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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 1 ps. .

The experimental results are guantitatively 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 =3,

The predicted initial loss is experimesntally identified.
However, there is a later loss by radiasl drift of the plasma,
thought to be due to the pressure difference of the poloidsal
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 chepter 3 n_ is used for emphasis,

e

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

number,



CHAPTER ONRE

" AN INTRODUCTION TO THE POLYTRON CONCEPT AND PREVIOUS
EXPFRIMSN“AL 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 éuthoré' work énd to state their results

<

in terms of an experimental perspective.

1.1 The evolution of the volytron concept

(a) Cusps and losses from_cusps

. 3
The evolution of the polytron idea can be presented
very logicelly as an attfactive way of overcoming the losses from

. ' .
-a cusp,and a8t thesame time providing an implicit means of heating

‘a cusp plasma,

Cusp magnetic field geometries have been studied with
great interest principslly because of the almost total absence
of experimentally observed instabilities, and the theoretical m.h.
stability even for .}ﬁ£ﬂ1§ plasmas. The only -experimentally
observed macroscopic instability is a Rayleigh Taylor effect
observed duging compression of the plasma by a rapidly rising
cusp field (Allen &.Biékerton, 1961).: The work pfesented
in this thes1s 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

1
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liées of force leaves the system. An absolute minimum hole
wiéth is L electron Larmor radii, (Firsov, 1959). This is for
the case where the magnetic field is exluded from the plasma.
Loss occurs through a hole twice the width of the'plasma field
-interface,which caﬁnot be less thaniﬁb electron Larmor radii .
In this case ions sre contained by space charge fieldk .

Usually (Allen & Bickerton,196;) these space charge
fields are.shorted out by the solid wall that the field lines
eventually contact. But even negleéting wall effects a plasma-
field interface of 2 electron Larmor radii requires a large
electron drift velocity/ion thermal veloéity ratio,which is
likely tolbe unstable to ion ac bustic modes. Thus Allen,Cox
and Spalding (1965) considef the more qealistic case of the hole
being the size of the ion Larmor radius, anﬁ even supposing ﬁigh
temperatures can be éttained,the losses through the holes alone
requires 1023 particlgs in the plasma to satisfy the Lawson
criterion nf = 10t's cm-3, and a plasma'energy of 108;1 It is
clear that attempts to plﬁg the holes-will be ppofitabie as
then the total number requirement is smaller.

(b). Ways of reducing cusp leskages

Several ways of reducing cusp leakage have been suggested.
Some of the more important are 1isted:
(1)_‘ﬁy the use of radio frequency\fields at the ion
cyclotron frequency, at the cusp holes. Energy is transferred
to the ionﬁ,increasing their magnetic moment andtﬁuslthe

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 freaouency is below the ion cyclotron frequency.

(2) Electrostatic plugging by means of an electrostatic
field 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, 1§68). Plasma
lifetimes of lOOPS have been observed in these systems but
there are losées to the supports and the configuration ié only

m,h.d, stable on average.

(¢) 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 thermgl velocity. As also the
transverse velocity must be large enough to overcome the mifror
effect of the ring cusp, very few particlesshduld be able to
escape. Thé point.cusps_are eliminated by having maﬁy cusps
arranged in a toroidal configuration.

The c.m. velocity is achieved by a Hal 1 acceleration
process. The magnetic field configuration is similar to linear

Hall accelerators of the radiasl magnetic field variety (Cole
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1970 , Morozov et.al. 1969 ). Centrifﬁgal_drift of the
moving plasma is svoided by the focussing effect of the cusp
fields as magnetic lenses. Two stream instability is avoided
by restrictihg the c.m. velocity tgi;aaller than the electron
thermal velocity,by the @rag force of collisons with the ‘
stationary electrons. M.h.d. stability is ensured by restricting
the number aensity 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 heatinz
mecﬁanism, the\tér'oidal 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 observed,
(Etherington and Haines (1965)). From this Haines proposed the

polytron concept as a kind of stabilised toroidal gz pinch,

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

" avoided by the plasma motion.

Heines's work was presented in abstract form at the
Salzburg 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.(l963'b)

1.2 The Hall acceleration mechanism.

At the inception of the polyiron 1ittle work had been

done on Hall accelerators, and this was mainly on the propulsion
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applications of suchvdevices (Pafrick, Schneiderman, Cann and
Merlotte). Lately further effort has been devoted to Hall
accelerators as a possible means of filling a fusion machine
(Cole, Morczov).

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) =(B, sinkz, 0,0), E =:(0,0,E;). The z and y components

"of Ohm's law are:

' ' 3 .
2@ = E, + (ﬂan - vy B°) sinkgz —(1.1)
2 ne |
dy = (Vz By - I, Bo) sihyz —{.2)
LB ne T

E‘ takes into account a perlodic elecmrostatlc field necessary

for divj = O, From 1.2 j, = sinkz and j . =6V, By =j, T

yo zZ

where W€ =7%B,. Eq.1l.1 can be integrated from O to 2n/k giving

ne
giving JZ = G‘Eo + jyogz_t - Yy %@o —(1.3)

where v = — V, coskz + Vi sinkz

y
Initially v.<< 3j/ne and so

= E. . s 9 =—b3"z: FEQ "‘(IS
2 " She, O e TR, TUS)

For wT|, j, is greatly reduced from the field free value
of O, and - jyo = 2ane Eo/Bo is the current carried by the
average electron E x B /(B)2 drift,with n the electron number

density. The plasma is also asccelerated as

dv, = ;_l_ jYBx ~Ze E, sin’kz —1.6)
db nm m '
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WhFCh gives dv; = eE, when integrated over z. Thus

in this 1imi%tthellon;hare beins freely accelerated, and the
electrons trarped,by virtue of their smaller (c.f 1/k) Larmor
rédius. As long as the Larmor radius of the ions is large c.f.

1/k, the ‘ionsare freely accelerated until jJ, Anev,=v€, when j, = O,

N
and there is no further plasma acceleration, If k- o0 then
vyr703 ' jz = OfEZ, and V, =-%g is the limiting drift
velocity when the accelerating force, ek, on the ions is balanced
by the electrons drag. Theacceleration time to attain this
velocity is _ . . '

T, = 5'2:%°~+’E°’éﬁ€2 - L_ﬁ,';la—;"'t-'wt)

where W5 is the ion Lax-mor'f'r-equency.‘| _

It should be clear from this simpfified analysis the equiv-"
alénce between particle and fluid approaches. However as there are
large spatial variations in the polytron fields and partial
differeptial.equations such as thg m.h.d. equations are difficult
to solve, whereas the ordinary differential equatlons, describing

particle tragectorles are simpler,it is mainly a particle

approach which has been used in this thesis.

v

1, 3. Other Hall accelerators
iron . _FIG. 1.1
d ,// // // // ‘;f”’core A
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Fig.1lJd illustrates a linear 2 stége Hall accelerator.
The field is surplied by an iron cored magnet. A pair of
électrodés supplies the sccelerating field EO. A neutral
gas 1s injected by a fast action valve and is ionised near
the anode . A neutral'flésmé 1s ejected from the end. With this
type of device Cole has attained about 500A equivalent plasma
currcnt at 1.XV ion energy. Slightly better results have been
attained by MoroZzoVv 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 h;story; and 1loss of the plasma.
On the polytron these have been measured. The periodicity,
air cbre magnets, and_preionisétion make these intrinsically
easier to study. As a result some aspects of the behaviour of
a iinear Hall acéelerator 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.

l.4 The objectives of the Dolytroﬁ project

The objectives of the polytron project, will now be
explicitly s@ated. .
(1) To examine the scceleration mechanismythat it

is as predicted by a simple theory and that it will accelerate

v
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rlasma through cusps.

(2) Subsequently to examine the containment problem,
both through the ring cusps and centrifugally.

This thesis broadly achieves the first objective. The
second objective has been attained but only in a negative .
sense; studying the losses., Although the difference is only one
of degree, it caﬁnot 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 a2 2z pinch
with 2 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 fhe limitations
of his essumbtions 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
e7perimentally and explained theoretically in terms of single
particle models éf the plasma both with and without self consist-
ent elecﬁrostatic fields. Agreement with experiment is good.
Some of these results are dlso published

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

Because there are re-entrant impurities from the wall the
results for this phase are not so definitive,

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

(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 stuay of a low Qoltage cusp compression experiment,
with the advantage over earlier experiments of scattering
diagnosﬂics and ﬁumerical simu}ation. :

(3) Calculations of the ionistation and heating rates-
far comparison with the ionisation burn through observed in the
experiment.

(4) A detailed account of the laser scattering diagnostic,
‘ which even with a IQBW laser is not a trivial experimental

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

polytron action

A list of the criteris for successful pblytron action

follows together with their origin .

(1) wt > 1 (1.8)
otherwise no accelerating Hall currents flow (Haines 1963).
L .(2) B z 1 |
o 3 (12.9)

where L is the cusp separation =w/k., This is the condition

that the ion Larmor radius is larger than the cusp separation/ﬁ,
so that the ions are not trapped like the electrons (Haines,1963)
For electfﬁns the inequality 1.9 is reversed, but is easily
satisfied. '

‘.

(3) %_z_f_l,n_e_ < % ' (1.10)

This is the condition that the field produced by the azimuthal

Hall current ;L_HaeE, is not large enough to destroy the cusp
‘ 2 B

field,B, (Dunnett,1968 whose numerical values are E, pne <3 )

"~ From eq. 1.9 and 1.10 2¢ >> 1. - (1.11) 8L

Lw‘:i
where lﬂ;i is the ion plasma frequency.
The dgbove are all necessary before any polytron action
can occur. The following are not so necessary as they assume

polytron action is occuring.

.2 : -
() v, 77 2kT, (1.12)
mj

to reduce cusp losses (Haines, 1963)



18

i
(5) vo<4 2T

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

~ (6) B, << B o (1)

(1.13) so that

for stability (similar to a Kruskal-Shafranov criterion,
Haines, 1963) where B, is the poloidal field of the plasma and B
the field of the cusp coils .
. 5 : | , .
(7)  pI, & 8w Mk(T, + T,) (1.15)
Where N is the line density, otherwise the discharge will
pinch (the Bennett relatioh). Haines takes this further using
his chosen steady state values of
ST >
V'Z - 2kT _;_ , I

memy "~ lZ

= I\Ttavz

' l
to get an upper limit to the line density. .

N& Bmymer o 43100 7t (1.16)
Pos?
for hydrorgen with TezTi

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

state of Haines, Otherwise eq, 1.15 is applicable,

.7 Description of the apparatus
, In its present  form the apparatus consists of
(l) A toroidal quertz vacuum vessel, bore 72mm, major

radius 25.L4cm.
(2) 36 single turn cusp coils, of radius 5.2 cm,
concentric with the minor axis and equally spaced toriodally

. 0 .
with 10 _between them. Eech is energised separately from 5kV,
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' 216pF condenser banks, period 48ps.

| (3) 6 (8 previously) ‘induction' rods, current
vcarriers in the toroidal direction, spaced poloidally around
the vacuum vessel to give a locally small magnetic field

but supplying a ﬂoroidal electric field by the flux change
through the centre of the torus. o

(4) A 'mein bank' connected to the induction rods,
of 6OFF, 4o kV'capacitance and small stray inductance, giving
a period of 26ps.

(5) A 'preioniser' ‘'slso connected to the induction

rods,being s QFF; 20kV capacitance, ' period 6Fs. The
triggering of the main bank is afranged so that the preioniser
does not fire it (Parkinson,.1969). %

The main bank voltage is a frequént variable in this
thesis.and is.denoted by Vm. The relationship with thg induced
toroidal electric field is | _

Ey = .5 v, V/m (1.17) (where vV, is in volts).

The cusp 5ank'voltage is denoted by V.. Originally a
two turn coil system was used, but for esse of assembly this was
replaced by a one turn system which for a fixed charging voltage

reduces the peak cusp Tield by L 48,Allvalues of YC for this thesis

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

In the plene of the coils, g = 0, the average Wlue

of Bd; the field in the toroidal direction is

¢ = 1.8V, gauss. (;.18)
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FIG.1l.2., TYPICAL TIMING SEQUE NCE

In the plane of the ring cusp, 4 = 5°, the average
value of the radial magnetic field is E} = 1.0V, gauss. (1.19).
| The preioniser is fired first. When the current of
this ringirg discharge has dahped, the slowly rising cusp
field is fired., When this is at its first peak the main bank
is fired, This sequence is illustrated in flg. 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

E.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

wArk of the second is due to the author.

B o

Fie, ..1.3: SCHENATIC DRAWIRG OF THE POLYTRCN ADPARATUS

Ap‘present the induction rods are outside of the cusp coils,

not inside a8 shown here. L
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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 dgscribed. Comparison with the experiment is mede.
The caléulations for the induction rods are used to redesign’

the systém.

2.1, The field of a circular current element

Both .the cusp coils and the induction rods are circular

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

with a. coll of radius a. The magnefic vector potential

A Fo Ta1/r' = a_(r,z)
Ir

&
ﬁbId[ a sin 4 af . n
m (22+(a+r)2+uar cos #4)*

(o]

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

element, which carries a current I.

% 2
| Therefore A (r,z) = %%%ﬂ(g) ((l—k (Q)K:- E) | (2.1)

r
2
where k = Lar
((a/+ r? & z°)
. T2 1
and E(k2) = (l—k2 sin%%)zd“.
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. 72
2, _ a -
') _Jr (1 - k2 sin%&)f

o

are the complete elliptic integrals of the first and
second kinds respectively.
It is shown by Stratton (1941 ) that differentiating

this expression for A_,gives the magnetic fields in the form

B, = ',Uo Iz 1 (—K + a%4rez’ E) (2.2)
orrr((a +'r)2+z2)E (a-r)°+z2

B, = Mo 1 1 ( K + a2r®-z2 E\ (2.3)
or((a + r)%ez°)? (a-r)Z42°

\

It is impof$ant to evaluate K(kz) and E(kz) quickly.
This is done using an ofqerithm from Lance(1960)

2_1-
If a_ =1 b = (1 -k)?

o 0
' l - -
“Phe iteration b. = (a® TP 1)Z; o = 5(a" oyt

is used to evaluste the integrals by

K(kz) = _Ww e n— o
{a® + v™?)
w '.
and E(x%) = K(x?) ( 1- Zzi(ai2 - biz))
- ) is0 , 2 .

This is a rapidly converging iteration which gives

an accurady of 10-& after about L4 iterations.

2.2 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

s
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transformation. For a given field poiqt each coil is considered
in turn; The cbordinates of the field‘poinf in the cylindrical

coordinates of the coill 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.Lcm.

(2) The current through each coil alternatively
+ 43,6 kA,

(3) The coils of radius 5.3 cm.
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dnly(})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 pesk 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 calculatioh. The error was only
found by comparison with this calculation. As the experimental

|

comparison was not made at the time the consistency of this

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

' Some of the results of the calculations are shown 1n
figs, 2.2 and 2.3. The experimental values of the field and the
Tirst Fourier component of the Bessel function field

B, = I (kr) sin (18¢) @ By = I,(kr) cos (184)

(see chapter 6) are also included. (here k = qT/L).

The agreement between the calculation and the \
experiment is good and ﬁs within the ;xperimental error.
Also, with the neglect of toroidal effects,£he Bessel function
representation is reasonable @10%);

The main effect of the torus is to shift the
magnetic axis 6émm inwards from the geometric axis. This

effect is because the fleld 1s larger outside of the minor

P e P — B T e e e
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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

: o o o Hha o
nearest coil (s), is smallerLoutside of the minor axis than

or\Hw
it isL;ns1de of the axis, as the separation is 1arger, and

couses
thusthe larger field outside of the axis.

i

The 1ines of force of the magnetic field are shown
in fig. 2.4. They were obtained by integrating

dg_.:':B

Iﬁtegration was.by a first order scheme
R+l Rty At By ete..

The accuracy was chécked b& intégféting backwards to get the

original position. A t was kept prgboptional to 1/BR. Bach

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

! ’ st S
the lines being separated by s where L&?Bﬁ'dR = constant.

2.3 . The field of the induction rods |

| In this section cylindrical coordinates (R,#,z) based
on the major éxis.aré used. -

‘.The original electrical design of the induction rods

was based on the philosophy that the magnetic field inside a .
caée 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 currenf through the innermost rods
is larger than the outer rods because of tﬂe smaller
inductance. This allows the.field to be small inside thé
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 thén 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 céntre of the cage and is approximately

Eﬁ’(R) = Vm

2wR
for R in the region of small magnetic field, where R is the

major radius.

/N FIG. 2.5 THE NOTATION FOR"
O 0
THE INDUCTION RODS 6 7
oE 8 0
Z =0 -
P
R
1 i
(0] o)
7
2 3
. major (o] (o]
axis
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There is symmetry of position about the z = O plane, and
hence symmetry of current. With the notation of fig. 2.5
the circuit equations for the currents in the rods are:

(L1+M15)X1+(M12+M16)X2+(M13+M17)X3+(M1u+M13)Xu =1 (2.4a)

(M24+M25)X1+(L2+M26)X2+(M27+M23)X3+(M2M+M28)Xh 1 (2.4p)

(M31+M35)X1+(M32+M36)X2+(L3+M37)X3+(MSM+M38)XA =1 (2. 4¢)

(Mu1+Mu5)X1+(Mu2+Mu6)X2+(Mu3+Mu7)X3+(Lu+M48)Xu =1 (2.,48)

where X; =Wi,, 1; being the current through rod i,Wthe angular
\'s

m
frequency and Vm the main bank voltage. Li and Mi are the self

J
inductance of rod i, and the mutusl between rods i and j.
L, =/"0Ri(1n(8317r) - 1.75)

where r is the minor radius of the rods. M,, is taken from Grover

i3
(1962). This is the mutual inductanée of coaxial current filaments,
but ss the separation of the rods is large compared with the rods'
radius the filament approximation is good. Solution of egs. 2.4 .
give‘Xi as a fraction of the total current in the rods,It.
Substifution into say éq. 2.4a gi§e§ a simple harmonic equatidn

for I,. Thushréan 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 befohe these
calculations of the field were made. The small rod assembly had

8 rods equally spaced poloidally on a radius of 3.8 ecm from the
minor axis . The assembl& waé 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 £ill the diameter of the
cusp cciis, the rods being‘a.cloee fit outside of the cusp

' coils. The cusp coils had to be Fitted after the induction
rod cage and the close fit mede thie a complex manipulative
procedure. | '

The fields and currents of the two 8 rod assembiies
are shown in fig. 2,6. The field in fhe centre is larger for the
Small cage. The field lines of fhe large assembly are
sketched in fig. 2.7; fo check the calculation V. B was
evaluated with a difference of 1mm, ‘and was found to be zero
to h7 of 2&314

The line density of current on a shell has been
* .calculated by Taylor (1960)..Comparlson with the currents in
the rods is mede in fig. 2.8 for the large assembly which
. was an aspect ratio of 25.4/7.4 = 3.4.From fig. 2.8 the cage is
like a shell of aspect ratio 3. 6. This woﬁldqifea larger
inductance than a ratio of 3.4, as ie necessary to account

Tor 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, a new cage was designed, Near symm-

etry wds retained about z=0 so that BR=O at z=0,
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A total of 30 different designs weretried and so the

entire process was computeriséd. With an 8 rod system a

ook mean  {guane :

very small field, al‘average of 20 gauss over the tube cross
section.was achieved, This was attéined 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 L4 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 oﬁter rods were then positioned for the minimum avéfage
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. Héving the rods on a larger minor radius

means that a larger.hole can be made in the collector plate.
- This reduces the electrostatic snd megnetic pertirbstion of the
collector plate to the field of the cusp coils near to the plate.
An assymmetry in the position of the iﬁduction rods.is necessary
" to avoid the tufnol tables which support the cusp coils. The
induetion rods are suppSrted by being clamped to the tables.

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

smaller than 'Vm/?KR. This is because of lines of force

closing around separate induction rods. At the minor axis

Eﬁ = vm.5 V/m,
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where Vm 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 wvacuum tube.

X position of the

induction rods.

FIG, 2,9 OPTINUN POSITION OF THFE INDUCTION

RODS ON THE COLLECTOR BLATZ AND CONTOURS,

OF THE MAGNETIC FIELD,

: o Sem
5CA1e  embubmalanaiods
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CHAPTER THREE

. EXPERIMENTAL ‘VORK ON PLASMA FORMATION:

A CUSP COMPR=SSION EXPERIMENT

The properties of the plasma formed By the

preionisation system and the rising cusp magnetic fielad

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 acceés
and low number density'hake 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 8 m.h.d. simulation described in chapter L.

This work is necessary to find the initial conditions

of the pol&tron experiment. The variation of confinement

and acceieration Wwith the initisl 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),without loss out of the spindle
cusps, and with an order of magnitude lower size and temperature
(about & 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 plesma configuration

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

- local electron number densities, ﬁé

and Ng» electron and
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atonftempératures Te and qi,are measured in the plane of the

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

e
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
céange in average dgnsity 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 @ negligible process for change

of the number density.

3.1, Breakdown of the gas by the preioniser

The low density limit at which Ereakdown of the

filliﬁg gas occurs is of interest as:-

(1) the polytron mechanism will not work if W ‘T

is too small,

(2) the current carried by the moving ions must
not be large enough to cause sé;f pinching
of the discharge.

The brief investigation described in this section

‘arose from a paper by Malesani (1970), 1In 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 fﬁnction of the
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magnetic field . The toroidal field was limited to 4T

and the electric field was quasi constant for only ;BFS. The
polytron apparatus is essentially similar. The currents in the
cusp coils can be made to flow in the same direction produecing
a toroidal field of 37, and the toroidal electric field is
constant for about 2r§, the.period being zufs. Furthermore

the stray electrostatic field at the collector plate is small,
The separation of the two colleétor plétes is 9mm, but the wall
of the térus is 5 cm away from the edge of the collector plates.
Thus the stray radisl electrostatic field should be much

5

 less then the 10° V/m of Malesani's experiment.

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

bars are representative of shot to shot variationsin td.

f- feEes el B! PSS e REC IR :*f; " _ -;;:; LS SN HER S

3
Ll [4

I.T 2.T. By, 3.T. !

+ FIG.3.I BREAKDOWN DETAY TN HYDROGEN b
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These results are similsr 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 1013m—3 in a time
of 20 ns. . Above this density collisional ionisation
~becomes effective, and this takes the rest of td before the
i}ectron number ‘density is large enough to carry the-toroidal
current. It 1is difficult to explain how this lonisation could
spread throughout the rest of the torus. Unimpeded electrons
would take 70 ns to &eccelerate around the torus, but as the_

Debye length at 10-m >

i1s 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 a2 drift 2vf1 (where w;; 1s the ion cyclotron
frequency) of the ions radially from their initial position.
This is of order.lO—ch for ions freely accelerated for 100ns,
and decreases as Bd increases.

The change of slope shown in fig. 3.1 could indicsate
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 preionisér produces a high temperature plasma with
reliable breakdown occuring at low filling pressures. It's
characteristics are shoﬁn in fig. 3.2. The number density and
temperature were measured by 1asep scattering, described in
chapter 9, The values of n, and W are consistent with <.3
(oL is l/kkd, defined in chapter 9) as are the shapes of the
scattered spectra. The values are averages over a length of
9mm transverse to fhe pinch, and so n, and W could locally
be higher. It is noticeable that the visible continuum
emission peaks after the number dénsity. The bremstrahlung
emission/volume is proportional to nez/V% and so if 1light
is collected from a region larger than the pinch the light coll-
ected is proportiond to n@/w%.The continuum emission peaks after
the peak n, because of thé drop in temperature. Costely (1971)
has also observed this phenomenonin a linear z pinch monitoring
n_ with sn axial Mach Zénder interferometer, |

The far infra red emission in fig. 3.2 was measured
with a Putley detector. This'observafion w38 madg whiist
measuriné the number density with a HCy laser and so the
cpllecting'éptics vere not maximised, and light was only
collected over ah /12 éperture There was also a pick up
problem., The detector was positioned directl& beneath the torus.
The pick up was due to Bz’ a vgrtical field,penetrating the

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

2mm.
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If n, = 2 102273

, the cut off wavelength is 70Fm. The
response of the Putley detector is low at this wavelength,
rising monotonically up to a wavelength of 1lmm. It is likely
that the Putley signal is due to emission at a lower density
than the pinch. As a direct result of this accidenéal obser-—
vation a separate project to wavelength resolve the emission
fromvthe preioniser pinch using Fourier transform spectroscopy
is being undertaken. Physically‘the interest is to see if
enhanced emission such as seen by Griem (1970 is observed .
After the first pinch the preioniser probably
repinches. No furthér 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' HCN interfercmetry  so there will be a brief

description of the interferometer.

3.3 The HC'N laser interferometer

It is well known (e.g. Parkinson, 1968) that for
n < n,,the cut off number density, and ¥, the collision
frequency<cwthe frequency of the radiation,a plasma has

a real refractive index
1

- 2 )
po= Q-u)® =1 ge) (3.1)
The attenuation of amplltude of an electromagnetic beam by

electron ion collisions is given by an attenuation length 4,

1
d= 2 1n,(1-ne P (3.2)
Y. Ne ng
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Tdeally one should be able to measure the number density
' from the phase change

(’7 = (1 -p) 2_;rf,='n'ne(’ | (3.3)

nck

where ¢ is the length of plasma, and the temperature from the
attenuation using eq. 3.2.

Parkinson (1968) used a Mach Zénder 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 f}ats as windows. Fortuitiously
these flats acted as a reflection etalon reflecting 157 of

337 fﬂl:@diatiqn . The interferometer used is shown in fig. 3.3.

'AE.: - d
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FIG.3.4: THE BEAM PROFILE AT THE
'FOCUS' OF A 60 CM. ILE'S

Lens L1 oniy 'focusses' the beam to a profile shown in fig. 3.4,
marginally narrower thén the beam profile without a lens.

This is the diffraction limited spot. The limiting aperture

in the system was the inpﬁt 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 1m long with 5m mirrors; it is
C.W., a mixture of ammonia énd methane being optically
pumped by an axial current of .5A , 1kV  The ca#ity is
tunable by a micrometer mount on one of the mirrors. The
output is taken by a melinex beam splitter.

A Golay cell was used for setting up and a Putley
detector for tﬁe experiment. The Putley detector needs to be
worked at 1.7°K. The best bias current was 50pA for this
particular detecfor, when the d.c. resistance was 5KJ, 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
LﬂH% matching the intrinsic frequency response of the detector
and reducing.the amplifier noise, which was then about 10mV on
thé output of the amplifier.

If A1 is the wave amplitude of the interferometer
reference beam and A2 the wave amplitude of the measuring beam
then the total output signal is '

f + Ag + 2 Ay Ay cos(¢¥do).
g, is the phase difference with no plasma. As ¢ the phase

S =A

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

plasma varies, the change in S must be less than

(Smax - Smin) = ulAlllAZ"
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A the beam passing through the torus was about .5'A1

o9
because of reflection and diffraction, but to retain maximum
fringe size A1 vas not attenuated. This meant that the output
could not be set to zero when ¢ =¢g. The average number
density corresponding to half a fringe, i.e. £ =T is
.5 102°m~7, |

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 A the plasma leg,was gbing into the Putley

o1
detegtor as shown in fig. 3.5.These fringes are at twice the
fre@uency 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 30% modulation of the throughput,
for : movement of one flat with respect to the other.

With this low finesse the fringes are nearly cosg. The averége

number density corresponding to half a fringe is .25 102073

This adéed flexibility is very useful, halving the lower 1limit
of measurable number density.

"Plasma refraction. Beam attenuation is evident in

fig. 3.5. ’However thié is not due to collisional attenuation,
but rather refraction by the plasma, so that not all of the
beam is eﬁering the detector. This can be easily shown now, as
the temperature has been measured by 1aéer scattering., The

attenuation length is d = 5 10“1 W 3/21'0.

2
Dg
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20 -3

After LOps in fig. 3.5(a) the value of n_ is 7 10°°m™> 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
50 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 £ given by

1 =2(p-1) = -n, m™L
£ 7 T035n,

The limiting aperture subtends a half angle of .05dat the
plasma, and so assuming the beam to be a step function of
width 1 cm, no loss requires

ne.th ng (3.4)
But also negative dne/ar will cause refraction out of the

plasma column;the radius of curvature R will be given by

1l = 1 dp If n,6 =n (1 - 1.5(;)2) as given by Parkinson
R p ar ° a :
(1970) then for » =6 mm-
1= n, cm",
R
1€nc
Then ng<-1n, (3.5) for no loss.

Effects (3.4) and (3.5) add and so né<,.05 n, 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 thé need to make

the beams - interfere. The limiting apertures in Parkinson's
iystem were similar, and so the above criterion will apply.

The. higher crlterlon which he implies is wrong because he

does not consider the spatisl extent. of the focussed laser beam,

That at least some of Parkinson's attenuation was due

to refraction éaﬂ be seen bj tne convergence of the envelope

of his fringes. If Ay = A, - A,¢=CL ¢ -1f2 , then complete

absorption will give a signal level of A2. If however there is
refraction causing loss of interference,_ﬁut 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 2A2,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

-39 2
dn_ + 210 nn. = 0 (3.6

where the coefficient for 3 body collisional radiative re-

combination is from D'Angelo (1965). Early in the decaying
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_preioniser nev-1020m_3, W~1leV and so
'IIT dne  _ _j0 st (3.6a)
e dt .

Y

T7us the density decay is by diffusion. The diffusion equation
is given by Chapman and Cowling (1939) as
' 2
9, =D, Vn, +Vn VD, (3.7)
ot 4
where Da is the diffusion coefficient for ambipolar diffusion.

It is approximated by
pa, =D, (1 + we/wi) ~ 2 kTi
miVig

if We is close to W,. ¥;a is the ion atom collision frequency.

Hasted (1962) has shown that in the range 0-35eV v, is

dominated by the charge exchange cross section U0 ,which is

50 10°2%°2, with little velocity dependence.

1

- z
Therefore ™,  =n, & (5’.5‘_1)
m,
i
. where n, is the atomic number density.
1
Therefore D, = 2(_13'._1‘_.)2 1
. - ) i oG
‘ Ay n,0x

Assuming 'V.Da = O,Jéylindrical symmetry and axial independence,

the solution of eq. 3.7 is

n(e,t) = 5 by oxp (/)T (4 x/a)  (3.8)

=0
where 8!1 = 2,405, 5.52, 8.56 are the roots of J (x) = 0,

a is the radius of the tube and

2

Ty =_ 2
k Dabf.?
k
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is the characteristic decay time of mode k., Thus the

-slowest decay time is

1
T = a°n, ¢ (m. )2 1 (3.9)

1
1 5
KT, 80

Ty is measured to be about leV and n, = 1029073 therefore
%

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

= 3.6ﬂs, Zi = .8us for argon. It is valid to neglect the

Bessel function is expected.
A similar diffusion equation will pertain for the

electron temperature i.e.

cy g = ZVTe (320

where g is the thermal conductivity. Source terms which are
omitted from equation (3.10) are equipartition,recombination,and a
term due to E%. The electron ion equipartition time is given by

?
Spitzer (1956, p80) as t,‘l

12(;920) W 3/%FS for argon,

: 020 =3 e 4 Simi

which for ng = 1 m~-, W 1eV, is 12PS' imilarly

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

from eq; (3.65).

The thermal diffusivity for equation (3.10) is

D = ='LL 1020W5/2 0m2/ S,
3; ine+ni) F

2 : .
Therefore T, = %2 (ng + nj) (3.11)
o) 1 1020W5/?
20 =
If n, =n; =10"m 3, W =1eV then {, = 10fs.

However the decay time is liable to be longer than this,
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'Near_tﬁe edgés of the column W will-bé low -producing

low heat diffusion to the wall. In the centre of the tube W
~2 eV , and so rapid diffuéion here will produce a flat top
to the temperature profile,

A semi quantitative approach has shown that the
qumber density profile. is a Bessel profile, because of the low
temperatunadependence of the diffusion coefficient. In contrast
a flat»electron tenperature profile is expected asg d-W??

