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INTRODUCTION

(J. L. Tuck)

The Presidential Supplemental y Budget

(Fiscal Year L968 ) designated the Scyllac project

for support. The Joint Committee on Atomic

Energy has since approved it for construction.

Scyllac support experiments (stabilization)

in progress, using Scylla IV, are reported below

and are encouraging.

Application of advanced computer techniques

to plasma physics seem to be very successful.

One of the major difficulties in controlled

thermonuclear research has always been the

limited validity of mathematical theory. Real

systems are too complicated for accurate repres -

entation so that theory has had to occupy itself with

very simple systems and, especially, vanishingly

low B. This is almost certainly the reason why so

much of the specifically Sherwood experimental

research in the U.S. and elsewhere has been con-

cerned with very low-density, low-e systems, far

removed from the conditions that would be requi red

if thermonuclear power were the dominant con-

sideration.

Since the Los Alamos policy has, for many

years, been to study high densities and high tem-

perature, with theory if possible, and without it

if necessary, high-~ mathematical theory has been

a special subject of study. The last two years

have seen some progress.

The important new factor, however, is the

combination of theory and the computer. It seems

certain that these techniques will provide results,

by means of this new kind of “experimental theory, “

for regions of density and for systems of com-

plexity that would virtually never be reached by

c 10 sed mathematical theory. Such computer plasma

simulation is not exact either; the computer is still

not large enough to handle plasmas exactly, even

with poor statistics. So various approximations

have to be made, e. g. , electrons smeared out,

etc. But these approximations may be more valid

than those of mathematical theory and moreover

they are subject to experimental (i.e. , computer)

test.

This annual report contains a computer

simulation of a 9 -pinch which exhibits a loss cone

instability and rapidly relaxes to a stable isotropic

configuration (p. 95 ). Already this bids fair to

solve a longstanding 9 -pinch puzzle, namely, that

the plasma is able to stream axially out with full

thermal speed a short time after the radial

compression which added energy only to the radial

velocity, and before enough collisions could have

occurred to turn the particles from radial to

axial motion.

In another case, not given in detail here but

to be published, the Particle In Cell (P. I. C. )

method, which has been so successful in two-

dimensional hydrodynamics, has been applied to

the hydromagnetic case of the sheath moving down

a plasma gun and contracting off the end, The

agreements between the computation and the

sheath pictures is strikingly close (p. 94).

3



REDUCTION OF PLASMA LOSS FROM
O PEN-ENDED MAGNETIC CONFINEMENT
SYSTEMS BY MAGNETICALLY ROUGH WALLS

(J. L. Tuck)

Int reduction

So far as radial confinement is concerned,

the performance of uniform axial magnetic fields

in cylindrical geometry has been exemplary for

high-~, hot (- 5 keV), dense (- 5 x 1016 ion cm=)

plasma, up to the rather brief (N 5 ~ see) con-

finement time determined by the free-streaming

plasma loss from the ends. Plasma such as this

is not too remote in terms of density and tem-

perature from that which might be used in a power

producing the rmonuclear reaction, The currently

observed gross thermonuclear power of the Scylla

IV plasma is 600 W/liter which extrapolates for

D-T to a useful 110 kW/liter. Such a plasma

exerts a pressure of 400 atm and has a mean free

path of -10 m and so it is not collision dominated.

There have been many proposals and

attempts to mitigate the plasma 10ss from open-

ended magnetic confinement systems. The first

of these historically is, of course, the magnetic

mirror. For modest mirror ratios it works well,

but when large loss reduction (e. g, , > 10) is

required, the strength of the magnetic field becomes

a difficulty. Attempts have been made to increase

the efficiency of mirrors by a radial electric field

to increase vL/vll, e. g. , ixion, homopolar.

These have worked to some extent but they are

associated with instabilitiess and wall impurities,

and would, in any case, be entirely useless for

the dense, high-~ plasma which is of main concern.

Radiation from cavities has also been tried;

cavities exerting 400 atm pressure do not seem to

be immediately at hand.

The radical way out is to close the ends

on themselves, i. e. , the Scyllac toroidal proposal,

and abandon cylindrical symmetry. However, once

the symmetry of straight magnetic field lines is

relinquished, new kinds of problems arise; the

plasma must not drift out of the torus and so an

equilibrium condition must be satisfied. Conditions

for hydromagnetic stability in bumpy magnetic

fields must be met, e. g. , I~dt/Bl etc. Current

stability theory in the main is an extrapolation from

B=O. When applied to such complicated boundar-

ies, it usually predicts ballooning at some small

p far below that envisaged and ceases to be valid

the reafter. Fortunately at high P, hot plasmas

behave far better experimentally than low-~ theory

would predict. Scylla IV stability, for example, is

evidence of this.1 Nevertheless it may be necessary

to take a further measure to suppr ess instability --

dynamic stabilization--if required. Dynamic

stabilization at high @ is even farther removed

from tboretical understanding than static high-~

stability. Once again, however, the re is some

surprisingly encouraging experimental evidence

for dynamic stabilization at high ~. 2

Thus the Scyllac experiment is daring. If

successful, it will bring a factor of 10 advance to-

ward nr, the energy break-even point (Lawson crite-

rion) ,where gross thermonuclear energy output Of

the plasma equals energy put into the plasma as

heat. The present Scylla IV plasma falls short

of this by a factor of 500. So Scyllac should and

apparently will be built.

Without prejudicing Scyllac, but in parallel,

it would clearly be most rewarding if some way

could be found of extending nT without sacrifllcing

the cylindrical symmetry of the straight 9 -pinch.

The loss per unit volume can be decreased by

increasing the length, so that the confinement time

increases proportionately with the length. Since

the power supply and building is by far the main

expense in a 9-pinch, once these exist, the expense

of the construction of a long, straight 9 -pinch is

nominal. The Scylla Ad Hoc Committee recom-

mended that such a 10-15 m straight 9 -pinch

be built as an intermediate step in the large

Scyllac 9 -pinch program.

Beyond a factor of 10 or so, the lengthening

procedure becomes unwieldy. To reach the Law-

son n-i, a 9-pinch length of 500-1000 m is required

for end losses only, assuming that radial diffusion

is zero. Starting with a 20 -m 9-pinch, if the end

loss could be reduced by a factor of 25, the IIT

would rise to that of a 500-m long e-pinck as det-

ermined by end 10S ses only; it would be 25 times

better than a 500 m e-pinch in terms of radial

diffueion losses. Any saving in the 10s ses from the

G

,
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Fig. 1. Plasma in a magnetic field.

ends also goes to compensate for power expended

in the stopping process.

In what follows, the objective is to achieve

a loss reduction factor of at least 10.

Magnetically Rough Walls

The molecular pump of Gaede3 easily main-

tains a density ratio of - 105 between directly

communicating points in a tube containing gas with

a long mean free path. It does this by moving the

molecularly rough tube walls with near molecular

thermal speed toward the high-density end. This

prompted the question whether a magnetically

rough wall, either fixed o r moving, could control

hot plasma escaping from the open end of a mag-

netic system such as a e-pinch.

Consider a plasma confined (Fig. 1 ) in a Bz

magnetic field from a solenoid extending indefin-

itely to the left of z = O, and to a distance 4, to

the right. Coaxially inside this extension is a

second solenoid system, radius c, which can

impose a modulation on the main field Bz such

that (1 ) for low P, the flux tube has the form

radius = a [ 1 - b cos(2n/k)(z +vt)] or (2) for high

s, the sharp interface has the form radius =

a [1 + b cos(2TT/1) (z + vt)]. The perturbation

produces bulges of radius a(l + b) and necks of

radius a(l - b). There is a maximum slope

(roughness factor) to the perturbation given by

drfdz = 2n ah/?,. The system contains L/L

wavelengths. The concept presented here has its

clearest expression for the plasma idealization of

@ . 1 and a sharp boundary. Every particle then

experiences the full modulation, and takes a

straight path to the next wall encounter. For

@ < 1, the system is a series of weak magnetic

mirrors.

In tie following, the eiiect O* aala~atlc

invariance is considered: (1) Low fi: For a

particle at a bulge moving with inclination VL/v

to the axis, the condition that it will be reflected

at the next neck is VL/v > (1 -b)/ (1 +b). For a set

of particles released with random directions, the

albedo is [ 1 - (1 -by (1 +b~]~. With invariance,

those particles transmitted by the first mirror

are also transmitted by the next and so on, until

the particles are lost out of the far end. No

buildup of stopping power by successive mirrors

takes place in an adiabatic system, Giving the

mirrors a velocity toward the source merely

worsens the situation, by throwing more particles

into the loss cone of the mirrors.

To obtain a cumulative effect, the adiabatic

invariant must be broken down. To do this, the

magnetic field must be changed rapidly, measured

in gyro-rotation periods, i. e. , maximize bvll /kBz,

(b << 1). men the ratio gyro.radius /plasma

radius is small, situations of some complexity

can occur. Particles of appropriate v arrive

at mirrors in resonance (or antiresonance) with

their gyro-frequency, and classes of particles can

be singled out for acceleration or expulsion from

the system. In the static case, this becomes the

familiar corrugated trap of Fedorchenko4’s, and

its elegant extension, the ‘corkscrew’ of Winger-

SO*6” The resultant distribution function will

be bumpy, thus promoting some classes of

instability y. Such instabilities need not be harmful;

on the contrary, if they break down invariance

they might greatly increase the z confinement.

The confinement of 1OW-B plasma in a trap con-

sisting of multiple, fairly strong, mirrors has

been computed by Post. 8 Here, collisions

played the invariant-breaking role and, as expect-

ed, long seri~s of mirrors showed increased

confinement.

(2) High p Sharp Boundary: it has been

shown--Morse bounce mode19 --that an analogous

adiabatic invariant exists for this case also; it

is the invariance of the action ~ Prdr for the

radial bouncing between slowly contracting walls.

The condition for reflection at a neck, by

particles starting out with Vlfv, is v~v . sin 9>

(1 -b)/l +b); the albedo of the neck for particles

of random direction is [ 1 - (1 -b~/(1 +b)@o
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(The condition for reflection in a ~ .1 sharp

boundary model (specular walls) is seen to be

identical to that for a ~ < 1 magnetic mirror when

the reflecting walls and the magnetic flux tubes in

the two cases have the same ratio of contraction. )

Once again, adiabaticity gives no cumulative

effect, and a wall velocity toward the source re -

duces the albedo. To break down the adiabatic

invariant, the contraction is made rapid, in this

case measured in particle crossing times 2a/v~,

and so abvll /kvl is maximized.

Roughness 2nab/h is clearly a favorable

factor in both high and low ~ cases.

Returning to a qualitative picture of the

process in a nonadiabatic sharp boundary case, an

isotropic Maawell distribution of ions, most pro-

bable velocity ~, is placed at the entrance to

Fig. 1. The average drift velocity of the entering

distribution is ~/4. A fraction (a/Z. ~ of these

entering particles pass right through without touch-

ing the sides; this fraction can be made small and

will be ignored. Particles incident on a roughness

of angularity 9 are deflected through an angle 2 e.

These deflections can be equally retarding or

accelerating to tie progress of the particle in the

z direction, depending on whether the angularity

is80rn- 9 , i. e. , on whether the impact point is

on the left hand or right hand side of a neck. The

existence of a drift velocity, however, introduces

a bias in the number of particles incident on the

two sides (windward or lee side effect) which

introduces an average force, always in the sense

of retarding the drift. The drift velocity slows

asymptotically to zero with respect to the wall.

For a stationary wall, if the distance in which

the drift velocity is reduced to a negligible frac-

tion of the diffusion velocity (relaxation length) is

a fraction 01 of the tube length, particles subse-

quently escaping to the entrance and exit will

divide according to a diffusion law, ratio

(1 - @#/&*. For a moving wall, the diffused

distribution is carried back to the entrance.

Particles do not have to reach the wall speed to

be returned; they need only be given a v toward
z

the entrance.

Quantitatively, Vtx, V’y! v’ z are the particle

velocity components after reflection from a wall,

inclination 9 to the z direction, and incident with

velocities vx, v , vz. Then
Y

x@ =v - v sin9, v1x=vx+v -co Se,
z z q qR

@ =V + v x co*g
Y q qR

Vq . 2[sine (vz + V) - COS9 (VXX + Vyy)]/R

R=a[l-b cos~(z+vt)], 9=~(z+ti).

In a Monte-Carlo computation, 500 particles,

having the right-hand half of a Maxwell distribution

of most probable velocity ~, are admitted with

random dir ections and at points distributed uniform-

ly over the starting plane, and traces their paths

using the equations given above, until most have

left the system either by return to the entrance end

or by loss at the far end. The computation was

done on the Los Alamos CDC 6600 computer and

took 2-5 min per set of particles. Some particles

can linger for long periods in the system; to

follow these is wasteful in computer time since

they do not affect the outcome very much. The

computation was therefore stopped when their

number had declined to a few percent. The fraction

so remaining is given in the accompanying table,

in which a = wall radius, L. tube length, ab = wave

amplitude, 2nab/1 . roughness, v . wall velocity,

~ most probable velocity in Maxwell distribution.

The line called adiabatic is the pure adiabatic

albedo calculated for reflection at the first neck

to provide a reference level for the magnitude of

the cumulative effect.

The results show that the system works

essentially as expected and that strong 10ss

reductions can occur. Set I exhibits the completely

adiabatic behavior of a low-roughness wall; the

albedo for all is no larger than that calculated for

the first neck, and it gets smaller as the velocity

toward the source is increased. The next two

sets, with increased roughness, are slightly non-

adiabatic; the albedo is still increasing when the

length is extended from 10 to 50 wavelengths and

velocity helps.
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X& Returned ~. Lost ~. Left ~.
——

1.
Long wavelength k=8a

I

adiabatic o 42
Medium amplitude b=o.1
Low roughness

fixed o 38 620.025n
Long length 20a= 2.5L moving 1.0 9 91

II.
Medium wavelength A = 2a

I

adiabatic
Medium amplitude b=o.1
High roughness O.in fixed

Short length 20a = 10 h moving

o

0

0.2

42

54

65

42 4

33 2

m.
Medium wavelength k = 2a

I
adiabatic o 42

Medium amplitude b=o.1
High fixed oroughness Oeln 78 19 3

Long length 100a = 50k moving 0.2 88 12

Iv.
Short wavelength k = 2a/3

I

adiabatic
Small amplitude b = 0.033
High roughness O.in fixed

Short length 20a = 30 k moving

o

0

0.2

26

60

71

34 6

26 3

v.
Short wavelength 1 = 2a[3
Medium

amplitude b=o.1
Very high roughness O. 3rr
Long length 100a =150A I

adiabatic

fixed

moving

Sets IV and II have the same roughness and

the same length, but IV proves superior to H; the

reduced neck ratio of IV is more than offset by

the greater number of necks.

