electrode is infinitely long. The shock is assumed

to be very thin and all effects that are directly

related to the thickness are treated as small cor-

rections to the vanishing shock thickness approxi-

mation. If it is assumed that a stationary solution

exists in a frame moving axially with the shock,

then the resulting time-independent system of

equations (see below) has only one physical solution.

The (r, z) cross section of the shock

surface described by this solution is a curved line

(see Fig. 29) which starts normal to the electrode

surface at the point of contact and quickly bends

away from the direction of shock propagation with

increasing radius. In this time-independent picture

the radius and radius of curvature of the shock

increase monotonically with arc length along with

surface. In the shock frame the undisturbed gas

flows uniformly in the z direction toward the shock.

When the gas strikes the shock surface its momentum

is altered and it is carried along by the flow in the

sho eked layer.

The flow is everywhere outward along

the surface, starting with zero velocity at the

.

.
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electrode and increasing with increasing radius.

It is because of this uniformly outward flow that

for most purposes an outer electrode is at best

unnecessary. When this pattern of flow is viewed

in the lab frame it is seen that an element of

shocked layer forms at the electrode surface and

is pushed first straight ahead in the z direction

and then increasingly outward away from the elec-

trode, accumulating mass as it goes. Hence, the

name ‘Snowplow!! is particularly appropriate.

In the shock frame the stationary equa-

tions of the thin shocked layer are

~zra
00 a+ d9 ~

$% r2
- PU2 c0s2e ‘2FZ =

~ (Vu) = 2n rup cos g

*(VU) = 2nru2p cose sin 9 -2nr6~

where

s

r

B:

P

u

e

v

o

e

u
c

‘f

6

P

[ 1u2 cosze + (u sine -V~ - u a +
c

2nr6 dP——
Y ds ‘

(1)

(2)

(3)

(4)

.

.

.

.

arc length along the shock from the
electrode

the electrode radius

Be field at r. behind the shock

mass density of gas ahead of shock

flow velocity of undisturbed gas
(negative of axial shock velocity)

angle made by shock surface with local
radius

velocity of flow in shocked layer

mass per unit arc iength (integrated
over angle around the center axis )

internal energy per unit arc length

critical u velocity at which the kinetic
energy of an incoming gas molecule
equals its ionization energy

ratio of specific heats ( 5/3 here)

thickness of shocked layer

pressure in the shocked layer.

Equations for 6 and P are needed to make the set

complete. From P . nkT . (y-1) e/2nr6, where

c /2TTr6 is the internal energy per unit volume, it

follows that

6 = (y-1) e/2nrP.

There are three contributions to pressure

in the shocked layer; the magnetic pressure on

the back

the snowplow pressure on the

‘s
= puz COS%3,

front

and the effective pressure caused by the centri-

fugal force from the plasma flow in the curved

shocked layer

Equation 1 is just

PB+P~+P
c

= o.

The value of the internal pressure, P, will

be taken to be the average of the front and back

pressures, i. e. ,

This

thin,

P = (PB + P~)/2.

completes the set of equations describing the

stationary shocked layer. Equations 2 and 3

describe conservation of mass and momentum,

respectively. Equation 4 describes the creation,

absorption, and transport of internal energy. The

first term on the right side gives the rate of pro-

duction of internal energy on impact of the cold gas

on the shock; the second term gives the rate of

decrease of internal energy due to expansion dur-

ing flow in the shocked layer. These equations

aPPear somewhat different from the Rankine -

Hugoniot relations because of the singularity of

the model but in fact contain all of the same physics

that survives in this limit.
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Fig. 29. Results of the steady-flow analytic model;
A shows the shock configuration, B gives the flow
velocity; and C the thickness of the shocked layer.
(See text for details. )

If internal energy and pressure are dis -

regarded and the centrifugal force term is dropped

from 12q. 1, the remaining set of equations can be
11

integrated analytically.

This analytic result clearly resembles the

physical solutions of the complete set of equations,

but the thiclmess, 6, is lost and the lab frame

characteristics are noticeably different. Since the

purpose of this work is a comparison of theory and

experiment, numerical solutions of the complete

set are presented. l%es e equations must be inte-

grated starting at the singular point s = O, 6 = O,

where V = O anda . 0. When the equations are

expanded about this singular point, the leading

terms of 9, V, and u, which are all proportional

4to s , are used to start the numerical integration.

Figure 29A shows the shock profile and the

lab frame stream line (all other stream lines

differ only by a z displacement), for the case of no

internal cooling by ionization. (In Fig. 29 all

dimensions are relative to the electrode radius, ro. )

The effect of ionization cooling on these curves is

almost negligible. The reason is apparent from

Fig. 29B which shows the velocity of flow in the

shocked layer, V, for zero and for total ionization

cooling. Clearly the relative difference is small;

the major contribution to V is from the oblique

impact of unshocked material on the shocked layer,

and not from pressure gradients within the layer.

Since the only effect of internal energy on the shape

of the shock is through V in the centrifugal fo rce. .
pressure term, the effect of changing ionization

energy should then be expected to be small.

Figure 29C shows the predicted shocked

layer thickness in units of the electrode radius for

several values of ionization energy. On the curves

for Uc > 0, 6 r. drops to zero at the same radius,

indicating that,at this point and beyond ~ionization

cdofing has reduced the internal energy, and there-

fore the layer thickness, to zero. This happens at

large radii because the normal incidence velocity,

and therefore ‘the production of internal energy per

unit incident mass, is less at larger radii whereas

the ionization energy per unit mass remains the

same.

Numerical Model
.

For the time-dependent model, a two -

dimensional compressible hydrodynamics computing

technique has been modified to include the effects of

the magnetic pressure. The Particle-in-Cell
16,19

method is used because of its ability to calculate

fluid flow in the presence of free surfaces. The

fluid-magnetic field interface is treated as a free

surface with an applied pressu~ representing the

magnetic field pressure.

The Particle -in-Cell (PIC ) method uses an

Eulerian mesh of cells with Lagrangian particles

to describe the fluid. The flow region of interest is

subdivided into rectangular cells forming the

computing mesh. Each cell is characterized by

certain average values of the flow variables, such

as pressure, density, specific internal energy, and

velocities, in the two directions. The partial

differential equations of motion are approximated

by finite difference equations related to the mesh.

At the beginning of a problem, initial values

of the flow variables are specified for each cell,

.

.

.

.
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together with the boundary conditions that govern

flow behavior at mesh boundaries, The calculation

proceeds in two phases. Accelerations are tom.

puted in the first phase neglecting the transport

terms in the equations. From these are deter-

mined the cell velocities. In the second phase,

the Lagrangian particles are moved with local

fluid velocities. The movement of the particles

makes up for the neglect of the transport terms

because the particles carry along local values of

momentum and energy.

In the calculations reported here, the fluid

is assumed to be inviscid and non-heat-conducting

with the flow confined to the radial and axial dir-

ections. The fluid is represented by a polytropic

gas equation of state

P = (y.l)p#?,

in which ~ is the specific internal energy. For an

ideal gas, (? is proportional to the absolute tem-

perature. The calculations have been made for

Y = 5/3, assuming that tie fluid in the shock layer

is completely ionized and dissociated.

The effect of the magnetic field is simulated

by prescribing that,in an empty cell, the pressure

is given by

~arz

P.~,
8n rz

where the zero subscript refers to the conditions

at the electrode and r is the cell radius.

The boundary conditions are such that the

electrode boundaries are rigid walls, whereas the

radials and end boundaries of the mesh are con-

tinuative outflow ones. Through these boundaries,

plasma is permitted to leave the computing region

with minimal signal propagated into the mesh,

Initially, the gas is of uniform density, at

rest, and cold with the exception of one cell at the

intersection of the left boundary and the electrodes.

This cell is void of particles and thus is assumed

to be permeated with an azimuthal magnetic field.

The initial pressure gradient generated by the

field drives a shock into the fluid followed by a

plasma-field interface.

Space limitations in the computer dictate

that the calculations simulate the problem with a

considerably .shorter electrode than is used in the

experiments. However, this is not a serious

limitation because it is found that before the cal-

culated shock layer has traveled a distance ro
along the electrode, it reaches a steady-state

velocity. This result is based on the assumption

of constant driving current. From the experi-

ments, the driving current is found to vary rather

slowly when the actual sheath traverses the region

covered in the calculations. It is in this region,

then, that the constant-current assumption is best

satisfied.

After the sheath has reached a steady

velocity, the dynamics in the vicinity of the

electrode are independent of sheath position, and

the calculations correspond closely to the equili-

brium model.

When the sheath diffracts around the end of

the electrode, again the calculations differ from

experiment. The experimental electrode is

hollow whereas the calculations consider it solid.

This is not a serious difference because the

sheath in the experiment is found to diffract around

the end and remain attached to the inner surface,

cutting the plane of the end normally. The free-

slip, rigid boundary condition in the calculation

does in fact have this same symmetry. In con-

trast, Mather
15

has found that the sheath, upon

diffracting around the end of a solid electrode,

drags along that surface. l%is effect is not

included in the calculations because of the free -

slip condition at that boundary.

The nature of the magnetic driving pressure

on the interface accelerates the sheath until it

implodes on the axis (see Fig. 30 ). When this

occurs the plasma is compres sed to a region so

small that there are only one or hvo cells in the

radial direction to resolve the flow. Fine struc-

ture cannot be discerned in this region. The

calculated results exhibit only mean flow quantities

averaged over a cell. Since fluid mass, momen-

tum, and energy are conserved, however, the

mean flow is represented accurately and the subse-

quent dynamics closely resembles that seen in the

experiment.



DEuTERIUM

❑ l ma
Fig. 30. Image-converter photographs (above)
and PIG calculations (below).

Results and Comparisons

The discharge was photographed over a

wide range of filling pressures, times, and cur-

rents with a fast image-converter camera. The

studies were made most thoroughly with deuterium

gas, and to some extent with argon. A typical

series of photographs is seen in the upper part of

Fig. 30; they were obtained using a 10-nsec ex-

posure time for a discharge in deuterium at 2.0-

torr filling pressure with a current just before

spill over of 400 lul. The figure shows the lumin-

ous sheath at four different stages of the dynam-

ics together with the corresponding PIC results.

The latter are cylindrical cross-sectional plots

of the Lagrangian particle positions at each time.

The first frame in Fig. 30 shows the

luminous sheath as it moves along the inner elec-

trode. In succeeding frames are seen the dif-

fraction around the end, the pinch on the axis, and

the bubble formation, respectively. This behavior

is typical of the results over much of the pressure

range covered. The luminous sheath usually has

a sharp, smooth outer surface and intersects the

electrode approximately at right angles. Some

luminosity is visible on the electrodes, but this is

usually weak compared to the sheath itse Lf.

Approximately at the time the sheath reaches the

axis visibly, a burst of neutrons is produced in

deuterium gas. The visible light from the. pinch

then disappears and the almost hemispherical

bubble grows from the end of the pinch.

Figure 31 summarizes the comparisons of

snowplow model velocities with those measured in

the experiments with deuterium and argon. In

deuterium, the velocity was changed by changing

the pressure , whereas in argon the gas pressure

was set and the current changed by varying the

voltage. Sheath velocities were determined by

focusing two photomultiplier telescopes at points

10 cm apart on the electrode and determining the

transit interval from oscilloscope traces. Results

● P- .08 TORR
ARGON . P- .2s5

. P- .50
I

I I I I I

:m.+’
Fig. 31. Comparison of observed and calculated
sheath velocities.

There is seen to be good agreement between

experiment and theory over the time period of

Fig. 30. In the last frame, however, the calculat-

ed bubble is not as hemispherical as the photograph-

ed one; this matter will be discussed later.

Extensive experimental data have been col-

lected for the phase of tb e dynamics when the sheath

translates axially along the electrode+ Since ~is

is the region where both theoretical models apply,

the validity of the models can be ascertained by

comparing the theoretical predictions with experi -

m ent.

.
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Fig. 32. Comparison of experimental sheath
shape with calculations.

from different shots are plotted against I/@ ,

where I is the current. This ratio is proportional

to Be/< . The predicted velocities are given by

the dashed lines which lie reasonably close to the

experimental points, thus providing a justification

for the theoretical approach for the equilibrium

model.

Another comparison with experiment for

the theoretical models is found in &ig. 32, which

shows the sheath shape during the equilibrium

phase. The heavy solid lines are taken from the

holographic interferometry data of Fig. 36A for

a discharge in deuterium at 0.45 torr filling

pressure. The experimental field -plasma inter-

face is the position of the magnetic piston as given .

in Fig. 37. The dashed lines represent the shock

front and back interface, respectively, as deter-

mined from a PIC calculation. The light solid line

is the shape predicted by the analytical model.

The experimental shape and PIC results

agree well over the range shown. The PIC data

give a narrower sheath with a more sharply diverg-

ing shock front than does the experiment. The

analytical model follows closely the experimental

shape and PIC calculations, with the shape agree-

ing better with the latter than the former.

The thickness predicted by the analytical

model is not shown, because it is not in agreement

with observation; the thickness given in Fig. Z9C

is too small. This discrepancy stems from the

.—

LUMINOUS FRONT

Fig. 33. Radial current density distribution at
five positions.

approbation of zero sheath width at the electrode

surface. A more realistic treatment of the

dynamics near the electrode demands a significant

width there with correspondingly greater thick-

ness everywhere downstream.

The magnetic field distribution in the vicinity

of the sheath is obtained by means of magnetic

probes. Figure 33 is a composite display of the

results of magnetic probing at five different radii

superposed on the outline o f the luminous sheath.

The discharge occurred in deuterium at 0.43 torr

filling pressure and a 240 kA current with a

measured velocity of 107 cm/sec. The data were

taken with a pair of small probes that fitted inside

3-~ o. d. glass tubing. The signal was dis -

played unintegrated and, thus, represents the

magnetic field change at the probe position. Under

the conditions of the measurement, the velocity of

the front was essentially constant and therefore

the probe signal is proportional to radial current

density. By multiplying the time base on the

oscilloscope by the sheath velocity, plots of the

radial current density as a function of z were

obtained and are displayed in the figure. Each

probe measurement was correlated accurately in

time with an image-converter photograph in which

the relative positions of the probe and the luminous

front could be seen clearly.

The photographs indicate a sharp break in

luminosity on the interior of the visible sheath.
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Fig. 34. Calculated isotherm contour plots within
sheath in equilibrium phase.

Most of the current is found to flow behind the

luminous region, implying that the luminosity is

due to the gas dynamic shock ahead of the magnetic

field region. Interferometer results show that the

plasma density is small in the region where the

current flows. Thus, to a large extent the field is

excluded from the plasma in the sheath. The

traces at the larger radii go negative in value

although it is unlikely that the current does so.

This is due to experimental error ; the probe

signals are small at these positions and the probes

themselves are poorly shielded because of their

small size.

In Fig. 34 are seen the calculated isotherm

contour plots of the sheath as it moves with the

equilibrium velocity along the electrode. The

dashed lines represent the shock front and the

plasma-field interface, respectively. The solid

lines are the isotherms (lines of constant specific

internal energy). The shock front and interface

positions are determined from the particle plots

whereas the contours are obtained from the print-

outs of the specific internal values. It is seen

that the temperatures decline from a maximum at

the field-plasma interface near the surface of the

electrode to lower values toward the shock front

and away from the electrode. At a given radius,

the highest temperatures always occur at the

interface.
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A B

Fig. 35. Photographs of snowplow discharge in
Da at 30 torr (A)and Ar at 0.09 torr (B).

The contour 0.4 corresponds to a thermal

energy of 56 eV for deuterons in a sheath with

velocity of 107 cm/sec. This plot shows that

dissociation and ionization of deuterium in the

sheath is expected to be complete for the ranges

shown in the figure. But since a decline in tem-

perature is observed with increasing distance

along the sheath, these processes may not be

complete in all regions of the shea+h. The results

are taken from a calculation with 16 cells across

the electrode radius. Another calculation with 8

cells across the radius produced slight changes in

tie positions of the contours, but there were no

significant modifications. Thus, no attempt has

been made to adjust the contours for a zero-cell

size extrapolation.

A departure from the smooth, sharp appear-

ance of the sheath is noted for experiments carried

out with deuterium at filling pressures significantly

greater than 1.0 torr. Such a case is shown in

Fig. 35A, where the filling pressure was 30 torr

with a 500 kA current. The luminous sheath is

streaked and does not have the usual paraboloidal

shape. Another departure is observed with argon

at 0.09 torr filling pressure as seen in Fig. 35B;

the current was 420 kA. This sheath, while

retaining a paraboloidal shape, has ripples on its

surface.

The full explanation of these phenomena is

not certain. However, one contributing factor is

present in both cases: the temperatures in the

sheath produced by the gas dynamic shock are not

expected to be high enough to accomplish complete

ionization of the gas. With deuterium at 30 -torr

filling pressure, the front velocity is lower by a

.
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Fig. 36. Interferograms of snowplow discharge in
Dzat O.45torr (A) and 1.10 torr (B).
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Fig. 37. Tracings of interference fringes of Fig.
36A with outlines of luminous sheath and current
from Fig. 33.

factor of -3 than for the 2. O-torr case with 400 kA

driving current. Since the specific internal energy

scales as the square of the velocity, a decided

effect is expected in the degree of ionization and

conductivity of the sheath. For argon, the ioniza-

tion energy is quite large, and again the degree of

ionization is expected to be lower than for the

2.0 -torr deuterium. With lower ionization and

conductivity, the magnetic field boundary is more

diffuse, and the snowplow will not be as effective.

This is believed to alter the sheath appearance.

Typical interferograms showing the plasma

distribution at two different phases of the dynamics

for deuterium at two different filling pressures are

given in Fig. 36. Frame A shows the fringe shifts

for the sheath before it diffracts around the end

for a 0.45 -torr filling pressure (190 kA current).

Frame B displays the fringe shifts for the sheath

and bubble after the pinch has formed on the atis

for 1. 10-torr pressure (200 kA current). C2uanti-

tative information concerning electron density has

not been extracted from these integrated densities

because of the uncertainties of an Abel inversion.

The situation at 1.10 -torr pressure is further

complicated because the electron density gradient

is very high and the fringes cannot be followed

through the front.

For 0.45 torr, the fringes can be followed

through the front and tracings of these are seen

in Fig. 37. In addition, the outlines of current

and luminous sheaths in Fig. 33 are superimpose ed

on the fringes. The position of the magnetic

piston is determined by integrating the current den-

sity traces, then obtaining the magnetic pressure

profile, and defining the position as the locus of

points of half-maximum of these profiles.

A qualitative comparison has been made of

these fringe shift data with a PIC calculation. A

traverse through the sheath at a radius of 1.5

r. to a point midway into the sheath produces a

fringe shift deduced from the calculations that

agrees to within a factor of 1.5 with the experi-

mental shift, the calculated shift being the greater.

This is consistent because the calculations show a

narrower sheath with a higher density than the

experiments in Fig. 32.

Rapid changes in the terminal current are

seen to occur when the sheath reaches the end of

the electrode and implodes on the axis. Typical

oscillograms of the terminal current are shown in

Fig. 38. The data are taken from two different

shots with deuterium at O. 45-torr filling pressure.

Trace (a) shows the overall history of the current;

it depicts the initial current buildup and the sudden

decrease associated with the rapid change in the

inductance of the system when the pinch forms.

Trace (c) shows the current behavior on an expanded

time scale for the pinch phase, with the corres-

ponding scintillator neutron signal as trace (b).

There are two bursts of neutrons for the

shot recorded. Sometimes there is only one burst,

but frequently there are two or more separated by
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Fig. 38. Oscillograms of snowplow discharge in
deuterium; (a) terminal current, (b) scintillator
neutron signal, (c) terminal current. Trace (a)
is from a different discharge than (b) and (c).
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Fig. 39. Current and neutron pulse history from
a discharge in deuterium.

a few tenths of a y sec. Each burst is associated

with a sudden decrease in current. The implica-

tion is given that the electromagnetic energy is

converted to heat energy in the pinch and a burst

of neutrons is produced.

Figure 39 summarizes the data for the

terminal current, the axial current obtained by

use of magnetic probes, and the neutron pulse for

a discharge in deuterium at O. 50 torr. A single

neutron pulse was recorded. The inset indicates

the relative positions of the two probes. The sud-

den decrease in axial current resulting from spill-

over at the end occurs earlier in the probe near the

tip than it does in the probe near the terminals.

These data provide some information on the plasma

density in the magnetic field region inside the cur-

rent sheath. The disturbance takes NO. 25 ~sec to

travel the 45-cm distance between probes. This

implies an Alfvc% velocity, Va = B/fi, of 1.8 x

108 cm/sec in a magnetic field of -19 kG (the field

at the surface of the electrode where the velocity

is highest). Assuming a uniform plasma density in

this region, the derived density is 9 x 10-10 g/cm3,

a value two orders of magnitude less than the initial

filling density. This gives further indication that

the snowplow action is quite effective.

Quantitative experimental info rmation from

the diagnostics is difficult to obtain after the sheath

reaches the end of the electrode. The PIC calcula -

tions provide additional information that helps to

explain the d~amics during this phase of the pro-

blem. The radial collapse velocity of the plasma-

field interface is readily available from the cal-

culations. In Fig. 40 is plotted tie scaled radial

position of that interface as a function of the scaled

time; 7 is given in units of time necessary for the

sheath to travel a distance r. when moving wifh

equilibrium velocity and Te is the time in the same

units at which the interface reaches the end of the

electrode. The final slope of the curve yields a

velocity -4.5 times the equilibrium velocity, in
23

agreement with the measurements of Mather.

The temperatures estimated at collapse time using

this radial collapse velocity are >20 times larger

than those in the equilibrium sheath.

In addition to the collapse velocity, the

calculations give insight into the process es taking

place during the pinch and ‘Ibubble” formation

phases. The phased implosion along the axis as a

result of the collapsing curved sheath forms an

axial filament - 2 r. in length in a time increment

AT= 0.15unit (i.e., O. 5 ysec for a sheath velocity

of 107 cm/sec and r. = 3.18 cm). The length here

assumes symmetry about the end plane of the hollow

electrode. High pressures in the filament produce

an axial gradient that accelerates the plasma,

forming a jet. The tip of the jet expands upon

penetrating the collapsing sheath front and forms

the bubble.

.

.
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Fig. 41. Shock front outLines of sheath and
bubble at same time from two -PIC calculations.

,
As mentioned earlier, the bubble shape in

the final frame of Fig, 30 differs from the experi-

mental one. The difference results from the cal-

cuLational as surnption of constant driving current

throughout the phases of collapse and bubble

fo rrnation. Experimental current traces show a

sharp decrease in terminal current at collapse

time, a violation of the constant current assumption.

This is apparently caused by the large increase of

inductance with decreasing pinch radius. In order

to determine the effect of this on the calculated

results, two calculations were performed that were

identical except that in one the current was set to

zero at collapse time. The results are summarized

in Fig. 41. The upper portion of the figure shows

the outline of the shock front on both the sheath and

the bubble for the constant-current case. The lower

portion shows his outline at the same relative

time for the calculation with no current after col-

laps e time. Whereas the sheath itseLf is unaffected

by the change at this time in the calculation, the

bubble in the latter case lags behind in both radial

and axial expansion and is more hemispherical in

shape. The experimental current traces do not

show the current vanishing, but the observed shape

is rno re C1OSely approximated by the calculation

with no driving current after collapse.

As a further indication that the numerical

description of the bubble formation is approximately

correct, it is noted that the calculated bubble

intersects the sheath, trapping plasma at the inter-

section and creating a ring of high-density plasma.

This region of high density is also clearly seen in

the interferogram of Fig. 36B, where a portion of

the bubble is shown with large fringe shifts in the

region of the intersection.

Conclusions

Remoml of the outer electrode from the

coaxial plasma accelerator permits the use of a

variety of diagnostics for investigating the plasma

distribution. The dynamical distribution is clearly

seen using image converter photography and the

holographic inter ferometry technique.
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The luminosity of the plasma sheath as it

propagates along the electrode is found to be pro-

duced mainly by the gas dynamic shock wave. In

most cases studied, the sheath is smooth and well

defined with most of the current flowing behind the

luminous region. However, two cases are pre-

sented in which the smooth, sharp appearance is

not in evidence. The full reason for this change

is not known, but analysis of the modified PIC

results shows that ionization may not be complete

for the plasma in the sheath, resulting in a low

conductivity, a more diffuse current layer in the

sheath, and insufficient snowplowing at the inter-

face.

