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Abstract  

The polytron occupies an unusual position amongst 

plasma devices, resting between tokamaks, cusp containers and 

Hall accelerators. Hopefully such a hybrid system could combine 

the advantageous features of all three plasma devices. 

In this thesis the acceleration phase of the polytron 

is studied. The first detailed measurements on the laboratory 

plasma are reported and in parallel a computational single 

particle model of the plasma both with and without a self con-

sistent electrostatic field, is developed. 

The simulation reveals the novel results that Hall 

acceleration occurs only at a thin sheath beneath the ring 

cusp and that an appreciable fraction of the plasma is lost after 

about l dus. 

The experimental results are quantitatively explained 

by the single particle model. It is shown unequivocally that a 

single particle equation is experimentally applicable to the 

acceleration. A sheath width of 2mm is inferred. A momentum 

balance is demonstrated. An energy balance implies a large 

heat conduction loss. Consequently electron temperature, measured 

by laser scattering are only about 30eV, with electron number 

densities about 5 1020  m-3. 

The predicted initial loss is experimentally identified. 

However, there is a later loss by radial drift of the plasma, 

thought to be due to the pressure difference of the poloidal 

magnetic field. Possible ways of suppressing this drift are 

discussed. 

Subsidiary to this main theme the formation of the 

plasma for the polytron is described experimentally and 

computationally. 
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Notation  

Except where stated r.m.k.s. units are used. W is used 

to denote the temperature in electron volt units.. The 

electron number density is usually' referred to as n; 

occasionally and in chapter 3 ne  is used for emphasis, 

and in chapter 3 n is used to denote a principal quantum 

number. 

c 



8 

CHAPTER ONE  

   

AN INTRODUCTION TO THE POLYTRON CONCEPT AND PREVIOUS  

EXPERIMENTAL AND THEORETICAL WORK  

The purpose of this chapter is firstly to provide a 

history of previous work on the polytron, but more importantly 

to unite the various authors' work and to state their results 

in terms of an experimental perspective. 

1.1 	The evolution of the polytron concept  

(a) Cusps and losses from cusps  

The evolution of the polytronl idea can be presented 

. very logically as an attractive way of overcoming the losses from 

a cusp,and at the same time providing ah implicit means of heating 

a' cusp plasma. 

Cusp magnetic field geometries have been studied with 

great interest principally because of the almost total absence 

of experimentally observed instabilities, and the theoretical m.h. 

stability even for 	high p plasmas.' The only experimentally 

observed macroscopic instability is a Rayleigh Taylor effect 

observed during compression of the plasma by a rapidly rising 

cusp field, (Allen & Bickerton, 1961). The work presented 

in this thesis does show instabilities(Chapter 10) but the 

magnetic field geometry is not that of a pure cusp. 

However the cusp container has 3 non negligible holes 

in it,* the line (ring) cusp, and the two point cusps, where the 

, r 



lines of force leave the system. An absolute minimum hole 
1 

width is 4 electron Larmor radii (Firsov., 1959). This is for 

the case where the magnetic field is emluded from the plasma. 

Loss occurs through a hole twice the width of the plasma field 

interface,which cannot be less thantvp electron Larmor radii 

In this case ions are contained by space charge field . 

Usually (Allen & Bickerton,1961) these space charge 

fields are shorted out by the solid wall that the field lines 

eventually contact. But even neglecting wall effects a plasma-

field interface of 2 electron Larmor radii requires a large 

electron drift velocity/ion thermal velocity ratio,which is 

likely to be unstable to ion ac oustic modes. Thus Allen,Cox 

and Spalding (1965) consider the more riealistic case of the hole 

being the size of the ion Larmor radius, and even supposing high 

temperatures can be attained,the losses through the holes alone 

requires 10
23 

particles in the plasma to satisfy the Lawson 

- criterion et. 1014s cm 3  , and a plasma energy of 108,1 It is 

clear that attempts to plug the holes•will be profitable as 

then the total number requirement is smaller. 

(b)..Ways of reducing cusp leakages  

• Several ways of reducing cusp leakage have been suggested. 

Some of the more important are listed. 

(1)  By the use of radio frequency fields at the ion 

cyclotron frequency, at the cusp holes. Energy is transferred 

to the ions,increasin7 their magnetic moment and thus the 

mirroring containment effect. 	Significantly improved containment 
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has been observed by Mijake(1971),but the method is 

only directly applicable for low desities such that the 

plasma frenuency is below the ion cyclotron frequency. 

(2) Electrostatic plugging by means of an electrostatic 

fiield parallel to the field lines (Ware and Faulkner, 1969). This 

has not yet been tested experimentally. 

(3) Using a hybrid system such as a caulked and 

stuffed cusp (Burkhardt, Birkrew and Kan, 1968). Plasma 

lifetimes of 100ps have been observed in these systems but 

there are losses to the supports and the configuration is only 

m.h.d. stable on average. 

(c) The polytron concept  

The idea of the polytron is to avoid losses from the 

ring cusp by causing the plasma to move axially at a supersonic 

speed.This restricts the loss cone of particle to those, which in 

the c.m. frame are moving axially with the velocity of the c.m. 

frame, which is many times the thermal velocity. As also the 

transverse velocity must be large enough to overcome the mirror 

effect of the ring cusp, very few particles should be able to 

escape. The point cusps are eliminated by having many cusps 

arranged in a toroidal configuration. 

The c.m. velocity is achieved by a Hal acceleration 

process. The magnetic field configuration is similar to linear 

Hall accelerators of the radial magnetic field variety (Cole 
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1970 , Morozov et. al. 1969 ). Centrifugal drift of the 

moving plasma is avoided by the focussing effect of the cusp 

fields as magnetic lenses. Two stream instability is avoided 

by restricting the c.m. velocity toLsmaller than the electron 

th7rmal velocitylby the drag force of collisons with the 

stationary electrons. M.h.d. stability is ensured by restricting 

the number density so that the poloidal magnetic field caused 

by the toroidal plasma current is much less than the cusp field. 

Inplicit in this scheme of cusp containment is a heating 

mechanism, the toroidal ion current. 

The chronological development of the polytron was 

different. It evolved from a z pinch with one coil producing 

a radial magnetic field. Plasma acceleration was observedi  

(Etherington and Haines (1965)). From this Haines proposed the 

polytron concept as a kind of stabilised toroidal z pinch, 

the cusp fields being very stable and the cusp losses being-

avoided by the plasma motion. 

Haines's work was presented in abstract form at the 

SalPburg conference of 1961, and again-  briefly in 1963(a). 

Unfortunately no complete paper is in the literature yet although 

an Imperial College internal report exists.(1963 b) 

1.2 	The Hall acceleration mechanism. 

At the inception of the polytron little work had been 

done on Hall accelerators, and this was mainly on the propulsion 
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applications of such devices (Patrick, Schneiderman, Cann and 

Marlotte). Lately further effort has been devoted to Hall 

accelerators as a possible means of filling a fusion machine 

(Cole, Morozov). 

Consider briefly the essential properties of an ideal 

Hall accelerator (taken from Haines,1963). There is uniformity 

in the x and y direction, periodicity in the z direction, 

B (x,y,z) =(Bosinkz, 0,0), E = (°,0,E0). The z and y components 

of Ohm's law are: 

iz = Ez + (jyBo  - VY  B ) sinkz 
i 

0  
r 	ne 

, 
Jy = (1/z 

B0  - 4 B0)  sinkz 	--04) 
7 	

..._ 
ne 

—(1.$) 

E l  takes into account a periodic electrostatic field necessary 

for dim4. = 0, From 1.2 isr = jyo  sinkz and jy0  =CrVz  Bo  -jz torl: 

where at= irB . Eq.1.1 can be integrated from 0 to 2r/k giving 
ne 

giving jz 	= erE. 	j 	- v 6-B 	—(1.3) yo 2 	b 

where vy  = - va  coskz + vb  sinkz 

Initially v_(< j./ne and so 

jz  = 	07E0'  0 	-0.4): yo = - 	 
- 	1 +(ixt)`"/2 	 1 + (WT) 2/2  

For avP.1, jz  is greatly reduced from the field free value 

of 01:. 	and - jYo 
	

2Ae &IS0 	is the current carried by the 

average electron E x B AB)2 	n the electron number 

density. The plasma is also accelerated as 

ch.{  
dk fl 

= 	ivisx 
rn 

• 7 L
g
. — Ze 4 stn.% i —(1.4) 
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which gives dvz  = eE0  when integrated over e. Thus 
dt' 

in this limit the ions are being freely accelerated, and the 

electrons trarped,by virtue of their smaller (c.f 1/k) Larmor 

radius. As long as the Larmor radius of the ions is large c.f. 

1/k, the ions are freely accelerated until jz2zileVzfirkwhen jy  = 0, 

and there is no further plasma acceleration. If 1v4 o0 then 

v
Y 	jz = a-Ez, and vz  = crE is the limiting drift .  ne 

velocity when the accelerating force jeE)on the ions is balanced 

by the electrons drag. Tkaacceleration time to attain this 

velocity is 

7; = Ze 
0'8o n e2  

z, 	4 cat) 
on Art 

where t is the ion Larmor frequency. 
1 

It should be clear from this simplified analysis the equiv- 

alence between particle and fluid approaches. However as there are 

large spatial variations in the polytron fields and partial 

differential.  equations such as the m.h.d. equations are difficult 

to solve, whereas the ordinary differential equations, describing 

particle trajectories are simpler,it is mainly a particle 

approach which has been used in this thesis. 

1.3. 	Other Hall accelerators  
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Fig.1.1 illustrates a linear 2 stage Hall accelerator. 

The field is supplied by an iron cored magnet. A pair of 

electrodes supplies the accelerating field E0. A neutral 

gas is injected by a fast action valve and is ionised near 

the anode . A neutral plasma is ejected from the end. With this 

type of device Cole has attained about 500A equivalent plasma 

current at 1.kV ion energy. Slightly better results have been 

attained by Morozov et al. 

• Common to both experiments is an absence of definitive 

measurement of basic physical processes and parameters, such 

as number density, temperature, force on the plasma, where the 

plasma starts from, time history, and loss of the plasma. 

On the polytron these have been measured. The periodicity, 

air core magnets, and preionisation make these intrinsically 

easier to study. As a result some aspects of the behaviour of 

a linear Hall accelerator can be understood by analogy with the 

polytron. The VI product for the ion'current attained in the 

polytron is comparable with these linear Hall accelerators. 

1.4 	The objectives 'of the polytron project  

The objectives of the polytron project, will now be 

explicitly stated. 

(1) To examine the acceleration mechanismlthat it 

is as predicted by a simple theory and that it will accelerate 
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plasma through cusps. 

(2) Subsequently to examine the containment probleth, 

both through the ring cusps and centrifugally. 

This thesis broadly achieves the first objective. The 

seicond objective has been attained but only in a negative 

sense, studying the losses. Although the difference is only one 

of degree, it cannot be said that there is appreciable 

containment in the polytron yet. 

1.5 	Previous work on the polytron and the work presented 

in this thesis. 

Etherington measured the axial Hall force on a z pinch 

with a superimposed radial field. As a result the polytron concept 

evolved. A polytron experiment was set up. Results were reported 

by Dangor et.al.(1968) and in more detail in Parkinson's thesis, 

showing that there was an acceleration of the plasma. Con—

currently Dunnett (1968) extended the m.h.d. calculations of 

Haines (1963) to include the effect of the magnetic fields 

produced by the azimuthal plasma currents. Within the limitations 

of his assumptions he showed that the acceleration mechanism 

becomes ineffective if the fields of the plasma currents can 

destroy the applied cusp field. 

The work in this thesis extends the understanding of the 

polytron by both experimental and computational work. The 

accelerator phase is quantified, i.e. a momentum balance is 
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demonstrated, and the variation of the acceleration with the 

initial parameters measured. This attains the first objective. 

Some of this work is already published. 

There is however a-rapid loss of plasma. This is measured 

perimentally and explained theoretically in terms of single 

particle models of the plasma both'with and without self consist—

ent electrostatic fields. Agreement with experiment is good. 

Some of these results are also published 

The behaviour of the plasma after this loss is also examined. 

Because there are reentrant impurities from the wall the 

results for this phase are not so definitive. 

Subsidary to this main theme,the thesis contains.:- 

(1) Calculations of the field of the polytron cusp coils 

and induction rods . 

(2) An experimental and numerical study of the plasma 

formation before the application of all the polytron fields. 

This is a study of a low voltage cusp compression experiment, 

with the advantage over earlier experiments of scattering 

diagnostics and numerical simulation. 

(3) Calculations of the ionistation and heating rates 

for comparison with the'ionisation burn through observed in the 

experiment. 

(4) A detailed account of the laser scattering diagnostic, 

which even with a 10
8
W laser is not a trivial experimental 

task for lower density plasmas. 
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A summary of the theoretical criteria necessary for  

polytron action  

A list of the criteria for successful polytron action 

follows together with their origin . 

(1) 	t 	> 1 	 (1.8) 
otherwise no accelerating Hall currents flow (Haines 1963). 

,(2) E 	,?.; 1 
BOa 	2 

where L is the cusp separation 

(1.9) 

=Wk. This is the condition 

that the ion Larmor radius is larger than the cusp separation/2  , 

so that the ions are not trapped like the electrons (Haines,1963) 

For electrons the inequality 1.9 is reversed, but is easily 

satisfied. 

(3) f ,_14ne < 2 	"(1.10) 
B 

This is the condition that the field produced by the azimuthal 

Hall current L AneE, is not large enough to destroy the cusp 
2 ' B 

field,B,(Dunnett,1968 whose numerical values are E pone <3.11r ) 

From eq. 1.9 and 1.10 	2c 	>> 1. • 	(1.11) 
	L. 

L. ca-pi 
where Urpi  is the ion plasma frequency. 

The.above are all necessary before any polytron action 

can occur. The following are not so necessary as they assume 

polytron action is occuring. 

vz
2  

el 2hT1 	(1.12) mi  

to reduce cusp losses (Haines, 1963) 

(4)  
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(5)v 2 2kT —e 
me 	

(1.13) so that 

a two stream instability does not occur. (Haines, 1963). 

(6) Be  < B- (1:14) 

for stability (similar to a Kruskal-Shafranov criterion, 

Haines, 1963) where Be  is the poloidal field of the plasma and B 

the field of the cusp coils 

(7) poI:4 811r Nk(Te  + 	(1.15) 

Where N is the line density, otherwise the discharge will 

pinch (the Bennett relation). Haines takes this further using 

his chosen steady state values of 
2 
z 	2mm 2 , I = Nevz e 

to get an upper limit to the line density.. 

NG 8Trjr7177i 	4.31016  m-1 	(1.16) 
140e2  

for hydrogen with Te.Ti  

It must be emphasised that this is only valid for the steady 

state of Haines. Otherwise eq. 1.15 is applicable. 

1.7 	Decrintion of the apparatus  

In its present form the apparatus consists of 

(1) A toroidal quartz vacuum vessel, bore 72mm, major 

radius 25.4cm. 

(2) 36 single turn cusp coils, of radius 5.2 cm, 

concentric with the minor axis and equally spaced toriodally 

with 100  between them. Each is energiSed separately from 5kV, 
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216pF condenser banks, 	period L8ps. 

(3) 6 (8 previously) 'induction' rods, current 

carriers in the toroidal direction, spaced poloidally around 

the vacuum vessel to give a locally small magnetic field 

but supplying a toroidal electric field by the flux change 

through the centre of the torus. 

(4) A 'main bank' connected to the induction rods, 

of 60pF, 40 kV capacitance and small stray inductance, giving 

a period of 26ps. 

(5) A 'preioniserl  also connected to the induction 

rods,being a 2?F, 20kV capacitance, I period 6ps. The 

triggering of the main bank is arranged so that the preioniser 

does not fire it (Parkinson,_1969). 

The main bank voltage is a frequent variable in this 

thesis and is denoted by V. The relationship with the induced 

toroidal electric field is 

E12( = .5 Vm  V/in 	(1.17) (where Vm  is in volts). 

The cusp bank voltage is denoted by Vc. Originally a 

two turn coil system was used, but for ease of assembly this was 

replaced by a one turn system which for a fixed charging voltage 

reduces the peak cusp field by1.48. Allvalues of Vc  for this thesis 

are converted to the equivalent of a one turn coil system. 

In the plane of the coils, pi = 0, the average laue 

of Bac, the field in the toroidal direction is 

= 1.8 Vc  gauss. 	(1..18) 



20 

-10kA 

A 

A 
-100kA 

A 
10kA 

50ps 	.1001us 

FIG.1.2. TYPICAL TIMING SEQUENCE  
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In the plane of the ring cusp, pi = 5°, the average 

value of the radial magnetic field is Br  = 1.0 Vc  gauss.(1.19). 

The preioniser is fired first. When the current of 

this ringirg discharge has damped, the slowly rising cusp 

field is fired. When this is at its first peak the main bank 

is fired. This sequence is illustrated in fig. 1.2. Fig. 1.3 

is a schematic diagram of the apparatus. 

1.8 	The role of the author in this work 

Whilst acknowledging the great practical help of 

A.E. Dangor it must be mentioned, in accordance with London 
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.University regulations that the work in this thesis 

essentially is solely the author's. Also for the sake of 

the regulations, of the three papers attached the 

experimental work of the first and third and the computational 

wprk of the second is due to the author. 

FIG. 	1.3: SCHEMATIC DRAWING OP THE POLYTRON APPARATUS  

At present the induction rods are outside of the cusp coils, 

not inside as shown here. 
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CHAPTER TWO  

FIELD CALCULATIONS IN THE POLYTRON 

The two sets of current elements in the polytron are 

the induction rods and the cusp coils. Calculations of the 

magnetic fields, the magnetic vector potential and the electric 

field are described. Comparison with the experiment is made. 

The calculations for the induction rods are used to redesign 

the system. 

2.1. 	The field of a circular current element  

Both .the cusp coils and the induction rods are circular 

elements. Consider circular polar coordinates (r,e,z) coaxial 

with a coil of radius a. The magnetic vector potential 

 

A= ,uo fIdl/rt  = Ae(r,z) 
4iT 

1-rr = n 	a sin gf  

o (z2+(a+r)24-4ar cos 

   

  

gc) 2 

where r'  is the distance from the field point to the current 

element, which carries a current I. 

Therefore Ae(r,z) 

where 	k
2 

2 and 	E(k) 

= oI fr 2  (1-k2/2)K - E, 	( 2 . 1 ) 
lor r 

Liar 
((a 	r)2 	i2)  

7r/2 	2 	2 	1  
= f (1-k 	sin a )2d0( 

0 
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K(k2) = I (1 - k2  

doC  

are the complete elliptic integrals of the first and 

second kinds respectively. 

It is shown by Stratton (1941) that differentiating 

this expression for A.Go gives the magnetic fields in the form 

Br 	Po I z 	-K + a2+r2+z2 

‘ 	. 2rtr((a + T)2  +Z ) 	(a-r)2  +z2  

Bz 	= 	I 	( K + a2-r2-z2  
2 24 	.2 2 

2r((a + r) +z ) 	(a-r) +z 

It is important to evaluate K(k2) and E(k2) quickly. 

This is done using an oeprithm from Lance(1960) 

If ao = I : bo = (1 -k
2vt  )2  

1 
The iteration bn  = (an-lbn-1)2

: an = 1,5(a  n-1 + bn-1) 

is used to evaluate the integrals by 

K(k2) = 	-11" 	as n 

(an  + bn) 
on 

and 
	

E(k2) = K(k2) ( 1- 	
2 

bi2)  

This is a rapidly converging iteration which gives 

an accuracy of 10 4 after about 4 iterations. 

The field of the cusp system  

In this section toroidal coordinates are used. 

The calculation of the field of all the coils is 

a straight forward, if involved, exercise in coordinate 
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transformation. For a giveri field poirit each coil is considered 

in turn. The coordinates of the field point in the cylindrical 

coordinates of the coil under consideration are evaluated. The 

fields in this coordinate system are calculated using eqs. 2.1, 

2.2 and 2.3. 

These fields are then resolved into cylindrical 

coordinates based on the major axis, and added to the field of 

all the other coils. 

The physical constants of the system resemble the 

experiment as closely as possible. They are:- 

(1) 36 coils evenly spaced on a major radius of 25.4cm. 

(2) The current through each coil alternatively 

+ 43.6 kA. 

(3) The coils of radius 5.3 cm. 
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Only(3)is approximate in that the coils are not current 

elements but extend from radii 5.1 to 5.8 cm. The current 

corresponds to the peak current at a cusp bank charging 

voltage of 1.5kV. 

The contribution of increasingly distant coils falls 

rapidly and is illustrated in fig. 2 1 _• . 

Previous to this work Dunnett had calculated the 

cusp field using the Legendre polynomial expansion of the 

magnetic scalar potential. However convergence of the poly—

nomial is poor and so this is a very slow method. Additionally 

there was an error in his calculatiofi. The error was only 

found by comparison with this calculation. As the experimental 

comparison was not made at the time the consistency of this 

calculation was checked by ensuring that V.B = 0. 

Some of the results of the calculations are shown in 

figs. 2.2 and 2.3. The experimental values of the field and the 

first Fourier component of the Bessel function field 

Br  = Il(kr) sin (180') : B91 = Io(kr) cos (18$') 

(see chapter 6) are also included. (here k = "TA). 
The agreement between the calculation and the 

experiment is good and is within the experimental error. 

Also, with the neglect of toroidal effects,the Bessel function 

representation is reasonable (1-10%). 

The main effect of the torus is to shift the 

magnetic axis 6mm inwards from the geometric axis. This 

effect is because the field is larger outside of the minor 
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axis than an equal distance inside. The effect of the next 

pair of cusp coils, which 	decreases the field of the 
on 4v2 

nearest coil (s), is smaller outside of the minor axis than 
on 

it is inside of the axis, as the separation is larger, and 
ccw-cel 

thus/the larger field outside of the axis. 

The lines of force of the magnetic field are shown 

in fig. 2.4. They were obtained by integrating 

dr 

dt 

Integration was by a first order scheme 

Rn+1 = R
n 
+ At q etc.. 

The accuracy was checked by int.e06ting backwards to get the 

original position. At was kept proportional to 1/BR. Each 

line was started from a position on the line 1 = constant, z =0, 

the lines being separated by s where 1f1. 
 
dR = constant. 

- 	 P 

• 

2.3 
	

The field of the induction rods  

In this section cylindrical coordinates (R,I,z) based 

on the major axis are used. 

.The original electrical design of the induction rods 

was based on the philosophy that the magnetic field inside a 

cage of parallel currents is small compared with that outside 

(Dunnett 1968b). For a conducting shell there is no field at all 

as no field line can penetrate the conductor. But as the field 

external to the rods in many kilogauss, it is worth investigating 

just how small the field inside the rods is. 
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Using the prescription of section 2.1, calculation 

of the field of the rods is a simple matter once the currents 

have been determined. The current through the innermost rods 

is larger than the outer rods because of the smaller 

inductance. This 	allows the field to be small inside the 

cage of rods. Here the vertical field of the rods outside must 

cancel the field of the rods inside. 	As the vertical field 

of a loop is much smaller outside of the loop than an equal 

distance inside, cancellation can only occur if the current of 

the inside loops is much larger than the outside. 

The electric field is insensitive to small flux through 

the centre of the cage and is approximately 

Ere(R) = Vm  

20 

for R in the region of small magnetic field, where R is the 

major radius. 

FIG. 2.5 THE NOTATION FOR' 

THE INDUCTION RODS 

os 
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R 
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O 

1 

z 
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major 	0 	0 
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R = 0 
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There is symmetry of position about the z = 0 plane, and 

hence symmetry'of current. With the notation of fig. 2.5 

the circuit eauations for the currents in the rods are: 

(L14-M15)X1+(Ml24-M16)X21-(M13+M17)X3+(M1441113)X4 = 1 (2.40 

(M2144/125)X14-(L24-M26)X2+(M27+M23)X3+ (M2441628)X4  = 1 (2.4b) 

(M314135)X1+(M321-M36)X2+(11344137)X34-(M344-M38)X4 = 1 (2.4c) 

(M414-M45)X11-(M424-M46)X24(M434-M47) X34-(L44-M48)X4  = 1 (2.4d) 

where X =01 ii being the current through rod i0,4-the angular Vm 
frequencyandifili theminbankvoltage.L.andlLij  are the self 

inductance of rod i, and the mutual between rods i and j. 

Li  =d4Ri(ln(8Ri/r) - 1.75) 

where r is the minor radius of the rods. M. is taken from Grover ij 
(1962). This is the mutual inductance of coaxial current filaments, 

but as the separation of the rods is large compared with the rods' 

radius the filament approximation is good. Solution of eqs. 2.4 

give Xi  as a fraction of the total current in the rods,It. 

Substitution into say eq. 2.4a gives a simple harmonic equation 

for It. ThusteCan be evaluated and so the currents in the rods. 

There have been-3 sets of induction rods in use on the 

polytron installation. The first two were built before these 

calculations of the field were made. The small rod assembly had 

8 rods equally spaced poloidally on a radius of 3.8 cm from the 

minor axis .The assembly was built to fit in between the cusp 

coils and the small torus. The large,8 rod assembly had 
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rods equally spaced poloidally 	on a minor radius of 7.4 cm, 
allowing the large torus to nearly fill the diameter of the 

cusp coils, the rods being a close fit outside of the cusp 

coils. The cusp coils had to befitted after the induction 

rod cage and the close fit made this a complex manipulative 

procedure. 

The fields and currents of the two 8 rod assemblies 

are shown in fig. 2.6. The field in the centre is larger for the 

small cage. The field lines of the large assembly are 

sketched in fig. 2.7. To check the calculation 17.B was 

evaluated with a difference of lmm, and was found to be zero 

to 4% of L. 

The line density of current on a shell has been 

.calculated by Taylor (1960). Compdrison with the currents in 

the rods is made in fig. 2.8 for the large assembly which' 

was an aspect ratio of 25.4n.4 = 3.4...From fig. 2.8 the cage is 
• Ca.u.SC 

like a shell of aspect ratio 1.6. This would 	a larger 

inductance than a ratio of 3.L., as is necessary to account 

for the flux inside the cage. 

• 2.4 	The design of a new induction rod system  

For the purpose of easier assembly and lower 

magnetic field in the cage.l. a .new cage was designed. Near symm-

etry was retained about 7=0 so that BR=0 at z=0. 
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.A total of 30 different designs were tried and so the 

entire process was computerised. With an 8 rod system a 
took rINIZAA cCA LAMM' 

very small field, at average of 20 gauss over the tube cross 

section was achieved. This was attained by moving the inner 

rods in, to.radii 17 and 19 cm, and then moving the outermost 

rods further out,best cancellations being obtained when their 

radii were 44 cm. 

. :However a 6 rod cage was designed. This is simpler 

to assemble and gives an unrestricted view radially inwards 

which is useful for the photographs in Ch.10. The inner rods 

were moved further inwards from the 8 rod assembly. As before 

the outer rods were then positioned for the minimum average 

field. This was 50 gauss. Contours of this field are shown in 

fig. 2.9 and the optimised position of the rods relative to the 

collector plate. Having the rods on a larger minor radius 

Means that a larger-hole can be made in the collector plate. 

This reduces the electrostatic and magnetic perturbation of the 

collector plate to the field of the cusp coils near to the plate. 

An assymmetry in the position of the induction rods is necessary 

to avoid the tufnol tables which support the cusp coils. The 

induction rods are supported by being clamped to the tables. 

-As in the case of 8 rods the electric field is 

smaller than Vm/27(R. This is because of lines of force 

closing around separate induction rods. At the minor axis 

E
0 	

= V . 5 V/m, 



X position of the 

induction rods. 
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where V
m 
is the main bank charging voltage, and so there is 

a 20, loss of the main bank voltage. The field is inversely 

proportional to the R within the vacuum tube. 

FIG. 2.9 OPTIMW POSITION OF THE INDUCTION 

RODS ON THE COLLECTOR PLATE AND CONTOURS. 

OF TH7. MAGNETIC FIELD. 

0 	5en, 
scale 
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CHAPTER THREE  

EXPERIMENTAL WORK ON PLASMA FORMATION: 

A CUSP COMPRESSION EXPERIMENT  

The properties of the plasma formed by the 

preionisation system and the rising cusp magnetic field 

are described in this and the subsequent chapter. Here the 

use of a variety of diagnostics on the laboratory plasma is 

described. The spatial inhomogenity, lack of symmetry and access 

and low number density make the experiments difficult, most 

measurements being restricted to under the ring cusp. To 

enhance understanding of the plasma as a whole these measurements 

are compared with a m.h.d. simulation described in chapter 4. 
This work is necessary to find the initial conditions 

of the polytron experiment. The variation of confinement 

and acceleration Wilk the initial position makes these initial 

conditions important.. Moreover it is an interesting experiment 

in its own right. It is similar to larger cusp compression 

experiments (Allen et al, 1962)1 without loss out of the spindle 

cusps, and with an order of magnitude lower size and temperature 

(about L. eV). 
Firstly in this chapter the formation and pinching 

of the plasma by the preioniser is measured. The parameters 

of the afterglow of this plasma are then measured by a variety 

of techniques. The evolution of the new plasma configuration 

caused by .the rising cusp field is measured. Average and 

local electron number densities, re  and ne, electron and 
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atom temperatures Te and 71'are measured in the plane of the 

ring cusp. The axial variation of Fie  is measured, the current 

which causes the plasma compression, and the regions of loss of 

plasma from the ring cusp during compression. 

Parkinson made a few tentative measurements of the 

clhange in average density caused by the rising cusp. His 

conclusion, that the cusp field decreases diffusion is in—

correct in the sense that the cusp field forms its own plasma 

configuration, and diffusion is a negligible process for change 

of the number density. 

3.1. 	Breakdown of the gas by the preioniser  

The low density limit at which breakdown of the 

filling gas occurs is of interest es:- 

- 	(1) the polytron mechanism will not work if 4r. 

is too small. 

(2) the current carried by the moving ions must 

not be large enough to cause self pinching 

of the discharge. 

The brief investigation described in this section 

arose from a paper by Malesani (1970), In a toroidal 

quartz vessel with a toroidal induced electric field and a 

toroidal magnetic field the time delay between application 

of the electric field and breakdown of the gas, as measured 

by the toroidal current, was studied as a function of the 
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magnetic field . The toroidal field was limited to .4T 

and the electric field was quasi constant for only .5rs. The 

polytron apparatus is essentially similar. The currents in the 

cusp coils can be made to flow in the same direction producing 

a toroidal field of 3T, and the toroidal electric field is 

constant for about 2p5, the period being 2Ltjus. Furthermore 

the stray electrostatic field at the collector plate is small. 

The separation of the two collector plates is 9mm, but the wall 

of the torus is 5 cm away from the edge of the collector plates. 

Thus the stray radial electrostatic field should be much 

less than the 105 Vin of Malesani's experiment. 

The measured delay is shown in fig. 3.1. The error 

bars are representative of shot to shot variationsin t,,. 

These results are similar to Malesani's results. The change 

of slope at 1 tesla indicates a change in the physical 

mechanism for the breakdown. The reported breakdown mechanism 

is by secondary emission from ion-wall collision, induced by 
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- 	, 
the stray radial electrostatic field. This-is supposed to 

supply an initial number density of about 10
13
m
-3 in a time 

of 20 ns. 	. Above this density collisional ionisation 

becomes effective, and this takes the rest of td  before the 

electron number density is large enough to carry the toroidal 

current. It is difficult to explain how this ionisation could 

spread throughout the rest of the torus. Unimpeded electrons 

would take 70 ns to accelerate around the torus, but as the 

Debye length at 1013m-3 is centimetres, the ions need to be 

accelerated. The secondary emission could be caused by 

centrifugal force along the whole length of the circumference. 

This causes a drift 2v11  (where ur'if is the ion cyclotron 

Rqi 
frequency) of the ions radially from their initial position. 

This is of order .103cm for ions freely accelerated for 100ns, 

and decreases as B0 increases. 

The change of slope shown in fig. 3.1 could indicate 

this ionisation by secondary emission becoming small, compared 

with a field independent ionisation mechanism such as photo,-

ionisation 'by light emitted from electron impact with the wall, 

or by secondary emission from ions following field lineswhich 

meet the wall because of field inhomogeneity. 

3.2 	The preioniser pinch  

Compared with many linear pinches (Roberts,D.E.,1972 ) 
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the preioniser produces a high temperature plasma with 

reliable breakdown occuring at low filling pressures. It's 

characteristics are shown in fig. 3.2. The number density and 

temperature were measured by laser scattering, described in 

chapter 9. The values of ne and W are consistent with ot,<.3 

(M is 1/kXdY defined in chapter 9) as are the shapes of the 

scattered spectra. The values are averages over a length of 

9mm transverse to the pinch, and so ne  and W could locally 

be higher. It is noticeable that the visible continuum 

emission peaks after the number density. The bremstrahlung 

,, emission/volume is proportional to ne2  /yr and so if light 

is collected from a region larger than the pinch the light coll-

ected is proportional to ne/F.The continuum emission peaks after 

the peak ne  because of the drop in temperature. Costely (1971) 

has also observed this phenomenonin a linear z pinch monitoring 

n
e with an axial Mach Zdnder interferometer. 

The far infra red emission in fig. 3.2 was measured 

with a Putley detector. This observation was made whilst 

measuring the number density with a HCN laser and so the 

collecting optics :ere not maximised, and light was only 

collected over an f/12 aperture  There was also a pick up 

problem. The detector was positioned directly beneath the torus. 

The pick up was due to Bz, a vertical field,penetrating the 

'screening of 3mm brass. At this frequency the skin depth is 

2mm. 
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If ne  = 2 10
22
m
-3, the cut off wavelength is 70pm. The 

response of the Putley detector is low at this wavelength, 

rising monotonically up to a wavelength of lmm. It is likely 

that the'Putley signal is due to emission at a lower density 

than the pinch. As a direct result of this accidental obser-

vation a separate project to wavelength resolve the emission 

from the preionisdr pinch using Fourier transform spectroscopy 

is being undertaken. Physically the interest is to see if 

enhanced emission such as seen by Griem (197C) is observed 

After the first pinch the preioniser probably 

repinches. No further observations have been made until later 

in the discharge, where the plasma parameters have been measured 

for the initial conditions of the cusp compression experiment. 

A major. diagnostic is liCNinterferometry so there will be a brief 

description of the interferometer. 

3.3 	The HCN laser interferometer  

It is well known (e.g. Parkinson, 1968) that for 

n < ne,the cut off number density, and Vc  the collision 

frequencyccurthe frequency of the radiation,a plasma has 

• 
a real refractive index 

2 2
= (1 - Ep) 	-

ne ) 
	(3.1) nc 

The attenuation of amplitude of an electromagnetic beam by 

electron ion collisions is given by an attenuation length dl  

d Ac  (1 	ne )2 
ne 	no 

(3.2) 
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Ideally one should be able to measure the number density 

from the phase change 

= (1 .7.0 arre 	(3.3) 
nc 

where e is the length of plasma, and the temperature from the 

attenuation using eq. 3.2. 

Parkinson (1968) used a Mach Zdnder interferometer 

shining through the wall of the torus. A similar interferometer 

was set up.To obtain less absorption the laser beam passed 

through ports with 2mm spectrosil flats as windows. Fortuitiously 

these flats acted as a reflection etalon reflecting 15% of 

337 1um radiation . 

547ZNI (Ty 

FIG.3.4: THE BEAM PROFILE AT THE 

'FOCUS' OF A 60 CM. LECS  

Lens Ll only 'focusses' the beam to a profile shown in fig. 3.11, 

marginally narrower than the beam profile without a lens. 

This is the diffraction limited spot. The limiting aperture 

in the system was the input to the light guide in the Putley 

detector. 

The HCN laser was built at the National Physical 
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Laboratory. The cavity is lm long with 5m mirrors; it is 

c.w., a mixture of ammonia and methane being optically 

pumped by an axial current of .5A , lkV-  The cavity is 

tunable by a micrometer mount on one of the mirrors. The 

output is taken 	by a melinex beam splitter. 

A Gclay cell was used for setting up and a Putley 

detector for the experiment. The Putley detector needs to be 

worked at 1.7°K. The best bias current was 50pA for this 

particular detector, when the d.c. resistance was 51{4, The 

distance between the detector and the oscilloscope was about 

5m and so a differential head amplifier, with a gain of 70 was 

used. The band width of the amplifier was restricted to 

1,114 matching the intrinsic frequency response of the detector 

and reducing the amplifier noise, which was then about 10mV on 

the output of the amplifier; 

If Al is the wave amplitude of the interferometer 

reference beam and A2 the wave amplitude of the measuring beam 

then the total output signal is 

S=A21 +A
2
2 +2A1  A2 cos(le). 

jeo  is the Phase difference with no plasma. As 0'  the phase 

change caused by the plasma with respect to the phase with no 

plasma varies, the change in S must be less than 

(Smax 	Salim) 	41All 1A2I • 
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A2, the beam passing through the torus was about .5 Al  

because of reflection and diffraction, but to retain maximum 

fringe size Al  was not attenuated. This meant that the output 

could not be set to zero when fic =;do. The average number 

density corresponding to half a fringe, i.e. si -..7r is 

.5 102om 3. 

.Mach Zdnder fringes were obtained with the preioniser 

and are shown in fig. 3.5. It is evident that there are two 

sets of fringes, The higher frequency set were also seen 

when only A2, the plasma leg,was going into the Putley 

detector as shown in fig. 3.5.These fringes are at twice the 

frequency of the Mach Zdnder fringes. That they are due to 

a Fabry Perot formed by the spectrosil flats was verified by, 

moving the flats. There was a 305 modulation of the throughput, 

for 	movement of one flat with respect to the other. 

With this low finesse the fringes are nearly cos
2
. The average 

number density corresponding to half a fringe is .25 1020m 3. 

This added flexibility is very useful, halving the lower limit 

of measurable number density. 

Plasma refraction. Beam attenuation is evident in 

fig. 3.5. However this is not due to collisional attenuation, 

but rather refraction by the plasma, so that notall of the 

beam is entering the detector. This can be easily shown now, as 

.the temperature has been measured by laser scattering. The 

attenuation length is d = 5 1041  W 3/2m. 

n2 
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After 40ps in fig. 3.5(a) the value of ne  is 7 102om-3 and 

W is 2 eV from scattering. Therefore d = 3m. This is 50 times 

larger than would be apparent from the measured attenuation. 

An exact criterion for the refraction loss would be 

difficult to derive in view of the beam profile in fig. 3.4, and 

so an approximate expression is obtained. The least effect that 

a cylindrical plasma column can have is to cause a beam 

divergence by acting as a lens of focal length f given by 

1 = 2(e-1) = - ne 	
m1 

.035nc  

The limiting aperture subtends a half angle of .05Wat the 

plasma, and so assuming the beam to be a step function of 

width 1 cm, no loss requires 

n< .14 nc  

But also negative dne/dr will cause refraction out of the 

plasma colum4;the radius of curvature R will be given by 
. 

1 = 1 dA. If ne  = n0(1 - 1.5tr% 	as given by Parkinson 
R 	p. dr 	la/ 2)  • 

(1970) then 	for r" =-- 6 mm- 

1 = ne cm . 
T6E- 

Then 	ne<.1 nc 
	(3.5) for no loss. 

Effects (3.4) and (3.5) add and so ne<.05 nc for no refraction 

loss. This is an optimistic estimate. The beam is wider than 

assumed, and no account has been taken of the need to make the 
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beam interfere with a reference beam to see the fringes. 

A lens was tried,to see if the acceptance angle could be 

increased. It was unsuccessful because of the need to make 

the beams 	interfere. The limiting apertures in Parkinson's 

rtem were similar, and so the above criterion will apply. 

The, higher criterion which he implies is wrong because he 

does not consider the spatial extent.of the focussed laser beam. 

That at least some of Parkinson's attenuation was due 

to refraction can be seen by the convergence of the envelope 

of his fringes. If Al  = A2  = .A.40=0, -.,1112, then complete 

absorption will give a signal level of A2. If however there is 

refraction causing loss of interference, but still collection 

of the beam the signal level will be 2A2. The envelopes of 

some of the low pressure cases, shown by Parkinson seem to 

converge to 2A
2 
showing that the attenuation is being caused by 

refraction, not out of the aperture of the Putley but away from 

the reference beam. 

3.4 	The expected temperature and density profiles  

-in the preioniser afterglow 

The electron density decay equation by three body 

recombination is 

do 	+ 2 10-39 n2  n. = 0 	(3.6) 
dt'

..  
' 

W4.5  e 1 

where the coefficient for 3 body collisional radiative re-

combination is from D'Angelo (1965). Early in the decaying 
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preioniser ne("10
20m-3, W .-leV and so • 

1dne = —40 s:1  1.1  
e dt 

(3.6a) 

TYius the density decay is by diffusion. The diffusion equation 

is given by Chapman and Cowling (1939) as 

Ine 	Da V
2
ne + e* 	a VD 	(3.7) 

at 

where Da is the diffusion coefficient for ambipolar diffusion. 

It is approximated by 

Da, = D
i 
(1 + W e/W.) 	2 kT. 

411iVia  

if We  is close to Wi. -iha  is the ion atom collision frequency. 

Hasted (1962) has shown that in the range 0-45eV Via  is 

dominated by the charge exchange cross section V; which is 

50 10 20m2, with little velocity dependence. 

= na 	(kT4 2  Therefore via  

where 	na is the atomic number.  Aensity. 

Therefore Da = 2 kT. 2 	1 
1 ' in
1 	

n atr x 

Assuming V.Da 
= 0,'cylindrical symmetry and axial independence, 

the solution of eq. 3.7 is 
ca 

n(r,t) = 	A exp 
P-o k  

where e, = 2.405, 5.52,. 8.56 	are the 

a is the radius of the tube and 

2 
1-k =D (2. 

a 

a k  

r/a) (3.8) 

roots of J (x) = 0, 

m 
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As the characteristic decay time of mode k. Thus the 

•slowest decay time is 

o 	a
2 
na  r It 
2 ( 

m. 	1 
leai.1 62  1 	0 

(3.9) 

T. is measured to be about leV and na = 10
20m 3 therefore 

= 3.6 s, ri 	.8,es for argon. It is valid to neglect the 0 

second mode. Thus a profile with the shape of the zero order 

Bessel function is expected. 

A similar diffusion equation will pertain for the 

electron temperature • _ i e • 

C 	aT P  = 
v  at VI're 	 (3.10) 

where 1 is the thermal conductivity. Source terms which are 

omitted from equation (3.10) are equipartition,recombination,and a 

term due to k. The electron ion equipartition time is given by 
20) 3/2 Spitzer (1956,  p80)  as tea  = 12(1g 	W 	to for argon, 

ne  
which for ne  = 1020m-3, W = 1 eV , is 12ps. 	Similarly 

the time for heating by recombination is larger than 1 ms 	, 

from eq. (3.6a). 

The thermal diffusivity for equation (3.10) is 
• 

D = 	=.4 1020W5/  2 	01112//is. 
Cy 	TT1;7iii) 

Therefore r . a2 (n 	n.) 0 	 2 	e 	 (3.11) 

ro .14. 1020W5/2 

If ne  = n. = 10
20m-3, W = leV then to  = lOrs. 

However the decay time is liable to be longer than this. 
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Near. the edges of the column W will 	low -producing 

low heat diffusion to the wall. In the centre of the tube W 

eV , and so rapid diffusion here will produce a flat top 

to the temperature profile. 

/ 	A semi quantitative approach has shown that the 

number density profile . is a Bessel profile, because of the low 

temperaturedependence of the diffusion coefficient. In contrast 
cis 

a flat electron temperature profile is expected as 404  W. 

3.5. 	The afterglow temperature from its conductivity  

A spatial average of the electron temperature was 

measured from the poloidal conductivity. 

This is an unusual 	and accurate way of measuring an 

average temperature. A single turn coil of 5 cm radius was 

connected around the outside of the torus and pulsed by a 

.1 /AF condenser giving a ringing period of 2?s. The 

phase and attenuation of the B0  produced on axis with a plasma 

in the tube was measured. The phase was measured relative to the 

current and the attenuation measured. by comparision with the 

signal with no plasma r giving an average conductivity. In this 

analysis toroidal effects are neglected; a cylindrical 

coordinate system based on the minor axis is used. 

As long as (.41-e ei  «, 	j = FE $ and so the c  

diffusion equation for the azimuthal magnetic vector potential 

Ae is 

ZA = 1(1 	1 'a (rAe ) +11e) 	(3.12) 
r ar r zr 	hq 
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In the case of an infinitely long coil this can be solved 

'analytically. For a single coil the problem needs a boundary 

condition at the wall which'is the magnetic vector potential 

of a single turn coil, 

Ae  pair= 
	k r 
1 (a)2  ( 	) K - E) 	a t 	(3.13) 	• 

1r 

where 0- is the angular frequency of the 1351( field and 'Art <<1. 

Defining dimensionless variables. 

t.  = t 	= t r = 
tc 	a ?Dr 	a 

equation 3.13 becomes. 

I 
: z = z 

a 

?',40  
aicz 

(3.14) 

This parabolic equation is solved as an initial value 

problem, using a two step Lax-Wendroff scheme, but with an 

unstaggered mesh(for an explanation of this nomenclature see 

chapter 4). Ae  = 0, on axis, there is mirror symmetry 

underneath the coil, Ae  = 0 at the far end of the domain, and 

A
e is given by eq. 3.13 at the wall. By choosing a region 

20 cells ip'radius and 80 in length the far end is sufficiently 

far away to simulate a real boundary condition of Ae-*0 as z=-400. 

Bz  = aAe  + A_ and so Bz(r=0) = 2A (r=(a) 
IF-  r 

where Ea is the mesh size. The attenuation caused by the 

plasma in the simulation is, at z = 0 
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oc( r=0,t1) = Ae(fayti) 	Ae( a, co) 

Ae(a, ti) 	Ae(Sal co) 

The computationally measured values are plotted in fig. 3.6. 

The attenuation from 	the probe at 200ns,for which wt = .5, 

is measured and the value of t' measured from fig. 3.6, at being 

.5 causes a 10% error. Taking a = 3.5 10-2m, the bore of the 

torus, the value of ln.A. as l0,and using the value of cr given 

by Spitzer, the average tempefatures ape tabulated in fig. 3.7. 

This is a very accurate way of measuringras the attenuation is 

a very steep function of t'. 

mtorr. 
oc attenuation 

(t Ada0-3 . % 	W 
(eV) 

80 .058 - 	71 1.15 + .1 

40 .050 68 1.19 + .1 

20 .082 82 1.05 + .1 

5 .12 93 . . 96 + .1 

FIG. 3.7  POLOIDAL CONDUCTIVITY AT 40es IN THE ARGON PREIONISER 

The average values of W tabulated are unduly weighted 

to the larger radius as. the diffusion takes longer the larger 

the radius. This is probably why the temperature appears to 

decrease with the pressure. 

The temperature has also been measured from the 

toroidal resistance. In fig. 3.8 is shown the plasma and rod 

currents induced by the preioniser system. The currents 
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FIG. 3.8  

      

      

    

UPPER PLASMA CURRENTi 

LOWER ROD RUR= 

yes fur. 

    

      

are in antiphase 	, but the rod current stops abruptly. 

The flux remaining in the torus drives the plasma current,there 

being a LA decay time. 

I = Io exp ( —Rplt/t) 

where 	R = 2R , L =NR(ln(8R/s) — 1.75) 
F.g2 

assuming a uniform current distributiOnIR being the major radius. 

Therefore LApl  = 3.3 W3/2  

The experimental results give at t = 40as, 

W = 1.8 eV for argon at 25 Mtorr 

W = 1.2 eV for argon at 3.5 mtorr. 

Properly the resistance will depend on the 

current distribution and so this measurement will not be as 

accurate as the previous measurement.' 

Fig. 3.9 is a comparison of these average temperatures. 
) 

The errors on. the resistance temperatures are systematic. The 

errors on the scatterin,:: temperature are statistical and are 

large because the spectrometer was adjusted for a high 

temperature range. The Boltzmann temperature is explained in 

section 3.6. 
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p 
(mtorr) 

 . 	W(eV- ) 
(Boltzmann) 

W(eV ) 
(49 res.) 

W(eV ) 
(4 res.) 

W(eV ) 
scattering 

3.5 • 1.2+.2 1.9+.4 

/5. .96+.2 

17. 1.8+.2 1.8+.3 

25. 1.3+.2 1.05+.2 2.0+.4 

40. 1.19+.2 

FIG. 3.9 TEMPERATURE AT Li.Ops IN THE -ARGON PREIONISER 

As expected the average values of temperature are 

only 3C% + 30% below the central values measured by the 

scattering. This indicates a reasonably flat top profile for 

the electron temperature. 

3.6 	The electron temperature by Boltzmann plot  

Relative line intensity measurements, of lines whose 

upper states are in l.t.e. can be used to determine temperature. 

The line intensity from an optically thin plasma, whose upper 

state is an energy E above the ground state is:— 

I oe hVg2 A21  exp  ( EATe) 	0.15) 
Bz 

where 	Bz is the partition function 
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g2  is the statistical weight of the upper line 

A21 is the transition probability. 

As the plasma temperature is low the often quoted 

r7ason for inaccuracy in this method, i.e. E-E' ‹< kT is 

inapplicable. (E' is the energy of another line used for 

comparison). The more fundamental reason is that l.t.e. does 

not exist. For hydrogen like ions Griem's (1964) criterion 

for l.t.e. to principal quantum number n is 

ne  > 7.1024 
	

(kT 2)2  m. 	(3.16) 
n 

8
" 	

3 

EHZ 

Literal application to a leV argon plasma for n = 4 yields 

ne > 5 10
19m 3. For argon n in eq. 3.16 probably should be 

replaced by n-n the difference between the level ,and the 

ground level, which yields ne > 3 10
24m-3; even so All is not 

hydrogen like and the only test of l.t.e. is experimentally. 