Set V is an extreme case to see how high the

albedo might go. Even the static case gives a

very acceptable degree of loss reduction.

Caution must be exercised in applying these

examples to reality; the model used is simple and

includes no plasma effects such as waves, shocks ,

and instabilities. At this stage, it is uncertain

whether reality will be less or more favorable.

But some simple points can be made: high rough-

ness and high velocity both act favorably in the

computation. There are limits to these quantities

in reality, however; plasmas do not have infinite-

ly sharp boundaries, and this sets an obvious

limit to the roughness. If k is made much less

than, say, the sheath thickness, the perturbation

will not penetrate deeply into the plasma. But

the effect of this is not obviously fatal either; for

example, if the outer layers only of the plasma

were the ones retarded, the plasma would be

o 42

0 92 0.4 8

0.2 100 0 0

progressively pared away. The limitation in

velocity arises from the increasing voltage per

turn of the traveling wave system, which is given

by 2n2 azbvB/A. Taking the parameters of Set V,

the largest albedo, but the highest voltage, and

substituting ~ appropriate to a 10-keV plasma tem-

perature, l-cm plasma radius, and B of 100 kG,

it is found that V/turn -60 kV, frequ~ncy 15 MHZ.

In magnitude, this is close to that required

for the traveling wave stabilizing system of Haas
10 The data in the table given aboveand Wesson.

can be used to check their results for wave en-

trainment effects which they did not include and

might be harmful. It turns out that that system

(long wave length but large amplitude ) is adiabatic

and therefore immune.

In conclusion, it would be idle to discuss

further the stability and application of these ap-

parently novel (to plasma physics ) effects until

more refined studies have been made, especially

by computer plasma simulation and experiment.
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The writer expresses his gratitude to C.

Nielson for his skilled handling of the computa-

tion and to R. L. Morse for illuminating dis -

cussions.
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SUMMARY OF FUNDAMENTAL
PLASMA GROUP ACTIVITIES

(H. Dreicer)

During its first year of operation the Funda-

mental Plasma Physics group of the LAS L Sher-

wood project has been largely engaged in the task

of laying a firm foundation for future experimental

activities. A major effort has been devoted to the

design and construction of an alkali Q-machine.

Although some component development is being

continued, the major parts have been received,

and they are now being assembled. All technical

considerations which seem important in (2-machine

operation have been scrutinized, and this has led

to very definite ideas about cooling requirements,

nozzle design, and design of electron bombard-

ment systems for control of hot-plate temperature

profiles. In the same connection, a photomicro -

graphic study of crystal growth in hot plates has

been started to determine if there is a relation

between hot-plate surface inhomogeneity and the

behavior of the contact ionized plasma. In the

course of calculating tie cooling requirements for

a Q-machine tank, a study was made of the non-

neutral collisional effect on c ros seal-field dif-

fusion with somewhat surprising results.

A second major effort has been directed

toward the design of an electron cyclotron heated

(ECH) Q-machine facility for producing steady-

state quiescent plasma columns with any ion

species and at electron temperatures far in excess

of those possible in conventional alkali Q -machines.

Parts for this device have been designed. A

theoretical study has been carried out to determine

the gas density and microwave power requirements

as well as to understand the electron velocity

distribution function produced. It has been found

that it is possible for this function to be highly

isotropic with respect to the angular distribution

of electron velocities and it appears to be mono -

tonic with respect to particle energies. This

result is important for the stability of the device.

Successful operation of both of these

facilities will depend upon the ability to produce

desired magnetic field configurations accurately

and to maintain them stably in time. For this

●



reason an advanced computkg code for designing

magnets, developed at UCRL (Berkeley), has been

placed into operation and a program has been

initiated for adequately stabilizing all of the dc

magnet supplies.

Two experiments inherited by the group

have been discontinued. The first, an attempt by

J. McLeod to develop a large-cross-section,

large-current, low-voltage electron gun for beam

plasma studies gave discouraging results. The

second, a Ph. D. thesis problem started by D.

Michael, invo Ived an attempt to measure excited

cesium atom cross sections by photoionization

with laser light. This work was defeated by low

signal-to-noise ratio.

Work has also proceeded on several theoret-

ical problems. Although a general solution of the

boundary-value Fokker -Planck problem has not

been achieved, a class of special solutions has

been obtained that can be constructed from the

eigenfunctions for the problem. These should be

useful in testing the accuracy of any future num-

erical solution obtained to the general case; they

already indicate that any deviation from isotropy

in the distribution function influences the space

charge problem. During a visit here this summer,

I. Bernstein (Yale University) suggested a new

approach to the problem which will be tested during

the coming months. The study of induced radiative

recombination as it affects the interaction of in-

tense laser light with plasmas has been continued.

Although the work is not complete it appears to

of interest for the case of plasma formation by

laser ionization of small solid drops. T.nglis -

Teller broadening and depression of the atom~s

series limit enters into these considerations in

be

an

important way.

It is a pleasure to acknowledge the

help of N. Gardner and A. Mondragon in

of the groupts experimental work.

expert

all phases
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NUMERICAL COMPUTATION OF T EM-
PERATURE AND DENSITY PRO FILES IN
AN ALKALI-METAL PLASMA DEVICE

(D. Henderson)

Int reduction

Several numerical calculations have been

undertaken to help in the design of the alkali-metal

plasma device (Q-machine ). One of these, aimed

at optimization of the magnetic field geometry, is

discussed later in this report. The others give

the hot-plate temperature distribution, the injected

neutral flux distribution, and the plasma density

distribution for an axisymmetric device. Once the

completed device is in operation, these numerical

programs will be useful in planning experiments

and interpreting data.

Temperature Profiles

In general, hot (ionizer) plates have been

considered which are heated from behind by

electron bombardment and which are welded to a

concentric support disk. This design tends to

provide complete axial symmetry and also to pre-

vent any bombardment electrons (or secondaries

thereof) from entering the plasma region. Such a

hot-plate system, however, has a significant

conduction loss of heat from the edge of the hot

plate.

To calculate the temperature within the hot

plate (in both the radial and axial directions ) use

has been made of a pre-existing machine program

called MA &NA. 1 MA?$ANA breaks up the material

(plate plus support disk) into discrete mass points

(nodes ) and evaluates the conductance between

adjacent nodes. Applying boundary conditions, i. e. ,

the input power at the back of the plate, the fixed

temperature at the edge of the support, and radia-

tion losses, it relaxes from some preassigned

initial temperature e distribution to a self-consistent

one such as shown in Fig. 2. This shows isotherms

obtained at 50° intervals. The input power is in a

single ring at two-thirds radius. The arrows at the

top of the figure indicate the temperatures derived

from a one-dimensional program. The program

is useful for the detail attained, lmt requires a

good deal of computer time (1 h for Fig. 2) on the

IBM 7030.

9
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Fig. 2. Results of MA~ANA calculation.

If the axial temperature variations are

neglected, the problem reduces to an ordinary

differential equation

~~ (rnt~) =2mT4 - S(r), (1)

where r is the radial station, t the thickness, x

the thermal conductivity, T the absolute tempera-

ture, e the ernissivity, u the Stefan-Boltzmann

constant, and S(r) the applied power in (say) kW/cm2.

The factor “2” comes from allowing radiation from

both sides of the hot plate. As a two-point boundary

value problem (dT/dr = O in the center and T =

const. at the outer edge) Eq. (1 ) may be easily

solved by iteration of a Runge-Kutta routine. This

scheme has been used as a general design aid

in studying the effect of changing n and t as well as

S (r). In doing these calculations, it is learned

which temperature profiles (monotonic increasing,

monotonic decreasing, single matimum, two

maxima, etc. ) are reasonable and how to achieve

them. These solutions are also useful for provid-

ing the initial temperature distribution for MA~ANA

since doing so reduces the number of iterations

required.

Alternatively, following a suggestion of

Dreicer, the problem has been inverted to find the

power distribution, S(r), required for a desired

temperature distribution. Eq. (1) is applied

directly over the ionizer plate and then a concen-

trated annular source is added as is required for

the conduction loss through and radiation 10Ss on

the disk (on which S(r) = O). This loss is computed

by solution of Eq. (1 ) as a two-point boundary value

problem over the concentric support disk alone.

This has been applied to the design of an isotherm-

al hot-plate system, now under construction, for

which the temperature distribution is shown in

Fig. 3. The upper portion, calculated with the

I , I 1 I I I
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!!!!!!1

T,%
3000—

2500 . . . . . --- .-----—

2000—
.,,,,

1500—
,,

Icclo— 01;[
,,

500— :1
1,, :1I

Fig. 3. Temperature distributions in hot-plate
system designed to give an isothermal surface.
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one-dimensional program, shows the effect of thermal speed has been used, neglecting the

varying the annular ring power for a system now sheath effect. In particular cases, these sheaths

under construction, whereas the lower portion will be important, as pointed out privately by

gives 50-isotherms and surface temperatures Righetti (Frascati).

obtained with the MANANA program for a smaller

system, The hot-plate system being constructed Reference

is described later in this report.
1. R. F. Thomas, Jr. and M. D. J. Mac Roberts,

LA-3264-MS.

Neutral Flux Profiles

Plans are being made to supply the neutral

alkali-metal flux to the hot plate in a number of

beams supplied from many jets in a manifold as

indicated in Fig. 4. The flux is normalized so that

the area under each curve is the fraction of allcali-

metal mpor striking the plate within a given radius.

Given the angular distribution function, 1(9 ), for a

single jet, the values are summ ed over the many

jets in a straightforward manner. The objectives

are to achieve a desired profile and to maximize

the fraction of alkali-metal vapor input which falls

on the useful portion of the hot plate. Three cases

are shown in Fig. 4. Unfortunately the function

I(e) is not accurately known, and so simple forms

(e. g. , cos e, COS2e) are assumed in these cal-

culations. An experiment is being assembled to

measure I(e ).

Plasma Density Profiles

Once the hot-plate temperature e and neutral

flux profiles are known, the plasma density,

plasma potential, etc. , can be calculated through

solution of the detail balance equations. These are

useful for the design of experiments for which it

is necessary to know what T (r) and flux distribu-

tions are required to bring out some expected

effect, and for the interpretation of data. As an

example, Fig. 5 shows the conditions chosen to

give a large value for the quantity d(log T )/d(log n)

which enters into the trite ri on for stability

against temperature and density gradient universal

instabilities. In this example calculation the

product of the probability of ionization times the

neutral injection flux has been balanced with the

product of the plasma density times the streaming

velocity. For the streaming velocity the ion

11



Fig. 6. Main tank of Q-Machine,

DEVELOPMENT OF ALKALI-METAL
Q-MACHINE COM.P3NENTS

(H. Dreicer, D. Henderson, F. Wittman)

Main Tank

Components of the alkali-metal Q-machine

vacuum tank, designed with the help of J. McLeod,

R. Dike, and C. Charlton, have been received and

are being tested prior to their installation in the

magnet. The main stainless steel tank has an

1 ~ -in. internal diam and is 84 in. long (Fig. 6).

Stainless steel cross arms, provided with five

access ports each, are attached to the main tank

at each end. All seals are made with metal gas -

kets. Hot-plate power absorbed by the main tank

wall is to be removed by pumping coolant through a

double -walled jacket. Calculations indicate this

design to be considerably more efficient than the

usual method of conducting heat to a coolant pass-

ing through tubing welded to the chamber wall.

To maintain a highly ionized plasma, i. e. ,

to avoid major interactions between electrons, ions

and alkali-metal neutrals, it is considered nec-

essary to control the vapor pressure of the alkali

metal condensed on the chamber wall. The wall

temperature necessary for this cannot be pre-

dicted precisely, because the relevant ion-neutral

collision cross sections are generally not avail-

able or are lmown only with large uncertainty.

An interesting ion-neutral interaction which may

affect the operation of an alkali-metal Q-machine

is discussed in a separate section below.

Preliminary engineering estimates indicate

that a refrigeration unit, pumping coolant with a

wide temperature range available below O°C, is

feasible, but costly. For this reason future

operating waq temperature cannot yet be firmly

predicted.

Hot Plates

During the past surnm er the first prototype

hot-plate ass embly, based upon the computations

made by D. Henderson, was completed. This

assembly incorporates two thin tungsten foil fila-

ments and an auxiliary tungsten hot plate to produce

a controlled temperature distribution on the main

hot plate by programming three separate electron

beam bombardment systems. The two bombard-

ment beams which heat the final hot plate take the

form of a coaxial system in which a soLid cylindri-

cal electron beam is surrounded by a hollow cylin-

drical beam. The former supplies the euTz power

radiated by the hot plate, whereas the latter

provides the heat conducted off the hot plate by

the thin annular plate which supports it. It is

hoped that, by varying the bombardment voltage of

the two beams independently, various radial

temperature gradients, as well as the highly iso-

thermal case, can be programmed. The electrical

connections are shown in Fig. 7 and assembly

views in Figs. 8 and 9. Initial tests of this system

have been limited by mechanical problems

encountered at 2000 -3000°K, and considerable

development remains to be carried out.

Following a suggestion of L. Agnew an

attempt has been made to construct isothermal

hot plates based upon the Grover heat pipe principle. 1

This technique involves the use of a hollow tungsten

# pill-box shaped cavity in which liquid silver and its

vapor coexist at a temperature in the neighborhood

of 2300°K. Such a heat pipe transfers heat by mass

flow of the silver utilizing its latent heat. Heat

addition into one end of the cavity is distributed

throughout by evaporation of the Liquid and con-

densation of the vapor. Of seven pill boxes formed

by tungsten vapor deposition onto copper mandrels,

one survived the last electron beam welding opera-

tion, and is ready to be tested.

Electron Bombardment Power Supplies

Orders for two highly regulated electron

bombardment supplies, 5 kV at 8 A and 5 kV at

5 A, have been awarded to a vendor. Delivery iS

expected in December 1967.