The sheath spills over the end of the elec-

trode and pinches on the axis. With deuterium

filling, a burst of neutrons is produced at this

time. Subs equent dynamics show a rapidly expand-

ing hemispherical bubble formed at the end of the

pinch.

Comparisons of the predictions of the

theoretical models with experiment have demon-

strated the applicabi Iity of fluid models in plasma

research involving high-density plasmas. The

analytical model predicts the shape and qualitative

properties of the sheath during the equilibrium

phase of the dynamics.

The plasma distribution calculated with the

modified PIC model compares favorably with

e~erment for all phases of the dynamics. This is

an indication that further quantitative studies can

be made with this technique. The model could be

further enhanced by adding the following straight-

forward refinements: (1) allowing a finite plasma

conductivity with a diffusing magnetic field, (2)

coupling the circuit equations to the magneto gas -

dynamic equations, (3) zoning the mesh finer in

the vicinity of the z-pinch, and (4) using a more

realistic equation of state for the plasma.
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A PULSED GAS VALVE FOR FAST
TIMEABLE HIGH PRESSURE

OPERATION

(I. Henins and J. Marshall)

Introduction

A need exists in plasma experiments for

a pulsed valve capable of the admission of

known amounts of gas into an evacuated system

in times short compared to those required for

molecules to move across the system. A

typical application is in the feed to a coaxial

plasma gun where it is desirable to fill the space

between the gun electrodes with gas, while

the rest of the system remains at high vacutun.

In the past, the amount of gas required has

been modest (1 cm3 -atrn, for example) and

several types of valve have been suitable. Some

of these have been operated by mechanical
1

hammers , some have been driven electro-
2,3

magnetically , and a precisely timeable

valve driven by thermal expansion of a metal tube

after pulsed electrical heating has been developed

at LASL4. Many of the electromagnetically

operated valves have relied on the reproducibility

of a short open time as a means of determining the

amount of gas admitted. For the present purpose,

however, it has been found preferable to do this by

a plenum, which is filled slowly between shots to a

definite pressure, and completely emptied when the

valve is opened. The requirement for repeatability

with such a valve is simply that the speed of open-

ing be fast enough so that minor variations do not

affect the emptying time appreciably relative to

other functions of the expen ment.

The simplest valve to build and operate has

been one held shut with a spring and opened with a

hammer blow. A hammer is not normally precisely

timeable in advance, but when hammer contact

precedes all other expe rimenta 1 events, a timing

sigml can be generated by electrical contact

between hammer and the valve stem, so that

electronic delay systems can initiate electrical

discharges at appropropriate times. An additional

delay of a few hundred psec between harruner

contact and valve opening is introduced by sonic

delay in the steel wlve rod. For cases in which

the valve must be synchronized with other equip-

ment, such as the rotating prism in a Q-spoiled

laser, it has been possible to use a hammer

driven by an electrically exploded foil.

The need has arisen in the development of

high-energy plasma guns, however, for a valve

capable of the admission of much larger amounts

of gas, up to several hundred cm3-atm. It does

not appear to be desirable simply to increase the

size of the valve plenum, while filling it to the

same pressure as before (1 -3 atm), because this

increases the emptying time. The alternative of

increasing the plenum pressure was inapplicable

in existing valves because they are usually held

shut against gas pressure by elastic forces which

are overcome by the actuating impulse. To seal

against higher plenum pressures, these forces

must be increased. Therefore, both the opening

impulse and subsequent reclo sing impact would

be more violent and likely to be destructive.

The valve described here is adapted to high

gas pressure operation because it is kept closed

by a large force which is removed to open it.

Thus, the plenum can be small and can have

relatively fast emptying time. The opening rate

is comparable to or faster than that realizable

with a mechanical hammer. TIE re is no possi-

bility of damage during reclosure, since the valve

does not slam closed again after opening, but is

closed slowly just before the next operation.

Principle of operation

The rapid motion required for fast opening

derives from energy stored elasticallyrn an

axially compress ed nylon rod. A hydraulic jack

is used to exert about 200 atm pressure which

compresses the rod by about O. 7 ~. from its

original length. The force also makes a good gas

seal between the far end of the nylon and the mouth

of the plenum, with no additional gasketing being

necessary. To open the valve, the force of the

jack is removed suddenly by destroying an expend -

able support. This is done in a timeable way by

electrically exploding a wire passed through a

hole along its ans.
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With the compressive force nearly instant-

aneous ly removed from one end of the nylon rod, a

rarefaction wave moves along it at the speed of

sound, c = ~ , where E is the elastic modulus in

dynes /cm2, p is the density in g/cm2, and c is in

cm/sec. Ahead of the wave, the rod remains

compressed and at rest. Behind the wave the com-

pression has been removed and that part of the rod

is moving with uniform axial velocity toward the

place formerly occupied by the support. If the rod

is L cm in length, the time for the rarefaction

wave to travel its length is L/c sec. The length

of the rod was shortened by the applied pressure p

by an amount AL = pL/E. At the instant when the

rare faction wave has reached the other end of the

rod, the entire rod has been returned to a state of

zero compression, and has therefore returned to

its original length. The velocity of the near (sup-

port) end is then the change of length due to the

compression divided by the time for the wave to

travel the length of the rod

(1)

It is seen that, as might be expected, the velocity

is proportional to the released pressure. It also

varies inversely with the density, but somewhat

less obvious ly it mries inversely with the velocity

of sound in the rod. To achieve high velocities,

the rod should be made of a material capable of

withstanding large compressive forces, but with a

low density and a low sound velocity. Plastic

materials such as nylon are ideal for the purpose.

In order for the valve to remain closed against

plenum pressure the compressional force in the rod

must be greater than the force exerted against the

end of the rod by the gas pressure in the plenum.

Since the area of the plenum is less than that of the

rod, a rod compression pressure equal to the gas

pres sure should be adequate. It would appear then

that for gas pressures under 300 atm, nylon has

sufficient strength. Tool steel could produce the

same velocities, but would require something like

23 times the p= ssure necessary for nylon. If gas

pressures tp to 600 atm were needed, tool steel

might be more appropriate. A simplified diagram

of the valve design is shown in Fig. 42.
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Fig. 42. Simplified diagram of valve.
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Fig. 43. Optical measurement of motion of far
end of nylon rod. (Fluctuations are due to photon
statistics. )
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Fig. 45. Diagram of working valve.
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Model Measurements Working Valve Design

A working model with no valve, but

including a plastic rod with a hydraulic jack to

apply pressure to it, was made and instrumented

optically, to check that actual operation would be

as predicted. A number of methods for removing

the compressive force from the rod were con-

sidered, and some involving breakable glass

supports were tested to some extent; however, the

present method proved most satisfactory. It uses

an expendable Permali (phenolic impregnated wood)

cylinder which is shattered by an electrically

exploded wire. In order to keep the rod from

buckling under compression, it was encased in a

loos ely fitting metal tube, which was in tension

when force was applied to the rod. The force on

the rod was determined by measuring the cylinder

pressure of the jack. A slit system was attached

to the far end of the rod from the remomble

support, illuminated, and observed with a photo -

multiplier so as to give an output signal approxi-

mately linear with rod position. Typical m suits

are shown in Fig. 43; they apply to a rod of 68.2-

cm length, 18.67 -mm diam, compression force

7.86 x 10s dynes, and opening rate 16. 5 m/see.

The oscilloscope sweep started at trigger time of

the exploding wire ignitron. On the time scale

of the oscilloscope trace, the removal of the sup-

port is nearly instantaneous, although it has a

N 60 +,sec delay. After an appropriate delay for

sound transit time, the far end of the rod exper-

iences a very large acceleration to a full velocity

of 16 m/see. No comparable observations of

far end motion have been made on a working

valve because of inaccessibility. The slower sweep

in Fig. 44 shows the rod to bounce several times

from the jack platen. This is felt to be undesir-

able in a valve and therefore has been eliminated

in the working design.

From these oscillograms the measured

velocity of sound in nylon and the speed of motion

of the rod are 1.63 x 103 m/see and 16.5 m/see,

respectively. By using the observed sound veloci-

ty, tie measured compressive pr easure (2. 87 x

108 dynes /cm2 ), and the measured density of nylon

(1. 15 g/cm3), Eq. 1 gives a rod velocity of 15.3

m/see. This appears to be in satisfactory agree-

ment with the observed velocity.

A working valve design is shown in Fig. 45.

Complication results from the necessity to feed

gas to a plenum beyond the valve opening, the need

for a labyrinth to protect the valve seal from the

high current gun discharge, and the desirability

to have a removable plenum for maintenance e and

volume changes. Gas is fed through hypodermic

tubing to the part of the inner assembly beyond the

opening. A small 0-ring seals the gas feed to the

bottom of the plenum which is held in place by

three small s crews. Eighteen 3 -mm diam stainless

steel tension members, hard-soldered across the

exit slot, support the muzzle end of the center

electrode, carry current, and take the tension

necessary to compress the 2. 5-cm diam nylon valve

rod. The compression force is transmitted to the

rod through a stainless steel plunger, which passes

through a Teflon compression gland vacuum seal.

The friction of this sliding seal is sufficient to

damp the motion of the rod before it bounces on

the jack platen during operation. This same

friction also reduces the effective change of com-

pressive force responsible for valve operation,

but even so the motion remains fast enough for

practical purposes.

The expendable cartridge which relieves the

compression is cut from 1.27 -cm diam Permali

rod in -2 -cm lengths. The cartridge is destroyed

by the explosion of a O. 2 5-mm diam copper wire

pas sed through a 1.8 -mm diam hole drilled through

the cartridge along its axis. The wire is bent over

at the ends to make electrical contact; the hole is

sealed with a dab of modeling clay and filled with

water using a hypodermic syringe. The water

provides coupling between the wire explosion and

the Permali and possibly also adds additional

expanding gas. Permali is chosen because its

wood grain structure, parallel to the axis, allows

it to shatter into suitably fine filaments for com-

plete and reliable removal of support. The car-

tridge has not been tried without a water filling;

presumably it would still disintegrate, but less

rapidly.

Contact to the explodable wire is provided,

on one end by a strip of metal foil, and on the

other by a metal plate fastened to a phenolic jack
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Fig. 46. Time-resolved gas density measure-
ments at various distances from the valve.

platen. A 15-p F capacitor, charged to 10 kV, and

ignitron switched, is used to explode the wire . The

explosion produces a considerable amount of fine

high-velocity shrapnel which has the appearance of

being fine splinters of the wood from the Permali.

Protection is placed around the cartridge to pre-

vent damage to surrounding equipment. Obs erva -

tions of near-end rod motion indicate that the

compressive force is suddenly relieved - 60 psec

after ignitron trigger time.

A 5-ton hydraulic trubk jack is used to

compress the rod. It is provided with a pressure

gauge and is normally operated at 100-atm oil

pressure, which produces a compressive force of

1.2 tons. The nylon rod has a 2. 5-cm diam so

that the compressive pressure is Z. 4 x 108

dynes /cmz, giving a calculated rod velocity of

11.6 m/see. The observed velocity is -7 m/see,

presumably because of friction in the vacuum seal

and mass loading by the stainless steel plunger.

Performance

The emptying time of the valve has been

investigated with a 6AH6 fast ion gauge5; the

results are summarized in Fig. 46. The opened

gauge tube was mounted on a sliding probe stem,

so that it could be placed in a variety of positions

along the axis of a large vacuum tank (1. 2-m

diam, 3.1 -m long). The gauge was oriented so as
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to allow as nearly as possible direct flow into the

interelectrode spaces. The valve was mounted as

shown in Fig. 45 in the gun electrode assembly at the

center of the tank, with the axis of the tank lying in

the plane of the annular gas exit slot. The ion gauge

signal is not perfectly smooth, but is modulated by

an irreproducible turbulent flutter. However, if a

reasonably smooth curve is drawn through the

signals obtained at various distances, features, such

as first appearance, peak density, and half-density

times, appear to relate to each other as though the

molecules were moving from the valve in straight

lines with unique velocities at any point in time and

space. This is consistent with the assumption that

the gas has cooled during its expansion through the

valve opening, so that its temperature is very low

compared to the streaming molecular energy. In

any case it allows a reasonable extrapolation back

to the valve position and an estimate of the emptying

time, as has been done in the figure.

Measurements were made with two different

plenum volumes at two pres surcs with deuterium,

which is the gas expected normally to be admitted

with the valve. The emptying time depends on plen-

um pressure and volume, being shorter at high

pressure, and longer with a large plenum volume.

The valve cannot be conveniently tested by itself

without the surrounding electrode structure but it

is believed that the empyting time is more a result

of the protective labyrinth than of the speed of

withdrawal of the nylon valve stopper. With a 1 -cm3

plenum, the emptying time is -200 ~sec with 35-

atm deuterium pressuxe , and 320 psec with 3.5

atm. With a 10-cm3 plenum it is 770 ~sec with 3.5-

atm filling pressure .

The flow beyond the gas exit slot is highly

supersonic and shock waves are frequently observed,

particularly at high plenum pres sum s. No attempt

has been made to study these shocks.
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CROSS FIELD INJECTION

(J. 1?. Harnmel, A. R. Sherwood, R. W. Kewish)

Int reduction

The question of how a collisionless plasma

stream enters a transverse magnetic field arose

after the first experiments on transverse injection

were performed several years ago. Simple MHD

theory does not allow a collisionless plasma to go

into the field from zero field. The possibility of

anomalous resistivity providing a sufficiently short

penetration time to agree with observation is un-

likely since the minimum resistivity needed would

be of the order of a hundred Cl-m.

In the past, a steady-state solution to the

entry problem has been considered because of the

experimentally observed fast stream 1 to z m

in length flowing more or less uniformly in the high -

field re ~on. Models have been tried utilizing the

nonadiabatic motion in the low magnetic field at the

entrance. A steady state flow of this type does not

seem easy to attain (see p.112 of this Report).

Most previous measurements on the in-

jected stream have been made well inside the field

volume. In the present experiments an attempt is

made to find the E-field in the region of the mcuum

field null where the stream first encounters the

magnetic field.

Nitrogen Plasma Stream

The first measurements were made with

nitrogen as the working gas; first, because the

visible light might give a view of the path of the

fast plasma (fast hydrogen plasma is invisible),

and, second, the heavier ion might expand the

nonadiabatic region in which the entry takes place.

Image-converter pictures were taken and the amount

o f light produced by the fast plasma during the

longest exposure (1 ~sec) was again so small that

no flow pattern could be recorded. The light from

a magnetic probe placed in the stream was clearly

visible. An array of ten electric probe pairs was

used to obtain the E-field pattern. Direct inter-

ference with the plasma stream is avoided by plac-

ing the probe pairs outside the stream. The probe

connection with the plasma stream is along a mag -
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Fig. 47. Arrangements of ten electric probe
pairs. (a) Vertical probes, (b) horizontal probes.

netic field line with the usual assumption being

made that E,, . 0 for the time scale of interest.

Several array configurations were used and two of

these are shown in Fig. 47. The arrangement in

Fig. 47(a) has the first vertical probe pairs

placed at the vacuum magnetic field null. The

E-field measured along the null by these three pairs

was essentially zero. The pair indicated by ~ off

the null showed a small signal.

Since ~ ~ O even in the entry region,

curl E . 0 implies E-fields along the stream dir-

ection with opposing directions on opposite sides

of the stream. The horizontal probes in Fig. 47 (b)

were placed in a position to measure these fields

along the flow direction. Probe signals taken from

the opposite sides of the stream are show in

Fig. 48(a) and (b). For fields well below the

cutoff (-10 kG) these signals are on the average

what is expected from curl E . 0 and E . 0 at the

null. The probe on the lower side has a signal

(Fig. 48 (b)) which starts “negative” and rapidly

changes to the expected direction. An effect which

is in agreement with these signals is a preliminary
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Fig. 49. Electric probe signals of vertical com-
ponent of E; (a) where magnetic field first encount-
ered, (b) well inside the field , in D2.

field which arises from the ions going ahead of the

electrons when the field is first encountered by the

stream. This field then flips over into the field

configuration which is the E-field of the drifting

stream. The top probe signal remains unidirect-

ional as it should (Fig. 48 (a)) , according to this

effect.

Deuterium

The gas in these preliminary experiments

was changed to deuterium since the properties of

the deuterium plasma are much better known from

previous experience. Again the probe pairs placed

to intersect the null gave a zero E-field and the

pair downstream from the null gave a significant

signal. A search was made for a reversal of the

lower probe signal such as that seen with nitrogen

but no evidence of this could be found.

The probe arrangement shown in Fig.

47 (a) has a much larger effective separation than

the 2. 5-cm physical spacing, since distances must

be mapped along the magnetic field lines into the

plane of the plasma stream. This makes the ef-

fective probe separation 18 cm between probe sets

1 and 2,and 7 cm between probe sets 2 and 3. It

is found that the fine structure of the E-field signal

camot be correlated from one probe to the next

over these large distances. In fact, the character

of the signal changes from an oscillating, highly

structured signal at the probe just off the null to

a sharply rising, somewhat rectangular pulse of

about 2 ~sec duration at the position 3. Figure

49 illustrates this effect with (a) the signature at

Position 1 and (b) at Position 3.

A series of runs was then initiated with

an actual probe separation of O. 5 cm. With this

close separation, the structure of the voltage

pulse could be followed as the stream moved past

successive probes. The development of the sharp-

ly rising front could be traced from the rather

oscillatory beginnings. These data are still being

examined for more detail.

I. Henins and J. Marshall at LASL found

it to be of great value to measure the flow of flux

past a probe pair by integrating the voltage signal

with time. It was suggested that the flux flow

signals might be more easily interpreted than

those of voltage with their large amount of structure.

The voltage signals between far points of the probe

array in Fig. 50 were integrated. Figures 51 and

52 show the results of these measurements for two

cases. A positive signal is a flux flow through the

probe pair into the volume defined by the field lines

connected to the array (~, = O is assumed). It is

found that the sum of the voltage around the array

is zero at all times within 10 Yo. At fields below 7

kG the flow was that shown in Fig. 51. At fields

above 7 kG a typical flow is that shown in Fig. 52.

The low-field result shows a net flow in the front

and sides and out the back of the array. The high-

field data are more difficult to interpret and it

.

.

.

.
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Fig. 50. Probe array for magnetic flux flow meas-
urement. The integrated voltage signal is measured

between (a) 4,1; (b)l,2; (c)2,3; (d) 3,4.
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Fig. 51. Examples of flux flow (integrated voltage)
between probe pairs for B . 3.4 kG.
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appears that the stream is deflected and the signal

in the array is an eddy outside the main stream.

A general survey of the results to date

shows the following:

1. Zero E-field along the magnetic field

null.

2. Width of the stream decreases with

field strength. The stream narrows very rapidly

as it penetrates the field.

3. The E-field given by the probe which

intersects the stream well inside the field is a

more-or-less rectangular pulse lasting 1.5 to 2

~sec. In contra st, the fields near the null and at

the edge of the stream are much more ill-defined

and oscillate with frequencies up to 10 MHz,

A With B <7 kG the integrated signals

from the four-point array are such as would be

expected from the stream flowing across the

tignetic field and compressing as it goes into the

higher field region. At high fields the data seemed

to indicate large deflections of the main stream

with eddies or vortices.

Even though the stream appears to take on

the character of a steady flow inside the field, it

is probably important that the stream does not

apPear as a steady flow in the region of the vacuum

field null. It is hoped that careful analysis of the

data obtained with closely-spaced probes will

indicate the development of these flow patterns.

J. Marshall contributed to

and W. B. C. Smith assisted with

the discussions

the experiments.

Fig. 52. Examples of flux flow for B .8.7 kG.
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QUADRUFO LE INJECTION EXPERIMENT
WfTH INNER CONDUCTORS FED THROUGH

MAGNETICALLY SHIELDED SUPPORTS

(D.A. Baker, J. E. Hammel, R.W. Kew_ish,
L. W. Mann, A. R. Sherwood)

Int reduction

The design study of the quadruple injec-

tion experiment described in the previous CTR

Status Report (LA-3831 -MS, p. 45) was completed

and construction is well under way. The details of

the computatbnal methods, the considerations

involved in the design of the main quadruple fields,

and the calculations used to design the dipole

guarded current fields are all covered in the afore-

mentioned report.

Final C2uadrupole Field Design

The constraints listed in LA-3831 -MS had

to be r@axed somewhat chiefly because of engi-

nee,rjng and strength of material considerations.

The final quadruple geometric configuration was

designed so as to maximize the number of gyro-

radii in the ~dL /B stable region subject to the

following revised constraints.

1. The maximum field along the injection

path must be greater than 7 kG and less than 10 kG.

The lower value is such as to exclude the low-

energy plasma from the machine and to insure that

the injected plasma is stopped after passing the

field null. The upper value was chosen because

present coaxial guns will not penetrate higher

fields.

2. The maximum field mudt be no larger

than 40 kG; this restriction stems from limitations

on strength of materials.

3. Total field energy is less than 1.7

MJ; this is the energy readily available in the

experimental area.

4. The current per turn in each of two-

turn coils is less than 0.75 MA. Experimental

tests on the current junctions which feed the coils

indicate this is an upper limit. In view of the

technical difficulties associated with electrically

floating the capacitor bank, it was decided to feed

the coils in parallel. This eliminated the series
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Fig. 53. Final field configuration for quadruple
injection experiment.

feed constraint of having equal current in both

conductors.

5. The coil thickness is not less than

Z: in. This was based on preliminary estimates of

mechanical coil strength.

6. The space between the coil and the

!Iequal flux line II should exceed ~ in. (dipole cros S-

over width). The equal flux line is defined as the

line that provides the same A* between itself and

the separatrix as there is between the separatrix

and the ~dt /B stable line.

7. The actual mechanical design places a

minimum of about 2.5 cm on each dipole leg dia-

meter. This requirement with a force-free con-

dition on the dipole puts a constraint on the ratio of

the coil current I and the bridge field B.

The optimum design was determined by

trial and error oomputer calculations and represents

the best of the many cofilgurations that were tried.

Table 4 gives the final machine dimensions and

associated physical parameters of interest. The

criteria were all met satisfactorily, but minor

engineering changes dictated slightly different

dimensions for certain conductors. As a result,

the cross-feed criterion (6) were not quite met.

,

.

.
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FINAL QUADRUPOU DSSI~

Field .Sne.rsy

TurnsfCoi1

Numberof gyro-radii●croac ctable.resion

Injectionfield

Nsxinwnfieldinner coil

,, ,, outercoil

Field innerbridge ●t the sepmatrix

“ outer ‘1 ,, *,

Current/turn, imer coil

t, 1, outer ‘!

Space allcwedfor inner dipoleX-feed (computer)

Space takenfor inner dipoleX-feed (actual)

Space all.wedfor outer dipoleX-feed (computer)

Space taken for outer dipoleX-feed (actual)

ffmx.Innercoil dipoleleg dim. (coqxitcr)

Inner coil dipoleleg diam. (actual)

MIX.outer 81 ‘t “ (computer)

Outerdipoh leg diam. (actual)

Inner coi1 dipoleseparation

~ter ,, ,, ,,

Inner liner0.2..

Cmter ‘t I.D.

Inner coi1 inside dim.

Cmtercoi1 out#i&diam. (computer)

Outer coil outsidadiam. (actual)

Coi1 thickness(computer)

Coi1 thick”esa(actuaL)

Baffle rings

Gap to innercoil (ccmp”ter)

Cap to innercoi1 (actum1)

Cap to outer coil (caoputer)

Cap to outercoil (actual)

Width of innerbaffla ring

Width of outer baffla ring

Thickness(com~te.r)

Thicknewa(actual)

0.81 w

2

40,0 ko

24.1 I@

32.4 U

19.6 U

0.61 UA

0.41 m

0.60 in.

0.625 III.

0.50 in.

0.625 in.

1.24in.

1.12 in.

1.30 in.

1.22in.

1.65 in.

1.72 in.

2S.5 in.

73,0 in.

34.3 in.

67.1 III.

67.05 in

2.92 im.

2.875 in.

3,65 in.

3.72 in.

3.28 in.

3.36 in.

5.47 in.

5.S4 in.

1.18 in

1.00 in.

Figure 53 shows the boundaries, mesh

points, and flux lines as obtained from the computer

for the final design. The conducto rs, called baf-

fles in Fig. 53, are parasitically-driven, field-

shaping rings to increase the amount of ~&/B

stable flux. The supports are well removed from

the main field region so that diagnostic viewing

ports may be introduced into them without apprec-

iably perturbing the field. This increase in the

stable region was made at the expense of having

multiple mirror bridges. The machine is designed

so that the geometry of the field-shaping conductors

may be changed if these mirrors prove to be a major

disadvantage.