The grating spectrometer described in chapter 9 with 

an instrumental width of.31 was used .to obtain the Boltzmann 

plots shown in fig. 3.10. The error bars are due to intensity 

measurements being average3of several shots. The transition 

probabilities were taken from Olsen (1963). The relative 

positioning of All 46091 and All 4589A in the plots is the same 

as Burgess obtained, suggesting a slight error in Olsen's 

transition probabilities here. 

The plots enable anexperimental criteria for l.t.e. 

of these All lines to be derived, namely:.- 
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r)rl 	7  ne 4 OW 	(+ 50%) (3.17) 

3.7 	The afterglow number density using a double  

Langmuir probe  

A double Langmuir probe was used to measure the number 

density profile in the decaying preioniser. The probe consisted 

of two aluminium wires set in a dual tube ceramic tube, with a 

40V bias between them, held constant by a large (36pF ) 

condenser. The current drawn by the probe was measured across 

a variable resistor of value 200-11. to 10kA . The probe was 

introduced into the torus through a sliding Wilson seal, it's 

position being adjusted by a micrometer table. A review of double 

probes has been given by Kgan and Perel (1963) from whom the 

saturation ion current is 

ip  bnee 
p e)1 S(V) 

m. 	

(3.18) 

1 
where 	b is a geometric constant 

S(V) is the sheath area (taken here as the tip area) 

m is the ionic mass. 

The profile of the current drawn by the probe is shown 

in fig.3.11. An absolute number density is evaluated using 

eq. 3.18 taking b = 1,W = leV , and so is somewhat arbitrary. 

It is noticeable that the number density is not zero at the 

tube wall; however the effect of the probe on the plasma is 

unknown. Zero number density is expected at the wall (sect.3.L) 

and the non zero value must be attributed to a systematic 
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FIG. 3.11  

LANGMUIR PROBE  

NUMBER DENSITY  

PROFILE AT 80ps 

2 MTORR ARGON  

experimental error. 

3.8 	Measurement of electron number density by Stark  

broadening of hydrogen lines. 

Line broadening measurements were made for the dual 

purpose of obkainin3 	an ion temperature and simply as a 

reliable number density diagnostic which can be used for the 

plasma under the coil. The dispersing instrument used was the 

grating spectrometer described in chapter 9; the wavelength 

scan was by a rotating glass block. The instrument line 
0 

width was .2 to .3A,limited by the collimating lens. The shape 

of the instrument line width was Voigt type. 

Within this experimental constraint the only lines 

which are Stark broadened sufficiently at densities of 



FIG. 3.12 

H LINE PROFILE  

30rs, IN A HYDROGEN 

PREIONISFIR. 

ne 1.3 1020 m-3 

P = 19 mtorr 

A Intensity 

0 
.4,CA 

-- 
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1020 to 1021m3  are hydrogen lines and in particular 

H 	From Griem (1964) for Hp, the full half width 

1X(10 is given by 

ne 	= 3. 6 1020 	3/2  m-3  

with only a small temperature variation. 

An experimental line profile is shown in fig. ,3.12. 

The error bars are the spread from 3 shots at a particular 

wavelength setting. The double peak shown in fig. 3.12 is 

similar to the split observed at higher number density 

(Wiese, 1962). This dip is probably for the same reason 

i.e. there is no unshifted energy level. 
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An attempt was made to reduce the shot to shot 

variation by simultaneously monitoring the total line 

intensity. This gave a normalised signal 

Sn()) 	
x) /(1 To) d \) 
	

which 

was no more reproducible than 1(X). The conclusion is that 

non reproducibility is due to number density fluctuations, 

(rather than fluctuations in the spatial profile) which alter 

the shape of the line. 

The measured half width is unfolded simply from the 

instrument width by 	= 4).143  t  AX/43  

where 	A), 1143 is the measured full half width for HF 

is the instrument full half width 

baps is the plasma broadened full" half width for H 

the first order assumption being that the plasma broadening 

causes a Lorenztian profile, there being negligible Doppler 

broadening. The resultant number densities are higher than 

the values measured by the HCN interferometer. 

The Stark broadening of Hm  is 20 times smaller than 

H 	and so the Hoe  will be mainly Doppler broadened. This 

Doppler broadening,scaled for the different wavelength, can be 

used to obtain a better value of the number density from Hp  

broadening. 

For Hot 	CA mac 	AX ix 	.5.0c  (+) Ado:( 
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where AX Wx is the Stark breadth 

AiN ' 	is the Doppler, breadth. do( 

and (1.) means convoluted . • 
1. 

As the Stark broadening is approximately Lorenztian, 

Ax sK ( + )Axid= Asa +AX 
The unfolding of AA dm  is then a simple matter of using 

the tables from Davies and Vaughan (1963). M1 scx  is taken 

from Griem (1964) again, although the value of the constant 

has to be extrapolated for use at these low number densities. 

The value used satisfieS.  
22Ak  3/2 m3. 

Then the relation 	1 

a dr  = . 3a dot  
is used to revise &sit , using 	the Voigt profiles for 

evaluating 

AX(-) - AX1 = dA mit 	wit 	sig 

The process is outlined in fig. 3.13; there is good agreement 

between the value of ne from Stark broadening and the HCN 

interferometer. 

To apply this.technique to argon plasmas the argon 

was doped with 10% hydrogen. The hydrogen lines could still 

be seen but there was an appreciable continuum, which had to be 

subtracted. The number densities and atom temperatures obtained 

are shown in fig. 3.14. 

ne = 10 	sa 



FIG. 3.13 SCHEME FOR EVALUATINGAX1  

For the decaying preioniser, hydrogen p = 19 mtorr; instrument 

profile,Myot = .3X 

6itne 
f'41)  

AX,  
(A) 

:.tcl-ortifr 
-2° -3  Ile  10 	ret 

:4), s,t  
(A) 

hi>. mit 
( A ) 

AXi!( 
4  Mt"  (A) 

:.AXdoc 
Clib 

:.V cl 
(0 ) 

a do 
'43 AN,416, C. (A) 

'a " 	,st3 
"tai l' 

',O, - 	51%  
- 

'• ri " 	0 
=m; lo 

lb 
tie 	/0 A 
HC 6. 

20 1.46 4.7 ..15 .92 .45 .64 1.1 .47 1.3 1.02 3.8+.1 

30 .98 2.1 .06 .76 .36 .54 	_ 1. .39 .81 .52 1.34-a1 ON Q1 

40 .76 1.2 .04 .66 .34 .44 .9 . 34 .60 .32 .6+.1 .66 

5o .55 .5.5 .02 .56 .32 .34 .8 .25 .43 .15 .2+.1 .23 

. _ 
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Pressure 	' 
Pc 
Time 111E ne 

m3 
atom 	

) 

25 mtorr argon 

4 4mtorr H2 

3.5 mtorr argon 

+ 2 mtorr H2 

30 

40 

45 

45 

4.8 10
20 

4.1 10
20 

3.6 1020 

1.01 1020 

.9 

.9 

.9 

. 

.55 

FIG. 3.14 NUMBER DENSITY IN ARGON PLASMAS FROM STARK 
BROADENING  

Notice the low atom temperature at low pressure. 

In fig. 3.13. a temperature is evaluated for the 

Doppler breadth. It is well known that this is a questionable 

operation because of the effectcf mass motion. Hence a scan was 

made of the Doc.  line from an argon plasma doped with deuterium 

and compared-with a hydrogen doped plasma. 

FIG 3.15 DOPPLER HALF WIDTH 

FOR A DOPED ARGON PLASMA 25mtorrA. 

Doppler 
width 

0 

x hydrogen 

• deuterium 

20 
	

40 A 

t ( - - s) 
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The lines widths due to Doppler broa~ening are shown in 

fig. 3.15. Accordingly deuterium is tVlice. as hot .as 
. t . ~ 

hydrogen. The inequality in temperature being this way around 

does show that the line width is not due to directed motion, 
, 

as one would ·expect a higher velocity for hydrogen than 

deuterium. The equality of velo~ity of the two species 

. suggests that the heating has come from the pinch, the 

.impuri ty assUJl!ing the directed velocity of the imploding 

. shell and then· being ran~omi~ed on axis. 

The increase in the· atom temperature Vii th argon 

pressure can also be accounted for by this mechanism. The 

hydrogen atoms are accelerated by the frictional drag on the 

imploding shell. The mean ~ree·path is 

1.. 
ne~x 

= 2.cm for ne = lO20m-3 

2.mm for ne = lO21m-3 

In the first case tne shell leaks and so there is a low atom. 

temperature (this is at p = 3.5 mtorr) but at the higher pressure 

the ions are fully trapped; 

.3.9 The number densi ty from the HeN laser and laser 

scattering 

. T·he electron densities in argon and hydrogen decaying 

plasmas are shown in fig. 3.16 and fig. 3.17. The scattering 

results are shown together:with these results in fig. 3.18. 
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T
he scattering and interferometry diagnostics are unequivocal, 

Except that there will be diffusion into the ports. 

It is strange that the Stark broadening should give a value 

too low at 25 mtorr; the emission will be greater from regions 

of higher density and so a value equal to the higher density 

would be understandable. It is tentatively concluded that 

doping the plasma increased the diffusion. Da  cc vi, and so a 

P 
mtorr 

-20 -3 13'e 10 	m. 
HCn 

-20 -3 Re 10 	m, 

Stark broaden- 
ing 

-20 -3 ne10 	m. 

Scattering 

3.5 .5±.1 1 . ' 1.2 + .2 

10 1.3 +.1 2.6 + .4 

25 7 	+ 1 4.11 

FIG. 3.18 ELECTRON DENSITIES BY DIFFERENT DIAGNOSTICS  

t = 4.01es, ARGON  

small percentage of hydrogen could change Da  by virtue of the 

large velocity relative to argon at the same temperature. 

The measured ratio He 
	= .42 + .1 

ne(r=0) 

For ne = Jo(r/V.14.4IT P e 	= .62 
ne(r=0) 

so a profile as peaked as a Bessel function pertains. 

The local decay time, as a function of time, ‘Co(t) is 

measured from fig. 3.16 and fig. 3.17 and the quantity, 
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2 
a narx  mi 	417T1(1 + We/Wi) 	(from eq.3.7) 

(2.4)2  `Zò 	e 

evaluated below for filling pressures of 25 mtorr argon and 17 

mtorr hydrogen. 

/ 	time 	/us 
i 

40 45 50 60 80 

W1(1 + We/Ni)eV 

Argon .2 .4 .87 .81 1.1 

Hydrogen .82 

The ion neutral momentum transfer cross section for 

hydrogen is 40 10-20ne from Green (1966). Ambipolar diffusion 

can reasonably account for the diffusion time for all but 

t = 40,451as. However at this time the higher modes in equation 

3.7 might still be appreciable. 

The results of studies on the compression of the 

plasma by the rising cusp field are 'discussed in the rest of . 

this chapter. 

3.10 	Heating by the cusp field  

(a) The line to continuum ratio  

An estimate of the temperature in a hydrogen plasma 

was obtained by the ratio of the line intensity of Hp and the 

neighbouring continuum. The theory has only been worked out for 
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W(eV.) 

z 
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hydrogen and helium, and so the method cannot be applied 

to an argon'plasma. 

As long as the upper state of Hp, n = 3,is in 1.t.e. 

with the continuum, which requires ne>.2 10
20m-3 as well as 

sufficient time to populate the level from the continuum 

i.e. t%010-8s 	then the line to continuum ratio is only a 

function of the electron temperature. Application to the 

hydrogen cusp compression with n 5 1020m 3 is dubious 

because of the number density criterion. If the quantum level 

n = 3 is not in 1.t.e. with the continuum it will be 

overpopulated (Bates and Kingston) relative to the 1.t.e. values, 

increasing the line to continuum ratio, which will then give too 

low a value of electron temperature. 

The apparent temperature of a hydrogen plasma is 

shown in fig. 3.19. The results in the ring cusp region are 

similar, being virtually constant at 4eV. The time is measured 

from the start of the cusp bank. 

FIG. 3.-1 9 W FROM LINE TO  
CONT,INUUM BET\TEATH CUSP COIL 



Vc = 1.5kV 

3.5 mtorr A 

Vc  = 1.5kV 

17 mtorr. H2  

Vc  = 1.5kV 

10 mtorr A 

Vc  1.5kV., A 

= 12pm 

p(mforr) 	1.0 

3.mtorr A 

t 12po. 

to . 
ne  to nz ,  

FIG. 3.20 ELECTRON TEMPERATURE BY A  

BOLT ZMANNPLOT  

25 mtorr argon, Vc  1.5kV, ring cusp 

FIG. 3.21 L4 --7R SCATTERING ON THE  

CUSP COrPRESSION  

Values at the minor axis under the ring cusp 
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Vc 

= 1.5kV , 25 mtorr 

FIG. 3.22 NUNB-;;R DENSITY FROM STARK BROADENING 

OF HYDROGEN DOPED ARGON PLAS1VAS  

10/As 
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(b) Bbltzmann plots  

As before a Boltzmann plot was made for the higher 

pressure argon preioniser. The results are shown in fig. 3.20. 

(c) Laser scattering  

Some of the results for various parameters are shown 

in. fig. 3.21. The results are for a volume of plasma9mm x lmm 

x lmm at the centre of the ring cusp. 

The variation of electron temperature against 

pressure and charging voltage, at 12ims is not shown as it is 

constant. 

By comparing the local scattering temperature and the 

line of sight Boltzmann plot at 25 mtorr the central temperature 

is less than double the 	average temperature. This is less 

evident in hydrogen,where there is a higher temperature,which 

agrees with the line to continuum measurements, 	a 

line of sight average. 

3.11 	The number density during the cusp compression 

Stark broadening was used to measure the number density 

both under the ring cusp and under the coil. Results for a doped 

argon plasma are shown In fig. 3.22. The procedure for 

distinguishing Doppler and Stark broadening was as outlined 

previously . The atom temperature was constant at .9eV. 

Consideration will now be given to the effect of 

spatial inhomogenity on the Stark broadening measurements. 
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The intensity off - a line such as I 	is given by 

I = A n(Z,p) 

where 	n(Z,p) is the number density of ions of charge Z, 

with principal quantum number p, and A is a constant of 

proportionality. One form of the Saha equation is 

n(Z-1,p) = A'nen(Z,1)T-e-3/2  expPoo -Ep)/kT) 	(3.19) 

where E is the energy above the gmund state of level p, and 

A' another constant. So for a pure hydrogen plasma, if n = 3 is 

in 1.t. e., the intensity of Hp is 

Ig oe n(2.,1) ne  a: ne2. 

As in the line to continuum measurement Hy  is just in l.t.e. 

with the continuum for ne710
20  m.-3 

 and so eq. 3.19 is valid. 

For a doped argon plasma 

IP (14n  hydrogen (1.,1) ne  

The dynamics of the hydrogen ions will be different 

from the argon ions, but there will be a collisional coupling, 

which will limit their relative drift velocity An estimate 

shows this to be of the order of the radial velocity. In fact 

there is an.additional coupling because of the magnetic field. 

As shown in the next chapter an approximation to the collapse 

velocity is given by 

E + v B = 0 - -x - 

Once this velocity is attained the hydrogen ions stay with the 

main body of the argon ions. Because of the ionising effect 

of the charge exchange process 
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A + 1.1+ 	A+  + H. 

which occurs at a rate of 10
6 
Hz, then 

n('.,1) = f ne  

where f is the small fractional doping ratio and assuming 

the same percentage ionisation of hydrogen as argon. Elo -E3  

is less than 3.4 eV and so there is an appreciable temperature 
variation from the exponentional factor in eq. 3.19. The 

intensity of 	H. will thus be an average thene
2  
factor 

weighting the intensity to the high number density,balancing 

the exponential weighting for the cool,low density region. 

It was not practical to make Stark broadening 

measurements at many places and so the continuum level was 

used as a gaugof number density. The expression for the 

recombination and bremsktrablung emission from a plasma is 
/1! 	N 

P1?-9)cil 	 C Et/t4c4c1-1 1] * ca.2 etoiwZ eiT(EcoigNi 

	

+ 	(1) (0 AA e.y pl-i1N7 /t4)) dv. 	—(3.7.0) 
gmin is the lowest quantum number which can contribute in 

recombination radiation, being 4 forA.500d in hydrogen. 
In argon the value will be 7. q*  is given by the Inglis 
Teller limit being about 15 for ne.-102°m-3. W is the electron 

temperature in eV , and C's are temperature independent constant 

For Wv-leV, A.-50001 eq. 3.20 simplifies to 

P 	(/)dv = C Cl  1.1 ne  13)2  exp (-2.4/W) dv 

That this is only a weak function of W as long as W>1.5eV , 

is seen in fig. 3.23. Hance the continuum can be taken as 
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FIG. 3.23  

y = exp(2.4/W) 
w2  W 

I 	1 )  

oen2 in these experiments. 

The continuum was measured at 52651, the nearest 

argon lines being at 5245 1 and 5286 A. An instrumental 

width of 71 was used. The slit height was 2mm. Absorption in 

the torus wall was allowed for in the toroidal direction by 

calibratiLL; with the preioniser only. 

Some spatial profiles obtained are shown in fig. 3.24. 

At 3.5 mtorr, 61us the emission under the coil was half that 

under the ring cusp. The evacuation of the region under the 

coil is not as complete as suggested by the Stark broadening(3.22 

The continuum measurement will give too high a value because of 

heating; the Stark broadening will give too low a value 

of number density because of species separation. 

Although strictly, Abel inversion is necessary for the 

radial profiles, information can be obtained by inspection. The 

radial profile under the coil shows a shell of high number 

density imploding. The shell is about 1.5 times the central 

number density (at 3.50p4s) Under the ring cusp the shell gives 

way to a flat topped distribution. At 3.5 mtorr the shell 
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underneath the coil is not as pronounced as at 25 mtorr. 

The number.density, measured by the HON interferometer, 

giving a line of sight average of the electron number density in 

the plane of the ring cusp, is shown in fig. 3.25. 

3.12 	The number density profile from a Langmuir probe  

The Langmuir probe described in sect. 3.7 was used. Simple 

probe theory says that when the bias voltage.Vb  =0,there should 

be no signal. However with no bias voltage there was a signal 

when the cusp fired. This signal changed polarity with the cusp 

current, and vies not a common 	mode signal. The potential 

that the 	plasma assumes is defined with respect to the nearest 

conductor, the cusp coils. As all the condensers connected to 

* the cusp coils are charged the same polarity the plasma 

potential will fluctuate by 1 V
c. The stray capacitance to 

earth from the probe wires to the cable outer must be charged 

to this voltage through the plasma which has a resistance 

R v- 2r 2  =2 k.300.4. 
6-rir 	Tvr 

where r is the radius of the probe tip and the neighbouring 

plasma temperature is taken at 1000AK. R
p  Cs  it's and so can 

account for the signal observed. The difference between the 

signals with and without a bias voltage was taken proportional 

to ne W
2. 

The profile of this probe signal is shown in fig. 

3.26. The profile could only be measured beneath the ring cusp 



I 2 

11 pc 

Ip 

• I C y. 
I  

INNER 
WALL 

80 

IG. 3.26 RADIAL  
SCAN WITH A DOUBLE  

LAYGT,UIR PROBE  

• v
c=1.5kV , 3 mtorr 

under the ring cusp 

OUTER 
WALL 

and shows the characteristic flat top at peak magnetic field, 

rounding off when the field goes through zero. 

3.13 	The width of the ring cusp hole  

An ion probe similar to the type developed by Ashby 

(1967) was used to measure the flux of the plasma to the wall 

in the region of the ring cusp. The probe essentially consisted 

of an outer plate with a .16mm radius hole init, with a 

negatively biased collector inside. As, long as the ion directed 

velocit4 	is'•larger - than the thermal velocity. 

Ip 	= AniviCt 
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where n. = ion density 
1 

V = ion radial 'velocity 

q = ionic charge 

A = area of collecting hole normal to V. 

The probe was situated 10 mm from the wall and scanned in the 

toroidal direction, the excursions being limited to -1- 10mm. 

The outer of the probe was inductively isolated from earth by a 

ferrite core,but there was still a large signal without a bias 

voltage,and so ID  was measured from the difference between the 

signal with and without Vb. The difference was only measurable 

lOps after the cusp bank fired, as the signal without a bias 

VoltagewaslargestwhenV_was large. 	The 9( scan of Ip  is 

shown in fig. 3.27. The full half widths of the 'holes' are 

FIG. 3.27  
TOROIDAL SCAN 

OF THE RADIAL 

FLUX THROUGH 

THE RING CUSP 

Vc = 1.5kV , 

3.5 mtorr, argon 
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8mm and 13 mm when B = B max  and B = B max/2 respectively. 

When B = B
max, 

B
r, the radial magnetic field at this point 

is .33T. Hence the flux escapes through a ring of width 3 times 

the ion Larmor radius (taking leV as the temperature). A 

value of V. is also evaluated. This is assuming a value for ne 

of 4 1020m-3. 	The value is shown on fig. 3.27. 

3.14. 	The current which causes the compression  

The magnetic field in the cusp was measured with 

the magnetic probes described in chapter 10. Initial measurement 

showed that the:vacuum field was unaffected by the presence of 

the plasma, i.e. <1070 pertubation. 

An order of magnitude improvement was 

achieved by balancing the signal from inside the plasma, which 

did measure the field produced by the plasma. b, against a 

magnetic probe of identical electriCal characteristics picking 

up only the field produced by the cusp coil, B, outside and far 

away from the plasma. At the time the present more sophisticated 

electrical screening was not available for the oscilloscopes and 

so 2 large turns area coils had to be used. Hence the poor 

rise time of the probes of 40Ons. Fig. 3.28 is the circuit 

used. The fine balance was obtained by varying the gain of the 

B input of the CA preamplifier. The best common mode rejection 

obtained was only 10:1. This was because the internal coil picks 

up the field from many cusp coils whereas the external coil only 
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MEASURING THE PLASMA FIELD  

A PLASMA COIL S  B COIL OUTSIDE PLASMA 
19 KA 

picks up the field from one cusp coil. Each cusp coil will 

have a slighay different period. The b+ field produced by 

the plasma is then seen as the difference between the balance 

in the absence and presence of plasma. Three such traces are 

shown in fig. 3.29. These measurements were taken with the 

probe midway between the planes of the ring cusp and the coil. 

Three pertinent features of these traces are:- 

. (1) a sharp rise and fall. The peak value of the 

plasma field bx 
and the time taken for the field to return to 

zero, T1 
are shown in fig. 3.30 fora variety of plasma conditions 

The vise time is a combination of the rise time of the coil 

and the time taken for .the field to diffuse into the conducting 

plasma. Asteady value is reached when 

je =esEe 
Then there is a fall in the field because the plasma starts to 

move in and 
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FIG. 3.29  

FIELD PRODU= BY THE PLASMA  

21us/cm, 167 gauss/cm 

(a) balance, 2 shots with no plasma 

(b) 25 mtorr. argon, Vo  1.5 kV, 

(c).3.5 mtorr. argon, Vc1.5 kV, 

The vacuum field in the plasma is 

positive. 

. FIG. 3.30  VALUES OF b;26, FOR VARIOUS PLASMAS  

at r = 0, 1.2 cm from the coil  

Vc(kV) 1.5 1.5 1.5 1.5 3 1.5 1.5' 

p mtorr 2(A) 3.5(A) 10(A) 25(A) 25(A) 100(A) 20(H2) 

bx(gauss) 

Ti (ps) 
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Ee -v B =0 r z 

there is another slower rise of bor. 

Now curl b = 

je  = 1 (dbr  - db0) 

po Ra dr 

-assuming cylindrical geometry and z = RO: If the magnetic 

vector potential is Ae  and 

Ae  (r z) = A e(r) cos kz 

then A-(r) can be evaluated from b0(r) as 

bid  = 	§r(r Ae) i 

Ale:can also be evaluated from this value of 
R4 1 

Ae(r,z). Jo = Aletor 	) is evaluated in fig. 3.31. dr  
As can be seen je  is linearly proportional to r. For r> 3cm. the 

current starts to fall, as here the velocity is largest. No shell 

in the current forms. This is in contrast to the number density as 

shown by the continuum scans. Hence the_ shell of number density 

is due to a large mass flow from near the wall. 

3.15 	Photography 

Image converter photographs were taken of the cusp 

compression with a filling pressure of 25 mtorr. These are shown 

(2). After the fall there are weak oscillations, 

similar to those in a theta pinch,being of a frequency 

B2  where/Pis the mass density of the plasma. 

(3) When the cusp field next passes through 0 

and so 
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FIG. 3.31  

THE SPATIAL VARIATION  

OF THE FILD PRODUCED  

BY THE PLASMA  

Ir = 0 
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in fig. 3.32. Photography at 3.5 mtorr was .impossible 

because of the low light level. The photographs show' 

graphically the features found by the more quantitative 

methods described earlier. 

3.16 	Summary of results  

• (1) The plasma lights up quickly beneath the coil. 

A shell of number density forms. However, in hydrogen at least 

there is no appreciable heating. 

(2) The current which drives this compression drops 

after 3/us. The number density under the coil also drops. The 

radial p/4ofile beccwes centralised to about 1.5 cm. 

(3) Simultaneously the number density under the 

ring cusp starts to rise as plasma flows into this region. 

The temperature of the plasma in this region rises to LeV, and 

the number density trebles. The number density profile is flat 

topped. 

(4) The number density under the coil drops to a 

minimum value .of 114: of the rin2 cusp number density. The plasma 

density under the coil then starts to rise again as the plasma 

flows back,driven by pressure gradients. 

(5) The plasma flows out of the ring cusp region 

through a 8mm wide slit, with a velocity of 2 10
3
m/s. This 

flux can account for loss of 1/10 of the total number of 

particles. 
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(6) At low pressure the number density in the 

ring cusp region starts to fall after 7ps. This is through 

the joint effect of loss of plasma through the ring cusp, and 

plasma flowing back into the region under the cusp coils. 

The quantitative results of this chapter are 

summarised in fig. 3.33. At 3.5 mtorr there seems to be 

'very full ionisation ).7CP/0. The data is used to evaluate 

a line density under the ring cusp. 

FIG. 3.33 SOn RESULTS OF CHAPTER 3 

Vc  1.5 kV, 12ps after cusp 

p 	mtorr  3.5  25 

Ee r.c. 10 20 
(Stark) 

1.7 ±.2  7 ± 1 

Re coil 	10-20  
(Stark)  

.4 5.5 ± 1 

'HCN (extrapolated) 
Fe r.c. 	10-20 

 

1.7 	+.2 . ••• 

'Fe 	"c"continum) 
t:e coil 

 
- 	2. t .5.  Li 

- 20 ne peak 	10 	. 

scattering 

4 + .5 11 + 1 

W (peak) eV. 

- W (av) 	eV. . 

Ta(eV) 

1.8 +.2 1.8 + .1 

1.0 

.9. 
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CHAPTER FOUR  

THE CUSP COMPR79SION EXPERIMENT: THEORY 

4.1 	The neglect of the skin current and the  

resulting simplification  

In the work of this chapter the effect of the skin 

current is neglected. It will be shown that this is consistent 

with the experimental observations. 

In section 3.5 this neglect was shown to be valid 

for times longer than 500ns for the case when the skin 

currents are too small to cause appreciable heating. The 

case of the cusp coils was experimentally investigated in 

section 3.14 where it was shown that the cusp field diffuses 

into the plasma within 1ps of initiation. 

This diffusion time is consistent with the measured 

temperature. 

= 	1irs2 — 400 W3/2  ns. 

However the skin depth must remain large compared with the 

radius, that is the temperature must not rise. The temperature 

:is kept low by the ionisation level in the bulk of the 

plasma and conduction near to the edge. The temperature can 

only rise above 1 to 2 eV if full ionisation of the neutrals 

occurs. 

Therefore 
ft; 

.2 
D e  

0 

dt < nn I 



9.1 

where n
n 

is the neutral number density and I the 

ionisation.energyl to prevent a temperature rise and thus 

a skin. 	This is hardest to satisfy near the wall as 

E is largest. 	At the wall this condition gives 

/nn  < 1020m-3, using W = leV. This is approximately true 

for the experimental conditions. 

To neglect the field produced by the plasma it is 

also necessary that the magnetic Reynolds' number, Rm, be 

small 

R = P 	L V = crr2r tio  = 8 10-  id 3/2 
m o 4 lzk 

assuming V = Ee- , where ais the angular frequency 

' Dot 

'of the cusp field. Rm 
is largest near to the wall and 

so W can be taken as leV. Therefore Rm 
is less than 1 

for cart 31-eater than .1. In practice Rm  is always<l as 

it tea6c 2 ips to accelerate the plasma. 

The simplification of the equations obtained by 

neglecting fields produced by the plasma has an important 

numerical. implication. Alfven and whistler_ waves are 

• eliminated and thus the, stringent timestep criterion 

imposed by waves for an explicit numerical solution 

(Watkins et 31,1571) is eliminated. 

)4.2 	Analogy with a 1ov, vcitrgr '.:Leta cinch 

The plasma acceleration is seen to occur in the first 
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FIG. 4.1. 	THE RADIUS OF THE PINCH, 

AND THE CURRENT  
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In this time the cusp nature of the field is un-

important as flow velocities are of the order 103m/s. The 

behaviour is like a low voltage theta pinch. An analytic 

solution for this special case where the skin depth is 

/large is developed. Full ionisation is assumed, and constant 

temperature. 

Let B
z
(t) = B ur t • o b 

Then Ee 	
= -r

b  Bo 	e. i.rbt 4.< 1. ••  

The equation of motion of a region of plasma is dvr 
dt 

= je Bz  

   

where 	0 	r(E
e
-v
r 
B
z) 

as 	t2 = 	0 which implies Jr'  jz 
 = 0. 

-  

Therefore d.v = —r 	- irB o 
	T.- 
to-bE ( ttArk,Bo  + vr  Bo  tt.r dt 	 b 

= - B
o
2  

1.-ri,2 5-t(r  + Ve.6) 
to 	2 

allows a suitable dimensionless time variable. 

x = LT1t = B2 r t 

P 
to be introduced. *Cis the Hall parameter. 

The equation of motion becomes 

Defining ,y 	= B28" = 47 27 . L3  o 	ci 	el 	= oe (AY- oe 	ci. P  
in terms of the cyclotron frequencies and the collision time, 

dr
2  
n 	OIX dr + 

dx 
x r = 0 
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iIn terms of a new dependent variable y = x 	2/3  the 

ur1 
equation becomes 

d
2
r 	+ y2 dr + vr =0. 

(2172r 	dy 	2 
To find a series solution a FrobOhius mothod can be used. 

co 
If r = 	ar, 

ystA 
, then the usual method of n=0 

equating powers of y gives ao s(s-1) = 0 

a1  s(s+l) = 0 

a
2
(s+2)(s+1) = 0 

and so s = 0, a2  = 0, al 	0 4- ao, giving the two necessary 

independent solutions. The recurrence relations are 

83n+3 =-(3n + i) 	a, • 	
1. 

a„ =-(3n+1.5) a3n1 (311+3)011i 2) 	-111'   
(3n+4)(3n+3) 

When y = 0, dr = 0 and so a 1  = O. 
dy 

The first few terms of the series are 

ro (1 - 1 Y3  + 7 	y6  - 0 (10-3) Y 

	

12 	720 

The series was. evaluated numerically and is shown 

in fig. 4.1. 

je  = 6(E - v B ) a (r +2dr y) 	is also 

	

e r z 	dy, 

plotted in fig. 4.1. 

From this plot je  = 0 when y = 1.4. The negative 

jin arises because v >Ee  /Bz  and the plasma has to be 

decelerated. 
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y = a' 2/3 B
o
2/3 

b 
t 

and so the current reverses when 

t = 1.4 1/3  
11-1/3 n2/314r 2/3 

b 
This is to be compared with the normal snow plough 

model where there is a 	dependence and 82. WELdepends 

only on the inductance of the circuit and the charging 

voltage. 

For the plasma geometry used 

then 

B = .4T 

t = 1.55 

(at r = 3cm), 

(n 	])3  

arb  = 1.25 

(1.22.12/3 

105Hz 

ps. (4.1.) 
W 3  V c —20 /0 

The agreement with the experimentally measured times of 

chapter 3 is shown in fig. 4.2. - The value-of n used is 

the filling pressure and then there is good agreement 

with experiment. 

4.3 	The symmetry of the experiment  

It is obviously important to make full use of all 

available.  symmetries. There are advantages of simulating 

two adjacent symmetric regions. e.g. to check accuracy and 

to allow long wavelength instabilities to develop, but 

certainly in this experiment these are unimportant consider-

ations. 

The cusp compression experiment is assumed to be 

linear and so there is azimuthal symmetry. It is obviously 



symmetric to axial displacements of 4B0, two coil 

separations. It is also symmetric to mirror displacements 

about both the ring cusp plane and the coil plane. 

In the former case, mirror displacements about the 

ring cusp, the polarity of each component of the vector 

variables of the plasma is changed according to 
A 	A 	A 	A 	A 
0 	 - 

This is intuitiiely obvious, but can be justified rigorously 

by considering each term of each equation. This way every 

equation can be shown to be invariant. For example the 
A 
e component of Ohm's law:- 

itfr 	-t v, 	V' -lcKr  I (le - ji. ine 
1/ 	 if 	41 • - 	_ 	— 4 	t  

and the axial eauation of motion:- 

, .14 2 4 -* V 2 vt 	 - ae 	Ot 	
r 

For reflexions.  about the plane of coil, the polarities 

change according to 

	

--11b 	
A 
0 

	

— 	

A 	A 
r 	r 

For example the radial equation of motion: 

	

-avir -t Vt. a Ve -r 1/. :4. Vr. 	= J8 Ez - y 
'66 	Br 	 r 
4 	'.4 -  • 1 	4  ' 	i 	1 4 1 	4 
÷ 	-- 

Note here, that for mirror reflexion about the plane of the 

coilBz-*B z . Bz,Br,Ee  are externally imposed quantities. 

Strangely be- N -be  for reflexions about the plane of 

the coil, but ve-3 ve as above. This strange behaviour 

only affects the displacement term in Ampere's law. 
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FinallY consider the azimuthal component of 

Ohm's law:- 

fr 	Ea  -I 4 	- vr 	-r jtvrine 	Inf. 

4 	
17i 	 ti 

/Hence it has been shown that the system is symmetric as 

these transformations do not change the equations. 

Similarly in the polytron m.h.d. code developed by 

Watkins (1971) the author pointed out that there is a 

symmetry to axial displacements of 2-i, the polarities 

changing according to 
A A A A 4 A 
r ----3 r 	0 --- — -0 	3- -----3 -3 _ • 

4.4 	The plasma equations  

The continuity equation is 

a = 	— (1v ) + m ION (4.2) 

where/ is the plasma density 

 

m is the mass of the ions 

and ION the number of neutrals ionised per unit volume per 

second. 

The three momentum equations are 

(to ) 	- v(tyv) 17i) 
_t ern 1-.0N 	(4.3) 

The superscript n refers to the neutrals. B is the vacuum 

magnetic field . p is the scalar plasma pressure 
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nek Te . 
rx is the momentum transfer cross section 

between the ions and the neutrals. This is taken as 60 
-20 2 10 	m. (Hasted, 1962). V'rel is the 	total 

ion-netural relative velocity. 

vrel -- = (8k (Ti 	Tn) 
Tr F 	rTri  

(v vn))2- 

and is simplified to vrel  = v - vn  

The coupling time for the ion neutral velocity is 

5ts for ion and neutral number densities of 1020m
-3
. An 

order of magnitude either way and the neturals would be either 

completely coupled or deccupled,but unfortunately a detailed 

treatment is necessary. 

The electron temperature is found by an energy 

equation. au = 2/5 — 	- p Qv_ 
It 

ref  

where U is the electron internal energy/volume = nek Te 2 
and 'req is the electron ion equipartition time (Spitzer, 

1956, p.80) 

An equation for the internal energy, rather than a total 

energy equation reduces the error in determining the 

internal energy as the kinetic energy can be many times the 

internal energy. In practice the heating and ionisation 

terms in equation 4.4. dominate. Electron thermal conduction 

is ignored. 

- ION I - 2 nek(Te-Ti) 
2 

(4.4) 
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The ion temperature is assumed to.remain at a 

low temperature because of the, close coupling to the neutrals 

and ion and atomic conduction. 

The neutral equations  

The continuity equation is 

= 	(en 	- m ION 	(4.5) 

The three momentum equations are 

(pa vn) 	- 	(e v v . 
=

n n n) + tot  (v - y_n) vrel orx 

- vn m ION 
( The azimuthal velocities of the plasma are small and 

so the azimuthal velocity of the neutrals is neglected as it 

affects the dynamics in the r - z plane only bythe'centri-

fugal force. Both plasma and neutral momentum equations are 

for ionising plasmas. For recombining plasmas the last terms 

should be + v m ION. 

4.6 	The ionisation rates  

Without convection the rate equation for ionisation is 

an 	= ne n S(w) 	- ,<(w) ne3  
dt' 

where S and ex are the collisional radiative ionisation and 

recombination coefficients, and nn 
the number density of 

neutrals. 

44 2  1039  :716  S-1  (D'Angelo (1965)) 
W 4.5 

4.5 
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and so for W > leV , which is the experimental regime, 

the recombination times are milliseconds . 

The ionisation rate is taken from Griem as 

S(W ) = 4.2 10-121/ exp .( - EI/W) 1114.
3   s71  

IT 
Here the coefficient for hydrogen07.1d14,has been multiplied 

by 6 because of the optically active electrons, and 10 to' 

account for ionisation from the upper state of the resonance 

line (estimated for ne  = 1021 m 3  from Griem eq. 6.36). E1  

is the energy of the level above which l.t.e. holds. As 

shown from the Boltzmann plot in chapter 3 the levels 6 eV 

below the continuum are just in 1.t.e. for argon II. So for 

AI this could be expected to scale to 1.5 eV, which is 

also the value of .E /n2 given by Griem for a hydrogen atom. 

Hence Er  = 13.6-1.5 •= 12eV. Hence S(W) = 1.2 10-12  W2  exp 

(-12A0 m+3  s-1 	The ionisation and recombination times 

are given in fig. 4.3. 

PIG. 4.3 	IONISATION ANT) RECOMBINATION TIMES  

• W 
.,-- 

ri(es) /..(ts) 

- 	,  leV, nn  102D 	3 m 	, nelu21 	3 m 

leV, % 1020m-3, ne1020m 3 

, 
2 6 

2eV, nn  10 0 m-3  , ne1020m- 3 

3eV, nn  1020m-3, ne1020m 3 

- 	140 

1400 

3 

.25 

350 

3500 

10 
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These times show why low density plasmas with no source 

of energy have temperatures of leV -+2eV. Ionisation 

at high temperatures will cause a rapid drop in the 

temperature. But when 2eV > W> leV , ionisations stops 

and recombination cannot occur. The only way of losing 

energy quickly in this region is by conduction. 

In the cusp compression experiment temperaures will 

stay below 4 eV unless full ionisation occurs, but will 

stay above leV , because of the poor thermal conduction 

discussed in chapter 3. 

4.7 	The equation for jo  

This is simply Ohm's law. 

j =E
e 
 +v

z  B —vr B 
e 	r 	z 	— (j B — j B) (4.7) n e 	z r 	r z  

where E 
e 
 , Br  and Bz are the vacuum values. As a check on 

the field produced by the plasma being small compared with 

the vacuum field the field produced by je  is evaluated. 

A s.o.r. method is used to solve 
2 

V  = Po e 

Null 	and 	. periodic boundary conditions hold at 

the z boundaries. Ae is zero on the axis and far from the 

plasma. This is simulated by a boundary condition at twice 

the radius of the vacuum vessel. The magnetic field is 
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then simply evaluated as 

br = - aAe 	bZ  = A6 	1A, 
r

-)r 

4.8 	The equation for be 

be  is caused by jr  and jz  (or vice versa). 

There are no direct applied forces causing j1, and jz  but only 
A 	A 

z the j
e  Bz 

 and je Br Hall terms in the r and components 

of Ohm's law. Additionally div. j. = 0 and so to determine 

and 4 it is simplest to solve for be. As before,b is the 

field, produced by the plasma and B the externally imposed 

field. (bi<<IBland so Faraday's law and Ohm's law can be 

simplified to 

- 

 i,  

e 
= NI v it% 	2141J. + 	V1Pe) 	(4.8) 

at 

	

	ne 	nee  

AT  Br 7 Dr  
Solving 	eq. 4.8 as a parabolic equation explicitly 

would be time consuming as the time step would have to be 

shorter than the rapid characteristic diffusion time. More- 

over the inductive term can be neglected as 

b., = it/. E jr  

where e is a characteric length .‘r. 

The 1.h.s. of eq. 4.8 can be neglected then if 

abe at Cr 

it 
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i.e. p.e 2  4  I- 2& Pa 
which is just the criterion for the skin depth being 

greater than e. 

Eq. 4.8 is then solved as an elliptic equation, by setting 

'ab = 0 
at 

Now examine the r.h.s. term by term:- 

(1) AT  

(2) BT  = 

= vix 
I ( 1 -36" 
fito 

at1:16 t as ?r  (r he)) 	be  
2r r 

_ ttle Er  — 	cvost) 

which is computationally simpler than differentiating 

the products. 

(3) Cr  = 174 	
W 	(ixg) 

ne O 	4 Jr 

 

) 	= 1(bj0) + (Eie) 
r 

 

je 	= 6(Eg V.trr -VrEt -,j4K /fie -r irg 3 Int 

	

F - 	 F- 	Vr be) H r

CT 	
(b(F- 

cL "t(rbi)) -146,3b 	(E - 	6a) - ,33_10)) 
a%   

Here there are 6 terms independent of be and 12 with up to 

second derivatives of be 

(4) br  -7(1- 7pe 	1- 	ANI -L aw 

	

rie 	0 	w 	ar 	w 'ar 
where w is the electron density relative to the initial 

density at r = 0, and W is the electron temperature in eV. 

The terms in eq. 4.8 are gathered into terms 
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dependent and independent of be  . The differentials are 

differenced in a space centered way, using two points for 

single differentials and three for second differentials. 

Compass notation is used, all coefficients of be  at each 

9 compass points being collected. The symbolic form of the 

equation is 

Sourc-be -r be STS 4- g 511, -t- biea  5-7-3 -r be° c-ni- s-a(bfel.15:5- 6: 
ST4 

where Sourc and ST3--ST8 are independent of be  

Solving for the centre point, and applying a relaxation factor 

Crrsthe equation becomes 

6 1f) 	rs 	 nip 
c 	O9 	idrr  (CT4(Sourc. b 	-bf".44)) - 	4 1' - 

(4.9) 

the superscript p being an iteration counter. 

The vacuum region must be treated differently as 

V-  = 0 would allow singularities in be. The iterative scan 

of eq. 4.9, is thus only done up to the plasma boundary and 

b
el 
set to zero outside of the plasma. 

The symmetry of the problem ensures that jz = 0 

across the plane of the coil and the ring cusp. So in the 

planes of the ring cusp and the coil be =A and as be 
= 0 

at r = a, then be  = 0 for all r. The last boundary condition 

on be 
is that be = 0 on the axis, from 

12 4 d'l 	P° t 
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To check the coding and solving of this complex 

equation a value for 

E)e = .aEr  - 	az 

was calculated. The values of be found from solving 

equation 4.9 were differenced to form jr and jz. Sub-

stitution into the r and 0 components of Ohm's law, 

together with the A Ohm's law, gave values of Er  and 

E
z
. The derivatives of curl E)e  were evaluated by — 

differencing these values. The two terms in curl E). e 

cancelled to within 5% of the individual values, verifying 

the correctness of the solution. 
• 

4.9 	The physical reason for be 

Contours of be are shown in fig. 4.3. These results 

were taken at t = 21us, and so there is some motion of the 

plasma. The arrows indicate the approximate direction of flow 

of current. be contours are nearly the flow ,lines as 

Jr = 	•al-De 	
jz  = 1 (be  + 'he) 

. p )Z 	
tie r 	)r 

At this time there is a simple explanation for the 

	

A 	• 
cause of b

e
. The r and z components of Ohm's law are 

Jr = Er - jeBz 	(4.10) 
tr 

ne 

j
z 	

= E 
z 
 '+ j B e r 

ne 
(4.11) 

Ez 
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at a time when the pressure gradient and ve  are both 

small. je is negative and proportional to jeo  r cos kz. 

jr  and jz  must additionally satisfy 

= 0 

Er and Ez are set up so that this condition is fulfilBd. 

Suppose the two terms on the r. h. side of equations 4.10 and 

4.11 are considered to cause separately a Hall current and 

an electrostatic current. The directions and magnitudes . 

of these currents are shown schematically in fig. 4.4. The 

radial Hall current is largest near the coil, but is always 

outwards. This divergent current flow causes the outer region 

of the plasma to become positively charged; the resulting 

electrostatic current is inwards and approximately independent 

of z. The sum of these two currents is non divergent and 

is outwards under the coil, region 1, and inwards under the 

ring cusp, region 2. 

That is 

i f  (4) fir 	- 	- 

P. j.,  0 

3., /tie 	7.1 oC — T  &Jae 

 

jr( 4) F(Vw cooln) 	 cook') 

taking an average value. At early timestArns small and so 



108 .  

jz  are small c.f. je  

The applied Ee  is up to 1 kV/m and so the radial field 

caused by the Hall currents is much larger than kT/r , the 

electric field caused by the pressure gradient. When ar'v 

approaches 1 the analysis is modified slightly, as 

j = sEe 
Now Ohm's law is considered only on the.line e along 

j
z 

= 0, and the neutrality condition becomes 

fjr  r.n dE = 0 
‘ 2, 

then 	dr  (1 +koT) ) = Er — o'c'E 

When 	ter= urt)o cos kz » 1 then 

i = Z7E 	5.40  
<Ckeslk/ Wto  

The flow will still be in the same direction; the current will 

be reduced to bl Ee/20115  but the electrostatic fields will 

still be urtEe° 
The characteristic size of the loop will 

decrease as flow will be restricted to regions of low at. 

It is unfortunate that in an exact solution for jr  

and jz  the clarity of approach demonstrated above has to be 

lost . This is because one must use the fact that 14,7u= 0 

and hence VIA is not evaluated.(uis the e.s. potential) 

which 
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4.10 	The numerical solution of the equations  

Schemes suitable for the solution of the m.h.d. 

equations are - considered in Methods of Comp. Physics. Vol.9. 

(Roberts and Potter, 1969). Originally a leapfrog method of 

solution was used. However the weak coupling between the two 

stts of meshes caused a numerical instability. 

To couple the meshes together the two step Lax 

Wendroff method was used (Lax and Wendroff, 1960). The 

equations to be solved are of the form 

lu 	= 	F + V. G + aP 	(4.13) 
3r 

The values of u on the subsidiary mesh at time level n + 1 are 

found from 

A4 ( Lc?. + s. u + 	u„,,V1,- t Sk re 

4-0170g( ;lex 	r 	— 	 nne,r ti-t* 117- ))/ 
- q 	— c642, 	; -f 	 lest °LE  /22  

dk //a ( 	13::e  -- Ps: — 	) 	 i14-) 

where the compass point relation to the r - z coordinate is 

shown in fig. 4.5. The radius of a mesh point is r = Ja where 

a is the length of the side 

X  nw 	ne 	of a cell, J the radial 

coordinate, and dt is the time- . c 

x 	)4  se 	step. The conservative form of 

the second term on the r.h.s. 

of equation 4.13 has been 

adjacent time levels 	used in the allogrithm. The 

FIG. 4.5  

nti 
uc  
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flux of G through the surfaces of the cell are evaluated, 

taking the curvature into account. The first subscript on 

G is the compass notation: the second denotes the component 

(r or z) under consideration. For calculating the values of u 

or the main mesh, at time level n + 2 the also:rithm is as 

eq. 4.14 except that 

n 	n+l 

n+2 
(2) 	= uc + 

that is,the new value is calculated from the old values on 

the main mesh. 

The equation for be  (and so jr  and jz), is only 

solved on the main mesh, the values on the subsidiary mesh 

being interpolated but at the wrong time level. 

As the Lax Wendroff scheme is explicit the timestep 

must be smaller than all of the characteristic times of the 

physical processes represented by the equation, otherwise a 

numerical instability results. In practise the shortest time 

is the radial acceleration time of equation 4.3. 

1:a n m 1 (4.15) 

  

When Bz 
has attained it's maximum value this can become as 

short as lOns. During the calculation it is ensured that 

.2 < max(dt/1) 4 .5 	(4.16) 

by varying dt. Here max(x) is the largest value on the mesh. 
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To avoid too small a value ofTg
pnce the electron 

density at a mesh point falls below .2 of the initial value, 

that mesh point is treated as a vacuum in which no current 

flows, and any residual neutrals are not ionised. 

The plasma at the wall of the tube is kept at a 

low temperature. Whether more plasma reaches the wall or plasma 

comes off the wall depends on the radial velocity at the row next 

to the wall. 