.

,

.

.
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Fig. 7.
(electn

Electrical connections of three-stage
m bombardment) hot plate.

Fig. 10. Magnet and support stand.

Alkali-Metal Nozzle Design

Fig. 8.
ment sy

Partial assembly of hot-plate bombard -
stem.

W. 9.
ment sy
support

Complete assembly of hot-plate bombard -
‘stem; hot plate is welded into ‘ttop-hat!!
structure.

Optimum design of the atomic beam source

which sprays the hot plate with alkali-metal

atoms requires a knowledge of efflux from a single

atomic beam nozzle as a function of direction.

An apparatus to measure this quantity is nearly

ass embled.

Atomic Beam Oven

A resetability of k O. 17. in the vapor pres-

sure in the chamber feeding the atomic beam

nozzle requires a resetability of at least +. O. 1°C

in the temperature of the oven supplying allcali -

metal atoms. To accomplish this, the oven has

been placed in an oil bath whose temperature is

to be stabilized with a proportional-type of tem-

perature controller. In order to remove the non-

condensible impurities in the alkali metal, the

oven will be loaded through a vacuum distillation

apparatus which has been constructed as part of

the source.

13



The magnet support stand has been received

and the 20-in. id. pancake coils have been as-

sembled on it (Fig. 10). Magnetic field design and

stabilization of magnet power supplies are dis-

cus sed in separate sections below.

Reference

1. J. E. Deverall and J. E. Kemme, High
Thermal Conductance Devices Utilizing the Boil-
ing of Lithium or Silver, LASL, LA-3211 (1965).

AFTER

Fig. 11. Photomicrographs of 0.8 -in. thick
tungst~n hot plate before and after heating at
-2500 K for several hours.

PHOTOMICROGRAPHS OF HOT PLATES

(H. Dreicer, D. Henderson)

In the various calculations on heat transfer

and plasma profiles (see, for example, the section

by D. Henderson above), the assumption was

implicit that the material properties of the hot

plate were uniform to all scale lengths of interest

including the ion gyration radius (- 1 mm to 1 cm).

To investigate the truth of this assumption, photo-

rnicrographs have been taken (with the help of T.

Jones and C. Javorsky, LASL CMB Division) of

hot-plate surfacea which have been subjected for

vari ous lengths of time to high temperature.

An edge-on view of a sliced sample of an

O. 080-in. thick tungsten hot plate before and after

it was heated at - 2500°K for several hours is

given in Fig. 11. As a result of this heating, the

individual grains have grown until their dimension

perpendicular to the hot-plate surface is of the

order of the hot-plate thickness, with some smaller

crystals retained along the grain boundary. It is

noteworthy (although not apparent from Fig. 11 )

that the grain dimension parallel to the hot plate

surface is about 1 in. Thus grain dimensions when

viewed from the larger front surface might be

even larger; a preliminary investigation of the

front surface bears this out.

.

*
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Fig. 12. Photomicrographs of O. 25-in. thick tungsten
hot-plate heated at 2300°K for half an hour.

Figure 12 shows photomicrographs of a

O. 250-in. thick tungsten hot plate which was

heated to 2300°K for about half an hour. The

grains have grown from the initial size (Fig. 11),

but have not yet reached dimensions comparable

to the plate thickness. It will be noticed, in

particular, that the grains have grown more quick-

ly at the back of the plate which was hotter.

Since tungsten has a body-centered cubic

lattice, its thermal conductivity is probably not

anisotropic with respect to crystal orientation,

but this is not certain, The thermal emis sivity

and electron work function, however, vary with

the crystal face. For example, the work function

of tungsten is known to vary by 0.4-1.0 eV

between the 100 and 110 crystal planes.1 Dif-

ferent grains might therefore be expected to have

different surface temperatures and electron

emission properties. The actual variation of

these properties on the surface of a hot plate is

. probably not as large and as sharply bounded by

grain boundaries as indicated by this argument

since the surface is uneven, with mountains and
.

valleys distributed over each grain. Magnetic

lines will intersect various crystal planes even

over a single grain, leading to a range of values of

the emissivity and work function over a single

grain. There is consequently uncertainty about the

scale length L over which uniformity exists. It

will be assumed, however, that there is such a

value for L.

If the ion gyration radius is large compared

to L, then these effects may be averaged out in the

plasma in contact with the hot plate; however, this

is not certain since the inhomogeneities in electron

emis sion may be the controlling factor. On the

other hand, if the ion gyration radius is small com-

pared with L then different plasma properties may

be expected along magnetic field lines which inter-

sect the regions of different surface properties.

Since the grains were found to grow to the order

of the plate thickness and larger, the latter case

will perhaps apply. These results imply a dif -

fe rent limitation on Q -machine operation than is

usually considered. In particular, the inherent

surface inhomogeneities discussed here may be an

important source of transverse electric fields which

drive E x B diffusion; for this reason the subject

must be pursued further.

Reference

1. M. Kaplit, Proceedings of the IEEE Thermionic
Conversion Specialist Conf. Houston, Texas (1966)0
p. 387.
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Fig. 13. A magnet configuration for producing
a uniform field over a large (shaded) volume
(dimensions in cm).

MAGNETIC FIELD DESIGN

(J. McLeod)

A digital computer code (CSYD) capable of

automatically designing an air-core electromagnet

to produce any specified field, proposed by K.

Halbachl and developed by R. Holsinger (UCRL,

Berkeley ).has been put into use. ( The writer is

indebted to R. Lewis for assistance in the initial

establishment of this code at LAS L.) It has proved

to be a powerful new tool capable of remarkable

design feats with relatively little effort on the part

of the user.

The CSYD code has been used to determine

the best uniformity available in each of a variety

of different configurations of the existing 20 -in.

bore electromagnet which consists of 50 separate

sections and will be used to provide the magnetic

field for the alkali-metal Q-machine. Quite

remarkable uniformity appears to be possible in

very short magnets by judicious location of a few

small gaps, and by doubling the current for a short

distance at each end. The length of the magnet

shown in Fig. 13 is only 2.5 times its average

winding diameter, but it produces a field which is

uniform, in principle, to 1 part in 106 (rms devia-

tion) throughout the shaded region. This theoreti-

cal uniformity is probably not realizable in practice,

because of unavoidable errors in fabricating a

high-current (3500 A) electromagnet, but the power

of the calculating technique is interesting nonethe-

less.

—- lD—50—. —llo —

Fig. 14. A magnet configuration with gaps for
producing a uniform field over a large (shaded)
volume (dimensions in cm).

Even magnets with several large gaps can

have reasonably high uniformity if the gaps are

located correctly. The magnet shown in Fig. 14

produces a field which is uniform over the shaded

region to O. 1 ~0 (rms deviation) in spite of Five

major gaps providing radial access to the shaded

region. In order to study the limitations on field

homogeneity imposed by magnet winding errors

and imperfections, 36 of the 20-in. bore pancake

windings were set up in a configuration which was

predicted by CSYD to have a uniformity sufficient

for narrow line width operation of a nuclear magnet-

ometer. No evidence of broadening of the nuclear

resonance line by field inhomogeneity was ob-

served even at full generator power (7200 G). For

conventional pancake spacings it had previously not

been possible to operate the nuclear magneto -

meter at high fields because of this line broadening.

The accuracy of the magnetometer measurements

was Limited to O. 03 ~o by hunting in the generator

regulator. Within this accuracy, no discrepancy -

ies were found between the observed and predicted

fields when both were normalized to a single point.

Fields were measured along a 4-ft section on the

axis of the solenoid. Although the limitation on

field homogeneity imposed by magnet winding

errors and imperfections has not been found, this

measurement neverthelesss indicates an obvious

improvement in field homogeneity over what has

been observed with conventional pancake con-

figurations in the past.

9

.
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CSYD has also been applied to the 11 -in.

i. d. pancake magnet to predict configurations

which will give magnetic fields uniform enough to

be suitable for precision cyclotron measurements.

Again extremely uniform fields are found to be

possible in principle, but regulation of the Sher -

wood power supplies will be necessary before

their actual feasibility can be verified.

Reference

K Halbach, ‘1A Program for InversiOn of1. .
System Analysis and its Application to the Design
of Magnets, t! UCRL-17436 (JuIY 1967).

ION-NEUTRAL COLLISION EFFECTS
ON CROSS-FIELD DIFFUSION OF
ALKALI-METAL Q-MACHINE PLASMAS

(H. Dreicer, D. Henderson)

Measurements of diffusion of alkali-metal

plasmas across magnetic field lines have been

interpreted on the basis of (1 ) electron-ion encount-

ers, (2) end plate recombination and deionization,

and (3) numerous instability and plasma wave

mechanisms. A fourth mechanism which should

be added to this list may become important if

the density of al-kali-metal neutrals becomes

significant.

Consider an alkali plasma column of radius

R, density ne, and temperature T = Ti, which ise
immersed in a static magnetic field B and a back-

ground neutral alkali-metal gas at density ng. The

diffusion of a charged particle across the magnetic

field occurs roughly at the rate

D %Zv=—.
R27R2 — “

This quantity is the inverse of the average par-

ticle!s lifetime when it is lost by diffusion. The

diffusion coefficient D may be appro~mated by

the square of the relevant gyration radius L over

the mean free time ~ for collision. For electron-

ion encounters this diffusion rate becomes

v ei = L~/(R2~ei),

where Le = ve/wee, Ve = ~ 2kTe/me, Oce = eB/ me)

and r = 0.266 T~/(ne LnA)sec.l In the mmn
ei

free time formula for ?ei the temperature Te is

given in ‘K and ne in cma; -tnA, the Coulomb

10 garithm, is approximately 5. For ion-neutral

encounters

where &i = Vi/wci, Vi = d 2kTe/Mi , wci = eB/Mi,

~ . cross section for both elastic and resonant

charge exchange collisions, and u~ s Uvi. These

collision processes may be compared by a ratio

Q defined as

v. M. n cnr.T;
Q.~= &*$*.

v ei ee
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For cesium, &fi = 133 and for potassium, M. = 40;
1

consequently, at 2500°K

Q=5X1013U>
e

for both cesium and potassiwn. There are few

data on u, but a commonly quotedz measurement

on cesiurn ion-atom collisions provides a a which

vanes from 1 .6.x 10-13 cmz at kTe = 4 eV to

6.8 x 10-13 cmz at kT = 0.12 eV. If u is taken as
e

2 X10-L3 cmz, then, for the case of interest,

kTe=0.22eV, C2=lforn ~O. lne, i.e., for

an iordzation degree ne/(neg+ ng) of 0.91.

One source of alkali-metal neutrals in f2-

machines is the vapor pressure of the alkali

metal condensed on the wall at the temperature Tw.

Table 1 gives cesium plasma densities and the

corresponding maximum wall temperatures per-

mitted to maintain ng such that Q s 1, for two

values of 0.

Table 1

T wall

ne (cm%) u . 2 X10-13 cmz ~ = 2 X10-11 cmz

~~lz 33°c 600C

1011 11 33

1010 -9 11

109 -26 -9

1on -41 -26

The calculation assumes an equilibrium

between evaporation and condensation of alkali-

metal atoms at the wall. If local hot spots exist,

as might occur in a Q-machine with white-hot end

plates, then the neutral gas pressure might be

unpredictably larger, because the pumping speed

to cold surfaces is reduced. Excess neutrals

injected from the atomic beam source which do not

impinge on a POrtion of the end plate hot enough to

ionize will also cause ng to exceed the equilibrium

vapor pressure value.

field lines is possible. In conventional Q-machines

this is achieved by the flow of electrons along field

Lines and their flow across the field lines by con-

duction through the hot plates. In the collision-

less limit this mechanism operates efficiently. It

is clear from the results presented in Table I that

considerable caution must be exercised to keep the

neutral alkali-metal gas pres sure low by careful

nozzle design and by insuring that the tank wall

is uniformly at low temperature.

References

1. L. Spitzer, “Physics
Inter science Publishers,

of Fully Ionized Gases, “
Inc.

2. J. M. Houston, Proceeding of the IEEE Therm-
ionic Conversion Specialist Conf. , Cleveland, Ohio
(1964), p. 304.

,

.

The diffusion analysis presented here is

admittedly rough. When ions step across the

magnetic field due to inte ractizon with neutrals,

ambipolar fields will develop unless efficient

short circuiting of potentials along neighboring
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REGULATION AND SPLITTING OF D. C.
MAGNET POWER SUPPLIES TO BE
USED FOR FUNDAMENTAL PLASMA
EXPERIMENTS

(H. Dreicer, E. Kemp, M. Talcott)

During the past year a study was made on

ways and means of improving the LASL dc power

supplies available for plasma physics experiments.

The goal was to transform the present 500-kW

motor generator set with 1 ~. stability to O. 01 ~0

long -term stability and the 2.5 -MW rectifier sup-

ply with 157. stability to two 1.25 -MW supplies

with O. 01 ~o long-term stability , with provision,

when necessary, for reconnecting the two 1. 25-MW

systems into a single 2. 5-MW supply with the same

stability. These modifications will permit the

utilization of several existing magnets simultan-

eously, at high fields, with the stability necessary

for many resonant absorption, radiation, and wave

p ropagat.ion experiments.

After considerable study it was decided to

use a power series transistor regulator system.

At this time a prototype system consisting of four

30 -transistor heat sinks has been tested under open

loop conditions. Two prototype transistor heat

sinks passing 200 A have been operated under

C1Osed loop conditions with a 30-min stability of

about 1:5000. All components necessary for

splitting the 2. 5-MW system have been ordered.

Spring 1968 is scheduled as the completion date for

this work.

VELOCITY DISTRIBUTIONS ASSOCIATE D
WfTH BOUNDED QUIESCENT PLASMAS

(H. Dreicer, W. Riesenfeld)

The general problem, to which no solution

is offered, may be posed with the help of the fol-

lowing mental picture. Consider the distribution

of electro static potential between two hot plane-

parallel thermionically emitting walls containing a

plasma of electrons and positive ions, and

carrying an electrical current by virtue of an

externally applied potential. Two sheaths are

seen several Debye lengths in thickness , one near

each wall, with a different potential drop across

each, joined by a region of uniform potential.

This central region, depending upon circumstances,

may for example be a potential well for most ions.