Mechanical Design

Considerable effort has been expended, in

cooperation with R. Dike, to develop a mechanical

design for the quadruple device based on the com-

puter field design. Parts of this mechanical design

(not showing, for example, the baffle rings ) are

indicated in Fig. 54 and a more detailed sketch is

given in Fig. 55.

Each coil is both supported and fed by a

single pair of dipole feed elements. Each dipole is

in series with its coil, so that the coil current

itself provides the magnetic field that shields the

dipole. To provide strength for supporting the coils,

the diameter of the dipole elements is 1* in. The

dipole separation is then determined by applying

the force-free condition to a thin-wire model as

=plained in LA-3831 -MS, (pp. 48-49 ), except

that in the final design the spatial variation of the

background magnetic field was taken into account

so that the dipoles are !Iaverage force-free. ‘i For

a given background field and a given number (k ) of

gyro-radii from $ Crit to the separatrix, a condition

on the current producing the background field results

from the fixed diameter of the dipole elements

combined with the condition that the number o f

gyro-radii between the dipole field null and the

surface of a dipole element be equal to or larger

than i. This condition on the current is the l/B

ratio condition which was used in the computer

design.

As can be seen in Fig. 54, the dipoles

pass out through slots in the liners and through
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Fig. 54. Schematic diagram of quadruple coil
dipole field and support system.

!Islot bridges “ to the exterior. There are two

possible advantages to this configuration. First,

the holes to allow the dipole to pass through the

liner are moved farther away from the contain-

ment region and so the perturbation of the magnetic

field in the containment region due to these holes

is reduced. Second, the dipole null lines now

pass out of the main plasma region before they

strike a wall (at a presently unknown position);

therefore, if the plasma leaks out along these null

lines, it may be possible to minimize the effect

on the main plasma body of the results of the leak-

ing plasma hitting the wall by means of a shield

of some sort.

The foregoing configuration is based on

the suggestion by J. Marshall that the wall of

the liner can be moved to a larger radius without

affecting the interior field so long as it remains

on flux surfaces which are an extension of the

interior geometry. The application of this concept

is not straightforward. For example, the exten-

sion of the cylindrical outer flux surface is across

a separatrix. Studies of experimental conductor

arrangements on a resistor analog board and probe

studies of three-dimensional models were employed

to determine the dimensions of the conductors.

There is a perturbation of the magnetic field in

the region where the baffle ring meets the slot in

the liner. In the model this perturbation was < syo

in what is anticipated to be the region of stable

flux.

~ \ &OUTER COIL

C170w-s
PLATES -.._..ti ~lw

+gA=mJ.RmlJ&y .
k-

Fig. 55. Schematic diagram of quadruple injec-
tion experiment design.

There are in this design several high-

current -density joints involved in connecting the

coils through the dipole elements and through

coaxial leads to the external headers. Proposed

current joints were tested at 750 kA, and although

many failed for various reasons, a satisfactory

tapered joint was found that carried 750 kA for

200 shots without evidence of damage and also a

satisfactory collet joint which showed only slight

signs of damage after the same test. These two

joints, then, were incorporated into the design.

Much of the design of the quadruple coils

was checked by the construction and testing of a

(-~ scale) prototype coil, and as a result several

critical points in the design were changed. Of these,

a“ redesign to strengthen the crossover between

turns was probably most important. The prototype

coil itself failed under the loading of a 600-kA

current on the third shot. The fiberglass and epoxy

potting procedure to be used on the actual coils was

tested on the prototype and found to be satisfactory.

The flux smoothing copper shroud with a Micalex

insulator in its gap was used as the outer container

of the epoxy pour. As expected, this shroud proved

to be effective in smoothing out the field irregularities

due to the nonideal structure of the coil.

Except for the two coils, the major com-

ponents and most of the smaller components have

been fabricated, and construction of the device is

under way. The outer coil is presently being

fabricated, but the inner coil is still being delayed

.

.

.

.
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by a problem relating to strength of materials.

As mentioned above, the failure of the prototype

coil at the design current of the inner coil prompt-

ed some redesigning of the coils. Even so, in

the case of the inner coil it is necessary either to

turn to an aluminum alloy of higher strength than

the usual Type 6061 -T6 or to limit the current to

about 7 57% of the listed design current. A program

is now under way for tes~lng welds in an aluminum

alloy (Type 7039 -T64) of higher strength to see if

it can be used for the inner coil.

A further problem related to the coil

design is the electrostatic shield. The purposes of

this outermost layer of the coil are to shield the

plasma from the ohmic electric field produced in

the coil and to prevent large electric fields from

appearing across the insulator in the shroud. A

flame -sprayed preparation of titanium dioxide, with

a surface resistivity of.- 700 Cl per square, ap-

pears to be a promising material for this purpose.

At pre sent difficulty is being experienced With

breakdowns in the insulation coating that separates

the titanium dioxide shield from the copper shroud.

.

.

MONT E CARLO AND COMPUTER
PLASMA SIMULATION STUDIES OF
THE INHIBITION OF END LOSS FROM
A 9 -PINCH BY NONADIABATIC
‘ROUGHI’ MAGNETIC WALLS

(J. L. Tuck)

A combination of uniform magnetic field,

with its manifest advantages for stable plasma con-

finement in the direction transverse to the field,

with some effective check of the free flow of plasma

in the direction along the field, could be of appreci-

able help in the achievement of net power from a

thermonuclear r reaction. Monte Carlo studies 1 of

particles escaping from a @ = 1 9 -pinch, having a

sharp plasma -field boundary equipped with multiple

small perturbations, have indicated that cumulative

nonadiabatic effects can be promoted. The plasma

model studied was probably too simple to be alto-

gether -lid for a real plasma; plasma loss reduc-

tions which resulted were surprisingly large.

Static perturbations, which would be simple to

apply, reached a factor of ten in reduction of IOSS,

whereas moving perturbations reached a factor of

100. The latter wm ld be complicated to apply but

could concei~bly be used additionally to heat

plasma and force it up to the density gradient.

A far more sophisticated (but still approxi-

mate) study is now beginning to yield results. By

using a previously developed computer simulated

e -pinch plasma model of R. L. Morsez, with

appropriately modified magnetic field, 13,000

particles are followed at high B, the magnetic field

being computed self-consistently. Electrons are

as s~ed to maintain space charge neutrality at all

points. The systems studied so far, with their

losses at two-thirds characteristic time.are:

1. Open-ended 8 -pinch (smooth walls) 4000

2. Open-ended 9 -pinch (smooth walls)
plus mirror 3400

3. Open-ended e -pinch (rough walls)
(stationary) 2800

4. Open-ended 9 -pinch (rough walls)
(moving) 2400

1 characteristic time . 2 x pinch length/mean
thermal speed (. 2.8 psec in Scylla IV) . 100 time
steps = 3 h computing time on CDC 6600. The loss
rates per time step at t = 67 are 59, 22, 24, and
28, respectively.
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Adequate description of the plasma distri-

bution required 20 steps in the radial direction and

100 steps in the longitudinal direction. Although

this corresponds to a shorter system than had been

found necessary for a 10 -fold loss reduction in the

previous calculation , it was needed to keep the

computation cycle time down to feasible values.

Consequently, the loss rate reductions to be expec-

ted are not large. The table given above shows the

number of particles lost after 67 time steps (- 2.3

characteristic time). The results are in the ex-

pected order. The computed 10ss rate for Case 1

at early times is in excellent agreement with

theory for a rigid pipe with reflecting walls and,

interestingly, the reafter falls below theory, pre-

sumably on account of the development of self-

mirrors.

Case 3, if its performance continues, should

give the required 10-fold reduction of loss rate,

for a 6-fold length extension or a total length of

160 radii. This would be quite practical. Motion

pictures of the printouts exhibit waves and bunching

phenomena which may repay further study.

Mathematical plasma physics is notoriously

difficult; the problems it has attacked in many cases

have had to be taken far from reality in order to

yield solutions. Few expect a mathematical des -

cription of all the behavior of a real confined

plasma with its wave interactions, plasma boundary

resonances, wall resonances, radiative inter-

actions, etc. , to become available in the near

future. The art of computer plasma simulation is

still in its infancy. In this report, it is applied in

a simplified way to a complicated system which

would probably not easily be treated by mathema-

tical analysis. It would be idle to pretend that the

predictions made here are exact, and they may, in

fact, turn out to be no closer to reality than those

made by more familiar approximations. However,

they are likely to improve, and the approximations

are diffe rent.

1.

2.
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LINEAR 8 -PINCH EXPERIMENTS ON
SCYLLA IV RELATED TO THE STAB-
ILITY OF THE SCYLLAC TO ROIDAL

9 -PINCH

(E. M. Little, A. A. Newton,
W. E. Quinn, and F. L. Ribe)

Int reduction

The 15-m Scyllac 8 -pinch
1 ,2,3 isa

high-~ plasma experiment’ to be operated initially
.>

with a straight coil and subsequently as a torus

with a 5-m major-diameter. For the second stage,

configurations are being explored which use ~ in

addition to the zero-order longitudinal field Be,

superimposed flrs~-order transverse components

to neutralize the toroidal drift. These may be

either azimuthal (B ) as in the screw pinch or
e,

periodic ‘along the torus (B5 ) to produce a bumpy,

or IBMand S’14’5 configuration. In both cases

there are gross instabilities, and these must be

suppressed by oscillating the transverse field

(dynamic stabilization). Alternatives under con-

sideration are: (a) an oscillating ecrew pinch2 with

Be varying, (b) time varying or moving bumps6

with B5 varying, and (c) static bump. with B

fixed but Be oscillating
2,7

. Of these three, 6(c)

seems preferable, eince the dynamic stabilization

power and frequency are Ieaet. Moreover, the

longitudinal current, which may stimulate micro -
8

instabilities , is less than in (a).

The theory of this approach is outlined

below; it shows how the Haas-Wesson instability

inherent in a bumpy plasma column can be

stabilized. Experiment. are reported with a 1 -m

e -pinch on the instabilities induced by quasi-

static Bb and Bo, the plasma density distribution

with quasi static and oscillating Be, and the plasma

resistance in the oscillating case. . .

Theo retical Considerations

Forces Acting on a Bumpy PIasma Column
and the M and S Toroidal Equilibrium

Recently it has been shown5 that the M

and S, high-$ plasma equilibrium in a toroidal
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9-pinch can be realized by adding periodic multi-

polar magnetic fields which produce excursions

of the plasma radius r about its equilibrium

value a given by

r-a. Za6 cos L9 sin kz. (1)
LL

Here z is the coordinate along the plasma axis,

e is the azimuth about that axis , and ~/k is the

wavelength of the multipolar field. The basic

principle involves only we L = O (bumpy) and

L = 1 (wavy) excursions. The L . 0, 1 combina-

tion produces a uniform transverse force per unit

length in the direction of maximum bumpiness

given by

surface distortion given by

61 = 2gl(60/a) (1 -p)/(2 -$)

forks’c<l. Upon substituting into Eq. 2, the

destabilizing m . 1 force per unit length of

pl.a sma co Iumn is given by

J( 1- 0)( - 2B)
‘6 = (2 - ;)

(I?14) 1? 2 eo%

s l@?#’/4)%,

where h is an!kffective wavenumber!! .
b

(2)

where ~ is the ratio of plasma pressure to the

external magnetic pressure. A toroidal plasma

column of large aspect ratio (R/a >> 1 ) has an

outward (curvature ) force per un’it length given

by FR = 13B~/4R. Equilibrium is obtained with

FI = FR; i.e. , when 2(6.61 )-1 = (3 - 2~)F aR.

Typical mlues for the projected Scyllac toroidal

e-pinch are: a= 1 cm, Rs250 cm, ka~O.3,

60=61= 0.25, Be= 100 kG and PxO.8 (on axis).

Gross Instability of an Atisymmetric Bumpy
. High- ~ Plasma Column

The bumpy plasma column required for

M and S equilibrium possesses net unfavorable

curvature and is therefore unstable. The gross

stability of straight bumpy, high-p plasma

columns has been studied
9,10

for displacements

of the form ~(z) = sin(z) cos me. Since it has

been found experimentally in the present work

(and by othersl 1 ) that the m = 1 mode, which

involves little ballooning or z depend ence, is

dominant, and modes with m 22 are not seen,, the

treatment is confined to m . 1 for the present.

The m . 1 growth rate can be derived

from considerations like those of Eq. 2. When

an axisymmetric column with bumpiness 60 is

displaced from the axis of synmnetry by an

amount ~~, there results an L . 1 component of

(3)

Effects of a Steady Longitudinal Current on
the Plasma Column

The Kruskal-Shafranov (KS) Modes

When a longitudinal current 12 is applied,

the magnetic lines at the plasma surface become

helical with pitch wavenumber

p = 21z/a2Be (4)

at the plasma surface. It is then appropriate to

consider helical displacements of the form

gm cos m(e - hz); consideration is again limited

to the m . 1 mode. In the presence of a conduct-

ing wall (inner surface of the 8 -pinch compression

coil) of radius b, and for ~a, ha, ~b, hb, a/b

<< 1 the transverse force per unit length of plasma

column is

[ -(2-~)l++2hu- 2IF (a%a)](&e@/4)s1 .‘KS =
(5)

The threshold of instability for a mode of wave-

number h (the Kruskal limit) is given by

~=(2 - ~)h/2,

neglecting the last (wall effect) term of Eq. 5

since it is small.

(6)



The m = 1 Helical Mode Driven by
Bumpiness

Provided that pka2 is of the same order as

60 and ~ << k, the only effect of the longitudinal
7

current is to replace 9 by 00 + pz in Eq. 1, where

90 is the azimuti of a field line at z = O. The

equation of motion for a helical displacement ~1

of pitch h is

(7)

where p
4,

is the plasma line density. If it is

assumed that 51 = ~lo e“t, the growth rate v is

given by

VS= [-(2 - 13)I? + 2h~ - 2~ (a’/bz) + ~]~~ (g)

where

Dynamic Stabilization by Means of an O scillatirig”
Longitudinal Current

The destabilizing F5 + F= force can be

neutralized when the current Iz is alternated;

i. e. , Iz = 10 cos ut (correspondingly p = PO

cos Wt). Setting~ . ut/2, Eq. 7 assumes the

Mathieu form; the solutions are stable (first

stability zone ) when

~<(2-!3)tF

and

[
0)2>4 (2-~)h’+hLo- %15” (9)

Here the wail-effect term has been neglected. If

h= Wo, condition 9 requires 10 to be of the order

of 10 M ~. = O. 1 k) and the minimum frequency

w/2n to be in the range of 1-2 MHz to stabilize the

effects of 60 for ScylIac parameters.

EXPERIMENTAL MEASUREMENTS

Apparatus and Measured Plasma Properties

The plasmas used in the present experi-

ments were generated by the 560-kJ, 1 -m Scylla
12

IV 8 -pinch operated in the “low-pressure” regime .

The time history of Be is that of one half-cycle of

a sinusoid with an amplitude of 90 kG and a quarter

period (rise time) of 3.7 ~sec. The discharge

conditions of most of the measurements were as,,
follows . Deuterium filling pressure = 20 to 100

mtorr and zero bias field (B. . O). Near peak

compression &e plasma column has a length

/, of- 80 cm, a radius of- 1 cm, density n on axis

mrying from- 5 x 1016/cm3 to 1.2 x 1017/cm3, ~

on axis 0.8, 13kT - 300 eV, and kTi varying

from -2.0 keV toe- O. 5 keV. The plasma

corresponding to 20 -mtorr filling pressure is

essentially collisionless (ion-ion mean free path

A..= 150 cm), whereas that at 100 mtorr is much

1:ss so (+i s 3 cm).

Observation of the m . 1 Instability with a
Single Axisymm etric Bump

Apparatus

In an extension of the work reported earlier,
3

an effort was made to apply the bump ‘Adiabatic -

ally, “ i.e. ~ after the initial plasma implosion which

forms the plasma column during the first N O. 5

~sec of the discharge. Two methods were used.

In the first a series coil diverted magnetic field

from a 7.6 -cm central section of the main coiI

through 1.2 -cm gaps, causing a fractional de-

crease ABe/B
e

; values of 0.11 and 0.21 were

obtained for the latter, corresponding to series

coiI diameters of 6.35 cm and 10.2 cm (compres-

sion coil . 10.3 cm diam). The generation of the

bump was delayed by means of carbon cylinders of

0.95-cm wall thickness and 6.03 and 9.68 cm

o. d. which were inserted into the series coils.

The resistivity of the carbon cylinders, ‘il . 1.78 x

10- Q-cm, was such that their flux-penetration

time provided the delay. The bump could be

eliminated by inserting an aluminum cylinder in

place of the carbon one.

.

.
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Fig. 56. Method for producing single 4.. = O bump
adiabatically in a Scylla IV e-pinch.
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Fig. 57. Scylla IV e -pinch with end electrodes ,
image-converter camera, and interferometer.

In the second method (Fig. 56) magnetic

lines are diverted into an annular volume of 6.52-

cm length and 1.29 -cm radial thickness in the com-

pression coil wdl to give ~e/Be = -0.25. The

delay is provided by flux diffusion into an array of

trapezoidal Inconel X-750 steel tubes of 0.025-

cm wall thickness, having ’11. 1.22 x 10-4 (1-cm.

Plasma motion was observed by two streak cameras

viewing perpendicular to the plasma axis, one in

the midplane and the other 20.3 cm away, and by a

Mach-Z ehnder interferometer aligned parallel to

the plasma axis (Fig. 57).

Results Obtained with the Series Coils

Streak camera photographs are shown in

Fig. 58 for no bias field. With no bump (Al

cylinder in series coil) the plasma remains on

E-
——.m Al

m

‘100mT

c

6 “~-L! 68-’ :—.,
c Psec .-. -—

Fig. 58. Streak photographs of Scylla IV plasma
with and without 21 % 1. = O bump at different filling
pressures (B. = O).

axis, except for some sideways motion, or

!‘wobble, !! seen at 20-mtorr filling pressur%Po.

The end loss is also visible as a narrowing of the

plasma diameter toward the end of the streak

photograph. At this pressure, application of the

bump (C in series coil) is found to result only in an

enhancement of the wobble. At the two higher

pressures, however, the plasma in the midplane is

seen to move sideways and to hit the discharge-

tube wall. The sideways motion begins later at

the 20. 3-cm axial position. (The barred structure

in these photographs is a feature of the image

converter, not the plasma ). Reduction of the end

loss is also seen as the filling pressure is raised.

The application of bias field caused a

qualitative change in the occurrence of the side-

ways plasma motion. With B. . -780 G, ABe/B .

-0.21, and p. = 20 mtorr the plasma moved to &e

wall at the midplane in the same time as at p. =

50 mtorr, B. = O.

It is concluded that this is the m = 1
11

instability driven by F as observed earlier.
b
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Fig. 59. Streak photographs at rnidplane of Scylla
IV for B. = O and mrious maximum values of
quasiste%dy Iz; p. = 20 mtorr.

t=l.9/.l.se2 4.7#ec
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g=20mT 20mT

t =4.5pSx

8.=0.21
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Interf ero zrams. A: wi~out and with I.Fig. 60.
(B =0, 6 .0) ;B: wi& fully developed transverse Z
mc%ion r%mlting from Iz (B =0, 6 =0): C: with fully
develoDed transverse motio~ resu%ng from L=O
magnetic bump with Iz = O (Bo=o ).

At PO = 50 and 100 mtorr the growth rate is in
10

agreement with theory , but the absence of the

instability at low pressure is not accounted for.

However, the plasma length t is sufficiently small

that vA/L and vi/$ (vi = ion thermal velocity) are

comparable to the growth rate v. This contrasts

tith the Culham experiments, carried out with an

8-m long plasma which was well isolated from end

effects.

Effect of Quasisteady Longitudinal Current with
5-=0

Transverse Plasma Motion

The experimental arrangement was that

shown in Fig. 57. A 5-p F capacitor was used to

330m9

40p(Nx9
43@’a30

Fig. 61. Position of plasma in m. 1 Kruskal-
Shafranov mode at six times and three axial
positions in a single discharge. ‘

drive Iz, which was applied about 1 psec after the

main c~mpres sion field and had a quarter period of

2.5 psec, so that the maxima of Iz and Be coincided.

The transverse motion of the central sec-

tion of the plasma at PO = 20 mtorr, B. = O iS

indicated in Fig. 59 for various values of Iz (rnax);

two stereo scopic views at right angles are given in

each case. At the higher currents, the streak

pictures show well-developed radial azimuthal

motion. This is also seen in the interferograms of

Fig. 60 B, taken at times late in the discharge when

the motion is well developed. The plasma is seen

to occupy a semicircle which is interpreted as the

end view of one half-wavelength of a helix formed

by the plasma whose profile about its axis is

unchanged (cf. Fig. 59). This is in contrast to

Fig. 60C, taken late during the motion of Fig. 58

at 50 mtorr; here the motion driven by 60 is purely

radial. The helix is observed to have the same

orientation in all but one of ten cases, being dis -

placed away from the coil feed slot at the midplane.

In order to elucidate the plasma distortion

as a function of axial position, stereoscopic streak

.

.

.
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LONGITUDINAL CURRENT Iz-kA

Fig. 62. Growth rate of K-S mode vs I . The
points are experimental; dashed curve i%s-fieoreti-
cal divided by 9.

photographs were made by three streak cameras,

one at the midplane and one on each side of the

rnidplane at 30 cm and 30 or 40 cm. Figure 61

shows the position of the plasma column in a two-

dimensional diagram as determined from the three

stereoscopic streak photographs at the indicated

times after the application of the main compression

field. The circles correspond to the inside diam-

eter of the discharge tube and the bar to the left

indicates the coil current feed position. In gen-

eral, the plasma column does not strike the dis-

charge-tube wall due to the image currents induced

in the compression coil. These become large as

tie plasma approaches the wall. The streak photo-

graphs confirm the data taken with two ,streak

cameras and the interferograms of Fig. 60 which

show that the plasma occupies a semicircle; the

latter is the end view of approximately one half-

wavelength of a helix formed by the plasma whose

profile about its axis is unchanged. The present

data show the helix to have almost the same orienta -

tion in most cases.

Growth rates were measured for a number

of cases at each Iz value and the results are plotted

in Fig. 62 as a function of Iz (max). For a higher

filling pressure (p. . 50 mtorr ) no sideways motion

was observed, except at Iz . 50 kA, where the

motion was small and slow.

It is concluded that this is the m . 1 Kruskal-

Shafranov instability whose waveleng~ k is twice

the plasma length; the intercept of Fig. 62 at I ss

15 kA is identified as the Kruskal limit IK. F~om

the relation IK = (2 - ~ )?a2Be/21, derived from

Eqs. 4 and 6, and ~ = 0.25, as an average value

over all radii13, and for Be (av) .80 kG it is

calculated that k /aa GS150 cm-~. With A . ~ . 160

cm, it is thus found that a = 1.0 cm, corresponding

roughly to tie toe of the density distribution.

The measured growth rates of Fig. 62 are

a factor of 9 smaller than those predicted by Eq.

8 withh6 = O. The line density is measured to be

P$ = 3.4 x lIJ% g cm-l. In Fig. 62 the dashed

curve Iabelled VTH/9 is a plot of v/9 computed

from Eqo 8, using this value of pt. The lack of

helical displacement at p. > 50 mtorr is attribut-

ed”to the large mlue of a, so that the Kruskal

limit is barely exceeded.

Plasma Halos

A halo -like luminosity has been observed

surrounding the plasma core with colder plasmas.

The observation of many such streak photographs

shows that the halos are present @th the colder

plasma and absent with hot plasma. They are

consistently present with only one-third of the

primary capacitor bank energizing the 1 -m com-

pression coil.

Effect of Oscillating Longitudinal Current

Properties of the Current Channel

The current (with 6 = O) was driven by

O. 168-p F capacitor in the ~ircuit of Fig. 63A,

where Ls is an adjustable, calibrated coaxial

inductor. The inductances LI and LZ, due to

cables and connections, were determined from

frequencies at L s = 620 nH and Ls = m by using

a

the

a copper tube (1. 9-cm diam) along the compression-

coil axis. Then (with the copper tube removed )

the radius a of the current channel to the plasma

was determined from its inductance L L. In the

preionization plasma al .3.4 cm and, with full

magnetic compression at p. . 20 mtorr, az . 1.4 cm.
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l?ig. 63. A: Circuit for driving oscillating longi -
tud~nal current; B (upper): compression field B
and current 1= for compressed plasma; B (lower?:
I for preioxuzed plasma; p. = 20 mtorr for both.
(fiime scale: 1 psec/div. )

smu cmwx f-mm

Fig. 64. Plasma density profiles without and with
0.63 MHz oscillating Iz.