3.5. The afterglow temperature from its conductivity

A spatial average of the electron temperature was
" measured from the poloidal conductivity.

St‘his is. an unusual and accurate way of measuring an
average temperature. A single turn coil of 5 cm radius was
connected around the outside éf the torus and pulsed by a
.i HF condenser giving a ringing period of QFS' The
phase and attenuation of the Bﬁ produced on axis with a plésma
in the tube was measured. The phase was measured relative to the
current ana the attenuation measured by comparision with the
signal with no ﬁlasma,giving an average conductivity. In this
apalysis tofoidal effects are neglected; & cylindrical
coordinate system based on the minor axis is used.

s

As long sas w;e‘féi<?’1, J = ¥E,and so the

diffusion equation for the azimuthal magnetic vector potential

Ae is

o

A, = ;(; 2 /13 (ra ))+2A) (3.12)
£ po ra.r(rar 0 });?



53

In the case of an ipfinitely long coil this can be solved
ranalytically. For a single coil the problem needs a boundary

.condition at the wall which is the magnetic vector potential

of a single turn coil, !

1
5 2
/ o F':r; I;l'(f') ( ( _{.) ) ur (3.13)
where & is the angular frequency of the Bﬂ field and Wt <</,

. Defining dimensionless variables.

t..:‘t =_‘t_ -f".=

) [
S|
n

= z
tC 32/1.8' 5—
equation 3.13 becomes.
A, = 3,(1_ 2 (r'Aaa ) + 94 (3.14)
It r'ar d0z'2

This parabplic equation is solved as an initial value
problem, using a two step Lax—Weﬁdroff scheme, but with an
ﬁnstaggered mesh(for an explanation of this nomenclature sece
chapter 4). Ae = 0, on axis, there is mirrér symmetry
underneath the coil, Ae = 0 at the far end of the domain, and
Ae ig given'by eq. 3.13 at the wall. By choosing a region
20 cells in'radius and 80 in length the far end is sufficiently
far away to simulate a real boundary condition of Aé—bO‘as z'~00.

= BAO + ﬁe and so BZ(I':O) = g@(r-:tfa)
or T A da

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

plasma in the simulation is, at z = O



2

-

R BESTN PSS P

B B B Rt ol S e B T
|

s -
K |

N ] s
+ ]

SE i
His T

peeh ey deee aier

JpoSE Se

[T

| SOV DE0E Bodig fvds

CT ION

T

¥U

)

B

1

SS TIN

]

100

A0

2

1

1
:

<
(48]
<] 4
: 13 ! o - N
: Y R va m
; =T T = 1330S PR ae N
: i sHipieeE i iR ] !
i NE ERN; \(o} =1 =
] i : H T A
Ht JARENE; i Hir i A Wn g
i P BE 3] 58S RS - =
Hy e tHy fris ] mm. &y H
: ! T BEs: s e . ®\oA
ae [ B 38 aned = ety [SEREES [ )] =
DY A S S e S T P T Tt [ £
N IEE B ! : N 358y : 4
e e aey it iisees [c) 4l O
I IEEENE HE {1 :
[P I ‘.H‘M{“‘ IS8 RPNt T
1 I SEES ! 1 I FER:
Hid{HE+ ; i g BRES
I3 —4--4 49 'R v a -+
- S R g ¢ By e IBEE:
SR | sl =R 19 RRERE
NSERE ! R IRyasEE ] gERSE
1 - : it e i g
i i i i : 15
IPTRS 3 el 7 1 3 EE
TR : ! 1 ! El
it H 118 ir i3} 1t
[ERat I FIRERERE
EsE: HE e
—— * RS - MAVA \o\?u‘ ——-
- Hmmr W.‘ﬁn.ﬁﬁw e
1 [ 1t [EREESREN Rt
: i it GO
s - . IS EERE]
HEHIEE i Hib
i3] BEES s Fririi Tl JgES!
5 T 1§ SEERNRERE R, iHE
- e 14 IEEEER! =1 Pl
by e EEERE _1l R
1 Réveves muwd e i Lm_ jo e e
[ERE Lir ! Kl =1t i
i i * i & = #Wﬂ i
14 IR E] IRES IR + P R
[ ik Lh Tl BB s
TiL ERN! SIS S ISE e
i Bons i AT fil it
- i - it Te s = EEE I ay 19
il S R o L
+44 -1- IR . [ ) 3 PR
M RS pas B T 1
Hi i r:&j HE i
1991 IRR] 1y ISERENEE u ) «.»
31 I3} r ISERE! T EEE
Be3: KL i by L 1 i P
+ = - NP Er et = =
H T ; IS B E R SE 33| SR
: H sH e ] Hh HEET
e < ¢ [i = SRR S

U

(6"




55 -

di r=0,t") = Ae(Sa,t') AL a,)
s (a, ') A (S, e0)

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, wt being

Qm, the bore of the

.5 causes a 10% error. Taking a = 3.5 10
torus, the value of 1lnA. as 10,and using the value of ¢ given
by Spitzer, the average temperatures are tabulated in fig. 3.7.
This is a very accurate way of meésuringdfas the attenuation is

a very steep function of t'.

P o« attenuation -3 . e W
mtorx (4 /%c)lo (eVv)
\
80 .058 7 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 MOFS IN THE ARGON PREIONISEZR

Ehe'average values of W tabulated are unduly weighted
to the larger radius as the diffusion :taskes 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



56 FIG. 3.8
UPPER PLASMA CURRENT:

LONER ROD RURRENT
! , S}u/bn |

are in antiphase , but the rod ecurrent stops abruptly.
The flux remaining in the torus drives the plasma current,there
being a L/R decay time.

I =1, exp ( —Rplt/I)

where Ry = 552 , L ﬁﬂoR(ln(8R/é) - 1.75)

assuming a uniform current distributibn,R being the major radius.

ThereforeAL/Pp1 = 3.3 w372 S.

The experimental results give at t = ubﬂs,
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..?.9 is a comparison of these average temperatures.
The errors oh.the resistance temperatures are systematic. The
errors on the scatterin:s temperature afe statistical and are
large because the spectrometer was adjusted for a high

temperature range. The Boltzmann femperature is explained in

section 3.6.
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. W(eV WieV W(eV w
(mﬁorr) (Bolté;an%) (é(sesg) (¢(§es?) scaézgring

3.5 - 1.2+.2 1.9+.4
/ . «96+.2

17. 1.8+.2 1.8+.3
25. 1.3+.2 1.05+.2 2.0+.4
40. l.i9i.2

FIG, 3.9 _TEMPERATURE AT 4Ows IN THE -ARGON PREIONISER

As expected the average values of temperature are
only 30% + 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 1l.t.e. can be used to determine temperature.
The line intensity from an optically thin plasma, whése upper

gtate is sn energy E abové the ground state is:-
I oc hvg, Ay exp ( -E/KT,) £3.15)
B,

where BZ is the partition function
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g5 is the statistical weight of the upper line
Aai is the transition probability.
Ag the plasma temperature is low the often gquoted
reason for inaccuracy in this method,.i.e. E-E' << kT is
inapplicable. (E' is the energy of asnother line used for
comparison). The more fundamental reason is that l.t.e. dpes
not exist. For hydrogen like ions Griem's (196L) criterion
for l.t.e. to principal gquantum number n is

n, > 7.10% 2y (&, )‘ n (3.26)

. H :
Literal application to a 1eV argon plasma for n = L yields
n,6 > 5 109m™3, For argon ﬁ'in eg. 3.16 probably should be
replaced by n—ng the difference between the level and the
ground level, which yleld311 > 3 lOEu ), even go AII 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 of3% was used to obtain the Boltzmann
ploté shown in fig. 3.10. The error bars are due to intensity
measurements being averages of several shots. The transition
érobabilities were taken from Olsen (1963). The relative
positioning of AII 46098 and AIT 4589A in the plots is the same
as Burgess obtained, suggesting a slight error in Olsen's
transition probabilities here, o

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

of these AII lines to be derived, namely:-



FIG, 3.10 BOLTZMANN PLOTS
FOR DIFFERING ng AT 39/.18.
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,“ ; n >4 (W)’lr 10203 (+ 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 preion;ser. The probe consisted
of two aluminium wires set in a dual tube ceramic tube, with a
LOV bias between them, held constant by a large (36pF )
condenser. The current drawn by the probe was measured across
a variable resistor of vaiue 200 to 10kdkL , The probe was
introduced into the torus through a sliding Wilson seal, its
' position being adjusted by a micrometer table. A review of double
probes has been given by Kagan and Perel (1963) from whom the

saturation ion current is _

i ="bn e (ng )% s(V) (3.18)
p © \m °© .
i

where b is a geometric constant
S(V) is the sheath aréa (taken here as the tip area)

mi 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.= ieV', and so'is somewhat arbitrary.
It is noticeable that the number @ensity 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.u)

and the non zero value must be attributed to a systematic

A}
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ne L %;
LANGNUIR PROBE // //
NUMBER DENSSTY
FROFILE AT 80ps / d
2 MTORR ARGON
/
7
0 2cm
1 L i | {
¢ s
_—>
Tube diameter
" experimental error. = T o
: |
3.8 " Measurement of electron number density by Stark

broadening of hydrogen linss.

Line broadening measurements were made for the dual
purpose ofoumhﬁqg an ion temberature and simply as a
reliable number density diagnostic which can be ugsed for the
plasma under the coil. The dispersing instfumené used was the
grating spéctrometer described in chapter 9; the wavelength
scan was by a rotating élass block. Tﬂe instrument line
width was .2 to .3ﬁ,limited by the collimating lens. The shape

of the instrument line width waé Voigt type.
Within this experimental constraint the only lines

which are Stark broadened sufficiently at densities of
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20 1-3

10 to 102 m - are hydrogen lines and in particular
Hg. From Griem (196L) for Hy, the full half width
AN(R) is given by _ .

n, = 3.6 1020 A)\3/2 w2
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 shbwn in fig. 3.12 is
similar to the split observed at higher number density
(Wiese, 1962). This dip is probsbly for the same reason

i.e, there is no wunshifted energy level.

e he e s mm emee

FIG, 3.12

Hg LINE PROFILE

/\ Intensity ijs, IN A HYDROGEN

PREIOVISER.

1.3 1020 p~3

o
n

19 mtorr
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An attempt was made to reduce the shﬁt to shot
varistion by simultaneously monitoring the total line
intensity. This gave a normalised signal

s, (M) = T(M /GM T()\) d\) which
was no more reproducible than I(A). The conclusion is that
non reproducibility is due to number density fluctuations,
(rather than fluctuations in the 8pat1a1~profile) which alter
the shape of the line.

The measured half width is unfolded simply from the
~ T dk¢-+ Adpe
where Axmp is the measured full hslf width for Hp

instrument width by A)\

A\i is the instrument full half width

Axpp is the plasme broadened full half width for Hg

the first order assumption being that the plasma broadening
causes a Lorenztian profile, there being negligible Déppler
broadening. The resultant number densities are higher than
the values measured by the HCy interferometer.

The Stark broadening of Hy is 20 times smalier than
Hp and so the He will be mainly Doppler broadened. This
Doppler brbadening,sca;gd fdr the different wavelength, can be
. used to obtain a better value of the number density from HP
broadening.

For Hu AN = A\ (+) AN (4) LT
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ﬂhere Ak se is the Stark breadth
| Ak'dm is the Doppler. breadth.

and (+) meansconvoluted .

As the Stark broadenlng is approx1mately Lorenztlan,
AN OB = B+ BN

The unfolding of A g 1S then a simple matter of using

the tables from Davies and Vaughan (1963). Ak S 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.satisfieé

n, = 1022A)\ .so<3/2 m3,' |

Then the relation \
Ade = I3B8Ng ."
is used to revise A)‘SF’ using the Voigt profiles for

evaluating

AN BNy = Bhg + B\

The process is outlined in fig. 34132 there~i§ good agreement
between the value of ng 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. 3.1lh.



FIG. 3.13 . SCHEME FOR EVALUATINGMsg

For the decaying preioniser, hydrogen p

profile, ANy = - 34

———

19 mtorr; instr'ument

55 o e [ [ [ [ e [ [ [
2y [ Y | (V) ( ( A%MA ig (6% m .
20 1.46 | L7 {..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 |1.3x:1 o
40 .76 | 1.2 on | .66 | .3 | .y 9 | ..3 | .e0o| .32 |.6x.1 | .66
50 .55 | .55 | .02 | .56 | .32 | .34 . .25 L3 .15 | L2401 | .23
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Pressure ?3?6 n, mo waﬁom(ev )
25 mtorr argon 30 L.,8 1020 .9
+ Lmtorr H2 LO L1 1020 9
/ L5 3.6 102° .9
3«5 mtorr argon
+ 2 mborr H, L5 1.01 10%° .55

FIG. 3.14 NUMBER DENSITY IN ARGON PLASMAS FROM STARK

BROADENING

Notice the low atom temperature at low pressure.

In fig. 3.13 3 temperature is evaluated for the
Doppler breadth. It is well known that this is a questionable
operation because of the effect d mass mption. Hgnce a scan was

made of the Dy line from an argon plasma doped with deuterium

and compared-with a hydrogen doped plasma.

Doppler
z width

A

FIG 3.15 DOPPLER HALF WIDTH

FOR A DOPSD ARGON PLASNMA 25mtorr A

¥ hydrogen
e deuterium

. ¥
X
X
20 Lo %
i | | }
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The 1inés widthsvdué to Dopplér broadehing éﬁishown in
fig. 3.15. chordiﬁgiy deuterium is twice. as hot as’
hydrogen. Thé inequality iﬁ‘femperaturé,being this way around_
does show that the line width is not due to directed motion,
as one would expect a hiéhér velocity for.hydrogen than
deuteriﬁm. The equality of velocity of the two species
-sﬁggests that;the heatiﬁg has come from the pinch, the
impurity assuming the dirécﬁed velocity of the imploding
rshell‘and then being randomiéed on axié. A | -
>The.in¢rease in the atoh temperature with argon‘
pressure céﬁ also be accounted_for by this mecﬁanism. The
hydrogen atoms are accelerated by the frictional drag on the
implodihg shell. The mean free path is |

Rex

= 2.cm for ng —= 10903

= 2,mm for ne = 1021mm3
In the first case the 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 dénéityfrom‘the HCN laser and laser

scattering

"~ The electron_densities in argon and hydrogen decaying
plasmas are shown in fig. 3.16 and fig. 3.17. The scattering

teéults are shown together with these results in‘fig. 3.18.
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The scattering and interferometry diagnostics are unequivocal,

#xcept that there will be diffusion into the ports.

It ig strange that the Stark broadening should give & value
too low at 25 mtorr; the emission will be greater from regions
‘of higher deﬁsity and so a value equal to the higher density

would be understandable. It is tentatively concluded that

doping the plasma increased the diffusion. Dacz'vi, and so a
p : T, 107203 n, 107203 nelo_20mT
mtorr HCn ' Stark broaden-— Scattering

’ ing
3.5 W5 401l 1. 1.2 + .2
10 1.3 +.1 ‘ 2.6 + .4
\ .
25 7 + 1 b1

FIG. 3.18 ELFRCTRON DENSITIES BY DIFFERENT DIAGNOSTICS

t = 4O0ps., ARGON
¥

small percentage of hydrogen could change Da_by virtue of the
large velocity relative to argon at the same temperature.
The measured ratio W, = 42 + .1

Ry (r=0)

For n, = J_(rf2.4d), T, = .62

ne(r=0)
50 a pfofilé as peaked as a Bessel function pertains.
The local decay time, as a function of time, ' (t) is

measured from fig. 3.16 and fig. 3.17 and the quantity,

\
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.2 .
a n 0y /fi =JWE(1 + We/wi) _ (from eq.3.7)
2
QC.lyT N e
evaluated below for filling pressures.of 25 mtorr argon and 17

mtorr hydrogen.

/ time oS Lo Lus 50 60 80
" = :
Wi(l + We/Wi)gv
Argon .2 A .87 .81 1.1
Hydrogen .82

The ion neutral momentum transfer cross section for
hydrogen is 40 16”2%? from Green (1966). Ambipolar diffusion
can reasonsbly account for the diffusion time for all but
t = uo,ugﬂs. 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 HF and the

neighbouring continuum. The theory has only been worked out for
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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=3is in 1l.t.e.

20 _-3

with the continuum, which requires n82:2 10°"m -, as well as

dufficient time to populate the level from the continuum
i.e. £>10 %% , then the line to continuum ratio is only a
function of the electron temperature. Application to the
‘hydrogen cusp compression wifh ne-5 lozom,-3 is dubious
because of the number density criterion. If the quantum level
n=31is not in l.t.e. with the continuum it will be
overpopulated (Bates and Kingston) relative to the l.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. 3.19 W FROM LINE TO
‘ CONTINUUM, BENZATH CUSP COIL

S
7
X
~
n
<
-
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FIG. 3.20 ELSCTRON TENPIRATURE BY A

BOLT ZUANNPLOT

25 mtorr argon, Vc 1.5%V, ring cusp

e = 1.5kV
" 3.5 mtorr A
; B
A W) |
Ly
ol
Hpsd 1o
x 2 1 1 i 1
g 1003 V, = 1L.5kV

17 mtorr. H2

10 i(p!) . . Elucd

0
1

FIG, 3,21 L&°.R SCATTYRING ON THS

CUSP_CON'PRESSION

Values at the minor axis under the ring cusp

t lO,Af

LN |
>

“

{0 7Y
1

3.5mtorr A

t =z 12’;.3,
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Vg, = 1.5kv , 25 mtorr

4

« + under o coil,
1. . g e oo g CUSP.
A e 1070 .
10 ps t
1 { (| > v

FIG, 3.22 NUMB®R DENSITY FROK STARK BROADENING

OF HYDROGZN DOPZD ARGON PLASMAS

Vc =l. 5kV , 3.5 mton
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(b) Boltzmenn plots
As Dbefore 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 parameﬁers are shown
in fige 3+21. The results are for a volume of plasma9mm x Ilmm
X lmm at the centre of the ring cusp. |

| The variaticn of electron temperature against
bressure and charging voltage, at 12/43 is not shown as it is
constant.

By comparing the local scattering temperature and the
liﬁe 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 temperéture,which
agrees with the line to confinuum 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 undér-%he ring cusp and under the coii. Results for a doped
érgon plasma are shown in fig. 3.22. The procedure for
distinguishing Doppler and Stark bréadening was as outlined
previously . The atom temperature was constant at .9eV.

Consideration‘wili now be given to the effectvof

Spatiai inhomogenity on the Stark broadening measurements.
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ﬂhe intensity of 'a line such as H¢ 1is given by
! ' I=4An(2,p)

where n(Z,p) is the number density of ions of charge Z,
Awith principal guantum number p, and A is a constant of

pr&portionality. One form of the Saha equation is

n(z-1,0) = 4'n,n(2, 17,72 exp((5.0 -5,) /1) (3.19)

where Ep is the energy above the grourd state of level p, and
A' another constant. So for a pure hydrogen plasmé,if n=3is
in l.t.e, the intensity of HF is

2
Ig = n(2,1) ny «n_ ",

As in the line to continuum measurement HF is just in 1l.t.e.

with the continuum for ne-7102om73 snd so eq. 3.19 is valid.
|

1

For a dbped argon plasma

I (Tl,l)_ne

P“n hydrogen
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 veibcity. In fact
there is an_ additional coupling beéamse of the magnetic field.
As shown iﬁ the next chapter an approximation to the collapse
velocity is given by
E+y B=20
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+HY = A" 4 on

which occurs at a rate of lO6 Hz, then

n(2,1) = ¢ n,
Where f is the small fractional doping ratio and assuming
the same percentage ionisation of hydrogen a2s argon. E¢,-E3
is less than 3.4 eV and so there is an appreciable temperature
variatien from the exponentional factor in eq. 3.19. The
intensity of HF will thus be an average,the ng'factor
weighting the intensity to the high number density,balapcing
the exponential weighting for the cool,low density region.

It was not practical to mgke Stark broadening
measurements at many places and so the continuum level was
used as a gaug of number density. The expression for the
recomblnatlon and bremqprahlung emission from a plasma is

PP vy = (¢ exp L Ealb(q V] + .17 f.o/wf " explEnfqw)
+ N, n(%)(EuN) exp w/w)) dv. -—(‘mo)
Qin is the lowest guantum number which can contribute in
recbmbination radiation, being 4 for A=5000% in hydrogen.
In argcen thé value will be 7. q¥ is given by the Inglis

20 -3

Teller 11m1t being about 15 for n, «~10 « W is the electron

temperature in eV , and C's are temperature independent constant
For Ww1eV, Aw 50004 eq. 3.20 simplifies to

B+R(v)dv = C Cy 1.1 n H?Y?B) exp (=2.L/0) av
AW

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

is seen in fig. 3.23. Hence the continuum can be taken as
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FIG, 3.23 F
Y

{ ¥ = E§Q(2.M/W)

=1
W W
' l

2 . .
=n, in these experiments.

The continuum vas measured at 5265&, the nearest
argon lines being at 5245 R ana 5286 K. An instrumental -
width of 78 was used. The slit height was 2mm. Absorption in
‘the torus wall was allowed for in the toroidal direction.by
célibrating with the preioniser only.

Some spatial profiles obtained are shown in fig. 3.24.
At 3,5 mtorr, 6pus 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 pfofiles, information can be obtained by inspection. The
radial profile under the coil shows a shell of high number
density implodins. The shell is about 1.5 times the central
number density(at 3.5ws) 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 HCN 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.

35.12 The number dengsitv profile from a Langmuir nrobe

The Lengmuir probe described in sect. 3.7 was used. Simple
probe theory séys 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
'currént, and was not a common mode signal. The potential
that thé 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 bolarity the plasma
potential will fluctugte by'% Vc' 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~21:'2 = 2 v 3004k
sTIr S1ur '

where r is the radius of the probe tip and the neighbouring
plasma temberature is taken at 1000QK. Rp Csv~1ps and so can

account for the signal observed, The difference between the

signals with and without a bias voltage was taken proportional
1 .
to n W=,
The profile of this probe signal is shown in fig.

3.26. The profile could only be measured beneath the ring cusp
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PIG. 3.26 RADIAL - : P
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\
\

Vv =1.5kV , 3 mtorr

under the ring cusp

INNER
WALL
N
OUTER
WALL
)
N

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

Aq ion probe similar to thetype developed by Ashby
(1967) was used to measure the flux of the plesma 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 insiée. As long as the ion directed
‘-velocitgl.v.i is.larger than the thermal velocity.

Ip = Aniviq
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ion density

where n. =
] 1 \
| vy = ion radial velocity
a = ionic charge
A = area of collecting hole normal to vy

The probe was situated 10 mm from the wall and scanned in the
toroidal direction, the excursions being limited to + 1Omm.

The outer of the probe was inductively isolated from earth by a
ferrité 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 &ithout Vb. The difference was only measurable
IOPS after the cusp bank fired, as the signal without a bias
voltage was largeét when VC was large. The ¢ scan of Ip is

\

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

FIG, 3,27
TOROIDAL SCAN

- OF THE RADTAL

S

\:I:P '}E) ) B = Bmax
FLUX THROUGH _V=Lgﬁ%k./ . X} | |

THE RING CUSP N \

Vo= L.5kv ,

3.5 mtorr, argon
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8mm and 13 mm when B =B __ and B = B max/é respectively,
When B = Bmax Br’ the radial magnetic field at this point
s .
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 V1 is also evaluated. This is assuming a value for n,

of 4 lOZOm-B. The value is shown on fig. 3.27.

3.1Lh. 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 thaf the: vacuum field was unaffected by the presence of
the plasma, i.e. <10% pertubatibn. |

An order of magnitude improvement was
'achieved by balancing‘the signal from inside the plasma, which
did messure 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 tim¢ thé present more sbphisticated
electrical screening was not available for the oscilloscopeé and

-

g0 2 large turns area coils had to be used. Hence the poor

rise time of the probes.of 4OOns., 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 | B COIL OUTSIDR PLASMA

19 KN ,
AN /I
A 100% —1—5,6000F.
‘ " A-B
/ . , ”l' OF TEKTRONIX
. % % 9-5'—5,6001315‘ 'CA' PRHEALP,
100N
_ AV i
19K

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

| have a slighly 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 midﬁay between the planes of the ring cusp and the coil.

Three pertineﬁt features of these traces are:—

(1) =2 sharp rise and fall. The peak value of the
plasmé.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 rise time is a combination of the rise time of the coil
and the time taken for the field to diffuse into the conducting
plasma. A steady value 1s reached when

Jo =5
Then there is a fall in the field because the plasma starts to

move in and
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FIG. 3.29

FIELD PRODUCYD BY THE PLASHA

2ps/em, 167 gauss/cm

IL € (a) balance, 2 shots with no plasma,
] (b) 25 mtorr. argon, Ve 1.5 kv,
-\/\ (e¢) .3.5 mtorr. argon, Vcl°5 kv,

The vacuum field in the plasma is

positive.

FIG. 3.30 VALUES OF b , FOR VARIOUS PLASMAS

at r = 0, 1.2 ecm from the coil

V(D 115 1.5 1.5 1.5 3 1.5  1.5°
p mtorr |2(4)  3.5(a) 10(a) 25(A) 25(4) 100(a) 2O(H2)
: bx(gauss) 82 116 150 200 370 250 82

T (ps) 1.5 L9 2.2 33 27 6. 1.6
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Ee -VPBZ =0

(2). After the fal 1 there are weak oscillations,
‘similar to those in a theta pinch being of a .frequency
/ B mhnre/ﬁls the mass density of the plasma.
_ f“/ (3) Wnhen the cusp field next passes through O
there is another slover rise of bzﬁ
' . Now curl b = Fo 4
and so  j, =1 '(QQP - gg¢)
Mo \Rdg adr
- assuming cylindrical geometry and z = Rd. If the magnetic
vector potential is A and
A (r z) = A (r) cos k2
then A- (r) can be evaluated from bd(r) as

b 1 4 (ra)
g r dr ©s

ig%f;can also be evaluated from this value of
{
|
l
A (r,z). i} (dbr—dé ; ted in fig. 3.31.
0( ,') Jo = o pdg 9 ) is evaluated g
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 £illing pressure of 25 mtorr. These are shown
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in fig. 3.32. . Photography at 3.5 mtorr was-impossible
becauée 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.
ﬁz) The current which drives this compression drops
after 3Fs. .The number density under the coil also drops. The
radial profile beccmes centralised to sbout 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
tooped. |
. (4) The number density under the coil drops to a
minimum value.of % of the rinz cusp number density: The plasma
density under the coil then starts to rise again as the plssma
flows back,driven by préssure gradients.
(5) The plasma flows out of the ring cusp region
through a 8mm wide slit, with a velocity of 2 10%m/s. This

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

particles.
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(6) At low préssure the number density in tﬁe
ring éusp region starts to fall after 7fs. This is through
the joint effect of lbss of plasma through the ring cusp, and
plasma flowing back into the region under the cusp coils.
/ - The quantitative resuits of this chapter arg
summarised in fig. 3.33. At 3.5 mtorr there'seems to be‘
'Qery full ionisation > 70%. The data is used to evaluate

'a line density under the ring cusp.

FIG. 3.33  SOME RESULTS OF CHAPTER 3

Vc 1,5 kv, 12ps after cusp

p mtorr . 3.5 25

T r.c. 10720 1.7 +.2 7+1

e

(Stark)

i, cotl 10720 N 5.5 + 1
(Stark)

He r.c. 10720 : .
"HCN (extrapolated) 1.7 +.2

.___e_ TsCe fcontinum) - 2*5 1.1
1. coil :

e -

n, peak 10720 . L + .5 11 + 1
scattering
W (peak) eV. 1.8 +.2 1.8 + .1
W (av) eV, : i 1.0
Ta(ev) 9
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CHAPTER FOUR

THE CUSP COMPR¥WSSION EXPERIMZINT: THEORY

L.1 The neglect of the skin current and the

resulting simplification

/ In the work of this chapter tﬁe effect of the skin
current is neglected. It will be shown that.this is consistent
with thé experimentél observatipns.
| 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 heatiné. 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 1FS of initiation.
This diffuéion time is consistent with the measured
temperature.
7, = pira?  ~ 400 w2 pg,
'
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 je at < n, I
s 0



" where nn is the neutral number density and I the .

ionisation energy,to prevent a temperature rise and thus '
a skinm, This is hardest to satisfy near the wall as
B, is largest. | At the wall this condition gives |

<'1020m 3, using W = 1eV. 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, R s be
small
R, =P, "LV =evira - 81077 u 37
lu.rl-: t
assuming V ='Eé , Wwhere & is the angular freguency
- Bwt

“of the cusp field. Rm is largest near to the wall and
so W can be takeﬁ és leV., Therefore Rm is less than 1
Tcr wt greater than .1. 1In préctice Rm is always<l as.
it takes 2 ﬂs to accelerate the plasma.

The simplification of the eguations obtained by
neglecting fields produced by the ﬁlasma has an important
nuﬁerical:implication. Alfven and vhistler. waves are
: eliminatéd and thus the stringent timestep criterion
imposed by waves for an explicit numerical sclution

(Watkins et al,1571) is eliminated.

4.2 Analogy with a lovw vcltoge treta pinch

The plasma acceleration is seen to occur in the first



S

92

FIG. L.1.

THT RADIUS OF THI PINCH,

" AND THE CURRENT

Fig, b.2,

CATCULATHED AND EXPERIMENTAL

TIMES FOR j_

= 0

T, (fig. 3.30)ps

-20 =3
n, 10 m

1.5 {gn )%(1500

3 20
w3 10 vV,
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&BFS. In this time the cusp nature of the field is un-
important as flow velocities are of the order 103m/é. 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 (t) =3B w t
Then B, = -g W B, d.e. it &1L
The equation of motion of a region of plasma is v, = jg B,

dt f

where  j_ o*(Ee--vr BZ)

as gg = O which implies jr’ jz = 0.
Therefore dv., = -EB wt (r_b._)‘bB + v_ B tuw )
at’ 7 5> O r o b
2
= = B U’; st(r , wv.t)
Defining oy = Bgzr =W, T uwr - e,
7 ce ci

in terms of the cyclotron frequencies and the collision time,

allows a suitable dimensionless time variable.

X:“J’t = BZF t

1 —o
to be introduced. o€ is the Hall parameter.

The equation of motion becomes

2 2

dr + w{x?dr + We, x r =0
dx e dx 2W;
' 1
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——

Ly

|

fIn terms of a new dependent variable y = X(JB)Z/B the
|

. equation becomes )

2 2
d r +y dr + 1 _ 0
dy< dy 2 y*r = 0.
To find a isries solution. a Frob@fnius mathod can be used.
9.4 ]
If r = §=° a, y " s then the usual method of

equating powers of y gives a s(s-1). 0

al's(s+1) =0

82(542)(s+1) =0
and so s = O, a, =0, 2y £ 0 =+ 8, giving the two necessary
independent solutions. The recurrence relations are

.93n+3 ='(‘30 + %—)

=-(3n+1.5)

a, ; a |
3n73) 6o+ 3n’ "3n+h L
(3nt3)0n+ 2) f - Gntl)(Gn3)
Wheny = O, dr = 0 and so a 1 = O.
y B . )

The first few terms of the series are

r (1-1 3y +7_ ¥
°© 12 720

6
r

-0 (1072) y  +uun)

The series was.evaiuated nﬁmericélly-and is shown
in fig. L.1.

I, = G'(Ee— v, BZ) ot (r +2§_§ V) Z‘LS‘ also

plotted in fig. L.1.
From this plot Jg = O when y = 1.4. The negative
<

jo arises because v >»Ee/Bz and the plssma has to be

decelerated,
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_ oy 273 2/3 - t
y _tﬂb B0

and so the current reverses when
& =1u1/3

Fi5 e 52/ % 2/

This is to be compared with the normal snow plough
model where there is a f z dependence and 5%. UbB,depends
only on the inductance of the circuit and the charging
voltage.