A complete description of the problem involves

Boltzmann equations with collision terms for each

species and the Pois son equation which couples

these terms, as well as suitable boundary

conditions. In order to understand the problem

it is necessary to study various effects separately.

An attempt was made to solve a small

facet of this problem by making the following

assumptions:

(1) The electric potential is independent

of spatial position.

(2) Positive ions are randomly distributed

between the two walls and are infinitely massive.

(3) Electron-electron encounters are

ignored.

(4) Applied potential and thus electric

current vanish.

Electron-ion encounters and the spatial gradient

term in the Boltzmann equation which together

yield the time independent equation

(1)

must, however, not be overlooked. Here the

position x of the electron normal to the walls is

measured in terms of the mean free path

~ = v4/r



where

4rrne2 log +

r =—
~z

0

in familiar terminology. The equation is thus para-

metric in the particle speed v. The scattering

angle e is measured with respect to the normal to

the walls.

Assumption (1 ) allows Pois son!s equation

to be ignored and, roughly speaking, is equivalent

to prescribing the boundary conditions upon f

several Debye lengths away from the true wall in

the region where the potential is constant. AssurrLp-

tion (2) permits the ion-ion encounters, as well as

the equation for ions, to be ignored. Assumption

(3) linearizes the electron equation, and probably

results in a distribution function which exhibits

the worst anisotropies that are apt to be encounter-

ed. Assumption (4) permits a solution of the pro-

blem by separation of variables. It should be

emphasized, however, that these assumptions are

not necessarily consistent with each other. In

particular. assumptions (1 ) and (2) are generally

not consistent, as a direct consequence of electron-

ion encounters.

The solution to Eq. (1) may be written in

the form

f(x,~;v) = ~ CA e -Lnx
‘A ~)’

(2)
kn n n

where the Sk ~ ) form an orthtigonal set of eigen -
n

functions, and the ).n are the corresponding eigen-

values. Approximate analytic solutions and more

exact numerical solutions for the Sk and kn have
n

been obtained, (the latter in collaboration with I.

Cherry of T Division at LASL). The first few An

are
A .0

0
AI - 14. 5; k-~ - -14. 5

az =-42.0; A-2== -42.0

k~ =- 83.3 A>=- -83.3.

The corresponding Sk are Sk = 1, and other
n o

oscillating functions which exhibit standard eigen-

function behavior in that they possess a number of

zero .rossings equal to !nl . Sk, and Sb are shown

in Figs. 15 and 16.
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To obtain the CL it is necessary to pre-

scribe boundary conditions partly on each wall at

x = +a, i. e. , f (-a, y;v) and f(a, p;v) are provided

for O c v < 1 and -1 < w <0, respectively. This

results in an infinite set of linear equations for the

CA “
A truncation procedure for obtaining appro -

xi~ate coefficients was tried, but was fo~d to

converge too slowly to be of any value. Fortunately

two cases may be handled more simply:

(a) f (*a,& ;v) = constant. In this trivial case

f (X, W;v) . constant everywhere. This corresponds

to thermal equilibriutn.

[
(b) f (x,w;v) = Co + Ck e-knxSh (y) +

ekn%l
1

b)n=co+canh
n n

In this more interesting case the boundary condition

involves only a single eigenfunction in addition to

s * , and thus f(~ a,~; v) is not really an arbitrary

fm”ction. Nevertheless, this case illustrates the

role played by the eigenvalue kn in the relaxation

of f in real space, and provides an exact solution

to a special case. This is useful, because other

solution techniques must reproduce the result.

The anisotropy factor $ is shown in Fig.

17 fern= 1. If the walls are located at

x .+ a = + 0.2 then the curve marked x. 0.2

gives the boundary condition for a = 0.2, and the

curves marked x . 0. 1 and x = O illustrate the

relaxation of the anisotropy with position moving

away from the wall toward the central plan x = O.

Eq. (2) shows that the electron density

+1

J

f(x, ~;v) ~

is usually a function of x. If it is chosen equal to

the ion density at the plates it will detiate from it

in the interior of the plasma. This result indicates

that, in general, the degree of anisotropy of the

velocity distributions must affect the distribution

of charge density and potential.

Fig. 18. Electron cyclotron heating system,

ELECTRON CYCLOTRON HEATING
(ECH) Q-MACHINE

(H. Dreicer, J. McLeod)

Design and component testing is under

way on an electron cyclotron heating (ECH) facility

(Fig. 18) for producing a plasma column in a

magnetic field, similar to that reported by Lisi -

tano.’ The motivation behind this work is the

development of another quiescent plasma source

for fundamental studies which utilizes any ion

species and operates at average electron energies

far in excess of those possible in conventional

the rmally heated alkali-metal Q-machines. In

anticipation of experimenting with such a device,

an analysis has been started of the conditions

under which a plasma column can be maintained in

a steady quiescent state by electron cyclotron

heating and ionization.

Among the numerous effects which may

enter such an analysis are line-tying of interchange

instabilities, universal drift instabilitiess driven by

temperature or density gradients, and microinstab -

ilities due to anisotropies and double -humped

velocity distributions. Whereas low-frequency

interchange instabilities and universal drift in-

stabilities might be controlled by techniques

applicable to open-ended mgnetic systems, the

method of dealing with the rnic roinstabilities

driven by peculiar properties of the velocity distri-

bution f is less obvious, especially since the plasma

is maintained by microwave ECH fields. For this

reason the first efforts are being made to the

study of the properties of f and the average plasma

parameters required for steady state operation.

A plasma column of the type pictured in

Fig. 18 is maintained against continuous 10Ss of

particles to the container end wall (or out of a
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magnetic mirrOr) by electron ionization of

neutrals. Even if the average electron travels

many times the length of the column before making

such an ionizing collision with a neutral, it must

make exactly one during its lifetime in the machine

to maintain steady state. This fact determines the

neutral gas density required. For if the principal

loss is collisionless ambipolar streaming along

the magnetic lines to the end wall intersecting the

column, then

ne~iV = ion end-wall current, (1)

where n = electron density, V = plasma volume
e

over which ionization can occur, and ~i . average

ionization frequency.

The ion end-wall current along the mag-

netic ~leld can be determined approximately from

the argument that most of the electrons must be

reflected by a sheath which accelerates the ions

and retards those electrons which reach the wall.

Such a sheath is usually characterized by a potential

drop of several times kTe, where ~kTe equals the

average electron energy.z Thus the ions gain

energy ~ M~~ FY5kTe by the time they strike the

wall. The electric field of such a sheath extends

deep into the plasma and accelerates the ions

toward the end wall so that the ion velocities are

not really random.

A rough approximation, suitable to the

present purpose, for the ion end wall current can

be obtained by employing the expression for the

net flow in one hemisphere of an isotropic velocity

distribution and using the electron temperature to

calculate the average ion speed. z Consequently,

()n 7.
ne~iv . ?. ~ A, (2)

*where ~i = (2kTe/M) = average ion speed, A =

cross-sectional area of plasma column, and the

factor of 2 arises because tAe column has two

ends. The average ionization rate depends upon f.

Assuming a Maxwellian distribution and an

ionization rate given b~

Vi(U) = vehi (U-Ui)

with ve = electron-neutral elastic collision rate,

hi = constant determined empiricall~ and by best

fit to data of Phelps, et al.4, u . electron energy

in eV, and Ui = ionization potential of the neutral

atom then

~i=ve.il~(,.e)* exp~i/.e)

+(; Te-ui)~-Erf(@j]l

x

-\

Erf(x) = ~ e -@dt
t

o

(3)

where in this equation and henceforth kTe/e is

abbreviated by Te. Barred quantities have been

averaged over the distribution function. Since v e

is linearly proportional to the neutral gas pressure,

p, ~i is also proportional to p and hence to the

neutral gas density n Table 2 lists ~i/ve as a
g“

function of the average electron energy, ii, for

the case of molecular hydrogen for which hi =

7.8x107, ui=16.2eV, ve=6x109psec-1

with p in torr.

Table 2

4

6

10

16

25

40

60

1. 6x10-4

1.5 X1 O-3

1.1 X1O*

3.8 X 10-2

9 x 10-2

0.20

0.35

U* (ev)

330

100

65

80

110

170

250

By combining Eqs. (2) and (3) and setting

V/A . L, the required neutral gas pressure is found

to be

1O-4ATe
P-

m

.
~i/ve L

(4)

.
Thus for L = 40 cm, $Te = ’25 eV, ~i/ve = 9 x 10-a,

it is found that p = 10-4 torr. Figure 19 shows ng

as a function of ii.

The evaluation of ~i]v e immedi~tely clarifies

another facet of the problem. Since 17i/ve < 1

.
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Fig. 19. Neutral gas densityvs mean electron
energy,

over the entire energy range considered in Table 2,

it follows fiat, for these cases, the average

electron will make at least a few and, depending

on=, possibly a large number of elastic collisions

with neutrals during its lifetime. Qualitatively

speaking it is clear then that such elastic col-

lisions occur frequently enough to insure the high

degree of isotropy in f required to avoid instabili-

ties of the anisotropy and loss-cone type even

though the electron mean free path may exceed

the machine length.

The foregoing arguments have been based

upon an ionization rate calculated for a Ma-el -

Lian distribution. However, the conclusion about

isotropy in f will not be altered by more exact

distributions. This is true at low average elec-

tron energies, because only the few electrons in

the tail of f can ionize, whereas all electrons in

the distribution make elastic encounters. For

higher average electron energies, such that

= 2 Ui, ;i should become relatively insensitive to

the exact form for f since in this case most

electrons in the distribution can ionize. The main-

taining pressure given in Eq. (4), on the other

hand, can be expected to depend quite s ensiti -

vely on an exact knowledge of f for low average

electron energies.

The energy input U* required to replace an

electron lost from the plasma includes the energy

required to produce a new ionization and the kinetic

energy carried off by the electron. The latter is

much more than the average electron kinetic

energy since only very energetic electrons can

penetrate the sheaths at the ends of the column.

If, as indicated above, the sheath reduces the

electron current by a factor of the square root of

the ratio of electron to ion mass, then the

threshold energy for escape is 5.12 T in hydrogen
e

where this reduction is a factor of 60.

The average energy of electrons capable of

escaping is
.

J
uf(u) du = 5.50 Te. (5)

5.12 Te

Therefore

P
xu*=— + 5.50 Te,

ne ev.
1

(6)

where the power dissipated in inelastic collisions

is given by
m

Px =
J

eu vx(u)f(u) du, (7)

o

assuming that inelastic collisions absorb all of

the energy of the incident electron. The form

Vx . hxv eu for the excitation rate, with the con-

stant hx determined empiric ally,4 permits inte -

gration of Eq. (7) for a Maxwellian distribution,

The result is

Px = ~ neehxveT~ . (8)

In molecular hydrogen hx is found to be 5.7 x 10-3.

It includes the effects of vibrational, rotational,

and electronic excitation as well as electron

ionization. When Ii’q. (8 ) is substituted into

Eq. (6) the values for u* given in Table 2 and

Fig. 20 are obtained. For low ~ inelastic losses

dominate u*. For large ~ the contribution to U*

is mainly the kinetic energy lost with the electron.

The power required to maintain the plasma

in steady state is the product of the electron loss

rate and the energy U* lost with each electron. In
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hydrogen the latter has a minimurnof66 eV at an

average electron energy ofabout20 eV (Fig. 20).

If the loss rate is dominated by ambipolar stream-

ing out at the ends, then the minimum power re-

quirement is

P=$neVi Au*= (1.7 xlO-ll)nA watts,

where
n ez

P’% E%.
e

Thus for== 10 eV, n= 1012 cm-3, and A = 10 cm2,

it is expected that - 170 W will be required.

As indicated above, these calculations

are based upon the use of a Maxwellian distribu-

tion function, an as surnption which may only be

correct when the electron density or ionization

degree is large enough for mutual electron en-

comters to thermalize the distribution. In hydro-

gen, calculations of f as a function of ne/ng are

available5 for average electron energies below

about 6 eV with inelastic collisions taken into

account. These indicate, as expected, that for

a given externally applied electric field and gas

pressure (i. e. , a given E/p) f tends toward

Maxwellian as ne/ng is increased.
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To investigate the possibility of double-

peaked distributions for ~ 2 6 eV, Coulomb encount -

ers have been ignored in the kinetic equations and

a solution for f was obtained which is asymptotic

in u, but is valid down to u = ~. Its form is

f(u) = u+exp
hx h().—u
u

c

3U 105FC

1-~+ 2048h~ +””” I
for u 2 ;, where

2

()

Ze E
u

c = ~m v;

is the average energy gained by an electron during

one mean free time. This asymptotic solution is

monotonic in u and leads to the suspicion that the

distribution function over the entire energy range

is also monotonic since otherwise some evidence

of a double peak might reasonably be expected to

occur in the range ~ s u s -.

It should be noted that this result has been

obtained by assuming that inelastic collisions

absorb all of the incident energy and that in-

elastic collision rates increase linearly with

electron energy. The inclusion of Coulomb

encounters is expected to reduce any tendency to

produce second peaks.

In s ummary, an analysis has been made of

the plasma parameters and ECH power required

to maintain a plasma column in steady state

against end losses. It has been found that the

electron velocity distribution will be isotropic

in direction and monotonically decreasing with

speed in velocity space provided the average

electron energy is not too large. Approximate

calculations in hydrogen indicate that the upper

limit on = for these conditions to hold is at least

25 eV, and probably a good deal larger. Num-

erical computations are neceseary to obtain a

more precise upper Limit.
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INDUCED RECOMBINATION IN
VERY HIGH DENSITY PLASMAS

(H. Dreicer)

Work was recently resumed on the radiative

recombination induced by an intense laser beam

traversing a very dense plasma. L The objective

is to determine whether or not this effect in-

fluences the formation of plasma by the laser

ionization of small solid drops. 2 In the formation

of such plasmas, the dielectric and partly trans -

parent drop (density x 5 x 1022 cm-3) absorbs

some laser light, is heated, and begins to be

ionized. As soon as the electron density reaches

2.4 x 10Z1 cm~ the index of refraction for the

laser light becomes imaginary and the laser light

fails to penetrate. A short time later, after a

small amount of expansion, the density falls

below this value, the light penetrates again, more

heating takes place and the plasma is fully ionized.