4.11 	Results of the simulation  

The results of some runs with a constant temperature 

of lev , no ionisation and ,no be  are shown in figs. 4.5, 4.6,  

and 4.7. This approximation is reasonalple..The temperature is 

fixed by ionisation; jr<<je  if Vt.eell  and when 	G.r- t (d% I. 

little current flows as then vr  = Ee  /8 . z 
Fig. 4.5 shows the field produced on axis under the 

coil. The comparison with the experiment (fig. 3.30) is within 

a factor of 2. (3mtorr n 10
20
m
-3, 25 mtorr m 5 1020m-3, fig. 

3.18). The peak experimentally measured field should be doubled 

to take account of the position of the magnetic probe. From 

this comparison an average temperature of leV is deduced, again 

in agreement with the Boltzmann plots (fig. 3.10) and the 

conductivity measurements. The larger field at higher filling 

pressure in fig. 3.30 is in agreement with the higher temperature 

at higher pressure in fig. 3.9. 
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The simulation starts with a uniform density and 

zero velocity and the magnetic field is equivalent to Vo  

1.5kV: Fig. 4.6 shows the plasma parameters at 3.6ps, 

for n = 2 1020  m-3. The nett plasma current is small 

because E 
	v x B_ = 0 	

J 

and as can be seen the plasma is moving perpendicular to the 

field lines. At a radius of 2cm at this time the value of 

t, -`C = ZrB 	tA 5 z 
ne 

and so for times later than this the effect of b should be 

considerdd. However, experimentally je  is small and thus so 

is jr-  and jz. The dynamics of the plasma will be determined 

mainly by the pressure gradients set up rather than the 

currents at this time. 

After 81us the compression into the ring cusp 



113 

region and subsequent pressure gradient, causes the axial 

velocity to reverse.(For n = 10
20 

and 5 10
20 

this reversal 

occurs lius earlier and later respectively). This is 

observed experimentally, occuring at about 7 + 2,s for 3.5 

mtorr 	(fig. 3.22). The peak density at this time is 2.3 x 

the initial density)compared with 2xfor the experiment 

(fig. 3.21, 10mtorr argon). Fig. 4.7 shows that loss of 

plasma is only occuring at the mesh pointat the ring cusp. 

This is in slight disagreement with the experimental 

measurement where the full half width of 8mm seems wider than 

in the simulation. However poor agreement is to be expected 

because of the coarse mesh. 

Results of the full simulation, including ionisation, 

heating and be 
will now be discussed. A full set of runs 

has not been performed because of difficulty in solving the 

b equation. Results of a run with n = 5 1020m 3 nn=10 

1020m 3 and v= v
r 

0 initially, are shown in fig. 4.8. The _  

temperature rapidly rises to 1.6 eV where je  is large,.this 

temperature being fixed by the ionisation rate. Hence initially 

the line of sight density is larger under the coil than 

under the ring cusp: This is seen experimentally fig. 3.24 

Consequently the field on axis is ' 400 gauss c.f. 200 gauss 

in fig. 4.5. However the effect of conduction is not included. 

Fig. 4.8. shows the plasma parameters at 3.5p when the 

plasma field has nearly dropped to zero. The temperature has 

reached 2eV at the edge of the plasma as all of the 
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neutrals have either been ionised or moved.. Later this causes 

trouble because of the very high local values of WC when the 

temperature rises because of the absence of ionisation. Clearly 

conduction should be included but this is notsimple because of 

the anisotropy and vacuum regions. The radial skin in the number 

density which is seen experimentally in fig. 3.24 is evident 

in fig. 4.8. It forms because of the ionisation and compression 

at large radii, As expected ve 	
v
r'
v
z
. The simulation only 

continued to 5.3rs before the be 
errors 	caused je  to become 

too large. The temperature on axis, under the ring cusp only 

reached 1.2 eV c.f. the experimental value of 3.5eV (fig. 

3.21). The experimental value implies that there is a high 

degree of ionisation and the low temperature in the simulation 

probably arises because of the high initial neutral density 

and thus incomplete ionisation. 

4.12 	Summary  

A simulation can account.for most of the features 

of the cusp compression experiment of chapter 3 and indicates 

that the plasma behaviour is simply compression and then 

relaxation. The simulation is not successful in predicting the 

plasma currents when td.Y`CN1 but fortunately in this experiment 

the plasma currents can be ignored when art 1. 
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CHAPTER FIVE  

SINGLE PARTICLE MOTION IN THE TOROIDAL POLYTRON FIELDS 

In this chapter the motion of particles,mainly 

ions, is calculated in the full three dimensional magnetic 

and electric fields of the polytron. The values of the fields 

used are the same as the experiment. 

Some preliminary work was done by Dunnett (1969) on 

this problem. He considered a straight polytron with a 

limited choice of initial conditions. He chcie only 3 

points in configuration space and varied the initial positions 

in velocity space. A wiser policy, adopted in this work4is 

the converse. That isvinitially all velocities are set to 

zero, and a wide variety of initial positions in configuration 

space examined. 

There is some overlap between this chapter and 

chapter 6. The problems considered are similar but the 

emphasis is on different aspects of single particle motion. 

Here the accent is .on the'toroida1 containment problem, 

whereas in chapter 6 the simpler linear geometry allows a 

more complete study of initial loss, plasma currents and 

coupling to the driving electric field. 

Consideration was given to doing the single 

particle studies experimentally by radioactive particle 

Tormation. This has been done for a stellarator by 

Gibson(1969)• But it was thought that a computation 
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could do this equally well,for a limited .simulated time. 

Furthermore it seems that the model successfully 

predicts some aspects of the experiment even though 

experimentally the Debye length is much less than the plasma 

/dimensions. This is because the cusp magnetic field 

prevents the electrons from moving toroidally under the 

action of the applied electric field. Then the plasma 

motion can be apnroxiniated by the ion motion only. No 

consistent pertubation of the vacuum magnetic field is 

considered. 

With regard to centrigugal containment of the 

ions it is shown computationally and analytically that 

the polytron field configuration can be sufficient to 

prevent loss, as long as the collisional frictional force 

limits the toroidal velocity to less than an upper critical 

value, and larger than a lower critical value. 

5.1. 	The field representation  

A fast solver for the field of a toroidal cusp 

configuration is described in chapter 2. Fast though this 

is, it is too slow to use every integration of the particle 

trajectory. For one particle it might have to be called 
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10,000 times and on every call the field of all 36 coils 

must be evaluated and then resolved into the local coordinates. 

An attempt was made to use an analytic representation 

of the field. Various reasonable analytic functions which 

could include all of the essential features 	described in 

/chapter 2, with up to 14 fitting parameters,bi, were tried. 

The values of b.
3 
 were optimised by means of a least squares 

fit to the actual field. The least square fit was done using 

a programme due to Marquardt. 

The mean s-Juare error for the best case was 55 which 

was thought to be unsatisfactory. 

A smaller error was realised by storing the actual 

field values on a 3 dimensional mesh. Then for any field point 

interpolation between the nearest mesh points gives the 

field. 

The coordinate system is cylindrical (RIfi,z) about 

the toroidal major axis but with R measured Trom the minor 

axis. 0' = 0 under a cusp coil. The symmetry of the field 
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implies that any region can be reduced to:- 

: 0 to 5° 

z : 0 to rmax 

	

R: 	- rmax 
to r 

max, 

where rmax 
is the radius of the plasma vessel. The field is 

only stored for this domain.If for example r is in the region, 
o_ 
) to 100 z:-rmax to 0 then the field is 

BR(E) = + BR(R,10°-1, -z) 

= - B11(R,10-95, -z) 

Bz(r) = -Bz(R,10-Rf, -z) 

and the fields at the coordinates R,10°-X, -z are stored. 

The numbers of mesh points are 17 x 9 x 9 in the R,ci,z 

directions respectively. The r.m.s. error with this field 

representation was 1%. The magnitude of the field is scaled 

by a factor Vc, the charging voltage of the consenser bank. 

V.c = 1.5 kV gives By  = 
.168T at R = 0,1d = 0,z = 0. 

The applied toroidal electric field is constant in 

time, gf and z. The R variation is 

E/ 

	

0 	
Eo  

(1 + 44/1340) 

Ro being the major radius. Thus Egf is pseudo conservative. 

The flux through the induction rod region is designed to be 

small and so this is the correct variation of E0(R). The 
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assumption d = 0 is experimentally valid for t < 2 es. 
dt 

The effect of electrostatic fields is included in chapter 7, 

but because of periodicity they can be considered to average 

out, to a first approximation. Provision was made for an r 

electrostatic field to simulate pressure gradients but this was 

generally set to 0. 

5.2 	The equations and their solution 

This choice of coordinate system avoids difficulties 

due to singularities at the minor axis. Using Ra 
= R

o 
+ R 

the equations of motion become 

= Ze (ER  + vez  vz130) + vref  (5.1) 
m 	Ra 

 

• • 
flf = Ze (E0.+ v z  BR - vRBz) 	2faik 	(5.2) 

Ra 

= Ze (Ez  • v RB 
VeR) 	 (5.3)  

R = vR 	 (5.4) 

= 	 (5.5) 

Ra 
z = v 	 (5.6) 

ER  and Ez 
are electrostatic fieldswhich are generally set 

to zero. 	The equations are made dimensionless by the 

variables:- 

k =Tricusp separation; Ix= ZeV 
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E
R 
= E

2
k R 
	

E
z 

= E
2 
kz ; 

and so the fields can be represented by the dimensionless 

variables 

B(1) = k m 	E 	: B(2) = k m, E2 	(5.7) o ZeVc2 	ZeVc' 

If B = v
c
(FL(1), FL(2), FL(3)) 

and dimensionless variables are denoted by asteriskssthe 

dimensionless 

dvR 

equations of motion are 

B(2) R* 	+ 	Ra  ';FL(3) + Ad) - vz FL(2) 

-(5.8) 
+ v*FL(1) -v.4* FL(3))-2!v*  

d'V 

dt 

dv
z = B(2) 

= v 

= 

= v
z 

+ Rt 

z*  

"R zi 
R-1-1?„ 
(5.9) 

v; FL(2) 	7  117 ,;(FL(1) 	(5.10) 

(5. 11) 

(5.12) 

(5.13) 

dt* 

dR*  
dt'r 

a 
dt4 

dz*  
de 

The particles are started from rest, the philosophy 

being that their thermal velocity is much smaller than the 

directed motion which, can be acquired in the applied field. 

The position of each particle is integrated forward 

in time according to equations.5.8 to513 . Mersonts method 

is used for the integration (Lance,1960). This is a fourth 

order Runge-Kutta type of integration scheme. If the equations 

to be solved are 
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dyi = f(t , y.) 
dt 

the value of yi  at 

,q+1 = ji 	•5(k1+  4k 

An estimate of the error is 

c= (k11.  - 9k34/2 

time level n + 1 is given by 

+ k
5) + 0(h5) 
	(5.14) 

+ 4k40.  - k54/2)/5 	(5.15) 

where klti  = h f(tn,y7)/3 

k20.  = h f(tn+h/3141+ki,j)/3 

= h f(tc+h/3,y1:1 +k2j  /2 	k1,  ./2)/3 k
fi 	n 	3  

k4,1 = h f(t
n+h/2,yrill kl,j  + 737  k30)/)  

5,± 
= h f(tn+h,y151  +1.5 klo  - 	k304-6k40)/3  

The reason for choosing this method rather than the standard 

Runge Kutta is that the expression for the error, C 	allows 

the timestep to be constantly adjusted to keep C below a 

given maximum. 

The system of equations is antisymmetric to J2( 

displacements of 10
o 
	cusp separation). It will be shown 

that the equations stay the same for 10°  displacements 

except that z changes sign. 

The symmetry of the magnetic fields is: 

B
R
() = BR(R,pf,z) = -BR(Rd + 10, 	z) = = BR(r1) 

B0,(r) 	 = - 

Bz(r) 	 = + Bz(El) 
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Iwhere r
1 = (R,52( + 10, - z) 

The 	equations of motion can be 

written as 

d
2
R = Rif (Bz(E) + 	- 

dt 	= ij(Bz(E1)+ 	- z VE1) 

(32Z = 	BR(r) - R Bz(E) + Ed-2 011)/Ra  

dt2 

= (1 BR(2.1)+E0,-11 Bz(E1) - 2(R)/Ra  

1 	/ 
d 
2 
 z = 	— R;c BR(2) 

dt 	=711 Byf(r1)4- RI BR(r1) =.- d 	(2)
dt 

_where z(L1) = -z(L) 

This shows that particles startingat 

R, 	z, move along theEeme trajectory as those starting as 

R, 	+ 10, - z,except that z is inverted. 

5.3 	Results of the calculations  

.Particle trajectories are integrated from their 

initial position until either the particle is'lost, i.e. 

/ 	, 
r = 	+ z

2 )1 > 4 cm, or its trajectory has reached an 

. equilibrium, or computer time limitations intervene. 

Imposing a loss radius remakes the dimensionless eluations 

a function of two variables kre  and B(1). Alternatively 

the equations can be considered a function of L. variables, the 

particle species (Ze/m), ;,E0  and re . This is a Vast 

gain in practical clarity, the cost being a 50% loss of 

elegance. 
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1(a) 	Electron motion  

The motion of ions generally falls into a different 

category from the electrons because of the vastly different 

e/m ratio.Electrons which are very near to the axis 

behave like ions. The converse would be true if the tube 

radius were very large (see chapter 6 ). In chapter 6 a 

criterion for particle acceleration is found, and only 

electrons starting within a small radius are accelerated. 

For electrons which start further out a guiding centre 

approximation pertains. In chapter 7 it is shown that for 

cylindrical geometry the guiding centre motion stays, on 

average,on the initial flux surface. It is also shown that 

the —14,4 -M6( term for the parallel motion of the guiding 
Zs 

centre is negligible. For containment a radial electric 

field is necessary, "strong enough to contain the particle 

despite the energy it acauires from E4. 

Approximately U(RA,zo) > ey(iic—pio) 

where U is the potential and 	where the field line 

associated with the initial position R o  ,rdo 
 , zo 

 meets the wall. 

Taking the maximum value at R = 0 gives a sufficient condition 

for containment. 

U (0, 1, z) > E4R 	(5.16) 

This condition is modified in chapter 7 where the case 

XD  eicre  is considered. 
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FIG. 5. 2 	THE; TRAJCTORY OF AN U,CTROY 'THIGH IS LOST  

Even electrons which start from a position wh3re they 

would be continuously accelerated in a linear system do not 

traverse many cusps becauSe of toroidal effects. Fig. 5.2 

shows the trajectory of an electron starting at 	= 50 . 
The particle spirals towards the magnetic axis under the action 

1.A. 1g( of 	--- 
DS 

in the parallel direction and E x  B/B2  poloidally. 

When near enough to the magnetic axis the parallel direction 

turns and becomes parallel to the 'minor 	axis and so the 

particle is accelerated by E41). However the centrifugal 

drift eventually causes it to move to a region of larger 

BR  where it is reflected and eventually lost through a ring 

-.2. 
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1u3 
FIG. 5.3  THE R—ref TRAJECTORIES OF THE THREE 

CLASSES 'OF IONS 
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cusp. With reference to fig. 5.2 it must be remembered 

that the magnetic axis is not coincident with the minor 

axis. 

To check the accuracy of the integration the sum 

of the kinetic and notential energies was found 
	

to be 

constant to 1 part in 104. 

(b) 	Ion motion  

As the ions have a lower Ze/m than electrons the 

different categories of particles can be seen. In contrast 

nearly all electrons have an initial Larmor radius much 

smaller than the tube. Examples of 3 categories of particles, 

lost, reflected and accelerated,and accelerated,are shown 

in fig. 5.3. This classification is examined in chapter 6. 

Here the centrifugal .containment of the accelerations will 

be examined. 

With the equations described,all accelerated ions 

are eventually lost centrifugally. Containment is by magnetic 

forces which are proportional to 	whereas the centrifugal 

term is proportional to- vp‘ 	AM v0' increases the centrifugal 

force eventually dominates the magnetic force. Roughly this 

is when 

2 ev%1-;'z 	vi < m  ---p 	(5.17) 
Ro  

The model can be moderated physically by collidons with 

the electrons which cannot move toroidally. If the effect 
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i of the magnetic field on the ions is neglected, the ion 

fluid equation is 

= e 	- me —P 
dt mi mi tie 

Therefore vgc = ie eEcd  (1 - exp (-meti(mit.ie)) 

D
• 

. is the electron ion binary collision frequency, the 
el 	• 

electron fluid being held stationary by the cusp field. The 

time taken to reach this limiting velocity, is similar to 

Haines's ta(1963) and is related to his acceleration time 

being 	 ?
l• 	 etasel,  

.
n2 
r 	, instead of his g 	r9 	. Computationally 

a ox  
this effect is accounted for by using a velocity dependent , 

Evf 	 1 

i.e. 	B(1)1= B(1) (1 - v/vj) 

is used in equation 5.9. instead of B(1). The reaction 

force on the electron fluid causes an electron poloidal drift 

cancelling the ExB/B2  drift which on an m.h.d. modal causes 
the acceleration. This is one of the limiting states 

13* 

Therefore eE0' = mevii or vird =TEd  	(5.18) 

lei 	 n e 

With this modification indefinite containment is 

observed, provided 1.410 vcz m/s < v4.<3.3 106VeZ m/s (5.19) 
A 	A 

considered by Haines (1963). 

That is - B = -E1  
B2 



i. e. A = S = 1 (eB 2 

4v2 —
g Ls- 

f • III • • • • 	1 pl • I ii•MI I • 	 • • • • • room • • • • • • • • • • • .1 • 
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Where A is the atomic weight of the ion. This relation is 

empirically 	derived from the simulation. Fig. 5.4 

is the trajectory of such a case. Ions have been followed 

for up to 20 times around the torus without loss occurring. 

Paraxially one expects such a confinement because 

the cusp coils act as a series of lens/M.The centrifugal force 

pushes the particles away from the magnetic axis. The 

focussing effect of the cusp field deflects them towards 

the axis, and so on average, the particles stay the same 

distance from the magnetic axis. The simple magnetic focussing 

was first discussed by Haines(1963b). 
0 

FIG. 5.5  FOCUSSING EFFECT OF A CUSP 

using the Busch lens formula. 

Here L is the cusp separation, f .the displacement from the 
magnetic axis as shown in fig. 5.5. 

For containment 

= L 	= 2.1r 
Ro 	3G 
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FIG. 5.4.  THE TRAJECTORY OF A CONTAINED ION  

satisfying eq. 5. 19. 
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Therefore i 2 > 2uL (m--; 
g(1 9 cBgd 

and as 6 must be smaller than the tube radius there is an 

upper limit to vol. Also too low a velocity leads to loss 

/because 	(1) Alz( becomes too large 

the rotation about the minor axis 

(eB0,) L 
2 	 mi 	vs:6 

becomes too large . If de c'c'l then 

L eBpS  5 v 	s-" 1 (eBd) JrA R o mi 	2 m: 

(5.20) 

gfl 
From this Busch result 

v  - 
	13.10

6  V c  VA m/s 

In a 

way eq. 5.20 takes the non paraxial nature of the trajectories 

into account as B0'(R), but does not consider the large 

oscillations shown in fig. 5.4. The effect of these 

oscillations is to make the tube radius r, in eq. 5.20, 

effectively smaller. 

5.L. 	An analytic description of the numerically  

observed eauilibrium and.oscillations  

The computer model shows that ions can be contained 

indefinitely in a volume radially displaced from the 

magnetic axis. Here an approximation to the equations is 

(2) 

e = 

compared with_3.3 1061{/A computationally . 
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investigated to show how this containment 'occurs and 

to account for the large oscillations of the trajectories. 

Here the case where 

viz/v0,‹vl 

	

vz « I 	is examined 

11.17f 

It does not apply for the acceleration phase. 

Oscillations about the equilibrium position are 

not large and so a representation of the field B(R,,z) is 

B(Ril z) = (BI sin n 	B2 cos rd, B
3  ha sin Dy) (5.21) 

	

2 	 2 	2 

where n is the number of cusp coils, and h the scale length 

for changes in B. 

As a first approximation v0' = constant, and so with 

this approximation the equations become 

dv 	=z 2 + 	(vgf  B3  ha sin ngf - vz B2 cos n 	(5.22) 
dt 	R• 121 	 2 

dvz 	= g.  (vA  B2  cos ngf - v j Bl  sin n 	(5.23) 
dt 	m 	2 

RI, the denominator of the centrifugal term is 

assumed constant. The computer calculation shows that it 

varies by-1 part in 25. 

AsRci .<:‹1 a.first approximation to eq. 5.23 is, f 

dvz  = - Lir1  vcd  sin n 	 (5.24) 
dt 	2 

where bri  = g B4 ; i = 1,3 
M 



ad = v _9( dt  

(5.25) 

z = 4R12‘.3-1  sin ngf + focdt ./- st- r 	( 5 . 2 6 ) 
2 

n 2 vx • 

at and 13 will be constants of integration but the 

approximate nature of eq. 5.24 can be allowed for by a slowly 

varying o( and F . Consider first DC= F= 0. For this 

case it can immediately be seen how containment occurs 

as equation 5.22 becomes 
2 

	

	 2 npf -207,V,R1  cos  
2 	n c  ' 	2 

	

= , 	 2 ,, (5.27) 2 	- 2DT- R /  (Dr cos 	no 	2R /. a- h sin nri) 2 	
2 	

3 
R 	ri-  - 	 2 	n 	"2 -' 

	

As long as 0-2>20•3  hill 	 (5.28) 
n 

the last 2 terms of eq. 5.27 can balance the centrifugal term 

if the velocity is not too high. (i.e. on ayerave) 

Now let cX be time varying but put p = 0. The time 

variation in oc is necessary to describe the inaccuracy of 

replacing eq. 5.23 by- eq. 5.24. These inaccuracies can be 

represented by oc alone. 

Equation 5. 22 becomes,•  using 5.26 and 	5.25. 
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dt 
d 
dry 

Therefore v = + 2 It‘c,.5-, 'cos nrzf + cG 
2 

and 

dv 
dtlt 

= v„,/2 

Ri 
•-''' xi' 

+ (. a/2h sin crl  L 
, 
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dvR  = 	2  - 2W; R '   ku2 cos 
2
rig! -.ash 2R sin2  no/ 

dt R 	
2 

-t- (43vigh. sin npf f oC dt - 0'2  g cos riff 	(5.29) 
2 

and equation 5.23 becomes 

dg = ur v cos nitc 2 R dt 	2 

describing the error in taking oC as a constant. 

It is implicit in the solution of eq. 5.2)4  that 

• a represents a slowly varying term and so 

trsin nrK f(g) dt = - 2R /  cos ni f (g) 
2 	. 	nvpf 	2 

end the integral of eq. 5.29 becomes 

Vie 	- (4 - w- 21G31-20.311g 1 ))k 	-7(,3-3 01 Do tth rcok 
IV 	6 	 n 	2 .1 

	

-2e l izz a  ct,;,  (4 	-g- L, giz ( ai ha?'  - c,,,r7 ) 6. n4 .._(...s i\ 
riv, 	.-2. 	riz  V,I, 	7-% 

which gives the equilibrium condition that 

v 	e"( 	20-3 kgi) 
When eq. 5. 32 is satisfied there remain only 

periodic terms in eq. 5.31,which becomes 

Vg 	 R ill COO aitt [0( CIE -g Ole CI( ctiN 	1-(20-silk f -t4-1)(4,e2 	ruf 

tf 	 -A- 	n VI, 
-(33) 

Substituting into eq. 5.30, which describes the way ovaries 

because of the neglect of the vR  131z(  term in eq. 5.23,gives 

(5.30) 
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d Ot = 
dt 	

— 	
Ws 
Rik cit:r3A 	elk 	+- w-,1121c< Six% Alf inq 

1:4  ( 2-0W — (Art ) 	 34 
7,  

The last two terms here average to zero in a cusp 

period . They describe errors in eq. 5.24 at the frequency 

of the cusp separation, but they are negligible compared 

with the dominant term at this frequency in eq. 5.24. The 

first term does not average to zero and describes the low 

frequency variations in z. 

Hence' eq. 5.34 becomes 

aa = - vr2usR h Jadt 
dt n 

Therefore X= U'0
sin (1,11-  + cd) 	(5.35a) 

where W 2 = 0-2  0-3  R h (5.35) 
n 

Low frequency oscillations in z have thus been accounted 

. for. 

The physical origin of thesecscillations can easily 

be accounted for. As z increases so does ler from eq., 5.22 and 

from the vR  Br/  terms in eq. 5.23 the acceleration back 

toward z = 0 increases. The smaller lowfrequency oscillations 

shown in fig. 5.li, in R cannot be accounted for by this 

model, because there is no field dependence on R. To take 

this into account consider a modifidation of the represent—

ation 5.21, 

3(es 	I t ex) 	r:4 , 	( FX) cab Al 83  0 i+ 9x) 

• 
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This is a Taylor expansion about R = R
t 
i.e. x = R-R1 

and e = 1 "Dgg) 	etc. This makes eluation 5.27 

"ge R /g=g, 

ctvg = v1) -20-e (t.r, ar:61 - 20-3 kg Cit+2 ) -22,:a7C (az 05.30_4) -2tY3heC;24) 
'U: 	 e  0 	r, 	s 

-krex ( lir I. P (#314 ^ 23 krike 51.164 
: n 2 e  

as long as ex .0:1. The equilibrium condition 5.32 is 

unaffected as the sign of x varies slowly, and so averaging 

over a cusp separation and using 5.32 gives 

ax 	
, 

	

2x fri • - 	 14 	x wte 	230-301( 
2 

Ca/ 	 e 2 • 	e 
Hence the radial oscillations will be at a frequency c 
given by 

t~R 	
viz 

(e/- 	 1,3-1F --2,1kriAte) 

The amplitudes of both forms of oscillation are 

formally found by the boundary conditions. The preceeding 

analysis has only been concerned with frcd = 0. At t = 0, 

z = vz = vgi = 0 in the case of an accelerated ion. 

Suppose v/ = t 	vil initially,then 
• 1 0̂. 

4 Sir Ati) 	again if 	
Vga) « vo(t) 

dk 	To. 	2 

4 	7- 21031g1 C" 61E7 	LHZ CC(A) •. 	 if 	0 

.The integral is probably non analytic. The dominant 

contribution comes from the first period and so 

1.2 \ 	-f- 
rt0) - 

where the particle starts at z = zo. This is how much the 

particle has been deflected by the passage through the 

first cusp,c0 to the cusp separation x cusp transit 
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time/Larmor period. 

The radial deflection is from eq. 5.22 similarly 

t-  vie  st;-,,Act 
db 

As a3 ..- t..1-1 then the radial deflectiaawill be 

'smaller than the vertical deflectiaaby h*, as seen (fig.5.0 

5.5 	Simulation of a plasma  

In order to obtain plasma properties from this 

model a reasonable number (25) particles (ions) were 

considered, distributed uniformly throughout the region of 

the discharge vessel. As particles reach the wall in the 

calculation they are removed. The ( toroidal current and 

loss of particles are calculated as a function of time. The 

toroidal current is calculated assuming the ions are the only 

current carriers. These are shown in figs. 5.6 and 5.7. This 

illustrates" the initial loss due to the particles originating 

near the wall. Later losses are due to violation of the 

vol  criterion, which shows in this drawing because of the 

omission of collisions and hence vg( > vol. There is an 

initial linear rise when all of the ions are being accelerated, 

and then a fall off in the current. This is due to particles 

being lost at this time as is shown in fig. 5.6, as well as a 

deceleration of the particles. 	The particle loss is 

confined to the region of the ring cusp and shifts downstream, 

i.e. in the direction of the applied electric field. 
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The effect of changing the magnetic field is also shown. 

With increasing magnetic field the volume of lost particles 

increases, so decreasing the current at the loss time. 

For the case of hydrogen, also shown in fig. 5:7. 

the characteristic time is shorter and the characteristic 

loss larger. Fig 	5.7 
	also shows the comparison 

with the experimental current waveforms. This is considered 

more fully in chapter 11 but is included here to offer some 

proof of the validity of the model. The value of e for 
hydrogen is unequivocal but for argon an estimate of 

2 is used (from spectroscopic work chapter 10) for comparison. 

Experimental agreement is certainly encouraging but it is 

improved by including the radial electric field due to charge 

separation. It is assumed to be rziven by a temperature 

gradient, the equivalent term in the m.h.d. equations being 

dvtz 	- nf2  re 	a-- rye 
zr 

where the electron temperature is T'. e = Teoll 	) 
-r) By 

including this field with an eouivalent temperature of 70 eV , 

all of the experimentally observed loss can be accounted for. 

It is shown in chapter 7 that an electrostatic field is set 

up even for a cold plasma, and so the above model is 

artificial. 

Fig. 5..8 shows the R - 0( projection of the volume 

from which the three categories of particle originate. The 

boundary is cusp shaped and shifted outwards from the 
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magnetic axis. 

A graphic picture of the behaviour of the system is 

obtained by superimposing the trajectories of the particles on 

one plot. For a system where an appreciable fraction of the 

ions are contained, the P - ' and z - g' plots are shown in 

fig. 5,9 . These plots are in many ways like streak camera 

photographs of a plasma with a wide slit. The limiting 

velocity is reached in 10;70 of the total time plotted and thus 

even a smaller fraction of the 0' values plotted in fig. 5.9 . 

After this, the abscissa is directly proportional to time. 

Because there is a spread in the initial value of pc there is 

a consequent blurring of the rd - time relation, corresponding 

to a wide slit. The density of lines also corresponds to 

the density of plasma. 

The low frequency oscillations, due to the over-

focussing effect described analytically in section 5.4. are 

clearly shown, together with the radial displacement of the 

equilibrium position. 	In contrast to tokamaks where a 

stabilising field is necessary to maintain a radial equilibrium 

the polytron cusp field theoretically maintains this equil-

ibrium on its own. The oscillations in the z direction are 

larger than in the P direction. 

There are two phases of the oscillation separated 

by -Tr. These split the particles into two streams mirrored 

about z = 0. The phase of a particle is determined by it's 
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initial position. Those starting from R<magnetic axis, 

0 4i 5 , and R > magnetic axis, 100> gr>50, move upwards 

first, the rest moving downwards first. 

FIG. 5.8  CONTAINED AND LOST VOLUMES 

FOR A HYDROGEN PLASMA 

contained particles 

''I'll' 
	

lost particles 
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CHAPTER SIX  

SINGLE PARTICLE MOTION IN A LINEAR POLYTRON 

In this chapter single particle motion in a linear 

polytron is investigated. In the preceeding chapter toroidal 

/containment of the ions was considered. Little attention was 

paid to the initial loss.; the emphasis was on the containment 

against centrifugal loss. The work on the particle motion 

in the toroidal configuration was performed early in the 

project. The initial loss which is predicted was realised 

to be of importance in interpreting the experimental results. 

Hence the study of a linear system described in this chapter 

was initiated. A linear system is a good approximation to 

the experiment,which need be considered toroidal only when 

there is acceleration through more than 3 or 4 cusps. 

By considering a.linear system the description of the 

trajectories is simpler, a pseudo analytic approach is 

possible, the plasma can be realistically coupled to the 

driving circuits, and the magnetic fields produced by the 

plasma can be calculated for comparison with the experimental 

results. 

The coordinate system used is cylindrical based on 

the imaginedi straight minor axis of the torus. 

6.1. 	Some properties of axisymmetric magnetic fields  
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An axisymmetric magnetic field can be described 

solely by an azimuthal vector potential Ae.Div.B = 0 is then 

automatically satisfied. In a vacuum it is also required 

that curl B = 0 

V2Ae  = 0 	using the Lorentoian gauge. 

00 

• -c-1 
A = 

:. 
0=0 

2ritar) cos((Zitt)122. ) 
kanti) (6.1) 

with Ae 	0 as kr --10 and imposing antisymmetry about kz=1T12, 

and symmetry about kz = 0 to obtain a cusp shaped field. 

Here B2n+1 are constants, k = 217/cusp separation, and Ii(x) 

the modified Bessel function. In the following work only the 

first harmonic is used. Furthermore a paraxial approximation 

is assumed, represented by 

Ae B 
o 	

r 	13 ) 	cos kz 	(6.2) F 2 	• 

Br 	
Bo( gir t 

	

evy) 	sin kz (6.3)

614 Bz 	Bo( 	Orn 	cos kz 

.B 	= 0 but VA13 	° (OT  
In the analytic work only the first terms in eq. 6.2, 6.3, 

and 6.4 .re used. 

A useful quantity in this work is the canonical 

angular momentum. In a time independent magnetic field the 

azimuthal eauation of motion is 

1 d (rve) = Ze (+v B - v B ) dt 	m 	r r z 

	

= Z. (-vs 	- Yr  1 *a (rAe )) 
m r 
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• • 

ry
e 

= - Ze rA
0 
 + K (6.5) 

Ze-is the charge on the particle, and K a constant of the 

motion.This equation allows the azimuthal velocity to be 

expressed as a function of the position of the particle only. 

K, is fixed by the initial position and velocity of a particle. 

The acceleration of the particle can also be written 

as a function only of the coordinates, and in fact in terms 

of a potential. 	As long as Be  = 0 

dr 	= (re Ke_ ; 	re') 
rn 

e r 	ee E 
aTi 	rrk 	 rn 

Using eq. 6.5 

der 
dt' 

and 

= (. — i!  
= ctel.y 2.403 16) 5.) 

Le E., -Kar i g 	eto 
(6.6) 

(6.7) 

IfY is the StOrmer potential 	defined as 

= (g. 
r 

/41i)2 	(6.8) 

then the,equations of motion can be written in a conservative 

form as 

dr 	- 	(6.9) 
dt2 

and 	_ 	e„ u 	 (6.1o) 
de' 	?4 	oN 

U being the electrostatic potential, which can represent the 

applied electric field. 
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1 6.2 Particle motion in square field lines  

  

The particle motion will first be examined in square 

B(r,e,z) = (0,0,B0) 

B(r,e,z) = (Bokr/21010) 

B(r,e,z) = (0,0,-B0) 

cusp coils , L =irrik, and E the 

field lines, represented by 

ke TrA 

ir/4 < 	< E-rr/if 
?vitt. < kl 	6ff/4 

L is the separation of the 

applied axial field. 

Suppose that t 	0, r = ro and z = 0, and the 

particle is at rest. The axial equation of motion is, 
dvz 
dt m  

= Ze E for 0 < kz 

Therefore upon entry into the region where Br7e0 
i 

r= r, v = (L Ze T o Z  2 m 
, 

which defines a new time origin. The non zero equations of 

motion are 

vr = ve = 0, z = L/4 at t = 0 

dv —o 
dt 

= Vz t.i.r i  < ke < 37r/4- 

dvz 
dt 

t = -ve to 
. + Ze E 

m 

where uY = ZeBo  kr m   

. . 	vz 	
= 2eE 	sin brit. + (L Zel2  cos wit 

m 

and 	ve 	ZeS (1 - cos wt) + L ZeE 7  sin 
m 

cast 
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To pass through this region into the region z> 3L/4 it 

is necessary that 
2 

ZeE 	1 ((7

ma  

eE) + IZeE)2> L 

m 
/2 	

Gr' 	2m 	2 
(6.11) 

(This is approximately the criterion that a Larmor radius 

is larger than L/2). Notice that in passing through the 

ring cusp region 	there is no radial motion. Radial 

motion only occurs if eq. 6.11 is satisfied and the particle 

reaches the region z> 3L/4. In this case the radial motion 

is inwards 

6.3 	An approximate integration of particle motion in  

a cusp field  

Here the single particle motion in a linear system 

is integrated analytically, malting leading order expansions 

of the field about z = 0, and z = L/2.to make the equations 

tractable. A criterion for acceleration into the next cusp, 

and an expression for the maximum radial excursion, are 

derived. 

'The constancy of the canonical angular momentum is 

rA + mv r= K =(rAe)c  = Bo  ro
2 
 cos kzo  = Bo  ro  

2 
0 	15 

Ze 	2 	2 

if the particle starts, at rest, at z = zo  = 0, r = ro. 

The vacuum field is the first order terms of the cylindrical 

Bessel function. 

(6.12) 
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v
e 

= ZeBo 
	o  
kr
2 
 - r

2 
cos kz) 	(6.13) 

2m r 

Simplification occurs if k andbr= Ze B o  are used 
m 

to make the eouations dimensionless. The dimensionless 

variables are witten with the same notation as the 

dimensional variables, and are simply the dimensional variables 

multiplied by the appropriate combination of k and4. Adopting 

these variables the equations of motion become 

/ 2 
v = 1 kr 	- r

2 
cos z) 	(6.20 

e  2r 

dvp = ve cos z dt 
(6.15) 

dvz  = kZeE - ry sin z 
dt 	2 	 e 2 

= r -rve  sin z 	(6.16) 
2 

where the small effect of the centrifugal term in eq. 6.15 

has been neglected. 

The trajectory in the neighbourhood of the starting point will 

be examined first. As sin zA,z<r<1, an approximate solution 

to eq. 6.16 is 

v z = Et ; z = Ft2/2 	(6.17) 

The radial motion near to z = 0 will be small and so r = ro  + s 

where s<k"ro. Together with the Taylor 	approximation 

for cos z, the expression for ve 
simplifies to 

ve 
 = 1 (r z

2 
- 2 s) 
	

(6.18) 
2 

• • 
dvr  = —2s )c.sy 
at 	T pop2t4 

16 s (6.19) 



151 

Suppose the second term of the r.h.s. of eq. 6.19 can be 

neglected 

then 	s = roir2 t6  

16 x 30 	16 x 5 
showing that the second term on the r.h.s. of eq. 6.19 can 

be neglected provided t‹< 30. 

Suppose the approximate equations, 6.17, 6.18 and 6.20 

are valid to z =-n; t2 = Tr 
'1 

Then s = ro 	-R3 5 = Vr  = ro  
,. 2.5 

16 x 30 x 81c 1A x 5 x b 

vz  =yrii 	at 	z = 7r- 	(6.21) 

This value of s is much less than 1 (and thus ro
) if 

F is approximately 1. A further check on the consistency of 
the approximation is that the second term of eq. 6.16, at 

z =1M/4 has the value r2713/256 which is much less than 	if 

10 13 > ro 
Now consider the trajectory in the region of the ring 

cusp. The values of velocity at the new t = 0 are given by 

eq. 6.21,the time variable being shifted so that t = 0 when 

z =IT/4. The axial variable is transformed to y, where 

y =7r/2 - z. The magnetic fields are approximated in this 

region by 
. 

Bz = Bo  y, Br  = r (1 	
2) 
2 

•
• 
• 

ve 	o = 	(r2 - r
2
Y) 	(6.22) .  

and 5 = ro ir2t 5  (6.20) 
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,The radial and axial equations of motion are 

dvr = ve y = (ro - r
2 
 y) y 	(6.23) 

dt 	2r 

and -y = +dvz  = p - ve r (1-2) = p -(r-r2y) (1-y2/2) .. 
(6.24) 

..- 
2 

 .dt 	2 	 4. 

As long as r afgr
o then ro

2  
',>r

2
y and eq. 6.24 becomes 

y =-13 + ro2  = -F1 	r where 	. p - ro  
.• 	 l 	2 

14 	 ri- 

Y = 	- is 
1
t 
2
/2TIT t + -Tr A4  

2 	
(6.25) 

If pI becomes too negative then eq. 6.25 will not have a 
solution at y 
	

For there to be a solution of eq. 6.25. 

at y =-ir and real t 
4 2 > ro  (6.26) 

Furthermore if there is a solution at y = 	z =3 -Tr then 
4 	4 

it is probable that a solution exists for z up to 37r. This is 
2 

because the acceleration in the region under the coil will 

change from a negative I
1 

to a positive 13 . 	Eq. 6.25 can now 

be substituted into eq. 6.23. The radial acceleration changes 

from outwards to inwards as soon as the plane of the ring 

cusp is passed. Of more interest is the point at which the 

radial velocity changes sign. To find this time, integrate 

eq. 6.23 , using eq. 6.25. The apnroximation 

2 ro  = (ro .- r y) 

• • 
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is made and the boundary condition,eq. 6.21 used. The time 

at which the largest excursion occurs is given when 

0 . ro(-1213  - t2 	+ liTt) + 	
2.5 

7.4/ 2 	7  320,5/7 

vr = 0 as 

(6.27) 

The quadratic and linear terms are dominant. This first 

solution obtained by neglecting the cubic and constant term 

is 

t = 1 4ST 	 (6.28) 
2 p 

The values of the 4 terms,divided by ro,at this value of t are: 

--X I N ' 	- I ell 	--.P.- - 2.174/ar 
a. 	jr 4-8d p 	if- ca- 	16 	if 

g
1 = 

le 	32o 2p 
TI= 	irriT 	

. . 	..111; = ir Fr 
. 	7 	2oci- g 

l<E <1. From eq. 6.26 and eq. 6.25 - 1 	Hence,fortunately 
2 sir 

eq. 6.28 is a good solution to eq. 6.27 to next order. As well 

as being 6 times smaller than the linear and quadratic 

terms, the cubic and constant terms will normally cancel. The 

second integral of eq. 6. 23 is 

r = r (
U Z 

-fie  - 67 iF -r LE'  -r :irl ii t -r  I 
° 	4-2 16 	no V 

Then the value of r at t = 1 4(5, when r is a maximum, is 

= ro(1 + 	Or_ -1-1-4 	.A! 

	

1613 4 0 2 3 	1/3/, 
. 	. 
. . 	r 	= ro(i + _i_ ( .4 -. os,f)) 	(6 .29) 

max 	I% 
The axial position at this time is given by eq. 6.25 as 

Y = -r  (1 + F.1) 	(6.30) 
F 

Hence the vaue of r max  given by eq. 6.29 is only true when 
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1 < 0 

However, the time to reach r = rmax as given by eq. 6.28 

is too long. As the particle moves into the region beneath 

the coil both ve and Bz 
increase , and so the force causing 

/acceleration back towards the axis is larger than used in 

/ deriving eq. 6.28. Hence when F1  «F eq. 6.30 gives too 

small a value of y, i.e. the maximum value of r occurs before 

the plane of the coil is reached. 

The consistency of the approximate solution can be 

/ 
checked, e.g. in this region it was assumed that 1(ro

2  -r2  y) = 

try\
)  When y 	

4 ' 	`  0
2  

= .2 the value of 	
r2 	is 1.3 at 

r 
r = r max. 

 This approximation in the axial eauation of motion:, 

• 
eq. 6.24, is not so good. Here)  ro

2 
 - r

2y :=2ro
2  p

l is modified 

ton- Lo2  and so the condition for acceleration through the 
2.  

cusp is modified to 

(6.31) 

Fortunately max  does not depend strongly on F 1. Equation 

6,30 is only valid for p 1
<0 i.e. 2p(ro

2 
 . 

It is usual that F  is fixed and the properties of the 

trajectories examined as ro  is varied. Thus: 

(1) For ro> 2J particles are trapped in the first 

cusp. 

(2) For (1273‹ r <47 '  the particles are accelerated 

into the next cusp. The axial position of the maximum of 
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2 

to ITF7 . The value of the maximum radius is approximately 

ro(1 + .24). 

(3) For ro<F13 the axial position of maximum r goes 

past 3W/4 and approaches, the plane of the coil. The value 

of the maximum radius is given approximately by 

r max = ro (1 + .15) 

This modulation of the radial position is considerably more 

than that experienced by equilibrium particles. If eq.7.44 

is rewritten with v2  = 2eEL then the modulation of the z 
 

m  

radial position is .044. 

Typical values of for the cusp separation used in 

the experiment are shown below. 

F EN/40 13(T ). Species 

.7 

. : .17 

38. 

9. 

3. 

3.5 10-14  

104 

104 

104  

104 

4 10 

104  

.1 

.2 

.1 

.2 

.2 

.1 

;  

hydrogen 

hydrogen 

argon, z 

argon, z 

argon, z 

electron 

= 

= 

= 

1 

1 

3 

r varies from z = ir to 3T04 as ro decreases from 
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• 6.4 
	

Comment on the shape of field lines  

In any cusp shaped fi0_ld the motion of particles 

is complex. Suppose that a particle starts from rest at 

r = r , z = z
o 
and does not move far radially. 

Then 	A (r , z) = - 	dz 
e 	o 	fe: 13r 

ve (ro z) = Ze f B
r 
dz  

m •• 

2 d r = Z
2
e
2 B

z  j
rB
r 
 dz 

dt2 m
2 

v(r , 
z) 	z2e2 2 	

ir z - z0) 
P 0 	(eZE 

M ) 	Bz 	
B
r dz dz 

m2 	 e. 

From this equation it can be seen that a square type 

of field line will not give rise to a large radial velocity 

because the product Br  Bz is small. This is only evident from 

the above equation for particles which start in a region 

where Br is small. The extreme case of square field lines 

was investigated in section 6.2. where it was shown that 

there is no radial motion in this case. 

It is thought that the lower the value of 

TBr Bz dz then the lowtr is the maximum excu:esion of 
particle from the axis. 

• 

and 
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6.5 	Application of energy principles to find  

accessible regions of the cusp field  

The particle in the linear cusp system moves such that 

rA
e 
+ mrye = constant = K 

Ze 
where the magnetic vector potential A = B,(kr) cos kz. 

e k' 2 
Suppose the particle starts from rest at r = ro, z = zo then 

rA + mry = B kr2 cos kzo = K e --e 	k- 	-o 2--o Ze  

. 
• . 

2mr ve  
Ze 

= B0 	
o2 

(r cos kzo - r
2 
cos kz) 	(6.32) 

In a linear geometry, and even in a toroidal geometry, the 

accelerating field can be represented as conservative and so 

v2 + + v  
2  + v2 e = 2ZeE (z - zr 	 m 	o) 
	

(6.33) 

where E is the accelerating electric field which is constant 

in time and space. Substituting eq. 6.32 into eq. 6.33 gives 

I r2  cos kz - r2
° 
 cos kzol 	I

1;1  
r (8mE(z - zo)21 (6.34) 
-:to Ze 

where the positive square root is taken. This equation can 

be cast into a dimensionless form with 

z
44.• 

= kz 

r  • 	= kr 

(
Ze 	2 Bo 

i 

(1 	= the equation becoming 
8mE 

I
r*
2 
cos z ▪ - rot  cosoI ‘. 	z 

 

o — (6.35) 

  

The relation with ?of section 6.3 is 

oC = 	1 

517 



FIG. 6.1  

GRAPHIC ILLUSTRATION OF INEQUALITY 6.35. 

This inequality is graphically illustrated in fig. 6.1. 

Curve 2 must lie within curve 1. For example, for the value 

of il l-  shown in fig. 6.1, particles cannot enter the regibn 

3g 	z 	1.1 Tr . When< C zi'‹Tr eq. 6.35 	cannot be 
4 2 

4e.  satisfied for r4<er 	nor can it be satisifed for r o, o 

because then the r
t2 cos kz term will be larger than 

r**.( 	z4 	. 

Eq. 6.35 defines a domain within which the particle 

must stay. There are certain noticeable features of this 

inequality:- 

(1) It cannot be satisfied for 	as the 

r.h.s. then becomes imaginary. 
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(2) The limit of the- region is given by the equality 

*-2 	*2 	g2 	 / 	is-  2-  r 	cos zt - rot  cos zo 	= r ‘z*  - zo ) 	
(6.36) 

oc. 
1 

. dr*  (2r*cos z ▪ - (z*- z*) 	r*2  sin z + r 	i 
• • 	de 	

o 	2a(zr- zito)71  ol.  

and so where z* = z: dr't  = oD o 	de" 

(3) At z*  = -/r/2 eq. 6.35 
i 

rfrOr - z'o  )2 	142o 	o cos zit 

07 -  

• r*),ocr*2  cos z*  
• • 	o 	os 	 (6.37) 

The outer radius of the allowed region when z*  =11",72 is 

at r =043. Inequality 6.37 can always be satisfied, but not 

necessarily within the tube radius. 

(4) At z't .ir 
2 	42 

r*  < r4̀ (11 -z )2  - ro cos zo 	
(6.38a) 

oc 
When the inequality is replaced by an equality the two roots 

of the equation define the inner and outer radii of the 

allowed region. For these roots to be real 

err -)  > 4 rie2  cos zo 	(6.38) a, 0 	0 

Ifoc is too large eq.6.38 cannot be satisfied. In this case 

the allowed region does not extend to z* 	Everi if eq. 

(.38) is satisfied then it is not necessary that the allowed 

region should extend to z4 	as 6.35 may not be satisfied at 

some axial position .z <11-, such as illustrated in fig. 6.1. 

(5) The allowed region is not always singly connected. 

gives 
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FIG. 6.2 SCH=WATIC OF THE, ALLOWED REGION 

IN THE 	ePLANE 

For z = (2n+1) x 6.35 can always be satisfied, yet as 

shown there could be some values of z*  for which an allowed 

region does not exist. 

These points are illustrated in fig. 6.2. The 

criterion for the allowed region to extend from cusp to cusp 

will now be examined. As can be seen from fig. 6.1, if the 

allowed Tegion is cut off in one cusp only then, this will be 

near to z*.  ./r. So let t =ir-z and t <-rr . 