For the plasma geometry used

B = .y (at r = 3em), & = 1.25 10”°Hz

then  t = 1,55 (n ’)'3‘ (150_0)2/.3 s. (4.1.)
<20

K v
W 102 c
The agreement with the experimentally measured times of
|
chapter 3 is shown in fig. 4.2. "The value’of n used is °
the fiilihg pressure and then'there is good agreement

with experiment.

b4 3 The symmetry of the experiment

It is obviously important to make fdll use of all
available symmetries., There are advantages of simulating
- two adjaéent symmetrip regions. e.g. to check accuracy and
to allow long wavelength instabilities to dévelop, 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 uzb, two coil
separations. It is also symmetric to mirror displacements
about both the ring cusp plane and the colil 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 P A A A
9.—5 —Q ? f—% f ) '_Z.' ""5_?-

This is intuiti¥ely 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
f§ component of Ohm's law:-

JslT = B + w& -
i DLy

+ j_;E(/ne - J}K;/ﬂe

'E
FERYERRY

+ -

+<-..<.

and the axial equation of motion:-
() I ty ¢

For reflexions - about the plane of coil, the polarities

change according to
A A A A A fa)
8 -~ 96 , r—2¢ 2 —>-2

- — - - 1 -

For example the radial equation of motion:

%\Lr-., Vv t%2% < jok - 2
A S SR A A O
+ + + T - + A+ +

Note here, that for mirror reflexion about the plane of the
coil BZ~»BZ. Bz’ Br’ Ee are externally imposed guantities.
Strangely b_=» -b_ for reflexions about the plane of

the coil, but Ve—> + V_ 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:-
jals = Ey 1+ VB - B x LE[ae~ o8 [ne

_’t
* " b
o+ + A
/Hence it has been shovn that the system is symmetrlc 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%, the polarities
changing according to

A A A A
£—=r, I—>-9,

L MRS
l
a

L. L The plasma equations

The continuity equation is
& = ~ V. (py) + mIoN  (L.2)
o€
where/ is the plasma density
m is the mass of the ions

and ION the number of neutrals 1onlsed per unit volume per
second.

Thé three momentum equations are

2 () =~ jaB - Vpvy)

ALV 5 1 v Ten (g 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 . Fx is the momentum transfer cross section
between the ions and the neutrals. This is taken as 60
107%%0? (Hastea, 1962). v,, is the total

ion-netural relative velocity.

V. = (8k (%? + 1?) + (v - zn))%
™ My

. : .o R, |
and is simplified to v, =V - ¥

The coupling time for the ion neutral velocity is

5f5 for ion and neutral number densities of 1020m-3.

An
order of magnitude either way and the neturals would be either
completely coupled or decoupled, but unfortunately a detailed
tfeatment is necessary. '

The electron temperature is found by an energy

equation W = j% - VUy) -pVx
- ION I -3 nk(T_-T.) (hoh)
2 Tt

where U is the electron internal energy/volume = % n k Te
and CTeq 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 ﬁe many times the
internal energy. In practice the heating and ionisation

terms in equation L.4. dominate. Electron thermal conduction

is ignored.
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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.

L.5 The neutral eguations

The continuity equation is

W = - TPy -m ION (L.5)
W % & |
The three momentum egquations are
n._n n _n_n n n
%e(/’ ) = "z(r’li)"f’—f(-‘l‘!)vrel"-"

-y mION - (4. 6)

The azimuthal velocities of the plasma are small and
so the azimuthal velocity of the neutrals is neglecfed as it
affects the dynamies in the r - gz plahe only by the centri-
fugal force. Both plasma and neutrai momentum equations are
for ionising plasmas. For recbmbining plasmas the last terms

should be + ¥ m ION,

L.6 The ionisation rates

Without convection the rate equation for jonisation is

. _ ‘ _ . .
%%e = n, nn S(w) & (W) n,

where S snd o< are the collisional radiative ionisstion and
recombination coefficients, and n, the number density of

neutrals.

oy 21073 18 sl (D*Angelo (1965))
W 4.5
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and so for W > 1eV , which is the experimental regime,
~ the recombination times are milliseconds .

The ionisation rate is taken from Griem as

- l -
S(W ) = 4.2 10 12(@)2 exp ( - B/H) n*? st
5

_Here the coefficient for hydrogen’7,ldiu,has been multiplied
by'6 because of the optically active electrons, and 10 to-

account for ionisation from the upper state of the resonance
= 1021 m—3

line (estimated for n from Griem eqg. 6.36). 1

e
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 l.t.e. for argon[l. So for
AT this could be expected to scale to 1.5 eV, which is

also the value of E /h2 given by Griem for a hydrogen atom.
Hence Ey = 13.6-1.5 = 12eV. Hence S(W) = 1.2 10712 w¥ exp
(-12/) m*? s71 . The ionisation and recombinstion times

are given in fig. 4.3.

FIG. L.3 IONISATION AND RECOMBINATION TIMES

) w Glps) | C(pe)
1eV, n_10%n™3, n 1021y~ 140 350
leV, n; 1020m—3, nelozom'-3 1400 3500
2eV, ﬁ; 10°n73, n_10°%n"3 3 10°

3V, n_ 10%%m3, n 102093 .25
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These times show why low density plasmss with no source
of enegg& have temperatures of 1leV -»2eV, Ionisation
at high temperatures will cause a rapid drop in the
temperature. But when 2eV > W>1leV , ionisations stops
and recombination canﬁot occur, The only way of losing
energy quickly in this region is by conduction.

In the cusp compression experiment temperaures will

stay below L4 eV , unless full ionisation occurs, but will

stay above 1leV , because of the poor thermal conduction

discussed in chapter 3.

L.7 The equation for jU

This is simply Ohm's law.

é_@ =8 *V, By -V By —n-l-e (3, By - 3, B,) (u.7)
where Eo’ Br and BZ are the vacuum values. As a check on
the field produced by the plasma bging small compared with
the vacuum field the field produced by j, is evaluated.

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

2
Vag =~ H Jg
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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i

'then‘simply evaluated as

R
Az r )I‘
L.8 The equation for be

b, is caused by j,. and j_ (or vice versa),
There are no direct applied forces causing 3f and jz but only
the je BZ ana Jg B, Hall terms in the £ and 2 components
of Ohm's law. Additionally div. i = O and so to determine jr
and Iz it is simplest to solve for be' As before,b is the
field produced by the plasma and B ?he externally iﬁposed
field. [b[<<[B|and so Faraday's law and Ohm's law can be

simplified to

-3, = Va(ifs - xxB + 3B - V?g_)) (4.8)
kE ! ] ne Wl
AT BT g—r D‘l‘

-

" Solving eq. 4.8 as a parabolic equation éxplicitly
woﬁld 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, = S L3,
where f is a characte;‘ic length £r.

The 1.h.s. of eqd. U4.8 can be neglected then if

a--be <
ot v
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/AF ¢ L
% ¢r
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

2 =0
/ 3

Now examine the r.h.s. term by term:-
(1) 2y = Va §fr),

= I -1 3 b, +'36’_L'3(rb) -+ le )
b"u.( 5 a2 & X7 9) ’

(2) B, = - Va(VaBY), =- ,—g—r{"egr ) - %—2("98%3

which is computationally simpler than differentiating

the products.
= 1 B = 2 - -_-BD 2 (E
(3) C, VA(%B) ) 2(&E) =2 Je)*'g—;_(Je)

5 o2

o = O(E + %E B, - B lne + oBylne )
- - = F-(Ll3 '
F gzl»‘o\(:\\, + HHoJr F q%é—F(rba)*‘ H%_‘;G

G- (DF- G LRleh)-th, ) ¢ 2 (E(F-GLREN) - H b))

22 93 or

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

second derivatives of b
oW - L W
Br

(M)DT ) —V( s :‘; w °r 9%

where w is the electron density relative to the initial

ow
0%

density at r = O, 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
. ae ¢
Sourc - b%, « by ST6 + b STL + b ST3 + by ST4 + ST?(b +b"° (,?_;,:“’3 -
ST
where Sourc and ST3—3T8 are independent of b,
Solving for the centre point, and applying a relaxation factor

Wr,the equation becomes

, [ A, N, i
6;,‘) = b; T N}(S‘T-‘f (Souf'c + be§7§+ ...... + ~Dy P)) - Wy b° i
(4.9)

the superscript p being an iteration counter.

The vacuum region must be treated differently as
O = O would allow singularities in b,. The iterative scan
of eq. 4.9. is thus only done up to the plasma boundary and
bo set to zero outside of the plasma.

Tﬁe 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 b, ;é and as by = O

at r = a, then b

O for all r. The last boundary condition

on b is that b O on the axis, from

9§‘> o = po[i.df
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To check the coding and solving of this complex

equation a value for

‘k E)e = gg' - ?Ea
dr

was calculated. The values of be found from solving
equation 4.2 were differenced to form jP and jZ. Sub-
stitution into the r and z components of Ohm's law,
together with the 8 Ohm's law, gave values of EP and
E,. The derivatives of curl E), were evaluated by
differencing these values. The two .terms in curl §)é

cancelled to within 5% of the individual values, Verifying

the correctness of the so

lution.
' .

,h-9' The physical reason for be

Contours of be are shown in fig. L.3. These results
“were taken at t = 2ps, 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

Iy b, i, =1 (b, +2b.)

=1
. e 0oz fe T or

At this time there is a simple explanation for the

A . A :
cause of be' The r and z components of Ohm's law are

T

3£ =B = 35, . (4.10)
ne

Iz = E 18 (4.11)

o ne
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N— FIG. 4.3. CONTOURS OF b_ IN GAUSS
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indicate the direction of
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at a time ﬁhen the pressure gradient and vy are both
small. je is negative and proportional to je§ cos kz.
jr and jz must additionally satisfy

Vi =0

E, ard E_ are set up so that this condition is fulfiled.
Suppose the two terms on the r.h. side of equations 4.10 and
L.1l are considered to cause separately a Hall current and
- an electrostatic current. The directions and magnitudés
¢f these currents are shown schematically in fig. M.A. -The
radial Hall current is largest near the coil, but 1is always
outwards., This divergent cﬁrrent flow causes the outer region
of the plasma to become positively charged; the resulting
electrostatic current is inwards and appfoximately 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, regiqn 2.
That is

jr(%)/a' = E - J'a_b’; [ne B FM‘?’-‘
2o
VJ- -0 f Jr dz = 0O ol%.,'F/bo

d',.(%) o p('Z/IT —mk:&) -aF'(.Ul—- cosBz)
.J; =25 By /ne Je = 2T \/'9

taking an average value. At early times W lis small, and so
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jr’ J, are small c.f, Jg
The applied E, is up to 1 xV/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 w'c
~approaches 1 the snalysis is modified slightly, as

= 0K (.
Jo De + w‘CJr
Now Ohm's law is considered only on the.line f along

which jz = 0, and the neutrality condition becomes

fﬁr r.n dft =0

then 3. (1 +(u‘t)2) = E_ - (2¥E
er r e
When Wwt= w‘t)o cos kz S> 1 then
o i
jI‘ = R - 615_@0

w‘ﬁgl&n‘ka wt)

The flow will still be in the same direction; the current will
be reduced to ﬁﬁg/?aﬂ% but the electrostatic fields will
still betJZ?Ee. The characteristic size of the loop will
decrease as flow will be restricted to regiops of low WT.

It is unfortunate that in an exact solution for jr
and jz the clarity of approach demonstrated above has to be
' 1ost . This is because one must use the fact that Ya VU= O,

and hence VW is not evalusted.(U is the e.s. potential)
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L4.,10 The numerical solution of the eqguations

Schemes suitable for the solution.of the m.h.d.
equations aré'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
sets 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

Y - F+V.G + 9P (L.13)
3 I

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

ffound from

U:H -(L«:¢+u; +u;‘w+u,,",,,)/q- + d¢t F:_'

edtl6ll( Goor + Goo, e XTAY ~ ( Grae + Gree YT 12 )/ T

+ (g:w,a t g:w,t - g:e,:e" q:\e,t)dklza '

v defla ( P+ Pre—= P -PRi ) {12
where the compass point relation to the r - z coordinate ié
shown in fig. 4.5. The radius of a.mesh point is r = Ja where
r . a is the length of the side

A
of a cell, J the radial .

xnw ¥ ne
coordinate, and dt is the time-
% 13 step. The conservative form of

the second term on the r.h.s.

2 of equation L.13 has been

A 4

FIG. 4.5 |
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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
on the main mesh, at time level n + 2 the also;rithm is ss
eq. 4.1lL4 except that:-

(1) n — n+l

n+2 n

(2) ug' "= u, + ceoee

“that is,the new value is calculated from the 0ld values on
the main mesh.

The equation for by (and so j, and jz)‘is only
solved on the main mesh, the values on.the subsidiary mesh
being interpolated but at the wronz time leﬁel.

As the Lax Wendroff scheme is exPlicit the timestep

must be smaller than all of the characteristic tiﬁes of the
ph&sical processes represented by the eéuaﬁion, otherwise é

numerical instability results. In practise the shortest time
is the radial acceleration time of eéuation L. 3,

T.=n m = 1 (4.15)

a .

2
ha BZ w—;; wg:tﬂ:

When BZ has attained it's maximum value this can become as
short as 1Ons. During the calculation it is ensured that
.2 <'max(dt/zé) < .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 of“dence the electron

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

that mesh point is treated as a vacuum in which nd current
flows, and any residual neutrals are ﬁot 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 b  are shown in figs. 4.5, 4.6,
and 4.7. This approximation is reason;ble..The temperature is
fixed by ionisation; j, <€ j  if WwT<w, ahd. when (T « |,

little current flows as then Vo = Ee/%z.

Fig., L.5 shows the field produced on axis under the
coil. The comparison with the exberiment (fig. 3.30) is within
a factor of 2. (3mtorr = 1020m_3, 25lmtorr = 5:1020m_3, fig.
3.18). The.peak experimentally measured field should be doubled
to take saccount of the position of the.magnetic probe. From.
this comparison an averége 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.



-200

. 7 T & (ps)
1 1 ! | N

———

5 10297

FIG. 4.5 PLASMA FIELD ON AXIS

NEAR A COIL

for different initial densities

W= lev., V_=1.5kV,

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 3.6Fs,

- n/

for n=2 1020 m-3. The nett plasma current is'small

because E +vxXxB =0 3
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

uﬂt.= 5B, =5

. ne .
and so for times later than this the effect of bo should be

considered, 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 8Fs the compression into the ring cusp °
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region and subsequent pressure gradient, causes the axial
velocity to reverse, (For n = 1020 and 5 10%° this reversal
occurs %ﬂs eariier and later respectively). This is
observed experimentally, occuring at about 7 + 2ps for 3.5
mtorr  (fig. 3.22). The peak densify at this time is 2.3 x
the initial density,compared with 2ifor the experiment
(fig. 3.21, 1Omtorr 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 énd 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 = 5 102°m_3, n =10
10293 and v = v' = 0 initially, are shown in fig. L.8. The
temperature rapidly rises to 1.6 eV where je is large;-this
temperature being fixed by the ionisation rate. Hence initialy
the 1ine.of sight density is larger under the coil than
under the ring cusp; This is seen experimentally fig. 3.24L
Consequently the field on axis is °~ LOO gauss c.f. 200 gauss
in fig. L.5. However the effect of conduction is not included.

Fig. L4.8. shows the plasma parameters at 3. 5/.;9 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;.Léter this causes
.trouble because of the very high local values of ¢ when the
tehperature rises because of the absence of ionisation. Clearly
conduction should be included but this is nofsimple because of
the anisotropy and vacuum regions. The radial skin in the numﬁer
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<z VsV, 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.
%.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 ibnisetion.

h,12 Summary

A simulation can accbunt.for most of the features
of the cusp compression experiment of chapter 3 and indicates
that the plasma beh2viour is simply compression and then
felaxation. The simulation is not successful in predicting the
plasma currents when w1 but fortunately in this experiment

the plasma currents can be ignored when T - 1.
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CHAPTER FIVE
SINGLE PARTICLE MOTION IN THH TOROIDAL POLYTRON FIELDS

In this chapter the motion of partibles,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. ‘

Somé preliminary work was done by-Dunhett (1969) on
this problem. He cpnsidered a straight polytron with a
limited choice of initial conditions. He chose - only 3
points in configuration space 2nd varied the initial positions
in velocity sbace. A wiser policy, adopted 1n this work,is
the converse, That is,initially ali velocities are set to
zero, and a wide variety of initial positions in configuration
space examined.

There is some overlap between this chapter and
chapier 6; The problems considered are similar but the
emphasis is on different asspects of single particle motion.
Here the accent is on the toroidal' containment problem,
whereas’in chapter 6 the simpler linear geometry allows a
more coﬁplete study pf 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(196g). But it was thought that a computation
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could do this equally well, for 2 limited -simulated time,
Furthermore it seems that the model successfully
predicts some aspects of the experimeht 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 elcctric field. Then the plasma
motion can be apnroximated by the ion motion only. No
consistent pertﬁbation. of the vacuum magnetic field is
considered.
With regard to centrifugsl 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 esvery 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 fhe local coordinates.
An éttempt was made to use an analytlc representation

of tﬁe field., Various reasonsble analytic functions which

could include all of the essential features described in

chapter 2, with up to 14 fitting parameters,bj, were fried.

The values of bj were optimised by means of a least sqguares

fit fo the actual field. The least square fit was done using

a programme due to Marguardt.

The mean szuare error for the best case was 5% which
was thought to be unsatisfactory.

A smaller error was realised by storing the actual
field values on a 3 dimensionsl mesh. Then for any field point
interpolation between the neérest mesh points gives the
field. |

The coordinate system is cylindrical (R,d,z) about

the toroidal major axis but with R measured from the minor

axis., 4 = 0 under a cusp coil. The symmetry of the field

Imajor

laxis Z FIG. 5.1
- COORDINATE SYSTEM

e\

Ve
e

-— e o=
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implies that any region can be reduced to:-

gd: 0 to 5°
z : 0 to Tax
R: - Tlax to rmax,

where L ax is the radius of the plasma vessel., The field is
only stored for this domain.If for example r is in the region,

g: 5° to 10°, zi-r_,_ to O then the field is

Bp(r) = + BR(R,10°—5, -z)
By(r) = - By(R,10-4, -z)
Bz(g) = —BZ(R,lo—d, -2)

and the fields at the coordinastes R,10°-4, -z are stored.
The numbers of mesh points are 17 x 9 x 9 in the R,d,z
directions respectively. The r.m.s. error with this field
représentation was 1%. -The magnitude of ﬁhe field is scaled
by a factor Vc, the charging voltage of the consenser bank.

v, = 1.5 kV gives By = .168T at R = 0,4 = O,z = O.

Th

(6]

applied toroidal electric field is constant in
time, £ and z. The R variation is

By = %
(1 +-R/FO)
RO being the major radius. Thus Ed is pseudo conservative.
The flux through the induction rod region is designed to be

smell and so this is the correct variation of Ed(R)' The

M R, - T L S U — e e T
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assumbtion d = 0 is experimentally valid for t < 2 fﬁh

The effect gg 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 p

electrostatic field to simulate pressure gradients but this was

generally set to O,

5.2 " The equations and their solution

This choice of coordinate system avoids difficulties
due to singularities at the minor axis. Using Ra = Ro + R

the equations of motion become

R = Ze (Ep + VB, - szﬂ) + v§ (5.1)

o 7
= —Z-f (ED/ + VZBR - VRBZ) - _2%,_@ (5' 2)

Em .

z = Ze (Ez + VRBd - vdBR) (5'-3)
e .

1.?. = VR (5-L|-)

g=vy (5.5)

. Ry

'z = v, _(5.6)

ER and EZ are electrostatic fieldswhich are generally set
to zero, The equations are made dimensionless by the
variables: -

k =m/cusp separation; W= Zev

m
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ER = E2k R ’ EZ = E2 kz ;

and so the fields can be répresented by the dimensionless

variables

B(1) =k _m EO' : B(2).= k_m, E, (5.7)

2
( Zch Zch
If B = VC(FL(l), FL(2), FL(3))
and dimensionless variables are denoted by asterisks,the

dimensionless equations of motion are

avg = B(2) R" + R_W(FL(3) + ¥) - v, FL(2)

R
at* | ~(5.8)
af = 1(8(1) + v¥PL(1) —vIPL(3))-2%v*
5%; Rt + ARY)  F ? _iéf%*

' . (5.9)
EiZ = B(2) z* & v§ FL(2) - 3: g FL(1) (5.10)
dt* ! . . .
arR* = v |
St R o . (5.11)
id =4 (5.12)
ate :
azt¥ =v” ' (5.13)
at* z :

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 to0413 . Merson's 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



the value of ¥s at
= y? + .5(k1+ uku + k5) + Q(h5) (5.14)

-

ayi

PESSRC—)

at

n+1l

Yy
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£t ,.yj).‘

time level n + 1 is given by

An estimate of the error is

where

Q:

k

(x

The reason for

Ruﬁge Kutta is that the expression for the error, €,

11 " 9,072 F -k 1 f2)/5 (5 0

n
h f(tn,yj)/B
o n

i n
h £(t,+h/3,y. +k23/@ + kl,j/@)/s

J
; n
Q
h f(tn+h/2,yj+% kl,j + 2 kj’j)/3

n 1
B £t h,yy 1.5k 5 - U5 k3, 546k, 5) /5

choosing this method rather than the standard

the timestep to be constantly adjusted to keep € below a

given maximum.

displacements of 10° (1 cusp separation).

The system of equations is antisymmetric to 4

that the equations stay the same for 10O displacements

except that z changess sign.

Bx(z)
Bz{(_fl)

B,(z)

BR(RHD/,Z) = _BR<R3¢/ + 10, - Z)

The symmetry of the magnetic fields is:

- BR(gl)

- B(r")

+ BZ(El)

allows

It will be shown
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The - equations of motion can be

2’y - BF (5,(x) + ) - & Bylx)
B =gy (B, ()4 ¥) - £ Bﬂ(z})
a4 = (% BR(g) - R Bz(__x;) + Ed—2¢f€)/Ra
dat- . 1 - 'S 1 o0
= (2 Bp(z)+2R B (z7) - 26R)/R,
g -inde) i
d —_. 1] . _ . .
-.3 Bd(g )+ BF B (r7) = %EZ (")

. where Z(gl) = —z(z)

%

Th%s shows that particles startinz at -
‘ .
R, 4, z, move along thesame trajectory as those starting as

"R, 4 + 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 = (RE + zg)%‘> 4 em, or its trajectory has reached an
. equilibriﬁm, or computer time limitations intervene.
Imposing a loss radiuél? makes the dimensionless ejuations
a function of two variables kre and B(l). Alternatively
the equations can be considereé a function of L variables, the
particle species (Ze/m), V,E, end fg . This is a vast
gain in practical clarity, the cost being a 50% loss of

1

elegance,
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f(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
beha&e like ions. The converse would be true if the tube
radius were very large (see chapter 6 ). In chapter 6 a
criterion for particle accelepation,is found, and only
electrbns starting within a small radius are acceleratéd.
For electrons which start further out a guiding centre
approximation pertains. In chapter 7 it is shoﬁn that for
cylindrical geometry the guiding céntre motion stays, on
average,on the initial flux surface. It is also shown that
the -/Aéﬂﬁl term for thé parallel motion of the guiding

9s :
centre is negligible. For containment a radial electric

field is necessary, strong enough to contain the particle
despite the energy it acquires from E¢.
Approximately U(Ro,ﬁg,zo) >'eE¢R(ﬁQ—¢5)
where U is the potential and ﬁ@ where the field line
associated with the initial position Ro,ﬁg, 2 meets the wall,
Taking thé maximum value 8t R = O gives a sufficient condition
for containment. , |

U (0, 4, z) > E4RIC (5.16)

18 .

This condition is modified in chapter 7 where the csase

XD & lp is considered.
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Even electrons which start from a p051t10n whﬁre they
would be continuously accelerated in a 11near system do nov
traverse many cusps because of tor01dal effects. Fig. 5.2
shows the traaectory of an electron startlnr at o = O.

The particle spirals towards the magnetic axis under the action
© of —/Aggy in the parallel direction and E, B/8% poloidally.
When near enough to the magnetic axis the parallel direction
turns and becomes parallel to the 'minor  axis and so the
particle is acce;erated by E¢. However the centrifugal

drif't eventually causes it to move to a region of larger

BR where it is reflected and eventually lost through a ring
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Ring cusp

| coil
o - s o~ o

wy o
FIG. 5.3 THE R-g TRAJECTORIES OF THE THREE

CLASSES 'OF IONS
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cusp. With reference 1o fig. 5.2 it must bé remembered
that the magnetic axis is not coincident with the minor
axis.

To chéck'the accuracy of thé integration the sum
of the kinetic and rotential energies was found  to be
constant to 1 bart in lOu.

(b) Ion motion

As the ions have a lower Ze/m than electrons the
diffefent categories of particles can be seen. In contrast
riearly all electrons have an initial Larmor radiﬁs much
smaller than the tube. Examples of 3 categories of particles,
loét, ref'lected and accelerated,and accelerated,are shown
Ain fig. 5.3. This classification is examined in chapter 6.
Here the centrifugai;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 proportionalnto Vd, whereas the centrifugal
term is proportional to‘vﬁz. ASv¢ increases the centrifugsl
~ force evéntually dominates the magnetic force. Roughly this
is when -

evy ﬁé < m v% ) (5.17)

RO
The model can be moderated physically by collisions with

the electrons which cannot move torpidally., If the effect
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of the magnetic field on the ions is neglected, the ion
! : ===
;fluid equation is

dvd = Eﬁd - m, zﬁ

—

at my my Tie
Therefore vy = 7?ie'§§d (1 - exp (—met//mi°fie))
m

¢, is the electron ion binary collision frequency, the
electron fluid being held stationarj by the cusp field. The
time taken to reach this limiting velocity, is similar to
Haines's 7;(1963) and is related to his acceleration time
being 7%%% ’ instead of his 5 JQL, . Computationally

nﬁe"‘l T gk
this effect is accounted for by using a velocity dependent .

! .
i.e, B(1)'= B(1) (1 - Vg/"p’i) .
is used in equation 5.9. instead of B(1). The reaction
force on the electron fluid causes an electron poloidal drift
_cancelling the EXE/BZ drift which on an m.h.d. mod=1 causes

the acceleration. This is one of the limiting states

considered by Haines (1963).

_ That is-EXEZ = —:E-g*g
B RS
Therefore eEd = me"i{ or vid = yEd . (5.18)7
7781 . n e h

With this modification indefinite containment is

observed, provided 1.u10“vcz m/s < V¢i<<3.3 106VCZ m/s  (5.19)
A A
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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 cpils act as a series of lensgs.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).

@)
’2><<: ¢
d . _ '= 5 \2
L _{/_ L i.e. Ad f‘é‘ u—%‘%l(_e_rﬂg{) L§

FIG. 5.5 FOCUSSING EFFECT OF A CUSP

using the Busch lens formula.

Here L is the cusp séparation, § the displacement from the
magnetic axis as showﬁ_in fig. 5.5.

For containment

AQ/ = _1;1_ = 2w
R, 36



FIG. 5.4, THE TRAJECTORY OF A CONTAINED ION

satisfying eq. 5. 19.
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Therefore & 5 s onr, (;)2 '
c

g1 9 lemy

and as § must be smaller than the tube radius there is an
upper limit to vﬁi' Also too low-a velocity legds to loss
because (1) A4 becomes fao large

(2) the rotation about the minor axis

de = % (;ﬁé) f_

i 4
becomes too large . If Ae <<1 then
5 By 5V¢{15l(f§g)4ré R, (5. 20)
my 2 my - *

From this Busch result vai £ 13.106

‘V."c 7/A m/s

compared with 3,3 106%2ﬂ4 computationally . In a

way ed. 5.20 takes the non paraxial nature of the trajectories

into.account as Bd(R), but does not consider the }arge
oscillations shown.in fig. 5.L. The effect of these .
oscillations is to make the tube radius ry in eq. 5.20,
effectively smaller.

4/

'_ 5.4 An analvtic descrivtion of the numerically

observed equilibrium and oscillations

The computer model shows that ions can be contained
indefinitely in a volume radially displaced from the

magnetic axis. Here an apnroximation to the equationsg is
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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

. VR/Vg( <«l; v, << | is examined
/ v
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,d,z) is

B(R,d,z) = (B1 sin n o, 52 cos nfd, B3 hz sin nd) (5.21)
. 2 2 2

where n is the number Of cusp coils, and h the scale length
for changes in Bz' |

: As a first aporoximation Vﬁ = cdnstant, and so with
this approximation the equations become

_d_v_R =7:-,D/2 + % (x}d B3 flz sin %z{ -V, B2 cos n &) (5.22)

dt 2
dv. =g (vy B, cos nfd - v, B, sinn &) (5.23)
dtz m R 72 2 IZ( 1 2

R’, the denominator of the centrifugal term is
assumed constant. The computer calculation shows that it
varies by-i part in 25.

As VR/Vdvﬁfl a first approximation to eq. 5.23 is,

%%z = tgi vy Sin % & (5.24)
i 3
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ag = v . a =v, 4
at -ﬁf{ - . at I—{%( ad
Therefore v, = + 2 Ry, cos nfd + : (5.25)
' ’ n 2 .
and z = hR’zwl sin nd + /ocdt + B (5.26)
T—-— 2
no vy o ’

ol and Fwill be constants of integration but the
approximate nature of eq. 5.24 can Be allowed for by a élowl:}
varying o« and B . Consider firsto=g= O. For this
case it ecan immediatelj be seen how containment occurs

as equation 5.22 becomes o

2 2. 2 / 2
dv, = v,/ +% &3 LR “h sin © nd -2 RY cos T nd
TtR __r{ &5 & o7 3¢ TS 2
R ! :
- ! .
= v 2 - zw-R’ (w;, cos 2 nd - 2R L b sinzna') (5.27)
- 1 2 = -— 3 &
R - 2 n 2
n
As long as WZ)Z‘;B hR’ ' . (5.28)

n
the 1last 2 terms of eq. 5.27. can balsnce the centrifugal term
if the velocity is not too high. (i.e. on ayerage) |

Now 12t &« be time varying but put B= O. The time
variation in &« is necessary to describe the inaccuracy of
replacing eq. 5.23 by ea. 5.2h. Thése inaccuracies can be
represented by o alone.

Bquation 5.22 becomes, using 5.26 snd 5.25.
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o {
dv, = v 2 - 2WiR_ (u, cos 2nd - .Wzh 2R’ sin2 ng)
R =7y T 24R {u ng 2R g
= n n 2
at R/
+w'3vdh sin -Iél_f_b_/ jo(dt -, % cos _r_21_g’ (5.29)
and equation 5.23 becomes
de = Ly, Vp cos g ' (5. 30)
dat 2 A

describing the error in taking o as a constant.
It is implicit in the solution of eq. 5.24 that

- X represents a slowly varying term and so

f;in nd £(x) at = - 2R/ cos nd £ (X)
2 nvp/ 2
end the integral of eq. 5.29 becomes
Ve - (vQ - g_@’(wl_zw,:\_g'))t 205, Rk aonjz[o(dk
: R' n n n 2
~R'wx Smod + (Zw kﬁ (,J‘-,)(mn(# —(531\

which gives the equilibrium condition that

y! -
V§ = w;ﬂ'z(m_ngl\_Z’) —~(5.32)
" -
When eq. 5. 32 is satisfied there remain -only

. periodic terms in eq. 5.31,which becomes

Ve = -Zw—Rh coorlé fmﬂ: Zw—ﬁx §mr_3_t,l’ (ngkﬂ'-w;)wﬂ Sin nd
nv n\(*
—(4.33)
Substituting into eq. 5.30, which deseribes the way o« varies

because of the neglect of the Vg Bd term in eq. 5.23,gives
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ax = -Quumfh os'ad f wdb o+ wlR% i nd [y
Ginnd L5 R Cbané( T kR - w',_) — 3¢ )
nivg + ~

The last two terms here average to zero in a cusp

+

period . They describe errors in ea. 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. 5.3L4 becomes

/
ax = - W R n ‘/;dt
o 25 0
Therefore & = O(Osin (w—z + &) , (5.35a)
. 2 /
where M% = W} wB R"h . (5.35)
n

Low frequency oécillations in z have thus been accounted
for.