These radii are significantly less than the discharge

tube internal radius of 4.3 cm, and az corresponds

both to the tail of the measured density distribution

and to the value obtained earlier from the Kruskal

limit. The agreement is good, considering the

fkct that az is an overestimate which includes the

effects of uncompressed plasma adjacent to the

electrodes. An estimate of the correction for the

10.0 ~ r I ,,1 ,1, ,,4, ,,11, I , I 1

-L Ulzr = 106

~ ~~>w,,r.z .,.6

m 1’

x
1-
n.
w
n

W12W * dz 0.1 .
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Fig. 65. Skin depth of oscillating Iz (or Be) vs
collision time.
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Fig. 66. Resistance of plasma column 90 -cm
long, 1 -cm radius derived from Fig. 65; hatched
line is observed plasma resistance.

ends gives the value az . 1.0 cm for the compressed

plasma. The current-car-g plasma has a density

n lying between 1014 and 1015/cm3.

The Q values of the circuit with LL open-

circuited, with the copper tube, with compressed

plasma, and ~th preionized plasma (see oscillo -

grams of Fig. 63B) were 29, 33, 17, and 11, cor-

responding to effective circuit resistances (uICQ)7

of 55, 50, 88, and 121 rnfl. Upon correcting for

.

“

.

-
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Fig. 67. Electron drift velocity vs collision time
for various assumed w and n.

the measured external circuit resistances in Fig.

63A, resistances of 148 and 141 mfl are derived for

the plasmas between electrodes in the preionized

and compressed cases, respectively.

In order to arrive at a figure for the res-

istance of the compressed plasma, the plasma out-

side the coil is assumed to have the same resistance

as the preionized plasma. Of the 130 cm between

electrodes, 37 cm are assumed to be occupied by

such plasma, whose resistance is therefore 43 rnil.

Thus the compressed-plasma resistance is 100 nil.

Plasma Density Profile

There is a possibility of anomalous dif-

fusion induced by turbulence which might be caused

by the streaming of electrons in the longitudinal

current l=. Therefore a comparison was made of

the plasma density profiles (as observed with the

M-Z interferometer) with and without I The
z“

results are shown in Fig. 64 at various times

during the discharge. There is no broadening of

the profile induced by Iz. Streak photographs

similarly show no difference between the cases

with and without Iz.

Interpretation of the Current-Channel
Resistivity

In order to derive a resistivity from the

measured resistance of the plasma column the

skin depth of the oscillating B field must be known.
e 14

This problem was treated earlier in terms of a

phenomenological collision time ‘r, to be thought

of as between electrons and turbulences or, in a

I
special case, between electrons and ions. The

resulting skin depfi, s, for wrious densities,

ranging from collisionless to collision dominated,

is shown in Fig. 65; the quantity c /uP is the

collisionless skin depth and w is the angular col-

lision frequency. With the expression given for

s, the resistances R shown in Fig. 66 are

derived for warious assumed densities which are

characteristic of tie plasma density tail where

the current is known to reside. The observed

Value of R corresponds to T s 10-s sec. From

Fig. 65, the skinning is seen to be collision

dominated.

The electront&ift velocity, Vz, can be.

derived14 as a function of ~, as shown in Fig. 67.

In the absence of turbulent heating the measured
12

value of kTe is 300 eV, and the average value

of Vz is seen to be well below the electron

thermal velocity at ~ x 10-s sec. It is, however,

greater than the ion thermal velocity of 4 x 107
12

cm/sec (corresponding to kTi x 2 keV) and the

ion sound speed [kTe/mi~* = 1.2 x 107 cm/sec.

Thus, on the average, ion sound might be expected

to be unstable provided kTe/kTi > 1, which is not

the case in the absence of oscillating Iz. It is to

be noted that u . m x 1070 sec and so is much
pl

less than the derived value of T.

Since the plasma is collision dominated,

the diffusion coefficient can be expressed as

(10)

where the particular choice ~B = 16/wCe (Wee =

electron cyclotron frequency) corresponds to Bohm

diffusion. For Scylla IV parameters in the plasma

tiil TBZ 10-11 sec. Thus the diffusion coefficient

has about 103 of the Bohm value.

The possible consequence of this diffusion

are shown in Fig. 68. If the sheath is assumed to

advance with velocity VD into the plasma tail by

diffusion, expelling plasma from the moving layer

of thickness s , then

‘D
= D/s. (11)

The tail has a density gradient n’ s 2 x 1015/cm4,

and v ~ can also be expressed as

VD = (dn/dt)/n’. (12)
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Fig. 68. Curves are (critical) electron Larrnor
ra ii (Eq. 16 ) for diffusion of the turbulent cur-
rent layer; horizontal lines give radii for various
electron temperatures in Scylla IV.

I f it is assumed that the turbulent layer begins at

some density no and advances to the value n, then

since s = s o (no/n)*, the dimensionless scaling

d (n/n. )

d~ =
(n/no* (13)

is found, where the characteristic diffusion time is

To = 2s0 nor/n’ @e .

The solution of Eq. 13 for the time to advance

from no to n is

[
*‘7 = 2 (n/no) - 1]70 .

(14)

(15)

The Larmor radius corresponding to t . 10-3 sec

is given by

2
[

= 4 So IIoT/tII’
ec

] [(nlno)+ - 1] . (16)

Values of rec are plotted vs T in Fig. 68 for -rious

mlues150f no in the tail of the density distribution to

n = 10 /cm3. It is seen that electron temperatures

in Scylla IV as large as 1 keV would still allow

10% sec before appreciable encroachment of the

cur rent layer on the plasma density distribution.
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SCYLLA IA MEASUREMENTS OF THE
PLASMA HALO

(H. Herold, V.A. Finlayson, J. D. Smith)

Measurements with the Old Spark-Gap and
Trigg ering System

Measurements of the low-density plasma

outside the high-~ core of Scylla IA were first

made under the following conditions: W . 60 kJ,

coil diam = 10 cm, coil length . 10 cm, mirror

ratio = 1.3. The old spark gaps and trigger system

were used at a reduced charging voltage of 40 kV

(compared to 50 kV maximum),

Results obtained with a C02 -las er interfero -

meter directed parallel to the discharge axis at a

radius of 1.8 cm are shown in Fig. 69 for two

filling pressures of deuterium. It is seen that for

-1.5 ~ sec a relatively high density exists at that

radius (indicating a broad radial density profile).

After this time the density levels off to minimum

values of 8 x 1013 to 5 x 1014/cm3. This mlue of

the halo density then decays with an e-folding time

of about 30 ~ec.

To get radial density profiLes, the relative

continuum intensities in a 50 -A band centered

around 4460 ~ (known to be free of impurity lines)

were measured by means of a nine channel mono-

chromator-detector system and the results were

Abel-inverted. An example of the results for a

discharge at 20 mtorr is seen in Fig. 70 , which

gives radial density profiles at different times. It

is seen that the halo plasma develops out of a

relatively long existing broad-density profile. The

main amount of plasma eventually contracts to a

central core leaving outside a halo-like, low-

density plasma cylinder. Then the central plasma

core decays much faster (by end losses ) than the

plasma halo. If a 1 /Ti dependence is assumed for

the end loss e-folding time, which has been proved

for collision-free and collision-dominated plasmas,

a value of Ti of 100 to 200 eV is found in the halo.

An attempt to measure Te in the halo using the D
B

to continuum ratio gave Te >> 10 eV. These tem-

peratures suggest that the halo plasma is separated

in an early stage from the bulk of plasma, and is

not created by ionization of neutrals left behind.

““’”:LL“’”m
““’3i!Lzs

0123400 012s48
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Fig. 69. Integrated density vs time at fixed
radius in Scylla IA.
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Fig. 70. Relative density profiles of Scylla IA
plasma.

Measurements with the New Spa rk-Gap and
Triggering System

With the hard-starting, spark-gap trigger

system, described on p. 76 , the plasma properties

have changed considerably. In particular, the

plasma halo has diminished. In Fig. 71 radial

density probiles before and after the rebuilding
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Fig. 71. Relative radial electron densities in
Scylla IA before and after modification.
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Fig. 72. Line density of the halo at r . 2.5 cm
vs bank voltage, Uo.

are compared. The steeper density gradients and

reduced halo can clearly be seen.

The halo density was remeasured using a

gas-laser interferometer. Since the halo density

was high enough and since the problem of beam

bending by refraction is less severe for the shorter

wavelength of the He-Ne laser, the latter was used

instead of the C02 laser. Halo densities were

measured at r . 2.5 cm with p. . 24 mtorr and 30

mtorr. At a charging bank voltage, U., of 40 kV

the minimum halo densities (occurring at about

Bz-maximum) were between 3 x 1013 and 3 x 1014/

cm’. Within the big shot-to -shot deviations no

difference could be found for the two filling pres-

sures. To check the assumption that the halo

development is influenced by the magnitude of

dU/dt (t = O), measurements were carried out at

U. = 35 kV and 45 kV also. The result is shown

?I.ml

Fig. 73. Radial profiles of B for Scylla IA
plasma (pm = 20 mtorr, U- = ~ kv).

Fig. 74. Values of n , I , and B= vs radius at
0.6 ~sec after start o? m%in discharge.

in Fig. 72, which gives the measured minimum

line, densities of the halo as function of bank volt-

age. There is a tendency to lower halo densities

with increasing voltage; however, the high shot-to-

shot deviations and the rather poor statistics so far

should not be disregarded. This w uld be in

accordance with the observed reduction of plasma

halo by the improvement of the spark gaps, i. e. ,

higher dU/dt (t = O).

To get the fraction of the total plasma

current flowing in the halo, Bz was measured in the

plasma. A Bz-probe with six coils (coil distance

O. 5 cm, shielded with slotted hypodermic tubing,

ceramic coated, over-all diam = 2.5 mm) was

used. Figure 73 gives the radial Bz profiles at

various times after the start of the main discharge

and Fig. 74 gives an evaluation of 18 at t ❑ O. 6

~ sec together with a density profile. It is seen that

70



at this time, when a well-defined central plasma

core has developed, about 8 ~0 of I flows outside
e

the high-density core, i.e. , in a zone where n s
e

5 x 10:4 /cm3.

One somewhat strange observation should

be mentioned in connection with these measure-

ments. Figure 73 shows that there is reversed B
z

field (up to 2 kG) present in the center of the plasma

but only at about the time of the first and second

maximum compression. Careful measurements

of the field trapped in the PI-discharge show it is

< 10 G and therefore cannot cause the observed

reversed Bz.

DYNAMIC STABILIZATION EXPERIMENTS ON
SCYLLA III INVOLVING KRUSKAL-SHA FRANOV,

m . 1 MODES

(G. A. Sawyer; K.si Thomas, M.H. Thomas,
D. M. Weldon, E. L. Zirnmermann)

Int reduction

Experiments were performed on Scylla

III to investigate the effects on plasma stability

of running high-frequency alternating currents

and direct currents down the z axis of the plasma.

These experiments have relevance to Scyllac

design in that stabilization of the Haas-Wesson

instabilities predicted to occur in the liM and S!!

configuration used in Scyllac will probably require

some form of dynamic stabilization. A study was

made of the Kruskal-Shafranov (K-S) instability

with quasidirect and high-frequency currents.

Scylla III Modification and Dynamic Stabilization
Apparatus

.

A 1 -m coil was attached to Scylla III

and the previously used vacuum spark gap crowbar

was replaced with a pair of dielectric switches.

This has given the Scylla I-U device the following

characteristics:

Half period 3.4 psec

B
max

27 kG

Modulation due to crowbar 100 %

The dynamic stabilization apparatus consists

essentially of 1 p F in high-Q capacitors and five

parallel coils which form a multi-loop LC resonat-

ing circuit (Fig. 7 5). The inductance also serves

as the primary of a transformer coupled to the

plasma column as the secondary. To operate the

device, the capacitor bank is charged up and then

connected to the inductance by closing a dielectric

switch. By a minor modification the bank can

also serve as a quasi-de source to excite K-S

modes. The properties of the dynamic stabilization

devices are given below:

T (high-frequency) 1.3 ~sec

~ (quasi-de) 6 psec

Imax (de, V = 41 kv) 39 M

Imax (high frequency, V = 45 kV) 33 kA
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Fig. 75. Schematic of dynamic stabilization
system.

Apparatus

Three different methods were used to study

the plasma: streak photography, holographic inter-

ferometry, and measurement of the ratio of cur-

rent in the dynamic stabilization device to the z-

current through the plasma. Streak pictures were

taken at three points, one at the center of the coil

and one .25-cm from each end of the coil. A SyS -

tem of mirrors collected light from all lhree slits

and brought the images to a single streak camera.

Only movement of the plasma in the horizontal

plane was measured by streak photography.

The holographic interferometry was used

to measure the density of the plasma column at

various times after application of a z-current.

Measurement of seconds ry and primary currents

gave a rough indication of the effective radius of

current through the plasma because the inductance

of the secondary depends on the radius at which the

current is being carried.

Results of Experiments

No Z -Current

A slight motion (1 -2 cm in 4 ~sec) of the

whole plasma column toward the 9 -pinch feed slot

is observed with no z-current applied. This

effect was identified as due to the dynamic stabili-

zation feed plates connected to the ends of the dis -

charge tube. It was eliminated by slotting the feed

plates in the horizontal plane to allow passage of

magnetic flux from the 8-pinch.

mm
Fig. 76. Streak photographs showing m = 1 in-
stability in Scylla III; oscillograms are Bz.

>,-., Cuwmsr blrs z CwRu!n
- .-=------ -.— ——— — -

Fig. 77. Streak photographs showing plasma
column with oscillating longitudinal current.
(There is a high-frequency pickup in the B
oscillogram on the right from the fast Iz c~rcu.it. )

C2uasi-DC

Kruskal-Shafranov modes similar to the

type found on Scylla IV were also found on Scylla

III; the streak photograph in Fig. 76 shows an

m = 1 instability driven by a longitudinal current

of 35 M. Growth rates are roughly the same

order of magnitude as those found in Scylla IV.

Interferograms showed that the plasma had a max-

imum density of the o tier of 2 x 1016/cm3 and

that under the effect of a direct current in the z

direction it tended to move upward and away

from the 9 -pinch feed slot. It also frequently

appeared to be elliptical in cross section with the

long axis vertical.

.

.
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Oscillating Currents on Scylla III

The dynamic stabilization apparatus

produced high-frequency currents of about 30 U

through the plasma with the voltages which could

be safely put on the dynamic stabilization appara -

tus , Figure 77 shows that, even though the

oscillating longitudinal current (30 kA ) had a

magnitude sufficient to excite the K-S mode in the

quasisteady case, no instability occurred. This

demonstrates the principle of dynamic stabiliza-

tionn.

Oscillating Currents

The dynamic stabilization apparatus wss

also run on Scylla IV. The feed point drift men-

tioned above, which was caused by asymmetry in

the dynamic stabilization feed plates, was pro -

nounced on Scylla IV. At this time Scylla IV had

three atisymmetric bumps (ABe/Be = -0.22 ), and

the drift initiated a rapidly growing m = 1 Haas -

Wesson instability. There was a slight indication

that the dynamic stabilization z -current had a

stabilizing effect on the instability. However,

when the asymmetry was eliminated by slotting

the feed plates, no instability, either Haas -

Wesson or Kruskal, was observed up to currents

of 30 IG4 at 800-kHz frequency for the collisionless

plasmas being observed.

DIFFUSION AND TEMPERATURE
LIMITATIONS IN ~ s 1 e -PINCHES

(A. A. Newton)

In zero bias 9 -pinches electron thermal

conduction along the plasma to cold regions out-

side the coil has been shown to limit the electron

temperature attainable.
1

A model has been con-

structed to explore this powerful cooling mechanism

in reversed bias f3-pinches.

With reversed bias field early rapid

diffusion generates a @ s 1 plasma
2-5

with strong

self-mirrors and a lifetime long compa red to an

ion transit time along the plasma. In this case

particle loss is assumed to proceed by radial

diffusion into a boundary layer o r sheath and then

by flow along the sheath which extends as a narrow

cylinder to cold regions beyond the confines of the

coil. Inside the sheath there is a ~ s 1 plasma

wiih a cross-sectional area large compared to that

of the sheath in the rnidplane but which collapses

to zero near the ends of the coil.

Particle loss es from this configuration have

been analyzed6, neglecting joule heating and

thermal conduction. Thermal loss becomes im-

portant when the electron mean free path in the

sheath exceeds (me/mi# Le/2 (Le is the coil

length). 1 As joule heating raises the temperature,

the diffusion and dissipation rates decrease.

Conduction losses increase steeply with tempera -

ture so that the latter should stabilize when joule

heatkg balances the conduction 10Ss, provided

other sources and sinks are small. Thus the

particle flux entering the sheath depends both on the

resistivity and the pressure gradient and is deter-

mined by heat balance in addition to the continuity

of radial and axial particle flow.

The coupled loss mechanisms can be

analyzed dimensionally by seeking the equilibrium

temperature at which joule heating equals the

thermal 10Ss and diffusion into the sheath equals

the particle effusion loss. Consider a ~ = 1 plasma

of radius R and length L, located in the midregion

of the coil. It is bounded by a thin sheath of

thickness A which collapses to a radius a (a<< R)

beyond the plasma and extends in a spindle for a

distance 4. to the cold regions outside the coil.
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Magnetic flux is conserved through the sheath and

spindle. The plasma and sheath are isothermal

with Te = Ti, and the temperature gradient is

confined to the spindle. All sources and sinks of

energy other than joule heating and thermal con-

duction are neglected, except for compression

heating due to the plasma collapse ,which is set

equal to the energy lost by effusion. The crow-

barred condition, i.e. , constant magnetic field,

B, is assumed.

Then the power gain from joule heating

- ~jz 2TrRM, (where T is the resistivity and j s

B/~A) equals the heat 10SS ;long bofi spindles

- 2naz Ke aT/az (Ke . K. Tz is the thermal con-

ductivity). The flux of particles entering the sheath

by diffusion -J ~ 2TrRL/8TiA equals the effusion loss

- 2nvz-ra2/4, where n is the density. If the effusion

velocity is thermal, i. e. , vz = # T*, it follows

that the equilibrium temperature is

(1)

It is remarkable that T contains neither the mag-

nitude nor the temperature dependence of T, so

that any dissipative mechanism which leads to

heating and diffusion ,as described above will pro-

duce the same result. Published data
2-5

are

insufficiently detailed for a thorough test of Eq. 1,

but it is noteworthy that the limiting temperature

has not been exceeded.

N. J. Phillips6 has found that the plasma

lifetime is

(2)

where V = TTR2L is the plasma volume. The same

result can be derived from the dimensional analysis

using ~ = To/T; , naz = 2nRA, and A2 = qL/TT,Vz,

except that an additional factor - 6 appears. It

is reasonable to conclude that Phillips’s analytical

result is valid in the presence of energy loss pro-

vided a temperature consistent with Eq. 1 is used.

(Additional factors are possible in Eq. 1, although

their effect is les S important because the tempera-

ture occurs to the third power. )

Observed plasma lifetimes
2-5

agree with

Eq. 2 to within a factor of- 2-3. Bohm diffusion

over the whole plasma-sheath interface can be

excluded since it leads to a decrease by a factor

of-5-10 in ?. The quoted interpretations of life-

times using dimensional theory conflict on whether

the diffusion is Bohm-like or classical. Clearly

comparisons are onlyval.id if made with a precise

theory and a two -dimensional numerical cal-

culation is to be preferred.

Finally it is worth noting that the limiting

temperature of Eq. 1 precludes an open-ended

pulsed thermonuclear reactor of reasonable

dimensions even with the maximum magnetic fields

presently attainable.

1.

2.

3.

4.

5.

6:
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HOLOGRAPHY

(F. C. Jahodaj

With the increasing use of holographic

inter ferometry as a standard diagnostic technique

on various Sherwood experiments it becomes in-

c rea singly desirable to be able to make multiple-

frame interferograms in the course of a single

discharge. Renewed attention, has therefore been

given to two potential methods.

In the first, a portion of a single ruby laser

Q-switched giant pulse is stored in an optical

delay line and then with appropriate optical elements

after the delay Line a second scene beam is super-

posed on the scene beam location of the undelayed

direct pulse (i. e. , sent through the plasma) while

a second reference beam is displaced sufficiently

from the undelayed reference beam to expose a

different position of the hologram film. Two

independentinter ferograms are thUS produced by,

the usual method of two consecutive laser firings,

with and without plasma present. The limitations

are set by the intensity transmission and total

delay time that can be achieved with the delay

line.

With 3-in. diam high-reflectivity, dielec-

tric mirrors, one plane mirror and one concave

mirror of 10-m focal length, separated by

about 5-m, 0.4~sec delay (24 transits) was

reached relatively easily. The finite size of the

45° entrance and exit mirrors to the delay cavity

limits the number of nonoverlapping beam tra -

Versals between the main mirrors before the

beam is obstructed by these subsidiary mirrors.

In this case the intensity loss is severe but an

interval of O. 2 ~sec appears to be more practical.

Larger mirrors of higher reflectivity or a more

intense laser could improve on these times, but

the method, at the moment, is curnbe rsome and

inflexible and would be useful on a plasma only in

the special circumstance that two such closely

spaced interferograms are particularly desirable.

interference is produced between the reconstructed

object (the original reference beam being now the

reconstruction beam) and the object itself (now

slightly, altered by the presence of plasma, say)

illuminated by what was the scene beam during the

hologram recording. If the laser source is of

sufficient duration, the time history of the chang-

ing interference structure can be followed with,

e. g. tan image-converter framing camera> observ-

ing the plasma directly through the hologram.

Several potential troubles in making this

method workable have been overcome. Thus ,

photographic plates (rather than film) mounted in

a special jig that goes through the dark-room

processing and can be accurately repositioned have

proved adequate in a CW He-Ne laser (long exposure

times) version of this method.

Of more significance, the chilled Hughes

ruby laser (used previously on Scylla IV), which

stays on in excess of 100 ~sec (some modulation

but no dead time), makes good quality holograms

despite there being no mode selection whatsoever,

since, both end mirrors are coatings on the ruby

itself. To achieve this, however, the path lengths

of reference and scene beams must be closely

equal and a pinhole (O. 04 in. ) used that wastes

most of the available laser energy. There is

ample energy left in the time-integrated pulse to

make the hologram, but the reconstructed image

intensity is marginal for the framing time of the

Beckrnan-Whitley image converter. Because these

are only 1 -frame urdts, in a working system

several units must be used with furtb r intensity

losses due to beam splitting. Nevertheless, the

threshold usefulness has been reached in the initial

attempts, so that further effort on the reconstruct-

tion intensity seems justified and is in progress.

A single-frame live -fringe interferogram

of an exploding wire has been produced with a giant-

pulse ruby laser, where the intensity is sufficient

to demonstrate the principle.

A second method promises much greater

versatility. This is the so-called “live fringe”

method, whereby a single holographic exposure is

accurately replaced after development, and
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THREE ELECTRODE CASCADE
SPARK-GAP DEVELOPMENT

(R. F. Gribble, D. Brmvn,C. F.
Hammer, J.A. Meyer, T.D.

Langham)

Introduction

Considerable effort has been devoted to

rewamping the start gap, presently in use in ScyUa

IV, with a view to providing a harder starting gap

with less jitter for S cyllac. As previously used

at 50-kV in Scylla IV, this gap was not !Icascading!!

properly, resulting in a soft start of the Q-pinch

(partially made up by the high voltage and large

transfer efficiency). The gap has been redesigned

and 36 were tested on Scylla IA with good results.

On ScyUa IV, 350 gaps with fast trigger, are being

installed for a large-scale test at 50 kV. The gap

design is essentially final for ScyUac.

Gap Operating Modes

The four-electrode gap of the general

Scylla variety (Fig. 78) has what may be called four

modes of operation: simultaneous, fast swinging

cascade, inverse cascade, and slow cascade.

These define the sequence and manner in which the

gaps operate. The three gaps in a four electrode

switch are defined in the order in which they are

20 d! +

intended to break dovm: gap zero, the illumination

spark; gap 1, the first main breakdown caused by

the trigger voltage; and gap 2, the connecting

breakdovm resulting from other factors, depending

on fie mode. Henceforth, “gap” will refer to gap

1 or 2, the upper gap will refer to that between

the top or output electrode and the center electrode,

and the lower gap is that between the center elec-

trode and the load capacitor electrode. Further,

L1 is the spacing of gap 1, and L2 is that of gap 2.