In the standard treatment of the foregoing

process3 the possibility of induced recombination

is not recognized. As has been pointed out before,

this can lead to a partial deionization of a fully

ionized plasma with attendant electron energy

losses due to the possibility of ionization. The

effect is not easy to calculate, because the in-

duced recombination results in excited atoms whose

energy states lie in a region in which the energy

levels are completely smeared and merged by

Inglis-Teller Stark broadening. The density of

states, wave functions, statistical weights, etc. ,

in this range are unknown. Moreover, unless a

maximum finite quantum number exists all sums

over states diverge. Thus it is necessary to take

the depression of & series limit for a hydrogen

atom in a plasma into account. Table 3 illustrates

the situation for hydrogen by listing the quantum

number ~T which gives the start of the Inglis -

Teller region, as well as the quantum number n*

which gives the depressed series limit as a

function of plasma density. Induced recombina -

tion with ruby laser light can occur to all hydrogen

energy levels with n 2 3. Thus Table 3 shows

that for high densities the Inglis-Teller region

plays an important role.
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-7

-5

-4

-3

-2

1-2

Table 3

~i+ B(at ~ kT. 144 eV)

92 - 0.010

51 0.019

29 0.034

16 0.063

9 0.12

5 0.21

2-3 ----

An estimate has been made of the degree

of de-ionization ~ (. excited atom density/electron

density) by assu.xning that the energy levels are

unperturbed even in the Ingl.is -Teller region (see

Table 3), but cut off at the depressed series

limit. Reionization by electron collisi on, an

important effect, has so far been ignored in the

evaluation of ~ since essentially nothing is known

about the validity of using the statistical weights of

unperturbed hydrogen energy levels in the Inglis -

Teller region.
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CO LUMBA--A HIGH TEMPERATURE
Z -PINCH EXPERIMENT

(J.AO Phillips, A. E. Schofield, J. L. Tuck)

Int reduction

The purpose of the Columba experiment is

to produce for study a z-pinch having a temperature

in the thermonuclear (- 5 keV) region. For reasons

not yet clear, these high temperatures have probably

not been produced in simple z-pinches although in

certain high E 9 -pinchesl ‘ 2, the achievement of
e

such temperatures is well established. (The

plasma concentration phenomenon ~3 may turn out

in fact to be a z-pinch and have a high temperature,

but this has yet to be confirmed. ) It is further known

that e-pinches at keV temperatures are better

behaved and less unstable than at lower tempera-

tures (< 1 keV); this may be due to the effects of

(1) high ~, (2) finite Larmo r radius effects, and

(3) suppression of finite resistivity effects. It

would be of interest to determine if such favorable

effects take place for the more hydromagnetically

unstable z-pinch.

In the Cohzrnba experiment, the high temp-

erature plasma from a 9 -pinch is used as the

starting point for a z-pinch. At predetermined

times in the 9 -pinch cycle the z-pinch is initiated

on this plasma and , it is hoped, will confine and

further compress the hot plasma. Of immediate

concern is the question if the z-pinch will form on

the dense hot-plasma core or on low-density plasma

outside the central region or remain trapped on

the discharge tube wall. This report presents

evidence that the z-pinch does not form on the wall

but appears to compress the plasma column.

Experimental Apparatus

The 9 -pinch is of conventional Scylla

design with coil length 28 cm, inside diam 8 cm,

and - 56 kG peak magnetic field with rise the of

2 ~sec. The coil is fed at two diametrically

opposite points, The z-pinch, 56-cm spacing

between electrodes, is centered along the 9 -pinch

axis and is energized by two low-inductance capa-

citor banks in series, Peak currents of 400 kA

with a half-period of 16 p sec are obtained. The

z-pinch ground return consists of eight insulated

,

.

.
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Fig. 21. Schematic of Columba experiment show-
ing 9 -pinch coil in z-pinch discharge.

7
,,
1,
II

.

i

‘!>.;
.J%

3..:,-s2>;;
(b]

\\\\\\\\\)

‘1

Q
H
,,

-s=- -
(cl

’11
‘, “
!,. .

1, ,?

.,
. .

.

.

Fig. 22. Idealized B magnetic field at midplane
and flux (~ ) escaping from 9 -pinch coil. (One
quadrant only of the coil is shown. )

1. 25-cm copper rods which allow the Bz tlux to

pass around the e -pinch coil. (Fig. 21).

Diagnostics on the 9 -pinch include two

pick-up loops; one of these measures the B fieldz
at the rnidplane of the g -pinch coil and the other

measures the flux; ~ , passing through the coil.

The ratio of the signals from these loops, B z to

@, gives a measure of plasma radius as shown in

Fig. 22. In Fig. 22a, the ratio of the signals

from the two loops is normalized to unity with no

plasma. With plasma (Fig. 22 b), the Bz field

lines at the midplane are compressed in the space

between the plasma and the coil and the B fieldz
is increased so that the ratio Bz/~ is > 1. If B z
flux lines are trapped in the plasma and the 1~

current is falling, the Bz field at the midplane

may reverse (Fig. ,?2c), with the flux still posi-

tive. Further, the condition can arise that no flux

escapes out of tk coil with large negative Bz fields

at the midplane (Fig. 22d ).

Perhaps the case of greatest interest occurs

when the z-pinch is applied to the e -pinch plasma

(Figs. 22e and 22 f). In Fig. 22e, the Bz/~ ratio is

again normalized to unity with plasma along the

axis. If the Be magnetic field from the z-pinch

further compresses the plasma, the Bz lines

expand, decreasing the Bz field adjacent to the coil

for the same flux (Fig. 22f)0 The ratio Bz/~ can

therefore be used, with the assuption of azimuthal

symmetry, to obtain information on the compression

of the plasma column.

From the voltage Vz across the z-pinch

and z-current, Iz, together with the assumption of

zero resistance, the inductance L of the discharge

is given by
t
j Vzdt

% = ‘(t)+Lo”

With the added assumption of uniform pinch radius

between the electrodes, a pinch radius can be cal-

culated.

The total neutron yield is monitored with

a standard silver counter, and a fast phosphor-

photomultiplier detector gives the time behavior

of penetrating radiation.

Results

The behavior of the pinched plasma in

Columba when operated at low z-currents (< 100 kA)

and with both small and high 9 -pinch fields has been

reported elsewhere and will only be sumrn arized

here.

The z-pinch discharge initially flows along

those Bz lines which pass close to the z-pinch

electrode. Subsequently the pinch radius expands

and contracts due to variations in the magnetic

pressure of t.k e-pinch field, i. e. , the plasma is

compres sed when the e -pinch field is a maximum

and expands as the Bz field passes through zero.

The results at high e -pinch fields (- 50 kG)

and peak Iz currents of > 300 kA are shown in
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Fig. 25, Calculated initial radius of z-pinch
a function of time started in the 9-pinch cycle.

Figs. 23 and 24. The bottom part of Fig. 23 refers

to z-pinches fired N 1.4 ~sec after the start of the

second cycle of the 9-pinch. With a 9 -pinch in the

absence of plasma (Fig. 23 top), the ratio of the Bz

field at the midplane to the flux in the coil is

constant with time. The ratio Bz/~ is subject to

exaggerated errors in the vicinity of t * 0.4 hsec

and should be disregarded.

With a 9 -pinch and plasma (Fig. 23, center),

the Bz/~ ratio increases near the end of the first

half-cycle, presumably due to plasma heating.

(The expanding plasma compresses the Bz field

between it and the wall. ) The ratio remains fairly

constant over the second half-cycle. Two typical

neutron puls es are also shown. The times of these

signals must be corrected for neutron time of

flight to the detector (3.6 m distant).

When z-pinches are fired, 1.2 - 1.4 psec

after the start of the e-pinch second half-cycle

(Fig. 23 bottom), the Bz/q ratio drops as the z-

current rises. This is interpreted as a compression

of the plasma by the added Be-pres sure allowing

the B=- field lines between the plasma and 9 -pinch

coil to expand.

The calculated values of the pinch radius

are shown in Fig. 24. The initial radius, -0.7 cm,

is that expected for ihe 9 -pinch plasma and becomes

smaller as the z-pinch pressure increases, The

calculated total B field and magnetic pressure

(= B2) at the plasma surface are also given; they

are based on the radii assu.rning B . 1. The ef-

ficiency of the z-pinch for producing high magnetic

pressures shows up strongly.

.
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The initial radius of the z-pinch is

shown in Fig. 25 as a function of the time the

z-pinch is initiated in the e -pinch cycle; time ~er(

is assigned to the end of the first half-cycle of the

e -pinch. The envelope of the initial radii is about

that expected for the 9 -pinch plasma. Near the

end of the first half-cycle the plasma expands to

the wall where it contracts to the atis as the

e -pinch field increases in the second half-cycle

and is a minimum just before peak field (2 L see).

It is tentatively concluded from these data that the

z-pinch forms about the hot e -pinch plasma.

On some discharges the signals from the

fast scintillator detector show a marked increase

when the z-pinch current is applied (Fig, 24).

This is expected if the z-pinch further compresse

the plasma. At the present time, however, two

other possibilities have not been ruled out. The

z-pinch alone produces neutrons up to ten times

that of a e -pinch and the observed increase may

be neutrons produced by z-pinches near the

electrodes. Also, on - 25~. of the discharges,

short bursts (< O. 2 ~sec duration) of hard x-rays

have been observed. The fraction of the increase

in signal due to these two sources has not yet

been determined.

Conclusions

From the data obtained with magnetic

loops it appears that a z-pinch applied to the hot

plasma from a 9 -pinch behaves as expected. Use

of a Mach -Zehnder interferometer (see below)

should provide further info rmation on this matter.

Mach -Zehnder Interferometer (P. R. Forman,
H. J. Karr, J.A. Phillips, A. E. Schofield)

First measurements with the Mach-

Zehnder interferometer have been made on the

Columba experiment. At full energy the glass

end -plates (90 cm from midplane) were found to

become opaque on one discharge. This difficulty

has been minimized by installing off axis large

(36 cm diam) polished plate glass disks immediately-

in front of the two glass end-plates. The large

plates can be rotated and .- 18 clear surfaces can

be successively exposed to the discharge.
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Fig. 26. Mach -Zehnder inter ferograms from low-
energy z-pinch.

A preliminary series of interferograms

has been taken on a simple low-energy (1OkeV)

200qJ initial D2 pressure, z-pinch. AS this serie6

is perhaps the first axial interferometer pictures

ever taken on a z-pinch it is reproduced here

(Fig. 26). The times at which the laser was fired

in the z-pinch cycle are shown at the top. It will

be noted that the discharge current is low, Iz peak

-60 M,with an initial gas filling of 200 w Dz.

The following rather unexpected observations

were made:

1 ) At early times there is no clear evidence

for a current sheath which moves radially inward.

Instead , the high-density pinch quickly appears on

axis.

2 ) The fully formed z-pinch has a surpris -

ingly .Iarge number of fringes (< 20) and has a

relatively sharp boundary; there is little evidence

for plasma outside of the pinch. Preliminary

calculations show that >90 ~. of the initial gas fill-

ing has been swept up.
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3) The radius of the pinch increases

with time although the z-current is still rising.

This is ascribed to fine -grain turbulence or a

twisting of the discharge about the tube axis.

After -2.5 psec the effect became so severe as

to smear out any significant structure.

At higher z-pinch voltages and currents

the time scale is reduced and the duration of a

clearly defined z-pinch is less.
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CAULKED STUFFED CUSP EXPERIMENT

(L. C. Burkhardt, JON. DiMarco, H.J. Karr)

Introduction

The caulked stuffed cusp experiment has
L z from tie earHer cusp and picketfencedeveloped J

work carried out at this laboratory. Rapid particle

10Ss es with the cusp geometry led to the addition

of an azimuthal current at the midplane (caulker),

to reduce the losses at the ring cusp by forming a

magnetic bridge at this region, and an afial current

(stuffer),to minimize the nonadiabatic 10Ss effects

caused by the null field region in the simple cusp

geometry.

The re suiting caulked stuffed cusp is an

axisymmetric device designed to study the stabil -

izing effects of either a minimum-B open system

or a minimum average-B closed toroidal system

on plasma confinement. The stabilizing effects

of the strong magnetic shear contributed by the

stuffer component can also be examined. A sect-

ional drawing of the system is shown in Fig. 27.

The magnetic field has three components (1 ) a dc

axial field produced by a 180 -turn solenoidal

winding around the cylindrical vacuum tank, (2)

a pulsed field (4 x 10-3 sec half-period) from a

four-turn ring or caulldng coil at the midplane of

the system, and (3) a pulsed stuffer field (4 x 10-3

sec half-period) produced by conductors through

the axis of the assembly. The relative amplitudes

of the three field components can be varied in-

dependently. In this experiment the caulking

coil is not levitated. Instead, the mechanical

supports for the caulking coil have been magneti-

cally shielded.

Field Configurations in the Caulked Stuffed
Cusp System

The first field configuration (Fig. 28) forms

a magnetic well that satisfies the minimum - B

field stability criteria of J. B. Taylo#: (a) the

field is nowhere zero so that &diabatic containment

is possible, and (b) the magnetic field increases

outward from the containment region so that the

surfaces of constant I BI form a set of closed

nested surfaces about the minimum. Particles
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Fig. 29. Same as Fig. 28 but for minimum
average-B requirements.

leaving the minimum region encounter a magnetic

mirror ratio of 3 in the axial direction and a ratio

of 6 along the field lines encircling the caulker.

This is an open ended configuration, however,

rather than a closed toroidal geometry. The field

magnitude in Fig. 28 was obtained for 900 kA -

turns solenoid, 276 kA-turns caulker, and 30 14-

turns stuffer.

A C1Osed to roidal field configuration as shown

in Fig. 29 is obtained by decreasing the external

solenoid field component relative to that of the

caulker loop until the stagnation points are moved

axially - 30 cm from the midplane. This field

configuration is similar to that described by Yosh -

ikawa in the proposed “Spheratorln device. The

field magnitude in Fig. 29 was obtained for 180

M-turns solenoid, 112 kA-turns caulker, and 301

kA-turns stuffer.