The physical origin of thesewscillations can easily
be accounted for. As z increases so does %R from eq. 5.22 and
from the Vp Bd terms in eq. 5.23 the acceleration back
toward z‘= 0 increases. The smaller lowf{requency oséillations
shown in fig. 5.4, in R cannot be accounted for by this
model, because there is no field dependence on R. To take
this into account consider az modification of the represent-
ation 5,21,

B(€ ¢4,2) - (E,(lfeﬂsu'«azé , B+ Fx)mr_\ié . B (e gx) Su)«g?)
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4
This is a Taylor expansion about R =R i.e. x = R—R/
and e = | ’AE) ete. This mekes ejuation 5.27
Be R=R'

i_.\gg = \/¢ ZorE (N’ wn f\:{w Zoa-._,kf Sin né) —Zexwf(wzmrﬁ 2%]«2%@)

-Zmex(m?we% - 2g k€ simTag )

iy n

as long as ex << 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

ft’- = -2x \/,é '—-ex_V; —)(__Mz'(wlp~7~5w3b-@:>

Hence the radlal osc1llat10ns will be at a frequency wf{

given by . |
W; = \q (e-r 2 + o R ( lA'-,tc —23_1,;,[\2’) ~4.3¢6)
n

—

n
The amplltudee of both forms of oscillation are

formally found by the boundary condAiti.ons. The preceeding
analysis has only been _conc‘erned with \'rp/ = 0. At t = 0,

z =V, = vp, = O in the case of an accelerated ion.
Suppose vp/ = % vg{ initially,then

[-
d; - -u E\Q;t Sun b again if Vel6) << V4’.(é)
ak To 2 :
? .
‘Y = y T (nk vf/( 4R'c)) if v, (=0) = O

: n
. The integral is probably non anslytic. The dominant
contribution comes fr-om the first period and so

2 - 120 (&% ) + 2,
where the partlcle starts at z = Z e This is how much the

. particle has been deflected by the passage through the

first cusp,oé& to the cusp separation x cusp transit

il
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time/Larmor period,
The radial defleqtion is from eqg. 5.22 similarly
d_‘fﬁ = wihz € Vf Sun ng
v 2
dk o

As LF. « LY. then the radial deflectimwill be

3 1

smaller than the vertical deflectiocm by hz, as seen (fig.5.4)

5.5 Simulation of a vlasma

In order to obtain plasma properties from this
model a reasonable number (254) particles (ions) were
considered, distributed uniformly throughout the region of
the discharge vessel., As pafticies reach the wall in the
calculation they are removed. The 4 toroldal current and
locs 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'
illustrateé the initial loss due to the particles originating
near the wall., Later losses are due to violation of the
vﬁi criterion, which shows in this drawing because of the
omissiog,of collisions and hencexvd P 'vﬁl' There is an
initial linear rise Whén all of fhe 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. ip the dirsction 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 buf is included here to offzr some
proof of the validity of the model, The value of £ for
hydrogen is unequivocal  but for srgon 2n estimate of
2 is used (from spectroscopic work chapter 10) for comparison.
Experimental agreement is certainly encouraging but it is
1mpfoved by ineluding the radial electric field due to charge
separation. It is sssumed to be given by a temperature
gradient, the equivalent term in the m.htd. equations being
f%%k = - nk %?7; = ne Eg

= . i ..= - r B
where the electron temperature 1s: Te Teo(' G?)) . By

including this field with an ecquivalent 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 ~ 4 projection of the volume
from which the three categories of particle originate. The

boundary is cusp shseped 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 R — & and z - & plots are shown in
fig. 5.9 . These plots are in meny ways like streak camera
photographs of a plasma with a widQ'slit. The limiting
velocity is reached in 10% of the total time plotted and thus
even a smaller fraction of the & 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 # there is
a consequent blurring of the & - time relation, corresponding
to a wide slit. The deﬁsity of liqes also corresponds fo
.the'density of plasma. -

The low frequency oscillations, due to the.over—
focussing effect described analytically in seétion 5.4. are
clearly shown, togetiaer with the radial displacement of the
equilibrium position. In contrsst to tokamaks where a
stabilising field is necessary to maintain a radial equilibriur
the polytron cusp field theoretically maintains this equil-
ibrium on its own. The oscillations in the z direction are
larger than in the R direction.

There are twb phases of the oscillation separated
by 1 . These split the particles into two streams mirrored
about z = 0. The phase of a particle is determined by its

Al
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initial position. Those starting from R<magnetic axis,
o} o}
0gd <5 , and R > magnetic axis, 10 > g >5, move upwards

first, the rest moving downwards first.

sl it
'll":l ’.‘;;':I‘

HIR
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b

i i ; 'ﬂl( by
;l!!,n‘!:!x't i LA

Eg» Skv m™! L Egm 0KV mt Ey= 5 LV m™ ]
Ve = kv S Ve L5kV , V= 3kV -

-

FIG. 5.8 CONTAINED AND LOST VOLUMES

FOR A HYDROGEN PLASMA

contained particles
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CHAPTER SIX

SINGLE PARTICLE MOTION IN A LINGZAR 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 toroidai 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
tﬂe experiment, which need be considered toroidal only when
thefe is acceleration through more than 3 or 4 cusps.

By considering a_ linear system the description of the
trajectories is simpler, a pseudo analytic spproach 1is
possible, the plasma can be rcalistically coupled to the
driving circuits, and the magnetic fields produced by the
plasma can be calculated for cdmpérison'with the experimental
results. |

The coordinate system used is cylindrical based on

the imagined,straight minor axis of the torus.

6.1. Some proverties of axisymmetric magnetic fields
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An axisymmetric magnetic field can be described
solely by an azimuthal vector potential Ae.Div.§ = 0 is then
automatically satisfied. In a vacuum it is also required

that curl B = O

Ver =0 using the Lorentzian gauge.
. - 1 L —Eone I,((th)kr) cos((RaridR2 ) _
~ Pe ,§,, ¥ net> (6.1)

with A°d> O as kr =0 and imposing antisymmetry about kz=T/2,

and symmetry about -kz = O to obtain a cusp shaped field.

Here B are constants, k = 2w/cusp separation, and I(x)

2n+1
the modified Bessel function. In the following work only the
first harmonic is used. Furthermore a paraxial approximation

is assumed, represented by

Ay = _Eo( g{ *'?L_(%Pf) . cos kz | (6.2)
B, =B Eif’ ¢ £<t%_r)3) sin kz (6.3)
B, = Bo( I+ (%(‘)1) cos kz (6.4)

V.B 0 bvut VB & O(%f)?
In the analytic work only the first terms in eq. 6.2, 6.3,
and 6.4 are used.
‘ A useful quantity in this work is the canonical
angular momentum. In a time inﬁependent magnetic field the

azimuthal equation of motion is

14 (rv. ) =72e (+#v_ B_ - v_ B )
r dt © m e r
=78 (—y_ - vp1l 3 (ra)
m 2 r 9
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." rv, = - Z% rAe + K (6.5)

7e-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

¥ 3 > az
dr = [r6 R2e B, «+ rb
I ( ™ )
2, — . A ‘
S M

Using eqd. 6.5

G (5 Ay En D)
L JUEmAXERGML)

o cEAEER(-2A) 67
Ir ¥ is the St®rmer potential defined as

Y- ‘f("’,{ - ?,f 449)2 (5.8)

then the equaticons of motion can be written in a conservative
" form as‘ ] -

& = - ¥ " (6.9)

dat? or
and d2 = -2¥ _ e dl (6.10)

ac’ 32 et

U being the electrostatic potential, which can represent the

applied electric field.



; 6.2 Particle motion in square field lines

?

The particle motioﬁ will first be examined in squar

field lines, represented by

e < bz < W/t B(r,0,2) = (0,0,8)
‘IT/Q- <kz<3rly B(r,e,z) = (Bokr'/2,0,o)
Srfe < k2 < bwfy B(r,e,z) = (0,0,-B)

L is the separation of the cusp coils , L =T/k, and E the
applied axial field. .

Suppose thaQ_t': O, r = r, and z = O, and the
partiéle is at rest. The axial equation of motion is,

dv = Ze E for O < kz <T/L
m

Therefore upon entry into the regioh where Bryfo

1 .
or ¥, = (% ZeE)z, v,=v, =0, z= L/ at t =
m

which defines a new time origin. The non zero equations of

motion are

v, =7V, w’ e <kz < 3/t
dt - '
- .
EZZ = Ve W * %9 B
dt
where w'= ZeB, " kr
m 2
. " l
. v. = ZeE sin 't + (1 ZeE)z cos W't
z mwy’ 2 m

)
and v = Zel (1 - cos wh) + (L ZeE)E sin %

mor 2 m

e

0
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To pass through this region into the region z> 3L/L4 it

is nccessary that

. .
ZeE '+ 1 ((Zeﬁ)z + Lzeé)2>>g (6.11)
m wlz o mor! 2m 2

(This is approximately the criterion that a Larmor radius

is larger than I/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 particlé
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, makirg leading order expansions
of the field sbout z = O, and z = L/2,to make the equations
tractable. A critericn for acceleration into the next cusp,
and an expression for the maximum radial excursion, are
derived.

'fhe constancy of the canonical angular momentum is

_ 2
cos kzO = BO r. (6.12)

© 2
rA_ + Tzor_ K _(rAe)o = go rg B
Ze 2

if the particle starts, at rest, at z = Zy = O, r = r.
The vacuum field is the first order terms of the cylindfical

Bessel function.
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2 2
g = ZeB - .
Ve ZeB_ (ro r° cos kz) (6.13)
2m r
Simplification occurs if k andW= Ze B o are used

m

to make the equations dimensionless. The dimensionless
variables are witten with the same notation as the

dimensional variables, and are simply the dihensional variables
multiplied by the appropriate combination of k and . Adonting

these variables the equations of motion become

2
v = 1 (r02 - r° cos z) (61)
2r

dvp = v, coS 2 . (6.15)
dt '
dv., = kZeE - v, sin z
at e 2

=F - gze sin z : (6.16)

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 exsmined first. As sin z ~z<<1, an approximate solution:
to eq. h.16 is |
v, =Bt ; z = th/? | (6.17)
The radial motion ne?r to z = O will be small and so r = ry + s

where s<r, Together with the Taylor approximation

for cos z, the expression for Ve simplifies to

ve =1 (r 22— 2 s) (6.18)
2 5
.. av, = 9 —1f6z - COPE  an )
Te =¥ s 25) = ToPtt -5 (6.19)

16
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Suppose the second term of the r.h.s. of eq. 6.19 can be

neglected
2.6
then s =01 t . _ 2.5
of , and § = r.F t (6.20)
16 x 30 16 x 5

showing that the second term on the r.h.s. of eq. 6.19 can
be neglected provided t2<< 30,

Supprose the approximate equations, 6.17, 5.18 and 6.20
2

are valid to z =-, t = 1
. ' 3
Then s = r 3 §=v_=r 172‘5
e m- ., "~ 'p 0
16 x 30 x 8f 14 x 5 x L J2F
v_=fBT at 2z =T - (6.21)

This value of s is much less than 1 (and thus r ) if

[ is approximately 1. A further check on the consigtency of
the approximation is that the second term of eq. 6.16, at

z =-T/l4 has the value riw?/256 wiich is much less than § if
0gr > .

Now consider the trajectory in the region of the ring
cusp. The values of velocity at the new t = O are given by
eq. 6.21,4he time variable being shifted so that t = O when
"z =T/4. The axial variable is transformed to y, where
y =Tr/2 - z. The magnetic fields are approximated in this

region by

(6.22)
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,The radial and axial equations of motion are

2 2
v, =vg¥y=(rg -2 3y | (6.23)
at 2r

and -§ = +av, = p - v £ (1-y°) =p—(r§—r2y')(l—y2/2) (6.24)

at 2 2 i
2 2 -
As long as r a= r then Ty > r’y and eq. 6.2 becomes
'y' =-B + rg = —Fl where ‘Fl = B- r§
In I
. 1.2
y= - pgt7/2 j_zﬂ_’ft + T (6.25)

Ir 'gl becomes too negative then eq. 6.25 will not have a

"solution at y =-W/4. For there to be a solution of eqg. 6.25.

at y =-w and real t

4 5 _
F > T, (6.26)
6
Furthermore if there is 2 solution at y = -T, z =31 then
4 L
it is probable that a solution exists for z up to 3w . This is
2

because the acceleration in the reéion under the coil will
change from a negative'Fl to a positive'p. Bg. 6.25 can now
" be subsfituted into eq. 6.23. The radial acceleration changes
from oufwards to inwards as soon ss 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, intsgrate
eq. 6.23 , using eq. 6.25. The approximation

o = (rg,_ PZY)

r
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is made and the boundary condition,eq. 6.21 ussd. The time

at which the l2rgest excursion occurs is given when Ve = 0 as
o (_Wl.3 .2 2.5
O--r:_g(gt i/%g +11_1&)+r011 (5. 27)
2 5’20'\/2?

The quadratic and linesr terms are dominant. This first

solution obtained by neglecting the cubic and constant term

t =1 /21r (6.28)
2 NB '

The values of the 4 terms,divided by ro,at this value of t are?

is

.3 { 2
Bt = -2 T Jar : & [a = - /21
7 EeF i & 6 F
Tt = T [or : T /W = I {ir
7 . VY F 326 o/ 2p rurd &

From eq. 6.26 and eq., 6.25 =~ lJrF;<1. Hence, fortunately
2

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 cencel. The
second integral of eq. 6. 23 is
ey (g - [ e [EE )
wg  iZd 2 16 30/

Then the value of r at t 1 /gg, when r is a maximum, is

. 2 N'g
T (B i ) |
N (I L(6 - os%')) (6.29)

The axial position at this time is given by eq. 6.25 as

v=-T +%1) (6.30)

Hence the wlue of r max given by eq. 6.29 is only trus when



154

gl <o
However, the time to reach r = r__  as given by eq. 6.28
is too long. As the particle moves into the region beneath
the coil both Vg andZBZ inecrease , and so the force causing
/acceleration back towards the axis is larger than used in
/ deriving eq. 6.28. Hence when F1<<1§ 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 ;(rg-rzy) =n

r
When y::qf’ F=.2 the value of (rg - rzy) is 1.3 at
L A —
r

r=r max ‘This approximation in the axisl eguastion of motion,

eq. 6.24, is not so good. Here,rg - rzy'zzfg . pl'is modified
tors- gg and so the condition for acceleration through the
cusp is'modified-to .

B> s (6.31)

(™

Fortunately L S, does not depend strongly on Fl. Equation

b4
630 is only valid for p1< 0 i.e. %< rg .
It is usual that E is fixed and the properties of the
trajectﬁries examineq as r, is varied. Thus:
(1) For r > 2dg particles are trapped in the first
cusp.

(2) For ,JQF < <"’L"F , the particles are accelerated

into the next cusp. The axial position of the msximum of
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r varies from z = M to 3w /4 as r, decreases from
2

.'uF to JZF . The value of the maximum radius is approximately
r (1 + .2/g).

j (3) For ro<nJZF the axial position of maximum r goes
/
past 3w/l and approoches., the plane of the coil. The value

of the maximum radius. is given approximately by
P ooy =T (1 + .15)
F
This modulation of the radial position is considerably more

than that experienced by equilibrium particles. If eaq.7.44

is rewritten with vg = 2eEL then the modulation of the
m

radial position is .OM/F.
Typical values afg for the cusp separation used in

the experiment are shown b=low.

B #(V/m) B(T). Species

o7 10“ .1 hydrogen ?

.17 10“ o2 hydrogen
38. 104 .1 argon, z = 1
9. 10)'L o2 i argon, z = 1
3. 10u 2 argon, z = 3
3.5 164 10& .1 electron
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. AL | Comment on the shave of field lines

In any cusp shaped field the motion of particles

is complex. Suppose that a particle starts from rest at

r = Tys 2= 2 and does not move far radially.
/ 2
Then A, (ro, z) = - A B, dz
(-]
2
S Ve (ro, z) = Ze B, dz
m 2,
. 2 &
o . Q_% = 2262 B ]rBr az
at 5 2 Ja
N r(F *
and vr , z) = 7% m )2 B B_ dz dz
S om (2 = 2,)% Y2

From this equation it can be seen that a sguare type
of field line will not give rise to a large radial velocity
because the product Br Bz is small. Tpis 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 invzstigated in section 6.2, where it was shown that
there is no radial motion in this czse.

, It is thought that 4the lower the value of

jﬁr Bz dz then the lower is the meximum =xcursicn of s

particle from the axis.
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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

rAe + mrv = constant = K

/ Ze

where the magnetic vector potential Ae = §O(gg) cos kz.
k™ 2

Suppose the particle starts from rest at r = Tys 2 = Z, then

2
rA_ + mrv = B kr cos kz_ =K
& Te° k° 2 ° °
. 2 2
omr v = B, (r€ cos kz_ - r° cos kz) (6.32)
. . Te  © ) o

In a linear geometry, and even in a toroidal geometry, the

accelerating field can be represented as conservative and so

2 2 2
VotV Vg = QZEE (z - zo) (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

5 cos kzo| < I%O(g%E(z - zo»%l (6.34)

where the positive square root is taken. This equation can

2
r c¢cos kz - »r

be cast into a dimensionless form with

4 = kz
r¥ = kr
1
- « =(_Z_e_ x)z B, the equation becoming
8maE
1
Ir*z cos z* - r*2 coszﬂ S'Ir'(z*- zf )2 (6.35)
0 ———72———0._

The relation with pof section 6.3 is

K = 1
ZJRF



: FIG’. 6. 1

GRAPHIC ILLUSTRATION OF INEOUALITY 6,35,

This inequality is graphically illustrated in fig. 6.1.
Curve 2 must lie within curve 1. For example, for the value
of r* shown in fig. 6.1, particles cannot enter the region
3r € z € l.lw . VWhenT < z5¢m  eq. 6.35 cannot be

2

. o . .. *
satisfied for r*<< rg , nor can it be satisifed for r ¥

o?
because ‘then the r"t2 cos kz term will be larger than
p¥ (- zﬁ )%/N . '

Eq. 6.35 defines a domain within which the particle
must stay. There are certain noticeable features of this
inequality:-

(1) It cennot be satisfied for z‘(z;, as the

r.h.s. then becomes imaginary.
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(2) The 1limit of the region is given by the equality

;
* -—
r*2 cos z¥ - 1 2 eos z“2 = r(z*~ z¥ )2 (6.36)
0 o x o /.
1
. ar* (2r*cos z* - (2"~ z;)ﬁr r*? gin z¥ + ¥ e
o o ' - 2
z = ox(z zo)
and so where z* = zj d4r = &
dz*
(3) At z" =1/2 =q. 6.35 gives
1
rkﬂ‘_ * \2 +*
E( zo?aro cos z
. * %2 ¥
. . rT Zer " cos zZg, (6.37)

(T -%)
The outer radius of the allowed region when z¥ =T/2 is

at r =90, .Inequality 6.37 can always be satisfied, but not
necessarily within the tube radius.
(b) At z* =70
: i
r*2c r* (1 ~z% )é - rfg cos z¥ (6.38a)
o_(' (a]
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

<1r_o:l:_‘—z) > L r‘gz cos z’;‘ . (6.38)
If ¢ is too large eq.6.38 cannot be satisfied. In this case
the allowed region does not extend to z¥ =17 . Hven if eq.

(A.38) is satisfied then it is not necessary that the allowed
region should extend to z* =17, as 6..35 may not be satisfied at
some axisl position 2z <, such as illustrated in fig. 6.1,

‘(5) The allowed region is not always singly connected.
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PIG, 6.2 SCHRENATIC OF THR ALLOVED REGION

IN THE r*- z*PLANE

For z¥ = (2n+1fg',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 fhe allowed region to extend from cusp to cusp
will now be examined. As can be seen from fig. 6.1, if the
allowed region is cut off in one cusp only then, this will be
near to z¥ =1r. So let t =M-z and t <<,

Substitution into eq. €.35 gives

1
r*2(1-t2/2) + r*2 cos z* ¢ * (w-t-z_ )F
0 oS % o
1
=% (T-gf )%(1 - % )
&« (m-z,)2

Taking the equality gives the equation of the edge of the

region
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L
*2(1 - /) I (0=2%)%(1 -3 _ ) + %% cos z¥ = O
W (T-%)2 (6.39)

This equation specifies the values of t at which the
allowed région closes in the z ™ direction. In general there
‘are two values. The point of interest is when there is only

/ one snlution of eq. A.39 for t. At this ﬁoint the allowed

rsgion is just necking into two parts. For only one

solution in r¥ of eq. 6.39

2r;2 cos zg t° - g, + F- zy - urgz cos zf = O (6.392a)
~ X 2
2 .
. 32 f*'f* cos® zg oLl‘L - 8rF " (w- z;) cos zy E+1=0

for only one solution in t, of eq. 6.39 &

. w? = = 28 )+ Ja- 252 (6.10)
2

[ ] L] )
*x
8r€ cos zZg

The solution is

t = 1
2

There should only be one solution forczz. This can be seen

from inspection of fig. 6.1. Consider starting from a

*®

. 2
large value of« , when curve 1 is near to fg cos zg .

¥

. . 2
As & is decreased, the distance from curve 1 to rg cos .z

monotonically increaseg, whereas curve 2 stays fixed. There
will be only one value of &« for which curves 1 ahd ?2 make
tangential contact near to z¥ =1, This cprrespond to the
positive sign of eq. &.40. The value of X corresponding to

the other sign is a result of the cos x = 1 - x2/2
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approximation

. a‘%( (- zg) + ,/(W; z;)2—2 (6.40a)

for the r* - zrplane to be singly connected.

This equation is only a small modification to eq. 6. 38.
Typic;lly zg = 0 in which case eq. 6.38 and eq. 6.40a differ
by only 5%. | |

As eq. 6.38 adequately describes the condition on
& for the region to be singly connected,eq. 6.38 will be
examined. The relation is plotted in fig. 6.3 as a curve
of r_, Z, for a fixede«, showing wgere accelerated particles

(o)

originate. The characteristic cusp shape seen in the
. , _ : | .

FIG., 6.3
THE ACC®RITRATED VOLUME

FOR o = 1

TAKEN FROM EQ. 6.38

computations, e.g. fig. 5.8,1s- evident. The cut off at

z¥ = + - is at the tube radius. The waist of this volume
2 .
is approximately
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N

W AN
. B0 Zek

r. = (2_@)’1’5 | (6.41)

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 z‘(‘) =0 is

o}

I‘* =T

A7

must make excursions outwards to a radius.
1

r* = 11—2— = 21‘;
«

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 z” =a4r (L is the cusp

T
separation))providedtx 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
- *
1 ¥ * -
Lr¥" cos z} < (4 0)

2
[/ 4 ‘
Transformed into the varisble used in the analytic varticle

integration this becomes
r; <J 2wg (6.42)

for z; = 0. This compares well with the comparable result
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f'of section 6.3

A

rk < Jug . - (6.43)
The radius derived analytically(eq. 6.43)is expected to be
smaller than by use of the potentiai. 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 pnggqiyg 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 mocel of the,linear polytron

This section describes a linear model of the
polytron. The reason for this model, in view of chapter 5,
is to increase the realism of the simulétion. The principle
points are ts_couple the 'plasma' to the driving circuit, and

to evaluate the plasma magnetic field’ ybut not in a

" self consistent way. The effect of the space charge field is

neglected, but is included in the subsequenp chapter.

The particle inteegration. This is performed with the

equations in the form of egs. 6.6 and 6.7. This way

. integration of the o - équation 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



v =¥
at X

a computional instability arises as the odd time levels

. n+l _ n-1 _ n
B by vy \ = 2 dt eijk V5 B,

(the superscripts denote time levels, subscripts components)'
are effectively decoupled from the even time levels.

Effectively two sets of equations

dvn+1 = yo &, ay™ = vn—l B
—rte, —x- a‘-E' - X -—

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 avpided by using egs. 6.5 and 6.7, and then
the r.h.s. is a fuhction of coordinate only. A leapfrog
scheme can successfully be used, vqlocities being defined st
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 a]goﬂrithm is

r'n = rn—2 + 24t Vrn—l' . (6.44)
2P = 2272 4 oat vzn_1 _— . (6.45)
n+l n-1 . n n n
v = v + 2at(X - ze ADNYze(BD -AT) + K )
\ T r rn m e{; z ;% (r1
. (6.46)
n+l n-1 n-2 n n
v =v + 2dt(ZeE - Ze B (X -Ze A ))
z z e m - TonTp ®
(6.47)

where BT = B(r",zM). Ay, B, and B, 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 teken in coding to reduce
the number of multipliéations 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.mk.s. far outweighs ﬁhe small gain in processing obtained
bv 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 equations. In terms of the Stdrmer potential
of equation 6.8 the gain in energy'given by eq. 6.L6 and
6.47 is : ‘ _
(R.2.* - kBN = -2 " as S atd(a%m AW +_a%y W)

o at® dr at2 )=z

3

showing that the errors are of order dt~.

Represantinc a nlasma. The trajectories of 5000

ions are integrated ss above. ITach particle, really an
annulus, has the correct Ze/m ratio for the .species being

considered, but is credited with a much larger charge.

" Initislly the region 0<kz ¢ris 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 O <kz<T are reduced
to within this domain, by use of synmetry.

Subpose that at time t the position of a particle
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is r, 2z , then for the purpose of evaluating macroscopic
qﬁantities'only a reduced position is evaluated given by
z¥= z-nL, r =7 . (6.48)
where n is the integer so that 0< z¥ < L. A particle
/whiéh starts.with 0 < z <L 2nd reaches the region nl:?z <
(n+1)L has a twin psrticle which starts with -nL<z< -(n-1)L
and feaches O'<2?L$he reduced coordinates being egqual.
However, the equations are antisymmetric to axial
displacements of L and so the velocities have reduced values
given by

® * n
Ve = Ve Vg, = (1) Ves Vo =V, (6.49)

I"
Every particle carries the same charge Q. To represent a
dehsity which is.independent of radius, the area density of
particles in the r direction is proportional to the radius.
Macroscopic quantities are represented on 2 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)2 S (TiT (£/a)+1) ,3)8((INT(2/2)+1),I)

and the azimuthal ion current

ITHETA(I,J) =2_c_3_2 v S(InT(r laNel, T) §( TNz fa)+ 1, T)
e

The indices I and J label the axial and radial cells

resvectively and INT is the function which truncates
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the argument to an integer. The summatioﬁ is over all of
the particles.' When ions hit the wall of the tube they are
lost to the calculafion.

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 chgpter 7 this 1is an
azimuthal ﬁotion and as such the density in the r - =z plane_
is unaffected. The electron number density is assumed equal
to that of the ions snd the azimuthal velocity of the
electrons at a2 mesh point is given by

Vo = ExB/iar f;_igg E(EV)B f;«_;% E%EB (6.50)
where Il and AL prefer to the magnetic field. To help evduate

this vector expression the guantities

Wl = 5}5( ( ke + £ () + 2 (%r)‘) n' Rz + ktr(l-r (l%r)‘)uo‘k-z)
o = kBg sin kz cos kz ((kr + _1_(@;)3) - (1 +(}g_:'_)2)2)
2 2l 2 2

are evaluated. The electrons’drift is then explicitly
evaluated 2s
A
1 !
Ve =@(%Ef rm ((V.?fv*‘lz)(&w -B,WZ)WT&BD(PJ) oz E*)
(B> eg* AN (6.51)
Vi1 and v, are evaluated from a scalar electron temperature.
The curvature drift in the above ex?ression is anti symmetric
about the ring cusp, whereas E/B is symmetric. Only the

- sign of vgc changes for axial displacement of (2n+1)L.
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The azimuthal current density is then evaluated as

JTHETA(I,J) = ITHETA(I,J) - Qv,. NDEN(I,J)
Ao

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, = %f v i | (6.52)

By evaluating a z average,difficulties which would arise
from a z dependent IZ are avoided.. In practice local axisl
electron currents( i.e. not crossing the ring cusp) will Tlow

so0 that Ui = O. ' \

The azimuthal curreﬁt'densify is.used to calculate the
magnetic field produced by the Hall currents. As V.b = O
(where b is the field producea by the plasma currents) it is
best to evaluate A ,the magnetic fector poténtial of the Hall
currents. |

‘The elliptic equation for Ae is

Yo +1 Mg -A, + Phy =-poj |
0 T a TR TTRE 6

A five point difference scheme is used to solve this

iterstively using an over relaxation method.The z boundary

condition 1s antisymmetric, the boundary condition on the
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‘ axls is A = (b allowed but nd'br), and on the outer
radius A -aO as r-» oo, As Aé e 1{r* when the plasma currents
look like dipoles it was sufficient to solve for Ae only in
a region up to twice thé radius of the tube, and to use
Ae = 0 as the boundary condition at the edge of this region.
A coarse mesh of side Lmm is used. By doing so the singulerity
of eq. 6.53at the null point is avoided. Physically this is
also correct as at about this radius the guiding centre
approXximation bresks down because of finite Larmor radius
and smallbrfi

The magnetic fields producéd by this Ae is simply
calculated by |

|
bf' = _Me ) . bZ =£9 + bAe : (6-5LL)
9z r T

Coupling the plasma to the primary circuit: In the

experiment there is an intimate coupling between the piasma
and the primary circuits. The ratios of currént in the
induction rods of the primary circuit as well as the total
current flowing in the primery circuit is affected by the
plasma., - However the system can be represented as lumped

inductances and mutuals, by the equations

E, =-M di - L, aI - (6.55)
oa at
Lp_d_z__i_ Mma’c +R Ai+i =0 (6.56)
a2 a2 @ T



171

where i is the current in the primery circuit

I ,ié the current carried by the plasma

M is the mutual inductance betwecn the plasma

and primary circuits

L. is the primary inductance

Le is the geometric inductance of the plasma

C ig the main bank capacitance
and R, 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

L, dl = E (6.57)
H at z

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

al = -Mdi - L +dt(L a°I + Ma%y)
e 5 E e € 332 d‘t‘ﬁ
which is unstable to high frequency modes. For the magnitudes
of LH’ Ly, and M needed. this is grossly unstable. To decrease

the instability of the scheme an average value of Eg is

*used in eq.6.47.

n ’ .
Eg* = (EZ + 2}31;,“‘1 + EIZ1 —Q')/L; (6.58)
where E" = - M_ (in+1+ in_l) - Le (In+1 - In_l) (6.59)
zZ 24t 2at

and for the prima2ry circuit
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I G by e WL Ly
4L o I, a2 it o
in+1 = inf3 + dt glé—l

dt

l) (6.60)

The initialisation has to be correct. If R is negligible

/then the initialisation is

. [} [
i =I=0; I=1n

(Tg +Ly)
. 2
and di (L, - M = =V
dt (Lg+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 valuesi-

G 6OpF

Lp (primary inductance) LOO nH

I (Seometric_plasma inductance) LOO nH
M 300 nH.

By including a realigtically calculated electric field

the usefulness of the dimensionless equations is lost. Runs

are reported for hydrogen and argon with a varying ionic

charge for the lattep,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 Qf the macroscopic quantities are shown in figures
6.L. and 6.5. |

The case described is one ih which there is a
moderate amount of loss. As shown in fig. 6.4 this loss occurs
mainly between yw & ZFS’ This is thg time taken to
accelerate a stationary ion to the ring cusp plane. After
BPS there are no more ions lost.

The current shows a linear rise but starts to fall

away from this line before many particles start being lost.