Gap 1 is usually the lower one, and gap 2 is the

upper one although this is not necessarily alwaYs

the case.

In the simultaneous mode, breakdom

processes are begun simultaneously in both gaps

as the center electrode is swung and both gaps

connect within a few nsec of each other. This

mode is desirable in that jitter and delay are

minimal and the gaps start hard; the load cables

are charged rapidly due to the low gap resistance.

However, this operation is strongly dependent on

capacitor voltage, trigger rise time, gap spacing,

and pressure, and is very difficult to achieve ibr

many gaps in parallel. The trigger voltage rise

must be IIfaster” than breakdown processes.

The fast swinging cascade mode employed

at Culham seems to be the most reliable method

of operation. Here Cc (Fig. 78), charged to the

trigger voltage, forms a closed loop with L=, Cc

and gap 1, the lower gap, as gap 1 conducts.

When dI/dt in this circuit changes sign, the volt-

age across Lc adds positively to Vc, swinging the

center electrode positive and rapidly over-

volting gap 2 beyond Vc. However, in the old

design Cc -Lc forms a 250-MHz ringing circuit

and hence the overswing does not last long enough

(half-period of 2 nsec ) to produce a hard breakdown

at the peak.

With 4.2 = ~ in. and a ~-in. center

electrode hole, the overswing produces a sufficient-

ly high E-field for almost complete breakdown

during the overswing, with the result that load

current conduction begins within 10-30 nsec after

the first overswing, depending on V c and gap

pressure.
Fig. 78. Schematic diagram of apparatus for
testing cascade spark gaps.
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In the slow-cascade Scylla IV mode the

over swing following gap 1 (the lower gap) break-

down is not sufficient to cause irnxnediate gap 2

breakdown, either because the amplitude is

insufficient or the breakdown is too soft. But

because the trigger cable is connected across the

center and upper electrodes the trigger current

flows thxuugh the load. While this current is

increasing, the voltage developed across the load

is such as to make the top electrode positive,

decreasing the voltage across gap 2 (the center

electrode is at + 48 kV). Gap 2 does not break

down until the trigger current begins to decrease,

making the top electrode negative and thus increas-

ing the voltage across gap 20 But the changing

voltage on the upper electrode is relatively slow

(0.4 -~sec half period, w 80 -kV maximum), and

hence gap 2 breakdown is soft. This mode and

soft starting (much slower start than any fast cas-

cade starting observed) has been realized with

4,1=1,2= *in., even with a fast trigger. The load

voltage rise to peak on Scylla IV is 80 nseco For

fast e -pinch operation it would be desirable to use

a hard starting load spark gap.

The Culham group connect the trigger

cable from center electrode to the load cable outer

conductor, thus preventing trigger current from

flowing into the load, since gap 1 is the lower gap.

This would improve the operation of the LASL gap

in the fast - cascade mode because it would prevent

the initial drop across the load cables (about

16 -kV for an 80-kV trigger) from reducing the gap

2 voltage on gap 1 breakdown. It has not been

used, however, because such a trigger cable

connection would result in an unfavorable prefire

condition as the PI voltage appears across the load

gap. This is due to the capacitive divider effect

of the effective trigger cable capacitance connected

across gap 1, the long gap. It is desirable that

the PI voltage be divided across the gaps in the

ratio of their spacing or at least it must appear

across the long gap. Because, in the more

desirable connection, the trigger current flows in

the load, precise measurement of gap 2 delay of

more than 48 nsec, i. e. , the load cable double

transit time, is difficult, as the voltage rise due

to the reflected current has the same appearance

as a soft starting gap 2. Reflections back from the

trigger source 60 nsec following gap 1 breakdown

also complicate the picture. These reflections

frequently cause abrupt changes in light emission,

although of lesser magnitude than the main load

current.

The last mode to be discussed, the inverse

cascade, occurs when gap 2, breaks down before

gap 1, the unintended order.

Measurements of Gap Performance

A trigger circuit was built that can deliver

to an open circuit RG-17 50-fl coaxial cable a fast

pulse of 60-nsec duration that rises LO300-kV in

4 nsec or less. For most of the work to date 160-

kV pulses have been employed with this fast trig-

ger; the behavior of the 50 -kV load gap used in

Scylla IA and several modifications of it have been

studied. Pressurize ng the gaps to 5 and 25 psig

aPPears to be desirable.

The trigger circuit constructed for the work

consists of five 50 -Q RG-17 charge cables, one

RG -17 output cable, and a simple overvolted (but

illuminated) two-electrode spark gap that connects

the two sets of cables. A Marx circuit produces a

rapidly rising voltage on the cables variable from

60 to 150 kv. The trigger gap consists of the top

and bottom electrodes of an old original Scylla I

gap and a porcelain insulator with a ~in. nylon

spacer added. The gap spacing is ~ in. Preillurnina -

tion is provided by a small Scyllacita spark plug

buried in the charge electrode. With the preillu.rnina -

tion and 35-psig air in the gap, the output pulse is

quite stable, having a value between 75 and 85 kV

and a rise time of less than 4 nsec. When operat-

ing into a load spark gap the pulse doubles and is

slowed by the RC of the cable Z and the electrode

C (RCa 5 nsec).

Only two types of measurements have been

made on the gaps: voltage and light emitted. Capa -

citive voltage dividers are connected to the top and

center electrodes of the gap and rigid light pipes

are inserted in shallow holes in the gap insulators,

as shown in Fig. 78, to observe the light emitted

at each gap. The capacitive dividers were develop-

ed and constructed at LASL.
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Fig. 79. Approximate waveforms for fast-cascade
mode of three-electrode spark gap operation.

A 1500 -pF ceramic feedthrough capacitor

C is soIdered into a BNC cable connector, and a

resistor R of 10 kfl is soldered between the feed-

through capacitor and the center conductor fitting

of the connector. The outer end of the capacitor is

soldered to a bare braided strip which is wrapped

around a high-voltage cable to provide the small

high-voltage capacitor of the divider. The rise

time of the divider was measured to be Z nsec with

a 2-nsec rise time source. A faster source is

being constructed to measure the response more

accurately. The overshoot is small, and the e-

folding fall time is RC.

To observe the light emission of the gaps,

a selected 931 photomultipl.ier was installed in a

double shielded housing. Gap breakdown is usually

inferred from a sharp break in the PM signal; how-

ever, simultaneous observation of electrode volt-

ages is frequently necessary due to ambiguities

in the PM signal caused by cable reflections.

Results

Waveforms of fast swinging cascade

operations are shown in Fig. 79; they were obtained

at 500 -torr gauge pressure, 48-kV capacitor voltage,

and 80-kV trigger. The characteristic voltage

overswing of the center electrode, which causes

breakdown of the upper electrode and overall

‘hard” operation, is shown in the top oscillogram.

Use of air at pressures above atmospheric

has several advanta gas. Obviously voltage hold-

off is increased and prefiring is reduced as the

pressure is increased. But more important is the
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fact that spark channel formation times are reduced

with increasing pressure. This effect was clearly

seen as a decrease of the delay from the start of

the trigger to complete conduction and also a de-

crease in jitter as a function of pressure.

As ummary of the observations is given

below.

1. VC=+48kV, V
trigger

=80kV,4.1=&z=~ in.,

~-in. center hole. Slow cascade mode as in

old Scylla IV. Ten shots in each run.

Gap pressure, Delay Jitter
Run (torr) @!SE.) nsec

1 10 290 -2O*1O

2 60 312 -20+10

3 180 320 -20+10

4 60 300 -2 O*1O

Note that delay is strongly dependent on

pressure and that the trigger voltage appearing

across the load was changing about eight times

faster than it does for Scylla IV (80 -kV peak com-

ponent to 11 kV, same period).

2.

3.

4.

5.

Same as No. 1 but center electrode hole .$ in.
diam.

Same results as No. 1.

-80-kV fast trigger (- 7 nsec), L1 = ~ in. , 42 =

* in. , ~ in. center hole.

Best operation at 400-600 torr (8 to 15 psig)
pressure

Operating range: 40-50 kV

Delay: 20-35 nsec. Jitter: 1-10 nsec

Fast-cascade mode but never simultaneous mode

Hard starting

Prefires at Vc = 53 kV for pressures < 50 torr.

-80-kV slow trigger (- 20 nsec) 4.1 = ~ in. , k =

~ in. , ~ in. center hole

Vc = @8 kV, 500 torr pressure

Fast-cascade mode

Medium hard starting

Delay 43 to 58 nsec in five shots

Operation is reliable at 48 kV, not at 42 kV.

Same as No. 4 but -40 kV slow trigger (-40 nsec)

Vc = 48 kV, 500 torr pressure

Delay, 78 to 110 nsec, five shots

Operation at 48 kV very marginal

Fast-cascade mode.
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6. Same as No. 3 but ~-in. center

electrode hole instead of ~ in.

Data have not been analyzed but delays and

jitter appear to be 507” greater than that for a %-in.

hole.

The inverse-cascade mode occurs when the

trigger polarity is the same as VC, the load capa-

citor potential, or in the case ofL~/42 = 2 at VC

< 40 kV, depending on the pressure. This occurs

at 20 psi and VC . 40 kV, and for all pressures

where VC < 30 kV. At 50 torr and VC . 32 kV it

occurs in about 50~. of the shots. This mode is

highly undesirable because the delay is from 50 to

300 nsec for V ~=48t040kV and the jitter is

rather considerable. The cause for this mode is

obvious for low V ~; the avalanche electric field is

first reached in gap 2. For larger VC at the higher

pressures the mode is still possible because the

breakdown field may still occur first in gap 2 even

though the field was initially greater in gap 1. If

‘CE
is the center electrode potential to ground ,

the ratio of electric fields in the two gaps is

IEG2/E~lI =2vcE/(vc - VCE). The gap 2 field
rapidly exceeds that of gap 1 at the higher pres-

sures where the fast breakdown field is large.

At 600 torr and 48 kV, gap 1 rapidly

conducts where V CE reaches about -100 kV. At

breakdown, then, for Z,l//,Z .2, gap 2 has .4/3 the

field of gap 1, but gap 1 breaks down first. Clearly

the breakdown process in gap 1 begins sometime

before VCE . -100 kV. Since these conditions

yielded the least delay and jitter, it is likely that

breakdown had started in gap 2 by the time gap 1

had capitulated. At Vc . 48 kV and at a pressure

somewhere between 15 and 20 psig, simultaneous

mode operation must occur since, as was pointed

out earlier, gap 2 broke down a few nsec before

gap 1 at 20 psi,, 48 kV, in still an essentially sim-

ultaneous mode.

The Selected Gap

The spark gap selected for testing in a

multiple-capacitor, parallel system represents the

least modification of existing designs. A standard

center electrode is modified by enlarging the center

hole from ~ to ~ in. diam, rounding the hole edge

to ~ -in. radius of curvature, and adding an

aluminum ring to the center electrode structure

to increase the center electrode capacitance to

ground by about 100 pF. The major change from

existing design is reduced gap spacings in the

ratio 2:1 and the use of air pressure > 1 atm. In

addition, it was found that charging the load capa -

cito r negatively greatly improved the gap per-

formance over that for positive charge.

When using this center electrode geometry

with a lower gap spacing of * in. , upper * in. , gap

pressure 14 psig, and load capacitor charge -59

kV, the average delay was 34 nsec, and the RMS

jitter was 2 nsec in 50 samples taken from 1100

shots . The center electrode swing WS 80 kV

in 22 nsec to gap 1 breakdown. After 6 nsec the

overswing reached a peak of -80 kV relative to

the upper electrode. Gap 2 breakdown occurred

4-6 nsec after the overswing peak, The gap did

hot operate satisfactorily for positive charge

<,55 kV, whereas its use~l range extends down to

40 kV for negative charge. At 59 kV the delay

was reduced by a factor of 2 and the RMS jitter

by a factor of 5 by charging negatively.

Use of the grooved set of insulators was found

to produce very good static hold-off. At 90 kV,

14 psig the gap would hold all day and at 20 psig

it would take 95 kV indefinitely; however, at 2

psig the hold-off voltage was only about 55 kV.

Installation on Scylla IA

As a reliability test, the 36 Scylla IA gaps

were modified to the selected gap specifications

and the triggering system was replaced. Several

minor problems were encountered in the triggering

system, but these have been resolved. A difficulty

with load gap preilring was removed.

The load gap modification consisted of adding

a capacitance ring to the center electrode, boring

the center electrode hole to ~-in. diam and

shortening the upper gap by reducing the upper

insulation length to 1.700 from 2.000 in. The

capacitance ring consists of an alumimqn tube

1~-in. long, 7.00 -in. id. and 7.250-in. o.d.

The ring increases the net center electrode capa-

citance to about 250 pF. By boring the center

electrode hole to ~ in. and rounding the edge to ~-in.
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curvature, the lower gap spacing yas increased to

0.60 in. with a 2.000 -in. insulator. The upper gap

spacing is O. 30 in. with the 1.700 -in. insulator.

In addition, five &-in. x &-in. grooves were cut in

both insulators. A ~-in. tungsten pin was added

to the center electrode to meet the spark plug pin

for a spark plug gap of ~ in. The 1OO-M resistor

connected between the spark plug and the center

electrode was replaced with two series 75-Ci, 2-W

carbon resistors to decrease the probability of a

PI caused prefire. After the interruption for

modification of the trigger system and the load

gaps, plasma experiments were started again.

With the improved system tie plasma

properties have changed considerably, presumably

as a result of the faster voltage rise. Under other-

wise identical initial conditions as before (2o.

mtorr, 40-kV, At between PI and main bank . 14

~sec, HI about as effective as before) the neutron

output has increased a factor of 2, which corres-

ponds to an increase in T.~ of about 1,50 eV. Streak

pictures show a much better defined ingoing plasma

sheath and a less diffuse plasma column., In

addition, the plasma halo has diminished. Indivi-

dual gap jitter for about 10 gaps monitored is

<2 nsec and the variation between the monitored

gaps is less than 10 nsec. Part of this variation

is due to different trigger cable lengths, and part

is probably due to machining tolerances.

Trigger System for the 3-Meter Modified
Scylla IV

A trigger system has been proposed for

Scylla IV-3 that will employ components designed

for Scyllac and provide a trial for the proposed

Scyllac trigger system. Preliminary measure-

ments indicate that the trigger gap will yield a

pulse siqxilar to that used in developing the hst

load gap.

Three gap spacings have been tried on the

submaster gap that employs Scylla I type elec-

trodes. Near atmospheric pressure was used with

a total gap spacing of 1 in. The gap inductance

was about 100 nH. For ~ -in. spacing 20 psig was

required and the inductance -s 60 ~. For the

third trial, gap spacings of ~ and ~ in. were used

for a total of& in. This gap broke down at 100 kV

with 40 psig. The minimum operating gap pressure

was 45 psig and the resulting gap inductance was

about 45 nH; this gave a 28-nsec delay to the - 130-

kV breakdown potential of gap 1 of the load gap

(80 kV trigger + 50-kV capacitor charge).

Trigger transformers for triggatron buffer

(10 kV) and for master gap triggey (100 kV) circuits

were investigated. Two types of ferrite cores were

tried for the triggatron circuit and Ferroxcube -

144T500 cores were chosen. A 10-kV pulse was

applied to the primary. With four primary and 12

secondary turns on two-stacked Ferroxcube cores

the delay to 20 kV was 28 nsec. The other investi-

gation invulved the large laminated iron cores

used for triggering master gaps. A total delay of

75 nsec to 100 kV was obtained with 20 kV applied

to a one-turn primary with six secondary turns.
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PIGGY-BACK CROWBAR DEVELOPMENT

(R. F. Gribble and J.A. Meyer)

The piggy-back crowbar switch develop-

ment has been continued with renewed interest.

The fi’rst version was impractical due to the

rather large trigger energy requirement. It was

hoped that by increasing the gap pressure this

requirement would be reduced, but such was not

the case. The Garching group have successfully

utilized ferrite in a crowbar switch to isolate the

trigger electrode for triggering in such a manner

that the ferrite saturates when the switch closes,

reducing the gap induction to a reasonable value.

By adding toroidal ferrite cores to the original

geometry, a crowbar switch with reasonable

trigger energy requirements has resulted.

The new geometry also uses ferrite to

introduce a saturating inductance in series with

what was formerly the grounded electrode con-

taining the trigger pin. Trigger current passing

tirough the trigger pin and the ferrite inductance

is initiated T/2 before the load current peak, where

~ is the trigger period. The initial polarity of the

trigger is the same as that of the load capacitor

so that the first voltage spike produced by the

ferrite does not break down the crowbar. Air

surrounding the trigger pin in the crowbar is

ionized during the first tr igger half-period. When

the trigger current reverses, the ferrite flux

ideally switches saturation polarity, producing a

voltage pulse across the crowbar gap and closing

it. The advantages of this scheme over the Garch-

ing method are that the ferrite does not require

biasing and the gap is heavily preionized. A high-

voltage capacitor is required, however, since the

magnitude of the closing pulse can be no greater

than the potential acress the trigger capacitor at

the end of the first half-cycle.

Reasonable operation has been obtained

with a 75-kV trigger capacitor delivering 1O-1A

peak. The crowbar was operated at 10 psig where

4 psig is the minimum pressure to prevent a crow-

bar prefire at the load gap firing. The data of

Fig. 80 show the results obtained under these

——.

i@EZL:-2psec /cm
Fig. 80. Waveforms of piggy-back crowbar load
current in a circuit with two capacitors and
inductance scaled to the Scylla IV load.

conditions.
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EXPLODING-FOIL DIELECTRIC CROWBAR
SWITCH DEVELOPMENT ON SCYLLA IA

AND SCYLJA III

(V. A. Finlayson, G.A. Sawyer, J.D. Smith,
M.H. Thomas, K.S. Thomas, E. L. Zimmerman)

Intro duction

Development of the exploding-foil switch

(see LA-3831 -MS pp. 69, 77) to crowbar the cur-

rent of Scylla IA has been completed dining this

report period. In its position at the rear of the

collector plate the modulation is excessive for

long-time crowbarring. However, it serves quite

well as a device to prevent field reversal and loss

of discharge tubes. A version of the stitch.

embedded in the collector plate for C1OSer coupling,

and hence giving lower modulation, has been tested

on Scylla HI.

The Scylla IA Experiments

Extensive parameter studies were made on

the physical dimensions of the three switch parts

consisting of the contact plate, the foil laminate,

and die plate. First, various foil widths using

2-roil copper foil were studied beginning with those

used by I. Henins and J. MarshaII. The results

are shown below as a function of closure time, i. e. ,

Exploding Foil Width (in. ) Closure Time sec

0.250 5.0 +0.1

0.312 6.2 *0.2

0.375 10. o*o.6

the time from beginning of current flow in the foil

to current flow in the crowbar switch. A slot

width in the die plate of O. 250 in. was found to be

the narrowest that would allow good metal flow into

the slot. Since alignment is critical for O. 250 -in.

foil, the O. 312-in. foil was used, thus permitting

some error in alignment.

Insulation for the foil laminate was studied

next. The foil laminate must be insulated for the

high-voltage inductive kick when the foil explodes.

The copper foil is laminated between two pieces of

&-in. polyethylene plastic at high temperature

and pressure.

1

6.0 I I

5.0 7.5 10.0
EXPLODING FOIL LENGTH(cm)

Fig. 81. Switch closure time vs foil length.

Tests have been made concerning the length

of the exploding foil section, and values of foil

Iength vs closure time are plotted in Fig. 81. All

tests were conducted using a 14qLF capacitor at a

charge voltage of 20 kV. The longer foil was

characterized by longer closure time and less

depth of penetration of metal into the slot. Closure

was uniform, however, along the length of all

switches tested; hence, it appears that longer

switches could be used provided sufficient energy

is supplied, as will be explained below.

Three criteria determine the contact plate

thickness. First, it must be thin enough to be

driven without too great resistance to the explosion,

but it must be thick enough to both carry the current

and make deep closure contact. From skin depth

calculations, if half of the plate is driven into the

slot, then O. 062 -in, aluminum yields a penetration

time of about 21 psec whereas, 0.096-in. 11 OO-H17

aluminum gives a penetration time of about 100

bsec. Furthermore, the latter gives a better

physical contact due to deeper penetration. Anneal-

ing of the aluminum is undesirable because it is

softened so much that the plate tears when the

switch is operated.

Since Scylla IA is a series machine with two

crowbars, one for each side, a complication arises

in the study of performance of the switch. If one

.
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“18.5 19.0 19.5 20.0 20.5

CROWBAR CAPACITOR VOLTAGE ( KV)

Fig. 82. Switch closure time vs crowbar capacitor
voltage.

switch closes early, an overvoltage is produced on

the other side of the machine causing the second

switch to close sooner than normal. The effect of

one switch on the other is seen in all the data so

far collected. The foil is exploded using current

from a 20-kV, 14-jL F capacitor, and the closure

time is taken from oscillograms of the foil current.

The crowbar current breaks negative if the switch

closes early in relation to peak current in the load

coil or positive if closure is late. This arises

from the fact that there is a two-loop circuit with

the main bank in one loop. Modulation and e-fold-

ing time are measured on the oscillograms. On

the basis of the definition

I - I&
Modulation = ‘X1 s

max

the best modulation that can be obtained with the

present geometry is 60~.. When crowbarring

30 kV on the main bank, an e-folding time is

-800 ~sec.

Figure 82 presents the results of crowbar

charge voltage vs closure time. This plot shows

the high degree of dependence of switch closure on

energy. The two traces indicate the effect of

slight energy differences in the two crowbar

switch systems.

Exploding Foil

The jitter of the switch is indicated in the

table given above for the present O. 312-in. wide

foil. A problem closely related to this is the arcing

g -1,0 1
v I I I

o T/~ 77/ 2 3r/4 r
PRIMARY BANK PHASE

Fig. 83. Time variation in switch closure vs
primary bank phase in Scylla IA.

in the switch as a function of closure time. The

switch must be closed near peak current where

the voltage is zero in order that arcing is kept at

a minimum.

The closure time and arcing are reduced by

using less main insulation to be punctured. Earlier,

40. roils of polyethylene were used with a closure

time of -12.0 psec. Presently three sheets of 6.0-

mil polyethylene are used with the C1Osure time of

6.2 + 0.2 ~sec and less arcing. Mylar (four sheets

of 5 roils each) was tested, but the jitter was far

too great, i. e., 6.o + 0.6 ~sec.

Results of a study rm.de in Scylla LA of

closure time vs voltage across the switch are shown

in Fig. 83. It will be noted that the switch will

close up to 0.7 ~ec sooner if closure is made with

the main bank voltage across the crowbar switch.

The effects of voltage on closure time and arcing

are very significant at higher primary bank

voltages.
Conclusion Concerning Scylla IA Operation

The present switch when C1OSed near the

peak of the load current is carrying -2 MA with

no arcing and an e-folding time of 800 ~sec. The

modulation, which is 80~., is due to the high

inductance in the crowbar circuit, and it can be

greatly reduced by putting the crowbar switch into

the collector plate. Such experiments are

described below.

The switch has been used in hundreds of

main bank crowbar shots and has proven to be

very reliable. The closure time is presently

5.75 + O. 10 ~sec; hence the jitter is very low

from shot to shot.
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Scylla III In-Plate Crowbar

An older model of solid dielectric crowbar

switch had been used for several months on Scylla

III. This switch was attached through an auxiliary

collector plate and had 6 -nH inductance resulting

in nearly 1007. modulation of the coil-current

wave form.

An in-plate version of the solid dielectric

switch with much lower inductance has now been

installed. The current modulation has been reduc-

ed to -1 5~o; this is considered to be good per-

formance e. A side-on streak picture of the Scylla

ID discharge shows the plasma to remain stable

with a slight wobble beginning at about 8 p sec.

Unfortunately, tie switch is inconvenient

to load and has suffered considerable damage from

the explosive action of the arcing contacts when

the switch is closing. This damage is difficult

to repair in the in-plate geometry. It appears that

the in-plate crowbar which has been planned for

Scyllac will be only marginally capable of handling

the large cur rents it must switch and will also be

time consumin g to load and maintain.

oVERTICAL
PREAMP.

c1LOW PABB
FILTER

SCAN CONVERT ER DEVELOPMENT

(R. F. Gribble, J. W. Lillberg, J. F. Trujillo)

Work has been continued on the scan convert-

er (LA-3831-MS, p. 81 ) to provide a means of

digitizing waveforms for the Scyllac computer con-

trol system. A block diagram of the scan-convert-

er system is shown in Fig. 84. A prototype unit of

six scan-converter tubes is well along toward

completion. Problems encountered during this

report period are summa rized below.