The minimum average-B interchange

stability according to the criterion of J. M. Greene

and J. L. Johnson4 is

where r = the distance from the axis , R . radius of

the caulker loop, Bp . poloidal field in the r-z

plane, and the primed brackets are derivatives

with respect to the flux surface Y = 2TIrAq. If

V** <0, the system is stable against interchange

for an infinite wavelength perturbation parallel to

B. Without stuffer current, the system is unstable

By increasing the axial current the critical mini-

mum average-B surface can be made coincident

with any cho sen magnetic surface within the closed

field region. Numerical calculations with the

CDC 6600 computer give the critical tinimum

average-B surfaces indicated by the dashed lines

in Fig. 30 for axial currents of 48 kA and 32 U

through the seven-turn stuffer toroid, The total

stuffer currents are 224 and 346 kA-turns. The

resulting closed field containment volume is large

(> 105 cm3 ) and combines minimum ave rage -B

and magnetic shear stabilization.
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Plasma Generation and Heating

The initial attempts to fill the caulked stuffed

cusp device with plasma involved the use of E x B

plasma heating using the stuffer and caulker loop

as electrodes in the crossed field discharge. This

method has the potential advantages of generating

the plasma in situ and of controlling plasma

energy and density.

There are, however, three apparent limita-

tions: (1) considerable impurities were released

from electrodes during the crossed field discharge,

(2) experimental observations sugge steal energy

losses due to contact of the plasma with the elec-

trodes and the glass insulators at ends of the

system, and (3) breakdown to the supports of the

caulker loop occurred despite efforts to shield

them magnetically because of the large electric

fields required in E XB heating. In view of these

limitations, a different approach to filling the

system with plasma was used, namely,

plasma injection from a coaxial gun. The gun

plasma is injected into the closed field region of

the confinement volume, where it is expected to be

decelerated by tk self-depolarization process that

has been tested successfully by others. The mag-

netic shielding of the caulker loop supports against

plasma bombardment has been demonstrated by
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Fig. 31. Energy distribution of “fast” component
from coaxial gun. (Upper curve: D energy spectrtun;
lower curve: impurity spectrum. )

J. E. Harnmel and R. M. Henson at LASL to be

effective against plasma injected from a coaxial

gun.

Experimental Results with Coaxial Gun

The initial experiments have been made

with the field geometry of Fig. 29. The objective

is to trap the plasma in the closed toroidal field.

In these tests, the gun was positioned at one end of

the wcuum tank as shown in Fig. 27 and the

plasma was injected atially at 36 cm radius (- 6

cm le. s than the caulker loop inner radius ).

The gun parameters of voltage, amount of

gas injection, and delay between gas injection and

high voltage application were adjusted to obtain a

maximum plasma output at - 1.5 kev. The

distribution of ion energy as measured with an

electrostatic energy analyzer is shown in Fig. 31.

This energy is compatible with the magnetic field

available for plasma confinement estimated on the

basis of - 5 ion Larmo r orbits in the confinement

region. The plasma was observed (with microwaves

and Langmuir probes) to propagate from the gun

through the peripheral helical field to the closed

field region at the midplane of the system where

part of it (- 50%) was trapped and confined.

.
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Plasma Density Measurements

The initial density of the trapped plasma

has been determined to be - 5 x 10IL cmv within

an order of magnitude from measurements of

3-cm microwave transmission, diamagnetic field

changes, saturation ion current to a biased Lang-

muir probe, current collected with a biased

shielded Faraday cup, and the amplitude of the

signal obtained with a neutral particle detector.

An initial reduction in the amplitude of the micro-

wave transmission signal was produced by the fast

plasma component (- 1.5 keV) but the density was

not quite sufficient to produce cutoff. This gave an

order of magnitude estimate of the plasma den-

sity of < 10L2 cm%. The plasma energy was

determined from the plasma transit time over the

distance of -350 cm from the coaxial gun to the

position of the microwave horns and by comparison

with the onset time of signals observed with the

neutral particle analyzer which views the same

plasma region as the microwave horns. The cold,

slower (C 100 eV) plasma from the gun reached

the position of the microwave horns - 50 p sec

after the onset of the fast component, The density

of the slower component was sufficient to produce

cutoff of the microwaves.

Field changes produced by the diamagnetism

of the plasma were measured with a magnetic field

probe inserted in the mirror field regions near the

caulker and also near the axial stuffer tube. Assum-

ing pressure balance, the average energy density of

the plasma can be equated to , the change in mag-

netic field energy density (2 BxAB~=). An order

of magnitude density was then determined using a

value of 1. 5 keV for the average energy, which was

approximately the peak of the energy distribution of

the plasma output from the coaxial gun. This method

gave a density of 2 x 1011 cm-3. Order of magnitude

agreement (- 5 x 1011 cm% ) was also obtained with

the probes and the neutral particle detector.

A radial scan through the confinement

region was made with a Langmuir probe, biased

to collect saturated positive ion current and so

provide a measure of the plasma density. The

density was found to peak in the vicinity of the

minimum of the V** stable well with the maximum

occurring in the stable region between the caulker

and the stuffer. A small shielded Faraday cup was

used to explore the current and density distribution

in the confinement region. Probing of the plasma

outside the separatrix bounding the confinement

volume showed the presence of plasma during

injection. As expected, the ion density decayed

rapidly in time as compared with that observed

within the confinement region inside the separatrix.

Neutral Particle Lifetime

Particle lifetime in the system was studied

with the neutral particle detector shown schemat-

ically in Fig. 32. In the operation of this device

neutral particles formed by charge exchange of

ions in the system with the neutral background gas

(base pressure s 5 x 107 mm), pass through

collimating slits into the analyzer. A pair of de-

flection plates remove any charged particles

scattered into the detector. The neutral particles

enter a gas converter cell (filled with --1 w of D2)

and are reconverted into ions for energy determina-

tion with the 127° electrostatic analyzer. The

conversion efficiency is - 10~0 for 1 -keV deuterons.

Differential pumping maintains a pres sure of

N 7 x 10’6 mm in the collimating tube and analyzer

chamber. A Daly detector consisting of an Al

block secondary electron emitter and Al coated

scintillate r and photomultiplier follows the electro -

static analyzer. Ions leaving the analyzer are

accelerated by a -20 kV potential applied to the Al

block and the secondary electrons are then reflected

to the grounded scintillator, The apertures in the

electrostatic analyzer are .- 2. 5 cm in width to gain

sensitivity at some sacrifice of energy resolution

-* 15’%.

Precautions were taken to insure that the

signals obtained were not erroneous. Wiih gas

removed from the gas converter cell, the signal

vanished. This gave assurance that the signals

were due to neutral particles rather than to

scattered ions or x rays. As a check of the cc.n -

tribution of photomultiplier after -pulses and

scintillator after-glow to the observed signals, the

analyzer deflection plates were gated with a square

wave pulse at selected intervals after the large

initial burst and the change in the signal decay

time was observed. This technique gave a value
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Fig. 32. Neutral particle detector

for the scintillator after-glow of O. 571. of the initial

amp~ltude of-the signal and decay times for the

scintillator of - 50 u sec. Since the amplitude is

such a small percentage of the peak signal, after-

glow correction to the decay times were not

required.

The neutral particle detector incorporates

a magnetic moment analyzer in tandem with the

127° electrostatic energy analyzer to elifiriate the

pos sibIe contribution of impurity particles to the

observed signals. Tests of the device made by

filling the coaxial gun with different gases for

plasma injection have shown that hydrogen, deu-

terium, and nitrogen atoms can be separated and

identi~led.

The neutral particle analyzer was located at

a side port of the vacuum tank and the input colli-

mating tube extended through the tank wall to the

separatrix. In this position, the analyzer receives

neutral particles from a cylindrical section of

2 -cm diam along a major radius through the

to roidal confinement region extending from the

separatrix to the axial caulker tube. The neutral

particle detector was placed on the other side of

the tank from the coaxial gun.

A typical neutral particle signaI is shown in

Fig. 33 withthe analyzer set to detect 900 + 135 eV

deuterons. (A 4-psec RC filter was inserted in the

signal line to smooth the signal and facilitate Life-

time measurements. ) The signal decays are shown

in the s emilogarithmic plots of signal amplitude in

- Ke=al pa~ticle signal O.OIV/DIV~~ TXKE :
~ -– (4 use. RC~iiter in sQ”M1 liss)
Wm. 73@E: Plasm p.” ctirrent 4 x l@ A/DIV

&.
fiW COwImONS: 1.5?X solenoid, 1.5Kv cwlkcr,

~. . . 1.25Kv stuffer, 900 eV deuterm,.-. .
.=::. _ swsepspeed 20 ~sec\DIV

Fig. 33. Neutral particle signal, (Solenoid, 370;
caulker, 216; stuffer, 115 IA-turns. )

Figs. 34 and 35. Figure 34 shows the decay of

900 -eV neutral deuteriurn flux with time for field

amplitudes obtained with 180 kA-turns solenoid,

120 M-turns caulker, and 45 kA-turns stuffer.

The e-folding time is -25 psec. It is of interest

to note that the Lifetime is independent of density

over a range from - 1011 to 109 cma. With the

higher field magnitudes indicated in Fig. 35, an

e-folding time of - 110 ~sec was observed for the

900-eV deuterium atoms. The results obtained

for the dependence of the_decay time on field

magnitudes are surnrnarized in Fig. 36. In

general, the e-folding time increases with the

magnitude of the shear field provided by the

stuffer.

The neutral particle flux decay time was

found to be independent of the neutral particle

velocity for low (< 45 kA-turns)values of the

stuff e r field. At the higher values of stuffer field

(> 140 kA-turns ) the neutral particle flux decay

time had a velocity dependence that was close to

1 Iv.

Loss Mechanisms

The deuterium Lifetime was found to increase

with the magnitude of the stuffer and reached a

maximum of 110 psec. This is - 1/10 the value

predict%d on the basis of Bohm diffusion. Since

the amount of plasma in the confinement region

diminished with increasing stuffer field (and became

too tenuous to produce a usetiI signaI in the

neutral particle detector), it was not possible to

.

I
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determine if lifetimes >110 psec would have been

observed with higher stuffer fields. An attempt

was made to increase the plasma density in tb

confinement region by moving the gun in closer;

however, the density in the confinement region did

not increase enough to permit extending the range

of measurements. Modifications in the injection

system would be necessary to obtain higher den-

sities at higher magnetic fields. The difficulty is

believed to be due to shorting of the plasma

polarization field acress the insulator at the gun

muzzle.

Magnetic shielding of the dipole supports

produced no significant change in the lifetime.

This result can be interpreted in two ways: (1)

The supports are not the primary loss mechanism;

therefore, shielding them would not change the

lifetime. (2) The magnetic shielding was not

effective against particle bombardment. In an

attempt to resolve this problem, the effective

cross section of the dipoles was increased by a

factor of 3.5 with the addition of a barrier around

the outer surface of the caulking coil. The barrier

did not reduce the lifetime by a factor of 3.5 as

would be expected if bombardment of the supports

were the primary loss mechanism. Using the

value of the observed change in lifetime and assum-

ing that this loss mechanism scales as the area

of the bombarded surface, the lifetime for particle

bombardment of the dipole surfaces was calculated

to be - 300 ~sec. Therefore, support loss is

not the dominant loss mechanism, and this test

could not determine the effectiveness of magnetic

shielding.

It is not too surprising that the m ugh

calculation of lifetime is off by a factor of three

since the assumption made that every particle

within the volume has equal access to the dipole

is invalid. For example, the mirror ratio should

act to reflect some of the particles back into

the confinement volume thereby reducing the flux

of particles to the supports.

A second particle loss mechanism con-

sidered was that due to the stuffer tube surface

resulting from the finite size of the Larmor

orbit and flux leakage into the surface of the

stuffer. Accordingly the stuffer tube was biased
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to collect saturated positive ion current, and the

resulting ion flux into the stuffer surface m casured.

During the initial plasma injection phase there was

a current of 100 rnA to 3A, lasting a few psec, the

amplitude depending on the stuffer current. But

during the plasma decay period no ion current

was observed. The sensitivity of the measurement

was Limited to a minimum detectable current of a

few rnA. Ion currents of the order of amperes

would be requi red to account for the observed loss

rate.
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The confinement region was scanned with

electric field probes in an attempt to detect the

presence of an instability that might be respon-

sible for the observed loss rate. Large-ampli-

tude electric fields -1 kV/cm were observed

furing the initial phase of the injection process.

Figure 37 shows the smaller 2. 5-MHz oscillations

that were observed later during the filling process.

The frequency of the oscillation changed only by

57. when the magnetic field was doubled and,

therefore, is not a linear function of the ion

cyclotron frequency. As one probe was moved in

azimuth the fluctuations remained in phase with

the signal from a fixed probe indicating an in-

finite wave length. The amplitude of the electric

field decreased rapidly to values too low to

account for the observed loss rate, assuming that

correlated electric field and density fluctuations

resulting in E x B drift losses out of the confine-

ment volume. The electric ‘field signal without

the bandpass filter in place is shown in Fig. 38.

The 2. 5-MHz oscillation is clearly the major

frequency component.

Conclusion

On the basis of the foregoing results,

it can be stated that high energy (of the order of

1 keV ) deuteriuxn plasma has been trapped and

confined in the caulked stuffed cusp experiment

with lifetimes up to 110 psec. The loss

mechanisms had been postulated to be: (1 ) 10SS

on the support surfaces of the caulking coil, (2)

10Ss on the surface of the stuffer due to finite

Larmor orbit effects, (3) lack of equilibrium due

to collective plasma effects, (4) the pre sence of an

instability in the plasma. The experimental

evidence eliminated (1 ) and (2 ) as the primary loss

mechanisms. The observed electric field

fluctuations cannot distinguish the loss mechanism

as being due to either (3) or (4).

This experiment was terminated as of

Sep. 1, 1967.

.
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PULSED PLASMA GUN PROGRAM

(J. Henins, J. Marshall)

Introduction

The objective of this program is to discover

how to build pulsed coaxial plasma guns of greatly

increased output. The fundamental difficulty is

that, although a coaxial gun is a simple device to

construct, it is very complicated in its detailed

behavior and is poorly understood. The scaling of

guns to higher energy will be very difficult unless

there is a much better understanding of the physi-

cal processes involved. As dimensions and plasma

energies are increased, the mostly empirical

development process which is open at present

becomes prohibitively expensive and time consum-

ing. It is necessary, therefore, to study and hope-

fully to understand much better the physical

processes taldng place in a gun.