This shows that there is a decelerétion of the ions before
and during loss. After ﬁhe loss of particles has stopped,
the rest continue being acceleratedh and so the current con-
tinues to rise,

The Hall inductance of this plasma is QrH, larger than
the geometric inductance (.MFH). Hence most of the primary
bank voltage is available to éccelerate the plasma. At the

time of loss the Hall inductance, L, = fm. ‘increases further
H e -

as well_aé there being an effective resistance due to the loss
of particles, changing the inductance(similar to the I 4L

dt
term in say z pinches). There is 8 conseqguent slight rise

in the acceleratin-, electric field, at the time of maximum
loss. The field then starts to drop becsuse of the limited

amount of charge on the consenser (bank period BQfs ).
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The flux thfough é diamagnetic loop measﬁring
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 effeét of the curvature drift is small compared
with E/B drifts. This is generally because

mm? /r &« eR i.e. kT <<2 rek
where r is 2 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 acif the plasma current was all at a radius of
2 em. The axial field can be seen to decrease from, the
centre outwards passing through zero at 2 cm in the
rlane of the ring cusp.

After the sudden rise,the field then decresses 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 lsrger radius. There ié still the same
direction field at the centre of the coil due to the guiding
centre drifts. With ‘increasing radius this quiékly 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. E/B, but

locally in time they can exceed this value by a factor of 2,
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bZ when t = O
a) as a function of r under the ring cusp.
b) as a function of z on the axis

when z = O at the ring cusp.

( or z (cm)

b 3

LN t ] y, 1 {

d \ /
'bz(r)

FIG, 6.6 THE FIELD PRODUCED BY THE PLASMA .

V, = 20kV., B, = .UT, Z=2, 10 = 10%0,3

variation of bZ at the axis
magnetic field
relative density on axis 2t the

ring cusp.

at thd
ring
cus@
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For ailower 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 cusn, and are
causing a modulation of the elsctron azimuthal current.

Fig. 6.7 shows the density in the r - 2z plane at
various times. A cusp éhaped density profile is seen to
arise, In isolation'these diagrams afe'misleadiﬂg. As shown
analytically an ion which is accelerated and not lost moves
so that it is radially displaced outwards wﬁen it is under a
coil, and inwards when it is under a ring cusp. Fig. 6.8,

a drawing of the trajectories of a representative class of
particles, shows some which start within the accelzrated
region. The plotting step is large which is why some of the
trajectories are so angulsr, Fbr the accelerated particles
ﬁote that they do in fact reach a maximum radius under a .
coil. The cusp shapéd density distribution of fige6.7 is
not due to accelerated particles but rather particles which
have been travped and are probably being lost. Fig. 6.8

shows the large loss of particles initially through the ring

cusp. It also shows, for the aCCelerated_particles, the long
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wavelength modulation of the radius dué to the focussing
of the cusp fields. |

Unfortunately insufficient data was tsken for an
exact comparison of this frequency with the theoretical.
values ofw/2 , _(section 7.11)')An approximate comparison
can however be made. The measu?ed period is 3.6 +.8 M55 the
theoretical frequency should be ZeB/?m this being u.BIus.

On the plét of fig. 6.8 there is insufficient data to see
the fluctuations at the cusp frecuency which cause this
focussing.

Fig. 6.9 1is another plot of the particle trajectories
for 2 different set of conditions. The scal=zss are expanded
to see more detail than fig. 6.8. The trajectory starting
at z =0, r 5,016m is a good example of'outward motion in
the first ring cusp, snd s subsequent inward motion once
the plane of the ring cusp is passed. For these field para-

meters,

= k mE. = .
F= g% =0
. (]

From equation 6.29 a maximum excursion of 1.25 r, is
expected, The maximum excursion measured from fig. 6.9 is .
1.3 r,.

The particles which start down stream of the ring
cusp are initially sccelerated radislly 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 theyinitial positions
of the pasrticles showing which category they will fall in.
These somewhat arbitrary categories are:-

particles which are monotomically acceleratéd

denoted by13

particlgs which are not lost but whose velocity

reverses,denoted by 2

particleé which are lost,but not through the first

cusp,denoted by 1

particles which are lost through the first cusp

denoted by O.

The cusp shape predicted by eq. 6.38 is certainly evident.
The ring cusp of the particles which are accelcrated is
downstream of the magnetic ring cusb. The interface of class
3 particles and classO particles is blurred by class 2
particles.

In fig. 6.11 the waist of the contained volume is
plotted against an spproximate value of B for that discharge.
This is done for 15 discharge conditions with B varying by

. 100. Alsd 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 B is evident in fig. 6.11, where the computationally

observed value of the waist of the contained region is
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lost through the first cusp: l=lost through later cusp.
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plotted as is the analytic result, (eq..6.31); The
difference between the analytic magnetic field and the
éomﬁutaﬁional field must be allowed for. This 1s achieved
5y correcting the value of F to g/(1+ .75(kr0/2)2)2, for
the computational results. The computational field is larger
than the analytic field by 1 + 4 (%;)2 for B_ and 1 + (;5)2
~ for Bz' The different radial variation for the computational
field would not affect the analytic result, which is independent
of the variation; | |

For lowlg , particles are being contained as they

are being mirrored by the . cusp field. For high B éq. 6. 29

is probably more realistic. Using rmsx = r, gives
o =Ty
1 +.273A

This is also plotted on fig. 6.11.

The magnefic field produced at r = O, z = L/2 is an
important diagnostic aid. A fit of this to the parameter
yields.

: .b_z(f‘= o, 2-L/2, E.ro) = -606%10)(%‘;‘, '%:) gaus-s(6. 63)

This is wben:— (1) there is no azimuthal ion current,
(2) all of the applied field appears across
the Hall induotance. In the experiment the L/R rise time of

the azimuthal current is short so a meaningful comparison cen

be expected,
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This field preduces a shift of the null point of
thé'cusp. This comes directly from eq. .63 and is

dz = -.02 (n Vo, \ /.t 2 om

) () ()
/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 tﬁe macroscopiec quantities as the
applied magnetic field is varied. The number of lost particles
goes up as the magnetic field does. The maxipum electric.
field is COrresponding1§ larger as there is a larger
effective resistance due to I %t LH. The loss time, measured
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 decréases
slightly a2s the cusp field increases,by about 100 ns.
for B0 varying from . 2T to .8T. Cver a wide range of

variables this current loss time can be fitted to the

. expression.
t = /mL = 280 /(10,000) A ns, (6.6L)
enz Vi z

~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). Tt is the time taken



187

; to accelerate a particle from the plane of the coil to the
[ s .
. rimg cusp. It.is this distance, 2 cm, which is appropriate

simply because it is an averagetime for any particle to

reach a ring cusp.

%, meries
f- Lo LOST

6?‘;«. )

FIG. 6.2 LINEAR PCLYPRCH SIMULATION

Veriation with BO(T),argon,Z:},n:lOzom-J,Vm=1OkV:
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CHAPTER STVEN

A COLLISIONLNSS PARICLE SIMULATION OF THS POLYTRON

WITH A SELF CONSISTENT ELECTRIC FIELD

This chapter describes an extension Qf the particle
'ﬁork in chapters 5 and 6. There it was seen that the
ilon trajectories 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 realiétic; indeed within the computational
cbnstréintsvif‘éimulates a zero B pplytron exactly. The

straight cylindrical coordinate system, r, e, 2z, ié used.

Tel .Relation to earlier work

gParyicle simulations of plasmas were performed
as eariy as'lO yeafs ago'(Dawson, 1962). However; the
availaplé computer power 6n1y allowed 1 dimensional plasmas
to be Studied. The plasmes 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 about71966
(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



189

. holes in phase space (Boris and Roberts, 1968) and anomalous
diffusion tHockney, 1966). There have been exceptions such
as a simulation of the astron (Kileen, 1966 an
unusual plasma, and a similation of a stellarator (Smith and
Bishop, 1968). It should be noted that mos?: 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 pélytron
does, and so a two species simulation has been performed.
Moreover s sélf consistent electric field is
necessary to explain why confinemenf in the polytron is
50 poor, This is completely different from s stellaraforx‘
where the électrostatic field improves confinément

(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 fo 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.

Te2 The physical model

The low density polytron does not distort the vacuum
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fields. A criterim for low density, in this context is

J = 3] = plasma field << B
r

where B is the order of magnitude of the vacuum field,
and k-T/ cusp separation; therefore n<10?! m™3. The
experiment shows that this 1limit is too high and that
n<10%? n~> 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. 1In other
ﬁwo 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
ndt 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 zZero mass ié used for electron

motion perpendicular to the field lines, whilst the true

electron mass is used for parallel motion. The eguations

of motion-of an electron guiding centre are

dvu = E, - a._.g m Ye. [ de, + V"-a_é, +Ye.Ve, -(?l)
dt % o 5 *.Cl' ) (’?E T )

Vi =y, Vet Ye (1:2)

Ve =m (e 2B D)E (¥.3)
4 HE

Ye

fl
I
x
o

(4)

=]
=
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Ve = -m fD!é E
ik HE (7.5)
%‘% = 0 (NOI‘thI‘Op,196l)(#'6)

to first order in m/q, as {,B = O, parallel and
perpendicular referring to the local direction of B.

s 1is the coordinate along g, the 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 Yy
are azimuthal and so do not change the system in the r-z
plane. Also, Voo the only drift velocity in the r-z plane,can

be neglected.

If 3 = O then v, =0 ¥y By 8 (E sin 9) (7.7)
at o qa R1 2 B
with the notation of fig. 7.1, s being measured along a
a [-?* field line. Suppose that a guiding
r -

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,

d = fV‘ dt = E
r r =
n B

<

e
Bouge

23

making the valid assumption that in this region, near to the

cusp centre, 9 (HJH) = 0, the field line turning througn

o .
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90o between A and B, Physically this displacement accounts
for the energy of the E drift., If the electron then moves
back along the field i?ne, V. reverses and the particle moves
back to A, thé original position, even if 2_ (I9,JH) s O.

For d,> Imm it is necessary that gi<10-21’. This

is only = small region, where du ¢ O anyway.
. dt

Furthermore, in equation 7.1 the term -# 3B can be

3s
‘neglected c.f. e Ell‘ For the mirror effect will be largest
m
near the ring cusp where B = B, = B, kr sin kz then
' 2

- QB = Yf Bgr. = W " *

/Y oo = 9w, Lo W 'Y
ﬁ as *B(O) Jr e ~ r vl

where W; 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 g;%ﬁ is about 10 times smaller
m s
16

which is « 10 m/s°. In the programme .

than B
L f110

provision is made for the inclusion of 4r}§ , but it is
S

not used.
As ze.gi = 0 the last thrse terms in equation
7.1 are zero.
There seems to be no precise criteridn for the

inaccuracy of a guiding centre treatment of particle motion

(Grad, 1961). However a safe criterion seems to be

2
mce<r or 2vm << r

eB eBok
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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 Qith very little loss of ggnerality the

equations for each particle simplify to

av,q = % B,y = % ((Ea-gg ) cos e - '%% sin e)
dat (

' 7.8)
%% = Vyq sin e ‘ (7.9)
%% = Vi, COS ® | (7.10)

where Ea 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 ié
specified by three coordinates PyZ,Vyqe © is a known,

fixed function of r and z . As in chapter 6

B = (BO sin kz (kr/2 + (kr/2)3/2), 0, B, cos kz (1 +(xr/2)°).

®

@ cusp cu
coil X coi

==
iy

ﬁall

FIG. 7.2,

THW ANGLE BYTWEEN TEE

FIWLD T,T7re AND THE

APPLIED FIKLD
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Each particle in this model is,inreality,a éharged
annulus. The charge on each annulus is the same, and so
the initial constant number density is simulated by an area
density of annulij, proportional‘to’the radius.

To simulate the laboratory experiment the tube radius
is Lem ; and the coil separation Lem. EgSe 7.8 — 7.10 are az—
imuthallyiindependentand so the system 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 thacoordinaste I,J (see fig. 7.3) is

evaluated as

/r(I,J) _ f 16‘(1 , Int(rk/a+1))J(T,In“%/a\ﬂ)

k=1,a2l1l particles 6 ) 19
- 2

(7.11)
The function Int is the first integer whose value is less
than the argument. For the purpose of eguation 7.11 Zy is
reduced to a value in the first coil.

This is the nearest grid point approximation, which

>2 1}7 is also used for the electric
=3 field which a particle ezperience
FIG. 7.3 Other weighting schemes such as
1-J ctoud in cell (C.I.C.) are less
NOTATION

noisy, so reducing false

oI=1 T=32 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 edquation which is in this geometry

Ve =Y +1 30 + 32U=—,L_ (7.12)

- Br? r or SZE 50
is solved in the form ' o .
JUS W P g (7.13)
o r ar 92° a’

where U¥ is proportional to U, equation 7.13 being
simply differenced to a form with ?0 constants in it.
Periodic boundary conditions are applied in the axial
direction. U = O at the tube i.e. the tube is metal:
the real condition of an insulatingQWall 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,
so0 avoiding singularities in gquation 7.13.
When ions hit the wall they are perfectly absorbed.

In contrast When_ﬁhe electrons hit the walllthey are brought to
rest at zero potential. The first condition is realistic

: because’of ion neutrglisation; the electron boundary
condition is necessary yo allow flux to and from the wall
at the plasma frequency.

U* is differenced and stored to produce the r.h.s.

of equation 7.8 by
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(u* (1,5 +1) - U (I,5-1)) mC/2q (7.11)

E, (1,J)

(v (1 +1,7) - v*(1-1,7)) mC/2q (7.15)

E, (1,J)

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 1is =2

block diagram of the process.

§ < |
' : Sinb | [stor
FIG.7.L SCHEMATIC OF ELECTRON INTIGRATION b | |occed
-~ s erolid]
N
l \ /N
INTRGRATE FORW POISSON .%«E!;v:zu)mg
>— ALL S wmw S COLVER > %sind)
I3 1 3 — ,
PARTICLES DENSITY

Once enough electron timesteps have occurred

(Section 7.5) the ions are integrated accor@ing to

£ EALR(RE) W Gas

\ _ .

. mE(K-Z Ae) + Ze (E-u) (7.17)
dt m r m M ‘

"This is as in chapter 6, apart from the inclusion of VU,

the value of U being an averagé from all the electron

"timesteps.
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| T3 - The initial temperature

Initially the electron velocity distribution is

approximated to the Maxwellian '
1
5 2
— 2 —
f(vll) =n ( m ) exp ( mvll/?kT)
2akT :
n m z ex (-v2 /2y
(———~) p (—v/vg)
2k T
by a histogram of 60 fixed velocity'intervals within

the range v112<6v2th. A Maxwellian is chosen as it is

known to be stable. Computationally the probabilitiés

for all of these intervals are ass?gned to an exclusive
part of the range O to 1, the size of the part being
proportional to the probability of the interval, and

the sum of the probabilities being 3. For each particle

a random number gengrator produces a number between O and
1, and the corresponding velocity interval within which the

random number lies, is assigned to the particle.

- Telte Numerical details

High accuracy of equations 7.8, 7.9 and 7.10 can be

achieved hWusing a leapfrog scheme.

VA2 gt = v gt + oL dt2 (error o(du-,LL )D) (7.18)

11 11
where & is the acceleration along the field line,

M3 _ 0+l v?{z dt cos o2 (error O(dt3 )) (7.19)

03 - ol v?{z dt sin e n+2(error O(dt3 )) (7.20)
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The integer superscripts refer toc time levels. Positions

are not so far defined a2t time n + 2 and so cos enfz

- +
is found by cos oB+e - 5 (cos(e(rn+1,zn+1))+cos(e(r*n+3,£n 3))
Starred quantities are temporary'values defined by

fkn+3 _ I.n+1 + vlln+2 it sin e n+1l

zrn+3 - Zn+Il. + v11n+2 dt cos © n+l
The accuracy of this scheme for equations 7.19 and 7.20
was checked for a 100 eV electron, dt = 2 10-108, giving
an error of 19Fm in integrating the position through 90O
along a field line i.e. L cm.

Errors will occur in equation 7.18 but will be
of order dtu, as & is known at time n + 1. It is important

to use such a scheme which requires'storage 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 intégration has to be fést, 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
36fs computer time.

Only 60,000 words of central memory were available,

1
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[so when the iom are 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
becauée 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 Foﬁrier transform method
of Poisson solving, is faster than any iterative scheme:
However he does not conéidcr the improvement to an interative
scheme caused by a good first guess. Alsoc core store and
programme development time for a Fourier transform programme
are important considerations when t?e computer time taken
' for an iterative Poisson solver doeé not dominate the
particle integrating time.
Thus Poisson's equation is solved iteratively using ¢
S.0.R. method. A five point differencing scheme is used for

the differentials. The ”anorithm for the row nearest to

the axis,which is different from the main domain is

U TN = (&M (1) AU )+ 0T )

+ UL 2)) + (-w) UTP(Z, 1) (Yu)
which is derived from Gauss's law. The superscript p is an
iteration counter and W& 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 -, the relaxation factor is

A Y
where the region is N mesh points by M. This

gives W= 1,84 for a2 32 x 32 mesh. For the mesh used here
the best value is ¢ = 1,92, This was found by trial and

effor. As shown in fig. 7.5.,using the exact value is critical.

FIG.7.h CONVSRGENTE AS A RUNCTION OF THE
RELAXATION FACTOR

. 2

b

\
Up+1O_Up

U-
=~ o after 60
iteration from
a bad guess

wr 1.5

N ]
1 > '

The value of the first guess to U*' (I,T) is the

extrapolated value from the last two timesteps i.e.

* ¥ * . : .
U, =2 U3 — Uhoo where the subscript is a time level.

This increases the convergence by approximately 10, Iteration

continues until a fractional convergence of .00l 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

3

density of 1o9 m ~ and is used to simulate a number density

1 - .
of 10 5 m 3, by increasing the mass and charge of each
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particle by 106. Such a scaling allows important physical
gquantities to retain similar ratids as a real plasma of
number density 1092 m> (e.g. the Debye length to the
dimension of the plasma). This is ﬁhe first stage of the
simulation. .

Then it is assumed that ﬁhe 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 denéity. This seems valid from
the analytic work, at least in the lower density regime.

If so the 1abofatory plasma will exﬁibit the same properties
as the 1012 p™ 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 unﬁerstanding of the process occuring-
in the 1015 m—3 plasma and proof thét they are number density

independent is required.

So far it has only been stated that the scaling of

the number density is édjusted 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

1



202

a varigble used for multiplicative simpliecity in the
programme. The subscripts c and s refer to the actual
value of the quantity used on the cbmputer and the

value which the computer model simulates, respectively.

/ Charge and number density (n) defined by eqg. 7.11
are related to computational quantities by
* 3
n, = 2wa’ n, - (7.22)
/; = 2'11'33 n, = nz = Qﬁa?p‘ (7.23)
e Qe
Uc is found from solving eq. 7.13 which is rewritten as
2 & .
Vo Ut = - 2map, (7.24)
%
Also 0(f= Kdtz = dt2 Qg VU = Cc dt_za vu* (7.25)
me
Equation 7.25 gives the relation between U and U*
U = C_@_n_l_c U* (7' 26)
RN
Therefore from equation 7.24 and 7.12 Cam, = q,
a —
C Z«aeo .
. 2
.. Ge=2mamg C& (7.27)
e

- This giveé the charge on each computer particle, as m,
is indepecndent of the charge on a particle to preseggé
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 (70 28)
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where qg = ~1.6 107179 cand mg = .91 10770 kg.
The necessary conditions on the characteristic lengths
and times are now considered.

/ 7.7 Characteristic lengths

For lengths, one set of conditions is

8 € A, << 2R ond L (7.29)
where AS is a plasma screening length, R the radius of
curvature of B,and L the dimension of the tube.‘)\s‘f< L is
necessary for the particles to constitute a plasma. That
)k«ZR is necessary for the second stage of simulation.
It can be seen from fig. 7.6, in which the screening of a
field chargé in a circular magnetic field is illustrated.

The screened potential produced by the field point is

U= q exp (=2R sin(¥/2)/Xs)
Lue_ 2R sin (¥/2)

A plasma of density 10%0 n™3 winl
always have ASG<R. For the simulated
15 m—3

plasma of 10 it is necessary

that sin (f/2)= /2 %2; << |

That a< X, is necessary for an

FIG. 7.6 PLASMA accurate solution to Poisson's
SCREEN IN A CURVED

MAGNETIC FIELD
The Debye length of the simulation

equation.

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
ié.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 1ength Tor a plasma 1s

nq2

At first sigﬁt this appear to be dependent oﬁ ns/hc.

However, the velocity of a super particle 1is 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,

2 .
i.ee kT, =1 m v =m kT
> ¢ 3. ° m, 2 °
1 1 5
SH (eo mc)z (kTe)2 = 1.2 1008 m. (7.30)
| . W
Ne 9gf \Mg P

The Debye length for fhc 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 directﬁon from the aﬁnulus and does not fall
off as fastas ;2. An anisotroyic screening length, )%lpnger
than des to ge expected.

To ascertain the value of ks, the real screening

length in this particular problem, a set of straight field

\
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lines parallel to the axis, with the charge density at

‘ four mesh points held at s negative value of 5 times the
local number density, was used. The values of ng and W
were 6.2 101LL m—3 and 4O eV, and so Xd_=:.18 em. 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.%s. It is approximately
true that A_ = 2 A;. (This was also checked when the
Debye length was twice as long, in case grid effects were

important. )

{~200v

" FIG. 7.7 THE SCREELNING OF A CHARGY BY THE SIMULATION PLASKA

)

7.8 Characteristic times

The characteristic times are tabulated and defined
in.fig. 7.8. There are computational restraints on these
times for accurate integration, and physical restraints for

meaningful simulation.-
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FIG. 7.8 CHARACTERISTIC TIMES
Notation |Description Valge Side conditions
S J
toin smallest time set by 2 10712 g =10" V/m
fixed format of storage Z
tg electron cyclotron time 107l£10-9 Bo=l».OIT
dt, electron time step 10710 dte'<tz
t: electron transit time 310 10 100eV electron
of cell
tr . . t
te electron transit time >te
around B curvature
'/&b inverse plasma frequency] 2 1072 n_ = 6 10tMn™3
. o -9 t
dti ion timestep 8 10 dt. <t.
i i
t . . . -8 -8
ty ion transit time 10 =6 10 100eV H-A
t‘i’ ion cyclotron time 1078, 10'6 B =1+ .01T H
tg ion loss time 2 10”7 H
t, electron - ion collision}> 10—6 ng = 6 100>
time "
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Computationally the ion and electron timesteps
must be chosen to minimise the errors of the integration .

This is ensured if

% ' :
ton< At << t, (7.31)
! which also means that
atg< 1/1,.3-p : (7.32)

In the plasma there will be an oscillating field
at the plasma frequency i.e. E(t) = go(t) sin t{bt with

dE (t)<¢ E_ . The criterion for a particle on the
St © p—o0

mesh to be affected by the plasma frequency is found from

dv = ¢ E, sin (¥ t giving

at’  m *P

eE, > =a (7.33)
m b-l’p .

For hydrogen ions the l.h.s. is about 10 2m , and so
the ions in the simulation are unaffected by the plasma
oscillations. Consequently the criteria for accurate inte-
gration of the ions are

LAy < at, << t;f T (73w
with the field that acts on the ions being an average
over the plasma period.

As Vll dt is stored in a fixed format,using

only 19 bits, smell values of Vi1 dt cannot be represented.

This is the reason for tmin’
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The ordering of the plasma parameters in the 1015 mf3

plasma which is being simulated is

G o et wt? « :
t &< 1/Wp <t <t t, , _(7.35)
The guiding centre approximation makes t: = 0.

The values of W and t, 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

This is given by ug = n, dg which stays constant

€. m
o c
as ¢ and m are decreased and n increased to represent

a large number of single electrons. As with the Debye
.1ength 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 ﬁhe electrons for a stationary

and homogenous background of ions. For the case shown

ng, = 6.28 101L* m_3
1
* W = (ns 02)2 =1.4 107 Haz
] €5 Me

9

From fig. 7.9 Wy =4 107"Hz, This is consistent
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with the screening length being larger than the Debye
length, screening being less effective than a three
dimensional plasma., As an.approximation the screenin

- frequency is given by g = .305.

/ The degradation of the oscillations in f£ig. 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‘thc system by hititing the

walls,

FIG. 7.9 AVIRAGE AXIAL

ELECTRON VELCOCITY, ng= 6,28 10

7.10 The collison frequency

The collision frequency¢na°<q?. Hence the

_collision frequency of the computer plasma will be much
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higher than that of the plasma which is béing simulated (in
the first stage of the simulation). The simulation will

be meaningless for times, t, greater than 1A;b, but valid as
long as t< 1/h%. As before this quantity has been

/%casured 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 becn calculated by Chandrasekhar

(1943) as

((aw,))  =gin € L Gl |
Zﬁéfnc\d ' ,
where ¥€° = m and g(x\ = (4)(&\-)(4)(0)/2.}:2
26T

g being the error function, and((dwuf) the rate of

change of parallel velocity as an ensemble average.

e < W

More usefull& %/{;‘il = 32 Nd(Hp)B (7.36)
€a A GE&W)

where Nd = gﬁn)§ , the number of particles in the Debye sphere.
-3

To check the validity of eq. 7.236, Ah&l, 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 Dsbye sphere, a field free, Maxwellian

and homogenous plasma was set up, with no applied electric
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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/dtg. But measurements

were made over 100 timesteps giving ((Ahm)2> and an

experimental value oftJil =2 10° s "1 , for € w = 1.8.
For comparison with equation 7.36 the correct

value of A = AA must be used. bmin’ the smallest value
b

min
of the impact parameter is effectively given by the cell size,

closer particles not interacting. From eq. 7.36.“}/wf= 105

L

Therefore oril = 1.4 10 54, using the measured w;.. Both of

D
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 °
differeﬁce 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 7.3% there is also a

collision time with the mesh, Theﬂprecise effect is not

clear. The situation appears to be completely different

when there is much less than one particle/cell frém when

g
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there are many particles/cell. However, as long as the
collision time is sufficiently long compared with tﬁe time
of interegt itg 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 beennmpasurecd. The clectric field is 2 small
fraction of the total thermal energy (Hockney, 1971). The °
heating time is the time for the total average energy of ths
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 fpom the ions only and ehecking 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. Thesé were observed with the simulation. .
A.positive region near the axis was obgerved, 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 LtO eV , and the motion followed
for 30 ns, with a uniform background of ions, and no applied
\/clectric 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 evideat.
Also shown is the a?erage 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 té damp out the oscillations of
individual electrons. |
The shape of the potential field does not stay as in
fig., 7.11l. 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 frequencys
A oscillating faster than B, although the potentials in the
two regions are correclated.Quasineutrality is obtained overall,
. 5% of the electrons being at the wall although there érc
. regions where there is only 50% neutrality. '
The average ﬁlasma potential is 80v , twice the
electron température. Ben Daniel (1961) has investigated the

plasma potential in a mirror machine and finds that it is

5 times ths electron temperature, this high a potential
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FIG. 7.11 TEOQUIPOTENTIALS

E,= 0,%t = 13.8 ns.

7.11a AVRRAGE POTWNTIAL ON AXIS AS A FUNCTION OF TINE
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being necessary to restrain the high energy tail of the
velocity distributuion. He only considers a stationary
solution to the Vlasov equation, whereasthis particle model
describesa time dependent solution. Thus electrons in the
tail of the velocity distribution are allowed to escape on
a time scale of 1/ but can only go as far as the wall.

A very high avefagc 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 number density and E,. The
numerical resultis are égplained by means of a qualitative
theory. - ! _

Initially both 32,400 and 16,328 electrons, but
constant n , were tried, and as expected the results were
very similar, Henceforth 16,328 electrons were used because
of the smaller core store neeaed and thus better job
turnaround. The results of a run with E =--1(%L V/m, ng =
6.28 10lum —3, T, = LO eV, are shown in figs.7.12,7.13,
7.1, and 7.15. I, in fig. 7.12, is the average of vllcosB

over all of the electrons. Flﬁctuations occur at the
plasma frequency and the zeroes of the current are related
to the maximum in the average botential near to the sxis, as

at this time the number of electrons at the wall is at a

turning poiht.
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Individual electrons oscillate along their
field lines. Their maximum excursion is approximately
>§ %% . The two electrons shown in fig. 7.12 are low
and ;Egh velocity. The high energy one moves the length of
/thc cusp against the applied E,but eventually is reflected
by the radial electrostatic field. The-low energy electron.
does not move far against E,, and then moves 1 cm before
being reflected by -Qg . After reflection it hovers,
there being no E11 ataghis point. Cases of Te = 0 were also
run. All electrons in this case are accelerated by Ea and
are displaced by about.§ 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 dénsity). 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 ﬁOeV 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. 7.1L4
greater neutrality is achieved, with a lower average

potential,



As before, the simulation is producing oscillations
at the plasma frequency about d.c. values of potentisal,
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 300¥; the average
- W  under s coil, near to the axis is &5Y/em, which nearly
caiiels the applied field of - 100v/em. Fig. 7.15 shows the
value of - gl as a function of z. The applied field is
partislly a%;ulled over 3% cm under the coil, and enhanced
by up to 3 across the ring cusp.

The unexpccted results on the potential field can bhe
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 secparation causes a field which
opposes any Turther motion of electrons along the field lines.
Electron motion along the ficld lines causes charge sepsration
despite div B = O, because the region is bounded and.vlletEwsG.

An anproximation to the condition of annulment of

the applied field

Eqcos o = cosl+  sine . (7.37)

o ar
This omits terms equivalent to ®VT, -1 VnkT and mec2 aj
ne e’ at

in the Ohm'sylaw. Eq. 7.37 can however be cualitatively

iy

satisfied, and implics that the field lincs are equipotentials o

the sum o’ the electrostatic and the anplied potentils,
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Under a cusp coil 9 = E,,from eg. 7.37e. This
9z
is seen in fig. 7.15. Downstream (parallel to E) of the ring

cusp the diverging field lines have to be opposed by U .
ar
Qﬂ_:(Ea - W) cot e
onr 92

Upsfrcam this effect is reversed, and so the
potential should increaéc towards the outside. In the case
shown in fig. 7.1l4 the potential increases with r upstream
of the ring cusp. The potenﬁial 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, g 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 displscement of the electrons, of the
order of the Debye length. It is not caused by the electrqns
being accelerated to this energy in E,.They do not move
" far enough.

As a further check of this model runs were performed
with a larger ng and E,. These are also drawn on fig. 7.12,
and show, as expected, that the potential is proportional

to E,and independent of ng.
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Striations in the nﬁmber 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 beads being the
/clectrons oscil;ating 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. E, = 10% V/m, B, = .2T and a homogenous initial
density was considered, With an ion timestep of 8 ns ,
integrating the electrons for 2 ns every ion integratioﬁ,
1 hour of CPC6600 time is needed to simulate 600 ns.

The aVeragc value of vz(for the ions) , and the
number of ions lost, which are shown in fig. 7.17, are
~similar té 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
j cusp. This compression has been enhanced by fadial motion.
The outwagd motion near the axis is due to the radial
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. Downstrcam'of the cusp the magnetic
focussing has caused the plasma to move away from the wall.
Particles which have been acceleratéd 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 v

5 1s larger, plasma has been convected from the

next cusp. The'high‘dcnsity region has been'split, fast
particles have moved downstréam and the rest,which are those
.particleé which have started in the pcgion and not been
accelerated, have movéd outward, there only being focussing
by virtue of Ve Those which have moved downgtrcam have not
been accelerated as they have not reached the next cusp(moving

at 30 cm4bs). 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 pafticlés have been split
into two regions. Unfortunately most are in the region near
to the wail, downstream of the ring cusp, moving towards the
wall and upstream. The region near to the axis is still being
'accclerated. 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 parficles near to the axis have
a velocity of at least uQ IOLL m/s. Their trajectories consist
of low and high ffequency oscillatiéns._ As shown in section
" 7.17 the frequency of oscillations is

1

eB, = 10/ g7l =52 o,

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 oscillationé could be further
out than the initiai.radius as discussed in section 5.L4.

_ . 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/(ZcB§) from which{ loss
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can occur reduces the difference in loss for Z =1 and 3.