The scan-converter logic chassis was con-

structed, as well as a tube simulator to debug the

logic and sequential circuitry. A digital-to-analog

converter provides a zero average value analog

output voltage to relieve the problem of clamping

read deflection voltages arising from capacitive

coupling. Read analog circuitry was designed and

constructed. The vertical read deflection amplifier

has an open-loop gain of about 30, 000; multiple

feedback loops reduce the gain to 12 to provide a

60-v step response settling time to better than

O. 27’i. in less than 400 nsec. The direct-coupled

read current amplifler has been found to be stable,

but signal-to -noise problems may require that the

t T
VERTICAL VERTICAL
OEPLECTION

VERTICAL
DEFLEcTIoN i

AMP. AUP.
“ ANALOO POSITION

CONVERTOR COUNTERS
r —-J—— ——— ——~ –~

ZN8 READ I $:\:;;OR o ECT CONTROL
&R%ENTo

R
—

TARQET eUn ‘ SIGNAL
~ PREAMP. DETECTOR UNIT

SCAN CONVERTOR —— Q— —— L— -J

TUBE HORIZONTAL HORIZONTAL HORIZONTAL HORIZONTAL
DEFLECTION DEFLECTION -- D~O::;~ TO

ANP.
POSITION

AMI? CONVERTOR COUNTER

t

TRIQOER TIME SASE
INPUT QENERATOR

t
8WEEP
SPEED

9ECTION

Fig. 84. Block diagram of scan-converter system.

..

.

.

.

84



\

clock frequency be reduced, depending on the actual

signal available from the tube.

The problem of detecting a trace written on

the target is not simple in that the r-d beam is

gated and the secondary emission current pulse

height is reduced where the beam strikes a “blank”

portion of the target. Two detector schemes are

being pursued. One uses a pulse height band

detector: if the height is greater than an upper set

value (beam stri~ng a !lblafi~! tirget) or if it is

less than a lower set value (beam-off noise), the

output is not triggered. The second uses a dif-

ferential amplifier input to a Schmidt trigger to

detect the difference between a reference pulse

derived from the beam unblanlcing signal and the

signal pulse. An output pulse is obtained only if

the signal is less than the reference and only if the

reference pulse is present. Both circuits will be

built and tried on a tube.

Before one tube could be operated it was

necessary to provide a read-beam detector, a read-

beam horizontal deflection amplifier, a read-beam

unblinking amplifier, layout and construction of

these, final debugging of the logic chassis, and

wiring of the tube module. The write circuitry is

somewhat standard and straightforward.

Because of improved punched tape

reading methods available at LASL, it was decided

to use punched paper tape rather than. IBM cards for

the initial data recording. A fast Talley tape punch

has been procured and the circuitry necessary to

match it to the scan-converter logic has been

constmcted.

S CYLLAC ENGINEERING

(Scyllac Engineering Team)

The Title II drawings of the Scyllac building

were completed and approved for bidding.

The three phases of Scyllac engineering,

namely, component development, system develop-

ment, and system design, proceeded on schedule.

The development of the essential components, the

1.8 5-@, 60 -kV capacitor and the low-inductance,

coaxial cable was completed. The d envelopment of

a spark-gap crowbar switch is giving encouraging

results. A new triggering system was developed

that is expected to fire the 3240 primary spark gap

which has an inductance of 30 nH. The prototype

system was put into operation and immediately

uncovered some deficiencies in the design of the

cable terminating cartridge. By working in con-

junction with the component development group,

these deficiencies were eliminated. This sytem is

also being used to evaluate the Scyllac triggering

system. The general design of the collector plate

was evaluated and certi~led.

In September 1968, the AEC released

$5.135 million to begin the construction of Scyllac.

Construction of the building began in Nov. 1968; it

will cost about $2 million. The remaining $3

million is being used to order the components for

the capacitor banks.

The design of the primary capacitor bank is

about 60 ~. complete. The entire charging system

was designed and the components ordered. The

structural hardware including the capacitor racks

and machine platform was designed and ordered.

The “start” spark gap was designed and about half

the required number ordered. The collector plates

for the machine were designed and ordered. About

half the 1. 85-p F, 60-kV capacitors and most of the

low-inductance coaxial cable were ordered. The

remaining design work will be completed in time to

order the final components for the Scyllac system.

The new significant dates in the Scyllac

schedule are given below, assuming the final in-

crement of the Scyllac funds are available in FY-70.
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Building

Title I Preliminary Design NOV. 1967
Complete

Title H Final Design Complete March 1968

Construction Begin NOV. 1968

Construction Complete Feb. 1970

Energy System

Final Design Complete Sept. 1969

Installation Begin March 1970

Checkout Begin July 1971

Experiments

Begin Jan. 1972

SUMMARY OF FUNDAMENTAL PLASMA
GROUP ACTIVITIES

(H. Dreicer)

Members of this group are involved in two

experimental programs dealing with steady-state

plasmas. Considerable effort is also devoted to

the underlying theoretical questions, and to the

necessary equipment development.

The alkali Q-machine is being readied for

a novel radioactive tracer experiment. When

completed it should yield the cross section for

resonant charge t ransfer between alkali ions and

their pa rent background gas in a Q-machine, a

subject which it is believed may be of interest in

understanding the operation d these machines.

A major advance in LASLts hot-plate technology now

provides plates whose radial temperature profile

can be easily controlled. This new degree of free-

dom promises more control in producing plasma

quiescence.

The electron-cyclotron-heated (ECH) plasma

machine has been in operation since April. The

original hope that this device would develop into a

second generation Q-machine, more versatile

because the restrictions to alkali ions and to O.25-

eV energies are relaxed, was recently renewed.

The reason is that a marked decrease has occurred

in the plasma fluctuation level. The relation

between this improvement and various equipment

changes has not been established. Several experi-

ments designed to measure the properties of the

plasma column are under way.

Theoretical work is under way on several

fronts to support the experiments. For example,

there is research concerned with the penetration

into Q-machine plasmas o f the effects arising

from hot-plate surface inhomogeneities. The

Fokker-Planck boundary value computations on

spatial relaxation due to Coulomb encounters are

intimately connected with the velocity distributions

which are established in Q -machine plasmas

produced between end plates. Moreover, it is

expected that the calculation of the microwave

emission (or absorption) by electrons taking part

in upper hybrid resonance is related in an important

way to the operation of the ECH machine.

.

.

.
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The task of improving the dc magnet power

supplies has continued throughout the past year

with the major engineering effort provided by

LAS LIS Engineering Dept. Improvements have

been made in the old induction voltage regulator

which controls the 2. 5-MW rectifier supply.

Switch gear and a second induction voltage regula-

tor were installed to permit the splitting of the

2. 5-MW supply into two 1. 25-MW supplies, and

series transistor regulator banks have been in-

stalled on the 2. 5-MW supply as well as on the

500-kW motor generator. .J. McLeod, of this

group, shared the major burden of electronic feed-

back control design and of its installation and

testing. One staff member will be assigned to this

important task until it is completed in 1969.

The group welcomes D. Mosher, a post-

doctoral appointee, who came to LASL this past

summer. N. Gardner and A. Mondragon have

provided expert help in all phases of the groupls

experimental activities.

PROPOSAL FOR MEASUEUNG THE RESONANT
CHARGE-EXC~NGE CROSS SECTION OF
POTASSIUM IONS AT Q -MA CHINE ENERGIES

(H. Dreicer and D. B. Henderson)

The LASL alkali Q-machine is being pre-

pared for a measurement of the charge exchange

cross section which describes the probability of

charge transfer from K atoms to K ions. The

motivation for this work has been presented in the

last Status Reportl and elsewhere. Standard

measurements of such cross sections have not

been carried out below 6 eV because of the difficulty

of fashioning low- energy ion beams with any
2

accuracy . To avoid this problem it is proposed

to utilize a single-ended Q-machine to produce a

charge-neutralized, magnetically-confined ion

beam whose energy is determined by the hot-plate

temperature and hot-plate sheath drop as shown in

Fig. 85.

Atomic beam nozzles located near the hot

plate serve as the source of K atoms which are

ionized by contact on the hot plate, and drift along

the magnetic field to the cold collector. A second

atomic beam nozzle is oriented to produce a

relatively cold beam of K atoms which travel

perpendicular to the magnetic field and traverse

the ion beam. Any charge-exchange encounter

which occurs in the region common to both beams

causes the hot ion and cold atom involved to inter-

change their roles. As a result, a cold ion spirals

COLLECTOR NO. I NC2 2

J,/

L

RADIOACTIVELY TAGGED

U NEUTRAL BEAM

o ACTIVITY OF N(3 2—

x— &* ACTIVITY OF NO. I

Fig. 85. Charge eixchange measurement,
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along the magnetic field towards the cold collector
References

(No. 2 in Fig. 85) and a hot neutral joins the
1.undisturbed cold atoms which impinge upon a sec - Status Report of the LASL CTR Program for

12 -Month Period Ending Oct. 31, 1967
ond cold collector (No. 1). To determine that (LA-3831-MS).

charge transfer has occurred it is necessary to
2. H. Dreicer and D. B. Henderson, Phys. Rev.

distinguish the K particles in the two beams in a Letters, .20, 374 (1968).—
marine r which permits their simple identification

and separation at these two cold collectors. There

appear to be two possible techniques to accomplish

this: modification of one o f the beams or use of a

radioactive isotope in one of the two beams.

Potassium has a highly suitable radio -
4ZK is ea5ily produced ‘nisotope for this purpose:

research reactors, is ~ active, and has a half-life

of 12.5 h, a period sufficiently long to permit oven

charging and machine operation, and yet sufficient-

ly short to present no radioactivity cleanup

problems. Measurements of the ion line density

along the region traversed by the atomic beam and

of the relative counting rates of the 4ZK disintegra -

tion on the two cold collectors suffice to determine

the charge -exchange cross section. Contributions

from purely elastic encounters can be discrimina-

ted against by varying the solid angle subtended

by the collector at the point of particle interaction.

The reason is that for elastic scattering the original

ion remains confined by the magnetic field after the

collision whereas the scattered atom may go off in

any direction.

In preparation for this and oti r Q -machine

experiments, considerable component development

has taken place on a hot-plate system, on factors

affecting atomic-beam nozzle design, and on pro-

blems associated with the measurement of plasma

density. These developments are described

below in greater detail. D. Mosher is constructing

Langmuir probes and precision probe drives. He

has also determined, in a separate experiment,

that surface diffusion of radioactive K atoms

across the collectors in the charge exchange

experiment will present no problem at room tem-

perature. K. Wolfsburg (LASL J Division) has

provided advice on questions of radio chemical

analysis, counters, and 42K production.
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ALKALI Q -MACHINE COMPONENT
DEVELOPMENT : HOT PLATES

(H. Dreicer, D. B. Henderson, F. E. Wittrnan)

A description has already been given of how

the control of hot-plate temperature profiles might

be achieved by the use of a uniform electron bomb-
1

ardment beam surrounded by an annular one , and

also of a three-stage bombs rdment system which

might be capable of producing this electron beam
1

configuration . More recently, the modified sys -

tern shown in Fig. 86 has been developed. It

retains the three independently controlled electron

beams featured in the earlier design, but requires

only two high-power, high-voltage power supplies

and a high-voltage control grid. This system has

been operated successfully for long periods at a

front hot-plate temperature of 2200 -2300°K. Under

these conditions the power required to operate a

3 -in. diam plate varies from 10 to 12 kW depend-

ing upon the magnitude of the positive or negative

temperature gradient which is programmed for th’e

hot plate by control of the grid voltage.

In order to map the hot-plate temperature

profile a two-color infrared pyrometer has been

built which operates at 1.0 and 1.6 ~ and utilizes

detectors (silicon at 1.0 v; indium arsenide at 1.6

p ) and their associated electronics, provided by

J Division. The optical system constructed for

this purpose is shown in Fig. 87. An Aero-Ektar

objective lens collects hot-plate light coming

HOT PLATE

GRID

CONICAL FOIL ‘l\

—
~1 l— II

T
3

-1
AS RUN FROM

5-13-68

Fig. 86. Hot-plate bombardment system
schematic.

through a 5 -in. diam quartz window in the

Vacuum tank. A condensing lens at the first focus

passes all of this light to the eyepiece lens,

erecting a full-sized real image at the plane of the

detector without any vignetting. Spatial resolution

of the light emitted by the hot plate is 2 mm due to

finite detect. r size. The light-chopping wheel is

located near the first real image and operates with

a 50qo duty cycle at 96o Hz. This provides an

ac signal at each of the two detectors.

Results of measurements made with the

1. O% detector are shown in Fig. 88, where the

detector signal is given as a function of position

along the horizontal diameter of the hot plate.

VACUUM TANK
QUARTZ WINDOW

CHOPPING
~ WHEEL

DETECTOR MOVES
IN IMAGE PLANE

AERO- EKTAR OBJECTIVE

3“ HOT PLATE

Fig. 87. Schematic of optical system used with two-color pyrometer.
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Fie. 88. Measured temperature as a function of
po~~tion- on hot plate. ‘

The necessary calibration of this system

against a black-body standard has not yet been

carried out. Nevertheless a reasonable estimate

of the temperature profile variations can be made

in the following manner. The signal generated at

the output of the detectors is given by

S = So exp(-hvo/kT) ,

where So includes the effects of solid angle, hot-

plate emissivity, electronic gain, detector

response, and transmission loss through the

optical elements. The frequency v o represents

the detector center frequency as determined by

its filter characteristics. With a disappearing

filament type of pyrometer the temperature T can

be measured to about several percent. Thus So

can be determined once S is measured, and this

permits calibration of the variation of T across

the hot plate with similar accuracy.

On the basis of the foregoing procedure,

nearly isothermal hot-plate conditions were found,

with 7°K temperature variations across 2.5 in.

of the hot plate at 2200°K. The worst deviation

appears to be due to misalignment of holiplate

parts at high temperature. Positive and negative

temperature gradients as large as +100 and -50°K/

in. have been easily achieved. Until the system is

more adequately calibrated and operated as a two-

color pyrometer to permit the elimination of the

hot-plate emissivity factor =d other common mode

constants, results cannot be given with an accuracy

> 10~. , assuming that the emissivities quoted in

the literature are also this accurate.
2

In summa ry, a hot-plate system has been

constructed, with a radial temperature profile

which can be programmed over a wide range,

including positive, negative, and nearly-zero

temperature gradients. The pro gramming procedure

is simple, electronic, and requires no mechanical

adjustments to the hot-plate system. This new

degree of freedom is expected to be very useful

in producing plasma quiescence. Recent results3

on drift wave instabilities in 0-machine plasmas

lend support to this expectation.

1.

2.

3,.
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ATOMIC BEAM NOZZLE DESIGN

(D. B. Henderson)

The charge-exchange cross -section meas -

urement will require two atomic beam injection

systems. One serves the hot plate which generates

the plasma; the other provides the crossed radio-

actively tagged beam. The second must be very

well collimated and baffled to avoid spurious col-

lection of its atoms by collector 2 in Fig. 85. For

this purpose, consideration has been given to a

honeycomb nozzlel such as is shown in Figs. 89

and 90. Such a nozzle consists of many parallel

tubes each of which has a length exceeding its

diameter, and provides a well-collimated beam

when it is operated at low gas pressure so that

its diameter & mean free path.
2

Compared to

the conventional atomic -beam source, this nozzle

appears to possess advantages when beams with a

half-angle smaller than 3 x 10% rad are required

or when efficiency is a paramount consideration.

Provided larger angular emission is tolerated,

higher intensities may be obtained with conven-

tional nozzles by using baffles.

For the hot-plate, atomic-beam source it

is planned to use a collection of conventional

nozzles in order to allow higher fluxes. These

simple nozzles will be spaced and directed to

achieve desired plasma density profiles, a task

rewiring a knowledge of the distribution of efflux

from a single simple nozzle at practical pressures

and temperatures (for Q-machine injection). In

order to measure this distribution and tn verify

the characteristics of the crossed beam nozzle,

the apparatus shown in Fig. 91 has been assembled.

The alkali vapor is conducted in through the heated

tube marked A and the constant conductance

turret assembly B to the nozzle C. The nozzle is

rotated about its tip, changing the angle to the

detector while preserving the detector distance and

solid angle. Atoms travel to the detector thlo ugh

the liquid-nitrogen cooled tube D. A rotating

chopping wheel E modulates the signal to the hot-

wire detector (not visible ) behind the wheel.

Temperature regulation through the four

sheathed thermocouples and manual control of the

radiant heaters has been satisfactory. A second

Fig.

-“-ti-—--..—-. :
89. Honeycomb nozzle.

Fig. 90. Transmission photo of a portion of the
honeycomb nozzle.

scale-model chopping wheel on the outside of

the vacuum-tank motion feedthrough modulates a

light beam. With a lock-in amplifier, a si~nal

phase-locked to the light signal has been obtained.

This indicates that the alkali feed, nozzle, and

detection systems all work as planned. Difficulty

has been experienced with the rotation of the

nozzle assembly inside the vacuum when it is

heated to 350° C. With the solution of this techni-

cal problem, ~e measurements described above

should be completed.

1.

References
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Fig. 91. Apparatus for measuring angular distribution of atoms emitted by nozzles.

2. J. A. Giordmaine and T. W. Wang, J. Appl.
Phys. 31, 463 (1961).—

EFFECT OF PLASMA ACCESS HOLES
UPON MICROWAVE RESONATORS USED
IX3R DETERMINATION OF ELECTRON
DENSITY

(H. Dreicer and W. Rich)

In the alkali Q-machine experiment, it is

eqected that plasma columns of low electron

density and small radius R will be encountered.

The latter is a condition w&ch iules out the use of

a tic rowave phas e-shift interferometer for the

measurement of electron &nsity, because the

ratio of Rp to microwave wavelength should be

large compared to unity if microwave beam

refraction and diffraction effects are to be avoided.

For this reason, design has been started of micro-

wave resonators for electron density determina-

tion. This technique, which depends upon a

measurement of the resonant frequency shift when

plasma is introduced into the resonator, is P 25

years old. Nevertheless, the existing theory of

this shift, when plasma is introduced through

.

.
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access holes in the resonator, is incomplete, The

deficiency is related to the existence of microwave

fringe fields, produced by the access holes, which

cannot be expressed in analytical form, and have

never been evaluated in any form.

The LASL LALA code, together with a new

subroutine, has been used to evaluate both the fre-

quency shift and the change in Q for resonators

with access holes operating in the Tb&o mode.

The perturbation theory for plasma density deter-

mination using microwave resonators is based

upon the following formula :

z R
max

2
P

()

~xl=-l

f(o q J.1
A(r) ~ E a r dr dz

n(o) r
Z=oo

where

A(r) =

C(r) -

so -

where

[ A(l/Q) =

Af/f =

.
O’po,

Ez =

Er =

w .

n(r) =

shift in 1 /Q due to plasma electrons

relative shift in catity resonant fre-
quency due to plasma electrons

radian plasma frequency associated
with maximum plasma density n(o)

axial electric field

radial electric field

working (radian) frequency

plasma density as a function of
radius r.

Rp, Rc, and z-x are defined in Fig. 92.

t-i = ~/w

WB = electron cyclotron (radian) frequency

v= v/u
v = electron collision rate.

When n(r) is independent of r and the mag-

netic field is uniform, A, B,C, and D are con-

(1) stants, and only integrals over &r and &z are
z R
max P

1

1!

involved. These integrals,
-—

10
C(r) -llardrdz

n(o) z
z Rc

o 0 max

%-
1{

Eardrdz
z

0 0

W - l-[ V(r)la

([N - 1] + [V(r)]=)= + 4[V(r)]a

-1

and

z R
max c

%“
~~

Eardrdz,
r

0 0

2([V(r)]a + 1)
are shown in Figs. 92 and 93 as functions Of

z xc Rp/Rc for several values of Rc/H, as well as
max

([”

for the case of a right circular cylinder of height

(Ea+Eza)rdrdz ,
r 2H and radius Rc. With the help of these figures.

. .
Z=oo the frequency shift and change in (.2 can be e-l-

usted for hvo geometries. Since the J-ALA
The quantity A(1 /f2 )(wpo /wy is given by Eq. 1 computations are very lengthy other geometries
with B(r) replacing A(r) and D(r) replacing C(r). have not been investigated. Sufficient accuracy

can be obtained, however, by interpolating on

Figs. 92 and 93.

Allhough the radial electric integral

B(r) = V(r)
@ + 1 + [V(r)la

([~ -
is smaller than the axial electric integral the

1] + [V(r)]a)a + 4[V(r)]a
effect of the former on Af/f and A(l/C2) is very

D(r) = -2C(r) V(r)
>

Large near cyclotron resonance, and a consider-

able neighborhood about cyclotron resonance

must in practice be avoided. This effect is
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shown in Fig. 94 where Af/f with and witkout access

holes in the resonator is shown as a function of

UB/~ with tie ratio of plasma radius Rp to resonator

radius R= as a parameter. A similar plot of

A(I /!2) can also be constructed with the help of the

foregoing equations and Fig s. 92 and 93.
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Fig. 93. Ja/Jo as a function of Rp/Rc.
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PENETRATION OF END-PLATE EFFECTS

(H. Dreicerand D.B. Henderson)

A principal objective of the Q-machine

development program at LAS L has been aimed at

providing controlled hot end-plate conditions. In

this connection the nonequilibrium effects associat-

ed with the end plates have been studied at dif-

ferent temperatures, with different work functions,

and subject to different neutral injection fluxes.

Consideration has been given primarily to the

collisionless limit in which the distribution func -

tions are determined via the Vlasov equation from

the distributions emitted by the hot plates. Trapped

ions have been included by assuming them to be

Maxwellian and to join smoothly to the nontrapped

distribution.

In this treatment, a solution for the

potential ~ inside the bulk plasma may be obtained

as a function of the net charge density n and of the

various end-plate parameters. The effects of a

discontinuity in end-plate parameters have been

examined, for example, when the work function

changes from one crystal grain to the nextl . In

this situation the n(~) in the plasma has a corres-

ponding jump in value across boundaries which are

projected from the crystal grain boundaries on &

end plates into the plasma. Then, using the

Poisson equation, self-consistent solutions are

obtained, the jump in plasma potential being spread

over several Debye lengths, 1 .
D

The effect of finite electron and ion

Larmo r radii, Re and Ri, has been mocked iup

by taking n(~) to be piecewise linear admixtures

of the n(~) intrinsic to each side of the boundary

with the scale lengths being Re and Ri. Roughly

speaking, about half the potential change then

occurs over a distance Ri on each side of the bound-

ary and the remainder is concentrated in a dis-

tance of several Re or AD at the boundary. The

finite La rmo r radius effects are essential for a

physically plausible picture; without them there

is a continuous potential, but discontinuous particle

densities. Most of the results were obtained

numerically, although an analytical solution is

possible in those cases for which potential drops

are large compared to kT/e. No results as

general as these are known, although various

workers have done many of the limiting cases.

A more complete exposition will be presented in

a Los Alamos Report.

Reference

1. Status Report of the LASL CTR Program for
12-Month Period Ending Oct. 31, 1967

(LA-3831 -MS ).
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VELOCITY DISTRIBUTIONS ASSOCIATED WITH
BOUNDED PLASMAS: SPATIAL RELAXATION

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

The Fokker -Planck boundary value pro-

blem for the Lorentz gas (i. e. , electron-ion

encounters only) was posed by one of the authors

(H. Dreicer) in collaboration with W. B. Riesenfeld

and described in the last Status Reportl. This

problem deals with the purely angular scattering

of electrons on a random distribution of positive

ions whose average density between two plane

parallel boundaries is constant. Non -current-

carrying eigenfunction solutions exist which are

obtained by applying the method of separation to

.

with the boundary conditions

f(-1, ~; V) = a(v;v)

f(l, ql; v) = p(u;v),

where

(1

and v = electron speed, a . actual half-spacing

between plane parallel boundaries, /, . electron-

ion mean free path for encounters (proportional

to ~ ),x . spatial position expressed in units of a,

p . cos g, where g . angle between electron velo -

city and x axis. These eigenfunctions and the

co responding eigenvalues were computed numeri-

cally and described earlierl. In addition, there

is a current-carrying solution to Eq. 1 which by

inspection has the form

f= C+ D~-2Ax),

where C and D are constants.