Substitution into eq. 6.35 gives 

r k 
*2,

i-t / 2. 2) +• 0 	o r
*2 z4t. < cos 	(1r-t-z )2  

(Tr-z*  ) 2  ( 1 - t  

417 	 (Tr-zo)2 

Taking the equality gives the equation of the edge of the 

region 
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r4e2(1 - t
2
/2) -r*.((zit,)2(1 - t 	).+ V

*2 
cos zit  = 0 

g 	Or-44:12 	0 	0 

This equation specifies the values of t at which the 

allowed region closes in the z*direction. In general there 

'are two values. The point of interest is when there is only 

/ one solution of ea. 6.39 for t. At this point the allowed 

rsgion is just necking into two parts. For only one 

solution in r*  of eq.. 6.39 

o
*2 	le 	2 	1,2 

	

cos zo t -t + V- z 	- o cos z* 
R2 g2 

32 rt cos2  z;') 0  - 8r:2  (V-L 4) cos ecl; K + • 
• • 

for only one solution in t, of eq. 6.39 a 

= 0 (6.39a) 

1 = 0 

• • 

2 
De = Or- zo 

	2 
) + 	zoi -2 (6.40) 

     

8rw2 cos z*.  

The solution is 

t = 	1 
2 * 

4tx ro cos z
* 

There should only be one solution foroC
2. This can be seen 

from inspection of fig. 6.1. Consider starting from a 
,,2 

large value ofc< , when curve 1 is near to r-  cos zo 
* As 	is . decreased, the distance from curve 1 to ro
2 
 cosz • o 

monotonically increases, whereas curve 2 stays fixed. There 

will be only one value ofo< for which curves 1 and 2 make 

tangential contact near to 	=11-. This correspond to the 

positive sign of eq. 6.40. The value of oc  corresponding to 

the other sign is a result of the cos x = 1 - x
2
/2 
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FIG. 6.3 
THE ACC-qn7RATED VOLUME 

FORoC=  1 

TAKEN FROM EQ. 6.38 
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approximation 

• • 
• „e• ("Tr — Zyt ) + 11(1r— z)2 2 (6.40a) 

2 

8/4*2 cos z*  

for the r*  - z/tplane to be singly connected. 

This eauation is only a small modification to eq. 6.38. 

Typically z: = 0 in which case eq. 6.38 and eq. 6.40a differ 

by only 50. 
As eq. 6.38 adequately describes the condition on 

00=for the region to be. singly connectedi eq. 6.38 will be 

examined. The relation is plotted in fig. 6.3 as a curve 

of r0, zo for a fixedoe, showing where accelerated parti,:les 

originate. The characteristic cusp shape seen in the 

computations, e.g. fig. 5.8,is-evident. The cut off at 

zit  = 	-11”" is at the tube radius. The waist of this volume 
2 

is approximately 
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rw 
= -11 2 	2mE 	(6.41) 

	

5t 	Zek J  0 
Particles staring within this volume can be 

accelerated. In passing through to the next cusp the 

particles which start at the radius given by the equality 

6.38 which for elf", = 0 is 
l ‘j  

r 	= it 
fm 

must make excursions outwards to a radius. 

rg 1T2  = 2r-s  

to pass through the neck of the allowable region . The 

value of z where the radial excursion of the particles is 

largest is L 	before the coil at 	=tr (L is the cusp 
4Tfcc2  

separation)lprovidedb( is not too small. 

6.6 	Comparison of integrated trajectories with the  

volume limited by the particles potential  

In section 6.5 it was shown that for the accessible 

particle volume to extend into the next cusp, that 
2 

4x* 	cos 	< (ir —z*) 0 	0 	0 

• cg 
Transformed into the variable used in the analytic particle 

integration this becomes 

r*0  ‹17-717 	(6.L.2) 

for z
o = 0. This compares well with the comparable result 
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of section 6.3 

ro < 	 (6.43) 

The radius derived analytically(eq. 6.43)is expected to be 

smaller than by use of the potential. The result, from 

considering the potential gives the radius outside of which 

particles certainly cannot get into the next cusp. This 

is larger than the radiuS  from which particle will move 

through into the next cusp; but as seen from eq. 6.42 and 

eq. 6.43 it is only 25% larger. 

6.7 	A computional mocl.el of they linear polytron  

This section describes a linear model of the 

polytron. The reason foir this modell, in view of chapter 5, 

is to increase the realism of the simulation. The principle 

points are to couple the 'plasma' to the driving circuit, and 

to evaluate the plasma magnetic field' 	,but not in a 

self consistent way. The effect of the space charge field is 

neglected, but is included in the subsequent chapter. 

The particle integration. This is performed with the 

equations' in the form of eqs. 6.6 and 6.7. This way 

integration of the a. equation is performed analytically. 

Far more important however, is that this scheme avoids a 

computational instability in the leapfrog integration process. 

If the motion in the magnetic field were solved according to 
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dv = v B by vin  - vin-1 = 2 dt eijk  vj  Bk  
dt 	 x  

a computional instability arises as the odd time levels 

(the superscripts denote time levels, subscripts components) 

are effectively decoupled from the even time levels. 

Effectively two sets of equations 
n+1 	n-1 
a 	= Yxn 
	n 

= Y x 
dt 	dt 

are being solved and as well as the correct in phase 

solution of these equations an erroneous out of phase 

solution grows. 

This is avoided by using eqs. 6. 	and 6.7, and then 

the r.h.s. is a function of coordinate only. A leapfrog 

scheme can successfully be used, velocities being defined at 

odd times and positions at even times. Integration errors 

are of order (dt)3  and only 1 time level needs to be stored. 

Explicitly, the a19 p rithm is 

r 	= rn-2  + 2dt vrn-1  

zn  = zn-2  + 2dt vzn-1  

vr
n+1 	v 	+ 2dt(K 

,v
z
n+1 = vzn-i + 2dt(elz 

Ze ATe(Bn 

(6.44)  

(6.45)  
-An) 	K  
e 	(rip m  e m— z 

n-2. - 

rn 
(6.46) 

An) r 

rn  
m 

1(16.647) 
= B(rn,zn.). 

where Bn Ae, Br  and Bz  are the vacuum values of 

the field, given by equations 6.2,.6.3 and 6.4. The retarded 
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value of Ez has to be used but fortunately Ez is not 

strongly time dependent. Care is taken in coding to reduce 

the number of multiplications necessary but the basic 

system of units is left as r.m.k.s. The philosophy here is 

that the ease of checking errors if the units are left in 

r.m.k.s. far outweighs the small gain in processing obtained 

by making the equations dimensionless. 

If Ez = 0, any change of energy from equations 

6.46 and 6.47 must be due to errors in differencing the 

differential eollations. In terms of the StOrmer potential 

of equation 6.8 the gain in energy given by eq. 6.46 and 

6. 47 is 
n+1 	n-1 (K. E. 	— K.E., ) = —2 

dt 
a dt 	dt3(d2 n 

	

vr 	2 dvnz  

dt 	dt2  a r dt2  

showing that the errors are of order dt3. 

Representing a -plasma. The trajectories of 5000 

ions are integrated as above.' Each particle, really an 

annulus, has the correct Ze/n ratio for the.species being 

considered, but is credited with a much larger charge. 

Initially the region 0<kz <iris filled with these particles. 

As time progresses the particles move out of this region. 

To obtain macroscopic quantities in the original domain, the 

coordinates of any particle outside of 0 ‹kz<Tr are reduced 

to within this domain, by use of symmetry. 

Suppose that at time t the position of a particle 
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is r, z , then for the purpose of evaluating macroscopic 

quantities only a reduced position is evaluated given by 

tr z = •z - nL, r =r (6.48) 

where n is the integer so that 0<' z4`  < L. A particle 

/ which starts with 0 <'z <L and reaches the region nLdCz < 

(114-1)L has a twin particle which starts with -nL<z<-(n-1)L 

and reaches 0' <<L,the reduced coordinates being equal. 

However, the equations are antisymmetric to axial 

displacements of L and so the velocities have reduced values 

given by 

vr 	= vr  p v = (4)
n
ve/ 

v 
z e 	= Vz  ( 6. 49) 

Every particle carries the same charge Q. To represent a 

density which is independent of radius, the area density of 

particles in the r direction is proportional to the radius. 

Macroscopic quantities are represented on a mesh, the 

nearest grid point approximation being used. If a is the 

size of the mesh then the macroscopic quantities which are 

evaluated are:- 

the .number density 

NDEN(I,J) = 1 	g(IET(r7a)+1) ,J)WIET(2A)+1),I) 

and the azimuthal ion current 

'THETA (1 ,J) = 	V: cc( INTWia Nit 11 cr(1141-(e/p)i- I , r) 
iTrT 

The indices I and J label the axial and radial cells 

respectively and INT is the function which truncates 
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the argument to an integer. The summation is over all of 

the particles. When ions hit the wall of the tube they are 

lost to the calculation. 

The motion of the electron fluid. In this approx—

imation the motion of the electrons is given simply by their 

guiding centre drift. As shown in chapter 7 this is an 

azimuthal motion and as such the density in the r — z plane 

is unaffected. The electron number density is assumed equal 

to that of the jowl and the azimuthal velocity of the 

electrons at a mesh point is given by 

Vric.  = E A K/ 180 t mV: itE.17.1E 
e 84" 	gi 

where II and 1- refer to the magnetic field. To help evduate 

this vector expression the quantities 

W1 = kB2( ( 	r 	I- i(e0 	kr(1-1- e)c oolzt) 
7-° 	1 	1  1- 	7. 1 	 1 

W2 = kB2 sin kz cos kz ((kr + 1(kr
2
)3) 	(1 +(2r 2)2) 

	

2 	2 

are evaluated. The electrons drift is then explicitly 

evaluated as 

V5c. i(E-41gr 1-  Ill ((V: t /11 	-3,V2)-t kgptil ki /31h 
ttsr eE* 	1 	(6.51) 

v11  and vl  are evaluated from a scalar electron temperature. 

The curvature drift in the above expression is anti symmetric 

about the ring cusp, whereas 	E/B is symmetric. Only the 

sign of vgc changes for axial displacement of(n+1)L. 

(6.50) 
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The azimuthal current density is then evaluated as 

JTHETA(I,J) = ITHETA(I,J) — Qv- 0  NDEN(I,J) 
Trra 

The magnetic fields produced by the currents. The 

primary quantity to be evaluated is the axial current. This is 

necessary for both the calculation of the axial electric 

field and for comparison with the experimental results. Only 

an ion current is allowed, and the value of this is 

I 

	

	 (6.52) 
z L  

By evaluating a z average,difficulties which would arise 

from a z dependent Iz  are avoided. In practice local axial 

electron currents( i.e. not crossing the ring cusp) will flow 

so that V.4. = 0. 

The azimuthal current density is used to calculate the 

magnetic field produced by the Hall currents. As 7.b = 0 

(where 	is the field produced by the plasma currents) it is 

best to evaluate Ae  the magnetic vector potential of the Hall 

currents. 

The elliptic equation for Ael  is 

)1A0  t aAe — Ao  t '41.Ae = —tie je 	(6. 53) 
r 'ar 	el 	W.  

A five point difference schema'is used to solve this 

iteratively using an over relaxation method.The z boundary 

condition is antisymmetric, the boundary condition on the 
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axis is Ae = 0, (bz allowed but nctbr)' 
and on the outer 

radius* Ae-40 as r--boo. 
As Ae oc Ile when the plasma currents 

look like dipoles it was sufficient to solve for Ae only in 

a region up to twice the radius of the tube, and to use 

Ae = 0 as the boundary condition at the edge of this region. 

A coarse mesh of side 4mm is used. By doing so the singularity 

of eq. 6.5.$ at the null point is avoided. Physically this is 

also correct as at about this radius the guiding centre 

approximation breaks doWn because of finite Larmor radius 

and small co---G. 

The magnetic fields produced by this Ae is simply 

calculated by 

bp  = "aile 	bz  = Ae  + (6.54)  
az 	r 	dr 

Coupling the plasma to the primary circuit: In the 

experiment there is an intimate coupling between the plasma 

and the primary circuits. The ratios of current in the 

induction rods of the primary circuit as well as the total 

current flowing in the primary circuit is affected by the 

plasma. *However the system can be represented as lumped 

inductances and mutuals,by the equations 

	

Ez = -M di - Le  dI 	(6.55) 
at 	dt • 

L d2i +M d
2
I 

P dt2 dt 2 
+ R di + i 	= 0 	(6.56) 
° dt C 
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where 	i is the current in the primary.circuii 

I .is the current carried by the plasma 

M is the mutual inductance between the plasma 

and primary circuits 

L is the primary inductance 

Le is the geometric inductance of the plasma 

C is the main,bank capacitance 

and 	Re  is the resistance in the primary circuit 

A straight-forward differencing of these equations using 

time derivatives at. the last time level is unstable. The 

particle integration initially satisifes 

L11. dI = Ez 	
(6.57) 

" dt 

where LH is the Hall inductance (see chapter 11), and so using 

the time derivatives at the last time level the difference 

equation would be equivalent to 

dI = -Mdi - 	dI 	dt 	d2/ 1421) 

" 	 a dt dt dt 	T2 dt2 

which is unstable to high frequency modes. For the magnitudes 

of La, Le, and M needed this is grossly unstable. To decrease 

the instability of the scheme an average value of Ez is 

used in eq. 6.47. 
n 	

En -4)/4 En4e  = (Ez 	+ 2En-1  + 	(6.58) 
z 	z 	z 

where En = - m (in+1, 
in-1)  - Is_  (In+1 - In-1) (6.59) 

z 	2dt 	2dt 

and for the primary circuit 
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n+1 1_1n-1) (6.60) 
di 	= din-1  + 2dt (-M d2In-37R din- 
F1.7 	dt 	L 	afz 	dt 	c 

n+1 ; in-3  + dt din-1  (6.61) 
dt 

The initialisation has to be correct. If R is negligible 

then the initialisation is 

i = I = o;  f 
(L€ +LH) 

and 	di (L - M
2 
	= -V 

dt p (Le+LH) 

V is the charging voltage of the condenser and LH is 

calculated from the initial number density. (chapter 11) 

The values of the electrical constants used were 

approximately the experimental values-L- 

C 	60eF 

Lp 	(primary inductance) 400 nH 

L 	(geometric plasma inductance) 400 nH 

M 	300 nH. 

By including a realistically calculated electric field 

the usefulness of the dimensionless eauations is lost. Runs 

are reported for hydrogen and argon with a varying ionic 

charge for the latter,and with varying magnetic and electric 

fields. 

6.8 	Results of the simulation 

All of the cases taken had the same common features. 
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These are described quantitatively for one set of parameters . 

The values of the macroscopic quantities.are shown in figures 

6.4. and 6.5. 

The case described is one in which there is a 

moderate amount of loss. As shown in fig. 6.4 this loss occurs 

mainly between Its & 2ps. This is the time taken to 

accelerate a stationary ion to the ring cusp plane. After 

3ps there are no more ions lost. 

The current shows a linear rise but starts to fall 

away from this line before man particles start being lost. 

This shows that there is a deceleration of the ions before 

and during loss. After the loss of particles has stopped, 

the rest continue being accelerated, and so the current con- 

tinues to rise. 

The Hall inductance of this plasma is 21H, larger than 

the geometric inductance (.4e). Hence most of the primary 

bank voltage is available to accelerate the plasma. At the 

time of loss the Hall inductance, LH  =_rts. 'increases further 
241-frr, 

as well as there being an effective resistance due to the loss 

of particles, changing the inductance(similar to the I dL 
dt 

term in say z pinches). There is a consequent slight rise 

in the acceleratin1 electric field, at the time of maximum 

loss. The field then starts to drop because of the limited 

amount of charge on the consenser (bank period 3Ops ). 
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The flux through a diamagnetic loop measuring 

the field of the plasma current, is also shown in fig. 6. 

As no inductance is included for the azimuthal currents the 

plasma field rises immediately to a high value due to the 

guiding centre drifts of the electrons. 

The effect of the curvature drift is small compared 

with E/B drifts. This is generally because 

/r ‹eeE 	i.e. kTe<<2 reE 

where r is 9 radius of curvature. 

The contours of the two drift velocities are shown in fig. 6.5. 

The shape of the field lines of the plasma current is 

initially atig the plasma current was all at a radius of 

2 cm. The axial field can be seen to decrease from the 

centre outwards passing through zero at 2 cm in the 

plane of the ring cusp. 

After the sudden rise, the field then decreases and is 

reversed at the time of maximum loss. The shape of this field 

is complex but shows the reversed azimuthal current of the 

ion moticn at larger radius. There is still the same 

direction field at the centre of the coil due to the guiding 

centre drifts. With 'increasing radius this quickly reverses 

as the azimuthal current is dominated by the ions which are 

drifting azimuthally. In a steady state the ions can drift 

azimuthally at the same speed as the electrons i.e. /B, but 

locally in time they can exceed this value by a factor of 2. 
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bz when t = 0 

a) as a function of r under the ring cusp. 

b) as a function of z on the axis 

when z = 0 at the ring cusp. 

b
z 

(gauss 

bz(r) 

FIG. 6.6 THE FIELD PRODUCED BY THE PLASMA 

Vm  = 20kV. , B0  = 	Z = 2, n = 1020m-3 

Time variation of bz at the axis 

magnetic field 

relative density on axis at the 

ring cusp. 
bz  
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ring: 
cusp  
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For a lower amount of loss the field at the centre 

of the tube is shown in fig. 6.5. There is not much decrease 

of the field at the loss time because of the low loss. 

The field generally follows the relative density at the centre 

/ of the tube which is also plotted on fig. 6.6. 

After the time of maximum loss there are still 

oscillations, on the flux signal. This is due to ions 

which have been. trapped in the first ring cusp, and are 

causing a modulation of the electron azimuthal current. 

Fig. 6.7 shows the density in the r — z plane at 

various times. A cusp shaped density profile is seen to 

arise. In isolation these diagrams are misleading. As shown 

analytically an ion which is accelerated and not lost moves 

so that it is radially displaced outwards when it is under a 

coil, and inwards.  when it is under a ring cusp. Fig. 5.8, 

a drawing of the trajectories of a representative class of 

particles, shows some which start 	within the accelerated 

region. The plotting step is large which is why some of the 

trajectories are so angular. For the accelerated particles 

note that they do in fact reach a maximum radius under a 

coil. The cusp shaped density distribution of fig.6.7 	is 

not due to accelerated particles but rather particles which 

have been trapped and are probably being lost. Fig. 6.8 

shows the large loss of particles initially through the ring 

cusp. It also shows, for the accelerate& particles, the long 
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wavelength modulation of the radius due to the focussing 

of the cusp fields. 

Unfortunately insufficient data was taken for an 

exact comparison of this frequency with the theoretical 

values oft.r/2 	(section 7.11)An approximate comparison 

can however be made. The measured period is 3.6 +.8 ̀us; the 

theoretical frequency should be ZeB/2m this being 4.31 s. 

On the plot of fig. 6.8 there is insufficient data to see 

the fluctuations at the cusp freouency which cause this 

focussing. 

Fig. 6.9 is another 'plot Of the particle trajectories 

for a different set of conditions. The scales are expanded 

to see more detail than fig. 6.8. The trajectory starting 

at z = 0, r =.016m  is a good example of outward motion in 

the first ring cusp; and a Subsequent inward motion once 

the plane of the ring cusp is passed. For these field para- 

meters. 

k mE, =.77 • 
ZeBo 

From equation 6.29 a maximum excursion of 1.25 1.0  is 

expected. The maximum excursion measured from fig. 6.9 is 

1.3 ro. 

The particles which start down stream of the ring 

cusp are initially accelerated radially inwards. However 

if they start near to the wall they are lost through the 

next ring cusp. 

= 
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Fig. 6.10 is a plot of the initial positions 

of the particles showing which category they will fall in. 

These somewhat arbitrary categories are:- 

particles which are monotonically accelerated 

denoted by 3 

particles which are not lost but whose velocity 

reverses denoted by 2 

particles which are lostsbut not through the first 

cusp,denoted by'l 

particles which are lost through the first cusp 

denoted by 0. 

The cusp shape predicted by eq. 6.38 is certainly evident. 

The ring cusp of the particles which are accelerated is 

downstream of the magnetic ring cusp. The interface of class 

3 particles and class0 parti(iles is blurred by class 2 

particles. 

In fig. 6.11 the waist of the contained volume is 

plotted against an approximate value of 7  for that discharge. 

This is done for 15 discharge conditions with F  varying by 

100. Also plotted is the analytic result predicted by eq. 

6.31. 

Good agreement between the theory of section 

6.3, and the computational results for the middle range 

of /3 is evident in fig. 6.11, where the computationally 

observed value of the waist of the contained region is 
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plotted as is the analytic result, (eq. 6.31). The 

difference between the analytic magnetic field and the 

computational field must be allowed for. This is achieved 

by correcting the value of 	to F/(1 + .75(kroM 2)2, for  

the computational results. The computational field is larger 

than the analytic field by 1 + (kr)
2 
for Br and 1 + (kr)2  

"21 
for Bz

. The different radial variation for the computational 

field would not affect the analytic result, which is independent 

of the variation. 

For low 13 , particles are being contained as they 

are being mirrored by the cusp field. For high F, eq. 6.29 

is probably more realistic. Using rmax  = rt gives 

ro  rt  
1 +.2* .  

This is also plotted on fig. 6.11. 

The magnetic field pr'oduced at r = 0, z = L/2 is an 

important diagnostic aid. A fit of this to the parameter 

yields. 

k(r.o, 	 gauss(6.63) 

This is when:- (1) there is no azimuthal ion current, 

(2) all of the applied field appears across 

the Hall inductance. In the experiment the LA rise time of 

the azimuthal current is short so a meaningful comparison can 

be expected. 
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This field produces a shift of the null point of 

the cusp. This comes directly from eq. 6.63 and is 

/ the magnitude of which is consistent with a small perturbation 

of the field line, one of the original assumptions of the 

model. 

Fig. 6.12 shows the macroscopic quantities as the 

applied magnetic field is varied. The number of lost particles 

goes up as the magnetic field does. The maximum electric 

field is correspondingly larger as there is a larger 

effective resistance due to I d L,. The loss time, measured 
dt 

by the time of maximum current, is not affected much by the 

size of the cusp field. This is because the loss time is 

affected mainly by the outermost particles which ar,: lost 

whatever the value of the cusp field. The loss time decreases 

slightly as the_cusp field increases,by about 100 ns. 

for Bo varying from . 2T to .8T. Over a wide range of 

variables this current loss time can he fitted to the 

expression. 

t 	= mL = 280/10,000) A ns. 	(6.64) 
eEZ 	Vm 

where A is the atomic weight of the species. This can be 

fitted to both hydrogen and argon, but again depends on all 

the field appearing across the Hall inductance(as opposed to 

the plasma geometric inductance). It is the time taken 

dz = —.02(n 	V_ 1(1
2 cm 

(-22i  
1020) 10kV Bo 



187 

to accelerate a particle from the plane of the coil to the 

rim cusp. 	It is this distance, 2 cm, which is appropriate 

simply because it is an alieragetiniefor .any particle to 

reach a ring cusp. 

3. a 

FIG. 6.12 LINEAR P=TRON  

Variation with Bo(T),argon,Z=3, n=1020m3 -,Vm=1016N 
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CHAPTER nVEN  

A COLLISI9NL',39 PARICLE SIMULATIOY OF TH7, POLYTROI  

WITH A SELF CONSISTENT ELECTRIC'FIELD  

This chapter describes an extension of the particle 

/ work in chapters 5 and 6. There it was seen that the 

ion trajectoriee in the vacuum field could account for the 

nature of the plasma losses. In this chapter inclusion of 

the electrostatic field due to charge separation makes 

the problem more realistic; indeed within the computational 

constraints ..'t simulates a zero p polytron exactly. The 

straight cylindrical coordinate system, r, e, z, is used. 

7.1 	Relation to earlier work 

.Particle simulations of plasmas were performed 

as early as 10 years ago (Dawson, 1962). However, the 

available computer power only allowed 1 dimensional plasmas 

to be studied. The plasma; consisted of sheets of charge. 

These models were used mainly to compare the properties 

of the model, such as collisions and equilibria, with 

analytic 'results. 

Two dimensional simulations began about 1966 

(Hockney, 1966). Typically the plasma is represented by a 

set of charged rods, in a Cartesian space. Because most 

experiments do not have plane symmetry, these simulations 

have been used to verify predictions of theory, such as 
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holes in phase space (Boris and Roberts, 1968) and anomalous 

diffusion (Hockney, 1966). There have been exceptions such 

as a simulation of the astron (Kneen, 1966 
	

an 

unusual plasma, and a simulation of a stellarator (Smith and 

Bishop, 1968). It should be noted that most experimental 

plasmas do not adapt to this particle treatment because of 

the importance of the self consistent magnetic field. 

However the polytron does; at least a low density polytron 

does, and so a two species simulation has been performed. 

Moreover a self consistent electric field is 

necessary to explain why confinement in the polytron is 

so poor. This is completely different from a stellarator.  

where the electrostatic field improves confinement 

(Smith and Bishop). The electric field is found to be 

larger than the expected kT, and is shown to be proportional 
er 

to the driving applied electric field. 

Sophisticated programming techniques have to be 

used which are described elsewhere (Kilkenny, 1971). A 

comparison with the experiment is made in chapter 11. This 

ability to make a comparison is quite an unusual feature 

of particle simulations. 

7.2 	The physical model  

The low density polytron does not distort the vacuum 
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/experiment shows that this limit is too high and that 

n <1019  m-3  is more appropriate. The number density which 

can be simulated is several orders of magnitude lower than 

this . 

Both ions and electrons must be integrated. In other 

two species calculations a fictitious mass ratio has been 

used so that the ratio of the electron Larmor period (which 

restricts the integration timestep) to ion Larmor period is 

not too small. However, the naturally large ion to 

electron mass ratio, is essential for the polytron mechanism. 

Consequently a guiding centre approximation for the electrons 

has been used. Effectively a zero mass is used for electron 

motion perpendicular to the field lines, whilst the true 

electron mass is used for parallel motion. The equations 

of motion-of an electron guiding centre are 

dv„ 	 trl ie. 
cce 

vl 	Q y b 	Ye  

(6- 7. )0,0  
q. 	1 B13 

Ye 	E  

   

fields. A critericn for low density, in this context is 

Alaje  =  	= plasma field ‹< B 

k kB 

where B is the order of magnitude of the vacuum field, 

and k.ir,/ cusp separation; therefore n<1021  m3. The 
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0 
"E 	

(Northrop 4961)( 7'6  ) 

to first order in m/q, as V B = 0, parallel and 

perpendicular referring to the local direction of B. 

s is the coordinate along 211the unit vector parallel 

to B. 

It would seem to'be difficult to solve this complete 

set of equations for many particles, even with the obvious 

simplification of working in the r-z plane with azimuthal 

symmetry. However the set simplifies as both ve  and vb 

are azimuthal and so do not change the system in the r-z 

plane. Also, vr, the only drift velocity in the r-z plane can 

be neglected. 

If ) 	= 0 then vr = m  Z11 13- X 	(E sin G) (7.7) 
q BI 

with the notation of fig. 7.1, s being measured along a 

field line. Suppose that a guiding 

centre moves close to a field line 

from A to B then the drift along 

the radius of a curvature of a 

magnetic, 
field line field line, 

FIG. 7.1  
dr =vr dt = E m = 

A 	F tB (+3-c e 

making the valid assumption that in this region, near to the 

cusp centre, a_ DIA4) = 0, the field line turning through 
. 



/ is only a small region, where clg f 0 anyway. 
dt 

90°  between A and B. Physically this displacement accounts 

for the energy of the E drift. If the electron then moves 

back along the field line, vr  reverses and the particle moves 

back to A, the original position, even if ') 01,1B0 40. 
as 

For d > lmm it is necessary that B <10-2T. This 
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Furthermore, in equation 7.1 the term -0B can be 
as 

neglected c.f. e E11  . For the mirror effect will be largest m   

near the ring cusp where B Br  = Bo  kr sin kz then 
2 

- la .1.f.z 	Jr• . 114, 	2 Lou wi flA lc 
, 

m 'as 	180) Z r 	mr 	-F - 
where WA  is the perpendicular temperature,. in eV. This is 

taken as 1 eV, the original temperature, there being no 

heating. As shown later Ell  at the edge of the cusp is 

several E applied and so fiij is about 10 times smaller 

than ii. E
119 which is v- 1016 m/S

2
. In the programme. 

m 

provision is made for the inclusion of 7.-,_ ,s  , but it is 
not used. 

As ye.21  = 0 the last three terms in equation 

7.1 are zero. 

There seems to be no precise 	criterion for the 

inaccuracy of a guiding centre treatment of particle motion 

(Grad, 1961). However a safe criterion seems to be 

vm « r or 2vm ‹C r
2 

eB 	eBok 



0  cusp 
coil 

wall 

FIG. 7.2. 
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as the local radius,r,would be approximately equal to the 

scale length for changes in the magnetic field. This indicates 

that for electrorsr >1 mm. 

Thus with very little loss of generality the 

equations for each particle simplify to 

dull= 	) cos e - eti sin e) 
m 

1211. Ell = 	((Ea 	le  
dt ar 

(7.8) 

dr 	= v11 sin e 	 (7.9) 
dt 

dz 	=v11.  cos e 	 (7.10) 
dt 

where E
a  is the applied electric field, U the electrostatic 

potential, (obtained by solving Poisson's equation) and e 

defined in fig. 7.2. The position of each particle is 

specified by three coordinates r,z ,v11. e is a known, 

fixed function of r and z . As in chapter 6 

B = (Bo  sin kz (kr/2 + (kr/2)3/2), 0, Bo  cos kz (1 +(kr/2)2). 
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Each particle in this model issinreality,a charged 

annulus. The charge on each annulus is the same, and so 

the initial constant number density is simulated by an area 

density of annuli', proportional to the radius. 

To simulate the laboratory experiment the tube radius 

is Lcm , and the coil separation 4cm. Eo. 7.8 - 7.10 are az-

imuthallyTindependentand so the syl-:tem is periodic from cusp 

to cusp. The potential is evaluated, on 32 x 32 mesh points 

within this domain, the length of the cell side, a, being 

1.25 mm. The density at thicoordinate I,J (see fig. 7.3) is 

evaluated as 

((I,J) = Z 	S (1 , Int (rk/a41))egr,Int(ikto)+1) 
k=1,all particles I. 	

- 

(7.11) 

The function Int is the first integer whose value is less 

than the argument. For the purpose of equation 7.11 zk  is  

reduced to a value in the first coil. 

This is the nearest grid point approximation, which 

• is also used for the electric 
1;0 .r ah 	

field which a particle- ezperience 

FIG. 7;3 	Other weighting schemes such as 

I-J 	cloud in cell (C.I.C.) are less 
NOTATION 

noisy, so reducing false 

ore I,  131 	heating of the plasma, but have 

the same collision frequency as N.G.P. (Hockney, 1971). The 
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considerable extra programming necessary for C.I.C., 

especially compared with the simple shifts of N.G.P., 

makes N.G.P. preferable to C.I.C. 

Poisson's equation which is in this geometry 

V 2U =12U + 1 	+ )U = - / t— 	(7.12) 

k),2  r ke' az 	C
o 

is solved in the form 

-a_e_t tit = - 	 (7.13) 
r ar 	a 

where U4  is proportional to U, equation 7.13 being 

simply differenced to a form with no constants in it. 

Periodic boundary conditions are applied in the axial 

direction. U = 0 at the, tube i.e. the tube is metal: 

the real condition of an insulating wall would require 

solving for U several radii outside of the tube. The row 

of mesh points next to the axis is solved by Gauss's law, 

so avoiding singularities in equation 7.13. 

When ions hit the wall they are perfectly absorbed. 

In contrast when the electrons hit the wall they are brought to 

rest at zero potential. The first condition is realistic 

because of ion neutralisation; the electron boundary 

condition is necessary to allow flux to and from the wall 

at the plasma frequency. 

U16  is differenced and stored to produce the r.h.s. 

of equation 7.8 by 
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Er (I,J) = (13
41.  (I,J + 1) - U 	mC/2q 

	
(7.14) 

Ez (I,J) = (U 	
+ 1,J)' - U 4t  (I-1,J)) mC/2g. 	(7.15) 

where C is a constant allowing for the number of electrons 

on each annulus. The equations of each particle are 

reintegrated, the cycle being repreated. Fig. 7.4 is a 

block diagram of the process. 

Once enough electron timesteps have occurred 

(Section 7.5) the ions are integrated according to 

cei 
dks  

• 

=A e  X (6  11? ) 	- pn 

• ?e2 I, 	- 	Ae) 	(Ei - u 
tv, 	rA 

(7.16) 

(7.17) 

This is as in chapter 6, apart from the inclusion of N7U, 

the value of U being an average from all the electron 

'timesteps. 
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1 7.3 	The initial temperature  

Initially the electron velocity distribution is 

approximated to the Maxwellian 
•  

f(v11) = n 	
m  12 exp (-mv11/2kT) 

12/rkTi 	
2 2 

= n 	( m 	exp ( -v11/17t1)1 
k2itkT 

by a histogram of 60 fixed velocity intervals within 

the range v112  46v2  th. A Maxwellian is chosen as it is 

known to be stable. CoMputationally the probabilities 

for all of these intervals are assigned to an exclusive 

part of the range 0 to 1, the size of the part being 

proportional to the probability of the interval, and 

the sum of the probabilities being 1. For each particle 

a random number generator produces a number between 0 and 

1, and the corresponding velocity interval within which the 

random number lies, is assigned to the particle. 

	

7.L. 	Numerical details  

High accuracy of equations 7.8, 7.9 and 7.10 can be 

achieved by  using a leapfrog scheme. 

v11
2 dt = v11  dt + oe14-1  dt2  (error O(dt4  )) (7.18) 

where 0( is the acceleration along the field line, 

 

+1 n+2 zn+3 	z n 	+ 	dt cos aril-2  (error 0(dt3  )) (7.19) V11 

rn+3 	+ V11 
= rn+1 	 2 dt sin e 114-2(error 0(dt3  )) (7.20) 
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The integer superscripts refer to time levels. Positions 

are not so far defined at time n + 2 and so cos en+2  

= .5 (cos(e(rn+1,zn+1))+cos(e(r*n+3,1n+3)) is found by cos e
n+2 

Starred 	quantities are temporary values defined by 

r*n+3 = rn+1  + V11n+2 	n+1 
dt sin e 

= n+1 	n+1 zwn+3 + v11
n+2 dt cos e 

The accuracy of this scheme for equations 7.19 and 7.20 

was checked for a 100 eV electron, dt = 2 10-1°s, giving 

an error of 19pm in integrating the position through 90°  

along a field line i.e. 4 cm. 

Errors will occur in equation 7.18 but will be 

of order dt 4, as xis known at time n + 1. It is important 

to use such a scheme which requiresIstorage of coordinates 

at only one time level, reducing memory requirements 

7.5 	Computational details  

Programming the equations is a major effort, and 

is the subject of a separate report (Kilkenny,1971). A few 

details are included here.For most runs 32, 768 particles were 

used. The'frequent electron integration has to be fast, and 

so is written in optimised machine language. The three electron 

coordinates are packed into 1 computer word; the position 

and velocity of each electron is integrated one timestep in 

36ps computer time. 

Only 60,000 words of central memory were available, 
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so when the iomare integrated the electron data is stored 

onto magnetic tape, and then the ions are integrated by 

using a rotating double buffer and another two tapes. Such 

slow information access (to magnetic tapes) is permissible 

because of the infrequency of ion integration. 

Poisson's equation is solved iteratively by a S.O.R. 

process, on a 32 x 32 mesh (Hockney, 1970). 

Hockney has shown that a Fourier transform method 

of Poisson solving, is faster than any iterative scheme. 

However he does not consider the improvement to an interative 

scheme caused by a good first guess. Also core store and 

programme development time for a Fourier transform programme 

are important considerations when the computer time taken 

for an iterative Poisson solver does not dominate the 

particle integrating time. 

Thus'Poisson's equation is solved iteratively using o 

S.O.R. method. A five point differencing scheme is used for 

the differentials. The a.13orithm for the row nearea to 

the axis, which is different from the main domain is 

uPrt‘Ct, 	wit ( 61/ 42eg(r3,6 tu'P(ri-1,1) -t- 

+4-u".(rm) t 0-(z) (-1 "(1, 	-(Y.Z1) 

which is derived from Gauss's law. The superscript p is an 

iteration counter and 0-  is the'same relaxation factor as 

in the main region. 

The analytic expression, in a cartesian system, 
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for the best value of W, the relaxation factor is 

- 0- 

Ir(3,1711 -t ta$)111- 

where the region is N mesh points by M. This 

gives Wr= 1.84 for a 32 x 32 mesh. For the mesh used here 
the best value is 0-= 1.92. This was found by trial and 

effor. As shown in fig. 7.5.,using the exact value is critical.  

extrapolated value from the last two timesteps i.e. 

- Un  = 2 Un-1 Un-2 where the subscript is a time level. 

This increases the convergence by approximately 10. Iteration 

continues until a fractional convergence of .001 is attained. 

7.6 	The scaling of the number density  

The process outlined so far is a two stage simulation 

of the polytron plasma. The computer plasma has a real number 

density of 109  m3 and is used to simulate a number density 

of 1015 m-3, by increasing the mass and charge of each 
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1 particle by 10
6. Such a scaling allows important physical 

quantities to retain similar ratios as a real plasma of 

number density 1015  m,3  (e.g. the Debye length to the 

dimension of the plasma). This is the first stage of the 

simulation. 

Then it is assumed that the properties of the 

polytron are independent of number density, apart from the 

toroidal and poloidal currents which are assumed to be 

proportional to the number density. This seems valid from 

the analytic work, at least in the lower density regime. 

If so the laboratory plasma will exhibit the same properties 

as the 1015  m3 plasma. This is the second stage of the 

simulation. 

The validity of the first stage of simulation can 

be verified in some detail, as the characteristics of 

the simulation can be measured. The second stage is not so 

easy to verify. An understanding of the process occuring 

in the 1015 m
3 

plasma and proof that they are number density 

independent is required. 

SO far it has only been stated that the scaling of 

the number density is adjusted by the constant C (eq. 

7.14 and 7.15). Also where mass and charge have been written 

it has only been as a ratio, which is independent of the 

scaling. Firstly, then it is necessary to be more specific 

about C. The notation of a superscript .*signifies 
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a variable used for multiplicative simplicity in the 

programme. The subscripts c and s refer to the actual 

value of the quantity used on the computer and the 

value which the computer model simulates, respectively. 

Charge and number density (n) defined by eq. 7.11 

are related to computational quantities by 

• = 211x3 nc 
	 (7.22) 

-u* 

r 	= 2.rra3 nc 
	= 	nc 	▪ 2-rralf, 	(7.23) 

q.c 
is found from solving eq. 7.13 which is rewritten as 

D U 2  't  = 	- 21afe 	 (7.24) 

qc 

Also 	0(1*= Pcdt 2  = dt 2  qc V 1.1 = C dt 2a lie 	(7.25) 

Equation 7.25 gives the relation between U and U* 

Came  U* 	 (7.26) 
c 

Therefore from equation 7.24 and 7.12 Came  = cic 
qc 	2.rr a Co 

qc = 2-rra2mc  Ce • . 	 o 
qc 

(7.27) 

This gives the charge on each computer particle, as me 
qc.  is independent of the charge on a particle to preserve 

the correct particle dynamics. The number density being 

simulated (ns) is then related to the number density being 

used on the computer (nc) by 

ns  qs  = nc  qc 	 (7.28) 

me  
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where qs  = -1.6 10-19c
-30  

and ms = .91 10 	kg. 

The necessary conditions on the characteristic lengths 

and times are now considered. 

1 7.7 
	

Characteristic lengths  

For lengths, one set of conditions is 

a cIC Xs 	<:( 2R and L 
	

(7.29) 
where Xs is a plasma screening length, R the radius of 

curvature of Band L the dimension of the tube. )%s L is 

necessary for the particles to constitute a plasma. That 

Ac<<2R is necessary for the second stage of simulation. 

It can be seen from fig. 7.6, in which the screening of a 

field charge in a circular magnetic field is illustrated. 

The screened potential produced by the field point is 

U 	exp (-2R sin(l/2)/Xs)  
17  o 2R sin V2 

A plasma of density 1020  m-3  will 

always have Xs 4CR. For the simulated 

plasma of 1015  m-3  it is necessary 

that sin (0)=4(0 < 	<< 
2R 

That a<Xs  is necessary for an 

accurate solution to Poisson's 

equat ion. 

FIG. 7.6 PLASMA 

SCREEN IN A CURVED 

  

MAGNETIC FIELD 
The Debye length of the simulation 

Condition 7.29 is very stringent. a, the length of 
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the side of a cell cannot be too small because of the 

need to solve Poisson's equation. The screening length 

is thus fixed at about the geometric mean of the cell 

side and the plasma dimensions, and. this determines the 

number density of the simulation. 

The Debye length for a plasma is 

= ikTe. 

nci2 

At first sight this appear to be dependent on n /h . s c 
However, the velocity of a super particle is the same as the 

corresponding electrons, as they have the same charge to mass 

ratio, and so their temperature is scaled up by the number of 

electrons, 

i.e. kT 	1 mc v2 
= m 	kT , 

2 - 	me 2 s S  

Xd  = (6o  mc  1 (kTe) = 4.2 10547—  m% 
ms  c c 

(7.30) 

n  

The Debye length for the simulation will be different 

from equation 7.30; for distances short compared with 

the local radius, the simulation plasma is pseudo two 

dimensional. However, the potential of an annular charge 

depends on the direction from the annulus and does not fall 

off as fast as 1. An anisotropic screening length, Xs  longer 
12  

than Xj,is to be expected. 

To ascertain the value of Xs, the real screening 

length in this particular problem, a set of straight field 

Ad 
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lines parallel to the axis, with the charge density at 

'four mesh points held at a negative value of 5 times the 

local number density, was used. The values of ns 
and W 

were 6.2 1014 m-3 and 40 eV, and so:kd  = .18 cm. The 

screening legnth Xs, from fig. 7.7 is .35cm, 3 mesh 

sides. As this is small compared with the local radius, 

17a,there is no anisotropy in X. It is approximately 

true that Xs  = 2 ?d. (This was also checked when the 

Debye length was twice as long, in case grid effects were 

important.) 

.200v 

a 

FIG. 7.7  THE SCREENING OF A CHARGE BY THE SIMULATION PLASMA  

7.a 	Characteristic times  

The characteristic times are tabulated and defined 

in_fig. 7.8. There are computational restraints on these 

timea,for_ accurate integration, and physical restraints for 

meaningful simulation_ 
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FIG. 7.8 
	 CHARACTERISTIC TIMES  

Notation Description  Value 
(s 	) 

Side conditions 

tmin smallest time set by 
fixed format of storage 

2 10-12 Ez=1014  \f/m 

te
c  electron cyclotron time 10-1110-9  Bo=1----,,olr 

dte electron time step 10-10  dte  <t
t 
e 

t e electron transit time 
of cell  

3 10-10  100eV electron 

ttr  e electron transit time 
around B curvature ..... 

Ott 
 
e 

Vtirp inverse plasma frequency 2 10-9  ns = 6 10
14m-3  

dti  ion timestep 8 10-9  dti <ti
t  

tit ion transit time 8 10 --6 10-8  100eV 	11.4A 

t.c 1 ion cyclotron time -8 	- 6 10 -b. 	10 B =1-0.01T H 

t o 	i on loss time 2 10-7  H 
- 

tc electron - ion collision 
time 

> 10-6 ns = 6 10
1 m 3 
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Computationally the ion and electron timesteps 

must be chosen to minimise the errors of the integration 

This is ensured if 

tmin<< dte<< t e 
	 (7.31) 

which also means that 

dt 1/1Wr 	 (7.32) 

In the plasma there will be'an oscillating field 

at the plasma frequency i.e. E(t) = E0(t) sin pt with 

d E (t) << c - E . The criterion for a particle on the 
dt ° 	po 

mesh to be affected by the plasma frequency is found from 

dv  = e E sin (,7 pt giving 
dt m ° 

e E2 > 	a 	 (7.33) 
m tr p  

For hydrogen ions the l.h.s. is about 10-5m , and so 

the ions in the simulation are unaffected by the plasma 

oscillations. Consequently the criteria for accurate inte-

gration of the ions are 

14I0,-p<kdti4<t 	(7.34) 

with the field that acts on the ions being an average 

over the plasma period. 

As v11 dt is stored in a fixed format,using 

only 19 bits, small values of v11  dt cannot be represented. 

This is the reason for t nu  . n' 
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The ordering of the plasma parameters in the 0 
	—3 

plasma which is being simulated is 

to lhrp t 	t « t 
	

(7.35) 

The guidihg centre approximation makes to = 0. 

The values of WI-- and tc are not obvious and so are 

investigated further, but it is found that the scaling, 

which is fixed by the Debye length,still allows equation 

7.35 to hold. Thus the first stage of the simulation is valid. 

7.9 	The plasma frequency  

2 	' 
This is given by tis  = ,nc  qc

2  
which stays constant 

C meo  
as q and m are decreased and n increased to represent 

a large number of single electrons. As with the Debye 

length this formula will not be exactly true for the 

simulation. The exact value is unimportant, but an 

approximate value is necessary for the timestep criterion. 

This is obtained from fig. 7.9 which is a plot 

of the average z velocity of the electrons for a stationary 

and homogenous background of ions. For the case shown 

ns = 6.28 1014  m 3  

• • 
• Grp 	(ns e

2 	=1.4 109 He 

tEo me 

From fig. 7.9 c 	=.L1. 109Ha. This is consistent 



.: ,;,:t•:: 
FIG. 7:9 AVERAGE AXIAL 

ns  — _ 	6.28 

E 	= 1 OLIVA. 
10 

..._.;.- 

• 
1 

. 

ELECTRON VELOCITY, 

-- 

:- 
. . 	• 

r 
• -I 1 

1 ..T...:.: . 
_... i 

1 . 

10n5 
i 

..___. 
....... . .. 	,.... . 

-  • , 	 
'''''''' '' - 	-___.,= _L 

. . 	., 	. 
:: -_L__  , -:_ 	 _ -_,1•_:: _ . I-- 

. _ ._ 	..... ___ 
' 	- 	 

, 1 - , 
... 	 _ 

_ 1 	. _ 
_ 	. 

	

----1 	 

	

. _ 	 
i 1 	' t- 1 

... ......... 
, • 

. 
_ , 

.. _. 

209 

with the screening length being larger than the Debye 

length, screening being less effective than a three 

dimensional plasma. As an approximation the screening 

frequency is given by oYs  = 

The degradation of the oscillations in fig. 7.9 

Is due to differing frequencies in different parts of 

the plasma. The depth of the first minimum (90% of the 

first maximum )shows how conservative the system is; few 

electrons remove energy from the system by hitting the 

walls. 

7.10 	The collison frequency 

  

 

The collision frequency cj- occi4 
C d 

Hence the 

. collision frequency of the computer plasma will be much 



= 
zkr 

error function, and<(i1.0) the rate of 

= en en Jt.  e,w ) 
2Tr 	W 

end ccx, +66 	izxz 
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higher than that of the plasma which is being simulated (in 

the first stage of the simulation). The simulation will 

be meaningless for times, t, greater than lArc, but valid as 

long as t< 1/Larc. As before this quantity has been 

/measured on the computer and compared with the value in a 

three dimensional plasma. 

The particles are constrained to move in one direction 

and so it is the diffusion coefficient of the parallel velocity 

which is relevant. This has been calculated by Chandrasekhar 

(1943) as 

where el 

' being the 
change of parallel velocity as' an ensemble average. 

11 	- 	4140)5 / w:-  • - 
r-- / 

More usefully p c 	.5A/2 NeWc
h 
 )- 
3 

" (7.36) 
*eft A c(& ) 

= 4114 , the number of particles in the Debye sphere. 
3 

To check the validity of eq. 7.36, "119  the rate of 

change of parallel velocity was measured in the simulation: 

so that this change iS primarily due to interactions with 

particles within the Debye sphere, a field free, MaXWellian 

and homogenous plasma was set up, with no applied electric 

where Nd 
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field and straight field lines parallel to the axis. 

( AW, ) was only measured for one particle, being the 

change of velocity in one timestep/dte. But measurements 

were made over 100 timesteps giving (6a6/02) and an 

experimental value of G,7-c11  = 2 105  s. —1 , for fw = 1.8. 

For comparison with equation 7.36 the correct 

value of I.= 	must be used. 	Nom, the smallest value 
b 
min 

of the impact parameter is effectively given by the cell size, 

closer particles not interacting. From eq. 7.36. Op /0'4". 105 

Therefore act  = 1.4 1045 , using the measured P. Both of 
these values give collision times which are an order of 

magnitude above the longest time of a run and so the plasma 

will remain collisionless. 

The collision time measured could be due to 

collective fluctuations, as well as interactions within 

the Debye sphere. However the measurement does provide 

a lower limit to the collision time. 

The collision frequency of the simulation will be 

different froM equation 7.36 in several ways 	One basic '. 

difference is that the particle-forces are calculated as if 

all the particles were at the centres of the cells. As well 

as the effect described in equation 7.35 there is also a 

collision time with the mesh. The precise effect is not 

clear. The situation appears to be completely different 

when there is much less than one particle/Cell from when 



212 

there are many particles/cell. However, as long as the 

collision time is sufficiently long compared with the time 

of interest its precise value does not matter. 

Unrelated to the collision time is the heating time. 

This is due to errors in integration. The total thermal 

energy has beennpasured. The electric field is a small 

fraction of the total thermal energy (Hockney, 1971). The 

heating time is the time for the total average energy of the 

electrons to rise, and is long (300ns),• comparable with 

the time for which electrons are integrated. 

7.11 	Programme tests  

Routine checks on the Poisson solving and number 

density scaling were carried out by evaluating the 

potential from the ions only and checking with the 

analytic result. Checks on the electron dynamics have 

already been mentioned (i.e. Debye length, plasma frequency 

and collision frequency). With the straight lines of force, 

parallel to the axis, and a uniform background of ions, 

fluctuations of potential are to be expected at about the 

thermal levels. These were observed with the simulation.. 