>

7.14 The second stage of the simulation;application to

higher density

The electric field which has been found in this low
density plasma will élso be present at higher number
densities, The electric field is established on a timescale
20m-3

of 1AJb. In a plasma of n = 10 , W =10 &V, 90‘”1095—1

-1
\ w’p \alolgs .
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The electrostatic field will exist for times longer

than 1/%,. It is caused by more electrons being able to move
a distance W4 into the ring cusp region than can move through

i.t i.eo EE >> fE

1 +lﬁ721t:2

so as long as '€= 3B, > 1, the electrostatic field must
: ne

exist. As shown.in chapter 11 this is most of the tube.

715 A pathological self consistent solution

There is one steady state solution to eq. 7.37
suggested by M.G. Haines. This is

-a_u =Ea. EH = 0.
92 o

This has to be vioiated at the boundary but if the potential

is allowed to rise at the boundary U = O can be allowed

throughout the reg;on. The =z translzgional symmetry implies

a discontinuity in U across the ring cusp. This is alloﬁable

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 gharge, B

y®

; FIG, 7.21 SCHEMATIC DRAWING OF THE CHARGE
v ———
Ty DISTRIBUTION NECZSSARY FOR THIS SOLUTION
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fogether with a small amount of charge on the wall to
prevent edge effects . |

It can be seen that starting from neutraiity this
state will not develop easily, if at all. For the discs of
charge arise from a bodily displacehent of fhe electron fluid
along only avigﬂ field lines. If however, initially there is
ncutrality,'then much more charge than is necessary for the
steady state solution is dep051ted on the walls. The result
is radlal and axial flelds.

For the s1mulat19n this solution certainly does not
develop within 10 plasma periods. The:potenpial is similar
to that suggested here, but is different in that there is a
radial electric field. The effect of the.radiél electric
- fields is to broaden the fegion over which the axial
discontinuity occurs. For field lines Wnich are neériy normal t
‘the axis the axial electric fields wiil have a much smaller

effect than the radial field and so the axial field does

not have to be annulled. As seen from the compulation the
'discontinuity' in the potential occurs over L/, If the
- steady state solutlon were set up then the thickness of the

dlscontlnulty would be

t =2 fUm | (7.38)

2
Boe

twice the Larmor radius, U, being the applied voltage
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between the cusps. For By= .27 this is typically 2 mm.
The loss time on this model, is #/2 smaller than
for the case of the trajectories in chapter 6 . If

the velocity of the ions in the ring cusp becomes/2gg and
m

the loss time 1is the time taken to drift to the next ring

cusp plane then
tp=L/m =200 10,000\ A  ns. (¥.380.)
2Ue ' \Y} 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

B, = BO kr/2

r .
xZ=8um (7.39)
ngzpze
... Jg = he Ve = 2ne Uy
xBOkr
.'. dIe = je x dr
bl =pne Uy if .x<<T
Bok rs‘

where r is the radius where integration must stop because
either the current flow stops or x becomes comparable with r, in

which case

2ne

. ‘1
- 4
r, = (BUam
k™ B e
o)
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If the currents flows at smeller radii the
solenoid approximation can be used for the field produced.
rg is typicelly 5 mm. (U, = 200V , B = .4T). It is
reasonable to take this as a value fixed by either an

/ﬂﬁt<lcriterion or by the size of a magnetic probe. In

thig case
b, = 120 (g ZO){!m ) (LQ) gauss (7.40)
) 10 10kV B0

T.17 The equilibrium of the polytron

The particle description of the polytron allows an
estimate to be made of thc-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 6f equilibrium is academic.

It is necessary though to have some idea o Qherc‘an
équiliﬁrium may lie.

Initially the azimuthal field produced by the plasma
can be neglected and so in cylindrical coordinates the

" azimuthal equation of motion is

dv, = v, wkr sin kz - Vrbrcos kz (7.41) .
at 2
where B, = Bo kr sin kz, B, = B, cos kz, W= £By
2 m
If v,<< kr v, then v = —&T o5 kg + A,

2 e )
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As shown in chapter 6, if kz->kz +1 then v_+> - Ve and

e
so A = 0. This can be substituted into the radial equation

of motion giving

2 2
gzr =—c§r cos kz = -Ur cos 2 kvzt (7.42)
dt 2 2
In the interval kz =1 this gives the Busch lens formula
RS 2 .
dv,, =-wr : S (7.43)
at L '
but otherwise it can be integrated if v, is constant
. 2
ve V = "CTI' 1 s, .
r 5 kv, sin 2kvzt +%) + A
and so the condition krv  3>v, becomes
2 N
v, 1
Ny 2k \
: b 2,2 2
Integrating again for tadﬁi B vﬁot -&rt " + &"r cos 2kz
8 8k’2_\?%
(7.44)

Examination of the high frequency part shows that the particles
com¢ 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 /2 from eq. 7.L3.

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 = r, and only ions are carrying axial current, then
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= ne v
jZ Z

and be(r<ro) = pAT ne vz/?,

The radizal acceleration due to this pinch is

2.2
av, =m§ V,Pe =TT foBe Y,
at im

Also there is an electrostatic field set up
dragging thé ions out , which is seen in section 7.12.
This electrostatic field is E, = £ kT where £ ~ 6.

er, o
The equilibrium condition is thenapproximately

- ' 2 2 2
f KT =1(u" + pnev, )
mry L 2m

The values of radius as a variable dependent on

n, T and v, are shown for hydrogen, with B = , 1T,

(V]

r (cm) T (ev ) n(lOzom_B). v m/s.

6 10 1. 10°

2 100 1. 107

.8 10 ' 1 10°

2.6 1100 .1 - 10°

.3 10 10. 10°

.06 10 1 10°

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,

QE; = -wkr v, = kr ugr sin 2 kz
dt 2 8
. / _ 2 2 . 2
.. v, =-r cos 2 kz + v, 1fvz-vz < v,

If N(z) is the axial line density then

N(z) v(z) = constant

. ’ 2 2
N(z) =N, (1 + r°u° cos 2kz)
8v 2
7

"The 1line density is greatest in the region beneath
the coil. As energy is conserved then the axial velocity
is lowest here beczuse the azimuthal velocity is largest.

n =N and so from eq. 7.L4lL4
ar®

n(z) =n_ (1 + QEZ (gg - 1) cos 2kz)
Lv 2 k2

The modulation of number density will depend on the
larger of roz/é and 1/k2, but in any case will be much
less than 1 as 2k v, > | .

o A

In conclusion an equilibrium is expected if for
hydrogen v, ~5 105 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.



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
unexpsected (a priori) result that plasma zcceleration 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 i1s not clear.
The simulation indicates 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 &'CT>1 along their whole length,
Experimentally this sheath may be blﬁrred by it moving
because of the field produced by the plasma. Also the

ef'fect of be could cause drift of electrons across the

ring cusp.

A sheath formaticn is implied in the m.h.d. code,rcported in whe
paper with Watlins(p.399). The fluid ic scen tobe accelerated eonly in
a region beneath the ring cusp, the width of the rcgion being mesh
limited. Hence the axial electric field necessary for ion acceleratiocn

nmust 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
ionisatinn rate as & temperéture 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. T .

8.1 The corona model ' !

The details of the models appliéable for cquilibfium
relations are deséribed exhaustively bj a number of authors
such as Griem (1964) and McWhirter (1965).

A necessary'condition-fdr a plasma to be in l.t.e. 1is

1
n,> 101 w2 '¥(p,q)3 em™> , (8.1)

where W is the electron temperature (eV ) and'YKp,q) the
_ largest'énergy level difference in eV, As }Lis typically
10's of eV , 1l.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 7, n(Z) have to be

solved, These are of the form
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%_%(Z) = n(2z-1) n, 8(W,2-1) - n(2z) n, S(W,2)

- n(2) n,oe(W,z) + n(Z+1) n, x(W,z +1) (8.2)
where S is an ionisation coefficient and &« a recombination
coefficient. |

Z%0 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 107 of the ground state population.

The ionisation rate is calculated from

S(W,z) = 1.6k 101'6 exp (-¥(Z,g)/W) em> s~ (8.3)
|

——— el

Y(Z,g)W§ ! .
taken from Bates et al (196A2). & is taken from Seaton (1959),

w(W,2) = 5.2 10014 2 23F(.13 + 1n(N) 4.7 A2 emds™ ]
(8.4)

where )= Y(Z-1,g)MW.. Typically S(W,z)> «x(W,Zz) .
The coronal equations neglect the effect of cwllisions
| on transitions between levels. This is not‘valid for high
prinecipal quantum number levels, and for these l.t.e. with
" the conginuum applies (see for example chapter 3). But if
collisional transitions are important the rate coefficients
should be modified. Kolb and McWhirter quote
nc.<1012 743 W% exp ('}[/5W)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 <6 1042 em™>
at 5 eV , the minimum of this function.
For higher stages of ionisation the critical value of
/ne is much higher,being proportional to 27(Gricm, 1964,
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 egquations 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 Xxf,g)$>w. For the linear rise an expefimenta]
value is

— ) el
8Z =.5%.5 (%020) exp (-15/W) ps | (8.6)

(where n i& the total ion density)for Z <L,

' 22

100 m 3« n <10%2, 5ev <W <100 ev.

8.3 The use of an energy equation to determine W

The temperature here is determined by integrating an
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energy équation. If S is the source of energy then

=3 a((n®+n)kr) +4a (éf I, n,) (8.7)
2 dat dt =1

where ni is the number density of ionisation stage i, Ii is

the total energy to create stage i ion from neutrals and

oo
S

120 [
y S = i(}kT+I)dn +j_1g(no+ én)d’l‘
v ‘=t att ) i= at

Two different valuesof S were used. Firstly jg the
| (&
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 ﬁ . The

theoretical justification is

joEs ne_E_%_l"a_E%/(neV%E%\) L4 3B L«
Jz £z 2 B9 Va
as B <« 1 in the cusp region and r 3 = v,
r 2 9ot
The source jz Ez should represent too much heating as some

of the energy should go into mass motion. The source waé
- related fo experiment;l values of Vm(main bank voltage);
15.3 V_t 107 A/m°, assuming the initiallinearly rising
curréht is uniform .

The result of using ji/k‘ as a source,was that the

time for the density of AIll to peak was much later than
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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,‘Snly if the charging voltage in the calculation
is more than doubled. This would be equivalent to altering
the area of current {low to fit the experimental data more
accurately. As the initial dehsity 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 plasme the one dimensional polytron
equations used by Haines(1943) are éltered 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 = B0
sin kz, the volume being unbounded, and filled with a plasma

mass density/, number density n and conductivity ¢. The

two components of Ohm's law are

N . —- - 'y o
‘ Jyo = BF (v, = §,/deZ) (8.8)
d, =8¢ iy: By = vy By | (8.9)
3 2 ncZ 2 . -
- as in chapter 1. Also
dv = =- J B . . . (80 10)
_z yo_ o :
at 7
dv, = kv, v, : (8.11)
at
i = dv. +0k v_ v (8.12)
z f% dtb F a _'g
0 BO

Additionaily there is the thermal energy equation
vV, B2 (8.13)

assuming z independenc® of n, and T,and then integrating with

2 .- . ' .
8 = /5 = i, B, =i, vy Bo/é + j

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
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A AV R VAR SRAD o (&)

) So d‘é Koﬂ d'e AQE

d_v_b = -—kVaVQ T E:.EF FB AV "'SB Vb (8. 15)

dt R

g - (E. W34 dv,, fplevv%) ,ov%o_fy% (8.16)
and from equation 8. lu and 8 15

(8.17)

_a:g T é‘_’ = S‘(Eo _éﬂ_e —\__/b_go)

ne EE‘ s  Z
8.5 A numerical solution of the slab equations without

heating

A solution of 1 dimensional eguations including the
effect of the induced current was presented by Dunnett (1968)
A much simpler question, but more Meanipgful for the
experiment is what value of W'Cis required for full (i.e.

eE, ) acceleration of the ions. Equations 8.11, 8.17, 815,
- )

were solved. As shown by Haines, the equations can be made

dimensionless, the equations being parametised by¢¥=¢¢x‘=%%,
T, , and a limiting velocity ¥%/ng. As expected for

o{<2‘l s \é << Qi; E

. e T
'andfo_r' oS> | . \[2 = %D% ,J{=neevg , t<< ‘o

In the intermediate range of o« there is nearly
full acceleration (d90%) for «>2.5, and negligible(<10%)
acceleration for«<,3., At high o modulations of a frequency

k v, are seen on Vg, vy, and Jyo. These are due to the
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azimuthal motion being convected with the plasma at the
inter cusp frequency k V.. From equations 8.11 and 8.15,
taking the last 3 terms of 8.15 as F (i.e. t <T_) they

can be solved simultaneously as

7 2 2 1
%{g R GARA : %l_gg - (k) + F kyy
assuming Vody, << V, dv ie. kv, << T
bdt% 2 dg’ 2 o

The fifst 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 jy comes

from the vy B, term in Ohm's law. It is due to the y current
carried by the ions, modulating the mainly electron current.

1

8.6 An analytic solution for a!limiting case of the

equations

In the 1limit of:-

(1) a fully ionised plasma

(2) k-—>c0 '

(3) 1large or small WY
an analytic solution to the energy equation can be found.
Dcspité‘these limitations the functional dependence on
plasma parameters is instructive.‘

As k-s00 then from equations 8.11 and 8.15

vy, v, =0 =y, v, '

but from eq. 8.17, 4v, 4 O *. v, = v,=0.
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
JYO =F(Vg—go “b\rT EDS (8_18)
| + w2 ,
= s £ +uw't/2 Evy_) (8.19)
. I+ »TY2 |
together with (i\!; = T&, (e Eo -KDV?) (8.20)

dt ¢ 1+ wtH2
This is similar to chapter 1 except v, is included. If

v, B, - WTCE,  &WTE  i.e. EEp»1 ort << 1

nev; o
andw"r»l, then
dyo = -gg%m_o
o)
i, = ZZES +ne v, (8.20a)
A RR S
2’5;E° = jze is the electron .current across the field lines,
woet
and J,ng v, is the ion current
Joo g B et
Joe my
Also from eq. &.20
2 2 '
at m 2l m ‘T

neglecting the first part of T, in eq. 1l.7.
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. 2 o .
o o jz - % Eot if Jzi»'azc
PERE _ T%
© 3abdl - Je t e (2 where U =08,
) ° 2 dé o__
" kdT =_z_<neg_o>‘(e:£+z)
e o dt ' 3 nF;T’/"" m’l B:‘
L. T e petE! et + 26~ T
e Usme Bs

and if T>T_ the temperature rise AT is given by

1/
3 . 1, 5
AT = (19 ne’bo b (4 wc;l:/é)) (8.21)
3 kR E
wher'euéi = eB,. When Woi t 36, heating is dominated by
m

the z currents.

For B = .,1T , Wi = 2 1O5H; for singly ionised argon, and

S0 (,J'cit = 6 when t = 15{5. The numerical values predicted

by equation 8.21 are AT = 15eV , for B = 1T, n = 102° p~>

E =.5 1OL‘ V/m, at t = 1ps.

i, = 5E,.

When W'l«1, ;}yo = o'ero ,

The expression for the temperature at a time t in this case

is
' 2
11 =11+ - 1L E§F_ t
T‘Z TZ 3‘ 0 0
o} kn
where T _ is the original tempersgure.

0
A maximum in the Ohmic heating as a function of ¢

exists when WC«1. Either side of ¥¥= 1'jyo decreases.
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\
Ohmic FIG. 8.2 HEATING AS A
heating

FUNCTION OF wC
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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 coron&equafions,andthe temperature.from an energy
equation with the currents determined by modified one
dimensional polytron equations.
With the equations of section 8.6 jzdIL To prevent
this the geometric inductance must be included i.e.
_ E=E, - £ ar/as (8.22)
- where E; the inductance/length is .MS/AH/m. I.,the plasma
current is 5 107 j, A . This prescription, in particuiar
the value of e, is somewhat arbitrary. However, an inductance
is essential, and so the experimeral value is no worse than

any other. Numerically care must be taken with this
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equation when E<==’EO i.e. £ >>'LH, the Hall inductance,
otherwise a numerical instabiiity develops.
An average of the wlues of XE(Spitzer, 1956, p.8L)
is taken and thus & = 2.3 10° ij' Z mho/m = FOW3/2/2.
/Becausc of eq. 8.22,jz must be determined by a differential
equation. This makes L, dependent variables, Vs Vas Vy

and jz determined by the equations.

g..Y.z = Wj/zﬁoi( j% - \{2)

dt Zf Z rfe?
v, = kv, v,
at
AV = dB kv, Y,
at fﬂ
— o _ 3/2, 2, .
dj, = (% (mo ZJ23/2 VB,  +5 W TB, (vz i, )
at rOW 2 222 fa feZ

The ion temperature is given by

aw, - (W-w,)

at teq
Wi being the ion temperature in eV , and teq taken from
Spitzer p.80. There is a correspcnding term in the

. electron'ene}gy equation.,

There are few.problems of numerical stability in the
solution. The energy equipartition time will be of order‘ps.
The oscillatory rise time 1/kvz, will be of order 100's ns.
The acceleration time Zé is long, manylus , and the ionisation
time, }/(%?c),again,is of order ms. By fixing the timestep

for an accuracy of 1O"LL there are no stability problems,
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8.8 Solutions to the equations

The initial values used for each run were -
j W=W, = leV (see chapter 3), 100% ionisation,

.

.;(in the experiment « 70%) Jyo= J, =V, =V, = Vy=0.

‘- Fig., 8.2 shows the plasma pafameters for a case where thefe
is full acceleration, low jyo and low Z%. In the time O to
5ps , 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, 'Ca being 100’s MS e The period of the
azimuthal velocities can be seen to be Eﬁ/(kvz). This
current carried by the ions is too small to modulate jyo'

jyo rises slowly (here) only because Z increases.,

The Hall inductance here is mucﬁ greater than the assumed

geometric inductance. The value of % al is 300 V/m
‘ L dat
K

_compared with the applied field of 5000 ¥/m. The Z current

‘riges approximately linearly like vz

The electron temperature

rises steeply at first but thén as the resistivity

falls so does the heating and the temperature rises linearly.

From equation 8.21 the temperature rise cannot exceed Atz/B.
. At all the times shown of; t <<1. At early times, when

W < 10 eV equation 8.21 will be valid, but when W> 10eV ,

and 7 starts to change, it will be an overestimate of the

temperature rise. The electron.temperaturc is decoupled from

the ion temperature, as the equipsrtition time is‘~—301Ms

at this low number density. For the case shown the majority

of the energy supplied is going into directed motion. A

directed motion of Ve = 1ou m/s corresponds to an energy
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of 20 eV, 43

In contrast, fig. 8.3. shows a case where at the
| same value of n°, initially NG j, rises inductively
and causes heating of the plasma. Once the temperature
"rises above 10 eV , the plasma switches over to a polytron
case as WTC>1. The switching time is short, as shown in fig.

8.3. If this occurs at t = t then for t < ts.

S’

- t
t) =1 E 4dt = Ept
jz( ) or i‘ ° T%K

Suppose the switching occurs in a time Dt, then the particle

motion obeys

dv, = e ¢A iz (ts)
at m Dt '
S Dy, = GE;E/E
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In fig. 8.3 the large dv is caused by the spike on

dt
y at 900 ns, which arises betause of the large giz. The
dt

spike in jy also causes a large amount of heating. Again

J

because of the low number density tﬁe value of Z does not
change much, although it reaches 2 by 3.5 fs’ earlier than in
fig. 8.2. The ion temberature does not go above 3 eV , as
the higher temperature increases tgqe
Fig. 8.4 is at a higher value of n° 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 10°° m 3 means that t SFS' From eq. 8.6. 4Z - 1ps 1,
°a at
and corresponding to this @ = .5ps” T, as the ionisation
at

potential is «30 eV, Thus after the sharp rise in
temperature there is a rapid fall, which stabilises at
about 10 eV, This is seen by fhe point of inflexion in Z .
The ion temperature is able to approach that' of the electrons
as teq fa‘lls to 2/JS.

'Profiles' of Z, and W are shown in fig. 8.5, as a
functioh of B, ,at llué. The absciséa also corresponds to
a radius. The temperature is low at both small radii (B,)

and large radii. The former fs because WTL1 and the latter

because (U1, The value of Z follows the general
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shape of W. The peak of 7 is displaced outwards from

that of thé temperature because W can rise very fast,

when the polytron switches on, but dZ cannot Eecome large,
and is only appreciable when W »10 gg. Hence at small radii,
/thre 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

T, - o (ne+ ;) 2 o s

(pt® ws

Even for n° = - 8 102O m-3, a=l cm, W = 10 eV , tb = .1 ps.

However the masgnetic field isolates rings of different r,
in the same axial position. For connection axially then
a v 2 cm and the diffusion time will be about .5ﬂs. Hence
in the region r<1 cm the plasma temperature profile will
be flat. At larger radii, r >1l.5cm,when in fig. 8.5
W<5eV, awcn, ‘CO>.7‘us even for n° = 1020 m-3. For
experimental comparison, at radii where Bo(Br) <.1T, a
high temperature (W>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 Al occurs as a function of Bo . This is important
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experimentally as the peak intensity of an A I 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 1.3fs.

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 jy&>znevs . i.e.

9 = Ds t m U W vd ' for [y >Znev,

. ne* Wi \

This anomalous resistivity can be much larger than-the
Spitzer values and some results are shown in fig. 8.2
illustrating that a2 much higher temperature can result.
However, the smallest time for the peak value of AIIL
remainedrpt l.jps.

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
gquantitative compariéon with the experimental data

is made in chapter 11,
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CHAPTER NINE

THE LASTR LIGHT SCATTERINZ DIAGNOSTIC ON THE POLYTRON

This chapter is an account of the 1ight scattering
experiment carried out on the poiytron to measure the
/electron number density and temperatures. Light
scattering is the only satisfacfory way to make this
measurement, and for an argon polytron plasma is probably
the only way. HCN interferometry is too refraction
sensitive; picking out high n speétroscopic lines in 1l.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
argon is ~.1K at polytron densities; in hydrogen n and Te
cqpld 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 suitéble plasma for the polytron configuration.
The low densitiés in the polytron make scattering
inherently difficult. The difficulty is increased by the
'1ack of aécess, high plasma emission and the need to
work with an argon plasma. There follows a brief account
of scatterine theory, followed by 2 chronological and
logical account of the experiment from design considerations

to the n , T_ curves, and finally some novel findings on

V]

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,(196u)and Evans and Katgzenstein
(1969). Here their papers are sumﬁarised.

There are two parts to calculating the differential
cross section of a plasma. Firstly the differential
cross section of a microscopically inhomogenous plasma
-~ 1s calculated by simple electrodynamics, and then using
plasma kinetic theory the microscopic fluctuations are
related to macroscopic quantities.

Consider first the responsé of a single electron

to an incident field E = Ej cos (k,.r -uw t). The
acceleration in this field is subst&tuted in the
Lienard-Wiechert potentials. The curl of the magnetic
vector potential gi?es the fadiated magnetic field E(g,t).
The power spectrum (Watt —sec/h?) is given by the

Wiener-Khinchine theorem as

P
The scattering Vector is k:ber The values of B
c (R

are those due to a -sum over many scatterers, and so

Tlhw) = ¢ ” e'.waTB(g,f). E(:K},_bf‘l’)dﬁoif (9.02)

the time average is enuivalant'to an ensemble average.

Tk,wr)dA IN{ SwF:‘N '

fw 'urf cos(B.L £;(t)- wr k) cos (B.0; (E+T)-1y (84CY) AT

" (9. 04)
T NF S(k v) d£1 >
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F is the angle between Ej and R and dA the detector area.
For p= T k=8 10 =302

Note the difference between § = 8 10 30 . and &p= [rd.ﬂ.
2 ~29 2
= ! (?../:‘.o) = 6.65 10 m.
3

/ L-rm

! also that I(k,w) is the power/érea/éec.—l explaining

dflin equation (9.04).
The parameter of importance for diagnostic

work is the dynamic form factor

N
Sk, = [ "’rtgcos(g.(/‘-(E)—_f‘,-(é-r‘t))—u;‘C) AT . (5. 05)
- o0 i/
alr, ey - f - L;0 /8

is the density of the p01nt Scatterers and so n (k,t) the
N iR f'CE)

Fourier transform = 2{ e
g

N
n(R,Bn*(R, b+t)e i = S s (R. (g;()-0;(&4TY) -, T )
X

+ terms odd in ‘T

. S,y - /‘” vl T atE, er0 dT (9.06)
. %ﬂV

Thus the scattered spectrum is centred about ¥ o? and
picks out spatial dens1ty 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
lowee scattering eq. 9.05 will be developed.

Suppose fk (t) = r O then eq. 9.05
separates to

0 N
S(k 5) - 2 ‘[welw‘t jg CoS((E.VJ-(O)-f w;)t)

N .
f cos ( B.(L- Y- (4T cos T d'T 4.0Y)
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The double sum may be expressed in terms of the two
particle correlation function g(gjﬁgi,‘c), as

U 5 cos (R A -ri(er0Y) = L J (g, CVeos (B.2)p'd
=R L2 ale syl
where _.g = .f‘j(‘-‘)"[;(E:VT)

Now 3(‘9,‘2)0(6‘}\”/10 (Boyd and Sanderson) so the
effective upper limit to the integral is Ay, the
Debye length. If kAy >> 1 then the cosine factor of
the integrand will make the values of the integral
approach zéro. Thus if 1 =1£kd >> 1 the scattering
arises from the first t:rm only.
Integrating eq. 9;97 over ‘T gives

SCe, ) = -N‘— { §(w-ow, + £ v;(0))
The sum over J can bevcﬁzvcrted to an integral over
velocity space, with the velocity distribution fce(v )

e
as a weighting normalised to N. v, is the component

. » . . = w_wa
of ¥, in the direction of k. Then S(k,u) foe( le)
the freguency shift being given solely by the DOppier
shift from the moving electrons.

. ‘ . 7
. ,\v",. . /

L. Tl w)dA = LNFﬁe( u:,-w) da z’ﬂ%’ L 1(9.07a)

IR ™
From fig. 9.1. |kl =2 k,sin$ = 2w sinf
A C %

and is fixed for a given geometry. Equation 9.07a can be

rewritten as the power density reaching the detector as a
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function of wavelength

Cshift &N = -2re dwr
w—°‘$
for §ur =W-o; <<

FIG.9.] VICTOR DIAGRAM
OF Ti SCATTERING GEOMITRY

For a3 Maxwellian velocity distribution of electron

temperature Te,

TN - TN fmg € etp (~SVc'me (N (265 62" 16T )) AN AL
Z?Tfﬂ‘ Ao 25in P / )

where d\ is the wavelength interval centered about &M

UL TUNAD « TN ep(-2636° 60 We) dhda (9:08)
VA

where d\ is ‘in & ‘and We, the electron temperature, is
in electron volts. In this limit of large volume c.f.g"
and low o¢ the scattering is called incoherent and random,
being incoherent and corrciated for large ¢ . It is worth

noting from equation 9.08 that

'SX)k = IQL'VQJZ 4A.

9. 2. The values of &« for which random scattering is obsgerved

If L << ] scattering is random, however experimentally
the requirement is not as stringent as this, it only being

necessary that « < .5, To make this statement plausible
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brief consideration will be given to high e¢ scattering.

Evans and Katzenstein show that for an equilibrium

plasma  S(k,6ur) = Tulte) [kl [T + 2 (L) GOl T (9.09)
Me & my

where Ke = duF - &\ freio?
kve We
2 0(2 T . o T .
Fo-Ege) g ¢ Mot
The large disparity in scale makes Te(x) small when

x,~1 as here X 1. A plot of T (x) is shown in fig. 9.2.
The peaks at high o« are due to the electrostatic waves.

For .5¢«x <2 the position of the shoulder is given by x =,
whereas for large « it is at x% = % (o(2+3) ‘

77060 ®Kexp (-x2) is a reproduction of the electron velocity

distribution. Considering the electron profile only , "C‘yz (Xe)

MeCx)
——
(=]
%
g

" FIG.9.2 THE FUNCTION °“T(x)

differs significantly from Ta(xe) only for x, < .5,which
ig for §\ < 10 Me A. High # is most 1likely for low

W_, say Wc = L4.,eV , and so the scattered profile will

e’
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differ from a Maxwellian of the ssme shape and intensity
scale only for N < 20&, when o = .5. In this case the
error in n and W, would be about 20%, but as $A<20 A was
not sampled experimentally, the error would .be much less.
For these values of &A « 20 Aguaxi= 300 x, (for an

argon plasma )

.‘. ‘Z}(Ki) << \Da({xc)
The analytic expressions for the total scattering
oo
- - (E,W)dw = I
cross section are, Se(g) = '[w Se K, | Sy
Sl(}‘g) = %0(“
v ir L1+ 2T (T; )
For o¢ = .5 se(g) = .8, but this difference from s = O

will not be evident experimentally,
The value of « for 90O scattering is,

. 1 _
x = 1,05 10711 (g )2 (n in m 2, Win eV)
We

9.3 Experimental design

The major constraint on any scattering experiment
" is the smallness of the scattering cross section. In this

11 of the incident photons reach the entrance

.experiment 10~
. slit. Allowing a realistic spectrometer throughput,
sufficient channels for spectral resolution and p.m. quantum
effiéiencyy' 10712 of the incident photons will produce

photoelectrons., For reasonable shot noise lOLL photoelactrons
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are needed, . 33 at 69&33. 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 Nao*,

The laser was obtained commercially from Laser
Associstes, being their 501 system.It isa 6" x 8", 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 ULJ; power
at 33, 150 M watts; divergence 3 mrad ; line width .1X.
The wavelength can be tuned by the temperature control on
thé output etalon by .2&, half the free spectral range.
Care must be taken to prevent lasing at two wavelengths.

The deléy of 1.6 ms. between starting pumping the
lager and Q spoiling the cavity is provided by two variable
tandem delay units. The input pulse to the second unit is
used to'frigger 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 étalon, propér 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 ﬁhe 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 1asef 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 aiso for its orientation so that the ruby
beam direction can be adjusted by fractions of a2 milliradian.

Fér system alignment a 5mW He-Ne laser was mounted
onto the base of the fuby laser. Reflexion by a beam
splitter into the ruby cavity made the alignment with the
ruby cavify 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 1m

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°1 me, 10eV. Scattering had to be
90° (becsuse of access) and so it was low « scattering. |
From eq. 9.08 a spectral resolution of 108 was required.
A diffraction gratiné 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,~é Hilger 70cm x. 7 cem collimating lens, and a Baush
' and Lomb 7.6. em x 6.5 cm  grating with 2160 lines/mm.

The fine scan across the exik: slit was achieved by

rotating a block of glass. The linear dispersion was 4&/mm.

As originally ﬁodified a mirror replaced the scanning

bldck and the spectrum was focussed onto a 25 channel fibre

bundle array, each channel being 1cm x 1lmm. 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 £ = 10cm Dbiconvex lens, with
a magnification of 1.

At the time the'photomultiglier with the highest
quantum efficiency at 6943 was the R.C.A. 7265.

The photomultiplier bias circuit is shown in fig.9.4
For safety the photo cathode was run - 3kV from earth, i.e.
the output pin was earthy, however because of this the
metal ferrules cn the light pipes had to belkept 5mm.
from the p.m. envelope otherwise a stray capacitance effect
caused an increase in the dark noise of the p.m. 8Six
photomultipliers were eventually available 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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;%" aluminium sheeting screwed to an angle ion frame and
was air conditioned. The essential high conductivity across
the breaks in the sheéting was ensured by use of conducting
tape. The mains voltage was brought in through isolation
transformers in series with L4 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 extegsion,of the screened room
and so the earth loops formed by the connections of the
photomultipliers to the oscilloscopés did not cause excessive
piékup. The result of these common sense precautions is s
pickup of less than 1 m? when the 20kV main bank fires.
Each photomultiplier was connected by 10m of URL3
5041 cable tooTektronix 551 oéciiloscope , the cables being
terminated with the characteristic impedance. The rise time
of the system was 15 - 20 ns depending on whefher 'G' or 'A!
-preamplifiers were used. Allowance was made for differences
in frequency responsc.of the preamplifiers.
In scatteqing experimeqts it is important to have a

high rejection ratio in the dispersing instrument, values of

3 i

107 to 10" being common. The rejection ratio of this
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instrument, defined as the ratio of the signal on the
central 15§ channel to the neighbouring 15K 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 30%, fibre optics 25%.