Unfortunately it has not been possible to

prove the completeness of the non-current-carry-

ing eigenfunctions. Attempts by W. B. Ries enfeld

to utilize approximate analytic eigenfunctions to

obtain a proof have also failed. In the absence of

such a proof, further progress has depended upon

HOT
PLATE

Fig. 95. Velocity space contours of constant
velocity distribution function for various positions
between the boundaries.

the assumption that these eigenfunctions do form a

complete set. Such an assumption is then suf -

ficient to ensure the completeness of the entire

solution which consists of the current-carrying

and non-current-carrying parts.

General solutions to the problem have

been obtained numerically; a least-squares procedure

is employed to compute C, D, and the coefficients

in the sum over eigenfunctions which is used to

express the boundary conditions at x . + 1.

Solutions are being presented in the

form of contours of constant electron velocity

distribution function in velocity space for any

position between the boundaries. R. Frank (LASL

C-Division ) provided his Cal Comp plotting program

for this purpose. A sample problem for which such

contours are presented is shown in Fig. 95. In

this case, a(.L;v) is chosen to be a displaced Max-

wellian distribution

I
exp [-G(l+ w’) + 2 IYVW] ; +~p~l

a(p ;v) =

o ;o~v~:

and

B(p;v)=o,

where u = mv~/2kT, V. . velocity displacement

along x, and w = v/vo.

.

.
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For the results illustrated in Fig. 95,

the quantities used are u = 0.5 and A = 1.0 /W4.

The boundary condition at x . -1 is intended to

approximate the electrons emitted by a hot plate

and accelerated by a sheath. The condition at

x = 1 approximates a cold collector plate which

emits no electrons. ALL electrons which are return-

ed by collisions to the hot plate at x = -1 (i. e. ,

whose w is in the range -1 s v s 0), or which

arrive at the cold plate in the range O s p s 1, are

absorbed. No electron-electron encounters are

included. Each of the velocity space diagrams is

associated with a given POsition along the x-axis.

Each diagram consists of 10 contours which

correspond to f values that vary in 10 equal incre-

ments between the maximum and zero. In all

cases the smallest closed curve surrounds the

point of matisnum f. The decrease in the maximum

f value from x . -1 to x . 1 is not documented in

Fig. 95 to avoid 10SS of clarity.

Several other boundary conditions which

have some application to Q-machine plasmas have

been studied. Mirror boundary conditions which

have reflection and absorption conditions over

parts of the ~ range are also being investigated.

Reference

L. Status Report of the LASL CTR Program for
~~ido~~ Period Ending Oct. 31, 1967 (LA-

-0

.

ECH-PLASMA EXPERIMENT

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

The motivation behind the ECH-plasma

experiment is the development of a reasonably

quiescent plasma column which may utilize any

ion species, operates at average electron energies

far in excess of those possible in conventional

thermally heated alkali Q -machines, and may be

used in collisional or collisionless regimes. A

simple analysis of the conditions under which a

plasma column can be maintained in a steady

quiescent state by electron cyclotron heating and
1

ionization was presented in the last ,Status Report .

The main contention was that the most obvious

rrxic roinstabilities, driven by velo city dis tribution

anisotropies and double humps, might be avoided

by lhniting the average electron energy to tens of

eV and by limiting the applied microwave power.

The first ECH column was produced in

hydrogen (April, 1968 ) by feeding X-band micro-

wave power to a 1 -in. long Ulsitano coilz located

between two metallic floating end plates spaced

L00 cm apart and oriented perpendicular to a

nearly uniform, dc magnetic field. Accord~g

to computations 1 and measurements, the spatial

homogeneity between end plates is 1 Y.; within the

microwave coupling structure it is O. 02 Yo.

These experiments were Limited by

electrical breakdowm in the waveguide feeding the

coupling structure. This difficulty was due to the

high degree of magnetic field homogeneity which

permitted cyclotron resonance to occur simultan-

eously in the waveguide and in &e cn upling struc-

ture. To avoid the destruction of waveguide

vacuum windows which accompanies breakdown,

two courses were thought to be practical after

some experimentation. These were: orientation

of the waveguide with the microwave electric

field parallel to the applied magnetic field o r trans -

fer of the vacuum window to the boundary between

the plasma column and the coupling structure. All

the Later experiments have used the latter a lterna -

tive with a microwave coupling structure of LASL

design (Fig. 96).
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Fig. 96. Upper: Microwave coupling structure
parts; lower: assembled microwave coupling
structure.

The structure consists of a 1. 125-in.

i. d. closed loop of waveguide which surrounds

the plasma column. The loop is formed in the

E-plane so that one of the wide faces of the

waveguide faces the plasma. This face has sev-

eral simple slots across its width to radiate into

the plasma. The structure is fed from one side by

what would be an E-plane tee except that the cap

of the tee is bent around to form the closed loop.

The vacuum seal is made on a quartz tube which

surrounds the plasma and fits inside the wave-

guide loop. All points at which microwave energy

concentrates are thus outside the vacuum system

Fig. 97. ECH experimental arrangement.

prevent breakdown. The power level is now

limited to 600 W by other microwave components

and not by failure of the feed structure.

The coupling structure is housed in an

8. 5-in. id. vacuum tank and uses an 11 -in.

i. d. , 6-ft long solenoid magnet powered by a motor

generator. These components are shown in Fig.

97. Considerable effort has gone into stabilization

of the magnet current. According to nuclear

magnetometer measurements its long term (- 10

rein) stability is now 1 part in 104 with an super-

imposed 60 -Hz hum component which amounts to

lG out of 3000 G. A description of the series

transistor current regulator used for this purpose

is given on p. 105.

Earlier microwave power sources have

now been replaced by a Varian VA848 power

amplifier which is fed from a low-power, phase-

stabilized driver klystron. This system is capable

of providing up to 2500 W, is highly stable, and

can be amplitude-modulated to permit work in the

afterglow. Plasma columns have been produced in

hydrogen, helium, or argon, using from a few to

several hundred W of microwave power, with the

gas stream through the system controlled by a

calibrated variable leak valve. A magnetically

shielded ionization gauge, located outside of the

.

.

. I

where they can be pressurize, if necessary, to
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Fig. 98. Double probe circuit.

magnet, has been used to monitor the gas pressure

which has ranged from 60 to 800 ptorr.

The major diagnostic tool so far has utili-

zed the metallic end plates on which the plasma

column terminates, arranged in the Langmuir

double probe circuit shown in Fig. 98. It has been

used to obtain a rough idea of the electron density

and temperature for a variety of gas pressures ,

microwave powers, and various magnetic field

rang es. When connected to an oscilloscope this

double probe has also served as a sensor of noise

upon which an estimate of quiescence has been

based. The usual difficulty with a floating double

probe in a magnetic field sensing only the plasma

trapped within it, that is probably not representa-

tive of the remainder, is avoided by the use of

these large disk electrodes behveen which the

entire plasma is trapped. Since the entire plasma

column including both electrodes is in a highly

uniform magnetic field, no difficulties arise from

the effects of mirrors or other gradients in the

field. The penalty paid for the use of large probes

is the lack of information on spatial distribut i ons

since only average values are obtained.

A Maxwellian distribution of electron

velocities was assumed in interpreting the data,

largely for lack of any more detailed information

about the distribution function. The shapes of the

current-voltage curves are compatible with the

results of this assumption to the accuracy with

which they can be determined. It is quite possible

that other electron velocity distribution functions

might fit the measured current-voltage curves so

that the results to be presented are not yet

unambiguous.

The electron saturation current could not

be obtained directly in th usual way by observing

the limiting current for large bias voltages,

because the plasma was adversely affected by the

bias voltage before complete saturation was

reached. A small portion of the current-voltage

curve near the point o f inflection was analyzed for

the first three nonzero terms in its expansion.

The first and third order terms were combined to

obtain temperature and density and the fifth order

term, which could be obtained only approximately,

was checked as a test of the applicability of the

theory. A typical X-Y recorder curve of the cur-

rent-voltage characteristic is shown in Fig. 99

for seven magnetic field values in the neighborhood

of. electron cyclotron resonance. * The point of

inflection, which ought to be at zero voltage and

current, is displaced somewhat, presumably

because the two electrodes were not perfectly

symmetrical with respect to the plasma.

Each electrode receives an electron current

given by

I = ~ne;A exp (-eV/kT ),

where A is the cross section area of the plasma

column, ; . /~ is the mean electron

velocity, V is the potential of the electrode rela-

tive to the plasma, n is the plasma density, and

T is the electron temperature. The floating

potential, V, is determined by the necessity of

balancing the ion saturation current which is

assumed to be unchanged by small changes in a

potential that is attractive for the ions. Therefore,

if II and Ia are the electric currents carried by

electrons to the two end electrodes, then in the

*
These values must be multiplied by a constant

factor, close to unity, to obtain absolute magnetic
field values.
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Fig. 99. Current-voltage characteristics of double probe.

steady state

Il+Ia=2L),

where b is the qnbiased electron (or ion) current

to one electrode. Substitution from above gives

exp(-eV1 /kT ) + exp(-eVz/kT ) = 2 exp(-eVo/kT ),

or if

AV = Va‘VI

exp( -evi /kT)[ 1 + exp( -eAV/kT) ] = 2 exp( -evo /k’0.

The net current flowing in the external circuit is

IT = % - % = i neWexP( -eV1 /k’0 - exp ( -eVa/kT) ]

= ~“neVA exp( -eVX /kT)[ l-exp( -eAV/kT)]

and finally3

P -eAV/kT
IT - ~ neVA exp( ‘evo lkT) ~ ~ & ( -eAV/kT) “

For small eAV/kT, this expression is approxi -

mately equal to

~ = ~ neVA exp(-eVo/kT)[ (eAV/kT) - & (eAV/kT)3

1
+ ~ (eAV/kT)6 -.. . 1.

If the measured value of IT = cvAV - B(AV~ + . . . then

a-

P=

and

@exp(-evO’kT)‘
ne4A

12(kT)a#2 *mkT exp( -eVo /kT)

.

.

●

.
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Fig. 100. Probe current as a function of msg.
netic field. Darkened portion is a region of large
fluctuations in the current.

The factor exp (+ eVo/kT ) has been assumed

--= 60 for H..

By utilizing these formulas, the curve in

Fig. 99 for 3578 G (see footnote p. 99) yields an

average plasma density of 1012/cm3 and an elec-

tron temperature of 4 eV.

The same arrangement has also been used

with fixed bias voltage to determine the range in

magnetic field over which plasma is produced

when the microwave frequency is held fixed. A

typical plot of probe current as a function of mag-

netic field is shown in Fig. 100. A resonant

phenomenon is clearly involved since probe cur-

rent is not drawn outside of a narrow magnetic

field range near the cyclotron resonant magnetic

field. Whether this range is determined by

spatial magnetic field inhomogeneity or by upper

hybrid resonance effects has not yet been

established.

It should be emphasized that very large

uncertainties still exist in the parameters

measured by the double probe, because the inter-

pretation of the data is very sensitive to the as-

sumption of a single Maxwellian velocity distribu-

tion all the way into the high-energy tail region.

Since the relevant high-energy portion involved in

the probe measurement may contain only a few

percent of the electrons it is important to point

out that no measurement has been made on the

velocity distribution, and the use of a Maxwellian

function is an outright as sun-iption. Moreover, the

probe interpretation is based upon a picture of the

plasma Columnts sheath structure which has also

not yet been verified by any measurement. The

main virtue of the double probe is presently its

ability to identify the presence of plasma and to

serve as a noise probe. Recently, the value of

this feature was established when, after m rious

improvements made on the quality of the microwave

power source and in the magnetic field stability,

a marked decrease was observed in the level of

fluctuation or noise.

Preparations are under way to make several

othe r diagno sties measurements on these plasma

columns before they are put to any other use.

1.

2.

.
3.
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ELECT ROMAGNETIC RADIATION EMITTED BY
UPPER HYBRID RESONANCE ELECTRONS

(I-i. Dreicer)

The electromagnetic radiation emitted by a

magnetized plasma column into the extrao rdimry

mode propagating normally to the magnetic field

consists of the spectral lines at the cyclotron

frequency and its harmonics superimposed upon a

continuous background spectrum. Experimenters

have concentrated their efforts mainly on the study

of the harmonic emission with the result that the

behavior of the background has received little

attention. It is clear that the continuous spectrum

should receive contributions from collision-

induced bremsstrahlung. In many experimental

situations, however, the collision rate is too small

to account for the observations, and other radiation

sources must be considered. In the collisionless

limit, the main contributing factor appears to be

the emission from electrons taking part in upper

hybrid collective oscillations. No complete theory

describing the shape of this continuous spectrum

exists in this limit, although s eve ral authors have
1-3

considered various aspects of the problem.

Computations of this continuous spectrum

have been made at LAS L during the past year.
4

These apply to a collisionless plasma slab (thick-

ness .2L); they take Budden tunneling through the

evanescent layer into account, and utilize reflec-

tion and transmission coefficients as well as

Kirchhoffts law to determine the emission from”

realistic density profiles.

It has been found that for a 1OW-P plasma

immersed in a static uniform magnetic field,

the ratio of the power emitted by the upper hybrid

electrons to tluat emitted by a black body at the

electron temperature is given by the expression

P/PB = 2 exp(ml)[l -exp(-nl)l, (1)

where ~ . ~(u) B/w)k \Xc-xRl , ~B = electron

cyclotron (radian) frequency, w = radian frequency

emitted, and k = IJI/C, and xc and XR are solutions

1.0* I I I I

0.8
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9

Fig. 101. Absorption, transmission, and
reflection coefficient as a function of ~.

of the dispersion relations

h$xc)h]’ = 1- b+)

The quantity u;(x) is the local electron plasma

frequency at the position x on the density profile.

Equation 1, by Kirchhoffts law, is also

the absorption coefficient for radiation incident ;

on the plasma slab, which is given as a function of

~ in Fig. 101 together with the reflection and

transmission coefficient. The absorption maximum

at T -0.25 makes clear the fact that P/PB will

possess a maximum as a function of U)B/U.Iwhen-

ever variation of WB/W causes ~ to increase or to

decrease toward ~ m 0.25 (or to pass through this

point ).

Some interesting comparisons can be

made between the predicted emission and the

available experimental observations. Figure 102

shows two spectra obtained at LAS L at the

frequencies w and W’ from a P. I. G. discharge

operating in helium at 3 mtorr with kL 2 10. At

the higher frequency (u’ = 2W ), no background

spectrum exists whereas at the lower frequency

WI the background spectrum peaks at about

u)B/uh =5 1/9. This peak in the background spectrum

cannot be accounted for by sumrning the wings of

the adjacent cyclotron harmonic lines which are

superimposed on the background. Moreover it

cannot be explained on the basis of simple brems -

s trahlung. Transmission measurements made

.

.

.

-!
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on the same plasma column indicate, however,

that upper hybrid resonance electrons exist at the

lower frequency Wl and are absent at W. This

observation provides some evidence that upper

hybrid resonance electrons may indeed by respon.

sible for the background spectrum.
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Fig. 104. Computed spectra.

Figure 103(. ) shows some similar observa-

tions obtained by G. Landauer5 on a plasma column

of large kL, G. Bekefi et al. , 6
working with a low-

pressure arc column, have also observed such a

peak, shown in Fig. 103(c), at small WB/lU under

conditions which probably amounted to kL >> 1, but

this is not certain. Their measurements at kL =-

0.5 (Fig. 103(b)), which are characteristic of the

spectra obtained whenever the plasma column is

immersed in a waveguide, indicate a very broad

background extending over nearly the entire u2B/w

range.

The foregoing examples are to be compared

with some spectra evaluated from Eq. 1 for a J
o

Bessel function profile. The results of such com-

putations are shown in Fig. 104, where P/PB is

given as a function of uB/u with the central value of

(Wp/UI~ and kL e.ch tre.ted .s a parameter.

It should be emphasized that the theory

represents a highly idealized situation, because

the actual variation in plasma conditions with

‘B/u is not included, Neverthelesss, it appears

highly probable that the peaks in the background

spectrum observed at low ~/u for large kL are

indeed a manifestation of efficient Budden tunneling

near w /W =. O where cutoff and hybrid resonance
B
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5. G. Landauer, J. Nucl. Energy Pt. C+,
395 (1962).

6. G. Bekefi, et al., Phys. Rev. Letters 9, 6
(1962 ). The writer is indebted to G. Be~efi
for providing additional information about the
e~erlment described in this reference.

Fig. 105. Extraordinary wave power measured as

a function of wB/u (by G. Landauer).

layers merge, although the profile and electron

density is such that the Budden tunneling is

negligible for most of the w /u range. A parti-
B

cularly striking example of such an emission peak

at kL = 14.5 was recently provided by G. Landauer7

and is shown in Fig. 105. For small kL the

evanescent region separating the cutoff and hybrid

resonance layers is thin and this permits con-

siderable tunneling of the radiation over nearly the

entire ~B/W range as indicated in Fig. 103(b).

Equation 1 also predicts that the emission will

vanish for UB/W . 0 and 1 as the same figure

indicates.

Computations have also been made for

high-~ and for low-p plasmas immersed in non-

uniform magnetic fields for which direct access

to the upper hybrid resonance is possible.
8

7. Unpublished data supplied by G. Landaue r in
May 1968.

8. T. H. Stix, “The Theory of Plasma Waves, ”
McGraw-Hill Book Co. , New York, 1962.
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MAGNET CURRENT REGULATION WITH
SERIES TRANSISTORS

(J. McLeod)

A transistor regulator designed by the

LASL Engineering Dept. and shown in Fig. 106,

has been installed in series with the output of the

50 -kW motor -generator magnet power supply and

is now in service. The major feedback signal flow

paths are shown in Figc 107. The insertion of a

fast electronic regulator into the high-current

(2 500 A) output circuit avoids the forcing pro -

blems inherent in the usual scheme of controlling

a generator by means of its field winding. Field

control is used to maintain the time average of

the potential drop acress the transistor regulator

at its optimum value. Slow response is accept-

able in this service and little field forcing is done.

The fastest and most active feedback

loop senses the potential across the magnet and

operates the transistors. Signal flow in the loop

is not delayed by any of the various large induc-

tances in other parts of the sys tern and it can

therefore respond to a transient very quickly.

This fast loop maintains the magnet potential at

that value which is required to provide zero cur-

rent error as determined by comparing the shunt

potential with the current set point. This is

obtained by integrating the amplified current

error. The current feedback loop thus contains

a much faster potential feedback loop as a nested

element. The current feedback need not be very

fast since its principal purpose is to correct

for changes in the magnet temperature; this is just

as well since the signal flow is slowed by the

magnet time constant. Stability tests indicate

that the control loop holds the magnet current

within a range of 0.01 ~. of its value for 10 min.

Longer term stability tests have not yet been

conducted, but these would be relevant to the

stability of the reference source and error ampli-

fier and not to loop design.

A similar regulator using roughly seven

times as many transistors has also been con-

structed. Installation of this unit in series with

the 2.5 -MW rectifier magnet power supply has

Fig. 106. Transistor regulator bank.
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Fig. 107. Feedback schematic.

just been completed. A similar control loop is

envisaged for this unit with the substitution of

an induction voltage regulator on the incoming line

for the field control available on the generator.

A series pass element is the only feasible scheme
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SUMMARY OF THEORETICAL WORK

(W. B. Riesenfeld)

Fig. 108. Newly installed switch gear.

for regulating a big rectifier to 0.01 %. Although

other schemes might have been used successfully

on the generator , it has been handled in the same

way in order to gain experience for use on the

larger regulator. It has proved possible to put

the smaller regulator into service at a much

earlier date and extensive tests of the static and

high-frequency response of the transistors under

actual operating conditions have been conducted

using it.

Figure 108 shows the switch gear which

has been installed in one of several steps taken

to split the 2. 5-MW supply into two 1.25 -MW

supplies.

The chief emphasis in the past yearts activit-

ies of the Sherwood theoretical group has been

placed on two areas of investigation: (a) the num-

erical simulation of plasma through computer

solution of the Vlasov equations for systems of

sufficiently high symmetry, and (b) the study of

high-p equilibrium and stability. The first of

these efforts has developed to such an extent that it

has been formalized by the appointment of R. L.

Morse as Alternate Group Leader for the numerical

simulation program. The high point of the yearts

activities was the Topical Conference on Numeri-

cal Simulation of Plasma, sponsored by the APS

and organized by the LASL numerical simulation

group. The Conference met at ks Alamos in Sep.

1968. Some of the contributions to the conference

are summarized below.

The second effort, on high-~ plasma analysis,

has seen pro gress in the calculation of equilibrium

and stability in linear and toroidal systems, using

various models from thin- skin ma gnetohydro -

dynamics to self-consistent rigid rotor solutions

of the Vlasov equations. In particular, the

lateral displacement instabiLity of a toroidal

9 -pinch column of “bumpy” equilibrium has been

analyzed in the magnetohydrodynamic approximation,

growth rates have been calculated by a simple and

elegant mathematical technique, and methods for

dynamic stabilization have been proposed. Similar

work has proceeded in checking the non-bumpy,

rotational transform equilibrium recently suggested

by the NYU group; this system is essentially a

high-~ extension of Stellarato r equilibria treated

at Princeton. This work is closely tied to the LASL

Scyllac program. A brief listing of these and

other activities of the mathematical physics group

follows in the subsequent paragraphs.

1. The previously derived analytic equili-

brium of a toroidal, corrugated MHD 9 -pinch

plasma of arbitrary B has been generalized to

incorporate helical field lines of long pitch. The

formalism has been adapted to analyze dynamic

stabilization of the m . 1 mode, using interaction

of Kruskal-Shafranov and Haas -Wesson perturba -

.

,

.
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tions. This work has been published. An analysis

of the to roidal equilibrium using rotationally trans -

formed multipole fields has been made; recent NYU

results have been derived by a different formalism

employing special helical coordinates. In the high-

9 limit this equilibrium appears to be as m = 1 un-

stable as the “bumpy!’ equilibrium, but has a num-

ber of admntages over the latter.

2. The kinetic-bounce model has been

used to study the stability of a rotating e -pinch

relative to m = 1 perturbations, with rigid rotor

solutions of the Vlasov equations describing the

equilibrium. In addition, the stability of a shear-

free, finite -B plasma slab subject to artificial

gravity (simulating curvature effects ) has been

studied, taking into account finite gyration radius

effects through the Vlasov equations. The per-

turbations were described by finite resistivity

fluid equations. These investigations are part of

a continuing program of study of the equilibrium

and stability of e -pinches on models more realistic

than MHD. Interest in the theory of z-pinches also

has continued. Bounce model growth rates for the

m . 0 and m = 1 modes of a unity-~, thin-skin

z-pinch have been calcubted and compared with the

corresponding M-ID results. Finally, the MHD

stability properties of continuous flow pinches

(see p. 23 et seq. ) have been considered in a pre -

limina ry way.

The injected quadruple design calculations

have been completed, and the behavior of plasma

in such a device has been analyzed by solving the

two -dimensional anisotropic diffusion equation

(classical and Bohm), the two-dimensional plasma

flow and polarization equations, and the MHD equilib-

rium for high-~ plasma. An analysis of MHD

stability relative to interchange modes for this sys -

tern is in progress.

3. The penetration of magnetic fields

into nonlinear, hollow annular ferromagnetic

conductors has been calculated to check the feasi-

bility of using steel bolts in the Scyllac transmission

line.

4. A method using Hamiltonis variational

principle has been devised to study nonlinear sol-

utions of the Vlasov equations, particularly for

streaming instabilities. This is a Lagrangian

formulation which has also led to progress in

application to lines riz ed problems.

5. A calculation has been made of the fuel

heating by reaction a particles as burnup proceeds

to the 107. level in a fusion reactor. This work

has important relevance to reactor feasibility

studies.

6. Approximate analytic solutions have

been found for the eigenfunctions and eigenmlues

of the Fokker-Planck operator describing the one-

dimensional electron velocity distribution function

for bounded quiescent plasmas. The eigen-lues

are in excellent agreement with the numerical

values computed in connection with the alkalii

D-machine work (see p. 86 et seq.).

7. An interesting application to an astro -

physical problem has been made by modifying and

adapting a previous Fokker-Planck code to treat

the e-poration of stars from star clusters;

an existing linear analysis is thereby extended

into the nonlinear region of cluster contraction and

heating.
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NUMERICAL SOLUTIONS OF THE
?X3KKER-PLANCK EC2UATION

(T. A. O Liphantj

For more than a year, numerical techni-

ques have been applied to the solution of the Fokker -

Planck equation for application to CTR and related

problems. The basic mathematical procedure used

is the spherical harmonic decomposition. Although

the general fo rrnal.ism has been written down, the

calculations so far have involved only a very few

spherical harmonic terms. In fact the only

really practical results have been obtained in

cases of spherical symmetry in velocity space so

that there is only one component for each plasma

species.