A positive region near the axis was observed, due to the 

positive fractional background charge, there only being 

electrons from the third row outwards. 
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7.12 	Results with fixed, uniform background of ions  

(a) No applied electric field. The electrons were 

started with a temperature of 0 eV and the motion followed 

for 30 ns, with a uniform background of ions, and no applied 

/electric field. In the absence of an applied E the plasma 

should be symmetric about the ring cusp. Fig. 7.11 shows 

the potential field at 13.8 ns. Symmetry is evident. 

Also shown is the average potential that is seen, needed 

to contain the electrons; fluctuations at the plasma 

frequency result from initiating with zero charge density, 

there being no collisions to damp out the oscillations of 

individual electrons. 

The shape of the potential field does not stay as in 

fig. 7.11. The region A rises to4100  V at 17.8 ns as 

opposed to 30V near to the axis,(region B) Moreover 

the two regions do not oscillate at the same frequency, 

A oscillating faster than B, although the potentials in the 

two regions are correlated.Quesineutrality is obtained overall, 

.3% of the electrons being at the wall although there are 

regions where there is only 50% neutrality. 

The average plasma potential is 80v , twice the 

electron temperature. Ben Daniel (1961) has investigated the 

plasma potential in a mirror machine and finds that it is 

5 times the electron temperature, this high a potential 
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7.11a  AVERAGE POTENTIAL ON AXIS AS A FUNCTION OF TIME 
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being necessary to restrain the high energy tail df the 

velocity distributuion. He only considers a stationary 

solution to the Vlasov equation, whereas this particle model 

describesa time dependent solution:Thus electrons in the 

tail of the velocity distribution are allowed to escape on 

a time scale of 144$ but can only go as far as the wall. 

A very high average potential is not needed to contain the 

electrons. 

(b)Anapplied electric field. The electron motion 

with an applied Ez  was studied. Results are reported varying 

the number of particles, the numbeil density and Ez. The 

numerical results are explained by means of a qualitative 

theory. 

Initially both 32,400 and 16,328 electrons, but 

constant ns
, were tried, and as expected the results were 

very similar. Henceforth 16,328 electrons were used because 

of the smaller core store needed and thus better job 

turnaround. The results of a run with E =-1°
4 
 V/M' ns = 

6.28 1014 -3y  m 	Te  = 40 eV, are shown in figs.7.12,7.13, 

7.14, arid 7.15. Iz  in fig. 7.12, is the average of viicose 

over all of the electrons. Fluctuations occur at the 

plasma frequency and the zeroes of the current are related 

to the maximum in the average potential near to the axis, as 

at this time the number of electrons at the wall is at a 

turning point. 
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time 	1Ons 	 20 ns 

Electron 

current 

(a) E=2 104v/m,n5 =6.3101441-3  

(c) E=104v/M,ns  =6.3 1014M 3  

:(b) 

:(d) 

E=104v/in, 

E=104v/m, 
ns 
n5  

=1.2 
=6.2 

1015m 3  

1014m-3  
square field 

TYPICAL TRAJECTORIES  

A fast and slow electron are shown: 

the displacement perpendicular to the 

field lines is for display. 
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Individual electrons oscillate along their 

field lines. Their maximum excursion is approximately 

X 	. The two electrons shown in fig. 7.12 are low 
S Ve4,  

and high velocity. The high energy one moves the length of 

/the cusp against the applied Eabut eventually is reflected 

by the radial electrostatic field. The low energy electron.,. 

does not move far against Ea, and then moves 1 cm before 

being reflected by 	. After reflection it hovers, 
ar 

there being no Ell  at this point. Cases of Te  = 0 were also 

run. All electrons in this case are accelerated by E4  and 

are displaced by about.5 cm. The overall potential is 

similar to the case of hot electrons, being about 20v lower. 

Fig. 7.13 shows the electrostatic potential on each 

cell at.the time of greatest general excursion along the 

field lines(note that the number/cell equals the radial cell 

number for constant density). Departures from neutrality 

occur in sheaths at both the edge of the tube and the ring 

cusp. The screening length is larger than the 3 cells of 

section 7.6 because the velocity of the electrons is larger 

than the 40eV thermal velocity, being between 100 to 200 eV. 

Even at this time of least neutrality only 30% of the 

electrons are at the wall. At later times, e.g. fig. 7.14 

greater neutrality is achieved, with a lower average 

potential. 
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As before, the simulation is producing oscillations 

at the plasma frequency about d.c. values of potential, 

number density, current, etc., It is the d.c. values which 

are of interest, and which must be averaged. The average 

current is zero; the.average potential is 300V; the average 

under a coil, near to the axis is 85V/cm, which nearly 

cancels the applied field of - 100v/cm. Fig. 7.15 shows the 

value of - c 	as a function of z. The applied field is 

partially annulled over 3 cm under the coil, and enhanced 

by up to 3 across the ring cusp. 

The unexpected results on the potential field can be 

qualitatively explained. In the m.h.d. approximation an 

electrostatic potential is set up so that div j. = 0. Similarly 

in this model the charge separation causes a field which 

opposes any further motion of electrons along the field lines. 

Electron motion along the field lines causes charge separation 

,despite div B = 0, because the region is bounded and vilatEune. 

An approximation to the condition of annulment of 

the applied field • 

;cos e = 	cosO+ ?IL sin e 	(7.37) 
dr 	)r 

This omits terms equivalent to oeilT, -1 VnkT and me
c2 

ne. 	dt Tie-7  

in the Ohm's law. Eq. 7.37 can however be qualitatively 

satisfied, and ir:::)fles that the field lines are equirotentials 

the sum of th3 electrostatic and the al:Tlied ,00tentLls. 
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Under a cusp coil )(-1 = Ea,from eq. 7.37. This 

is seen in fig. 7.15. Downstream (parallel to E) of the ring 

cusp the diverging field lines have to be opposed by .4 
ar 

aU .(Ea  — 	col e 
Tr 	as 

Upstream this effect is reversed, and so the ' 

potential should increase towards the outside. In the case 

shown in fig. 7.14 the potential increases with r upstream 

of the ring cusp. The potential jump between the wall and 

plasma upstream of the ring cusp occurs over a screening 

distance. This is in contrast to downstream where the radial 

field occurs over the whole radius. 	The 

potential, in the simulation is poor on axis as here there 

are no electrons. 

The essential features of the potential predicted 

by this model and verified by the simulation are sketched 

in fig. 7.16. It must be emphasised that the potential 

arises from a slight displacement of the electrons, of the 

order of the Debye length. It is not caused by the electrons 

being accelerated to this energy in Ea.They do not move 

far enough. 

As a further check of this model runs were performed 

with a larger ns  and En. These are also drawn on fig. 7.12, 

and show, as expected, that the potential is proportional 

to Eo and independent of ns. 
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Striations in the number density were observed. 

The modulations were in the direction normal to the field 

lines, and are thought to be similar to the normal modes 

of oscillations of beads on a string, the beadsbeing the 

/electrons oscillating along the field lines. 

These large electric fields will have an adverse 

effect on the containment of the ions. The quantitative 

effect can be seen by integrating the ions. 

7.13 	Integrating' both species of particles  

A hydrogen plasma was chosen for the simulation as 

Z is known. As the simulation will exhibit losses greater 

than those in chapter 6 ,the case of most successful confinement 

i.e. Ez  = 104  V/6., Bo  = .2T and a homogenous initial . 

density was considered. With an ion timestep of 8 ns , 

integrating the electrons for 2 ns every ion integration, 

1 hour of CC6600 time is needed to simulate 600 ns. 

The average value of vz(for the ions) 	and the 

number of ions lost, which are shown in fig. 7.17, are 

similar to chapter 6, but the losses are greater. The number 

density and velocity in the r - z plane are shown in figs. 

7.18 and 7.19. 

After 60 ns (fig.7.18), the large axial acceleration 

under the cusp has cleared the plasma from this region and 
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it has accumulated in a region downstream of the ring 

cusp. This compression has been enhanced by radial motion. 

The outward motion near the axis is due to the radial 0 

electrostatic field, whereas the inward motion near the wall, 

is due to the magnetic focussing. The z acceleration is 

greater upstream of the ring cusp as here the electrostatic 

field is greater. Under the coil and near to the axis, there 

is little net field but the effect of the applied field is 

greater near to the wall. The losses have only occurred up-

stream of the ring cusp and. from the radial velocity will 

continue to occur here. Downstream of the cusp the magnetic 

focussing has caused the, plasma to move away from the wall. 
1 

Particles which have been accelerated through the ring cusp 

region have a Larmor radius of 3cm in a .1T field. 

After 200 ns (fig. 7.19) the region upstream of the 

ring cusp has been cleared of plasma, although near to the 

axis, where vz  is larger, plasma has been convected from the 

next cusp. The'high density region has been split, fast 

particles have moved downstream and the rest,which are those 

particles which have started in the region and not been 

accelerated, have moved outward, there only being focussing 

by virtue of vz. Those which have moved downstream have not 

been accelerated as they have not reached the next cusp(moving 

at 30 cm/ps). Substantial loss has still only occurred 
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/upstream of the ring cusp but is starting to occur 

downstream. Focussing onto the axis has started downstream 

of the ring cusp. 

Later, after 500 ns, the particles have been split 

into two regions. Unfortunately most are in the region near 

to the wall, downstream of the ring cusp, moving towards the 

wall and upstream. The region near to the axis is still being 

accelerated. The plasma which is being lost, will appear at 

the wall downstream of the ring cusp. 

This is seen at 815 ns. Losses are still occuring 

at the ring cusp. Some of the particles near to the axis have 

a velocity of at least 40 104 m/s. Their trajectories consist 

of low and high frequency oscillatiOns. As shown in section 

7.17 the frequency of oscillatiohs is 

eB = 107 s-1  E > 2 cm. 
2m 

This periodic excursion to a large radius causes 

a scrape off of particles when they reach a maximum of their 

oscillation. The extremes of the oscillations could be further 

out than the initial radius as discussed in section 5.4. 

Results of a run, simulating an argon plasma, are 

displayed in fig. 7.20. Here, with a low q/m ratio, the 

difference between the containment with and without an 

electrostatic field is marked. The radial loss of particles 

and the depth from the wall m2Er/(ZeB(2)) from which] loss 
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FIG. 7..20 	PARTICLE CONPAINIVRNT11  FOR ARGON 

E = 104  V/m Bo  = 2T 

can occur reduces the difference in loss for Z = 1 and 3. 

7.14 	The second stage of the simulation;amlication to  

higher density  

The electric field which has been found in this low 

density plasma will also be present at higher number 

densities. The electric field is established on a timescale 

of 1/03). In a plasma of n = 10
20m

3 W = 10 eV, Vc i-109s-1  

W u^1012s-1• 
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exist. As shown in chapter 11 this is most of the tube. 

as long as Ga Lt= 1, the electrostatic field must 
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The electrostatic field will exist for times longer 

than 1/1c. .It is caused by more electrons being able to move 

a distance Xd into the ring cusp region than can move through 

it i.e. rE •>> 	ITE  

1+1.402 

7.15 	A pathological self consistent solution 

There is one steady state solution to eq. 7.37 
suggested by M.G. Haines. This is 

au 7  Eck, au . 0. 
`)-1 ar 

This has to be violated at the boundary but if the potential 

is allowed to rise at the boundary ')L1 = 0 can be allowed 
ar 

throughout the region. The z translational symmetry implies 

a discontinuity in U across the ring cusp. This is allowable 

on this model as the electrons cannot cross the ring cusp. 

The charge distribution necessary to create this 

potential is shown in fig. 7.21. It is a thin disc of + ve and 

- ve charge, 

FIG. 7.21 SCHEMATIC DRAWING OF THE CHARGE 

DISTRIBUTION NECESSARY FOR THIS' SOLUTION 
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together with a small amount of charge on the wall to 

prevent edge effects . 

It can be seen that starting from neutrality this 

state will not develop easily, if at all. For the discs of 

charge arise from a bodilY displacement of the electron fluid 

along only a few field lines. If however, initially there is 

neutrality, then much more charge than is necessary for the 

steady state solution is deposited on the walls. The result 

is radial and axial fields. 

For the simulation this solution certainly. does not 

develop within 10 plasma periods. The potential is similar 

to that suggested here, but is different in that there is a 

radial electric field. The effect of the radial electric 

fields is to broaden the region over which the axial 

discontinuity occurs. For field lines whiph are nearly normaltc 

the a.xis the axial electric fields will have a much smaller 

effect than the radial field and so the axial field·does 

not have to be annulled. As seen from the computation the 

'discontinuity' in the potential occurs over L/4~ If ·the 

" steady state solution were set up then the thickness of the 

discontinuity would be 

t = juam 
. B2 

oe 

twice the ~armor radius, Ua being the applied voltage 
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between the cusps. For Bo= .2T. this is typically 2 mm. 

The loss time on this model, is 14T smaller than 

for the case of the trajectories in chapter 6 . If 

N(---  
the velocity of the ions in the ring cusp becomes Lqa  and 

m 

the loss time is the time taken to drift to the next ring 

cusp plane then 

t e  = L 	= 20010 000) A 	ns. 	.3t? 
L m 

7.16 	The field produced by the azimuthal electron current. 

If the azimuthal electron current flows in a strip 

of thickness x, given by an electron Larmor radius then if 

Br  = Bo  kr/2  

x2 = 	Uam 	 (7.39) 

2 Bo
2  k r e 

. . 	je = ne ve 
= 2ne  

xBokr 

dI = je x dr 

bI 	 r if .x << 
. • • 	=Pone U8 

B k r o s 

where rs 
is the radius where integration must stop because 

either the current flow stops or x becomes comparable with r, in 

which case 

rs  (8UamI 
—17-27 k Bo

e 

• 

• • 
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If the currents flows at smaller radii the 

solenoid approximation can be used for the field produced. 

rs  is typically 5 mm.(Ua  = 200V , Bo  = .4T). It is 

reasonable to take this as a value fixed by either an 

/at<lcriterion or by the size of a magnetic probe. In 

this case 

bz  = 120 (a  xym 	gauss 	(7.40) 
1020 10kV B

o 

7.17 	The equilibrium of the polytron  

The particle description of the polytron allows an 

estimate to be made of the equilibrium. The effect of pressure 

gradients and self pinching are included here although 

heuristically. The experiment is not achieving the necessary 

velocities, and so the question of equilibrium is academic. 

It is necessary though to have some idea ar there an 

equilibrium may lie. 

Initially the azimuthal field produced by the plasma 

can be neglected and so in cylindrical coordinates the 

azimuthal equation of motion is 

dve 	= v zarkr sin kz — vrWcos kz 	(7.41) -- 	— 
dt 	2 

where Br = B kr sin kz, Bz  = Bo cos kz, CT= eB
0  

Bo 2 

If vr <.< kr vz  then ve = —cArr cos kz + A. 2 	2 
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I As shown in chapter 6, if kz->,kz +11 then ve 	ve and 

so A = 0. This can be substituted into the radial equation 

of motion giving 
2 ' 

dvr 	=-or
2 
 r cos

2 	2 
kz = -ar cos 	kv

z
t 	(7.42) 

dt 	2 	2 

In the interval kz =11 this gives the Busch lens formula 

dvr 
dt 

2 = 	r (7.43) 

   

but otherwise it can be integrated if vz  is constant 

. = 	
2 

• • V
r 	—0-*iTic  -, 2 lv  , sin 2kv,t +t + A 

1 	,., 	..-- 
and so the condition kry

z  >
.vr becomes 7-  

v >> 1 (/%1_z 	2k 
. 2 

Integrating again for t‹esitar ,r = ro + vrot -crrt
22  + 	r cos 2kz 
8 8071,7  

(7.44) 

Examination of the high frequency part shows that the particles 

come in under the ring cusp and are at a maximum under the coil 

This is in contrast to the situation when they start from 

.rest and reach a maximum excursion near to the ring cusp. 

At a lower frequency the particles execute harmonic 

'motion about the axis, with a.. frequency Gr/2 from eq. 7.43. 

Collective forces.acting are the pinching and the 

radial pressure gradient. As this is only a heuristic 

treatment suppose there is a flat number density gradient 

up to r = ro  and only ions are carrying axial current, then 
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j
z 

= ne
z 

and 	be(r<ro) = por ne v z  

The radial acceleration due to this pinch is 

dvr  = vz  be  = — r fjo ne
2  vz
2  

dt m 	 rITT 

Also there is an electrostatic field set up 

dragging the ions out , which is seen in section 7.12. 

This electrostatic field is Er = f kT where f 	6. 
ere  

The equilibrium condition is then approximately 

f kT = ro(  0.2 	pune2v2 	 ) 
mr0 	4 	2m 

The values of radius as a variable dependent on 

and vz are shoWn for hydrogen, with B = .1T. 

r (cm) T 	(eV ) n(1020m 3) v m/s 

.6 10 1. 105  

2 100 1. 105 

.8 10 .1 105 

2.6 100 .1 105 

.3 10 10. 105 

. 06 10 1 106 

The values of the radii are approximately 6 times larger 

for argon. 
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The axial particle density can also be described 

by this model. The axial equation of motion, in the absence 

of a net accelerating field is, 

dv.z  = -i kr ve = kr or
2  
r sin 2 kz 

dt 	2 	8 

v 	=-r2 
2 	cos 2 kz + v if z 

1 
 - vz 	vz  

. . 
4vz  

If N(z) is the axial line density then 

N(z) v(z) = constant 

• • 
N(z) 	N 0 (1 + r

2 
0
-2 

cos 2kz) 

8v 2  

The line density is greatest in the region beneath 

the coil. As energy is conserved then the axial velocity 

is lowest here because the azimuthal velocity is largest. 

n = N 	and so from eq. 7.44 
Or 

n(z) = no (1 + 	(r2  - 1 ) cos 2kz) 
Ti-V
2  
 2° k2 

The modulation of number density will depend on the 

larger of ro
2
/2  and 1/k

2
, but in any case will be much 

less than 1 as 2k vz 	1 

In conclusion an equilibrium is expected if for 

hydrogen vz-5 10
5 m/s, The necessary number density, 

temperature and radius requirements seem quite easy to meet. 

As far as extension to a toroidal geometry is concerned 

this is below the limiting velocity derived in chapter 5. 
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7.18 	Summary of chapter 7. 

The objective of the work of chapter 7 was to 

establish the amount of additional loss caused by the 

electrostatic field. This has been achieved as well as the 

unexpected (a priori) result that plasma acceleration is 

primarily from under the ring cusp. The single particle 

approach provides a straight forward cause and effect 

reason for this. The thickness of the plane is not clear. 

The simulation indic9tes that it is a quarter of the coil 

separation, but arguments are advanced that it could be 

either the electron Larmor radius, or the separation of 

lines of force for which c.rt>1 along their whole length. 

Experimentally this sheath may be blurred by it moving 

because of the field produced by the plasma. Also the 

effect of b
e 
could cause drift of electrons across the 

ring cusp. 

A sheath formation is implied in the m.h.d. code,roported in the 

Paper with Watkins(p.399). The fluid is seen tc.bc accelerated only in 

a region beneath the ring, cusp, the width of the region being mesh 

limited. Hence the axial electric field necessary for ion acceleration 

must also appear across this sheath even in this m.h.d. approximation. 
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CHAPTER EIGHT  

A FLUID APPROACH TO THE HEATING AND IONISATION OF THE POLYTRON 

A spatially independent model (similar to Haines(1963), 

Dunnett (1968)) is used to study the heating and ionisation 

of the polytron. A motivation for this work was to use the 

ionisation rate as a temperature diagnostic for the experiment. 

A more complete solution of the m.h.d. polytron 

equations has been attempted by Watkins(1971) but he has so 

far avoided the ionisation equation by considering fully 

ionised hydrogen. 

8.1 	The corona model  

The details of the models applicable for equilibrium 

relations are described exhaustively by a number of authors 

such as Grieco (1964) and McWhirter (1965). 

A necessary' condition for a plasma to be in 1.t.e. is 

1 	.3 —3 ne> 10 W y(p,q) cm 	(8.1) 

where W is the electron temperature .(eV ) and )4(p,q) the 

largest energy level difference in eV. As le.is typically 

10's of eV , 1.t.e. is not applicable in the polytron. 

Thus the rate equations for the number density of 

the ground level of an ion of charge Z, n(Z) have to be 

solved. These are of the form 
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dn(Z) = n(Z-1) ne  S(W,Z-1) - n(Z) ne  S(WIZ) 

- n(Z) ne cx(W,Z) + n(Z+l) ne oC(W,Z +I) (8.2) 

where S is an ionisation coefficient and 04 a recombination 

coefficient. 

and it is a sufficient experimental 

approximation to consider only Z < 6. 

It is assumed that all the atoms are in their ground 

state. Kolb and McWhirter allowed for the metastable state 

of helium but found that the population of this state did 

not exceed 10% of the ground state population. 

The ionisation rate is calculated from 

S(W,Z) = 1.64 10:6 	exp (-X(Z,g)/W) cm3  s-1  (8.3) 
Y(Z,g)e 

taken from Bates et al (1962). oc is taken from Seaton (1959), 

a(W,Z) = 5.2 10 14  Z X2(&43 + 1n(A)+.47 X 1)cm3s-1  
(8.4) 

where X= 74Z-1,g)/W. Typically S(W,Z). X(W,Z) . 

The coronal equations neglect the effect ofocllisions 

on transitions between levels. This is not valid for high 

principal quantum number levels, and for these l.t.e. with 

the continuum applies.  (see for example chapter 3). But if 

collisional transitions are important the rate coefficients 

should be modified. Kolb and McWhirter quote 

ne  <1012 	exp (V5W)cm 3 	(8.5) 

for there to be fewer collisional than radiative transfers, 
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which for the netural argon resonance line gives 

n
e 6 1015 cm-3 

at 5 eV , the minimum of this function. 

For higher stages of ionisation the critical value of 

i
ne  is much higher,being proportional to 27(Griem, 196L1, 

eq. 6.55). It is this ease of satisfying the coronal criterion 

that is the reason for not considering collisional radiative 

modifications here, yet doing so in the lower temperature 

cusp compression simulation. 

8.2 	Results taken with a constant temperature  

To gain insight into the orders of magnitude involved, 

in the ionisation of argon, the rate equations were solved 

with a constant electron temperature. The solutions consist 

of a linear rise of Z, the average ionic charge,followed 

by a plateau when Y.(Z,g)>W. For the linear rise an experimental 

value is 

dZ = .5 + .3 
(;1
7020) exp (-1/0 /s —1 

(where n is the total ion density )for Z <4, 

• -3 1020  m < n < 1022, 5eV ‹W < 100 eV.  

(8.6) 

8.3 	The use of an energy equation to determine W  

The temperature here is determined by integrating an 



2 	• dt1 	2 	i=i 1  dt • • S = 	i:(3kT + Ii) dn. +3k (n°  + 	n.) dT 
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energy equation. If S is the source of energy then 
00 

S = 3 d ((n°  + ne)kT) + d 	I. n.) 	(8.7) 
2 at 	at  

where ni  is the number density of ionisation stage i, Ii  is 

the total energy to create stage i ion from neutrals and 
00 

no 
	

n. 
., o 1,0 	 60 

.2 Two different values of S were used. Firstly jz the 
d' 

Ohmic heating due to the toroidal current. Secondly jz  Ez,  

the total energy input to the plasma from the applied 

electric field. The neglect of the energy input from the 

azimuthal currents was due to the experimentally observed 

insensitivity of the temperature to A 

theoretical justification is 

Sr 7. ae 	2 

as B <K 1 in the cusp region and r 	Vz. 13Z 	 ab 

. The 

The source jz  Ez  should represent too much heating as some 

of the energy should go into mass motion. The source was 

related to experimental values of Vm(main bank voltage); jz 
= 

15.3 Vmt 107  A/M2, assuming the initiallinearly rising 

current is uniform . 

.2/ 
The result of using jzir as a source,was that the 

time for the density of AlT to peak was much later than 



glIPeetrier•rfrit. 
t/ftwit6s 

2)40 

S=1.6 
Vm .;--Zok\i 

F14 gd The  Or PEAe Aiir  en Imola 
AS A FaNat oN of Tor/ bfrisrry 

3 1 o ° 	40 04;3 
• 1.1  10 

*-> 

the experimentally observed times. 

The results of using jz  Ez  are illustrated by 

fig. 8.1 together with some representative experimental 

results. 

The calculation will agree with the experimental 

result, -only if the charging voltage in the calculation 

is more than doubled. This would be equivalent to altering 

the area of current flow to fit the experimental data more 

accurately. As the initial density is decreased below 

2.5 1020 m-3, there is a fall in the rate of ionisation, as 

seen experimentally. 
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8.4 	The slab geometry polytron equations  

To attempt to answer how much of the applied energy 

is used to heat the plasma the one dimensional polytron 

equations used by Haines(1963) are altered by including an 

energy equation. 

An electric field Eo is applied in the z direction 

of a cartesian coordinate system, with By = 0, and Bx = Bo 
sin kz, the volume being unbounded, and filled with a plasma 

mass density/01  number density n and conductivity 

two components of Ohm's law are 

jyo 
	Bcy(vz  - jz/iteZ) 

.21z = Eo + jv,  136  - 1711  Bo  
2 rieZ S 	 2 

as in chapter 1. Also 

dvz 	
=- _ i 170B0  

dt 	21° 

dva 	= kvb  vz 
dt 

jz 	= 4/ dv,„ 	va  vz  
B
o dtu 	 Bo 

tr. The 

(8.8) 

(8.9) 

(8.10) 

(8.11) 

(8:12) 

Additionally there is the thermal energy equation 
.2 S = 0 AT- = j z  'Ez  - jz vb Bo/2  + jy  vz  B/2 	(8.13) 

assuming z independenceof ne and T,and then integrating with 

a sin kz weighting factor. Equations 8.8 and 8.9 can be used 

to eliminate the current from equations 8.10 to 8.13 thus 



242 

2ig clvs 	— 	dvi, - 	vo yk. 	(8.14) 
kew cik 

civb 	 — 	-r 	 clv — 13: v 	(8.15) 
1:' 	g 	 b  

(E. - vb  -44 Caliib t fittt:f- 104 Ckti 	(8.16) 

and from equation 8.11:4 and 8.15 

-r 2_10_/1 	At, 
e 	zy E: 	

F 	— ‘../a 	— v41:. 
S- 	z 

(8.17) 

8.5 	A numerical solution of the slab equations without  

heating  

A solution of 1 dimensional equations including the 

effect of the induced current was presented by Dunnett (1968) 

A much simpler question, but more rrieaningful for the 

experiment is what value of ('Cis required for full (i.e. 

E0  ) acceleration of the ions. Equations 8.11, 8.17, 815, 
m 

were solved. As shown by Haines, the equations can be made 

dimensionless, the equations being parametised by c< = 	-151.0  , 
and a limiting velocity VVIlp. As expected for 

ex -eel 	V ‹.< 

and for oe'>i 	 , 	rte.ve 	t« 
IF 'IN 

In the intermediate range of a there is nearly 

full acceleration (>90) forc<>2.5, and negligible(<10%) 

acceleration for o«.3. At high a modulations of a frequency 

k vz are seen on va' vb' and j yo. These are due to the 



243 

azimuthal motion being convected with the plasma at the 

inter cusp frequency k vz.. From equations 8.11 and 8.15, 

taking the last 3 terms of 8.15 as F (i.e. t 4rta) they 

can be solved simultaneously as 

Ct 	- 	02116 	: d/0
l. 
, 	--(kirtrVo, 	F cie  a e 

kt 

assuming 	Vb  dA 	ekv, 	i.e. kv.t  

	

dt 	dk 
The first term on the right hand sides account for the 

modulation, the second for a displacement of the mean value. 

From equations 8.8 and.8.9 the modulation on j comes 

from the vy  Bx  term in Ohm's law. It is due to the y current 

carried by the ions, modulating the mainly electron current. 

8.6 	An analytic solution for a!limiting_case of the  

equations  

In the limit of:- 

(1) a fully ionised plasma 

(2) k —>G0 

(3) large or small 1,3t-t- 
an analytic solution to the energy equation can be found. 

Despite these limitations the functional dependence on 

plasma parameters is instructive. 

As k--30e, then from equations 8.11 and 8.15 

va  vz  = 0 - vb  vz  

but from eq. 8.17, dvz 	0 v=0 va  = b  . 
dt 
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Physically the azimuthal motion of the ions is being 

neglected as.the ion Larmor radius is much larger than the 

cusp separation. Solving equations 8.8 and 8.9 simultaneously 

gives 

j* 	= 61 V.4.E. — (,PT E. ) 	(8.18) 

(8.19) 

I I- (.0'-e/z 
it 	-----F ( g, t- tz-Wz -govj 

I -f- 01-Ch.. 
together with 	chi. = rig, (  (,4-tC Ei, -"Eovi) 	(8.20) 

at 	210 	I -I-  Ger72 

This is similar to chapter 1 except vz  is included. If 

v
z  B0  - WrtEo 	

a-,---raltE
o i.e. FEo ".>1 or t 4‹ 1 

and ta-t>>1, then 

iyo = -240E0  B  

jz = 2!E0 	ne v e z 
a2t2 

(8.20a) 

2b-  = ze is the electron current 	across the field lines, 

and / i nIV vz  is the ion current z =  

• • 

	 J • 	= t eB0  (,)-ts" 

lze 
	m. 

Also from eq. 8.20 

dvz 	= eEo - np
2 e2  vz = eEo - v  -..z 

dt m et- 	m ‘1; 

neglecting the first part of ra  in eq. 1.7. 
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6
•  jz = a

2Eot 	
if jzi jze 

• 3  nk dr 	z where Zr = fro  
• S. 

( k 	2 ( 	
ey 

= 	tie0 	t 2 . . 
3  no--.7-14 	fr,  

. (.a, oele / e3 	g ) 4- 1: • • 

	

3rri'l 	B2 
and if T>bT

o the temperature rise AT is given by 

(/0 	 Ey6  (8.21) 

wheret.ti = eB . When („roi  t=06, heating is dominated by 

the z currents. 

For B = .1T , 	= 2 105Hz for singly ionised argon, and 

so (.,:foit = 6 when t = 15es. The numerical values predicted 

by equation 8.21 are AT = 15eV , for B = 	n = 102°  m 3  , 

E = .5 104 V/in, at t = 1ps. 

When tete41, jy0  =6-43TE0  , jz  = FE°. 

The expression for the temperature at a time t in this case 

is 

E  6" t 
T2  To kn 

where T o is the original temperAure. 

A maximum in the Ohmic heating as a function of 0-1C 

exists when 0.:,̂ 1. Either side of &ft= 1,jy0  decreases. 
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Ohmic 	FIG. 8.2 HEATING AS A 
heating 

FUNCTION OF 	0- `e 
(schematic) 

1 	2 

8.7 	A numerical solution of the energy and polytron  

equations. 

The physical processes outlined so far are now 

amalgamated into 1 solution. The ionisation is calculated 

from the coronAequations,and the temperature from an energy 

equation with the currents determined by modified One 

dimensional polytron equations. 

With the equations of section 8.6 jzo(n. 	To prevent 

this the geometric inductance must be included i.e. 

E = Eo - f dI/dt 	
(8.22) 

where £, the inductance/length is .45/AN/M. I.I the plasma 

current is 5 10-3  jz A . This prescription, in particular 

the value of e, is somewhat arbitrary. However, an inductance 

is essential, and so the experimertal value is no worse than 

any other. Numerically care must be taken with this 



dv = B —b 	uz-o - k va vz 

• 3/2 2 di 	= 1 (E -zi 0 	z 	- vbBo 	+b-oW 	Bo   (v z  -j z 
dt 	 w3/2 2 

2Z2 rie 	rfeZ  

) 
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equation when E<"<" Eo  i.e. e ». LH' the Ha 1 inductance, 

otherwise a numerical instability develops. 

An average of the `slues of 'E  (Spitzer, 1956, P•84) 

is taken and thus 	= 2.3 103  W 312" Z mho/m = roW3/2/Z. 

/ Because of eq. 8.22,jz  must be determined by a differential 

equation. This makes 	14 dependent variables, 

and j z  determined by the equations. 

dvz = W3/2 	- 4) 
at 	2to 2 k rt-E2 

Vz, Va g, Vb 

dva 	k vb vz 
dt 

The ion temperature is given by 

dW. 	(W-W ) 
dt teq  

W. being the ion temperature in eV , and teq taken from 

Spitzer p.80. 	There is a corresponding term in the 

electron energy equation. 

There are few problems of numerical stability in the 

solution. The energy equipartition time will be of order 1is. 

The oscillatory rise time l/kvz, will be of order 100's ns. 

The acceleration time re  is long, many tiAs , and the ionisation 

time, y(dR), again,is of order ps. By fixing the timestep 
at 

for an accuracy of 10-4  there are no stability problems. 
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8.8 	Solutions to the equations  

The initial values used for each run were - 

W = Wi  = leV (see chapter 3), 100% ionisation, 

(in the experiment ,--70) j = jz  = vz = va 
	0. 

yo 	
= V. = 

Fig. 8.2 shows the plasma parameters for a case where there 

is full acceleration, low jyo  and low Z. In the time 0 to 

5ip4, Z changes from 1 to 1.4 which is consistent with 

equation 8.6. Because Z does not vary much,the z velocity is 

almost linear, t70, being 	
) 

 100 s ps. The period of the 

azimuthal velocities can be seen to be 2-111(kvz). This 

current carried by the ions is too small to modulate jy0. 

jYo rises slowly (here) only because Z increases. 

The Hall inductance 	here is much greater than the assumed 

'geometric inductance. The value of e dI is 300 V/in 
dt . 

. compared with the applied field of 5000 N'///11. The Z current 

rises approximately linearly like vz  

The electron temperature 

rises steeply at first but then as the resistivity 

falls so does the heating and the temperatur'e rises linearly. 

From equation 8.21 the temperature rise cannot exceed At2/5. 

At all the times shown a-i  t <<1. 
At early times, when 

c 

W 410 eV equation 8.21. will be valid, but when W> 10eV 

and Z starts to change, it will be an overestimate of the 

temperature rise. The electron temperature is decoupled from 

the ion temperature, as the equipartition time is '--30 /+s 

at this low number density. For the case shown the majority 

of the energy supplied is going into directed motion. A 

directed motion of v = 104  m/s corresponds to an energy 
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In contrast, fig. 8.3. shows a case where at the 

! same value of n
o
, initially at'<1. jz  rises inductively 

and causes heating of the plasma. Once the temperature 

' rises above 10 eV , the plasma switches over to a polytron 

case as La-r>1. The .switching time is short, as shown in fig. 

8.3. If this occurs at t = ts, then for t < ts. 

jz(t) =
e -- 
1 J E

0 
 dt = Eot 

Suppose the switching occurs in a time Dt, then the particle 

• motion'obeys 

dv, = 	e PA iz  (-t R-)  
dt" 
	

m 	Dt 

Dvm • • 	• 	w e4.0  ty, . 
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In fig. 8.3 the large dvz 
is caused by the spike on 

dt 
jy  at 900 ns, which arises bebause of the large 	. The 

dtz  

spike in j also causes a large amount of heating. Again 

because of the low number density the value of Z does not 

change much, although it reaches 2 by 3.5 ps, earlier than in 

fig. 8.2. The ion temperature does not go above 3 eV , as 

the higher temperature increases to q. 

Fig. 8.L. is at a higher value of no when 

ionisation is significant. Again there is the switch on 

phenomenon . The polytron mechanism switches on when the 

electron temperatures rises above 3 eV. The spike in jyo  

causes a lot of electron, heating. The number density of 

8 1020 m-3 means that teq  8fs. From eq. 8.6. cfff 	1ps-1, 

temperature there is a rapid fall, which stabilises at 

about 10 eV. This is seen by the point of inflexion in Z . 

The ion temperature is able to approach that'of the electrons 

as teci  falls to 21us. 

-t profiles' of Z, and W are shown in fig. 8.5, as a 

function of Bio ,at l ius. The abscissa also corresponds to 

a radius. The temperature is low at both small radii (B0) 

and large radii. The former is because w'«1 and the latter 
because tzri. 	The value of Z follows the general 

dt 
and corresponding to this dW = .5ps-1  , as the ionisation 

dt 
potential is ..-30 eV. Thus after the sharp rise in 
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shape of W. The peak of Z is displaced Outwards from 

that of the temperature because W can rise very fast, 

when the polytron switches on, but dZ cannot become large, 
dt 

and is only appreciable when W >10 eV. Hence at small radii, 

'where ionisation has only been occuring since the switch on, 

the degree of ionisation is lower than at larger radius where 

the temperature has been high for longer. 

Temperature gradients as steep as shown in fig. 8.5, 

may not be real.. The heat diffusion time, from eq. 3.8 is 

0 	
0,1  (tie -  ei;) 2 004  tus. 

Even for no = 8 1020  m-3, a-1 cm, W 10 eV , o = .1 bus. 

However the magnetic field isolates rings of different r, 

in the same axial position. For connection axially then 

a 	2 cm and the diffusion time will be about .5ps. Hence 

in the region r <1 cm the plasma temperature profile will 

be flat. At larger radii, r>1.5cm,when in fig. 8.5 

W<5eV, a cm, ;:>.-71(As even for n°  = 1020  m3. For 

experimental comparison, at radii where Bo(Br) < .1r, a 

high temperature (V>10 eV.) plasma can be expected. At 

larger radii, a lower temperature is expected and consequently 

little ionisation. 

Fig. 8.6 shows the time at which the peak number 

density of AIII occurs as a function of Bo  . This is important 
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FIG. 8.6.  

TIME FOR P.:;]AK OF 

AIII 

E = .5 10 v/M 

Various B 

experimentally as the peak intensity of an A la line is 

observed. With increasing n the rate of ionisation first 

increases but then starts to fall, as the inductance limits 

the energy input. Note that for an equivalent main bank 

voltage of 10 kV, the minimum time is 1.3ps. 

8. 9 	The effect of an anomalous resistivity  

The ionisation shown in fig. 8.6 seems too low to 

account for the experimental data. The effect of an ion 
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accoustic instability caused by azimuthally drifting 

electrons, drifting faster than the sound velocity (vs) 

was investigated. An anomalous resistivity from Sagdeev 

(Bodin et al, 1969) was used in series with the Spitzer 

resistivity whenever jsrc;>Znevs  . i.e. 

3 = )s t wt 01); 1,1 iYd 	for jy>Zileits 
ne 	14; NI, 

This anomalous resistivity can be much larger than. the 

Spit7er values and some results are shown in fig. 8.2 

illustrating that a much higher temperature can result. 

However, the smallest time for the peak value of Au 

remained pt 1.34es. 

A more likely cause of discrepancy with the 

experiment is incorrect rate coefficients. 

8.10 Summary 

The object of this work has partially been attained. 

Values for the heating,and ionisation, as a function of 

applied fields, and to some extent positions have been 

obtained; Variations of number density other than by 

.ionisation have not been included. Nevertheless, a semi 

quantitative comparison with the experimental data 

is made in chapter 11. 
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CHAPTER NINE  

THE LASER LIGHT SCATTERING DIAGNOSTIC ON THE POLYTRON 

This chapter is an account of the light scattering 

experiment carried out on the polytron to measure the 

/electron number density and temperatures. Light 

scattering is the only satisfactory way to make this 

measurement, and for an argon polytron plasma is probably 

the only way. HC.N interferometry is too refraction 

sensitive; picking out high n spectroscopic lines in l.t.e. 

with the continuum might produce a satisfactory Boltzman 

plot but the higher lines will almost certainly be in-

distinguishable from the continuum; Stark broadening in 
0 

argon is ,-.1A at polytron densities; in hydrogen n and Te 

could be obtained simply by the broadening of the Balmer 

series, and line to continuum, but there would be the 

normal line of sight difficulties, even if hydrogen were 

a suitable plasma for the polytron configuration. 

The low densities in the polytron make scattering 

inherently difficult. The difficulty is increased by the 

lack of access, high plasma emission and the need to 

work with an argon plbsma. There follows a brief account 

of scatterinc!, theory, followed by a chronological and 

logical account of the experiment from design considerations 

to the n , Te  curves, and finally some novel findings on 

the shape of the scattered spectrum. 
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9.1 	Scattering theory  

Comprehensive accounts of scattering theory have 

been given by Bernstein et al,(1964)and Evans and Katzenstein 

(1969). Here their papers are summarised. 

There are two parts to calCulating the differential 

cross section of a plasma. Firstly the differential 

cross section of a microscopically inhomogenous plasma 

is-calculated by simple electrodynamics, and then using 

plasma kinetic theory the microscopic fluctuations are 

related to macroscopic quantities. 

Consider first the response of a single electron 

to an incident field E = flo  cos (k0.1  -00t). The 

acceleration in this field is substituted in the 

Lienard-Wiechert potentials. The curl of the magnetic 

vector potential gives the radiated magnetic field B(R,t). 

, 
The power spectrum (Watt -sec/m.)

2%  
is given by the 

Wiener-Khinchine theorem as 

= 	c 	c.° 	TVP,a1V &tt)citoit-  (9.02 6r) 
0 	1- 

The scattering vector is k440. The values of B 
c IRS 

are those due to a sum over many scatterers, and so 

the time average is equivalent to an ensemble average. 

1(u,0-)0tA ..rorsi(egs&ilis 	• 
irN  

f e c'e  id" cos(k.rico-a;Ocos(k.fi(Ettn-troatq 
(9.04) 

= z 	c( a) cl-a. 
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Note the difference between 6- = 8 10̂ 30m2 and 

= E111 (e2  = 6.65 10-29m 
3  Won 

 

/also that I(k,w) is the power/area/Sec.-1 explaining 

dSLin equation (9.04). 

The parameter of importance for diagnostic 

work is the dynamic form factor 

ats 	N 

S(k (Ar) = 	
I 

61- ‘g cos ( ( ri a)-ri( &-ttl ufc 	dt . (9  . 05)  
2Treq co 41 

is the density of the point scatterers and so n (k,t) the 
N ik.e-L6) 

Fourier transform = 	e 

fl  (R 	r 4  k •t s0 e 	
.c. 	cos ( k.r j(L) ei  tar 	(rot ) 

:j 
+ terms odd in '2.- 

. . 	 1'4 nCe,-&) (Np.,6--ec) dt 	(9.06) 

210q too 
Thus the scattered spectrum is centred about/So, and 

picks out spatial density variations with k values the 

'same as the scattering k vector. This result is important 

for section 9.18 but as here,interest is restricted to 

Iowa scattering eq. 9.05 will be developed. 

	

Suppose rk 	= rk(0)flit then eq. 9.05 

separates to 	co  
f-
e 
hArt 

SU,V) 	Ica 	CDS 	lz V. 0) .4-  6rdt) 

a 

cos C k. C r • CO - r( (t+t)) cos 
	 N.0 n 

is the angle between Fo  and R and dA the detector area. 

For I= ir ',V-8 10-3°111 
2 

13-.; = r el•-a 
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The double sum may be expressed in terms of the two 

particle correlation function g(Ei7E1,t), as 

s°°  5  cf,T)coc(p.oeldf 

Now stp,`004; c11°/t0 	(Boyd and Sanderson) so the 

effective upper limit to the integral is 	the 

Debye length. If 0.(1 >> 1 then the cosine factor of 

the integrand will make the values of the integral 

approach zero. Thus if 1 = 	>> 1 the scattering 

arises from the first term only. 

Integrating eq. 9.07 over Tgives 

S(g,ty) 	L 	S' 	al, 	‘ti (0) 
:1=1 

The sum over j can be converted to an integral over 

velocity space, with the velocity distribution fce(ve) 

as a weighting normalised to N. ve  is the component 

of 17-e in the direction of k. Then S(k,a) =foe   br  ik, (-07,)  

the frequency shift being given solely by the Doppler 

shift from the moving electrons. 

.•. Vgi tz)dA = LND-Foe t (M) 
1131 	tqfldw-V9.°72) 

= 2 ko  sine = 21A.1; sink 

and is fixed for a given geometry. Equation 9.07a can be 

rewritten as the power density reaching the detector as a 

Cos (k.(riLE)-ri(ktiC) = 
271-N j*; 

where 	rj(-)-ri(tec) 

From fig. 9.1. 
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function of wavelength 

g 	, shift 	g x 	271-c go 
let 	 iAre' 

for Err T= GT- GS; << 

FIG . 9 .1 VECTOR DIAGRAM  
OF TI TE SCATTERING GLO=RY 

For a Maxwellian velocity distribution of electron 

temperature Te, 

TaK)chth TA' 	elf°  S'XICItneibt(WN of zial co, 
2k -r; rr 1b  2sigl 

where dK is the wavelength interval centered about Ex 

• • ICEA)6414X o< T, N exp(-2.63 L13:3  SX1/We ) 0041 	(9.08) 

0 

where dK dK is in A and We, the electron temperature, is 

in electron volts. In this limit of large volume c.f.k-r  

and low cf the scattering is called incoherent and random, 

being incoherent and correlated for large 04,. It is worth 

noting from equation 9.08 that 

isq.44Fie  A. 

9.2. 	The values ofoc for which random scattering is observed 

If (4 << 1 scattering is random, however experimentally 

the requirement is not as stringent as this, it only being 

necessary that of < .5. 	To make this statement plausible 
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brief consideration will be given to high ac scattering. 

Evans and Katzenst.ein show that for an equilibrium 

	

plasma S(k gt.r) --ttroc(Xe) k IIFF, 	
/*ex 	F DO( )1kI 	

1 - 

	

me 	 tvc 
(9.09) 

    

where 	Xe  
kve  

0.,07  .17  
The large disparity in scale makes small when 

xe--1 as here )4"› 1. A plot of `;a  (x) is shown in fig. 9.2. 

The peaks at high oc are due to the electrostatic waves. 

For .5eac-2 the position of the shoulder is given by x 

whereas for large oe it is at x2 = 2 (ce 2+3) 

Zs GO ocexp (-X2) is a reproduction of the electron velocity 

distribution. Considering the electron profile only , Lyn  No 

FIG.9.2 TI-E FUNCTION tgx)  

differs significantly from It; (xe) only for xe < .5,which 

is for gX < 10 We A. High ci? is most likely for low 

We, say We = L.eV , and so the scattered profile will 
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differ from a Maxwellian of the same shape and intensity 

scale only for SX < 20A, when DC= .5. In this case the 

error in n and We would be about 20%, but as crA<20 I was 
not sampled experimentally, the error would.be  much less. 

For these values of SA 20 1,as 	xi-= 300 xe/(for an 
argon plasma) 

• • 

	 (x.) <#< 	(xt) 

The analytic expressions for the total scattering 

cross section are, Se(k) = f acce (k,c..).) 

Silk) = 	
(ii-coXi+ce(i•elie (Ti)) 

For a= .5)  Se(k) = .8, but this difference from of = 0 
will not be evident experimentally. 

The value of a for 90°  scattering is, 

0( = 105 10-11  (111 )2 	(n in m-3, Wein eV) 
We  

	

9.3 	Experimental design  

The major constraint on any scattering experiment 

is the smallness of the scattering cross section. In this 

.experiment 10-11 of the incident photons reach the entrance 

slit. Allowing a realistic spectrometer throughput, 

sufficient channels for spectral resolution and p.m. quantum 

efficiency--; 10-15  of the incident photons will produce 

photoelectrons. For reasonable shot noise 104 photoelectrons 

I+oc'• 

Rot4  
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are needed, •• 3J 	at 6943X. High power for time 

resolution, and narrow line width mean a choice between 

a ruby and a Nd3+  system and the lack of good detectors at 

1.06 pm 	eliminates Nd3+. 

The laser was obtained commercially from Laser 

Associates, being their 501 system. It is4 6" x 11", Q 

spoiled ruby oscillator. The switching is by a K.D.P. 

P ockels cell and a Brewster stack. The output is horizont- 

ally polarised. The planar cavity is formed by a dielectric 

mirror and a temperature controlled sapphire etalon. The 

rod is pumped by a helical flash tube and is water cooled. 

The specifications are: maximum output energy 4J; power 

at 30- , 150 M watts; divergence 3 mrad ; line width .1L 

The wavelength can be tuned by the temperature control on 

the output etalon by .25k, half the free spectral range. 

Care must be taken to prevent lasing at two wavelengths. 

The delay of 1.6 ms.between starting pumping the 

laser and Q spoiling the cavity is provided by two variable 

tandem delay units. The input pulse to the second unit is 

used to -trigger the polytron timing units and there is a 

jitter of 100ns between the main bank and the laser . 

For some time it was impossible to get consistent high 

power from the laser, the pulse length being long, about 

100ns and multipulsing being common. Fortunately this 

behaviour eventually was traced to the setting of the 
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temperature control of the etalon, proper lasing action 

occuring only when the laser lases at one wavelength. The 

correct setting is achieved by trial and error. 

The limited access to the torus restricted the 

laser beam to going vertically through the plasma. The 

torus had to be modified by the addition of 3 ports, 

and a Rayleigh horn viewing dump. 

It is more convenient to have the laser shining down 

than up. This allows the heavy beam dump to be supported from 

the floor. The laser is supported on the mezzanine floor on 

a welded R.S.J. table. Runners and height screws allow 

positional adjustments to the laser. 

The beam is reflected down to the torus by a rigidly 

held spectrosil B prism. This arrangement is shown in fig.9.3. 

Adjustments are provided horizontally so that the prism can 

be in line with the centre of the input and output ports of 

the torus, vertically so that it can be at the same height 

as the laser and also for its orientation so that the ruby 

beam direction can be adjusted by fractions of a milliradian. 