9.5 Focussing fhe laser beam

There are thrée distinct requirements of any beam
focussing system:
1. A sméll spot
2, A low divergence beam to cut down parasitic seatier.
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 apepture, 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 réquired that f2<< fl.Lens L2 demagnifies

aper ture Al’ to a spot size of 2§ =_§2 d;. This would
. |
happen without L. but the gngle of the converging cone
€ oll e CIR vk elbokd
would be large. | Lens L., because it is near to the laser
|
aperture, restricts the size of the beam at L, to<xf1, where

Xis the generic laser divergence , and so F=%f; .
f

Aperture . A2 is used so that light of divergence »2¥

does not pass into the scattering region.

9,6. Parasitic scatter

Parasitic scatter is light entering the detector
by multiple reflexions from surfaces. The spectfometer
will discriminet= against this light for wavelengths off
69&33but will only reduce it by the rejection ratio.

The poor rejection of the Baush and Lomb greting 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
reachgs the wall- behind the scattering region by multiple
reflexions. . IA 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 = A/Tzz,proportional
to the solid angle subtended by the!window at the scattering

region, where A is a constant. € is the slit length.

Pargsitic scatter

area of wall x solid angle from wall

X emissivity of wall.

i 2 %
x¥ (d1) .Zsfq . é\ ,.Xf Y(JQS%

>

v s
"* Thomson scatter “_(i(dﬂ)‘
* ° Parasitic scatter i

(9.09)
Consequently in the early experiments f2 was made
. large utilising the large linear dispersion of the
spectrometer. A 2mm entrance slit still meets the
resolution requirement of sec.9.4, but enables f2 to be

75 em The value of f}, the first lens, is fixed by the

laboratory geometry at 3m. The resultant spot size, 2s,

[}
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|
| was 3.5mm. The scettering region was slightly inside the

focus of lens L, as here thé spot was slightly smaller.
The input window, of spectrosil A, was near to lens L2,
at the end of 2 long glass tube. A set of irises of OB1lO
glass with chamfered edges encirecled the beam to reduce the
stray light. The geometry is shown in fig. 9.7. The
parasitic scatter achieved was 1.8 torr 002 equivalent to
20 m—3

Thomson scattering off an electron density of L4 10

This was thought to be a very respectable level.

9.7 The alignment of the system

The procedure for alignment is enumerated.

1l. The ngrrow bore of the éhort guartz input and
output ports (20mm) necessitates the laser beam passing
centrally down them; This line was defined by a He-Ne
lasér shcone upwards, and centralised in the quartz input
and output ports by apertures;

2. The t.i.r. (totslly internally reflecting)
spectrosi} A prism, was positioned centrally on the upcoming

. He-Ne béam, and rotated so that the reflected beam was
horizontal and entering the ruby 1aéer aperture. The
inclination of the ruby laser was adjusted to be approximately
parallel to the He-Ne beam. Thé 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 placéd at right
angles to the ruby laser on the rﬁby 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 ihterference 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.

L, At this point the He-Ne .beam was shining through.
the torus and onto the floor. The position was marked. The
lenses L1 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 vgrtical
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 90o 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.

Te '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”bart of '

paragraph 6, checking the position of the ruby laser beam,

was also repeated daily.

9.8 “The initial experiments

The initial ekperiments 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 - - -
iwa He-Ne laser. The drop of 10-11 in the
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He-Ne power was,combehsated for‘by a factof of 103 in the
p.m. voltage gain, and observing for a time 107 1ohger than
the ruby puise.

With the scatﬁered signal going straight into a
photomultiplier, scattering off 50 torr N2 could be seen on
an oscilloscope. The scattering was measured throﬁgh the .

. spectrometer using a phase sensitive detector. These experiments

--revealed the vital importance of filling the torus very
slowly. Unless‘this was- observed, fluctuations on thé
scattered signal were many times the scaﬁtered signal; this

) was.due to dust oﬁ thelbottom of the torus being raised.
Letting the gas stand, even overnight, did not hélp. A
suitable filliﬁg rate was 1_torr/ minute., It would have taken
much longer to realise this using a pulsed laser,

Rayleigh scattering with the ruby.was then performed.
A faise, high parasitic scatter (n .= 1023 m-3) was evident,

‘but this was greatly reduced by screening the spectrometén

from the laser beam, some of the'u% light reflections being
able to reach the photomultipliers. Carbon dioxide was uéed
. for the Rajeigh scattering. Very.slow filling of the torus
(1 torr/minute) gave feproducible results. ' An early result
is shown in fig. 9.8. The parasitic scatter is 1.8 + .3 torr
CO, which is equivalent to an électron number density of

20 -3

3.8 + .7 107" m -, for Thomson scattering. From fig. 9.8
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- it can be seen that the total Thomsqn scattered signal across
a 504k termination would be about 50mV for n, = 1020 53,
Detection of fractions of this voltage is required which is
inconvenient because of the limited number of high gain
oscilloscope preamplifiérs. The voltage gain was doubled by
operating the photomultipliefs at -2,7kV¥. The laser energy
wés increased to 2.5J. |
Thomson scattering was‘first seen in the breioniser
plasma, Results are shown in fig. 9.9. As can be seen scattering
Fig, 9¢9;' Initial scattering results, 36‘us in the -

preioniser, initizl filling pressure 25 mtorr argon,
.p.m. eht - 2,7 kV.

U _’\
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would be difficult if n = 1020 mi3 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 flasma light should decrease
at small number density but not the overspill.

Prelimihary 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 signsl shot/noise ratiouJHﬁmber of photons in

each channel. Increasing the wavelength range of each
channel increases this but with a loss of resoclution.

The system was modified as described in section 9.8.

9.9 . Modif'ications to the system

The principle modification of the system was an
incfe?se in the light gathering power, by altering the
;mﬂychromafor from £/13, to £/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 A, and a 60cm, x 10 cm doublet

collimating lense were used, giving the spectrometer an r/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 132/mm, still low enough to

satisfy the resolution requirement, if the entrance slit
wergshut to BOqu. 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 L, (fig. 9.5) was changed to 2@ 25 cm focal
length,and the glass input port shortened. The spot size

was 1lmm,

The collecting lens was also replaced. The previous
singlet lens had too much spherical 8berration at high
apertﬁre and so two plano-convex lenses at /7 replaced it.

' The best parasitic scatter achieved was 6 torr CO,,
an increase of 3-4 over the previous system. Equation 9.9.
predicts an increase of L4-5.

This figure for the best values was taken when the

system was installed. Deterioration occurred duec to

markings of the input and observation window. For the
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f /7 system'the parasitic scatter roseto 20 torr CO,

I aftér 200 shots. Cleaning the components with nascent
hydrogen was successful in~reducing the parasitic level
again,

A uOOz bandwidth interference filter was used between
the two collecting lenses. The 70% transmission of 691;3./2 was
acceptable as spectrometer overspill from higher Quantum
efficiency regions of -plasma light was avoided.

A'polariser at the input slit increassed 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
ru>&/u.plate was available to take @dvantage of this.

" The number of‘surfaces the laser light coposses to
reach the photomultipliers is 22. To cut down reflexion
losses the lenses and plasma‘windows were MgFl coated. However,

this was largely unsuccessful as the coatings were destroyed

by the plasms and the laser.

8.10 The absolute power levels involved in the experiment

The scattered power P from an incident power Po, is

S.'

given by

P =1P .n.Cl.ws2%k al=1P n ELyan
S 'n,_,p (o]

where € 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,

P, = BOMW,x<<1, € =10"°m , a& = .02st , L =.5.
. P, = 60 10_6W = 2, 10tk photons/s giving L 106 -
.« . photons.

If$N\ = 138 and al\ 138 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 lOlq photo electrons/s , a total of LOO photoelectrons.

The photomultiplier gain is w~106 and so'the current is

21080 . 10°. 1.61029 4 - 3mA = 150.mV into the

characteristic impedance. This is what is found. A check on
the figure of LOO photoelectrons is provided by the’l = b%

LOO
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 knowledze of this volume is required
as the plasma light is a severe problem. The scattered signél
must be distinguished from the noise on the plasma light.
Evans and Katzenstein (1969 1».235) consider the problem of
signal to noise and find that the incident power density Id>’1

2

¥W em ~© . 1In the polytron, a power density L4 orders

of magnitude larger is required. The criterion given by Evans
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i 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
uged 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 , %g = 70 mm ,
which is much larger thaﬁ the plasma dimensions,Lp. 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 mr and so all of the regions must be treated. The
product of acceptance angle (radians) and area will be
evaluated, for 211 the regions.

(1) A1l emission from region'(l) will reach the
slit if it goes through the lens.

Area x angle = 2s°r | 24 = us?
d T

(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
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81it width 28 = 8. mm
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(3) 1In region (3) the integrand is as before: the

limits are altered. The integral is
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(5) With reference to fig. 9.11 the angle between

extreme rays is y+d =(y-s). The limits are the same as

bl 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
(6) - Similarly region (6) dis the same as (2)

except for a change of sign

. Area angle = usz log, L d + 2sd (Lp2_(§£)2)
» - E d
sf T

(7) Region (7) can, be neglected c.f. (6)
Totalling (1) to (7), the volume of emission x solid

angle (steradians) is

2 €.a (L +4s® + 8s° log. L._4)
f

where € is the length of the slit. = For the pa“ameter of

\
fig. 9.11,l0g_ L 4 = .5
€ D
st

*  Volume x solid angle = 24 fszg (steradians), Dividing by
L 3 L ] f
the collecting solid ande ggg gives an equivalent volume of
bl
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emission,

Vv =6 f.sz

£f =1 cm3. By comparison the
p d 8 ,

scattering volume VS =1fsz t = ) 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 bremssirahlung
emission, per unit volume, per unit wavelength in hydrdgcn

like plasmas, 1is
I, = 72 2 10790 (rf__r_) exp (1.2 x 1074/ Wem ™t em™  (9.10)
Nw?
(Glasstone and Lovberg). n and A are in cm units, W is the
electron temperéture in eV,
An absolute célibration 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 v =10kV, Vc=1.5kV, 3.5 mtorr argon
at peak emission. At this time n = 6 10°0m >, W = 10eV ,
Z = 3, therefore the calculated bremsstrahlung, from eq. 9.10 is
PP -10 8w (+ 502)
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 = > 10-5h/, and |

PB = 6 10—6hL 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
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FIG. 9,12 PLASKA LIGHT EMISSION

(i.e. only considering bremsstrahlung). A similar ratio is
expected for the polytron plasma, ;s it is a similar temper-
ature and ionic charge, but as shown the measured emission 1is
100 times the bremsstrahlung. The!conclusipn is that most of
the émission 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 éontinuum level is evident
at 6860A, and 69808, This is due to listed'AII and AI lines.
The lines are not resolved in fig. 9.12 Dbut were in a more
detailed plot with higher resolution. Enhanced emission in
the region of 69208.18 thought 0o Se 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 the laser

The simple case of heating of the plasma by inverse
bremsstrahlung has been treated by Kunze. He considers the
case of no heat diffusion duﬁing the pulse, and finds that

-y
%J - St %%I) A (- exp(-ho/W)) T, At -

where n is in cm—3, \ is in em, IO the incident power in W cm:2
and A¢ is the pulse length in seconds. This is less than
10% for a 16V, 5 10"2 m™3 plasma and so negligible in all
the plasmas described in section 9.15,

There also exists the possibility-of perturbing the
number density of two atomic 1eve1§ separated by the laser's
photon energy. The only nearby line is the nitrogen 69;2.°A,

This possibility is considered by Measures, who shows that

it is only likely for low temperatures, W< ,2eV,

<\

\ .
9.14 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 signsl (i.e. @V signal per volt diode
signal)S,.SJ is related to EI by S; = Wy E; assuming Ej

does not vary much over the range in the photomultiplier.
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The value of Wc, where ¢ is the channel monitoring

69L3A, was found by Rayleigh scattering. The alternative

of using a standard ribbon lamp was rejected as too in-
accuréte, requiring knowledge of the absolute beam intensity
in the scattering volume, the collecting optics, and the
frequency response‘of the gsystem. A Rayleigh scattering
calibratioh requires only the pressure of the gas.

A linear relationship between the scattered signal
and gas pressure has been shown, for COZ' 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 C02, COé 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
' erfor on Wc was 10%.

The filling pressure had to be 15 torr of CO2 to be
twice the parasitic level. An electron density of 1021m.'_'3 is

equivalent to Rayleigh scattering from L.79 torr of CO,,.

Because the calibration signal was 100 times larger than the



288

.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 WJ for the other channels a
cross ehannel calibration is necessary. A tungsten bulb
was used for this; to avoid drawing too much d.c. current
from the photomultipliers (> mA) the signal from the
bulb had to be measured across a large resistance (100 k&);
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

BTET(R ) %(ffr_g)

giving only a 10% cor;ection. 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 QJ is the signal

from the cross channel calibration then

LJ= ADJ ‘NJ (90 13)
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{ where A is a constant, and DJ is a factor a2llowing for the
.
spectral emission from the 'lamp, and the frequency response

of the channel

D W ¢9.14)

Calculation of n and W is then straightlorward.
The. experimental data is meesured to get SJ. Division by

gives the no. density/13z. From equation 9.8
AN(ENY = ny(0) exp (~2.6315° §N/W) (9.15)

~olog,, Ny = k3,° Ny (o) —2.62(5?S>\‘,(th3e10) (9.16)

A straigh line plot of eq. 9.1 gives the slope a

LE;

a Wo 1,15 1073 ' L (9.17)
00 ? 3
and n = f nx(D) ezp(—-agk ) d(g)\s = Ax(O\ ,_’[ (9. 18)
o0 (73

9,15 The scattering results

Results were taken for 3 filling préssures (3.5,
12 snd 25 mtorr argon, 2 main bank voltages (10 & 20kV) and
2 cusp bank voltages (1.5 and 3kV). For each discharge
condition,scattering was done at least ten different times,
from before O to after 2fm; from the initiation of the

current.



A set of scattering results is shown in fig. 9.13.
The cument and the diode pulse are superimposed by using
both inputs of a differential amplifier, The traces were
recorded simultaneously, but the sensitiviés of the photo-
ﬁultipliers 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 brilliancé oscilloscope.

The data of fig. 9.13 is reduced to spectra in
.fig. 9,15, In fig. 9.15 the straight line £it means
that the veloeity distribution is Maxwéllian 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 + 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'ﬁith the electronics i.e. allowing about 1 hour for
the temperature of thé photomultipiiers, oscilloscopes and
screened room to stabilise.

Additionally there is a 10% error in the absolute

number density calibration., But the mode variations of the
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laéer which causes this érror, by affecting the value of

the parasitic scatter, will not cause random errors in the
Thomson scattering. These 10% errors should be compounded for
an error on the number density (say(lO2 + 102)% = 154 ), but
not on the temperature.

The number density calibration was repeatedevery run,
the warm up time of the electronics coinciding with the
filling time;

For sbme 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 evolufion of the plasma. For example in fig. 9.17, the
plasma which gave the‘point at l.liua, n = 3.5 1021m-3,

had probably evolved 100ns before an average plasma. This
point 1s essential in accepting the lines drawn on fig. 9.18

(the low density caséL 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. Unfortunater
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 Jjust before the minimum number
densify, and.then fal 1ing. After the minimum number density
the plasma reforms.

These simplifying parameters are listed in fig. 9.19.

Discussion of them is deferred to chapter 1l.

9.16 The electron drift velocity

Suppose that in section 9.1
.. 2 . .
foc(ve)o<exp(—(ve—vd) mc/ékT) i.e. there is an electron

drift velocity vg,, in the direction of k. Then as

TS\ « Skuw) = oa(.@&;‘i)

ST exp (NS - Vg (me(2T)3)")
R(+vg) = TOENTEEN = A exp (AT vy /(10 WTRT )

where A is the ratio of the sensitivities of the

two channels, ir SX is chosen such that gh: 19JW‘ 2 ana

Vd«/!.“. then
kT
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FI0. 9.19 A SUMMARY OF THZ SCATTERING RESULTS
(-] o X x n o X X
Vo | Ve [Py |Pe |8 |Tn t # ¢ o
10 1.5 {10 10 120 { 2.1 L. O 1.5 9. L, O
10 1.5 L 8 60 11.7 2.5 2.0 12, 2.2
10 3.0 4 12 3511.5 2.4 2,6 16, 2.0
20 {1.5] 4 | 8| uf1.3 J1e f2.0 | 5 |18
5 Elped
20 3.0 4 12 23 11.3 1.7 2.6 12. 1.7
20 1.5 1 5 6 .B8.11.56 2. 30, 1.k
‘\
Vn main vank voltage, kV.
Vc cusp bank voltage, kV,
“g neutral numver density 10720 =3
n: initial electron number denaity 10720 -3
n: maximum electrnn nvmber density 10-20 m.-3
E . ?.x time of maximum electron number density M.
] L ‘; e(F‘VS n
FT tﬂ time of minimum electron number density s
16,918 N and {ot‘
"‘g : \V/ w° initial electron tempersture eV,
Vm =20 kv, \4 = [Skv ¥*  meximum electron temperature eV.
: TEX  time of maximum electron temperature ps.
P -ngPgrrJ argoen W ~

All quentities are local vslues,on axis, in the plone of

the ring cusp, in argon,

962
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Reev)-Rlvy) = wJT A SN i (9.19)

19w J’EZ

which is indeperdent of n.
In the'context of the polytron Va 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.C—Skl/laﬁj)z is maximised
(i.e. A /A9 = 1/ ~2) and when vq 1s maximised.
As jeocgd it is reasonable to expect vy = Eﬁ§§ and this is
why 20KV , 1kV , Sk= + 26A were chosen as the most likely
to give a positive result. (for v, 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 thedlit was Lmm below the plane of symmetry, and

(radially) outside the null point. Egg“E for the vacuum

field will then be neafly parallel to k, as illustrated in
fig. 9.20. The main bank polarity was positive and so

in fig. 9.20’2*52 B is clockwig@ around the null point.

Therefore positive cusp bank should produce a blue

shift, and a negative Vae 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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outside inside

R(+ vd) - .(VC—VQ) = 1.04 + .1(5 shots)
R(- vg) (V_yve)

.88 +.1(6shots)

Substitution into 9.19 will give a2 positive value of Va

which shows that the choice of £ to correspond with VC

was correct, i.e. the shift is in the direction E x E/BQ.

Vg = 2 104 + 1.5 104 m/s.
This is smaller than E = 3 10° m/s. ¥'C= 1 at this point and
B
S0 vd;eg_ . Even this cannot account for the low values of

2B .

Vg observed. However, chavter 7 indicates that Eﬁ only appears

across the ring cusp, which will be shifted by the induced

field. Hence the negative result here is verification of

chapter 7.
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9.17 Radial profiles of the number density and temperature

1

The slit length was restricted to mm and the number
density and temperature measured for 3 different positions of
the image of the slit, O, 10, and 20 mr upwards from the
?1ane 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. romm QQQJI)
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 risecs first on the outside
evidencing a skin effect, and then drops with the
number density: .

u;- the shape of the number density vs. time, 1 cm
off axis cbmpared 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-éll of the profiles
80 far‘by'Maxwellian distributions. This implies low &A
scattering and the values of n and W found are consistent
with lowed , 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 profiies could not be established with only 6
- channels and so many runs were used to establish t hem. The
profile at S(ﬂs was established in greatest detail. The lack
of detail at other times probably accounts for the non
appearance of a doubie peak on the blue side . The red
wing may appear double peaked, if a resolution greater than
132 were available, It does seem though that the profile
is.not symmetric, the wing being nearer the centre on the
blﬁe side.

The wings develop slowly after 3 FS’ are more
pronounced at lower pressure than fig. 9.22, not so evident
for a lower cusp field, but are at roughiy the same &\

The question arises as to whether the wings are
~due to hiéh = scattering. If this is the cause then from
the shape X = 2, The position of the wing would give

the number density as

n o= 2.4 1009 (AW)2 m72 = 102 0

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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j and Z = 1., Secondly the plasma light is.not large enough.

’ By comparison with the preioniser when n = 2 1022 m™2
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 &« = 2,

The integral of the line profile should be 2 1022 m._3

o) m-3

instead
of the actual value of 1.6 10° ,from integrating
fig. 9.22.

Anomalous scattering has also been reported by
Ringler and Nodwell(1969). Howgveﬁ, this takes the form of
peaks at multiples of tné plasma frequency.

The near symmetry, and disﬁancq from the centre
rules out Raman scattering. The laser could be exciting
atomic transitions. The argén line radiation in fig. 9.12
does not coincide with the wings. An impurity could be the
scattering but this seems uniikely because of the symmetry,
the width of the wings and the time history'of thé scattering
which follows the laser emission. -

'A likely cause is scattering off a wave. The
wave would only be ekcited at late fime when the temperature
is low and is assisted by a large cusp field. To amplify
this consider n = n_ + ng cos (it + k. x)

then n (k, t) = n; §(k, k;) cos gt
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. o3 -r . A
and from cquation 9.6, S(@,d‘3 "‘f g(_@.;g,)e.' (waw.;g),s;(:a:(w,(ﬁw.?‘)
| i d'c
oo iTly=-u3)
=5 [ stk ST Pl it AT

= 1; g(_E, EJ)g( “T;f“-"wo)

" where the integration is terminated at T, half the pulse

length. k is fixed and so fixes k, of the wave to observe
scatterine. There are scattering wings at (Ur-6%) = + (J; .
If it is caused by a Wave then for k; = 13 10° n7t, o =
2.5 1013H%.

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 k; >ﬂﬁkd , Whereas
her'e.kff/}\d s " is implied.

An alternative explanation is that there is electron

drif't along the direction of k, of 3 106 m/s , the velocity

necessary to give the observed Doppler shift. Supposing

that this 1is produced by an E X E/Bz drift, then the applied

voltage has to appear across only 2 mm. This is

consistgnt with the photography of section 10.1 and with

chapier 7. Also the .value of Eﬁ X B/Bz can be independent

of the value of V, as observed in this experimental work.
Further work on this experiment will be needed to

distinguish between these two possibilities.
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CHAPTER TEN

EXPERIMENTAL WORK ON THE POLYTRON EXCLUDING SCATTERING

This éhapter describes the measurements of the plasmz
parameters other than number density and temperature. It
follows the laser scattering measurements because 1n many

ways the number density and tempe rature are the basic
param&ters. Chronologically though much of this work
preceeded chapter 9.

The objectives of the measurements are, in decreasing
importance: -

(1) to gquantify 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 measufe, although less quantitétivaly, 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 th2 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 ecm 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
photogrophs 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 @ sharp interface forms under the ring cusp with a
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tail downstream (parallel to Eﬁ)' The direction of the tail
cﬁanges with the main bank polarity, c.f. fig. 10.1 to 10.4.
Later e.g. l.lps in fig. 10.2, the rest of the plasma is still
emitting slightly but there is & 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 1aser.scattering port. Also the band can be seen to move
e.g. l.1ps, 1l.6ps;and 2.1ps, fig. 10.2. The band is stable
for up to '5FS in fig. 10.2, but then a ragged,scalloped edge
forms. For one discharge in fig. 10.2. the characteristic
wavelength is Lmm. In another case shown(1.6 s, fig.io.zj it is
lem, Measurement of a sequence of exposures from the same plasma
in fig. 10.2, (1.%pa, 1.6Fs;and 2.1ﬂs)zshows that the scallops
Tform by the emitting region moving downstream, leaving dark
spaces. This photograph shows that the velocity exceeds
5 1OLL m/s. (From the distance moved between 1.6ps and 2.1Ps).
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
thé wall., For the ratio of major to minor axes of the ring is
.2 + .05, equal to sin lO6 , 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 BPS,
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whereas at .75kV., it is seen after 1.2gs. Also when the
cusp Tield 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
Imm , 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 1l.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 polesrity reversed,

is also shown and the shif't 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 jﬁBf 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 Tielids. |

'fig.lo.u. shows a set of stereoscopic photographs
obtained by placing a ﬁirror beneatﬁ the tofus. These show
unequivocslly 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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?he ring cusp region presumably looks brighter because of the
&onger line of sight. At later times, 1l.5p4s, the luminous region
in contact with the wall broadens, and after the instability
has set in the plasma is only off the wall rear 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, .5us later, is much dimmer than its neighbours,
suggesting a cooling because of the larger area of wall
contact,

The steroscopié view confirms the conclusion from

viewing the next cusp in fig. 10.2. that most of the 1light
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
implication is that a singular disk of low emissivity plasme,
only a few mm. thick, but extending across the whole tube,
exists,

Streak photographs of the plasma, {iewed from below,
through é slit parallel and adjacent to a2 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.L, eg. 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.

2
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Outward drift of the plasma is evident in fig. 10.5. At

lower values of main bank voltage than Vm = ZOkV,, the

stréak photographs show that the plasma does not hit the
wall,but is displaced outwards. Similarly at p = 2mtorr, Vm =
%OkV, Vc =.3kV, the inner boundary of the plasma curves back
towards the centre o? the torus. These observations indicate
that the displacement is pfoportional 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

_% = 10710 F/m; % = 107 H/m; giving a transit time

of 1Ons. B& applying a step I it was shown experimentally that
the rise time was less than 100ns. éalibration 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 FS » 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 .5ps to lps, a shoulder, whose position defines the
loss time, a smallef or negative %%é’ and then anﬁther rise

depending on the values of Vm and Vc' Two such current

waveforms for Vi = 10XV and 20 kV , V_, = 1,5V, p = 3.5

c
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 @Ijat t = O was measured
for this study. Some of these resultsd:re shown in fig. 10.7.
Each point was established by at least L shots. A linear
relationship between g%¢ and Vm is seen. An independence orf
Vc’ once Vc is above gucritical value, and also an independence
of p, once p is abgove a few mtorr , is evident.

The experimental value for large Vc’ but p = 3.5mtorr

argon is

ATy = 8.5. (v, ) kA/ps: (10.12)
at TOkY,

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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fdependence on Vm. At high pressures the Hall inductance,
’associated with the energy of directed motion of the ions,
'falls, and so d£¢ is limited by the geometrical inductance
alone. At lode the electron current inereases, and SO _%&
increases, o

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
observed. However, as the lower limit on breakdown in
hydrogen is 6mtorr.,and the Hall indu&tance of hydrogen is low,
no dependence of dIéon p was observed. The linearity between
g;¢ and V is also seen to be poor at large V m* 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 vV, = 10kV, the current
reverses first, because the trigger voltage appears around
the torus before the main bank voltage.

Tﬁe loss éime inereases with the pressure or number
density. At low pressuré it is const;nf 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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'(p on the bank parameters at low préssures is

1 1. ’

Ty = (lOkV 2 f1.5kv) 3 pe (10.2)
V v
m : ]
accurate to about 20%. In hydrogen

1 1

Tz = .3 [10kV) % [1.5%V 3Fs (10.3)
Vm VC

|l

although this value is larger than thé low pressure limit because

bf the inherently low value of the Hall inductance in hydrogen.
Although at high V, %%d t = 0) 1is independent of

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 rise up to the loss time and shortly afterwards.

PR

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 cdﬁpled circuits. Suppose ib is the total current

\
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in the induction rods, ip is the plasma curent, and im the
current in the measuring loop. The mutual inductances are:-
Ma Pod——plasma, Mb plasms—measuring loop, Mc rod—measuring .
loop. The plasma and measuring loop circuit equations are
Modi, o+ (LerLdip +Rip = o
& . dt
M, diy, o+ My di, +Rain = O
dt dk
where R is the effective plasma resistance, and LH the Hall
inductance of the plasma. As im is kept small by making
Rm 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=1R =+ L, die + Ri
mm H at D

the driving voltage for the non magnetic impedance of the plasma.
V is many kV. To measure it a 1.5k, high voltage
potentiometer was used. It was connected by short leads to the
voltage loop, the potentionmeter output being fed by a 504
terminated cable to an oscilloscope. The resistance of the
potentionﬁeter restricfpdthe loop cqfrent 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 measur :nt
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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 voitage, when Vc = O, should be zero, the measured
WBltage was small but not zero for VC = O, because of imperfect
coupling. This voltage, scaled by the ratios of di, 1is
subtracted from the values of voltage when Vc + 8? to correct
for this error. The ratio dI4/ V is plotted in fig. 10.11
against pressure. The valugtof V used is that of the
shoulder near to t = O, The ordinate is the inverse Hall
inductance,f:-=_i;%ﬁ . The measured Hall inductance is not
a function of thénéusp voltage for Vc>'l.5kV. The importance
of this is‘that g%¢ VR Vclis a simply interpreted graph,
because V is indgpendent of Vc, whereas %%é vs. p is not,
because V depends on p, as shown in fig. 10.12.
The field seen by the plasma peaks at the loss timeeo

This is illustrated in fig. 10.10. This peak value of the
resistance of the plasma is .74L at 15 mtorr, decreasing
as the pressure increases. This resistance is ndt due to
electron-ion collisions, (a temperature of .5eV would be
necessary) but is due fo the rate of‘change of the Hall

inductance (section ll.u), accounting for the lower resistance

at higher pressure, because the Hall inductance is lower

(fig. 10.11).
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10.4. The ionisaticn of an argon plasma

The time history of spectroscopic lines, identified as
belonging to different stages of ionisation of the argon plasma,
vas recorded. Only medium quartz optics were available, which
limited the study to A and 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 ATl ,
Al , and AT, , lines, together with the current. The absence
of overlap of lines indicates that the highly emitting regioné
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 l.t.e. with the continuum or not.

In the case of l.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
' 2 2., 31 ‘ A
N, < N, W : EKF("En /W (10.4)

Ne . -
where Ei is the binding energy of level n.

In the case where the level is not in 1l.%t.e. then

T x N (10.5)

n
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In chapter 3 it was shown that the upper states of
AT are just in 1l.t.e. for p = 25 mtorr. At higher temperature
and 7, l.t.e. is herder 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 AL to AIV
éccuvs. The subsequent reappearance of AL indicates that AF
is not formed, and that a cooling occurs after the peak of AIY.
Cooling at thié 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 AIV
. eould be caused by the cooling 1= the density of AV
being gmaller than AIL. - .. Nevertheless Z could be larger
than 2 as there is a peak of ANl . These oscillographs
(fig. 1C.13) have been used to evaluate values of Z (fig. 10,1l)
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 increasing V _, (shown in fig. 10.16) with
increasing Vc, and-with increasing pressure (fig. 10.17). For
filling pressures below 3 mtorr, no AIY line is seen, and a
smaller Al emission.: -

Spatial scans of the lines

The spectrometer was scanned in a horizontal, and
vertical direction to obtain spatial information about the

hot regiocns of plasma. Some of the results are shown in fig.
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FIG. 10, 16 TIMG OF PEAXK SIGNALS FROM
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-

10.18. A vertical scan, through the observation port for

laser scattering is shown for AL and AI¥ . Absorption by

the tube wall was thus avoided. The profile of A could be
caused by‘vignetting by the port, b?t comparison of AN with
AT shows that the AI¥ 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

scattering results, the current density and the photography.
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-

Note that there is a vertical shif't of fhe plasma, relative
to the minor-axis, which is in the same direction as ;gg;.

A vértical scan of the peak line intensity in the
region next to a cusp coil shows a2 width similar to that
ip 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 AIV upstream of the ring cusp to
peak later than the region downstream. Otherwise there would
be a difference in the time of peak A and AL . A similar

phenomenon is seen by the photography,which shows that debfis

is swept downsiream.