During the year covered by this report

some rather drastic modifications of the standard

gun geometry have been investigated. This was

done partly in the hope of finding modifications

which would lead to improved performance, and

partly with the objective of inducing behavior which

through its differences whould shed light on stand-

ard gun behavior.

Mushroom IV and V

Two months were spent in completing

studies of the ‘~Mushrooni!series of experiments

(LA-3628-MS, p. 74). Mushroom V, the latest

of the series, is shown in Fig. 39. A mushroom

hat electrode, fed through a stem surrounded by

a cylindrical insulator, takes the place of the usual

cylindrical center electrode of the coaxial gun.

Gas is injected between the hat and the wall elec-

trode by a fast valve and the capacitor bank is

switched across the terminals after an appropriate

time for gas distribution. Initial breakdown is

along the outside surface of the insulator between

the hat and the wall electrode Thereafter the

discharge is driven outward in inverse pinch

configuration until it spills over the edge of the

hat. Spillover provides an opportunity for the
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Fig. 39. Cross Section of Mushroom V.

magnetic field trapped between the hat and the

wall elect rod e to expand into the relatively evacua.

ted space beyond the hat. The plasma bounding

the field involves only a small mass and the part

of it which spills over is greatly expanded in the

process, The result is a rapid acceleration of a

small amount of plasma with the transfer to it of

a large part of the sto red field energy.

The inverse pinch geometry is an excel-

lent one for magnetic energy sto rage, chiefly

because it is a poor geometry for accelerating

plasma. The plasma is accelerated by the weakest

part of a field which falls off as l/r. It is excep-

tionally stable in a hydromagnetic sense so that

the current sheath would be expected to arrive more

or less simultaneously at all points on the

periphery. As a gun it suffers from the fault of

providing an unpleasantly extended source of fast

plasma and of being difficult to fill with gas from a

fast valve. The gas escapes rapidly from behind

the hat and tends to contaminate the region in

front.

Mushroom V represents one of several

attempts to limit the escape of injected gas without
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interfering too seriously with the spillover plasma

acceleration process. The conical shape of the

wall electrode was arranged to narrow the gap at

the edge without extending the hat unduly in the

atial direction. Previous modifications of the

shape of the more easily variable hat had seemed

to indicate trouble in the uniformity of the spill-

over process, which might have been associated

with the hat shape. Mushroom V showed no

improvement m behavior over its predecessors,

and it appeared that better performance would be

achieved only by going to even larger hat diam-

eters and thus more extended source size.

At the time of the previous report there

was difficulty in accounting for the neutron yield

observed in the region in front of the hat into

which plasma was accelerated by the spillover.

Measurements made with a fast ion gauge on

Mushroom IV indicate much higher gas densities

in this region than had been believed previously.

It appears now that most of the discrepancy was

due to the presence of this background deuterium

which contributes to the neutron yield as a target

for the fast deuterons of the energetic plasma

without increasing the pressure; it thus shows up

in magnetic pres sure balance computations.

Some attempt was made to improve mess -

urements of the magnetic fields involved in the

acceleration of the fast plasma following spillover.

The results were hard to interpret because of

i reproducibility and it was decided that worth-

while results would require more time and effort

than seemed justifiable.

At this point it was decided that. although the

Mushroom experiments were interesting in them-

selves, and had led to a useful plasma source for

certain applications, they were probably a side

line for the primary purpose of developing a much

improved gun for loading thermonuclear plasma

machines. One important technical result had

been achieved, however. The inverse pinch

insulator configuration had turned out to be ex-

ceptionally well behaved under high voltage

gradients and high gas densities. It was decided

to return to a cylindrical inner electrode and to

investigate the reasons for the widely different

behavior observed in such systems by different

workers.

.
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Snowplow experiment.

Snowplow Experiments

This s cries of experiments was motivated

by two main considerations: first, that it would

provide a means of studying in a clean way the

type of current front observed by Mather, et al. in

the dense plasma focus device, and second, that

it might conceivably provide a superior method of

storing energy magnetically beyond the. terminals

of a gun.

The dens e plasma focus had been reported

to have a’bnowplo~’discha rge, since Be probes

inserted along the barrel showed the same fields

independent of axial position once the current front

had passed. Such behavior was radically dif -

ferent from standard gun mode operation in a very

similar geometry. The reasons for this were

obscure, but the really major differences between

the machines were an inverse pinch insulator

(initial breakdown) configuration both in Mather’s

machine and in the earlier machine of Filippov,

et al. , and much higher gas density in the plasma

focus machines.
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Fig. 41. Image-converter photographs and Be-
probe signals of Snowplow.

Mushroom V had an inverse pinch insulator

configuration at its terminals which was particul-

arly easy to adapt to a plasma focus-type machine.

All that was necessary was to replace the mush-

room hat with a cylindrical copper electrode and

connect whatever outer electrode was desired to

the tank wall. It was elected in this case not to

install an outer electrode, as shown in Fig. 40,

but to use the tank wall for that purpose. This

allowed photography and probing experiments

without interference by the outer electrode, either

in the measurements or in the phenomena being

measured. Measurements were made in static

fillings of a number of gases over a wide range of

pressures.

R. Morse and D. Butler have been investigat-

ing theoretically the problem of the plasma dynam-

ics of the dense plasma focus (p. 89 ). The

experiments were designed to check experimentally

the shape of the interface between magnetic field

and snowplowed plasma, to compare experimental

and theoretical velocities, and to measure the

current distribution bounding the magnetic field.

Shapes were obtained by image converter photo -

graphy, and velocities by two spaced photomulti -

plier telescopes. The sharp outer boundary

visible in Fig. 41 is not the current front but is a

shock wave. The shocked gas behind it is field

free for some distance behind the front, and the

current layer bounding the bubble of magnetic

field is nonluminous as seen through the shocked

gas layer. This information comes from measure-

ments with a small B ~ -P robe correlated with

image converter pictures. There is very little if
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Fig. 42. Image converter photographs of Snowplow
in deuterium.

any plasma mixed with the magnetic ileld inside

the current front. When the discharge spills over

the end of the electrode to produce a dynamic pinch,

as in the dense plasma focus experiment, the rapid-

ly increasing inductance puts a kink in the current

as observed with a Be-P robe or at the terminals

of the machine. These two kinks are simultaneous

within the accuracy of the measurement; conse-

quently, a very large Alfv& velo city in between

and, hence, a very low plasma density must be

assumed.

The absence of an outer electrode

probably introduces behavior in these experiments

which is considerably different from that with an

outer electrode. The plasma snowplowed by the

bullet-nos ed bubble of magnetic field is pushed

primarily aside rather than axially. With a solid

outer electrode it has no place to go and is simply

left stagnated against the wall. This gives it a

chance to mix with the magnetic field, apparently

a desirable type of behavior in a gun but not in a

plasma focus machine. It is noteworthy that

Mather, et al. , find a perforated outer electrode,

or one made of parallel rods, to be superior in a

plasma focus machine to a solid electrode.

The end of the electrode has been left open

in most of the present studies instead of being

closed as in the dense plasma focus experiments.

This reduces markedly the amount of electrode

light during and after implosion and has allowed

photography of an expanding bubble phenomenon

following the pinch as seen in Fig. 42. (The

-
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Fig. 43. Image converter photographs of Snowplow
in deuteriuxn. (Top: development of pinch; bottom:
effects of pressure and current. )

photographs were obtained with 10-msec exposures

in deuterium; the maximum current was -360 kA. )

The calculations of Morse and Butler predict a

very similar phenomenon. No probing of the pinch

or bubble phases has yet been carried out although

plans are being made for measurements of this

type.

The simplest description of the behavior of

the Snowplow expertient is that it agrees very well

with theory; the front moves at a velocity satisfyi-

ng the stagnation relation, p# = B2/87r, over a wide

range of gas densities and velocities. In detail,

however, there are departures from simple

behavior. For example, at high gas pressures in

HZ and D.z (30 to 50 torr) a shredding of the surface

parallel to the direction of the current occurs, as

shown in Fig. 43. At similar densities, and there-

fofe much lower pressures, in Ar a rippling of the

surface at right angles to the current streamlines

is observed. Neither of these effects is under-

stood. At quite low pressures in deute rium (the

lower left frame in Fig. 43) the front appears to

drag behind on the cylindrical electrode (the

Thm is not understood either but seemscathode). :

to be similar to behavior observed in gun probing

reported below.

Some attempt was made to turn the Snow-

plow experiment into a coaxial gun with improved

magnetic energy storage. The idea was to inject

gas into a drum-shaped bulge in the outer electrode

at the terminal end, allow enough time for a

filling gas distribution to be established along the

.

.
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rest of the gun barrel, start operation with a

snowplow discharge in the drum, and let the msg.

netic field energy stored there drive a more-or-less

standard gun discharge down the rest of the barrel.

No normal gun behavior was obtained with this

system, but the reason is not understood. Actually,

during the attempt, the fast valve in the system was

incapable of injecting as much gas as would have

been desirable. Work on the idea may be resumed

in the future but for the moment it has been

dropped.

Scaled-up Coaxial Gun

In addition to the side-line experiments

“Mushroom” and “Snowqiow, “ a considerable

amount of work has been done with a coaxial gun.

It is fairly obvious that no matter what design

changes are made, a gun having greatly increased

plasma output will be much larger than the old

standard gun.

As a start, the standard gun was scaled up

by a factor of two. The resulting gun (Fig. 44)

is still of manageable size and its larger dimen-

sions make probing easier and with less pertur-

bation of its performance. The construction is

the same as in the standard gun except for the

cylindrical inverse pinch insulator arrangement

which was retained from the Mushroom and Snow-

plow e xperiments. This %nsulator appears to be

capable of operating with higher gas pressures

than the pierced disk insulator in the standard gun.

The gas load was increased by a factor of eight, and

the bank energy was increased to a maximum 48 kJ

at 20 kV.

Behavior similar to that of the old gun was

indicated by current and voltage waveforms,

neutron yield of plasma stagnated against a guide

field, and by luminescence of a glass target

struck by the fast plasmas shown by time-resolved

image converter photo graphy. In addition, some

effort was expended with inconclusive results on

plasma diamagnetism measurements.

To make these measurements, a 16-in.

i. d. , 36-in. long, ~8 -turn bare aluminum solenoid

was installed which could be pulsed to produce up

to 15-kG axial guide field. The coil was crow-

Fig. 44. Cross section of scaled-up gun.

barred at peak field before firing the gun with the

solid dielectric metallic contact switch (see P. 43).

Then measurements of the coil current changes

and of flux changes in two wire loops at two

positions inside the coil were attempted with no

significant success. Part, at least, of the dif-

ficulty results from a flow of energy out through

the coil terminals toward the crowbar switch

during the measurement. This implies a Poynting

vector (3? x ~) outward that produced a plasma

drift to the terminals and current across the

terminals which then obscured the small current

variations being measured. These difficulties

arose in spite of the very low crowbar switch

resistance (C 3.5 ~ sec at the contact). If the

reluctance of the crowbar red circuit external to

the coil could be increased,so that its L/R time

were larger than that of the coil itself, then the

plasma drift toward the terminals could be

stopped. There are practical problems to this

solution, however.

In addition to the foregoing difficulties

there may be problems introduced by conduction

of electric current from the gun electrodes to the

coil through the plasma. Most of these difficulties

could have been overcome by the insertion of a

glass liner inside the coil but this was not done

because it would have amounted to a return to the

wall-dominated situation the big vacuum tank was

designed to avoid. Instead another pro blem was

taken up, that of probing the discharge inside the

w. To facilitate this the central section of the

tank containing the guide field coil was removed.

To study the motion of the discharge down

the gun Be-probes were placed9o” apart at ~o-cm
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Fig. 47. Smear picture representation of current
in gun discharge.
(All data for Figs. 45, 46, and 47 were taken 400
~sec after gas admission. )

intervals along the gun barrel about a third of the

way out from the center electrode. Measurements

at this radial position were least complicated by

the electrode effect as shown by other measure-

ments described below. The probes were caE -

brated by shorting the gun muzzle and comparing

the probe signals to the terminal current.

The probe data in Fig. 45 were obtained

with the probes placed 20, 30, 40, and 50 cm from

the gun breach (terminal end), and with a 400qJ sec

firing delay from gas valve opening. It is consid-

ered that this delay shows gun behavior most

typically. The current plotted is the cylindrical-

ly symmetric current inside the probe position

which would produce the measured Be field. As

can be seen, after the initial breakdown the main

discharge is immediately localized between 30 and

40 cm and then it progresses both downstream and

upstream; it reaches the 30-cm probe at about 3

psec and later, at -5 psec, barely touches the 20-

cm probe. At still later times the discharge is

pushed down the gun barrel and at 9 ~ sec it is

entirely beyond the 50-cm position. This backward

motion of the discharge in the early stages may

perhaps be responsible for the plasma mixing with

the magnetic field, such as is essential for the gun

behavior after the plasma reaches the gun muzzle.

In a different type of measurement the

probes were placed in the same axial position (70

cm) but at different radial positions. Figure 46

shows data taken with the 400 -p sec firing delay.

As before, the current plotted is that which, if it

were cylindrically symmetrical, would be required

to flow inside the radial position of the probe to

produce the measured Be signal in the probe. A

smear picture of current distribution can be ob-

tained by reading the probe signals and placing them

at the appropriate radial and temporal positions in

a table. With a steady-state system, i. e. , a

current distribution of constant shape and intensity

moving along the system at constant velocity, this

would give an accurate spatial representation of the

current distribution inside the gun barrel. Current

stream lines would be shown by drawing contour

lines connecting points of equal current values. In

the actual system there is only approximately a

steady state. In Fig. 47 contour lines have been

drawn for the data of Fig. 46 with a correction for

the varying terminal current. The stream lines

appear to drag on both electrodes. This indicates

that plasma has been pushed aside so as to stagnate

against the e Iectrodes, reducing the magnetic field

there diamagnetically. At later times, farther back

from the front this diamagnetism decreases, perhaps

because of mixing of field and plasma. At longer

firing delays, or with static gas filling at higher

pressures, the dragging (stagnation) on the inner

electrode is much reduced while more of it appears

against the outer electrode. The drag on the center

electrode was also observed at low pressures in the

Snowplow experiments.

.
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Fig. 48. Isometric view of switch configuration.