For system alignment a 5mW He-Ne laser was mounted 

onto the base of the ruby laser. Reflexion by a beam 

splitter into the ruby cavity made the alignment with the 

ruby cavir easy. This is also shown in fig. 9.3.. 

The laser beam is dumped by a plate of Pilkington 
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Chance OB10 glass at the Brewster angle of the polarised 

laser output. Any reflexion of any other polarisation 

impinges on another Brewster angle dump set to absorb the 

normal polarisation. The plates are mounted on 'Tombac' 

seals so that the He-Ne can pass through the dump onto a 

reference mark on the floor. Additionally the dump has a 

double Wilson seal in it through which an alignment mirror 

can be moved from a retracted position in the dumpport to 

the centre of the torus, to check the spectrometer alignment. 

Originally the total laser output was monitored by 

a photodiode picking up secondary reflexions from the He-Ne 

beam splitter. A more satisfactory arrangement replaced this 

using a second beam splitter to take a fraction of the ruby 

beam onto a diffusing surface and placing a pin diode lm 

away. This provides a monitor current of a few mA. 

9.4 	The detection system 

The detection system was designed to match the 

expected plasma of 10
21 m73, 10eV. Scattering had to be 

900  (because of access) and so it was low g scattering. 

From eq. 9.08 a spectral resolution of 10A was required. 

A diffraction gratinP: is the only suitable instrument. 

The grating spectrometer used was built by Key (1965) 

and described by him. As built by him it used a Littrow 
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mount, - a Hilger 70cm x. 7 cm collimating lens, and a Baush 

and Lomb 7.6. cm x 6.5 cm grating with 2160 lines/mm. 

The fine scan across the exit; slit was achieved by 

rotating a block of glass. The linear dispersion was 41/mm. 

As originally modified a mirror replaced the scanning 

block and the spectrum was focussed onto a 25 channel fibre 

bundle array, each channel being lcm x lmm. The transverse 

position of the spectrum relative to the array could still 

be adjusted finely by rotating the mirror. 

The scattering region was focussed onto the entrance 

slit of the spectrometer by a f = 10cm biconvex lens, with 

a magnification of 1. 

At the time the iphotomultiplier with the highest 

quantum efficiency at 69437+ was the R.C.A. 7265. 

The photomultiplier bias circuit is shown in fig.9.L. 

For safety the photo cathode was run - 3kV from earth, i.e. 

the output pin was earthy, however because of this the 

metal ferrules on the light pipes had to be kept 	5mm 

from the p.m. envelope otherwise a stray capacitance effect 

caused an increase in the dark noise of the p.m. Six 

photomultipliers were eventually availabl6 and these were 

all tuned for maximum output by the controls on the biasing 

circuitry. 

As up to 8 recording channels were to be needed a 

new screened room had to be constructed. This was built from 
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lie aluminium sheeting screwed to an angle ion frame and 

was air conditioned. The essential high conductivity across 

the breaks in the sheeting was ensured by use of conducting 

tape. The mains voltage was brought in through isolation 

transformers in series with L. Belling-Lee mains filters. 

The oscilloscopes were.  photon coupled to the triggering 

circuitry. All of the photomultiplier bias circuits 

were run off the same power pack located in the screened room. 

The photomultipliers were housed in a soldered brass box, 

connected to the screened room by a 1" bore copper tube. 

In effect the brass box was an extension. of the screened room  

and so the earth loops formed by the connections of the 

photomultipliers to the oscilloscopes did not cause excessive 

pickup. The result of these common sense precautions is a 

pickup of less than 1 mV when the 20kV main bank fires. 

Each photomultiplier was connected by 10m of UR43 

. 50-11 cable tooTektronix 551 oscilloscope , the cables being 

terminated with the characteristic impedance: The rise time 

of the system was 15 - 20 ns depending on whether 'G' or 'A' 

.preamplifiers were used. Allowance was made for differences 

in frequency response of the preamplifiers. 

In scattering experiments it is important to have a 

high rejection ratio in the dispersing instrument, values of 

103 to l04 being common. The rejection ratio of this 
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instrument, defined as the ratio of the .signal on the 

central 151 channel to the neighbouring 151 channel was 

only 150. Furthermore this value did not increase much 

for channels further away from the centre. Cleaning 

the grating did not help, and ultimately it was concluded 

that the poor rejection ratio-  was an intrinsic fault 

of the grating. 

The throughput of the polychromator was measured 

as L%. The approximate figures for each element were:-

lens 70% (8 surfaces), grating 30g, fibre optics 25%. 

9.5 	Focussing the laser beam 

There are three distinct requirements of any beam 

focussing system: 

1. A small spot 

2. A low divergence beam to cut down parasiticEnater. 

3. Small beam angles to the axis so that the 

input and output ports are not struck by the 

laser beam. 

A single lens can satisfy 1 , and can in fact produce 

a diffraction limited spot by sufficient demagnification of 

the laser aperture, but cannot simultaneously satisfy 2 and 

3. A suitable two lens system is shown in fig. 9.5. 
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FIG. 9.5.  FOCUSSING THE LASER BEAM 

It is required that f2<< fi.Lens L2  demagnifies 

aper ture Ai, to a spot size of 2S =_E2  di . This would 
f t  

happen without L, but p , the angle of the converging cone 
F aft liter e41,t. were alloc" - 

would be large.k Lens Ll, because it is near to the laser 

apertilre, restricts the size of the beam at L2  too(fl, where 

Nis the generic laser divergence , and so T=af 1 
Fl  

Aperture. A2  is used so that light of divergence >20< 

does not pass into the scattering region. 

9.6. 	Parasitic scatter  

-Parasitic scatter is light entering the detector ' 

by multiple reflexions from surfaces. The spectrometer 

will discriminator against this light for wavelengths off 

694Abut will only reduce it by the rejection ratio. 

The poor rejection of the Baush and Lomb grating was only 

workable because trouble was taken to minimise parasitic 

scatter. 
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FIG. 9.6. 	THE COLLECTING OPTICS 

The prime source, as the beam was well defined by 

the focussing system, was the input windows. Light from here 

reaches the wall• behind the scattering region by multiple 

reflexions. . In fig. 9.6., suppose the stray reflexions 

cause the. back surface of the vessel to have an emissivity 

per solid angle S. It can be assumed S = AA
2
2'proportional 

to the solid angle subtended by the windowat the scattering 

region, where A is a constant. e is the'slit length. 

• Parasitic scatter = area of wall x solid angle from wall 
• • 

	5 

 

x emissivity of wall. 

= K (d-2P . 2$e 
fei 11;1 

e2 006  x 
(9.09) 

"' Thomson scatter  
• • Parasitic scatter 

 

Consequently in the early experiments f2  was made 

large utilising the large linear dispersion of the 

spectrometer. A 3mm entrance slit still meets the 

resolution requirement of sec.9.4, but enables f2 
to be 

75 cm 	The value of fp, the first lens, is fixed by the 

laboratory geometry at 3m. The resultant spot size, 2s, 
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was 3.5mm. The scattering region was slightly inside the 

focus of lens L2 
as here the spot was slightly smaller. 

The input window, of spectrosil A, was near to lens L2, 

at the end of a long glass tube. A set of irises of OB10 

glass with chamfered edges encircled the beam to reduce the 

stray light. The geometry is shown in fig. 9.7. The 

parasitic scatter achieved was 1.8 torr CO2 equivalent to 

Thomson scatterinf7 off an electron density of 4 1020 m 3. 

This was thought to be a very respectable level. 

9.7 	The alignment of the system 

The procedure for alignment is enumerated. 

1. The narrow bore of the short quartz input and 

output ports (20mm) necessitates the laser beam passing 

centrally down them. This line was defined by a He-Ne 

laser shone upwards, and centralised in the quartz input 

and output ports by apertures. 

2. The t.i.r. (totally internally reflecting) 

spectrosil A prism, was positioned centrally on the upcoming 

He-Ne beam, and rotated so that the reflected beam was 

horizontal and entering the ruby laser aperture. The 

inclination of the ruby laser was adjusted to be approximately 

parallel to the He-Ne beam. The long glass input port was 

positioned with its axis and the beam, coincident, by 
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centralising the beam at the top of the input port. 

This position did not change when evacuated. An aperture 

in the seal at the top of this port, and an aperture central- 

ised on the upcoming beam near the ruby laser defined the 

upcoming beam. 

3. The He-Ne laser was removed and placed at right 

angles to the ruby laser on the ruby laser table. A thick 

glass plate reflected the He-Ne beam into the ruby laser, so 

that the He-Ne beam was coincident with the ruby laser axis, 

verified by interference fringes from the etalon and the back 

mirror of the laser. The He-Ne beam reflected by the ruby laser 

was then passed through the apertures defining the upcoming 

beam, by adjustment of the ruby laser table. 

4. At this point the He-Ne•beam was shining through 

the torus and onto the floor. The position was marked. The 

lenses Li and L2 were positioned so that the position of the 

spot on the floor did not change. The glass output port and the 

Brewster angle light dump were positioned. 

5. The ruby laser produces a horizontally polarised 

beam; in its passive state it only reflects a vertical 

polarisation, and so the E vector of the He-Ne beam was 

vertical. The Brewster angle light dump was rotated (about 

a vertical axis) for minimum reflexion of the He-Ne beam, and 

then rotated through 900  to give best absorption of the ruby 

laser. 
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6. The collecting optics had to -be lined up at this 

stage. The. retractable mirror was moved into the torus. The 

spectrometer was pointed in the right direction by shining 

a laser beam backwards through the spectrometer, so that 

/it shone on the mirror. The collecting lens, L3, was inserted 

and the image of the mirror moved onto the slit by adjusting 

the position of L3. That the ruby beam would also go into the 

slit was checked by firing the ruby laser onto a piece of 

polaroid on the entrance slit, via the mirror. 

7. Daily realignment of the system was then a 

relatively quick procedure. The aperture at the end of the 

input port and the mark on the floor were found not to move 

relative to the torus and the beam could be realigned with 

these points. The adjustment was made by rotation of the 

t.i.r. prism and simultaneous adjustment of the position of 

the beam on the prism. Usually the latter part of 

paragraph 6, checking the position of the ruby laser beam, 

was also repeated daily. 

9.8 	- The initial experiments  

The initial experiments showed that Thomson scattering 

was feasible on the polytron but that accurate measurements 

would require some improvements to the system. 

Rayleigh scattering off neutral gases was performed 

with a milliwatt He-Ne laser. The drop of 10-11 in the 
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He-Ne power was, compensated for by a factor of 103 in the 

p.m. voltage gain, and observing for a time 109 longer than 

the ruby pul8e. 

With the scattered signal going straight into a 

photomul~iplier, scattering off 50 torr N2 could be seen on 

an oscilloscope. The scattering was measured through the. 

spectrometer using a phase sensitive detector. These experiment 

'--revealed the· vital importance of filling the ,torus-very 

slowly. Unless this was' observed, fluctuations on the 

s6att~red signal were many times the scat'tered signal; this 

was due to dust on the bottom of the torus being raised. 

Letting the gas stand, even overnight, did not help. A 

suitable filling rate was l"torr/ minute. It would have taken 

much longer to realise this' using a pulsed laser. 

Rayleigh scattering with the ruby was then performed. 

A false, high parasitic scatter (n = 1023 m-3) was evident, 

but this was greatly reduced by screening the spectromete~ 

from the laser be'am, some of the 4% light reflections being 

able to reach the photomultipliers. Carbon dioxide was used 

. for the Rajleigh scattering. Ve-,:ay slow filling of 'the toru's 

(1 torr/minute) gave reproducible results. ' An early resul t 

is ~hown in fig. 9.8. The parasitic scatter is 1.8 ± .3 torr 

CO~ which is equivalent to an electron number density of 

3.8 ± -,7 1020 m-3 , :for Thomson scattering. From fig. 9.8 
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oscilloscope preamplifiers. The voltage gain was doubled by 

operating the photomultipliers at -2.7kV. The laser' energy 

was increased to 2.5J. 

Thomson scattering was first seen in the preioniser 

plasma. Results are shown in fig. 9.9. As can be seen scatterina 
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would be difficult if n = 10
20 
 m3 as the scattered signal 

would be of similar size to the plasma light, and the over-

spill from channel A. Both of these are known quantities and 

can be accurately ,  subtracted from the signal if the shot 

noise is sufficiently small. The plasma light should decrease 

at small number density but not the overspill. 

Preliminary attempts were also made to observe 

scattering from the polytron. The size of the signal from 

the plasma light was about 3 times larger than the scattered 

signal, making measurement of the scattered signal inaccurate 

because of the shot noise of the plasma light. 

The signal shot/noise ratios,/number of photons in 

each channel. Increasing the wavelength range of each 

channel increases this but with a loss of resolution. 

The system was modified as described in section 9.9. 

9.9 . 	Modifications to the system 

The principle modification of the system was an 

increase in the light gathering power, by altering the 

polychromator from f/13, to f/6, and simultaneously increasing 

the rejection ratio to in excess of 103. 

A Jobin-Yvon diffraction grating, 1200 lines /mm 

10cm x 10cm, blazed at 7500 1„ and a 60cm, x 10 cm doublet 

collimating lense were used, giving the spectrometer an f/6 
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aperture. Care was taken to keep the grating as close to the 

lens as possible to avoid cutting off part of the grating 

as shown in fig. 9.10. This improved the original design of 

Key. The dispersion was 13A/mm, still low enough to 

satisfy the resolution requirement, if the entrance slit 

were shut to 800r. Consequently the scattering region had 

to be made smaller. The increase in the rejection ratio 

allowed the restriction on the parasitic scatter to be 

relaxed. So lens L2 (fig. 9.5) was changed to a 25 cm focal 

length,and the glass input port shortened. The spot size 

was lmm. 

The collecting lens was also replaced. The previous 

singlet lens had too much spherical aberration at high 

aperture and so two piano-convex lenses at f/7 replaced it. 

The best parasitic scatter achieved was 6 torr CO2, 

an increase of 3-4.over the previous system. Equation 9.9. 

predicts an increase of 4-5. 

This figure for the best values was taken when the 

system was installed. Deterioration occurred due to 

markings of the input and observation window. For the 
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f/7 system the parasitic scatter rose to 20 torr CO2  

1 after 200 shots. Cleaning the components with nascent 

hydrogen was successful in reducing the parasitic level 

again. 

A 4001 bandwidth interference filter was used between 

the two collecting lenses. The 70Q transmission of 6943A'  was 

acceptable as spectrometer overspill from higher quantum 

efficiency regions of.plasma light was avoided. 

A polariser at the input slit increased scattered 

signal to plasma light by 3 as the transmission of the 

vertically polarised (i.e. E to the grooves) radiation 

was twice that of horizontally polarised light. Unfortunately 

no )V4 plate was available to take advantage of this. 

The number of surfaces the laser light crosses to 

reach the photomultipliers is 22. To cut down reflexion 

losses the lenses and plasma windows were MgF1 coated. However, 

this was largely unsuccessful as the coatings were destroyed 

by the plasma and the laser. 

9.10 	The absolute power levels involved in the  experiment  

The scattered power Ps, from an incident power Po, is 

given by 

Ps  = LPo  . n .e firs
2F'd.111.= LPo n e

ird-11 

where e is the length of the slit and L is the loss factor of 
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the polariser and filter. Under  typical polytron conditions, 

with the system defined in section 9.9, 

Po = 8011W,0(<.<1, e = 10-2m , d-Q- = .02st , L = .5. 

Ps = 60 10 40/ Es 2. 1014 photons/s giving 4 106 
photons. 

= 13/ and dX 	131 then eq. 9.08 shows that 

10% of Ps goes into the spectral range nearest the laser. line . 

So with a 5% throughput and 2% quantum efficiency there are 

2 1010 photo electrons/Ps , a total of 400 photoelectrons. 

The photomultiplier gain is ,-106 and so the current is 

2 1010 . 10
6 . 1.6 10-19 A 	= 3 mA = 150.mV into the 

characteristic impedance. This is what is found. A check on 

the figure of 400 photoelectrons is provided by the r = 5% 
400 

plasma shot noise. 

9.11 	Plasma light  

Any spectroscopic imaging system will collect light 

from a volume of plasma, larger than a cylinder of rotation 

of the entrance slit. A knowledge of this volume is required 

as the plasma light is a severe problem. The scattered signal 

must be distinguished. from the noise on the plasma light. 

Evans and Katzenstein (1969 	7).235) consider the problem of 

signal to noise and find that the incident power density Io>.1 

M 	-2 W cm 	. In the polytron, a power density 	4 orders 

of magnitude larger is required. The criterion given by Evans 

• 

• • 
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and Katzenstein is wrong,in that the scattering volume 

is much smaller than the volume from which emission arises, 

and inapplicable here, in that there are sources of light 

other than bremsstrahlung. 

An analysis of the problem is given for the geometry 

used in the scattering experiment. 

In any plane the plasma can be split into 8 

regions shown in fig. 9.11, no light from other regions 

reaching the slit. It is assumed that the imaging 

lens does not quite fill the spectrometer, and is 1:1. 

The problem can be simplified to 2 dimensions as 

the slit is long and narrow. With s ..9mm , sf = 70 mm , 

which is much larger than the plasma dimensions,L
P
. Thus in 

the plane of the length of the slit all of the plasma lies 

within region (1). In the plane of the width of the slit, 

sf = 5.5 mm and so all of the regions must be treated. The 
d 
product of acceptance angle (radians) and area will be 

evaluated, for all the regions. 

(1) All emission from region (1) will reach the 

slit if 	goes through the lens. 

Area x angle 	2s
2
f . 2d = 4s

2 

(2) A fraction of emission from region (2) that 

goes through the lens reaches the slit. With reference 

to fig. 9.11 the angle between the extreme rays which pass 



FIG. 9.11 THE REGIONS 7ROM WHICH PLASMA EMISSION 

REACHES THE SPECTROYEc7,R. 

f = 
2d = 

Slit width 2s = 
Slit length f = 

length of plasma = 

170 mm 
25 mm 
8._mm 
9 mm 
1 cm 

through the slit is (d-y) 	 (y-s), as all 

	

f 	x 

angles are small, and s<<f 
cPid sfxd/F 

• Area x angle = 2f 
0 4s- xclIP 	

pi4) + (Emil dy dx 
• . 

= 2s
2 

as 	s 4<d. 

(3) In region (3) the integrand is as before: the 

limits are altered. The integral is 
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LP  

2 ( c.  
xdie 

clx 
F )).-s_tler 

(4) Region (4) is small c.f. (3) as Lp-lcm. 

(5) With reference to fig. 9.11 the angle between 

extreme rays is  y+d  -(y-s). The limits are the same as 
f 	x 

in region (2); the term y is discarded in (2) and so the 

integral here is the same as for region (2). 

Area x angle = 2s
2 

(6) • Similarly region (6) is the same as (2) 

except for a change of sign 

Area angle = 4e2  log
e 
 L d + 2sd (L

P  2
-(s12) . .  

	

sf f 	d 

(7) Region (7) can, be neglected c.f. (6) 

Totalling (1) to (7), the volume of emission x solid 

angle (steradians) is 

2 e.d (4s2 +452 	8s2  loge 
L
p
d) 

sf 
where e is the length of the slit. 	For the parameter of 

fig. 9.111 10ge  Lpd = 
sf 

4 • Volume x solid angle = 24 c s2  d (steradians). Dividing by • • 

the collecting solid any hd2 gives an equivalent volume of 

• 
. . 
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emission," 
A 

Vp  = 6 E.S2  f = 1 cm3. By comparison the 
d 8 

scattering volume Vs =irs2  C = .5 10-2  cm3, is 30 times smaller. 

9.12 	Comparison of the plasma light with the expected level. 

The classical expression for the rate of bremsstrahlung 

emission, per unit volume, per unit wavelength in hydrogen 

like plasmas, is 

Ip  = Z2  2 10-36  (n2 	) e xp (-1.2 x 10-4/XN) Wcm 1  cm-3  (9.10) 
X2w 2  

(Glasstone and Lovberg). n and X are in cm units, W is the 

electron temperature in eV. 

An absolute calibration of the measured plasma light 

can be obtained from the Rayleigh scattering. This converts 

the experimentally measured plasma light to PE=10-6W from 

the 13X band at 701 5 A, when Vm=10kV, Vc=1.5kV, 3.5 mtorr argon 

at peak emission. At this time n = 6 1020m-3, W = 10eV , 

Z = 3, therefore the calculated bremsstrahlung, from eq. 9.10 is 

P 	10 -8 (+ 50%) 

It can be shown that this large difference is caused 

mainly by wall emission, by doing a similar calculation for 

the preioniser pinch. This yields PE = 2 10 Ad, and 

PB = 6 10-61d. There is no wall emission at the pinch and so 

the plasma emission is about twice the calculated .emission 
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Spectrum of emission 

i82o 	 moo 	 oo4;) 	4040 . bc16o 

AXIAK Ar 	Line sources 

cetti, 	 5 
igloo 	 6160 	ice° 	A 

FIG. 9.12 	PLASMA LIGHT EMISSION 

(i.e. only considering bremsstrahlung). A similar ratio is 

expected for the polytron plasma, as it is a similar temper—

ature and ionic charge, :but as shown the measured emission is 

100 times the bremsstrahlung. The 'conclusion is that most of 

the emission is due to wall light. This is confirmed by the 

photography in chapter 10. 

The spectrum of plasma light emission is shown in 

fig. 9.12. Emission above a continuum level is evident 

at 6860A, and 69801. This is due to listed'AII and AI lines. 

The lines are not resolved in fig. 9.12 but were in a more 

detailed plot with higher resolution. Enhanced emission in 

the region of 69201 is thought to be from listed oxygen 

lines in the region. It is evident from fig. 9.12 why most 

of the scattering experiments were on the red side of the 

ruby line. 
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9.13 	Plasma perturbation by.thelaser 

The simple case of heating of the plasma by inverse 

bremsstrahlung has been treated by Kunze. He considers the 

case of no heat diffusion during the pulse, and finds that 

Avi 	= S Arin"i X1  ( 1- ey(-Avit4)) 	Atc • 
— where n is in cm-3, \ is in cm I the incident power in Vt cm4  2 / 0  

and L 	is the pulse length in seconds. This is less than 

10% for a leV, 5 104-21  m-3  plasma and so negligible in all 

the plasmas described in section 9.15. 

There also exists the possibility of pertuEting the 

number density of two atomic levels separated by the laser's 

photon energy. The only nearby line is the nitrogen 6942.9A. 

This possibility is considered by Measures, who shows that 

it is only likely for low temperatures, W‹ .261T. 

9.1'4 	The calibration of the system 

The scattered signals were normalised by the diode 

signal. The signal on fibre bundle I, in units of an 

electron number density for the total collected scattered 

.signal is.EI. Bundle I, goes into photomultiplier J, 

producing a specific signal (i.e. smIT signal per volt diode 

signal)Sr.Sj  is related to EI  by Sj  = Wj  EI  assuming EI  

does not vary much over the range in the photomultiplier. 
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The value of Wc1  where c is the channel monitoring 

6943A, was found by Rayleigh scattering. The alternative 

of using a standard ribbon lamp was rejected as too in- 

accurate, requiring knowledge of the absolute beam intensity 

in the scattering volume, the collecting optics, and the 

frequency response of the system. A Rayleigh scattering 

calibration requires only the pressure of the gas. 

A linear relationship between the scattered signal 

and gas pressure has been shown, for CO2. Scattering in 

nitrogen showed that the ratio of the two cross sections 

was close to that quoted by Evans, 2.3. For an experimental 

run two points were established on such a graph, one under 

vacuum and one at typically 15 torr CO2, CO2.  having a 

large scattering cross section. At least three shots were taken 

for each point. 

The scatter on the points was 5%. The shot noise 

should be .5%. The 5% scatter was not due to dust, as it is 

seen on the parasitic scatter, and is probably due to 

variation in the mode of the laser output. The consequent 

error on We was 1C%. 

The filling pressure had to be 15 torr of CO2  to be 

twice the parasitic level. An electron density of 1021m73  is 

equivalent to Rayleigh scattering from 4.79 torr of 002. 

Because the calibration signal was 100  times larger than the 
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Thomson scattering signal it was essential to check 

the linearity of the photomultipliers over this range. 

Rayleigh scattering was the ideal way of varying the light 

intensity. Any aperturing system will change the mean 

/angle of incidence on the fibre optics. A filter was used 

to attenuate the parasitic scatter to the same level as the 

Thomson scattering. The result confirmed the p.m. linearity 

to 10% over the 1 decade tested. 

To find the values of W for the other channels a 

cross channel calibration is necessary. A tungsten bulb 

was used for this; to avoid drawing too much d. c. current 

from the photomultipliers (>1 mA) the signal from the 

bulb had to be measured across a large resistance (100 ka); 

the filament temperature was measured by an optical pyrometer 

being in the region of 1700°C. The spectral distribution is 

approximated by a straight line from Planck's law with 

	

Sq) 	gX ILL - 

	

Ef(A) 	 Xk.7- 
giving only a 10% correction. Variations in the pulse response 

of the oscilloscopes and the terminating resistances were 

measured by applying a fast rise step  to the preamplifiers and 

measuring the signal after 20 ns. If Lj  is the signal 

from the cross channel calibration then 

Lj= ADj  Wj 	 (9.13) 



• • 
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where A is a constant, and D is a factor allowing for the 

spectral emission from the lamp, and the frequency response 

of the channel 

Calculation of n and W is then. straightforward. 

The. experimental data is measured to get Sj. Division by 
, 

W gives the no. density/13A. From equation 9.8 

nx( rrN) el(o) exp (-2.63(05 3  &X I /0 	(9.15) 

4), — 111, fix  (o) —Ztagxzpielo) (9.16) 

A straigh line plot of eq. 9.16 gives the slope a 

-1.15 10-3  
a 

fee 
= 	n N(0 ) etp Dj) JO) = )4(0 -fir (9.18) 

9.15 	The scattering results  

Results were taken for 3 filling pressures (3.5, 

12 and 25 mtorr argon, 2 main bank voltages (10 & 20kV) and 

2 cusp bank voltages .(1.5 and 3kV). For each discharge 

condition,scatteririg was done at least ten different times, 

from before 0 to after 2tis from the initiation of the 

current. 

• w 
• • 

and n 

(9.17) 
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A set of scattering results is shown in fig. 9.13. 

The current and the diode pulse are superimposed by. using 

both inputs of a differential amplifier. The traces were 

recorded simultaneously, but the sensitivies of the photo—

/multipliers differ. The vertical sensitivity was low to 

make the trace visible for the purpose of reproduction. 

Fig. 9.14 is a higher sensitivity recording of the + 26A 

channels for the same discharge conditions, using the one 

high brilliance oscilloscope. 

The data of fig. 9.13 is reduced to spectra in 

fig. 9.15. 	In fig. 9.15 the straight line fit means 

that the velocity distribution is Maxwellian to within the 

experimental error. The error bars are the shot noise, 

as gauged by the plasma light. From plots such as fig. 9.16 

the errors on the number density and temperature are estimated, 

and are approximately 4- 10% on both quantities. This error 

allows for shot noise on the scattered signal, shot noise on 

the plasma light, and errors in the cross channel calibration. 

The latter was repeated every run. Normal precautions were 

.observed with the electronics i.e. allowing about 1 hour for 

the temperature of the photomultipliers, oscilloscopes and 

screened room to stabilise. 

Additionally there is a 10% e-fror in the absolute 

number density calibration. But the mode variations of the 
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+65A 50mV/cm, 

& diode 

+ 13A, 900mV/cni 

+ 52A, 10OrrV/cni 

+ 	39A, 200mV/cm 

+ 26A, 500mV/cm 

FIG. 9.13 	Scattering off 

n = 2.4 1021m,1021m 3, W = 

leAm.,13A/channel. 

FIG. 9.14 	Scattering signals 

with a higher gain, /14.4ficet, 

20mV/cm. 

+2 A, 20mV/cm. 
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laser which causes this error, by affecting the value of 

the parasitic scatter, will not cause random errors in the 

Thomson scattering. These 10% errors should be compounded for 

/ 2 	 1  
an error on the number density (saya0 + 102)2  = 	)9  but 

not on the temperature. 

The number density calibration was repeated eiery run, 

the warm up time of the electronics coinciding with the 

filling time. 

For some conditions the signal to noise ratio was 

less than in fig. 9.13 and for these conditions the errors 

could be as large as 30%. 

Some results, as plots against time, are shown in 

fig. 9.16, 9.17 and 9.18. Where the points were taken during 

different runs this is indicated. The discrepancy between the 

points usually justifies the size of the error bars. 

Errors in measuring the timing of the laser pulse 

relative to the start of the current were small, but there 

was an equivalent error because of non reproducibility in 

the evolution of the plasma. For example in fig. 9.17, the 

plasma which gave the point at 1.1 es, n = 3.5 1021m-3, 

had probably evolved 100ns before an average plasma. This 

point is essential in accepting the lines drawn on fig. 9.18 

(the low density case), e.g. the temperature of 13 eV at 450ns. 
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Ideally one would establish points on these plots at 

specific times by sufficient shots at these times. Unfortunate-1z 

the timing difficulty makes this impossible. However the 

data presented was sufficient to establish n and W. 

The general shape of the curves is the same for all 

conditions. The number density initially exhibits a slow 

rise, followed by a fast rise and an abrupt fall, to a very 

low value. The temperature rises during this time in a series 

of plateaux, reaching a peak just before the minimum number 

density, and then falling. After the minimum number density 

the plasma reforms. 

These simplifying parameters are listed in fig. 9.19. 

Discussion of them is deferred to chapter 11. 

9.16 	The electron drift velocity  

Suppose that in section 9.1 

f oe  (v  e  )0(exp(-(Ve  -vd  )2m e/2kT) i.e. there is an electron 

drift velocity va, in the direction of k. Then as 

	

1.(gX 	c(k,Gr) 	foe. tfr;-(Ar  

	

gX) 	oc elp 	( &Xf 14 jW - Vd (Me Oki)k1 )2  

	

g(4- Vd 	VCX)M-gX\ = A ely (6)i 	vd nitlf(T)) 
where A is the ratio of the sensitivities of the 

two channels. 	If co, is chosen such that 	Di= 19F-  I and 

vd<<T
1:1. then 
kT 
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• FIO. 9.19 	A SU11.1A,V4Y OF THE SCATTERING RESULTS  

Vm  V. o  n. n o e  x ne  x tn  n tn .o ,..X e:c 

10 1.5 10 10 120 2.1 4.0 1.5 9. 4.0 

10 1.5 4 8 60 1.7 2.5 2.0 12. 2.2 

10 3.0 4 12 35 1.5 2.4 2.6 16. 2.0 

20 1.5 4 8 41 1.3 1.8 2.0 6. 1.8 

20 3.0 4 12 23 1.3 1.7 2.6 12. 1.7 

20 1.5 1 5 6 .8 1.6 2. 30. 1.4 

Vm main bank voltage, kV. 

VC 
	cusp bank voltage, kV. 

- no 	neutral number density 10 -20  m.  3  
• - 2CI 

ne
o 	initial electron number density 10 	m.-3  

nx 	maximum electron number density 1020  m.-3  

ZX  time of maximum electron number density /AS  

(1. ig rl 62,61 	•Ior 

	

Vra 	lz‘f V, = IS kV 

	

p 	3.6" rnlyr air% 

time of minimum electron number density 

initial electron temperature eV. 
wx 

maximum electron temperature eV. 

w time of maximum electron temperature plc. 

All quantities are local valuea,on axis, in the plane of 

the ring cuop. in argon. 
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P(-t-q)-a-vg) 	di 
icisP 

(9.19) 

which is independent of n. 

In the context of the polytron vd  is a poloidal 

velocity about the magnetic axis in the direction of k : 

the poloidal drift can be reversed by reversing the magnetic 

field. The difference in equation 9.19 will be most obvious 

when (R(+vd)-R(-vd)) exp (-gX /19X-42  is maximised 

(i.e. A/19Kr = 1/ VT) and' when vd  is maximised. 

As jeD4Eld it is reasonable to expect vd  = E K,B and this is 

why 20kV , 1kV , gX= + 261 were chosen as the most likely 

to give a positive result.(for Vm  and Vc  respectively) 

Only the top half of the spectrometer slit was used. 

The cusp magnetic field along the laser beam was measured 

and it was found that the image of the centre of the top 

half of the slit was Lamm below the plane of symmetry, and 

(radially) outside the null point. &B for the vacuum 
2 

field will then be nearly parallel to k, as illustrated in 

fig. 9.20. The main bank polarity was positive and so 

in fig. 9.20,Eq2  B 	is clockwise around the null point. 

Therefore positive cusp bank should produce a blue 

shift, and a negative vd. Fifteen shots were taken with 

alternating cusp polarity at t = 900 ns. Values of R(vd) 

with large errors were rejected, and the result was 
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R(+ vd) 
	

(Vc-ve) = 1.04 + .1(5 shots) 

R(- vd) 
	

(V tve) = .88 +.1(6shots) 

Substitution into into 9.19 will give a positive value of vd 

which shows that the choice of vd to correspond with Vc 

was correct, i.e. the shift is in the direction E x B/B2. 

vd = 2 10
4 1.5 104 m/s. 

• • 

This is smaller than E = 3 105 m/s. a't. 1 at this point and 
B 

Even this cannot account for the low values of 

- vd observed. However, chapter 
7 indicates that E6(  only appears 

across the ring cusp, which will be shifted by the induced 

field. Hence the negative result here is verification of 

chapter 7. 

image' 
via cert•e•e. 

M-03) • 

so vd &-..E 2B • 
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9.17 	Radial profiles of the number density and temperature  

The slit length was restricted to Lmm and the number 

density and temperature measured for 3 different positions of 

the image of the slit, 0, 10, and 20 mm upwards from the 

plane of symmetry. The absolute number density calibration 

had to be repeated at each point. For the last position half 

of the aperture was cut off by the output port. Here scattering 

was made additionally difficult by the low number density and 

the increase in plasma light, and so the number density and 

temperature at this poisition is not well established, except 

for an upper limit. 	
(From, A59.20 

Albeit it is evident that: 

1. the initial number density and temperature is 

not very peaked; 

2. the number density drops on the outside first, 

and forms a sharp peak: 

3. the temperature rises first on the outside 

evidencing a skin effect, and then drops with the 

number density: 

L1. the shape of the number density vs. time, 1 cm 

off axis compared with the axial number density 

is caused by an outward radial flow. 

9.18 	Non Maxwellian scattering  
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It has been possible to represent-all of the profiles 

so far by -Maxwellian distributions. This implies low A 

scattering and the values of n and W found are consistent 

with low a< . Later in the discharge, after the time of 

/minimum n , this was not true. The profiles found for these 

conditions are shown in fig. 9.22. 

The profiles could not be established with only 6 

channels and so many runs were used to establish them. The 

profile at 5ims was established in greatest detail. The lack 

of detail at other times probably accounts for the non 

appearance of a double peak on the blue side . The red 

wing may appear double peaked, if a resolution greater than 

1.31 were available. It does 	seem though that the profile 

is not symmetric, the wing being nearer the centre on the 

blue side. 

The wings develop slowly after 3 ps, are more 

pronounced at lower pressure than fig. 9.22, not so evident 

for a lower cusp field, but are at roughly the same A. 

The question arises as to whether the wings are 

due to high .04 scattering. If this is the cause then from 

the shape a = 2. The position of the wing would giVe 

the number density as 

n = 2.4 1019  ( A>tw  )2  m73  = 10
23 

m
-3 

However this number density is far too large for 3 

reasons. Firstly the filling pressure was only 5 1020  m-3 
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and Z s 1. Secondly the plasma light is not large enough. 

By comparison-with the preioniser when n = 2 10
22 

m
-3 

at least one volt of bremsstrahlung emission,3 channels 

away frOm the centre, instead of the observed 10 mV should 

be seen. Thirdly, from section 9.1, .2 of the total Thomson 

scattered light would be in the electron feature when oC= 2. 

The integral of the line profile should be 2 10
22 m-3 instead 

of the actual value of 1.6 10
20 
 m-3, fromintegrating 

fig. 9.22. 

Anomalous scattering has also been reported by 

Ringler and Nodwell(1969). However, this takes the form of 

peaks at multiples of the plasma frequency. 

The near symmetry, and distance" from the centre 

rules out Raman scattering. The laser could be exciting 

atomic transitions. The argon line radiation in fig. 9.12 

does not coincide with the wings. An impurity could be the 

scattering but this seems unlikely because of the symmetry, 

the width of the wings and the time history'of the scattering 

which follows the laser emission. 

"A likely cause is scattering off a wave. The 

wave would only be excited at late time when the temperature 

is low and is assisted by a large cusp field. To amplify 

this consider n = no  + n1  cos ( 	+ ki. x) 

then n (k, t) = n1  g(k, k1) cos WI  t 
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tbc  \ irbx-00 
and from equation 9.6, S(k, 0-) of 	g( . e 	cko ty, e cdo Wit&) _ 	-k -FI  )  

00 

= i Icc (Le,k() co?) I-1,T (It- 

= 	T 	gt 	tz; , ix— (A, ) z 
'where the integration is terminated at T, half the pulse 

length. k is fixed and so fixes ha of the wave to observe 
scattering. There are scattering wings at (ar-GY.) = + ur _ 
If it is caused by a wave then for kl  = 13 106  m-1 07= 

2.5 10131-4.. 

Keilhacker and Steuer (1971) have seen enhanced 

scattering off turbulence but with their kl  100 times smaller, 

and with a cut off to the scattering when kl  >I/Xd , whereas 

here ki>.  tAd 	is implied. 

An alternative explanation is that there is electron 

drift along the direction of k, of 3 106 	, the velocity 

necessary to give the observed Doppler shift. Supposing 

that this is produced by an E x B/B2  drift, then the applied 

voltage 	has to appear across only 	2 mm. This is 

consistent with the photography of section 10.1 and with 

chapter 7. Also the.valae of Egf  B/B
2 
can be independent 

of the value of Vc as observed in this experimental work. 

Further work on this exneriment will be needed to 

distinguish between these two possibilities. 
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CHAPTER TEN 

EXPERIMENTAL WORK ON THE POLYTRON EXCLUDING SCATTERING  

This chapter describes the measurements of the plasma 

parameters other than number density and temperature. It 

follows the laser scattering measurements because in many 

ways the number density and temperature are the basic 

parameters. Chronologically though much of this work 

proceeded chapter 9. 

The objectives of the measurements are, in decreasing 

importance:- 

(1) to quantify the acceleration process, measuring 

the electrical parameters, the force on the plasma, the 

velocity, the spatial variation of plasma and of the 

plasma currents. 

(2) to measure, although less quantitatively, the 

loss of plasma. 

(3) to observe the properties of the plasma after 

the loss. 

-This chapter is mainly descriptive. A few checks 

of the internal consistency of th'e measurements are made, 

but a detailed discussion of the results is postponed until 

chapter 11. Except where stated the results are taken in 

argon. 
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10.1 	Plasma Photography 

An'image coverter camera was used to take both 

framing and streak photographs of the plasma. Only three 

frames per discharge could be taken from the camera used, so 

a sequence of. photographs had to be obtained from several 

shots. 

A sequence of such photographs is shown in fig. 10.1. 

This shows the importance of varying the aperture even at a 

given time in the discharge, because of the large spatial 

variation in emissivity. Initially an axial column of 

diameter 2 cm forms, together with a brighter region under 

the ring cusp extending across the whole tube diameter. 

A cusp shaped plasma is present initially. The cusp shaped 

plasma remains up to the loss time. Before the loss time, 

e.g. 200ns and 500 ns fig. 10.1, a dim region can be seen 

outside of the highly luminous region. This could come 

from ionisation of neutrals near the wall. The intensity 

increases with time, up to the loss time. After this the 

photographs become less reproducible. This is shown more 

clearly in fig. 10.2. where Vm  is increased, and the 

pressure decreased, with respect to fig. 10.1. 

At the loss time the diameter of the luminous region 

under the coil broadens, and the intensity drops. Simultan-

eously a sharp interface forms under the ring cusp with a 
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tail downstream (parallel to E0,). The direction of the tail 

changes with the main bank polarity, c.f. fig. 10.1 to 10.4. 

Later e.g. Lips in fig. 10.2, the rest of the plasma is still 

emitting slightly but there is a contrasting dark band next to 

the sharp ring. This is not a false effect due to a dirty wall. 

The effect is also seen when viewing through the clean window 

of the laser scattering port. Also the band can be seen to move 

e.g. 1.1ps, 1.6ps,and 2.1ps, fig. 10.2. The band is stable 

for up to .5/is in fig. 10.2, but then a ragged,scalloped edge 

forms. For one discharge in fig. 10.2. the characteristic 

wavelength is 4mm. In another case shown(1.6 s, fig.10.2) it is 

lcm. Measgrement of a sequence of exposures from the same plasma 

in fig. 10.2, (1.1los, 1.6psl and 2.1ps)Ishows that the scallops 

form by the emitting region moving downstream, leaving dark 

spaces. This photograph shows that the velocity exceeds 

4 	, .5 10 m/s. (From the distance moved between 1.6ps and 2.lps). 

The scallops look similar to Rayleigh-Taylor instabilities in 

z pinches (Curzon et al., 1960). 

The different perspective of the next ring cusp(in 

fig. 10.2) shows that the light'is emitted from a ring near to 

the wall. For the ratio of major to minor axes of the ring is 

.2 + .05, equal to sin 100  , the next ring cusp being 10°  further 

around the torus. 

Increasing the cusp field increases the growth time 

for this instability. At 3kV , it is not seen up to 3ps, 
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whereas at .75kV., it is seen after 1.2ps. Also when the 

cusp field is increased the width of the ring decreases. 

It is seen that the width of the ring, as well as the 

stability of the light front, is related to the Larmor radius 

of the ions, for in hydrogen the ring is much thinner, about 

lmm , as shown in fig. 10.3. There is no pronounced in-

stability on the light front in hydrogen, but there is a 

curvature with the convex side facing upstream. 

Fig. 10.2, after 1.5ps , shows that the plasma under 

the coil is shifted vertically up under the right hand  coil'and 

down in the left. A photograph with the cusp polarity reversed, 

is also shown and the shift inverts, but it is independent of 

main bank polarity. The current flow is outside of the magnetic 

axis and so there-is a vertical force on the plasma by 

virtue of the jer  interaction. It is supposed that the shift 

is caused by this force and is advected to the coil region by 

the plasma motion. This explanation accounts for the observed 

direction of the shift and its dependence on the polarities 

of the fields. 

- Fig, 10.11. shows a set of stereoscopic photographs 

obtained by placing a mirror beneath the torus. These show 

unequivocally that the plasma under the coil is not in contact 

with the wall, and forms about the minor rather that the magnetic 

axis. Also it can be seen that only a very narrow peninsular 

of plasma extends to the wall at this early time . 
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The ring cusp region presumably looks brighter because of the 

longer line of sight. At later times, 1.5ps, the luminous region 

in contact with the wall broadens, and after the instability 

has set in the plasma is only off the wall mar to the coil. 

Fig. 10.4. shows the cusp second from left making 

good contact with the wall at 1.5ps. The next frame shows that 

this cusp, .5ps later, is much dimmer than its neighbours, 

suggesting a cooling because of the larger area of wall 

contact. 

The steroscopic view confirms the conclusion from 

viewing the next cusp in fig. 10.2., that most of the light 

after the loss time comes from the region near the wall. 

However, there is, still emission_ from the volume of the plasma, 

except from the dark space upstream of the ring cusp. The 

implicatibn is that a singular disk of low emissivity plasma, 

only a few mm. thick, but extending across the whole tube, 

exists. 

Streak photographs of the plasma, viewed from below, 

through a slit parallel and adjacent to a cusp coil, are shown 

in fig. 10.5. These should be interpreted with the help of 

fig. 10.4. 

From fig. 10.5. the cusp field keeps the plasma off 

the wall. From fig. 10.4, e.g. 3ps, the light in fig. 10.5. 

does not come from debris which has been swept along the 

wall, but is representative of the position of the plasma. 
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Outward drift of the plasma is evident in fig. 10.5. At 

lower values' of main bank voltage than Vm  = 20kV,, the 

streak photographs show that the plasma does not hit the 

wall,but is displaced outwards. Similarly at p = 2mtorr, Vm = 

20kV, Vc  = 3kV, the inner boundary of the plasma curves back 

towards the centre of the torus. These observations indicate 

that the displacement is proportional to the toroidal current. 

Fig. 10.5. also shows that the displacement is decreased if 

the cusp field is increased. 

10.2 	Toroidal current measurements  

The plasma current was measured by a Rogowski coil. 

A compensated coil was used. The frequency response of the 

system is discussed by Cooper(1963), who shows that it is 

limited by the transit time along the coil, considered as a 

delay line. An equivalent view is that there is a L/R rise 

time, but R is the characteristic impedance of the coil not 

the terminating resistance. For the coil used 

C = 10-10  F/M; L = 10-5 H/M; giving a transit time 

of lOns. By applying a step I it was shown experimentally that 

the rise time was less than lOOns. Calibration was by the 

measured coil parameters and against a known current. 

Parkinson (1969),studied the plasma current. However, 

he was only interested in the peak current, which occurs after 

several ps , and never measured the initial stage. Only 
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by taking greater care with pick up have the results 

described here, taken at early times, been obtained. 

Some of these measurements have already been published 

(Page 397). 

.The current waveform typically consists of a linear 

rise for .5/As to les, a shoulder, whose position defines the 

loss time, a smaller or negative dI,  and then another rise 
dt 

depending on the values of Vm and V. Two such current 

waveforms for Vm  = 10kV and 20 kV , Vc  = 1.5kV, p = 3.5 

mtorr , argon are shown in fig. 10.6. 

A detailed study of the rate of rise of the current 

has been made. In fig. 10.6. there is a slight curvature 

of the 'straight' part; the value of dIiat t = 0 was measured 
dt 

for this study. Some of these results are shown in fig. 10.7. 

Each point was established by at least 4 shots. A linear 

relationship between dIA, and Vm is seen. An independence of at' 
Vc, once V

c 
is above a critical value, and also an independence 

of p, once p is above a few mtorr , is evident. 

The experimental value for large Vc, but p = 3.5mtorr 

argon is 

dI4 = 8.5. (Vm  ) 	(10.1) 
dt 	10kV. 

A detailed numerical comparison with theory is made in 

chapter 11. In general terms these curves can be explained by 

the current being mainly an ion current, thus the linear 
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FIG. 10. 8 	Icz IN HYDROGEN 

500 ms/cm, 1.6 kA/cm 

vm = 20 kV. Vc = 1.5 kV. 

p = 0 

p = 10 mtorr 
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;dependence on Vm. At high pressures the Hall inductance, 

associated with the energy of directed motion of the ions, 

falls, and so d16 is limited by the geometrical inductance 
dt' 

alone. At low Vc  the electron current increases, and so 2.4 
dt 

increases. 

Experiments were also done in hydrogen. The current 

is similar to argon, except that the time scale is shorter. 

A current waveform in hydrogen is shown in fig. 10.8. A 

similar dependence of dI4 on Vm  , Vc  and p as for as argon is dt 
observed. However, as the lower limit on breakdown in 

hydrogen is 6mtorr.,and the Hall inductance of hydrogen is low, 

no dependence of dIjon p was observed. The linearity between 
dt 

ddt
I6 and Vm  is also seen to be poor at'large V . This is 
' 

probably because the loss time is not sufficiently large 

compared with the time resolution. The time resolution is the 

time for the main bank voltage to appear around the torus. 

This can be seen in fig. 10.6. where Vn  = 10kV, the current ' 

reverses first, because the trigger voltage appears around 

the torus before the main bank voltage. 

The loss time increases with the pressure or number 
"st 

density. At low pressure it is constant as the Hall inductance 

dominates the geometric inductance,or equivalently the 

electric field is constant. In fig. 10.9, it is plotted 

as a function of initial n. The dependence of the loss time 
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Vm 
= 10kV,  

-So ..3  
10 	i4 	Trill-',41 ft (A i . 

FIG. 10.9: VARIATION OF LOSS TTIVil WITH n 

on the bank parameters at low pressures is 

3  (10. 2) 4r.e, 	(10kV) 2  

V 

(1.5kV) 	IGG 
V 

accurate to about 20%. In hydrogen 

= .3 2  1.5kV 3ps (10.3) (10kV) 
V 

although this value is larger than the low pressure limit because 

of the inherently low value of the Hall inductance in hydrogen. 

Although at high Vc  dI($ (,t = 0) is independent of 
dt 

Vc, the current after the loss time is not. The effect of a 

large cusp field is to decrease this current. This is an effect 

of the ion Larmor radius. In hydrogen, at large values of Vc, 

the current is suppressed so much that it is only non zero in 

the linear-i'ise up to the loss time and shortly afterwards. 

10.3. 	The toroidal electric field  

A loop of wire was threaded between the cusp coils 

and the vacuum vessel, vertically below the minor axis. Thus 

there are 3 coupled circuits. Suppose ib  is the total current 

Vc 
= 1.5kV, 

argon 
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in the induction rods, i is the plasma curent, and im the 

current in the measuring loop. The mutual inductances are:-

M
a 
 rod—plasma, Mb  plasma-measuring loop, Mc rod-measuring 

loop. The plasma and measuring loop circuit equations are 

M 	ci.; b 	-r (Le-t- 	t 	0 
ci 

Mc 	s 	• t1 die 	-- Ern  ce, = 0 
4 

where R is the effective plasma resistance, and LH the Hall 

inductance of the plasma. As im  is kept small by making 

R
m large, the inductive terms due to im 

is neglected above. 