The first application to CT R problems

was a numerical calculation of the fuel heating by

a particles as burnup proceeds in a fusion reactor.

The fuel was assumed to be an equal mixture of

deuteriurn and tritiurn. The relaxation and inter-

action of the ion, electron, and a-particle distri-

bution functions were treated by solving the Fokker -

Planck equation numerically for the a particles,

and making a reasonable analytic parameteriza -

tion for the remaining distribution functions. The

resulting time dependence, which have been

carried out to 10 ~o burnup, are physically reason-

able and satisfy the constraint of total energy

cons ervation to O. 57’. including brems strahlung

losses.

The foregoing CT R code has also been adapt-

ed to the spherically symmetric star cluster con-

traction problem. This work extends the linear

treatment of the problem (S. Chandrasekhar,

1943 ) to include the nonlinear effects introduced by

the cluster contraction and the heating associated

with it. The most noteworthy difference between

the result obtained and that of Chandrasekhar

is the prediction of a finite lifetime for star clusters,

The initial decay rate for the total number of stars

N(t) is slightly faster than Chandrasekharis and it

gets faster with time as nonlinear effects are felt

more strongly. The function N(t) vanishes at 34.0

initial collision times.

LAG RANGIAN FORMULATION OF
VLASOV SYST EMS

(H. R. Lewis)

Numerical

(With J. Melendez )

Work is proceeding on the application of

the Lagrangian formulation for Vlasov plasmas to

the numerical solution of nonlinear problems.
1,2

The problem being considered first is that of the

cold two -stream instability, and a prelirnina ry

report on that problem was presented at the APS

Topical Conf. on Numerical Simulation of

Plasma.
3

A method for calculating a class of

difficult definite integrals that arise was devised

in collabo ~tion with J. Thomas (Visiting Staff

Member). It has been partially incorporated in

the computer code with a resulting increase in

speed. A further increase in speed is expected

when the method is fully incorporated in the code.

On the basis of some results obtained for the linear-

ized equations, an effort is being made to find a

set of wriables for the nonlinear equations that

do not exhibit time variations as rapid as those of

the original m riables.

Linearized Equations

An explicit set of variables has been found

for the linearized Lagrangian formulation with an

arbitrary one-dimensional velocity distribution that

satisfy a system of second-order differential

equations in time with constant coefficients and a

time -dependent driving term. The existence of

such variables was known before, but their explicit

connection with the usual formulation is new. A

particular solution has been found. Solution of the

homogeneous equations w uld provide the solutions

of the dispersion relation, and the possibility of

using this as the basis of a practical numerical

method of solving the dispersion relation is being

investigated. The analysis can be extended to

arbitrary physical situations in the Vlasov limit,

and there appears to be the possibility of deriving

a dispersion relation for nonuniform plasmas.

f

.
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(H. R. Lewis)

Los Alamos Scientific Laboratory re -

ports describing three utility computer codes have

been prepared. The titles and abstracts of the

reports are given below.

LA -3877 - ItSubroutines for Cornputkg

and Graphing Level Lines of
Functions of two Variables. “

FU RTRAN subroutines for computing and

graphing level lines of an arbitrary function of

two variables are described. Instructions for using

the subroutines are presented with an example and

listings of the computer programs.

LA-3903 - llGeneral Purpose COrnputer
Code for Particle Trajectories
and Other Problems. ‘!

Instructions for using a computer code for

computing and graphing the solutions of a general

system of not more than six first-order differential

equations are presented with an example. The user

is allowed very flexible control of the type and for-

mat of graphical output by means of data cards.

A listing qf the code is given in FORT MN for the

CDC 6600.

LA-3983 - “Use of Collineations for Inter-
polation on an Irregular Mesh. ”

A method is described for using collinea -

tions for interpolation on an irregular mesh whose

elementary cells are quadrilaterals and whose mesh

points are ordered in a way topologically equivalent

to the ordering of the points of a rectangular mesh.

First the irregular mesh is transformed to a rectang-

ular mesh, and then interpolation is performed on

the rectangular mesh. Listings of two computer pro-

grams that implement the method are given with

examples. One of the programs uses bicubic spline

interpolation on the rectangular r mesh, and the

other uses bilinear interpolation.

●
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CNIANTUMTHEORY OF A CHARGED
PARTICLE IN A TIME-VARYING
ELECTROMAGNETIC FIELD

(H. R. Lewis and W. B. Riesenfeld)

The recently developed & o ry of explicitly

time -dependent inva nants and its application to

the time-dependent harmonic oscillator
1-3

have

been used to solve the problem of a charged par-

ticle moving quantum mechanically in a particular

type of time-dependent electromagnetic field. The

electromagnetic field is the axially symmetric

classical field consisting of an arbitrarily time-

dependent, uniform magnetic field, the associated

induced electric field, and the electric field due to

an arbitrarily time-dependent, uniform charge

distribution. The dynamical variables of this

system are simply related to those of the time-

dependent harmonic oscillator by a noncanonical

transformation. This noncanonical transformation

is used to derive a class of invariants for the par-

ticle system from the invariants for the oscillator.

These invariants for the particle system are not

Herrnitian. However, it turns out to be possible

to derive from them a class of Hermitian invar-

iant that are formally identical to the Hamilton-

ian for a particle in a uniform, time-independent

magnetic field.

By using operatir techniques, the eigen-

states and eigenvalues of this class of Herrnitian

invariants are derived, and the phases for which

the eigenstates are solutions of the Schr8dinger

equation are found. The results are a generaliza-

tion of the well-lmown solution for a particle in a

uniform, time-independent magnetic field. An

article describing the theory of explicitly time-

dependent inwriants and its applications to time-

dependent harmonic oscillators and to charged
4

particles has been submitted for publication.
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C2UADRUPOLE CALCULATIONS

(D. A. Baker, M.D. J. MacRoberts
and L. W. Mann)

High-~ Equilibria

Introduction

A study of quadruple equilibria with finite

pressure has been undertaken. In addition to being

interesting in their own right, the fhite pressure

calculations will be useful in interpreting magnetic

probe data which are obtained from the LASL quad-

ruple injection experiment.

Z!lS2ZY

The equations describing the equilibrium are

the following:

vxi=vo3 (1)

V.i=o (2)

;X; .vp. (3)

Since the case of a Pulsed, azimuthally symmetric,

to roidal quadruple is of interest, the approxima -

tion of perfectly conducting boundaries is used; the

magnetic field is then subject to the condition that

its normal component vanishes at the boundaries.

To exploit the symmetry. cylindrical coordinates

r, 9, z are introduced for which exist the following

dependence for the magnetic field, current, and

pressure: ~= $Br (r, z) + ~Bz(r, z), ? = e?(r, z),

and p = p(r, z). An azimuthal field component Be

is excluded. Equation 2 is asatisfied by introducing

a stream function ~ such that

~=Lzi
z rar”

(4)

(5)

From these relations it follows that ~ “v* = O so

that the equation # = constant yields a flux surface.

The boundary condition on fi then reduces to the

condition, that ~ is constant along each boundary.

From Eq. 3 it follows that 30 Vp = O so that the

pressure is constant along the tlux surfaces and

●
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LINEAR QUADRUPLE FLUX PLOTS from which it is seen that

(6)

.

.

.

VACUUM FIELD

HIQH BETA EQUILIBRIUM

Fig. 109. Linear quadruple flux plots. Upper:
Vacuum field; Lower: High-beta equilibrium.

x
Fig. 110. Spatial distributions of field and plasma
pressure for the linear quadruple of Fig. 109.

therefore can be written as a function of ~ , p = p(~).

Upon expanding the cross product in Eq. 3 and

substituting from Eqs. 4 and 5 the result is

By substituting in U@ equation for J6 from Eq. 1

and again using Eqs. 4 and 5, the differential

equation for ~ is obtained,

Once the pressure function, the conducting boundaries,

and the values of $ on these boundaries are assigned,

the result is a well-posed boundary value problem.

A difference equation corresponding to Eq. 7 is

solved numerically using fatiliar techniques of

successive over-relaxation.

Sample Equilibria

A sample flux plot of a high-p equilibria

for the case of a linear quadruple having a rectang-

ular outer boundary and small filamentary inner

conductors is shown toge~er with the corresponding

vacuum case (p = O) in Fig. 109. The pressure is

a gaussian profile in ~ peaked on the separatrix

and the field lines shown correspond to equal

increments in flux. The expulsion of flux by the

diamagnetic plasma is clearly evident. The 13values

given on the separatrix in the bridge region are the

ratio of we plasma pr es sure to the local field

pressure. The spatial distributions of field and

pressure are shown in Fig. 110; a plot of the

vacuum field is given for comparison. Similar

plots for a toroidal quadruple are shown in Figs.

111 andl12. A sequence of flux plots for increasing

pressure values are shown in Fig. 111. The hashed

lines correspond to one standard deviation of the

gaussian pressure profile used. The profiles

in Fig, 112 correspond to the lower left flux plot

in Fig. 111. The displacement of the equilibrium

configuration toward large radii is characteristic

of toroidal geometries and is due to the 1 / r drop

off of the vacuum field.

MHD Stability

Preliminary investigations have been made

into the magnitude of the plasma pressure that can
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Fig. 111. Flux plots for a toroidal quadruple
for vacuum and three plasma pressures,
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Fig. 112. Spatial distributions of field and plasma
pressure corresponding to lower left of Fig. 111.

be introduced into the LASL quadruple without

causing the system to become MHD unstable to

interchange flute modes. Calculations were made

for the LASL geometry with the plasma pressure

p(~ ) a gaussian peaked on the separatrix. Inside

~crit (i.e. , where d/d~ ~ d&/B = O)it was found

that the system was stable against interchange up

to matimum pressures of- 108 newtons/m2 when

the vacuum field is just large enough to produce

a mafimum of 40 kG at the conducting rings. The

40 kG was the maximum field allowed in the

design for strength of materials reasons. At the

design plasma temperature of 2.5 keV this cor-

responds to a peak filling density of 4 x 1013/cm3.

112

These results are subject to errors due to the

finite mesh size particularly in the outer bridge

region. Preparations are now being made to solve

the eigenvalue equation required to determine

complete MHD stability including, in particular,

the troublesome ballooning modes.

Diffusion Calculations

To augment the equilibria calculations

for a quadruple, a computer program has been

devised which solves the anisotropic two -dimen-

sional diffusion equation

v. (B o vn) = an/at

for the quadruple fields. The diffusion tensor

~ maybe any function of space and magnetic field

provided the tensor becomes diagonal

()

Dll O

B.
O Dl

in a local orthogonal coordinate system with one

axis aligned in tie field direction. The calcula-

tions allow the determina tion of plasma profiles,

wall fluxes, confinement times, etc. , for a

specified quadruple geometry. The distribution

of particle flux to the walls has been computed for

classical and Bohm diffusion. The differences in

these distributions are appreciable and may be

useful in determining the type of diffusion occurring

in experiments. The capability of using a finite

Dll (for Dll = L=the problem becomes one-dimen-

sional) allows calculations for cold plasma and

studies of the effect of a possible anomalous parallel

diffusion for hot plasma.

Injection Calculations

One-dimensional analytic and computer

calculations have been made of the time dependent

polarization properties of a plasma stream in a

transverse magnetic fieldl. For cases where the

plasma-induced AB is negligible, it is tbund that

the motion of the plasma is characterized by the

values of the ion and electron dielectric constants,

K* = 1 + rim/co Bz , as compared with unity. For

the case K+ >> 1, which applies to the LASL high-

density injection experiments, the electrons

.

.
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oscillate at the upper hybrid frequency about a

mean deflection which first sets up the average

polarization E-field allowing a continuation of the

plasma drift. Later, on a time scale of very

nearly the low r hybrid frequency, the ions deflect

and oscillate. The guiding centers of the electrons

follow this ion motion and a constant average

polarization E-field is maintained. The effects

that appear when the plasma appreciably perturbs

the magnetic field are presently being studied with

a one-dimensional computer code. The analytic

and numerical results are to be reported in a forth-

coming paper.

A two-dimensional code for studying plasma

injection is being developed. It is first planned to

study the electron component of the motion at the

early phase as moving plasma encounters a trans-

verse field. It is believed that the electrons play

an important role in the exye nmentally observed

rapid field -plasma mixing.

Reference

1. D. A; Baker and L. W. Mann,
Phys. Sot. , Ser. 2, ~, No. 2
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SUMMARY OF PLASMA SIMULATION
ACTIVITIES

(R. L. Morse)

Introduction

Encouraging results have been obtained

in four Sherwood problem areas by numerical

simulation of plasma. These areas are: coaxial

devices including the focus, guns, and continuous

flow z-pinches; development of tearing, rotational,

and mirror instabilities in 0 -pinch and Astron-

like plasmas; one - and two -dimensional (1 - and

2 -d) studies of electrostatic two-beam phenomena;

and 2 -d studies of collisionless shocks. These

four projects have shared many numerical and

computational techniques, but they will be dis -

cussed separately because of their great physical

differences.

Coaxial Devices

All work in this area has been done

under the assumption that the plasma as well as

the apparatus is cylindrically symmetric, i. e. ,

dependent only on tie cylindrical coordinates r

and z, and that the plasma can be treated as a

classical fluid. The justification for these assump-

tions is a combination of theoretical fo resi@ t and

e~er~en~l hindsight. The same basic 2 -dt

particle-in-cell (P. I. C. ) type fluid code, which

was written by D. Butler, was used to simulate

both the focus and guns, which seem C1OSely

related to continuous flow z-pinches.

A time sequence of side-on photographs

of a focus type plasma and a corresponding

sequence of r, z particle plots from a simulation

of that experiment was given in Fig. 30. Here a

uniform filling of cold gas is driven away from a

cylindrical electrode by a piston of Be magnetic

field. This piston first appears at the rear of

the electrode where an applied potential causes

a discharge to the adjacent wall. As the discharge

continues the magnetic piston ionizes and shock

heats the filling gas and pushes it out and away

from the electrode and along the electrode toward

the blunt end. The curved shocked layer can be

clearly seen in the photographs and the simulation

plots .
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Fig. 113. Time sequence (upper left to bottom)
of MHD simulation plots of plasma from a coatial
gun.

In the competitions, Be and p~sma do not

mix; the vacuum form, Be cc 1 /r, is used to obtiin

magnetic pressure at the otherwise free boundary

behind the shock. After the shock passes the end

of the electrode it collapses onto the atis of the

system where it forms a small hot z-pinch called

a plasma focus and a second shock which resembles

a bubble. No effort was made to extend the com-

putations to study details of the focus itself because

it is felt that a microscopic plasma model is

required. The implicit ideal MHD assumption in

the computations limits them from showing some

resistive blurring of the free boundary, but other-

wise the simulation and experimental results are

in good quantita~ve agreement. Apparently the

computational technique would now be adequate to

predict the effect of some changes in the experi-

mental configuration.

More recent and less complete simulation

work on plasma guns has shown qualitative agree-

ment witi gun experiments (see p. 23 ). Here,

in contrast with the focus problem, the initial

conditions are much less certain and more variable.

Cold gas is puffed into an evacuated region between

two coaxial electrodes and then ionized by an

electrical discharge in such a way that the magnetic

field of the discharge is frozen into the gas. For

lack of a simulation of this complicated process,

the simulation has been started arbitrarily with a

~cuu.m magnetic field, Be cc 1 /r, and a constant

ratio of mass to flux throughout the region between

the electrodes. This uniform gun filling is ended

abruptly at the muzzle of the gun where an expansion

into the outside mcuum starts at zero time.

Figure 113 shows a time sequence of simulation

particle plots starting with this expansion and

developing a quasisteady flow pattern as more

plasma flows through from back inside the gun

(not shown).

An important feature of this quasisteady

flow pattern is a standing shock which has been

overlooked in the analytic work of A. I. Morozov

on continuous flow z -pinches. The shock, which

can be seen to surround the axis like a tube start-

ing just beyond the tip of the electrode in

Fig. 113, has been called a wake shock because

of its strong resemblance to the standing shock in

the wake of a blunt-ended body in hypersonic

motion. Here cold magnetized plasma flows past

the end of the electrode, expands toward the axis,

is slowed (or refracted) in its radial motion and

heated by the shock, and then flows along the axis

through the region inside the shock. Figure

114 indicates a profile of the shock on top of

which have been superimposed two radial profiles

of specific internal plasma energy, I. It is this

wake shock which has been seen experimentally

and provides the major source of qualitative

agreement with the simulations. An effort is

now being made to increase the generality of these

computations, in particular the input conditions,

in order to make the simulations a useful machine

design tool.

Tearing, Rotational, and Mirror Modes
in 9 -Pinch and Astron Plasmas

Work is being continued on the simulation

of collisionless, cofilned plasma systems of the

9 -pinch or A stron type in which one energetic

particle species dominates the physics (hot ions

.
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Fig. 115. Simulation plot showing fully developed
mirror instability in a e-pinch plasma. (Center
axis is at bottom; heavy lines are magnetic field
lines and lighter lines show the computational cells.

in a e -pinch, injected electrons in Astron), the

desired equilibrium is axisy-m.metric, and the

magnetic field is predominantly Br and Bz. The

unstably growing modes of plasma deformation

studied here are all of the m = O or axisymrnet.ric

type which can therefore be simulated in the two

variables of the equilibria, r and z. However, all

tliree particle velocities, Vr, v , and Vz, must be
e

handled explicitly and therein lies a difficulty.

This phase space is five-dimensional; to treat this

,:.

.,,

Fig. 116. Simulation plot showing fully developed
tearing mode in an Astron-like plasma before
coalescence.

system in time by imposing a regular grid of suf-

ficient resolution, Eulerian o r Lagrangian, on the

phase space would be much too large a task for any

computer in existence or under development.

Although the P. I. C. method was a convenience in

the fluid computations described above, in these

multidimensional collisionless problems the stat-

istical advantages of P.I. C. are a necessity.

Figure 115 shows an r, z plot of simulation

particles (center axis at bottom) with magnetic lines

superimposed, from a simulation of mirror instab-

ility in a 9 -pinch plasma. Compression of the

plasma has caused the perpendicular (r and 8) tem-

perature to be much greater than the parallel (z)

temperature and this in turn makes the plasma

unstable to the growth of the lumpy, z-dependent

structure seen in Fig. 115. The simulations show

that these lumps partly remove the temperature

imbalance, which seems to resolve an old question

about end loss rates, and then by successive coal-

escence develop into longer wavelength lumps with

surprisingly long life times. Since these ltunps are

not predicted by MHD theories, it is gratifying to

report that something very similar has recently been

seen by J. A. Phillips and H. J. Karr on the Columba

machine at LASL.

Figure 116 is an r, z plot from a simulation

of a plasma which started in equilibrium with a
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reversed magnetic field but no temperature im-

balance. All broken field lines in the figure

really connect in pairs (top and bottom) in the

nearest adjacent column of cells. In the initial

z-independent equilibrium, the magnitude of the

reversed inside magnetic field was one-third that

of the field at the outer wall. The tearing mode

predicted by linear theory is seen in Fig. 116 at

about full development. Subsequent coalescing

of lumps proceeds as described above until here

only one long lump of “plasma remains. This

result, together with a consistent modification of

the distribution of particle velocities, appears to

support the E-layer concept. In other runs, an

open end and a mirror field have been included

and have shown the development of a stationary,

z-dependent equilibrium with reversed magnetic

field. This result would seem to suit the needs

of the Astron, for which a method for finding just

such self-consistent equilibria has been sought.

TWO -Eeam Electrostatic Phenomena

(With C. Nielson)

In this oldest of collisionless plasma physics

problems the distribution of electron velocities

has two maxima which are sufficiently distinct to

cause unstable growth of longitudinal electro-

static plasma oscillations. The frequency of these

oscillations is so high that the heavy positive ions

may be regarded as a fixed background of positive

charge. The double maximum distributions con-

sidered range from the strongly unstable case of

two distinct, equal beams to the gentle bump-en-

tail case made famous by quasilinear theory. The

direct physical applicability of the one-dimensional

subset of such problems is limited to a few low-~

machines, Like that of J. Malrnberg at Gulf General

Atomic, which are contrived to contain two-beam

electron distributions and look 1 -d with respect to

the resultig unstable oscillations. However, the

nonlinear aspects of these 1 -d problems have been

studied extensively by plasma turbulence theorists

because their basic simplicity allows more complete

analysis and because an understanding of these

simple problems seems a logical first step to

understanding more complex systems.

At this time it appears that the solutions

to these 1 -d problems are available by simulation

for all but very long times and some extreme

limiting cases. The dominant feature of a wide

range of cases is a single-mode structure which

appears and saturates at about the wavelength

where linear theory predicts a maximum growth

rate. This is qualitatively similar to the early

mirror and tearing mode behavior discus sed

above. As in those computations, the case of two

equal beams shows successive coalescence

toward longer-wavelength, single-mode structure

whereas the bump-on-tail cases are unable to

coalesce , for readily explicable reasons. In all

cases the mode amplitude decays rapidly after

saturation through a process of mixing in phase

space which is related in an essential way to the

existence of the single mode structure.

This picture is clearly not in agreement

with quasilinear theory. Although it is too early

to say whether or not such theory applies in the

very gentle bump limit for which it was derived,

it can now be said that it does not give the right

answers for many of the more unstable cases to

which it has been applied.

Again a P. I.C. simulation method has

been used. In 1 -d problems rather good statistics

are possible; as many as 103 simulation particles

per Debye length have been used. Figure 117

shows a set of diagnostics from a bump-on-tail

case at O, 4, and 40 plasma periods (T) after initial

time. In each line the diagnostics left to right are

(1) a phase space plot (vx vs x) of the simulation

particles, (2) the electrostatic field energy in

the different numbered Fourier modes (small

mode numbers correspond to long wavelengths),

(3) the distribution of electron velocities, f(vx),

independent of x, and (4) the electrostatic potential

as a function of x. The plots at T .4.0, which is

about the time of saturation, show the clear

trapped particle regions in phase space associated

with lhe strong single mode structure of the poten-

tial. The T = 40.0 plots show that the electro-

static oscillations have essentially died out, the

vortex structure in phase space has disappeared

and the bump on the tail of the velocity distribution

has damped.
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Fig. 117. Diagnostics of one-dimensional electrostatic
bump-on-tail problem at T = O, 4, and 40 plasma periods
after initial time.

Two-Dimensional Studies of
Collisionless Shocks

(With C. Shonk)

For this work a numerical model has been

(and is being) developed with the following pro-

perties: all physical quantities depend on the

coordinates x and y; the magnetic field has one

component, Bz which in general is time dependent;

the electric field has two components, Ex and Ey,

which together may be both electrostatic and

inductive; ions are treated microscopically by

P.I. C. methods; electrons are treated as a fluid

which is adiabatically tied to magnetic field lines,

i. e., it moves according to first-order drifts: and

the fields are determined in such a way that charge

neutrality is maintained at all times to within

truncation error. This last condition does not

mean that the electrostatic fields are suppressed;

it means, rather, that the Debye length is small.

These simulations differ in an essential way from

all the others reported above. In some sense all

of the others were one-species calculations; this

model definitely con~ins two active species and

as a result is much more complicated.

M the language of collisionless shock

work, the length scale here is c/w pi (rather than

c/wpe). When simulated collisionless shocks are

driven into a quiescent magnetized plasma by a

magnetic piston, the front of the disturbance first

forms plane and thin, and then thickens with the

formation of a gross Lumpy structure which
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Fig. 118. x,y plOt of simulation particles in
e-pinch implosion showing %enetian Mind”
structure.

resembles a cross section through a set of venetian

blinds Lying in the plane of the shock front. The

continuing development of this technique is now

being aided by a Linear theory of the mode structure.

The waveLength of this structure is about C/ISpi
and in a 8 -pinch implsion these venetian blinds

would resemble radially directed fingers curving

slightly in the proper sense for ion trajectories in

the Bz field, Figure 118 shows a frame from such

a 8 -pinch simulation. End-on photographs of

e-pinch implosions obtained by O. Freidricks of

the University of Texas and E. Hinz of Jiilich

tentatively appear to show such structure. However,

careful comparisons have not yet been made and

the absence of such structure in the high-tempera-

ture Scylla IA at LASL raises some questions.
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