The SoLid Dielectric Crowbar Switch

The switch used to crowbar the bare B z
field coil is basically the same as reported in

LA-3434-MS. Modifications have been made to

adapt it to the present application, and further

performance tests have been run. The current

return is no longer folded around the exploding

foil. because at the present lower current values

magnetic forces are not necessary to keep the

switch closed. Also, ~-in. thick aluminum plates

are used for the die plate and a backup plate to

absorb the immediate shock of the foil explosion

and to keep from damaging the steel clamp blocks.

The present switch configuration is shown in

Fig. 48.

The switch cartridge is assembled with

contact cement to hold the parts in alignment. The

cartridge is inserted in a clamp, which in the

present case is a 30-ton hydraulic press, to

hold the switch together during the explosion.

The total applied pressure is usually -20 tons.

Automatic closing of the clamp also makes contact

to the switch and the foil terminals. The cart-

ridge is disposable and a new one is inserted for

each shot. The cost of materials for each

cartridge is - 854, and N 10 rnin of labor per

cartridge is necessary to fabricate the parts in

quantity and to assemble the switch. In some

cases , when jitter is not important, some of the

switch parts can be reused, thus reducing the

cost slightly.

The width of the 0.002 x 0.375 x 3. O-in.

exploding copper foil is slightly larger than the

O. 250 -in. width of the groove in the die plate.

This minimizes the effect on the closing time of

slight misalignment of the foil and the groove.

Approximately 3 kJ of electrical energy at high

voltage and low inductance is necessary to explode

the foil satisfactorily. This is provided by a 20 -kV,

14-p F capacitor with ignitron switching. The

insulation around the foil is one layer of O. 005-in.

Mylar plus one layer of 0.01 O-in. polyethylene.

The Mylar is necessary because, at the clamping

pressures used, straight polyethylene extrudes

slightly, sometimes ripping the foil.

The driven contact plate is O. 125-in.

thick annealed 1110 (i. e. , nearly pure) aluminum.

Without annealing the normally half-hard aluminum

does not extrude properly. A thinner plate could be

used which would allow the switch to close faster

and with less foil energy. This would, however,

decrease the energy that the switch could absorb.

The main insulation between the switch plates must

be of adequate thickness and extend far enough past

the edges to withstand the applied voltage prior to

switch C1Osing. Polyethylene, O. 030 -in. thick

extending - l+ in. past the edges, has been used

for this purpose.

The die plate is O. 5 x 2.5 x 6. O-in. plate

of 6061 -T6 aluminum. A longitudinal O. 2 5-in.

wide and O. 140-in. deep contact groove is cut into

it. In the bottom of the groove is placed a O. 031 -in.

thick strip of perforated metal. The punched-out

insulation is extruded into the perfo rations and

provides a dissipative mechanism for the energy of

the driven aluminum. In tests in which the in-

sulation and aluminum hit the solid bottom of the

groove, an apparent bounce occurred, sometimes

tending to spoil the switch contact.

The switch described above closes in

10.13 & 0.31 ~sec after the current from the 14-~F

capacitor, charged to 21 kV, is first applied to the

foil. Figure 49 shows the closing time distribution

of 25 carefully controlled shots, The change in

closing time with capacitor voltage is given in Fig.

50. Oscillograms of the foil current and the voltage

across the switch during operation are shown in

Fig. 51 ; A is the voltage across the switch contacts
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current (see text for details).

during closure (1 kV/div. ), B is the exploding

foil current (83 kA/div. ), and C is the voltage

across the exploding foil (1O kV/div. ). The times

indicated are (1 ) ignitron breakdovm, (2) foil

explosion, and (3) switch closure. A cross

section photograph of the switch contacts after

closing is given in Fig. 52.

In the present application the switch

crowbars a 50 -pH magnetic field coil at the time

it carries approhately 40 M of current. After

closing the L/R time is 45 msec. From measure-

ments of voltage across the switch and the current

after closing, switch resistance is calculated to

be 2 kC1.

The inductance of the switch is low and

therefore difficult to measure. FOr fast current

rise times (2 to 5 ~sec) L is estimated to be

<O05X10WH. This estimate is based on treating

the switch as a coafial conductor of O. 03-in.

length with the inner conductor perimeter approxi-

mately the same length as the switch contact

perimeter, and the outer conductor perimeter

approximately as long as the perimeter of the edge
of the switch plates.

The ampere-second load that the switch

will withstand before destruction is dependent on

the heat capacity of the aluminum in the contact

region and on the heat conduction away from this

region. The heat input is proportional to 12R and

to the current duration. Particularly if the skin

effect is considered, the relationship of the vari-

ables is too complicated for simple calculation

and experimental tests of the maximum switch

capability would be better. Unfortunately, at the

present, a convenient means to push the switch to

this limit is not available.

Fig. 52. Cross section of switch after closing.
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DESIGN STUDY OF A QUADRUPLE
DEVICE WITH INNER CURRENT C4)N-
DUCTO RS FED THROUGH MAGNETIC -
ALLY SHIELDED SUPPORTS

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

In 1964 a design study was undertaken ‘2’3

for a caulked cusp-type confinement of plasma at

high energy and temperature. The device was to

have two inductively-fed, free -fall inner rings.

The quadruple was chw en so that the forces on

the rings could be counteracted by hoop stress alone

The design goal for this machine was a containment

time of 50 msec for 10-keV deuterium plasma.

A computer study showed that in order to satisfy

design constraints either cryogenic cooling of the

conducting rings or unsuitably high field energies

and large dimensions were required.

The present machine design represents a

less ambitious first step in containing high-energy

plasma in a toroidal quadruple device. The con-

struction of the present device is greatly simplified

for the following reasons: (1) Free-fall rings have

been abandoned in favor of mechanical supports

which will be magnetically shielded. (2) The con-

finement will be studied for a much shorter time,

z 1 msec. (3) The energy of the plasma to be con-

tained has been lowered a factor of four (2. 5-keV

deuterons ), (4) The number of gyro-radii of stable

field has been reduced from ten to the maximum

number obtainable subject to the other constraints

on the machine. This device will have another

advantage over the free -fall inductive ly -fed

machine; the magnetically-guarded current feeds

allow ohmic E-fields to be shielded thereby

removing associated ? x ~ plasma drift.

A sketch of the machine is given in Fig.

53. This figure is shown without the electro static

shields around the rings. Figure 54 is a sketch

of the U-shaped current conductor that will be used

to produce the dipole guard field for shielding the

coaxial feed conductors and supports. In the actual

machine one dipole arrangement will be fastened

at the top of each conductor and will feed the cur-

rent and support the rings. The field configuration

(end-on view) produced by a pair of infinitely long

line currents inversed in a uniform field Bo

~

0

Fig. 53.

AM b CJ04 mm
L COAXIALPIASUA OUN
C Wm. FIELD mu
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6. REUWABLE 81=8 FOR WEN C4NflWSNmM

Schematic of quadruple device.

DIPOLE

<?*+

Fig. 54. U -shaped linear dipole guard conductor.

Fig. 55. Field configuration of dipole of infinite
length for force -free condition.
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is represented in Fig. 55. The location of the

Line nulls, which run parallel to the currents, are

shown for the force-free condition. Previous

experiments have shown that the guard currents

effectively shield the dipole from an incident plasma

stream.

The dipole currents produce two approximate

null lines which are parallel to the currents.

Plasma will enter this region’ and move along the

null line. If the dipole legs go straight into the

inner conductor, the null line will also go to the

inner conductor. Plasma will thus be in contact

with the inner conductor at these points. To prevent

this contact it is essential to have the null line close

before it reaches the inner surface. The closing

of the null is accomplished by making the dipole a

hairpin with the “U” placed just above the inner

surface. A study of the dipole shield problem is

reported in the next section of this report (p. 48 )0

The geometric configuration of the quadru-

ple itself was designed using an IBM 7030

computer code. The problem was one of maximizing

the number of gyro-radii in a ~cU,/B stable region

by varying the geometry (ring separation and size,

torus radius, and outer to roidal boundary location)

subject to the following constraints: (1 ) Field at

the injection point ~ 10 kG. Present plasma guns

will not penetrate higher fields. This field value

should be as high as possible to allow only the most

energetic plasma to enter the machine. (2 )Maximum

field s 40 kG. This restriction is based on the

strength of materials and is particularly critical

for the dipole. (3) Single mirror bridges. It seems

inadvisable to put multiple mirrors in a bridge

which may trap plasma and which would possibly

promote instability. (4) Total field energy <1.7

MJ. This is the energy readily available to the

experimental area. (5) Equal current in both

conductors allowing series feed) and also equal flux

linking each conductor allowing the option of

parallel operation. Insulation space limitations in

the series operation will require that the capacitor

bank be electrically floated. Although the parallel

operation does not suffer from this difficulty, the

field period is cut in half. This flexibility in

design will permit a choice of the optimum method.

The computer code used in the design

was prepared with the help of M. Mac Roberts

(T Division LASL); it is analogous to the one

written by R. A. Dory at the University of

Wisconsin. The system has rotational symmetry

about the z-axis of a cylindrical coordinate system

and the currents in the rings have only azimuthal

components; these conditions make it convenient

to use the vector potential which also has only

azimuthal components.

By applying Maxwellts equations to the

interior region and assuming infinite conductivity y

for the boundary, it follows that

where ~ is the vector potential. By making the

substitution

$.rA8,

the result in cylindrical coordinates is

This substitution has the advantage that it

eliminates one term from the differential equa-

tion and then the ~ = constant boundary condition

can be specified for perfect conductors since

2Tr~ is the flux.

The differential equation is solved

numerically using the Extrapolated -Liebmann

Method of Successive Over Relaxation. The

relaxation parameter is recalculated every 12th

iteration by a method developed by Carr6. 3 Once

the flux value has been found at up to 7000 mesh

points, the quantities of interest in the design

of the device can be calculated.

The magnetic field B is computed from

the definition of ~

i!. vxl

giving

.
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The current is obtained by computing #Bdc along

a line of constant flux. The region of low-~ inter-

change stability is defined by the Longmire -

Rosenbluth $d?, /B criterion. Stability is implied

if the line integral taken over closed-field lines

decreases away from the separatrix. The nm-

ber of gyro-radii in the device is calculated at the

outer bridge where it is a minimum. The gyro-

radii are approximated by the amount of stable

flux divided by the mean radius of the outer bridge.

Values obtained from the computer program are

scaled to the 10-kG injection field to yield the

design parameters.6

Figure 56 shows the geometry designed to

meet the criterion on p. 46. The energy in the

stable field is O. 5 MJ. If an open geometry is used,

so that the vacuum vessel is the outer conductor,

the energy requirement becomes - 1.1 MJ. The

design in Fig. 56 gives 7.0 gyro -radii at the outer

bridge. The inner rings shown may be made

smaller in cross section for weight and construc-

tion purposes; this will also add flux between the

separatrix and the rings.

The problem involved nonlinear program-

ming and no way has been found to apply standard

techniques; consequently, there is no guarantee

that the solution obtained is optimum. It is the

best, however, that has been found in about 50

different configurations. The results for a simple

case have been checked against an analytical

solution obtained by D. A. Baker and J. Freidberg

(at LASL) for linear quadruples. The problems of

strength of materials have not all been solved and

it is probable that the design criteria may have to

be relaxed somewhat further.

When constructed, this device should give

data on the dipole shield effectivenesss, on the

depolarization trapping of energetic plasma streams

in quadruples, and, if all goes well, on the vali-

dity of the ~dt ]B stability criterion for plasmas

of high density and temperature.
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DIPOLE FIELD STUDIES

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

Int reduction

A hairpin guard current is needed at the

quadruple leads of the device described in the

preceding section. A study of the field produced

by such a hairpin of current has proceeded along

two lines: (a) the measurement of the field pro-

duced by a mockup, and (b) computer calculations

for a thin-wire hairpin.

The experimental approach is required

since no computer codes exist which w-ill solve the

pulsed field problem for an actual geometry that

is needed. Although the computer calculation uses

thin current filaments, the results give a useful

insight regarding the topology of the field lines and

minima.

Computer Calculations

The field plot for a thin-wire hai,rpin

current in a uniform background field B. is shown

in Fig. 57. The parameters were again chosen to

apprommate the force-free condition

B. = I/10d.

where B is in gauss, I in amps, and the conductor

spacing ~d is in cm. The dipole spacing is 2 cm

and the crossfeed is located 1 cm above a perfectly

conducting image plane. The loci of the field

minima are dotted and field values are spelled out

at various locations for the case B. = 100 G and

I = 1 Ml. The results show the expected closing

of the field minimum (null) line as the image plane

is approached. The minimum field at the image

plane is depressed only a small amount from the

value of the background field.

Measured Fields

A mockup of an actual dipole was cons -

tructed and located within a la,rge pair of Helmholtz

coils and above a conducting sheet to represent

the background field of a quadruple bridge. The

system was energized by ac with a frequency

(1 kHz) near that expected for the quadruple

experiment. The material of the dipole was thick

compared to the skin depth. A representation of

the measured magnetic field in the plane of the null

lines is shown in Fig. 58. The arrows represent

the magnetic field in both relative magnitude and

direction. The dipole currents were chosen to

give a force-free configuration for a dipole of

infinite length.

Model Studies

Further studies of the dipole guard have been

made to answer some of the questions concerning

field configurations with respect to flux tubes

around the dipole and cross -bar for a mechanical

design of the dipole, within the constraints of

required current and conductor size.

Probe studies in the plane of the nulls show

that the dipole designed for the 2 -m quadruple

will effectively close the null before the inner ring

is reached. Probe measurements off the null

plane show field directions which would be indicat-

ed by flux surfaces shown in Fig. 59.

Flux Conserver

A copper flux-cons erver will cover the two

turn coils and conform to the ring shape shown in

Fig. 56. A mockup of the two turns and the flux

conserver was made for the feed region. It was

found that the bumpiness produced by the turns was

not detectable when the flux conserver had a thick-

ness greater than one skin depth.

Dipole Design

Dipole Current Source

Two methods of providing current to the

dipoles are series connections with the main coil,

o r independent drive from a transform r. The

transformer designed to drive a dipole was tested

with a dipole as a load. The test was not encourag-

ing in that the transfo rrner would need considerable

mechanical improvement to be reliable in a machine.

This difficulty and the advantages of the series

drive have dictated a series design for the machine.

There is now less freedom for the size and spacing

of the dipole legs since the current can no longer be

chosen independently.
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