The loop is near to the plasma and so Ma  = Mc, Lp  = Mb, in 

which case the voltage around the loop V, which is measured 

across the resistance Rm  in the loop .circuit, is 

V = i 
m  Rm 	n = + L, di, 4- jp  

dt 

the driving voltage for the non magnetic impedance of the plasa. 

V is many kV. To measure it a 1.5kiL l  high voltage 

potentiometer was used. It was connected by short leads to the 

voltage loop, the potentionmeter output being fed by a 5041. 

terminated cable to an oscilloscope. The resistance of the 

potentionmeter restrictedthe loop current to a few amps, 

much less than the current in the rods. Nevertheless the loop 

made the preioniser ineffective for p <10 mtorr. Presumably 

breakdown at low pressure depends on a high frequency ficld, 

which is damped out by the loop. For low pressure measu! 7nt 
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a small loop near the major axis was used,'the large 

loop calibrating it. 

A characteristic output is shown in fig. 10.10. 

The initial voltage, when Vc  = 0, should be zero, the measured 

voltage was small but not zero for Vc  = 0, because of imperfect 

coupling. This voltage, scaled by the ratios of dip  is 
dt 

subtracted from the values of voltage when Vc  t 0, to correct 

for this error. The ratio dIf/ V is plotted in fig. 10.11 
dt 

against pressure. The value of V used is that of the 

shoulder near to t = 0. 	The ordinate is the inverse Hall 

inductance, 	. The measured Hall inductance is not 
LH 	ni;  e  

a function of the cusp voltage for Vc>1.5kV. The importance 

of this is that dIf vs. Vc  is a simply interpreted graph, 
dt 

because V is independent of Vc
, whereas dIk vs. p is not, 

dt' 
because V depends on p, as shown in fig. 10.12. 

The field seen by the plasma peaks at the loss time* 

This is illustrated in fig. 10.10. This peak value of the 

resistance of the plasma is .7.2 at 15 mtorr, decreasing 

as the pressure increases. This resistance is not due to 

electron-ion collisions, (a temperature of .5eV would be 

necessary) but is due to the rate of change of the Hall 

inductance (section 11.4), accounting for the lower resistance 

at higher pressure, because the Hall inductance is lower 

(fig. 10.11). 
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10;4. 	The ionisation of an argon plasma  

The time history of spectroscopic lines, identified as 

belonging to different stages of ionisation of the argon plasma, 

was recorded. Only medium quartz optics were available, which 

limited the study to AnZand lower. The entrance slit of the 

spectrometer was imaged into the centre of the plasma, along 

a horigontal line, thus light emitted from a radial line of 

sight was collected. 

Fig. 10.13 is a tracing of the intensities of AR , 

AIM , and A.DE 	lines, together with the current. The absence 

of overlap of lines indicates that the highly emitting regions 

are reasonably uniform in degree of ionisation. 

The intensity of a spectroscopic line from a ion of 

charge Z = 1 can be dependent on the number density of either 

stage Z or Z - 1, of ionisation, depending on whether the 

upper state of the line is in 1.t.e. with the continuum or not. 

In the case of 1.t.e. of the level then the number 

density of the level with quantum number n of stage z - 1, is 

given by the Saha equation 

N oc tin 	(- 
	 (lo.4) 

40 	. 
where 4 is the binding energy of level n. 

In the case where the level is not in 1.t* e. then 

(10.5) 
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In chapter 3 it was shown that the upper states of 

Au are just. in 1.t.e. for p = 25 mtorr. At higher temperature 

and Z, 1.t.e. is harder to satisfy (Griem, 1963, eq. 6.82), and 

so eq. 10.5 has been used to interpret the results here. 

Thus from fig. 10.13, burn through from AV to ATT 

occurs. The subsequent reappearance of ADI indicates that AW 

is not formed, and that a cooling occurs after the peak of AIL 

Cooling at this time, coincides with the shoulder of the 

current waveform, a sharp fall of the number density, directed 

velocity, and reaction force on the coil. The peak of AR- 

could be caused by the cooling . G5Iek 	the density of Aim'" 

being crroOt r than All. 	. 	Nevertheless Z could be larger 

than 2 as there is a peak of All . These oscillographs 

(fig. 10.13) have been used to evaluate values of Z (fig. 10.14) 

which in turn are used to evaluate the ion number density from 

the electron density curves in chapter 9. These are shown 

in fig. 10..15. The times for the peak intensity to appear 

decrease with increasinc! Vre  (shown in fig. 10.16) with 

increasing Vc, and with increasing pressure (fig. 10.17). For 

filling pressures below 3 mtorr, no AST line is seen, and a 

smaller All emission; 	• 

Spatial scans of the lines  

The spectrometer was scanned in a horizontal, and 

vertical direction to obtain spatial information about the 

hot regions of plasma. Some of the results are shown in fig. 
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FIG. 10. 16 	TIME OF PEAK SIGNALS FROM 

VARIOUS STAGES 

Vc = 1.5 kV, 3.5 mtorr. • 

FIG. 10. 17 VARIATION OF THE PEAK 

OF AM WITH PRESSURE  

10.18. A vertical scan, through the observation port for 

laser scattering is shown for AM and Al' . Absorption by 

the tube wall was thus avoided. The profile of ALT could be 

caused by vignetting by the port, but comparison of AIT with 

AM" shows that the AFT profile is only 19mm wide. These 

profiles are at the time of peak intensity, which does not vary 

with the radius. The width of the hot plasma corroborates the 

scatterin,=; results, the current density and the photography. 
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Note that there is a vertical shift of the plasma, relative 

to the minor.axis, which is in the same direction as ver. 

A vertical scan of the peak line intensity in the 

region next to a cusp coil shows a width similar to that 

in the ring cusp region, i.e. a full half width of the 20mm. 

The profile has however, a sharper fall off than evidenced in 

fig. 10.18. The vertical shift is 6 ± 2mm, in the 'correct' 

direction. 

A horizontal scan of the time of peak line intensity 

through the scattering observation port is also shown. This 

is a horizontal scan about the region of the ring cusp. This 

graph indicates that it is delayed cooling rather than slower 

heating, which causes the AR- upstream of the ring cusp to 

peak later than the region downstream. Otherwise there would 

be a difference in the time of peak Ala and Au 	. A similar 

phenomenon is seen by the photography,which shows that debris 

is swept downstream. 

10.5. 	The magnetic field of the Hall currents  

The magnetic fields produced by the plasma currents 

were measured by internal magnetic probes. 	The probes made by 

Parkinson were available. These were loosely based on the design 

of Ashby (1963), but had a small turns area, .15cm2, and a 

high frequency response( > 25MHz, measured). As is well known 

the desirable qualities of a magnetic probe, (1)large turns 
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area, (2) high frenuency response, and (3) Small physical 

size, are usually mutually exclusive. Initially a large 

turns area was needed because of lack of expertise in noise 

suppression. To satisfy conditions(1) to (3), a hollow, 

single turn coil, of 7mm radius, was constructed. 	The loop 

of wire was sheathed from the plasma by a looped capillary 

tube of quartz. The frequency response of the coil was higher 

than 20YEz.This coil was used to measure the field produced by 

the Hall current, in the toroidal direction, at the minor axis, 

under the ring cusp. 

Fig. 10.19 shows some typical 	oscillograms . 

The correct signal polarity and dependence on the field 

polarities was observed. The field rises up to the loss time. 

This far it is reproducible, but not afterwards. There are non 

reproducible oscillations at a frequency of typically 

For large values of the cusp field the signal after the first 

peak, is suppressed (fig. 10.19) . The step in the first 100ns 

at V
m = 20kV is reproducible, and indicates that the inherent 

rise time of the signal, i.e. an L/R time, is faster than the 

loss time. 

As can be seen, the field at the first.peak is 

proportional to Vm (fig. 10.20). Also at zero cusp field 

there is no Hall signal.A signal is observed but does not rise 

as fast as the Hall signal, and is not reproducible. The Hall 
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FIG. 10. 21  VERTICAL SCANS 

OF THE FIELD OF THE HALL 

CURRENT 

Vm = 20kV, 3.5 mtorr, 1,'s. 



FIG. 10.20 PEAK VALUES OF 

2.1z 3.5 mtorr. 

• 
signal increases-with Vc, until al average 	,after which 

13,5 decreases approximately as Vc1  . The observed peak field is 

= 500 (ym ) gauss 	(10.6) 
10kV 

at 3.5 mtorr. In the pressure range 2 to 10 mtorr, there was 

only a 20ro increase in bgf; with pressure. 
The profile of the Hall current field was measured 

by a conventional internal probe. The turns area was 6.25cm
2
, 

and the rise time into 100-2 was .7ps. The probe was scanned 

vertically, under the ring cusp, along a vertical line through 

the minor axis. The axis of the probe was aligned by turning 

through 900  from the orientation giving a null signal in a 

toroidal field. The careful alignment and comparable sizes of 

be  and b0,1  eliminates the possibility of pick up of be on a 

supposedly bifignal. The profilesat l?s for both cusp 

polaritiesam shown in fig. 10.21. It should be emphasised that 

this is only the field of the plasma Hall currents. A similar 

shape is seen at. 5ps. A vertical shift between the two cusp 

Polarities is evident. The direction of the shift, is the same 
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FIG. 10. 22 jilf  PROFILE VERTICALLY  

Vm  = 10kV, Vc  = 1.5kV, 15 mtorr argon 

t = 1ps. 

as observed photographically i.e. j/  Br. 

10.6 	The poloidal magnetic field  

The toroidal geometry makes the calculation of j9f 

from measurements of be 
difficult. Properly a full spatial 

plot of be  and br is necessary. However an analytic 

approximation is probably no worse than the experimental 

approximation that the probe does not perturb the plasma. 

Suppose that for a fixed value of vf 

be (r,e) = b° 
 (r) + bl  (r1 cos e) 

where e is the poloidal coordinate. 

• • 
	 pc, f 	7trr dr 	= 2 irr be (r) 	( Amperes 	Law) 

i4j,? 	= 14(r) 	ab,;(r) 	(10.7) 
Zr 
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measured along a vertical line through the minor axis. 

The point where .r = 0 was,chosen so that b (r,1T/2) = b (r,3rr/2).· e e 

An average of. the values of be' with both cusp polarities, 

either side of r'= 0, was used to evaluate ji 
from eq; 10.7. and is shown in fig. 10.22. The negative j, 
shown.is not definite because of the large errors. The 

integral 1;{= I 3• 5cm j¢' 2Tfr dl', of fig. 10.22. is 7. kA) 
o . 

compared with 6.0kA from the Rogowski coil. 

Later in the course of the project a profile of b e 

was measured with a fast, 10YI sensitivity coil. The probe 

was inserted horizontally, so measuring bO + b l • The lack e e 

of poloidal· symmetry is evident in the plots, and so no attempt 
. 

Vias made to numerically evalua~e jp.{' but g.ualitative feat.ures 

can be seen. A port was available to do a scan both in the 

region under the ring cusP. and 2mm. away from the coil. 

As a control experiment, a scan was made for 

identical conditions as the polytron, except that there was 

no cusp field, and so a toroidal z ~inch formed. This scan, 

fig. 10.24. behaves as expected. A skin j,'forms which 

~lowly moves in, pinching the plasma to.a point near the minor 

axise The field is slightly larger'inside because of toroidal 

effects. 

Fig. 10.23 shows the profiles obtained for the polytrol 

both under the coil and the ring cusp. No skin current is 

evident, at least for times greater than lOOns. 
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There is a region of positive current (parallel 

to Ed) about the magnetic axis 	(50mm on the abscissa). 

At early times under the ring cusp, on the outside (30mm) there 

is possibly a negative current accounting for the dip in be. 

Further out, another 10 to 20 mm , there is a positive current 

as be increases again. 

Later, at the loss time, there is a.negative current 

flow through the outer part of the ring cusp, in agreement with 

fig. 10.22. At this time the current flow under the coil is 

displaced outwards from the magnetic' axis, 

Under the cusp coil the profiles are similar to an 

ordinary pinch but again with no skin effect; there is current 

flow on the magnetic axis no later than 100ns. The current 

flow is restricted to a diamter of 3.2 cm outside of which be 

falls off approximately a 1/r. A sketch of the inferred 

current flow lines is shown in fig. 10.25. 
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Measurement of the force on the plasma  

By measuring the magnetic field outside of the 

plasma, the electromagnetic thrust on the plasma has been 

calculated. This measurement was originally made on a linear 

Hall accelerator by Etherington(1965). The electromagnetic 

force acting on material in a volume V bounded by a surface S is 

F 	_ 	1x 73 dV 	(g.D -t-  L1.16, - u 	).n dS 
D6 4 

where u = 1 (E.D B.H) and I = 	. Etherington and 

Haines evaluated the reaction force on the coil producing the 

radial magnetic field. In the case of the polytron the symmetry 
1 

to toroidal displacements of a cusp separation,simplifies 

the integration, which need only be done along a path equivalent 

to Etherington's ab, as long as ab = cusp-separation. A simpler 

way of analysing the situation is to directly evaluate the 

force on the plasma, which, because of symmetry,yields more 

simply minus the expression for, the force on a coil, as 
WO? 

EL 	f 	r„ ) el) -Er (,,e,10) 12 die a 
O 

where r1 
< radius of a cusp coiland L is the cusp separation. 

The e integration was reduced to the average of two points 

because of the large aspect ratio, t,hus 

FJ, yr(  ,-Tria, ¢ ) 	( 	a tp) 
0 

-1#2, 0) le cif 	(10.8) 

10.7 
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The Rd pf integration was done over a range .8L by a two coil 

probe vertically below the minor axis. 

The integrand of eq. 10.8 consists mainly of the 

vacuum field which integrates to zero. The plasma field is at 

most 5% of the vacuum field. The measurement is easier in 
the small torus used by Parkinson. A measurement of the total 

field was not attempted,instead the vacuum and plasma fields 

B and b respectively, were measured separately. 

/Jig 
Zre, 	(-kr 6,1, 'gr br  ecif 
µo° 

, 
-1T_r j (14 bi- 7 3r 	g ciet 

Po 0 

Here the analytic fact 

• • 

j_.  (10.9) 

been used, and 
qg 
fBer  R dr‘ = 0 has 
0 

thus experimental errors which might be much larger than 

rid  have been eliminated. Alsoibl‹<IBI. 

The plasma and vacuum fields were differentiated 

by their frequency spectrum using a passive high pass filter. 

The filter response was .5 at 21.1s. Using the filter the 

shape of the plasma signal for a slowly varying high pressure 

case was identical to the signal without a filter. 

Instead of taking measurements at e =1T/2 and —1T/2, 

but equivalent, shots were taken with both cusp polarities. 

This also eliminated any pick up of be, as both br 
and b 

change polarity with Vc. 
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b
r 
reaches its peak value under the coil where 

Br = 0, and vice versa. The integral for the force had to be 

evaluated graphically. One such graph is shown in fig. 10.26. 

which shows that the terms in eq. 10.9 can be approximated by 

first Fourier components initially, i.e. 

B1  br  oc cos 360' ; Br  b0  ik sin 36 f‘ 

It was very noticeable that the Hall field outside 

of the plasma rose very quickly. At 3.5 mtorr in 10Ons l and at 

25 mtorr in 200 ns. This is in contrast to the field near to 

the minor axis, which has a 1ps rise time,although a faster 

initial rise. 

The main error in the experiment is the non re- 
! 

producibility of the plasma fields. This is the cause of the 

error bars in fig. 10.27 which shows the force on the plasma. 

This force is in the correct direction i.e. parallel to E0'. 

The variation of the force with Vc is shown in 

fig. 10.28. This was taken from the first Fourier component,' 

using the known shape, at early times. At later times this_ 

is not a good approximation. Only br  under the coil and bc‘ 

at the ring cusp were measured. The switch on nature of the 

polytron, as the cusp field increases, also seen in d1
4 

vs. V
c 

is evident. 

A linear variation of 0'with Vm  up to 20 kV, 

was also seen from this measurement. 
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10.8 	Measurement  of plasma loss with an ion probe 

The outward flux of particles was meas,Vred by an 

ion probe, described in chapter 3. 	The inner eeectrode was 

. biased negative to repel electrons (Vb  =--50v) and so the current 

is 	I = nvrZe A 

where A is the area of the hole and vr7?7the thermal velocity. 

The current was measured by the voltage across a resistance. 

Successful operation was achieved after conditioning shots 

with the bias reversed. 

The interpretation of the results was hindered by a 

signal seen when Vb  = 0. This was thought to be due to the 

high plasma potential ( + 200v). Moreover there is a high 

frequency oscillation to the plasma potential which causes a 

noisy signal. Frequencies higher than 2 MHz were eliminated 

by measuring the voltage across 47JLand 10,000 pF in parallel. 

I, the true signal from the probe was taken as the difference 

between the signal with and without a bias voltage. 
. 2 A = 	(1.65) 10-8 m2 	n

r = 1.26 10
25 

In:
2-1 

• • 

for a current of .2A, lcm. on fig. 10.29. 

The time history of the loss agrees well with the 

rest of the diagnostics. The increasing loss as Vc  is 

increased is probably more obvious here, than in the photo - 

graphy. From the photography the loss occurs through rings 

of width w = 2mm and w = 4mm for fig. 10.29. If loss 
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Vc = 3 s 5kV 

FIG. 10.29 	RADIAL LO9SS AT TP,' PING 

CUSP 

Vm  = 20kV, , p = 3.5mtorr 

Vc = 3 kV 

occurs only through this ring the decay equation for the total 

number N of particlesassociated with one cusp is 

1 dN 
I dt 	

2gT  

- 
From fig. 10. 29, n vr  = .5 1025 m

2 
 S 

1 
 

and 	n = 1020 m-3 for Vm = 20kV, Vc=1.5kV, p=3.5mtorr 

at t 	= 1. r. 

. 0 

T 	= 1 10
6 -1 

it 
O 
dt 	3 

This factor of 3 is remarkably good agreement for a probe 

Systematic errors such as stagnation and poor alignment with 

the ring cusp could easily account for this difference. 

The probe shows that an appreciable fraction of the 

plasma, 10's5 is lost, quantifying the photography. 
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10.9 	Measurement of the plasma velocity by Doppler shift  

Parkinson first showed that there was a toroidal 

plasma velocity in the polytron. He made a shot by shot scan of 

the AffE 2809A line, at the time of peak intensity at a 

particular wavelength setting. The line of sight was toroidal 

a shift being detected by changing the direction of E. This 

process cannot give an accurate value of the Doppler shift, 

for the points on the profiles are not being plotted at the 

same time. The time of peak intensity will depend on both the 

line intensity and the time variation of the velocity. As the 

shift in the large tube had not been measured a shot by shot 

scan, measuring the profiles at a given time, was repeated. 

A medium quartz f/13 spectrometer was used on the 

AIL 2809A line. An ultraviolet line was used because of the 

high linear dispersion of the spectrometer at short wavelengths. 

Nevertheless the instrumental width, 1.3A,is much larger than 

the shift, and so the shift is not easily detectable. Tangential 

viewing was by means of a mirror protruding from a port. 

A shot by shot scan of the line was made, changing 

the main bank polarity each time. The profiles at 1ps show a 

shift, which is in the 'same directidh as E. To obtain more 

information about the magnitude of the shift, full use must 

be made of the line wings. A least squares fit of the data 
N , 

to a profile F(X) = 100b3  exp(-(X-b1)
2 
 /02) was made. The 

resultant values were:- 
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Vm  4-:b1  = 2.01 	, b2  = 1.10, b3  = 81.8 

Vm 	' 
- 	-b 1 = 2.19, b2  = 1.2a, b3  = 94.2 

Therefore the total shift of .10. corresponds to a plasma 

velocity of .95 104 m/s. with respect to the laboratory frame. 

A single shot Doppler shift measurement  

The major source of error in the Doppler shift 

measurement is the non reproducibility of the plasma. And 

as the velocity of the plasma is an important parameter a 

single shot technique was used. The simplest technique 

is that used by Berezin (1963). The line profile is simply 

split into two separate parts, each being monitored. 

Consider a line profile p as a function of a reduced 

wavelength x,where x = (d +X-X,)& Suppose the line is 

	

divided into two at > =X, 	, the unperturbed centre when 

the shift d = 0, and these two signals are monitored. 

The intensities will be dAy 00 
I1 = LI.  P& dx 	and I2 = f P(x a)(

/°° 

• • 	
I1 + 12 = j P(44 

,--424 	1143 

1 	' 2 	i: 1)6661Y 	— 	xxstil - f Koch and I - I = 

0(40 
HenaDif the profile is symmetric 

rdlo 
R= 11 -12 	= -2 Jo  P6O x  

f °I°  NO x 1 + 12 

 

= f(d/w) 
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So, properly, splitting the profile into two will. measure 

the shift to width ratio of the line (Burgess, 1964). But 

if w is constant because the instrument,91 width dominates, 

R will be only a function of d. A criterion on the Doptler 

width so that w is mainly instrumental will be considered, but 

is not very restrictive. An elegant technique for splitting the 

line, so that R is not a function of w is described by 

Ahlborn (196), but is unnecessary here. 

The experimental technique  

The highest linear dispersion readily available 

was 51/mm. from the Littrow mounted 2000 C/mm grating, 

described in chapter 9. 	A spectrosil f/10 collimating lens 

was obtained, for u.v. work. The fine'scanning block 

had to be replaced by a fixed mirror, so a set of reduction 

gears was connected to the grating drive, for fine scanning. 

The profile was split by the 30°  apex of a finely ground prism. 

The prism was aluminised for reflexion of u.v. Each side of the 

profile shone onto 	one of 	two 1P28 

photomultipliers. The apex of the prism was in the plane of an 

exit slit to restrict the admissible wavelength range. The 

photomultipliers were housed in a screened box. 

At the entrance slit a broad band filter, Wratten 18B 

for u.v.l or a piece of glass for the visible, was used to reduce 

overspill and overlapping orders. It was necessary of course to 
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have, the image of the entrance slit, focussed on,and 

parallel to the apex of the prism. In the u.v. this was 

facilitated by using a piece of phosphor to 'see' the 

image for a rough focus, and then improving it iteratively. 

As the collimating lens was very dispersive in the u.v. a 

Hg line at 2814A, had to be .used for focussing for the A.17 

28091. 

The plasma was viewed through the laser scattering 

port. A schematic of the optics is shown in fig. 10.30. Light 

was collected mainly from a region on the minor axis 3 cusps 

away from the port. 

The outputs from the photomultipliers were taken to 

an A-B and an A+B differential preamplifier (Tektronix CA unit). 

The sensitivities of the two channels(which are wavelength 

dependent) were equalised by varying the preamplifer gain on 

channel B to obtain zero signal on A-B from a region of 

continuum adjacent to the line being studied. 

To calibrate the change in R = A-B , as a function of 
A+B 

wavelength the position of the line in the focal plane of the 

prism was varied, by the fine scan. This was done with the 

preioniser using the AM 2809A. line, and with the Hg lamp 

using the 28141 line, as a known narrow line. The calibration 

curve of R vs }► was linear for .57>R 	with the same slope 

for both lines, of 1.2 /-1. The criterion for maximum 



Stair,  eess 
sheet 
mirror. 

?n. 

Fig. io. 30 5Thi5 LE SHOT 
'DOPLER gi I FT APettank‘ 
AND RESucrS 

M" 3330 
\it,- 20 kV , 	tSkV., 2 f4orr. 

A-13 200 

A tg 	I ‘4/CP 	Vo,+ 
50ort s 10+4. 

14,— 
A-13 	ooftlictn. 
/1/.13 	I 	V. teem. 



348 

Doppler temperature can now be derived. 

The instrument width was measured as .8A. Supposing 

that this is a dispersive profile then using the Voigt profiles 

a full Doppler width of .4 x .8A = .3A is necessary to change 

the instrument width by 10%. Therefore provided the ion 

temperature does not exceed 200eV the line plus instrument 

width will not increase by more than 10%. 

Shifts of the following lines were measured:- 

(a) AIT 2809A line using the Hg 2814A as reference, (b) the AIT 

3336A using the Hg 3341A as reference, (c) the Alf 4806P .using 

AIL 4806A from a Geissler (and Cd 4799A) as a reference. 

There was a variation in A-BA+B for a simple pinch. 

That this was not due to mass motion was seen by varying the 

polarity of V. It was probably due to impurity lines and/or 

poor common mode rejection. However, as R is linear with )., 

a true measure of the Doppler shift for the polytron was • 

obtained by the difference in R for positive and negative 

polarities of Vm. As a further check that this was due to a 

true toroidal motion,the ratio 	R + to R - (the sign referring 

to the polarity of Vm) did indeed reverse when the toroidal 

viewing was in the opposite direction. 

An oscillograph of A-B and A+B for Vm  + ve and 

V
m
-ve, illustrating the difference in R, is also shown in fig. 

10.30. 
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Results  

Some of the results obtained are shown in figs. 

10.31 and 10.32. The error bars shown are due to the non 

reproducibility. For the sake of clarity these are omitted 

from fig.- 10.31. It is noticeable that the errors after the 

loss time are very large. 

For p = 3.5 mtorz it is only Air which is moving 

very fast before the loss time. This early velocity is low 

for V
c 
= .75kV. As expected the velocity has a maximum at the 

loss time. But for Vm  = 20kV , the velocity rises again 



350 

io 4•011.5 

16 -645. 

1 
entiorr 

A a 

A V4 tot."15 

I  

3. 6.  intorr 

.00  Rig 

I  

— 	2 rYtko rr 

fl,Z.  (0.31 -PoPP1-F4 C1-17's  rr4 AP6oti 
' ' 

 
2o IV 



351 

after 1.51us. This coincides with the current rising again. 

Large errors precluded measurements at later times, the errors 

arising principally from the low light intensity. At these late 

times, quite a high velocity of ATE and Al is also observed. 

For lower values of Vm(10kV) the peak velocity is 

essentially the same as in fig. 10.31 but of course the peak 

occurs later. 	At these values of Vm, the velocity does not 

rise again after the loss time, but stays constant at about 

.5 104 m/s. Under these .conditions d1$ remains small as well. 
dt' 

Under extreme conditions of low electric field and high cusp 

field, Vm  = 10kV , Vc  = 3.5kV , the velocity reverses for .5ps 

after the loss time. 

A velocity after the loss Mime is necessary for the 

explanation of the vertical shift of the plasma. That the shift 

is not very pronounced for Vm = 10kV (fig. 10.1) agrees with 

the measurements here, that vop .is small under these conditions, 

For 2 mtorr, AI is not formed. However, similar 

behaviour can be seen for the 	velocity. At 25 mtorr, a 

peak velocity of 1.5 104  m/s is seen,again occuring at the loss 

time 2.5pS. 

10.10 	Measurements with a smaller torus  

Measurements of d1$ and Z were made for a smaller 
at' 

vacuum vessel. This was the original pol3tron torus, bore 
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46mm, used by Parkinson. The purpose of the experiments 

was to examine the scaling with minor radius, however only the 

above diagnostics were used. 

As expected the time of peak AEC occurs earlier 

than for the large torus. Again the peak coincides with the 

shoulder of the current waveform. 

The dIct, vs. Vc 
plot is similar to the large torus. 

dt' 
By comparison with the data for the large torus the following 

table has been compiled. 

vm(kv) vc(kv) I,P  large tube/T, small tube 

(t = 0, 15% error) 

10 0 .1.3 

10 1.5 2.1 

10 3 2.0 

10 5 1.7 

20 0 1.3 

20 1.5 2.3 

20 -3 2.0 

20 5 1.8 

The ratio for Vc 
= 0,can easily be accounted for. As 

shown earlier the toroidal current for Vc = 0 does flow in a 
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'skin initially, and so for the case Vc  = 0, the appropriate 

Inductance is that of a hollow torus L = fr0R(en(9) -2) 

• • 	L small 	= 	1.26 

L large 

compared with i0  large 	1.3 	.2 

small 

The ratio for Vc 	0 provides valuable information 

about the Hall inductance. This will be discussed in the next 

chapter. 
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CHAPTER ELEVEN 

   

           

           

           

           

           

,A DISCUSSION OF THE EXPERIMENTAL RESULTS AND THEIR RELATION TCTHE THECRY }. 
• 

Here the results of chapters 9 and 10 are discussed 

in relation to:— 

(1) the particle models of chapters 5, 6 and 7. 

(2) the ionisation model of chapter 8. 

(3) the theoretical criteria of previous workers, 

listed in chapter 1. 

The comparision is presented in the order in which the 

phenomena occur. 

11.1. 	The value or LJ 

Polytron action will not occur ifortris less than 

about 1. More specifically suppose that the results of chapter 

7 are applicable, and acceleration occurs predominantly under 

the ring cusp. In cylindrical coordinates based on the minor 

axis B = (Br(r),0,0) 

then 	J 	= a-  E1  -1-bxtj 	: Jo 	initially, 

whereL. 	 = Sald 
• - 	ne 

and so 	i (tzt-)i. 	eEt 	(11.1) 
I (yr'QI rm 

.• 	 _ cho d.(ar) 	E Tr  e 
0 ( rY% 	/ 

Thus eq. 11.1 can be represented by 7.ero acceleration for 
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t4-`r 4 it/2 and full acceleration for&A,V2. The 

4,reighting will not affect this much; a numerical integration 

giving 1.6. instead °fir/2. 

The radii corresponding totic-b-grog 1r calculated from 
ete 

Vm  = 20kV Vc  = 1.5kV 

time 	(p-s) 0 .25 .5 .75 1 1.5 

radius cm (3.5mtorr) .5±2 .11.03 . OR-.153 . 06f.a . 0/4.t..2 . 001tim 
radius cm (25 mtorr) 1.3T.3 1. 1 t.3 

! 
1. 7 T.S >2 >-2 >2 

11.2 	The ion Larmor radius and field perturbation criteria  

The ion Larmor radius criterion has been investigated 

in detail, in chapters 5 and 6. The simple criterion, ecl. 1.9 

gives similar results. For example in argon, Z = 1, E = 1011  v/rn 

B = .8T, (i.e. near the wall forVe  = 1.5 kV,) 

r e  = Em = 7 10-3m 3c f. L = 2. 10-2 m. 
B2e 	 2  

. Near the wall under these conditions argon ions are marginally 

radial 
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accelerated depending on their initial axial position. But 

for hydrogen ions re = 1.7 10-4m , and so there can be no 

acceleration. Decreasing B will eventually satisfy eq. 1.9 for 

hydrogen, but will violate ea.1.11 and0-t>1. 

The field perturbation'criterion, eq• 1.10 implies 

Polytron action for 

r > 1.5 (1500)cm. 	 (11.2) 
Vc 

for n = 4 10
20 m-3, E= 4 103 V/m. A straight forward 

application of eq. 1.10 may not be rigorous. However, near to 

the axis an electron current will flow because (..)--'t4:1. 

This corresponds to a radius similar to eq..11.2. 

Consider the ion and electron currents flowing in 

parallel. The inductance of the ion current consists of the 

magnetic and the Hall inductance, summing to Li  = 1.9pH. The 

minor radius used to calculate the magnetic inductance of the 

electron current, from L = t0( 61(8RM-1.75), is given 

by eq. 11.2. The results are shown in fig. 11.2 where 

1 	= 1 + 1 
IT  Li  Le  

-Fig. 11.2 THE CALCULATED TOTAL PLASMA INDUCTANCE  

Vc 
(kV) 

Le 
(pH) 

L. 1 
(pH) 

LT 

(fAH) 

.75 .85 1.19 .48 
1.5 1.05 1.19 .55 
3. 1.28 1.19 .63 
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From fig. 10.7 a significant change in LT.  is expected only 

when V
c
<1.5 kV, and also from eq. 10.1 the total inductance 

is-a.y. Accordingly it seems that eq. 11.2. should be 

modified so that there is a free electron current inside 

1 	r 	.12 +.1 (1500) cm. 
Vc 

This is not incompatible with eq. 1.10 as the electron current 

would generally follow the field lines, and flow through a 

smaller radius on average, than in the plane of the ring cusp. 

Even so the variation of LT  with V is not as rapid as expected. 

41.11 is a statement that the number density must be much less 

than 1.7 10
20 

m
3 
for hydrogen and much less than 7 1021 m

3 

for argon. Experimentally this cannot be satisfied for hydrogen, 
((AO ra. We  aperlmenbd. preionisatim. 

11.3 	An experimental verification of the validity of  

a particle equation for the acceleration  

Here the measurements of sections 10.3, 10.7 and 

chapter 3 "are used to show that the acceleration obeys 

dvg  = e Ed: m is the ionic mass. Suppose that in the 
dt 	m 

length L between coils only a length AL(r) is accelerated.The 

toroidal force 	on the plasma between 2 coils is 
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AL(r) 

   

THE ACCELERATED REGION 

  

rrnax 

    

= 

If eE' = 4_4 
cbt 

ALLf) n(r) m dv +Cr) 2irr dr 
dk 

and using 	4(r) tlAr) =V 4. r(r. 

where V is the voltage between the coils, then 
rrmixt 

F j  = eV j 	n(r) 2-rrr dr 

• F . . 91 = N 
eV 

(11.3) 

N is the line  density, rinax  and ralin  are radii at which 

acceleration stops. All of the quantities in eq. 11.3. have 

been measured. The two sides of the equation are shown in 

fig. 11.4.-7 

",:=1"iii.  • 	 • TT T 	, 

.4:11; 5'6V far:2;041 tiz-0 	 f;:: ' 	• 

p, 	mtorr.• 
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The measured values of the line density are taken 

from the peak and line of sight values of chapter 3. Profiles 

are constructed so that the shape is similar to that predicted 

in chapter 4, and the line density and peak values agree with th 

. measured values. The line density is calculated from the profile I . 
taking r. from section 11.1. and r as 3.1 em, the mln max 

smallest distance from the magnetic axis to the wall. 

Fig. 11.4. shows that the single particle approx-

imation is not in error by more than 1.5. The good agreement 

at higher pressure, where the fractional error is less, suggesm 

that m dv 
dt 

= eE¢' is exact to 10% •. 

The value of' line density used -is that under the 

ring cusp. The average line density is smaller, and would give 

a better agreement, as would the effect of the cool plasma 

near to the wall not being 8ccelerated,either because of a 

low value of ~~)or because of shorting of the voltage by the 

wall. 

11.4 The polytron as a circuit with a Hall inductance 

The initial stages of the polytron can be adequately 

described by a simple circuit equation. This is strictly only 

applicable for full elect.ron trapping .and ion acceleration, but 

can be modified to include momentum loss to the magnetic 

field)and electron current. 
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The toroidal current is split up into the ion and 

electron components, Ii  and Ie. E is the applied electric 

field, L the geometric inductance, and R the resistance of the 

plasma to ion and electron current flow. The local electric 

field El  is given by 

E' 	= 	E 	L ctl; 	-r c) -KT;-t-le) - L die  
JZ 

where €is circumference of the torus. 

The ion current is carried by a number density n, of charge Ze, 

acroc;s an area A, i.e. Ii  = 	neZAv 

The equation of motion of the ions is a small volume Adl is 

.€ Es Arkez 	,n; ,e 0Av) de - es cie 
dk 

where S is the rate of gain of momentum per unit length, from 

the walls and neutrals. 

• 
• • 

- 	I die) - 	(To- T e ) e(2-.,-7- ) A 

= 	em;  dl; _ ?oll;  A v di 	- es 
aA g 	Z A 	A 

Suppose S = t•YIN 1 (n,61) 	= rn; I;  d '(-1A) 
dk 	neiA ta 

which represents the loss of momentum as a loss of line density. 

The circuit equation becomes 

e E 	 erK; 	ST;  
eYnA alk 

L are 	e e  -t- e  A 
°it 

d 	-I- 	--mre 	of(n(1, 
dk cle rW.'eteit 

—(11.4) 

mLe 
Vel 

Thus in series with the geometric inductance is a 
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'erni 

el Velf4 
energy stored in the ions. The dependence on line density 

rather than volume density makes it amenable to experimental 

verification. The fourth and sixth terms on the r.h.s. of eq. 

11.). are similar to Ii  dLH  , and account for the high 

dt 

resistance of the plasma at the loss, time. 

In a similar vein there is a Hall capacitance 

associated with the plasma. The electrons must move on average 

an electron Larmor radius before the ions can be acclerated. 

Therefore a charge C = N e re passes, where re  is the 

electron Larmor radius re =.11 m e  5  U  is Eke potential 
36e' eV 	36 

between the two cusp coils and e' the length of plasma being 

accelerated, across which the voltage is developed. 

. 
• . 	CH  --='• ca 	b Alma_ 

	

LA. 	364e` B' 
The equivalent circuit is 

Hall inductance, which represents the kinetic 

L geometric inductance 

LH  ion Hall inductance 

LHe  electron Hall ind. 

The rise time of the voltage across LH  is then 
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t:r 	(LH  CH)1/1 	= f ole )1.9 	- 24-0 • 
LAY.G6 

for argon, if 	This is typically lOns for B = .2T 

and might be experimentally detectable in a future experiment. 

11.5 	Experimental evidence for the role of the Hall  

inductance  

In fig. 10.7c, the variation of 1IA 	vs. p 
dt 1  

demonstrates the Hall inductance. For all the pressures shown.  

Let> 1 over most of the tube, and so there should only be a 

small electron current. When the Hall inductance dominates 

the geometric inductance 

dI4 = .CE 	E e'en  
LH  

At high pressure the geometric inductance dominates and 

_ Ee 
dt 	L 

Hence from fig. 10.7c, the Hall and geometric 

inductances are approximately equal at 3 mtorr in argon 

The linear relationship between dI4/V and p, fig. 10.1 
• dt 

is also evidence for the current being limited by a Hall 

inductance cc 1. 
n 

dIi is independent, of the cusp field (at high VC) 
dt 

which again indicates that the total current is limited by an 

ion current. In contrast an electron current would be expected 
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to be reduced by increasing Vc)  and thus (4-D. 

Comparison of the values of dI4, (at high V) with the 
dt 

small tube shows a ratio of 2 4. .2, close to the ratio of areas 

of the two tubes 2.3. This would be expected if dI4,-  were limited 
dt 

by,  the Hall inductance. In contrast the ratio of the inductances 

of the two tubes is 1.3, the ratio of the two currents when 

V
c 

= 0, as shown in section 10.10. 

The correlation between Ipf and v95  was pointed out in 

section 10.9. In section 11.3. it was shown that all of the 

measured voltage is necessary to accelerate the ions. This 

would not preclude an electron current, but the electric field 

distribution needed to drive the electron current would have 

to be the same as the distribution which is accelerating the 

ions. The voltage measurement(section 10.3) is indicative 

of the plasma being mainly an inductance, rather than a 

resistance, as would be the case if the current were an 

electron current. 

The accumulation of evidence is convincing of the role 

of a Hall inductance. 

11.6 	Quantitative values of the Hall inductance  

From eq. 11.4. 

Ve 	CE -L. di is = LH  A +ea 	Pie  1 Ie  
di 	ca. 

where RE is the effective ion resistance, 

(11.5) 
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R
E 

= R - 	'ern; 	-r 	 1L(nA) 	(11.6) 
Aare ca* 	nYZFJ 

and 	= Ii  + Ie. Algebraically the r.h.s of eq. 11.5 simplifies 

at t = 0 as Igf  = Ie  = Ii  = 0. Experimentally dI4 was measured 
dt 

aftei. 100ns and so Igf could be as large as lkA. Classical 

resistivity gives R14= 100V for 14-.4 lkA. The other terms in 

RE are of order d (LH 
 ) and so the product with 	is 

at  
negligible c.f. LH 	. Thus it is valid to simplify the 

dt 
equation for the experimental results, to 

V 	= L di •, 	- 	dr; 	(11.7) , e 	- 
dt 	e2Z2N 

A straightforward application of this theory is 

illustrated in fig. 11.5. where f = Ip  /I. 	.. Ipf  = I.(1+f). 

• dIf/V
e 
 = (l+f)/tH 

dt 

Fig. 11.5 	V, = 10kV. Ve   = 1.5kV, argon, t = 0 

p(mtorr) 

dIi A 	pH-1(fig.10.12) 

3.5 

2.1 

1.8 

.043 

' 	48. 

25. 

7. 

14.5 

. 36 

18. 

dt 

N x 10- 17m 1  (11.3) 

... e2z2N/(emi)  pH  -1 

• f 
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The value of the line density used is that 

calculated in section 11.3. 'As can be seen the value of f 

would indicate little polytron action, the amount decreasing 

as the pressure decreases. This dependence would not be 

expected nor would the very large values of f. Moreover, 

for the reasons of section 11.5. the concept of Hall inductance 

seems valid. It would be hard to interpret all of section 

11.5 in terms of an electron current. 

Fortunately the contradiction can be resolved using 

the results of chapter 7. The single particle approach of 

chapters 5 and 6 was inspired by the experimental evidence 

for Hall inductance. It is ,gratifying that chapter 7 evolved 

from 5 and 6, can then be used to explain. the experimental 

results. 

Only a length AL of plasma is accelerated. This 

is at the ring cusp which electrons cannot cross. V.J. = 0 

so in the rest of the plasma electrons must carry the toroidal 

currents. However, the amount of current is rdstricted by the 

ion current. The electron current just flows to maintain 

,neutrality. This occurs in the model of chapter 7. The 

electric field accelerating the ions is enhanced by 'VAL over 

the value expected for a uniform distribution of field,so 
LA;c1-% is • 

increasing the ion current, / the total current. 	The new 

value of the Hall inductance is 
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L .1A1; AL 	(11.8) 
— 	el  rfi A L 

Eq. 11.7, with this new value of LH, is used to 

determine AL. Ve is the potential difference measured in 

section 10.3. Two values of N are used, the values inferred 

./ in section 11.3. and the measured value. These results are 

shown in fig. 11.6. 

Fig.11.6. 	WIDTHS OF THE ACCELERATED REGIONS  

OF PLASMA  (MPartled Cray% etc, IL and H S 

t = 0, Vm  = 10kV , Vc  = 1.5kV, argon 

p mtorr. 3.5 25 

minimum AL(mm) .9 3.4 

AL using measured N 1.6 4. 
(mm) • 

The self consistent particle calculation gives the 

width of the accelerated plasma as 4mm. That value could be 

limited by the Debye length. The values of fig. 11.6. do not 

contradict the theory in chapter 7 that the width is the 

separation of the flux surface outside of which electrons are 

attached to flux surfaces because their Larmor radius is much 

less than characteristic scale legnths, and t...Y°11. 	The 
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case here is of a sheath limited by coMsional effects. 

The flux surfaces can be equiPotentials only if t'3 >-'? 1, 

along the whole flux surface. This is illustrated experimentally 

in fig. 11.6. where the sheath is wider for higher pressures, 

tr 

. This width is comparable with the experimentally 

observed width of the dark band (section 10.1). A similar 

sheath width is deduced from the non Maxwellian scattering of 

section 9.17. 

A more definitive measurement of this width is 

necessary. Possible methods are to attempt spatial resolution 

of the Doppler shift (Davis et al, 1971), measurement of the 

electric field distribution with a double Langmuir probe 

(Hamberger et al. 1970 or measuring the distribution of the Hall 

current by laser scattering (chapter 9). The first two methods 

are unsatisfactory even a priori. The last method would only 

require a more thorough  experiment,(with a toroidal scan)than that 

reported in section 9.15. Indeed the negative result of that 

experiment was probably because Ev  = 0 at the scattering volume, 

the Hall current causing the ring cusp to move upstream from 

the ,Z = 5 ° plane. 
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The scans of the poloidal magnetic field in section 

10.6 do not contradict this model of current flow. At 250ns 

the current distribution under the ring cusp is uniform on the 

inside. In contrast under the coil at this time the current 

flows within a radius of 15mm from the magnetic axis. The 

electron current, which flows in the region under the coil in 

response to the ion current,must follow the field lines,and so 

will flow at small radii under the cusp coil. 

11.7 	The diffusion of bA  

For normal resistive diffusion (chapter 3) the 

poloidal magnetic field will take a time 
2 

a po p" 

to diffuse to the axis. For a leV. plasma this is 400ns, 

illustrated by the diffusion observed with no cusp field 

in section 10.6. By contrast,the diffusion time observed 
(1344) 

for b
o 

in the polytron is less than 100ns This is 'strong 

evidence for polytron action. row X  

using eq.8.20a, V2 E¢ -P2  E¢   aiE0  . 40  t 	 ag4  
at, 	IttArsiclat 	S2 	i4.po2e;t 

Therefore Eize,  will cliff use in rapidly in a time T'71+6:but only 

to a depth ofgthe collisionless ion skin depth.But,from 

eq.1.11 1 ond so experimental' ly. bA  will diffuse in in<410Ons. 

Borzunov et. al. (1964), in a plasma confined by a travelling 

cusp field, observed a large skin depth. This they attributed 
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to the Hall term in Ohm's law,causing a large effective 

resistance. 

11.8 	A momentum balance before the loss time  

As long as no momentum is lest to the wall, all of 

the electromagnetic momentum , 	must produce 

plasma momentum. The measured velocities are line of sight 

values, and so an axially averaged equation. 

= n AL midvpf 	can be checked. 
dt 

Consider the initial momentum balance of the plasma 

associated with one coil. For the conditions Vm = 20kV,Vc 15 kV, 

t = 0, p = 3.5 mtorr argon 

Fx= 6 + I N 	m. n AL = 1 + .2 10 9  kg 
• 

minAL) = 6 + 2 109 m/s2 

where the value of n used is the toroidal average. 

An estimate of the acceleration at this time can be obtained 

from fig. 10.32, the velocity measured of Air , as 

6± 2 109  m/S2. 

-Now consider the momentum in the plasma at the loss 

time. Little momentum vrill have been lost to the wall as only 

particles with low vcd  are lost. For the condition of Vm  

20kV , V
c = 1.5kV t = 800ns , 3.5 mtorr 

Boons. 
FAck- 	Ns  

7 
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For the momentum in AlT A = 3 + 1 10-4 m2  

n = 2.5 10
20 

m
-3 

andv = 1.4 104mA gf   

For the momentum in AEI 	A := 12 + 10 10
-4
m
2  , 

n = ItI 1020m-3 and vgf = .2 104m/s. 

A similar amount of momentum is carried by Al with a 

similar error. liortunately the momentum of ATE and ADZ 

for which n and A have large errors, is small c.f. AL 

Total momentum = (2.8 + f)+68 ±.8)+(.8 ANs. 

A
. . 	 T 

AEI 	Ail- . 
= 4.4 	1.4 Ns. 

Again the comparison is good. It would of course be surprising 

if the momentum input could not be accounted for. The fact that 

the balance can be demonstrated adds! confidence to the 

measurements of chapter 10,and the deductions of section 

11.3 and 11.6. 

At the loss time the momentum input to the plasma 

drops. The increase in the velocity observed in section 10.9 

can be accounted for by the drop of the ion number density 

due to the loss, the momentum staying constant. 

11.9 	The ionisation rate  

In chapter 8 the ionisation rate equations were 

solved, the results being used as a temperature diagnostic before 

the laser scattering was available. The procedure can now be 

reversed, and the rate 	coefficients checked. The empirical 
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result obtained from section 8.2 was dZ = .5 in 	eyp (_/51W) Ac7/ 
dt 	troz7 

The values of the r.h.s. of this expression are shown in fig. 

11.7. 

FIG. 11.7 	CALCULATED VALUES OF c1.7,/dt FROM  

CIIA.F.L,M 8  

Vm 	20kV , Vc = 1.5kV , 3.5 mtorr 

time (es) .25 .5 .75 
n x 1020  m 3 4. 3. 2.5 

W(eV) 4. 8. 13. 
1 	\ d Z/dt kt4S

-1
) _.04 .21 .3 

The measured dZ/dt is 2.5ps-1. Thus the ionising rate co- 

efficients used in chapter 8 are an order of magnitude too 

small: Presumably the effect of collisional radiative ionisation, 

and of many optically active electrons is not negligible. 

An experimentally appropriate coefficient c.f. eq. 8.3. is 
S(W,Z) = 2.10-5 	exp (-')1(7„g)AV) cm3s-1  

)e(Z,g)'111` 

The numerical agreement with the value used in chapter 4,  when 

W--7,10eV , is good. 

11.10. 	The energy balance  
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Here the measured plasma parameters are used to account for 

the terms in the plasma energy equation, 

( 	rill- nCtere-rkr; 	 -t Veirty-f- Uy 4 ? 
"Ye 

= F_ 
when n. and Ii  are the number density and ionisation energy 

of stage i, 	P the pressure tensor , g.  the heat flux, 

U the internal energy and S the radiation flux. As shown in 

section 8.3. 4 Ee  <"<j je  Eor.  

re . . 	11'7 	otvdt 	ye; dfr 	r- /0 7' 

for V
m 

= 20kV , Vc  = 1.5kV , 3.5 mtorr, argon at 800ns. A radial 

scan• of the temperature under these conditions was not made, but 

at 8 mtorr , 2 cm off axis the electron number density and 

temperature were a .:711- of their peak value. The full half width 

of the AN emission was 18 mm at 3.5 mtorr, and so the cross 

section for computing the thermal energy of the plasma is 

4 cm; 2 which is probably an over estimate. The cross section 

for the ionisation energy is more certain as AR contributes 

most to the ionisation energy . The measured ion densities, 

and profiles of ATV and Ant allow these energies to be 

calculated. The directed energy is predominantly in the motion 

of AN , the proportion that is in other species is even less 

than for the momentum. All these energies are shown in fig.11.7. 

An error is estimated for the thermal energy from the 

uncertainty in the cross section. The ion thermal energy is 
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estimated assuming equal ion and electron temperatures. 

In this sense the plasma is supersonic. 

FIG: 11.7 THE ENERGY BALANCE FOR THE WHOLE TORUS  

Vm = 20kV ,Vc =1.5kV, 3.5 mtorr, t = 800ns 

sports. 
0 VjfIf  dt 
	

70 + 10 J 

Electron thermal energy 
	

4.2(+4)J 

Energy of ionisation 
	

5.4(4-2)J 

Ion directed energy 
	4 +1 J 

Estimated ion thermal energy 
	1 

Clearly even allowing generous experimental error, 

85% of the energy is lost from the system. This is either by 

thermal conduction along the field lines, or by radiation loss. 

The energy Advected to the wall is small and certainly not 

greater than the measured thermal energy. The thermal diffusivity 

is 

D = 2.fK L 	.Z 1466.  (!f) CrrlhAr 
3rik 	 a 

using the notation of Spitzer (1956) p.88. Radial geometry 

(chapter 3) effectively reduces the radial diffusion distance 

to the wall to 3.5A ,, lcm , and so a cooling time is 

= 10 po. By 800ns the central temperature is 10eV 
' 

for which 	10Ons.,but more realistically '2; could be 

larger, as W is smaller nearer the wall. 
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Classical bremsstrahlung causes an energy 

loss of 5 10-4T in 	(Spitzer,eq. 5.49). As shown 

in chapter 9 the continuum emission is 100 times the 

bremsstrahlung level. If the spectral range studied in chapter 9 

is typical, the line emission will not be more than 10 times the 

continuum. Thus the maximum radiation loss is .5J , 2 orders of 

magnitude too low.The defecit in the energy balance must be 

caused by conduction. 

With reference. to chapter 8, the heating rate predicted 

there is too low. For example a temperature rise of 15 eV 

in 1 es is predicted in section 8.E for conditions comparable 

with the experimental values at 3.5 mtorr. Experimental 

temperature rises of this value are observed even though there 

is ionisation and thermal conduction. However the values of 

chapter 8 must be enhanced by a factor L/AL, to account for the 

large jl. There is no clear indication of the roles of toroidal 

and poloidal current in the heating. From fig. 10.18 the 

temperature is independent of the toroidal position. The 

toroidal diffusion length is 2 cm, and the temperature is about 

10eV , and so 170  v-30Ons which is just short enough to make W 

independent of tZ . The width of the A] 	spatial profile is 

narrower under a coil. But this could be due to the flow 

pattern of the toroidal current,'or due to Hall currents. 

-In contrast the toroidal difference in the time for 

AlE 	to peak, exhibited in fig. 10.18,is clear evidence fort- 
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(1) the Aa maximum being due to a cooling 

of the plasma. 

(2) the cooling occuring sooner downstream of the 

ring cusp, and thus cooling being due to reentrant plasma. 

This is corroborated by photography. 

11.11 	Comparison with the single particle models  

The validity of a single particle model has been 

demonstrated in section 11.6. for the first part of the 

discharge, where a simple analytic model is suitable. An 

experimental comparison is now made with the single particle 

calculations of chapters 6 and 7, in order to discuss the plasma 

behaviour at the loss time and later. 

(a) Loss regions  

The area of contact with the wall agrees. That is, 

at the ring cusp shifting downstream at later times (section 

10.1 and fig. 7.19). The time at which this loss occurs is the 

same experimentally,as seen in chapters 6 and7. Experimentally 

the loss time is measured by the photocraphy and the time of 

peak A]7 eMmision. 

(b) Current profiles  

The shapes of the experimental current waveforms 

are very similar to those in chapter 6. As already shown, the 

magnitude of the single particle current is arbitrary and 

depends on the small length of the plasma being accelerated. 
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,However a meaningful comparison at the loss time, with 

chapters 5 and 6 can be made, whereas the drop in the toroidal 
current at the loss time for the simulation of chapter 7,is 

too large to compare well with the experiment. Qualitatively 

this can be seen to be due to the ring cusp moving. The field 

produced by the Hall current moves the ring cusp antiparallel 

to Ee The fluctuating Hall current causes the ring cusp to 

move through a large volume of plasma, the plasma being 

accelerated when the ring cusp passes through it. Because 

much of the plasma is accelerated, chapters 5 and 6 are not 
bad models for the loss, although radial electrostatic 

fields are neglected. 

The experimental loss timee are 

(tokV.Y1(1.5kVS4  es. 

(te (i.v6Ackip r, and 

The computational value for hydrogen iy 

.24 /A5  • 

and argon 	/.3 (V )V1 	/AS 	where Z = 2 has 

been assumed. As can be seen agreement is good. There was 

a slight computatirmal dependence of re  on the cusp field but 
it was omitted from the loss time formula,whereas the stronger 

dependence observed experimentally was included. 

(c) The magnetic field of the Hall currents  

Experimental values were only obtained in argon,and 

as usual the degree of ionisation causes difficulty in a 

= 

re - 3 

for argon 

for hydrogen. 
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comparison with single particle calculations. The peak 

experimental, magnetic field is 

b = 1000g. for Vm = 20kV Vc  = 1.5 kV , 

n = 7 1020  m3. The field expected from chapter 6 is 

biz = 61 E 20 Vm 	g. 	= 2000g. 
10 	10kV B 

This is not bad agreement, as in the simulation there are 

azimuthal currents flowing at radii of 4mm. 

(d) The voltage  

The shape and magnitude of the voltage waveforms 

are in Mostailoagreement (e.g. fig. 6.9 and lo.11).114. exack magittola 
4Tertis 	liraHmtt WANT a04, LAtNoLie. 4;auit 	„4,6„4 	s.  (s-ecki).4) 

(E) The plasma loss  

The experimental measurements of the loss from the 

ion probe, are not very precise. However the experimental 

variation with Vc and Vm are as expected from chapter 6. 

That is the loss increases as Vc is increased and as Vm is 

decreased. The laser scatterin shows that the maximum n on 

axis decreases as Vc increases, but decreases as Vm is increased. 

However, the streak photography of section 10.1. shows that 

this dependence on Vm  arises because the plasma moves away 

from the axis at Vm = 20kV. The larger maximum temperature 

for large Vc (fig. 9.19) is because of the lowerinumber density. 

(f) The accelerated plasma  

The velocity measurements of section 10.9 show that 

despite the loss of plasma there is still some contained plasma 
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which for high values of Vm  (20kV.),continues to be 

accelerated. This must be a narrow core of plasma, 2cm. diamete 

as there is only a significant Doppler shift for All radiation. 

Again this is in agreement with chapters 6 and 7, where 

v• 2c is large near the axis and reverses at larger radii (fig. 

7.19). However, for low values of Vm' where a radial drift is 

not catastrophic, the plasma is slowed down, whereas 

according to the collisionless particle models the plasma which 

is not lost should be accelerated. 

(g) The current reversal at large radius  

Experimentally this was only measured under the ring 

cusp. There is a reversal of the ion motion in the simulations, 

e.g. fig. 7.19 or fig. 6.9, under the ring cusp, where the 

particles are spiralling about the radial field. When these 

ions cross the ring cusp they constitute a reversed current. 

Conversely the positive jizi  is restricted to r < 2 cm. 

• (h) The profiles of the Hall current  

The experimental profiles of 	due to the Hall 

current at the loss time, fig. 10.21, show that je  is 

localised t'o a diameter of 2.5cm., reversing further from the 

axis. This is seen in the simulation e.g. fig. 6.6. In fig. 

6.6. at t = 0 there is only a small reversal of bra, at large 

radius. The larger reversal in fig. 10.21 implies a current 

being carried by the azimuthal motion of the ions. 
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(i) The axial number density  

The. particle models predict 	that up to and beyond 

the loss time the axial ion density decreases, e.g. figs. 6.6 

and 6.7. or fig. 7.19. After the loss time there is an increase 

in the ion density in fig. 6.7. but because of radial drift 

this will not be seen in the scattering experiments. 

Experimentally similar behaviour is observed at 

3.5 mtorr (fig. 10.15),but at higher filling pressures the 

ion density increases because of pinching. However, as shown 

in section 11.1 at these higher pressures Let< over all of the 

scattering volume, and so a pinch would be expected. Conversely 

IxT <1 because a pinch forms) 	Clearly the initial conditions 

will determine whether or not a pinch forms. For example as a 

criterion, the condition that plasma at a radius where 0-1C--.-:1 

can be pinched into half that radius before appreciable heating 
L 

from the current causes L r to rise,is Uff21446' >I. If some 

such condition is not satisfied then the non polytron region 

will quickly become small, as illustrated in fig. 11.1. 

Otherwise it will become large, again illustrated in fig. 11.1. 

.At high pressures the fall in the ion density at 

the loss time is due to the number density at large radii 

decreasing because of the normal polytron loss, and setting 

up a pressure gradient sufficiently large to cause the 

axial plasma (which has been heated) to expand. Photographically 

at very high pressures a stable cusp formation is seen until 
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the' number density drops,when the pclytron acceleration 

switches on, breaking up the cusp formation. 

11.12 	The plasma behaviour after the loss time  

The equivocal scattering measurements inhibit the 

understanding of the plasma behaviour after the loss time. 

However, it is clear that at Vm = 20kV and Vc 
= 1.5 kV , there 

is further acceleration'carelated with an increase in the 

currents, whereas at Vm = 10kV , there is no further acceleration 

But for Vm = 20kV.  Vc = 1.5kV , the plasma drifts out to the 

wall at-2 ims. This interpretation explains the shapes of the 

Hall signals,bypin fig. 10.21. 

For low V
m
, or high Vc, there is no sizeable be  

after the loss time. But for Vrn  = 20kV , V = 1.5kV , there is 

a be  signal after the loss time. Fluctuations on it correspond 

to the poloidal ion current, and the non reproducibility can te 

attributed to the photographically observed instability. The 

be signal drops at 2.5 Its, the time at which the plasma hits 

the wall. 

"At lower pressure, 2mtorr, the plasma does not hit 

the wall. But, from fig. 10.30, V, seems to he limted to 

/ 
2 10- cm/s. This can be explained by the slowing down mechanism 

of section 11.14. Another possible reason is that the Hall 

acceleration is inhibited when the plasma moves off the 

magnetic axis . Cel.tainly when the plasma is clear or the 
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axis the Hall current will be reducec-,. Cole(1c:70 ) has 

shown that in a linear Hall accelerator when the flow of the 

Hall current is prevented by baffles the Hall acceleration stops. 

To decide which of these mechanisms is responsible 

requires more accurate measurements of nn  and c.;; (section 

11.14) or a theoretical understanding of the acceleration 

in the absence of poloidal symmetry, or an experimental 

measurement of the force on the plasma after the loss time. 

	

11.13 	The vertical shift of the plasma  

This was observed by 3 separate diagnostics:in 

chapter 10, where an explanation for the direction and 

dependehce on Vm  and Vc  was proposed. The measured value of 

jr is 2 107 AATI
2
, which if the plasma drifts outwards by a 

few mm. will interact with an average radial field of .05 T, 

causing a vertical acceleration of 5 1010m/s2. This is more 

than adequate to displace the plasma 1cm during the transit 

of the ring cusp; the actual value of the displacerrent will 

depend on the amount of refocussing of the ions by the lens 

effect. The shift is large when the velocity is large. 

	

11.14 	Deceleration of the moving ions, and their tervir-31  

velocity 

The proposed model of the polytron isiicns being 

accelerated in a sheath, and then driftin through the rest 
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of the plasma until the next accelerating sheath is reached. 

In this drift there will be collisions with stationary electrons, 

ions, and neutrals, wit h co1.3. 	on. t 	E; 7s , `t"; 
	

respective]y. 

From Chandrasekhar,(1942)the slowing down rate of 

particles interacting by Coulomb collisions with field particles 

of species i is given by 

dv
e 	

.1:e It 1.1 , 2 	A. (1 t mim s )  
2-rr E0  m'' 

where €2  = m/2kT and G(x) = ixe-Ydy -
Dx 
 re-Ylely kirkX1) • 

0 

For polytron ions colliding with electrons 	.€1 vit « 1 

civii) a 2e1v UV 

3-tri 	
.a 	A  

n 

where A is the atomic weight of the ions. 

For moving ions colliding with stationary ions 4%01 

1:t = 	AI  .0.7 (Y1 /A s.  
ni W' 

The' dominant momentum transfer interaction with the 

neutrals is charge exchange.ftasted gives the cross section of 

the AZ - At interaction as 50 10-20m
2
. There seems to be 

no available data on charge exchange with higher stages of 

ionisation. Using b7. 50 10-?0m2  gives 

,r.„11 le 

where n
n is the number density of neutrals. 

NS 

.C (e21 v11) =. ,51(ei vit )1  
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After the loss n ^— 1020m 3, 	,-5-10eV . 

(Chapter 9) hence "4-7 is 10 tsrs)  v11 	about 7. 10
4
m/s 

and so 	is as long as vC: . 	However the value of 

Zs  in about 1ps..The mean free path for neutral collision is 

10 

A^  

aence the difference between the measured ion velocity at Vm  

10kV and V = 20kV , can be explained by the higher loss at 

10kV. (Chapter 6). This could cause a neutral number density 

after the loss , larger than .5 1020m-3, which would prevent 

plasma drift to the next ring cusp, whereas for m = 2CkV 

the lower loss would keep n
n 
below .5 1020m.3  

11.15 	The radial ecuilibrium of the polytron  

From the single particle work of chatter 5 singly 

ionised argon ions with Z = 1; Vc  = 1.5kv will be 

contineci provi-led 

1.4 105mA > v0, > 1.6 103m/s 
Experimentally this is satisfied. Nevertheless the streak 

photography of fig. 10.5. shows that there is a centrifugal 

drift. This is reduced if the current is reduced (either by 

decreasing the pres,-ure or Vm
) or if the cusp field is increased. 

A radial balance, or imbalance between the focussing effect 

of the cusps and the pressure difference of the poloidal magnetic 

field is suggested. 
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For the poloidal field the magnetic pressure 

difference between inside and outside the minor axis is 

1  6(Fr 	where Re is the major radius. This will cause 
Zee Ko 
a radial acceleration  b4

2  . With the measured values of 
aolff4 

/ 
chapter 10 this is an acceleration of ",-10

10 
 m/s

2 
 kfor 

3.5 mtorr), the right order of magnitude to cause the 
.observed radial drift. 

The sinle particle containment criterion should 

prevent loss if the acceleration is less than -5 1010m/s2. 
However, this limit, pertains when the acceleration is applied 

slowly, and the ions cross many cusps. This is not the case 

in the experiment, where the ions cross only one cusp. More-

over a single particle approximation is only valid when toroidal 

motion of the electrons is prevented by the cusp field. When 

there is a radial drift this will not necessarily be so,. because 

of the poloidal electrostatic' fields set up. 

The pragmatic way of controlling this drift would be 

to externally apply a vertical field such as in some tokamaks, 

causing a inwards .radial force jez. 

The radial drift also explains an anomaly between 

the results of chapters 9 and 10. In chapter 10 it is shown that 
the peak of A 	occurs because of cooling. Yet in chapter 9 
the laser scattering shows that the temperature is still 

high when according to AW,cooling occurs. The reason is 
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that the AT 	cooling pertains to the volume of the 

plasma which is radially displacc:d. Thy. lasap ,catterinc 

measurement is near tc the minor a:tis,away from the centre 

of the plasma, and the effect of the cooling is seen later 

here. A similar explanation, in terns of rdial displacement, 

accounts for the higher density at lower values of V
M seen in 

fig. 9.19. 
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CHAPTER TWELVE  

SUMMARY AND CONCLUSIONS  

The contents of this thesis are summarised. 

The conclusions with regard the polytron project are stated, 

and future lines of research are suggested. 

12.1 	The contents of the thesis  

The thesis can be categorised in 4 parts. The 

contents are stated emphasising particularly that which is 

new and contributes to the understanding of the polytron. 

(1) Chapter 2 is a numerical study of the 

electromagnetic fields of the polytron. The results are useful 

for the polytron work. But the method for evaluating the 

fields is new and must be comparable in speed to other methods 

of evaluating the field of circular conductors. 

(2) Chapters 3 and 4 are a study of a cusp compressio 

experiment. The main reasons for the work is to define the 

initial conditions of the polytron. Other workers have ex-

perimented with cusp compression devices as containment 

machines. The polytron apparatus is only a low energy cusp 

compression device, but the diagnostics described in chapter 3 

are probably as comprehensive as used on most other cusp 

compression devices. They show that the lowp compression 
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provides very poor plasma containment. 

(3) Particle models of the polytron are described 

in chapters. 5,6 and 7. Numerically it is shown that con-

ditionally a single particle can-be contained against centri-

fugal loss in;the polytron fields. In the linear single 

particle model of chapter 6 the phenomenon which causes the 

experimental loss of plasma is described numerically and 

analytically. The scaling of the magnetic field produced by 

the plasma and the loss time are investigated. 

In chapter 7 by making a guiding centre approximati= 

for the electrons it is shown that a self consistent particle 

simulation of the polytron is possible,.and furthermore , 

produces physically plausible results. In.contrast if the 

motion of the electrons had been integrated exactly the 

simulation would have been much more difficult. The electro-

static field shows why there is no plasma acceleration under the 

cusp coil but large acceleration under the ring cusp. This 

adds greatly to the intuitive understanding of the accelerati= 

mechanism. In contrast, in a m.h.d. model, the role of the 

electrostatic field is hidden. 

These particle models have added enormously to the 

understanding of the experimental loss and the experimental 

acceleration. This is not surprising as they were the first 

theoretical work with a plasma in a realistic geometry. 
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(4) Experimental work on the polytron is 

described in chapters 9 and 10 and discussed in chapter 11.. 

Chapter 8 shows the new feature of the switch on nature of the 

polytron but this will not necessarily occur in a realistic 

geometry. The work described in chapter 9 was experimentally 

difficult. The high level of plasma light probably makes 

this experiment as difficult as scattering off an electron 

number density on order of magnitude lower with normal plasma 

light. The non Maxwellian scattered spectrum of section 9.17 

is certainly novel but can be explained in terms of the 

polytron mechanism. Most of the measurements of chapter 10 

use standard techniques.: and thUs many different diagnostics 

haVe been used. The Doppler shift measurement is not standard 

and might be applied to measure the poloidal velocities. Also 

the measurement of the force is not standard and this work 

seems to be the first serious use of the force measurement. 

Most of the results of the 9 different diagnostics of chapter 

9 and 10 are accounted for in chapter 11 in terms of the models 

of chapters 5, 6, and-7. 

The acceleration mechanism is examined in far greater 

detail than in any other work on Hall accelerators. The force 

measurement and the understanding obtained from chapter 7 are 

principal reasons for the detailed comparison. 

The aperimental plasma loss shows agreement with the 
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particle models. The behaviour after the loss is not in 

agreement with the particle models, probably because of one of 

the two mechanismsSuggested. 

12.2. 	Conclusions of the thesis  

The Hall acceleration described by Haines has been 

modified to take into account the toroidal variation of the 

acceleration. The experimental results are then in good 

agreement with a simple particle model. There is. a loss of 

plasma which again is predioted by the particle models. Not 

all of the plasma is lost and the plasma which is not lost 

continues to be accelerated. However the acceleration stops 

because of effects which can probably be overcome. If so there 

seems to be no reason why the original idea of the polytron, 

with vd>>)44,cannot be achieved. The accelerating mechanism 

works and the initial plasma loss is not catastrophic. 

12.3 	Possible further work  

Many new phenomena have been discovered in this . 

thesis. The sheath formation, the voltage rise time, the 

vertical shift of the plasma, the photographically observed 

instability and the anomalous scattering are all worth further 

study. Likewise the self consistent particle model could 

fruitfully be extended to include the effect of the self 

magnetic field (especially 1343) and the non-adiabatic electrons 



390 

near to the axis. However the central line of' research should 

be to accept the acceleration and loss of the plasma as 

understood, and to concentrate on preventing the radial drift, 

and then seeing if the plasma continues to be accelerated. 

This will require the following modifications to the aparatus:- 

(1) IMproving the insulation at the collector 

plate so that full use can be made of the 40kV of the main 

bank. The point here is that the initial loss should be less 

at LtOkV. 

(2) A variable vertical field must be provided, by 

an extra induction rod, with a variable inductance. 

• (3) The torus needs to be modified so that 

scattering can be done along the major radius. The best way to 

do this would be to introduce the laser beath horizontally and to 

scatter vertically. 

(4) The power output of the laser should be improved 

by using it as an amplifier of a smaller laser. 

The effect of the vertical field on the radial drift 

of the plasma can then be investigated. The way to measure the 

momentum lost to the wall or neutrals would be! tro, measure the 

velocity and the force on the plasma. This would determine 

which of the mechanismsof section 11.12 was responsible for 

the loss of momentum when there is a radial drift. To measure 

the force would require simultaneous measurements of the 

magnetic field distribution outside of the torus, because of 
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the non reproducibility of the plasma. 

If the radial dirft can be prevented and acceleration 

continues, the future of the polytron seems promising in view 

of the success of other toroidal machines. 
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Parerirental and Theoretical Peer-errs on the Polytron 

by 

A.E. nargor. H.C. Reines, .1. Kilherry, C.J. Parharsan, 

D.C. Potter, 	wstiins. 

Pnries Dept.. Thperial College. Inedon, Leglod. 

Introduction 

Since our report in the Mini :Ara Cani,rence on nacrr thysics ard 

Controlled P1131,t1 Pommel" (111.3) (1) the tort, bore was ircremed from 

I:6 mu to 71 ono. With this modification a twofold 1rereue in the nolo 

radial eagretic field at She quarts n11 is attained calm the ewe magnetic 

field coils. It was howl that this incr. Sc together with the la-ger owe 

would Lorca.e the tire tefore the leakage thretwn the ring num became 

iccortarit. hicasurerents of the contairnent tire thew that the etpectel 

incoverant /-33 not obtained far reason( to be given. however, frach 

PrOgT35 >n st.riyirg the Pall acceleration process has been rade. 

The comutatloral work referred to in the abstract will be preluded in 

the oral presentation. 

Cortairmert tire ens-me-ores 

Pig. 1 stows typical oscillsvors or the total current in the z-diree-

tion (cylindrical ccordirates are used, in which the e-axis 10 taken to be 

in the toroidal direction) fir the two differ•ent discharse regimes: the 

left trace is the ro.iee in beach the ions are the olveirara torrent carriers 

Vol the right trace is the reel, in whist, an electron casernt begins to 

grew at the tiro of the charge in sive. At this time for both corditims 

the AP/ 12301 A radiation, 3,104ds an in:malty Fmk and also it coincides 

approxlmtely with the tire at which the signal fro: • Faraday probe, at the 

wall, bitted to collect lore, macho-3 half Its motion value. This time is 

therefore taken to to a nature of 

the conteirrer.t tire. 1.e. the 

tire at which cusp less., been, 

evIdost. Thn value obtained is 

toad to decrease with irrreasing 

applied electric field. This 

Is probably due to a larger inc-

rease in the thermal speed of the 

particlea thren..71 scale heating 

outweidairg try increase in axial directed rotion. The cortairment tire is 

•lso Maxi to decrease weakly with increasimg clap mimetic field. Inge:ruin 

penhe anal elcrowave investiratioro of the interaction of the rising ems 

sneTetic fields with the de:341.-g erelonicer plaza shad that the plass is 

emprrie.ed into the melon betamn cusp coils. The electron density in 

this region is found to to erpresirately far tinon Imper chive in absence 

of the mop field. Ice, probe measurements indscate tint the core of each 

plasm leakage ring is arrreinrately 3 ern in length. it decreases with In-

cretsiog radial cup field pr. and is of the ender of the ion lacer mina. 

Thus at the tire when the rain accelerating electric field is applied a very 

ron-bsogeneow3 plasmas distribution obtains. Ile reasined cortainsent 

times is determined partly by this unfavourable distrst.tim and thin enn 

Win the similarity in the ocrtairrent tires found in the large and small 

tore vessels. 

Acceleration Preens  

Sore farther ressurneents concerning tie acceleration process arc ob- 

tained at tiros earlier than the mull-re-it ti e. In sartioula.- CM mag- 

netic field generated by the atimittal Mall currents (die to Jeniri 

found using dianagnetic Imps placed internally in the region where Pr  is  

L Terse '411° 	 Pig. 2 - 4 : 1 vertical division 

dpi(  • dr 	i.• 	 5 laiks. 

where O. is the lion lire ',malty, It is the resistance per unit length, and 

to is the nem ionic Charge. Par ni 	time len inertia dominates the 

equation teen I. • O. This is in agonsont with Pig. 4 where ellr/dt is 

proportional top at small pressure and 13 inimerdent at large p. The 

variation of initial dl./dt with E, (Pig. 2), is aPProitimatc4 11Wesrarcr 
large E.. roes ruserically 

di. • E. 106  

	

dt 	10.5 • 4.5/.1 

in MS unit,. isperimentallyp • 1.2 . 106  E. A sec''', which irdicates 

a value of x for Ark-en between 3 and 4 In agreement with reasuroscria of 

lire intensities from vsricua icedmtion states. 

The variation of di.fdt with OLL+p is in astern with the tlin ml-

culatima rade by acinett (2) in which the hiutretic field of the Pall opu-

lent is included. In these Calcuiatiora a critical applied electric field 

is derived, shove which the eleetrons do rot remain trapped. Approximately 

the condition for ro axial current Is 

u. nee F. 
k 

	

Mere '., 	 vahe of the etap radial field and •/k  fa the coals 

ay.:ration. At ler values of the cusp sagetie field this condition will 

to violated, and the electron trapping erealol with ion inertia in the clor.iit 

equation no longer holds. den Irdtial dt./dt will be laryer err! determined 

by only the gecrotric Inductance en toad in Fag. 3. 
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NUMERICAL AND LABORATORY EXPEREVIENTS 
IN THE POLYTRON CONFIGURATION 
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M.G. HAINES, A.E. DANGOP. 
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United Kingdom 

Abstract 

NUMERICAL AND LAFORATORY EXPERNENTS IN TIIE POLYTRON CONFIGURATION. 
A two-ehrnension.n1Mlill two-fluid numerical model has been constructed to simulate the plasma 

behaviour in the r-z plane of a linear Polytron - a multi-cusped pinch device in which the plasma flows 
through the cusps. Of importance In this code compared to the earlier "Focus.' code (a two-dirnereional 

MUD code developed by "otter) is the tuclution of the other two components of magnetic field I3:, nz  and 

azimuthal velocity. With the dominance of the Hall effect, it is toned that the characteristic velocity 
determining the mesh time-step is the whistler-w.ve vedottity rather than the AIM, speed. intent tetults 
show that the collapse of an axial current nLect to the axis is modified by the cusp field to give central Inter 
esting plienomenat firstly, hall acceleratton of the ions in the axial and azimultial direction; secondly, 
asymmetric ion compressional heating end electron Ohmic heating; :hardly, due to tl e existence of a radial 
component of the current density locally, there can be run ersal of tall acceleration or certain regions leading 
to the circulation of plasma; fourthly. there Is qualitative agreement wItli a single-particle model so that a 
central core of plasma appears well defined and detached from the walls. 

Lase i mattering dl3g110StiCS arc lulus employer. on rile laboratory toroidal experiment in order to measure 
the electron temperature and density enabling direct comparison with the numerical model. Magi etic-probe 
measurements in the ring-cusp plan: std that the 	current-density component is coof mud to the magnetic 

axis. From the line tote may of argon-IV radiation an aural asyrnmemy about the ring carp liar been found and 
confirmed by the numerical model. Turoidal effects have also been ebnerved, namely the preferential outward 
drift of the plasma in tic later stages of the discharge and the associated nertical shift of the plasma which is 
periodic with the radial magnetic field. 

1. GENERAL INTRODUCTION 

1.1. Basic Polytron Concoct  

The Polytron experiment is designed to study the containment and 
stability properties of a plasma that is moving rapidly through a series of 
cusp-shaped magnetic fields around the minor axis of a torus. The cusp 
fields have very favourable stabilising properties for plasma containment, 
and it is, proposed that the convective motion of the plaama through th4 
cusp fields should considerably reduce losses of plasma through the ring 
cusps. The axial motion of the plasma is achieved by inducing an electric 
field in this direction, and employing the Nall acceleration mccharism to 
attain an axial ion current (1). 

1.2. Analytical Theory  

1.2.1. Conditions for Hall Acceleration 

A one dimensional NTOD model of Hall acceleration of ions of mass 
mi in the direction of an applied electric field E7  in the presence cf a 
spatially periodic transverse magnetic field Firosinlcz yields the condition 
fcr Hall acceleration of the ions (1) 

621 
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raze 	cEz 
e7772 • lc  ' T-777i ' ro 	ro 

valid for a wide r 	 Bro 
ange of the Hall parameter, 	

t 	
• The characte- ristic time Ta  for acceleration of the ions to a nett 	velocity 0Ez/ne is given by 

T a 	an. 
e B 

z  
r°  

where ni m. ci2  is the meanion gyro frequency. khen the perturbation 
• a 

of the applied magnetic fields by the induced Hall currents is included in 
the model, a second condition is found, which essentially states that the 
azimuthal Hall currents should not be large enough to destroy the applied 
cusp fields (2). That is, 

4.ne c Ez  

c 5,0//2 

If this condition is violated, an axial electron current flows 
acceleration time becomes much lcnger. Conditions (1) and (3) 
simultaneously satisfied only if 

m. c2 k2 c2 k2 

4m ne2 	w2 
Pi 

This condition places great problems in the numerical simulation discussed 
in this paper. 

1.2.2. Conditions for containment 

When the acceleration process is complete, containment will be 
possible if the ion centre of mass velocity is much greater than the ion 
thermal velocity, i.e. there are negligible ions at rest in the laboratory, 

vz  a> /q  ) 

In order that electrostatic instablities do not arise, the ion centre of 
mass velocity however should be much less than the electron velocity, i.e. 

vz  « V(T) 	
(6) 

These 
Chsose lasv

t
2 
 two copgtions can easily be satisfied since 	« mi. If we z 	/(m: k)  , the inns, constituting a current-I e Nevz  where 

N is the line density, can satisfy the self-focussing relations of Bennett 

12  = 4NkTc2  
if the operating line density is 

2/(m m.)c2 
N= 	e  

e2  

Further theoretical work has been carried out on particle trajectories and 
on the stability of the configuration, but will not concern us in this paper. 

1.3. Earlier Experimental Work 

The Hall acceleration mechanism was investigated experimentally 
first in a straight configuration (3) and the magnetic stress tensor was 
measured, demonstrating an axial force of about 13 kgm.wt. Similar forces 
have been measured in the toroidal experiment in which 36 cusp coils have 
been energised. At Novosibirsk (4) measurements of the radial distribution 
of azimuthal Hall currents were presented, and an ion axial notion of 10 
cm/sec was deduced from the Doppler shift of an argon IV line. About 2 kA 
of ion current was achieved, but not satisfying condition (5) above - the 
centre of mass velocity wan only about sonic. In part this might be due 
to the fact that preionisation was limited to rather higher densities so 
that the line density was about 20 times that indicated by eq. (8). 
At Utrecht (5) it was steam that as the plasma density was increased the 
axial current switched over from being an ion current to a much larger 
electron current, in keeping, quantitatively, with condition (3). In all 
cases plasma losses through the ring cusp occurred after about 1 ssec. 
Calculated single particle trajectories showed that these losses could be 
due to that plasma which originated near the walls, and that the remainder 
of the plasma could be accelerated and contained indefinitely (6). In the 
experiment the lenses are probably also caused by an insufficiently large 
axial ion velocity, thus violating condition (5). The experimental time 
was also limited to times less than. Ta. 

1.4. ?resent Research 

1.4.1. Computational Model 

The analytic work is limited either to a linear approximation or 
to a quasi-one-dimensional approach that precludes the theoretical study 
simultaneously of radial plasma compression with axial Hall acceleration, 
magnetic field distortion, radial losses, instabilities, etc. A single 
particle computational model gives an insight into the poscible trajectories 
that can occur in the complex field configuration, but the most powerful 
theoretical model with which all these phenossra can be studied is a numeri-
cal simulation using sannetohydrodynamic equations for a two-fluid plasma. 
A computer code (04111N1) has been set up to obtain axisymmetric solutions 
in the r-z plane of a straight cylinder (7). Several production runs have 
been made. GEIINI is a generalisation of the Plasma FOCUS CODE (8) which 
has been most successful in describing exterixental phenomena. All three 
magnetic field components are present in M4INI and this introduces new 
computational problems associated witn the LEstler wave. This will be 
discussed below. 

1.4.2. Experiment 

The present experimental work is devoted to more detailed measurements 
of electron density and temperature using laser scattering techniques. Also 
the problem of preionisation at lower densities is being studied in order 
that conditions (4) and (8) can be satisfied. 

2. 11 TWO-D1MENSIONAL h3D CODE, GEMINI 

2.1. The ME) Equations  

The numerical model employs a rectangular EUlerian mesh mapped on 
the r-z plane of a cylindrical infinitely long pelytron configuration. 

0. 8 	 (1) 

1+ 
(2)  

1 

1717117 
1 (3)  

1 

and the ion 
can be 

(4)  

(5)  

(7) 

4.3x1014am-1 
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Periodic boundary conditions are applied in the axial direction, there 
being one complete cusp length in the domain. On the mesh points the 
following plasma and magnetic field parameters, 

(3, 	v , v end T,, are found and followed in time using the equations bEow7, ve, Te  

?°E + v.(0 V') . 0 

a(c7) 
- + v.(or 	=T x - V(pi  + pe) + p 

ape  
at + v.(peTt) 	(7-1) (nJ2-pev:iie-EQUIP (Te-Ti)-RAD) 

api 
at + v.(pi;) . -(y-1) 	+ EQUIP (Ti-Te)) 
aA0 	2  
at 	- nv A -

e  Z16:)e  . 0 

;E„ 
at + (Vx(W)), —(vx(nvA))e  — (v 71,x0pi)0  

where pe= eTe, 	 ve, v0 ), 6e(13,, P 
2 	

0 ), BL.Vas, 
Je=-17/18, ce=e0+(vii,),, noreFe/mi, Z.7/4-vxve, n=eB /mi,V.e-mS/pe44/r ,4? 

EQUIP equipartition term (included implicitly), lung radiation term (included explicitly to second order). 

At present thermal conduction and viscous terms have not been 
included. These present additional difficulties because of the strong ani- 
sotropy of the transport coefficients in a large magnetic field, the direc-
tion and magnitude of which vary in time and space. 
2.2. The Thne-step for the Calculation 

The equations (9) above may be studied analytically, alluding per-turbations /I'm an initial steady state in order to obtain the linearined 
dispersion relation for all possible mode freqencies w, the highest f 
which will determine the maximum time-step foru 

 proceeding with an explicit calculation. 

It is found that the highest frequency present in the parameter 
range of interest is that of the wtdstler mode. Because this restricts the' 
calculations to very small time steps, the possibility of darpirg or re-
moving this wave by resistivity, viscosity and finite Lamer radius effects 
was investigated. For a uniform plasma irmersed in a straight uniform mag-
netic field, the fastest mode is transverse with wave number k parallel to 
the magnetic field. The dispersion relation is a quartic 	recterices into two quadratics.  

0 = (w - iwR)2  + (1 + 5)s(w - iwR) - i(wv-dR )(w - iwR ) 

-1 T i(wv  - wR )s + es2 
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s
2 	mik2 c2 _ k2c` 
- 

4+ne2 - w2pi 

ka 	_ pk 
wR 17 ' wv 737; ' 

n and a being the resistivity and viscosity respectively. 
We note that the finite Larmor radius effects enter through the B of the 
plasma. 

In absence of resistivity, viscosity and finite Lamar radius 
effects, w has the 4 values + (v(ts2 .„ 1)  17 }s).  

From a comparison of equations (4) and (11) it is clear that for the poly- 
tron conditions where k is the wavenumber of the cusp fields we require 

	

S no 1. The highest frequency is then approximately 	k2  vAc sec_1.  

'''A 	w . p 

 Because of the dispersive nature of this whistler mode, in its epplication 
to a finite difference scheme with mesh points separated by km  Y, the re-
quired timestep Atm  of the mesh is given by 

At =  wpi 

km  vA  c 

In contrast, when the magnetic field is normal to the plane of the calcu-
lation (as in the plasma focus code), the time step is (kmyA)-1  for vA  

sound speed, corresponding to the fast magnetosonic wave. Thus, like the 
diffusion problem, doubling the number of mesh points quadruples the number 
of required time steps. We can estimate the number cf time steps necessary 
to reach the characteristic acceleration time Ta  given by eq. (2) by taking 
the ratio of eqns (2) and (13), and using vAwpi  = Qic, viz., 

Ta1+02 	,kc ,2 	,km,2 
Thurber of tine steps = 	= At 	a • k7;--) • 7, pi 

Each of the factors in equation (14) is much larger than one, the factor 
km/k being the number of linear mesh points in the cusp period. In order 
to satisfy condition (4) and also have a fine mesh, the number of tine 
steps is very large. It is well known that when the Lundquist number is 
smaller than one viscosity or resistivity removes the Alfven modes. There-
fore methods of removing the short wavelength whistler modes, were investi-
gated: eq. (10) describes the effect of viscous and resistive damping on 
these modes. 

2.2.1. Resistive damping of the whistler mode 

In figure 1(a) the real and irvanary parts of the normalised 
frequency w are plotted for different values of the parameter s. In each 
constant s curve, increasing wp  results in evolution along the curve in the 
direction of decreasing lw,1 where w = wr.i.wi  and k is real. The curves for, 
s=0 insicate that ter sufficiently small Lunaquist number the Alfven wave 
is completely damped. However for finite s, whilst resistivity increases 
the damping and reduces wr  in all cases, for large s the reduction is small 
for two of the four modes. (l'oo modes are illustrated in figure 1, the 
other two modes simply correspond to w.-wr+iwi). 

(9) 

RAD brerostrah- 

(10) 

where the made frequency w is normalised to the Alfven frequency ky
A, and the other parameters, in c.g.s. units, are 

and 
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(12) 

(13) 

(14) 
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FIG.1. Dispersion curves showing resistive (a) and viscous damping (b) of whistler nodes. 

2.2.2. Viscous Damping of the Whistler Mode 

With wv  non-zero but wR and $ zero in eq. (10) we can examine the 
effect of viscous damping which, for non-zero s, is different to resistive 
damping. In figure 1(b) the real and irroginary parts of the nrrralised 
frequency are similarly plotted for the indicated values of s. For large 
s, increasing values of wv  do not result in much reduction of wr. 

2.2.3. Finite Larmor radius effects 

In absence of viscosity al-1e: resistivity, we retain the parameter 
Bin eq. (10 which arose in the analysis through the inclusionof collision-
less viscosity. w is real and has the values .1. (A(s4(1-6)'4-1)-7. Is(1-1.6)}. 
For large s, instead of two of the roots cutting off at the ion gyrofre-
quency, they now have a group velocity $ times that of the other two modes.  

2.3. Numerical Scheme for GEMINI 

To simulate the differential equations (9) on a finite-difference-
mesh, the set of equations are solved either implicitly - a most difficult, 
if not impossible, task due to the mixture of hyperbolic (essentially 
time-evolution) equations and elliptic (essentially boundary-value) equa-
tions - or explicitly. The latter was chosen, but is severely limited in 
the problem at hand due to the necessity of restricting the timestep of the 
calculation to such a value that the mode with the shortest timescale cr 
fastest group velocity may be followed. If this timestep criterion is not 
satisfied, numerical instabilities will develop immediately. Although the 
equations solved are non-linear, the numerical stability criterion deduced 
from linear stability theory applies very well to assess the stability of 
small timesteps. The non-linearity will result in isolated regions of para-
meter space having much higher frequencies than those associated with the 
rest of the parameter space. The stability criterion reduces the error in 
most regions of parameter space due to taking a finite difference solution. 
(This error is of order (wet)n  where n is the order of the scheme used and 
w is the fastest mode frequency.) 

Clearly, from eq. (14), it is difficult to simulate for reasonable 
times the behaviour of the plasma in a polytron regime, i.e. with Hall 
acceleration and conditions (1), (3) and (4) holding. Alternatively, bor-
derline cases can be followed for reasonable times or strongly satisfied 
cases for very short times. Whilst viscosity and resistivity dampen the 
fast whistler mode a little, no obvious solution to the problem of removing 
the whistler wave whilst retaining the Hall terms in the equations has been 
found. 

The code GEMUI (7) has been developed for the numerical simul-
ation of an axisymmetric plasma in a general magnetic field configuration. 
Equations (9) are written in a differenced form to apply to an Eulerian 
mesh, and solved using the second-order accurate explicit Lax-Wendroff 
method (9). All equations, with the exception of that for Ao  are solved this 
way, only initial values being strictly necessary for their solution; but 
due to the discrete mesh pseudo-boundary values have also to be applied. 
The equation for Ao (determining Br  and Bz) is treated as a boundary value 
problem, using the method of Successive ever relaxation (10) to solve ire 
plicitly at the end of each half- and full-tinestep of the explicit cal-
culation. 

2.3.1. Boundary Conditions 

In the polytron simulation, periodic boundary conditions are 
applied at z=0 and z=A=10cm. For A n  are imIcosed additionally the boundary 
conditions that at the axis (r=0) it is zero, whilst at the insulating boun-
dary (r=r =4cm) it has a sinusoidal form, representing the cusp-shaped rag-
netic fie'd lines. In the laboratory experiment Ae is generated by energis-
ing coils external to the region of the calculation. To minimise the comput-
ing to only that which is important A0  is nct calculated outside the region 
bounded at r=r,. This is equivalent to having a perfectly conducting region 
immediately outside the insulating boundary. 

In the toroidal laboratory experiment the axial current is in-
duced by changing the magnetic flux threading through the torus. In the 
straight cylindrical simulation it is not possible to employ the same 
physical method because aAz  is a measure of the change of Be  flux within 

at 

a radius r rather than the change of flux in acne external region. In the 
numerical code an electrostatic electric field is applied and a simple 

Weotte s=7. 
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external circuit for the total axial current I is considered. I is governed 
by the equations 

1 . _ 1_2 —, 	 h. If Hedrdz + Lg 	 (15) dt '"" 

The resulting value of the current is used to set Be  on the insulator 
boundary for the next timestep. 

3. CMPUTATIONeL RESULTS 

The results of two numerical experiments are presented in this 
paper. Experiment 1 explores the polytron regime whilst in experiment 2 the 
Hall tense are virtually suppressed for sceparison. This latter case illus-
trates the pinch dynamics in a cusp configuration including at later times 
the radial loss of plasma through the ring cusp region. 

The initial conditions for each of the numerical experiments are 
as follows: 

Initial velocity = 0 
Initial filling density of deuterium = 4.5 x 1014 cm-3 

Initial electron and ion temperatures = 2 eV 
Capacitance C = 20 sF 
Charge on capacitance Q = 20 7.0 
Current I = 1 kA 
Maximum 13, = 8 kG 

A vacuum A, is set in the region by solving 2Ae  = 0, subject to the given 
boundary conditions. 

3.1. Numerical Exneriment 1  

This experiment illustrates the asymmetry introduced into the 
problem by the inclusion of the Hall term 413,, with the resultant Hall 
acceleration of the ions competing with the other dynamic effects of pin-
ching and cusp-loss. In figure 2(a) the density, (b) Be  , (c) the electron 
temperature are shown at the early tine of 0.3 uses, and then figure 2(d) 
(e) and (f) are the corresponding parameters at the later tine of 0.7 uses. 
In figere 3(a) contours of rAe  illustrate the shape of the magnetic field 
lines at 0.3 ssac and 0.7 uses; in 3(b) and (c) contours of rBe  show the 
current flow pattern in the r-z plane at 0.3 uses and 0.7 uses respectively. 
The ion temperature and the velocity vectors in the r-z plane are shown 
in figure 3(d) and (e) respectively at 0.7 use's. 

Several phenomena are of interest, in particular, the growing 
asymmetric distortion of the cusp fields, and the tendency for the r-z 
current to follow the cusp shape field except at the Bing cusp itself. In. 
this region we note the axial plasm velocity (e 3x10 cm sec-1) resulting 
from the aznuthel Hall current. The axial component of the magnetic field 
also interacts with the azimuthal Hall current to set up a radial velocity 
connonent. In fact we expect yv, ti 2.,../Bz  i.e. motion normal to the cusp 
fields, shish in the polytron act a.3 a :lagnetic lens. In addition the 
el,Be  pinch forces are acting on the plasma and give a large compression of 
the plasma on the axis under the coils where the axial current is more 
concentrated. Nearer the walls the plasma density builds up in the ring 
cusp region, consistent with the single particle trajectory calculations 
(6), due to the flow of the plesmt along tne field lines. The ion temperat-
ure has maxima (. 8eV) on the axis downstream cf each coil due to compression-
al heating, whilst the electron temperature (e 70eV) is also affected con-
siderably by Ohmic heating. The ion temperature also rises downstream of 
the plane of the ring cusps due to axially accelerated ions compressing 
the downstream stationary plasma. 

(b) Be  

(1) T. 

110.2. Experiment 1 (Hall terrm included). 

Unfortunately this plasma at later times begins to be lost through 
the ring cusps, as indicated by the velocity diagram (fig. 3(e)). A set 
of parameters more in keeping with the conditions outlined in section 1 are 
required so that larger axial velocities occur before too many particles 
are lost. 

As the plasma is compressed to the axis it leaves behind a 
plasma of low density. Within this region spurious closed loops of current 
develop in the r-z plane, which in turn induce azimuthal Hall currents of 
alternate sign. In figure 3(a) the 50% contour is thus distorted outwards 
at the later 0.7 uses time. If the density of the plasma becomes less than 



AXIS 
(CI j 

IG. 3. Experiment 1. The magnetic field coils are positioned at X, and A, In (a), (b) and (c) and the 
contours are In terms of flux of 18,. or ), enclosed between the given contour and the sub. 

TT Ocrn 	• 

TIME.0.7us 
INSULATOR 

1..59 kA EXPERIMENT 
rya cm 

EXPERIMENT, 

‘14alarO

lire Lem 

;: 

 

AXIS 
(a) 8, 

TIME. O. oat-1.O7W--1 
INSULATOR 	k 

AXIS 
ji  

TIME03 pc 
INSULATOR 

teMkA EXPERIMENT, 
yziern 

(d) T. at 07ps 

••• 
•••• 

,,,,, 

AXIS 
IC) B, 

TIME.OSA 
INSULATOR 

" 
AXIS 
lb) j, 

630 	 WATKINS et al, 	 IAEA-CN-28/D-9 
	

631 

le) vi  at baps 

a given (arbitrary) value, vacuum conditions of infinite resistivity, zero 
currents are imposed. 

In figure 2(e) the growth of short wavelength modes cn Be  by 0.7 
uses shows the numerical problems that arise through the physical presence 
of such modes. 

3.2. Numerical Experiment 2 

In this experiment the Hall terns have been virtually removed, and 
symmetric behaviour each side of the ring cusp plane is expected. 

Figure 4(a) shows rA0  contour plots at 0.5 usec and 1.0 uses and 
figures 4(b) and (c) show the current flow patterns at these times. The  

effect of the inward diffusing Be  on the vacuum cusp fields is to compress 
the field lines, thus generatinz an azimuthal current which causes a jeB, 
force to oppose the jz134  compression force. Figure 4(d) shows the azimuthal 
magnetic field at 1.0 usec which has short wavelength Alfven wave struc-
ture superimposed on its profile. 

A core of compressed plasma, compressed by a factor of 6, is 
foisted on the axis (fig. 4(f)) but at 1.5 usec it is being squeezed along 
the field lines into the ring cusps. Figure 4(e) shows the velocity vectors 
at each mesh point at 1.50 uses, and the radial flow to the walls is domin-
ant. 

In comparison with experiment 1 we note that the current flow 
patterns follow more closely the cusp shaped vacuum fields, that there 
is no unidirectional axial motion, and that there is a much greater radial 
loss. All this is due to the suppression of the Hall effect. 
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4. RECM1T POTERIKENTAL RESULTS 

At early times (ti 1 s,see in argon) image convertor photographs 
shad a bright plasma well confined on the tube axis with a radius of about 
1.5 cm expanding to 2 cm. The axial current profile in the plane of the 
ring cusp at this time is bell-shaped with a half width of 1.5 cm. From 
the time history of the appearance and disappearance of argon II, III and 
IV line radiation the temperature of this hot plasma is estimated to be 20 
to 30 eV. Axial velocities of 1.1 x 10am/sec have previously been 
reported (4). 

At about 1.5 psec, the temperature falls rapidly to a few eV. 
Axial scans of argon IV and III line intensities in the neighbournood of 
the ring cusp stew that the cooling is more rapid downstream of the ring 
cusp plane. A narrow bright ring located at the wall in the ring cusp plane 
is obtained in photographs at this time. This ring shifts axially down-
stream. 

These results are in qualitative agreement with the computational 
model. 

5. SUMMARY 

A two-dimensional P3 code for a general magnetic field configur-
atio nhas been constructed and successfully run. An important problem, 
namely the limitation of the timestep for the calculation by the fast 
whistler mode, has been identified. The solution of this problem by resis-
tive, viscous and finite Laxmor radius damping is being studied. 

The computational model shows qualitative agreement with experi-
ment, and vindicates the prcdicticns of Hall acceleration and ion focussing 
from earlier analytic theory. Further optimisation of parameters is re-
quired to reduce the radial plazma loss to an acceptable amount. 
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