10.5. The magnetic field of the Hall currents

Tﬁe magnetic fields produced by the piasma currents
were measured by internal magnetic p%obes. The probes made by
Parkinson were available, These were loosely based on the design
of Ashby (1963), but had a small turns area, .150m2, and a
high frequency response( > 25NHz, measured). As is well known

the desirable qualities of a magnetic probe, (l)large turns
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i érea, (Zj high fre~uency response, and (3) 'small physical
size, are usﬁally mutually exclusive. Initially a large
turns area‘was needed because of lack of expertise in noise
suppression. To satisfy conditions(l) to (3), a hollow,
sﬁngle 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 20MHz.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 depecndence 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 1HA,
For large values of the cusp field the signal after the fifst
peak, is suppressed (fig. 10.19) . The step in the first 100ns
at Vm = 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 seén, the fieldjat the first peak is
proportional to V_ (fig. 10.20). Also at zero cusp field

there is no Hdll 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. 10.20 PEAK VALUES OF

jﬂi 3.5 mtorr.

Ve (V)

signal increases« with Vc% until é1average w>1, .after which
Bd decreases approximately as V;l. The observed peak field is

bﬂ = 500 (Vm ) gauss (10.6)
101V '

at 3.5 mtorr. In the pressure range 2 to 10 mtorr, there was
only a 20% increase in bd; with pressure. .

The profile of the Hall cugrent'field was measured
by a conventional internal probe. The turns area was 6.25cm2,
and the rise time into‘10042 was .7rs. The probe was scanned
vertically, under the ring cusp, along a vertical lins through - -
the minor axis. The axis of the probe was aligned by turning
through 90O from the orientation giving a nuli signal in a
toroidal field. Ths careful alignment and comparable sizes of
be and bd’ eliminates the possibility of pick up of be on a
supposedly bﬁsignal. The profilesat lﬂs for both cusp
polariti es ape 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, 5ﬂs. A vertical shift between the two cusp

polarities is evident. The direction of the shift is the same



333 .

FIG. 10. 22 _j g PROFILE VERTICALLY

Vm = 10kV, Vc = 1.5kV, 15 mtorr argon
t = 1/-'S.

as observed photographically 1i.e. jd Br‘

10,6 The poloidal magnetic field

| The toroidal geometry makes the calcu;ation of jd
from measurements of be difficult. Properly a full spatial
plot of b, and b, is necessary. However an analytic
approximation is probably no worse than the experimental
approximation that the probe does ﬁot perturb the plasma,
Suppose that for a fixed value of &
b, (r,e) = bg (r) + bi'(rj cos e)

where & is the poloidal coordinate.

. . /uo frJé Qurdr  =2wr b; (r) (Amper-e‘s Law)

c o fefi = balrd + 2bg(e (10.7)
r or
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b; was measured along ; vertical line through the minor axis.
The point where r = O waschosen so that be(r,NVQ) = be(r,Brr/Z);
An avérage of the valués of be’ with both cusp polarities,
" either side of r'= 0, was used to evaluate jd
from eq. 10{7. and is shown in fig. 10.22. The negative jd
shown .is not definite because of the large errors. The '
integral Iy = >£3'5°m 34 2mr dr, of fig. 10.22. is 7. KA,
compared with 6.0kA from the Rogowski coil.

Later in the course'of the project a profile of be
was measured with a faét, low sensitivity.coﬂ, The probe
~was inserted hopizontally, So measuring bg + bé . The lack
of poloidal- symmetry is evident in the plots, and so no attempt
was made to numerically évaiuaﬁe jd’ but gqualitative features
can be seen, A port was available to do & scan both in the
region under the ring cusp,énd 2mm . éway from the coil.

| As a control experiment, a scan was made for

identicai condition§ as the polytron, except that there was
no cusp field, 2nd so a toroidal z pinch formed. This scan,
fig. 10,24. bBehaves as expected. A skin jd'forms which
glowly'movés in, pinching the plasma to.a'point near the minor
axis. The field is sliéhtly larger'fnside because of.toroidal
effects. . 4

Fig. 10;23 sh&ws the profiles obtained for the polytron

both under the coil and the ring cusp. No skin current is

evident, at least for times greater than 100ns.
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There is a region of positive current (parallel
to Ed) about the magnetic|éxis initia&ly.‘(BOmm 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 increasesg again, |

Latér, 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 magnetig éiis,

Under the cusp coil the profiles are similsr 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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id.? 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

Fo -3 (DB + §(EDHE -uT)nds
= ot dy ' s -
where u =% (E.D + B.H) and I = §.. . Etherington and

1)
Haines evaluated the reaction force on the coil producing the
radial magnetic field. In the case of the polytron the symmetry
to toroidal displacements of a cusp'separation,simplifiés
the integration, which need only be done along a path equivalent
to Etherington's ab, as long as ab = Lusp~separation. A simpler
way of znalysing 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

s LIR
Fo = -0 [ | He(a0.83Br(q.09) R dE
o -]
where rl < radius of a cusp coil,and L is the cusp separation.
The e integration was reduced to the average of two points

because of the large aspect ratio, thus

e .
Roo- _-[rf;j. ( H*(q,ﬂ/z,é)ﬁ(ﬂ,‘lﬂl:’f’)

+Hy( T DB T d) £ (10.8)
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The RA#4 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.

F¢ = - !Lm(&}—r L@( B+ b)) qu5
Po 0

-—-Lf‘w_r (F(Bgbor B RS (10.9) ]
o

Here the analytic fact f%ff%,R d4 = 0 has been used, and
thus experimental errors whth might be mueh larger than
Fd have been eliminated. Also|bl<<|B|.

The plasma and vacuum fields were differentiated
by their frequency spectirum using a passive high pass filter.
The filter response was .5 at 2ps. Using the filter the
shape of the plasma signal for a slowly varying high pressure
case was ldentical to the signal without a filter.

Instead of taking measurements at e =T/2 and - /2,
but equivalent; shots were taken with both cusp polarities.

This also eliminated any pick up of be’ as both br and bd

change polarity with Vc'
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; br reaches its peak value under the coil where

ér = 0, and vice versa. The 'intzgral 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.

Bm,broccos'36;a’ ; Brbg;’ o¢ sin 36

It was very noticeable that the Hall field outéide
of the plasma rose very quickly. At 3.5 mtorr in 100ns,and at
25 mtorr in 200 ns. This is in contrast to the field near to
the minor axis, which has a 1Fs riseltime,although a faster
initial rise.

The main error in the experiment is the non re-
producibility of the plasma fields. T%is 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 Ed’

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 1atér times this.
is not a good approximation. Only br under the coil and bd
at the riﬁg cusp were measured. The switch on nature of the

Y

polytron, as the cusp field increases, also seen in g14 vs, V

at ¢

is evident,
A linesr variation of Fd with Vm up to 20 kV,

was also seen from this messurement.
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10.8 . Measurement of plasma loss with an ion probe

The outward flux of partiéles was meas¥.red by an
ion probe, described in chapter 3. The inner efectrode was
. biased negative to repel electrons (Vb =—~50v) and so the current
is I = nere A

/ .
where A is the area of the hole and Vf$>>the thermal velocity.

The current was measured by the voltage across a resistance.
Successful operation was achieved after conditioning shots
with the bias reversed.

The interpreation of the results was hindeved 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. Freqguencies higher than 2 WMHz were eliminated
by measuring the voltage across L7 and 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.

8 2 . 25 ﬁz -1

A = (1.65)2 10 ° m nv, = 1.26 10 5
. - Z

for a currgnt of .24, lcem,on fig. 10,29,

.The time history of the loss agrees well with the
rest of the diagnosti;s. The incréasing 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



V = 1.5kV

FIG, 10,29 RADIAL LOSS%S AT THZ RING

CﬁSP
I[\'-[ mv"=—501 V-m = ZOKV ¢« D = 30 5mt0r‘l"
=2
2 V., = 3 kV

occurs only through this ring the decay eqgquation for the total

number N of particlesassgsociated with one cusp is

1 an = Awrw av,
N dat Tt L n
-2 -
From fig. 10,29, n v, = 5 1025 mgs
and n = 10%0 ™3 for Vv, = 20KV, V_=1.5kV, p=3.5mtorr
at © = 1 .
© 1 aw = p10°87

¢ N 4 3

This factor of 3 is remarkably good agreement for a probe |,
Systematic errors such as stagnstion and poor alignment with
the riang cusp could easily account for this difference.

The probe shows that an appreciable fraction of the

plasma, 10's% 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. Hé made a shot by shot scan of
the AE[‘2809§ line, at the time of peak intensity at a
particular wavelength setting. The line of sight was toroidal
a/shift being deteeéted by changing the direction 0T Ed. 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
AV 2809& 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 shif't, 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
ﬁhe main bank polarity each time. The profiles at lps show a
shift, which is in the same directioh as E g 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
to a profile F(\) = 100b exp(—(}—bl)z/b2) was made. The

resultant values were:-
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81.8

2,018, v, = 1.14%, b

+
o'
it
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3=

2

2.19%, b o, 2

<
|

;‘
I

5 = 1.20%, b

Therefore the total shift of .18ﬁ.copresponds to a plasma

velocity of .95 10Ll m/s. with respect to the laboratory frame.
A

A sinfle shot Doppler shift measurement

The major source of error in the Doppler shift
measurement is the non reproducibiliﬁy of the plasma. And
as the velocity of the plasma iz an important parameter a
single shot technique was used. The simplest technique
is that used by Berezin (1963). Thg line profile is simply
split into two separate parts, each being monitored.

Consider a line'profile p ?s a function of a reduced
wavelength x,where x = (d +N=-X\,)/ Suppose theline is
divided into two at M=)\, , the unperturbed centre when

the shift 4 = O, and these two signals are monitored.

The intensities will be

) o0
o T T, = [ Md

.and I -I, = fd/” Pydy - fm

(B -

(] dle
Peddy - f PG dx
Al

%

Hense if the profile is syﬂyetric
(%}
R=1I, -1, = -2 J ) d = f(a/w)
N "4 pos ,
Il + Ig . l; P&)dx
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éo, properly, splitting the prefile into two will measure

ﬁhe shift to width ratio of the line (Burgess, 1964). But

if w is constant because the instrumentgl width dominates,

R will be only a function of d. A criterion on the Doprlsr
width so that w is mainly instrumental will be considered, but
is not %ery restrictive. An elegant technique for splitting the
line, so that R is not a function of w is described by

Ahlborn (1967), buf is unnecessary here.

The experimental technigue

The highest linear dispersion readily available
was 53/mm. from the Littrow mounted éOOO {/mm grating,
described in chapter 9. A spectrosil £/10 collimating lens
was obtained, for u.v. work. The fine!scanning block
had to be replaced by a Tixed mirror, so a set of reduction
gears was connected to the grating drive, for fine scanning.
The profile was split by the 300 apex of a Tfinely ground prism.
The prism was aluminised for reflexion of u.v. FXach side of the.
profile shone onto one of two 1P28
photomultipliers. The apex of the prism was in the plane of anh
exit slit fg restriet the admissible wavelength range. The
photomultipliers were hgused in a sé;eened box.

At the entrance slit a broad band filter, Wratten 18B

for u.v., 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 imege of the entrance slit, focussed on,and
'fpapallel to the apex of the prism. In the u.v. this was

'see' the

facilitated by using a piece of phosphor to
image for a rough focus, and then improving it iteratively.

AF the collimating lens was very dispersive in the u.v. a

ﬁg line at 2814A, had to be .used for focussing for the AIY
2809A. |

The plasma was viewed throuéh 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 2 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-faried, by the fine scan. This was done with the
preioniser using the AIY 2809A line, and with the Hg lamp
using the 28144 line, 2as 2 known narrow line, The calibration

curve of R vs A was linzar for B5>R >=5 with the same slope

for both lines, of 1.2 4”%. The criterion for maximum
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Doppler temperature can now be derived.

The instrument width was measured as .8R. Supposing
that this 1s a dispersive profile then using the Voigﬁ profiles
a full Doppler width of .4 x .88 = L3R is necessary to change
Ehe instrument width by 10%. Therefore provided the ion

/
temperature does not exceed 200¢V , the line plus instrument

width will not increase by %ore than 10%.

Shifts of the following lines were measured:-
(a) AIV 2809& 1line using the Hg 28142 as reference, (b) the AT
33364 using the Hg 3341& as reference, (c) the AT  LBOGA using
AT u806ﬁ from a Geissler (and Cd u799ﬁ) as a reference,

There was a variation in A-B/A+B for a simple pinch.
That this was not due to mass motion was seen by varying the
polarity of Vm. It was probably due to impurity lines anéd/or
poor common mode rejection. However, as R is linear with X,
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
§iewing was in the opposite direction.

An oscillograph of A-B and A+B for Vm + ve and
Vm—ve, illustrating the difference in R, is also shown in fig.

10. 30.
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{'ypico( erfol

'Flg. 10.31 DoPPLER SHIFT

IN ARGON : VARYING V,
Vin= 208V, S.8mbere ATV

{ 2

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
?rom fig.'iO.Bl. It is noticeable that the errors after the
loss time are very large.

For p = 3.5 mtorr, it is only AI¥ which is moving
very fast before the loss time. This early velocity is low

for VC = .75kV. As expected the velocity has 2 maximum at the

loss time. But for Vm = 20kV , the velocity rises again
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éfter 1.5Fs. This cdincides with the current rising again.
iarge errors precluded measurements at later times, the errors
arising principally from the low light.intensity. At these late
times, quite a high velocity of Al ahd.AI[ is also observed.

For lower values of Vm(lokV) the peak velocity is
essentially the same as in fig. 10.31 but of course the peak
occurs later. At these values 6f Vm’ the velocity does not
rise again after the loss time, but stays constant at about
.5 104 m/s. Under these conditions @Iy remains small as well.
Under extreme conditions of low elecgiic field and high cusp
field, V_ = 10kV , V_ = 3.5kV , the velocity reverses for .5ps
af'ter fhe loss time. '

A velocity after the ioss time is necessary for the
explanation of the vertical shift of the plasma. That the shift
is not very proncunced for Vm = 10kV (fig. 10.1) agrees with
the measuremcnts here, that yd~is small under these conditions.

For 2 mtorr, AJ®¥ is not formed. However, similsr
behaviour can be seen for the AUL velocity. At 25 mtorr, a

peak velocity of 1.5 lOL‘L m/s is seen,again occuring at the loss

time 2.5fs.

10,10 Meaguraments with a smaller torus

Measurements of dly and Z were made for a smaller
at’

vacuum vessel. This was the original polyron torus, bore
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L6émm, used by Parkinson. éhe 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 AV occurs earlier
than for the large torus. Agsin the peak coincides with the
shoulder of the current waveform.

The g;+ Vs, VC plot is similar to the large torus.
By comparison 3§th the data for the large torus the following

table has been compiled.

v, (V) v, (kV) id large tube/fg/ 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 = O,can easily be accounted for. As

shown earlier the toroidal current for VC = O does flow in a
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ékin initially, and so for the case Vc = O, the appropriate

' ,uoR(en(?f{r) ~2)

inductance is that of a hollow torus L

. = L small
L large

1,26

compared with if large = 1.3 + .2
iﬂ small
The ratio for Vc + O provides valuable information
about the Hall inductance. This will be discussed in the next

chapter,



350

CHAPTER ELEVEN .

T e

A DISCUSSICH OF THE EXPERIMENTAL RESULTS AND THEIR RELATION TCTHE THEECRY |

i - _ et ]

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

rhenomena occur.

11.1. The value o W&T

\

Polytron action will not ocecur if ' is 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 = (B,(r),0,0)
then  jp =0 & TWTj @ jo =-wT j initially,
where WT = _:‘le-grﬁﬁ)

and so _liv_% - (LJ‘C)I- eEz | (11.1)

dE l+(5C)? m
(-2 .
S (b ) aeny - b T
o m dE m ~

Thus eqg. 11l.1 can be representecd by =zero acceleration for
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tne méasuré‘d miﬁe% G, n(‘p»295&p¢295)and Z(p 3@5%“ ”‘“me%” k“fag“‘-; ;
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W' < 17/2 and full acceleration fort¥T>W2, The radial

ﬁeighting will not affect this much; a numerical integration

giving 1.6. instead of TT/2.

The radii corresponding touﬂhsﬂk) I nalculated from

N G ,_,.-..,v

A i ;

as“h“?ﬁnctfon df timé“’ a8 fun\/ffj}:r

'y-l

i A-,,“.?h-s wao@

d

e et e

time (ps) 0 | .25 | .5 | .75 |1 1.5
radius cm (3.5mtorr) | .5+2 | .1to3| .05 . Obta . Olgery o OOLten
radius cm (25 mtorr) |1.3x3|1.1t3|1.7=s! >2 | >2 $17

A e
[3

fo,_both pressures ﬂroor acceleratl n(f1 10.)2)aﬂd a»larme electron

L AT SE CRENE 4-_.-'1-,—- -~~,J R T SR R )

xurrent (p.)79) ‘can-be: expec#ed for the 25‘mtorr. case atxu1po.lg%"

11,2 The ion Larmor radius and field perfurbation criteris

The ion Larmor radius criterion has been investigated

in detail, in chapters 5 and 6. The simple criterion,
-gives similar results. For example in argon, Z = 1, E =

B = .87, (i.e. near the walivfor_Vc = 1.5 kV,)
rg=Em =710 me.f. L =2.10° m.
B2e 2

Near the wall under these conditions argon ions are marg

eq,‘ 1.9
b v/m,

ginally
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accelerated depending on their initial axial position. But

L

for hydrogen ions ryg = 1.7 10" "m , and so there can be no
acceleration. Decreasing B will eventually satisfy eq. 1.9 for
hydrogen, but will violate eq.1l.11l andwT>1.

/ The field perturbation criterion, ©9. 1..10 implies
ﬁolytron action for

r » 1.5 (1500)cm. ‘ (11.2)
V

c
for n=14 1020 mfj, E =1L 103 V/m. A straight forward

application of eq. 1.10 may not be rigorousf However, near to
the axls an electron current will flow because Ww'T <1.
This corresponds to a radius similar to eq. . 11.2.

Conslider the ion and electron currents flowlng in
parallel, The inductance of the ion current consists of the
megnetic and the Hall inductance, summing to Li = 1.9FH. The
minor radius used to calculate the magnetic inductance of the
electron current, from L = ng( 6&(8R/%)—1.75), is given
by eq. 11.2. The results are shown in fig. 11l.2 where

1 +1
L Li Le

'Fig. 11.2 THE CALCULATED TOTAL PLASMA INDUCTANCE

Vc Le Li LT
(kV) ( (pH) (pH) (i)
.75 .85 1.19 L8

1.5 1.05 1.19 .55
3. 1. 28 l. 19 .63
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From fig. 10.7 " a significant change in L is expected only

T
when Vc<:l.5 kV, and also from eq. 10.1 the total inductance
is~1.0fH. Accordingly it seems that eq. 11.2. should be
modified so that there is a free electron current inside

j 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 vavlatlon of Lm w1th V 1s not as rapld as expected.

'E@L“ is a statement that the number density must be much less

2 - -
than 1.7 10 0 m 3 for hydrogen and much less than 7 1021 m 3

for argon. Experimentally this cannot he satisfied for hvdroaen,

(Pbg) For bhe enper‘-ment‘al P-anmsahon

11,3 An experimental verification of the validity of

g 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

dvy =e Bg mis the ionic mass. Suppose that in the
dt m
length L between coils only a length AL(r) is accelerated.The

toroidal force F} on the plasma between 2 coils is
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MV

ALte THZ ACCELERATED REGION

& ©

’

Tmax :
P, - frm ALLY) Alr) m %\éécr) v de
If eBf = ““5{* and vsing  E4(0) ALL) =V &+ f(r)

where V is the voltage between the coils, then

oo
F, = e\/f nley 2wrde
d rc
mp
* F
[ ) . _ﬁ = N ' . (1]-'3)
- eV
N is the line density, roox and Toin 2Fe radii at which

acceleration stops. All of the quantities in eq. 11l.3. have

been measured, The two sides of the equation are shown in

fig‘ 11.14.;&:.- T TR T A UL T S Ih o R R TR A L N R TR S 1‘

s e PRI .

ears ! SRy AT e Lt
125 1 BB BREE AL WAL UDSS TLLUSER Tt
. L S s, 2510 IR N Syt . P o SEAREIPAR SN [N
il RO SRV, axgon, BR0T T e

p, mborr.. 3.5 25,
Fygo N . 3.1 + 1 10.5 + 1
V, volts 110. + 25 45,
Fﬁ/éV,41017m—%QMatn$ 1.8 + ,8 4.5 + 1
measured N, 1017m_1 3.2 + 1 6.4 + 4
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The measured values of the line density are taken
from the péak and line of sight values of chapter 3. Profiles
are constructed so that the shape is similar to that predicted
in chapter L4, and the line density and ﬁeak values agree with thd
.measured values. The line density is calculatéd from the profile

taking rmin from section 11.1. and Pm as 3.1 cm, the

ax
smallest distance from the magnetic axis to the wall.

Fig., 11.L4. 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, suggests

that m dv = = eEy is exact to 10%. -
at

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 accelerated,either because of a
low value of w',or because of shorting of the voltage by the
wall,

11.4 The polytron as & circuit with a Hall inductance

The initial stages of the polytron.can be sdequately
described by a simple éircuit equation. This is strictly only
applicable for full electron 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, I.1 and I_.. E is the applied electric
field, L the geometric inductance, and R the resistance of the
plasma to ion and €lectron current flow. The local electric
field E/ is given by

e' = C¢E - Ldl - T+ -#T+T,) - L dTe
where fis circumference of the t;ghs. oA
The ion current is carried by a number density n, of charge Ze,

across an area A, 1i.e. I-1 = NeZAV

The equation of motion of the ions is a small volume Adl is

CE'AneZdl = m,.éitb(nm)o(e A (4

where S is the rate of gain of momentum per unit length, from

the walls and neutrals.

(\45 ——L(O{J—.‘r 'Ce :_é (LitTe) - RTAT.)) ne?
= b &I, - fmav dF - ¢S
eZA 4 Z dt A
Suppose S = mv 4 (0A) =m I, d nA)
ol ne2A

which represents the loss of momentum as a loss of line density.

The circuit equation becomes

eE = (br L ) dI; + I;(Z—m;f dZ +dl =md  dan)
e*ZnA| 4k AnZe® db  dt aeltFAdt /
+LdIle + Rl + I,dL —( L4
ot db

Thus in series with the geometric inductance is a



Hall inductance, igIﬂL—— which represents the kinetic
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 edq.

11./y. are similar to I QLH , and account <for the high
at

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 @ =N e rp passes, where re 1is the
electron Larmor radius r, =U m,, W is the potential
36¢' eB? 36

between the two cusp coils and ¢' the length of plasma being

accelerated, across which the voltage is developed.

. Ci =Q =~ Nmg

uw 36€'B*
The equivalent circult is

L L geometric inductance

_[?—_— 1.. ion Hall inductance
¢, H

L L. electron Hall ind.
LHe g "% He

The rise time of the voltage across LH is then
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b ® (LHCH)l (""‘e._n~)1~ = 240
. -B‘l 12 w"e

for argon,if.{=‘€’ . This is typically 10ns for B = .2T ,

i

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 dI4 vVS. D
X at

demonstrates the Hall inductance. For all the pressures shown
WwtT>1 over most of the tube, and so there should only be a
small electron current. When the Hall inductance dominates

the gecometric inductance

dI¢ = {E = €E &2 A
Ly et
At high pressure the geone tric inductance dominates and
dl¢ _ E¢
at - L

Hence from fig. 10.7c, the Hall and geometric
inductances are approximately equal at 3 mtorr in argen

The linecar relationship between QLQ/V and p, fig. 10.1
is also evidence for the current being 1im3§ed by a Hall

inductance & 1.
n

4l is 1ndependeﬁ'of the cusp £¥ld (at high V )
dat

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 reduéed by increasing Vc, and thus &7
. Comparison of the values of dIy (at high V,) with the
small tube showé a ratio of 2 + .2,dglose to the ratio of areas
of the two tubes 2.3. This would be expected if %%¢'were limited
by, the Hall inductance. In contrast the ratio of the inductances
oé the two tubes is 1.3, the ratio of the two currents when
VC = 0, as shown in section 10,10,

The correlation between Iﬁ and vd was pointed out in

section 10.9. In section 11.3. it wes 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 io drive the electron current would have
to be ﬁhe 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 sccumuletion of evidence is convincing of the role

of a Hall inductance.

1i.6 Quantitative wvalues of the Hall inductance

From eq. 11..4.
Ve = gE -Lé__Ié = LH é_:f, +£&I|-1-RI8 + Ie d_L (11.5)
dt dE de

where RT is the effective ion resistance,

M
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| | §=R__im&}¢&n;mp d(nR)  (11.6)
! E An25e‘1 de | JE n?.e'l.ziAl de

and Id = Ii + Ie' Algebraically the r.h.s of eq. 11.5 simplifies

at t = O as Id =1, =1I;= 0. Experimentally dI4 was measured
at

after 100ns and so Id could be as lafge as 1kA. Classical
resistivity gives RIy= 100V for Iy= 1KA. The other terms in

R, are of order d (LH) and so the product with I, is

at
negligible c.f. Ly dI¢ . Thus it is valid to simplify the
at ‘
equation for the experimental results, to

v =L, ar, = {mi dI; (11.7)
°© Hagt N dE

A straightforward application of this theory is

illustrated in fig. 11.5. where T = 1‘8/1i IQ, = Ii(1+f).

. %%@/Ve = (1+f)/IH

Fig, 11, -y5 = 10kV, Vc = 1.5kV, argon, t = 0O,
p(mtorr) 3.5 . 25.
an, M pH (fig.10.12) 2.1 7.
at
N x 107 mt (11, 3) 1.8 1.5

;oePnPN/ (U ) pit .0L3 . 36
L f - L8. 18.
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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 1ittle polytron action, the amount decreasing

as the pressure decreases. This depeﬁdence would not be
expecfed 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 interbret 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 evicdence

for Hall inductance. It is gratifying that chapter 7 evolved

from 5 and 6, can then be used to exﬁlain.the experimental

results.
Only a length AL of plasma is accelerated. This
is at the ring cusp which electrons cannot cross. Y&_ =0

so in the rest of the plasma electrons must carry the toroidal
currents, However, the amount of current is réstricted by the
ion current. The electron current just flows to maintain
‘neutrality. This occurs in the model of chapter 7. The
electric field acceleréting the ions is enhanced by L/ AL over
the value expected for a uniform distribution of field,so
: b\)hc'd'\ is -
increasing the ion current, A_ the total current. The new

value of the Hall inductance is
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L, = L AL : (11.8)
‘ efnh L
Fg., 11.7, with this new value of LH’ is used to

determine AL, Ve is the potential difference measured in
s?ction 10.3. Two values of N are used, the values inferred
ih section 11.3. and the measured value. These results are

shovn in fig. 11.6.

Fig,11.6. WIDIHS OF THE ACCELERATED REGIONS
oF PLASMA (inPerred From eqs. 1LY and I1.9)

t =0, V, = 10kV , V_ = 1.5kV, argon

p mtorr, 345 - 25
minimum AL(mm) .9 | 3.l
AL using measured N 1.6 L.
mm

The seif consistent particle calculation gives the
width of the sccelerated plasma as Lmm. That value could be
limited by'£he Debye length. The values of fig. 1l.6. do not
contradict the theory ih 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 wr'C 1. The
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cése here is of a sheath limited by colli.sional effects.
|

The flux surfaces can be equipotentials only if w1, 7

along the whole flux surface. This is illustrated experlmontally

in fig. 11.6. where the sheath is w1der for hlgher prbssures,

(SN

|c-r-"§.{1 X-E ﬂ 2>

fﬁig width is compérlee Nltﬁlghé”égﬁé;;;€ﬁ£éiiy
observed width of the dark Qand (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
nécessary. Possible methods are to attempt Spatial resolution
of the Doppler shift (Davis et al, 1971), measurement of the
electric field distribution with a dbuble Langmuir probe
(Hamberger et al, 197@ or measuring the distribution of the Hall

current by laser scattering (chapter 9). The first two methods

are unsatisfacﬁory even a priori. The last method would only
require a more thorough éxperimentjwith'a toroidal scan)than that
reported in section 9.15. Indeed the negative result of that
experiment was probably because Ed = 0 at the scattering volume,

the Hall current causing the ring cusp to move upstream from

the f = 5 © plane,
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; The scans of the poloidal magnetic field in section
10.6 do not contradiect this model of current flow. At 250ns
the current distribution under the ring cusp is uniform on the
inside. 1In contrast under the coil ét this time the current
flows within a rédius 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 b

For normal resistive diffusion (chapter 3) the

poloidal magnetic field will take a time
I

'

T = BZM
I8
to diffuse to the axis. For a 1leV. plasma this is L4OOns,

illustrated by the diffusion observed with no cusp field

in section 10.6. By contrast,the diffusion time observed

(p3)
for bo in the polytron is less than 100ns] This is strong
i . 2 ) .
evidence for polytron action, row By = '-/JQ%J_
*
using eq. 8.20a V'Es = -poac” £4 + K g = Ep t+ Tme S
e ’ b= AR BB T e, 51 Pt

‘ Therefore Ed will diﬂfuse in rapidly in a time 27ﬁ4t#€?but only
to a depth.of'&the collisionless ion skin depth.3utd»%,fron
e3.1.11,and so experimental’ 1y b, will diffusc in ir «10Cns.
Borzunov et. al. (196&), 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

j As long as no momentum is lcst to the wall, all of
j

the electromagnetic momentum must produce

plasma momentum. The measured velocities are line of sight

values, and so an axially averaged equation.

Fd = n AL migld can be checked.
at

Consider the initial momentum balance of the plasma
associated with one coil. For the conditions Vm = 2OkV,Vc 15 kV,

t =0, p = 3.5 mtorr argon
Fy = 6 +I N, m nAL =1 %,2 1077 kg

BA mnALl) = 6 + 2 107 m/s®

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 ALl , as

6% 2 107 m/éz.

-Now consider the momentum in the nlasma at the loss

time. Little momentum will have been lost to the wall as only
particles with low Vﬁ are lost. For the condition of Vm =

20V , V, = 1.5kV , t = 800ns , 3.5 mtorr

foons, .
f F}dﬁ = bt w° Ng

o)
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For the mcmentum in AN A=3+1 10‘“ m2.

! n=25 1o20 m>

and Vg = 1.4 lO&m/é
_hmg

-

12 + 10 10

.n = |z} l(f)zom_3 and Vg = o2 lohm/é.

For the momentum in AL A ’

A similar amount of momentum is carried by AL with a
similar error. rortunately the momentum of AL and AL
for which n and A hsve large errors, is small c.f. AIY

Total momentum

(2.8 + D+ (8 + .8)+ (.8 +B)Ns.

2
AT ATD AT

= ).L.)-Li 1.)4 NS.

L ]
>

Again the comparison is good. It would of course be surprising
if the momentum input could not be accounted for. The fact thgt
the balance can be demonsgrated 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 befors
the laser scattering was available. The procedure can now be

reversed, and the rate coefficients checked. The empirical

i
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result obtained from section 8.2 was dZ = .5f/n qu(—JSAJ)fuﬂ
dt 10%°

The values of the r.h.s. of this expression are shown in fig.

11.7.
FIG, 11.7 CALCULATED VALUES OF dz/dat FROM

CHAPTER 8
Vm = 20kV , Vc = 1.§kV s 3.5 mtorr

time (FS) .25 .5 .75
n x 16°%m72 |4, 3. 2.5
w(eV) b, 8. 13.

az/at(ps™t) | .oy .21 .3

The measured dz/dt is 2.5fs_1. Thus the ionising rate co-
efficients used in chapter 8lare an order of magnitude too

small, Presumsbly the effect of collisional radiative ionisation,
and of many optically active électrons is not negligible.

An experimentally appropriate coefficient e.f. eq. 8.3. is

- ' 3 -1
S(W,Z) = 2.10°2 1 exp (-¥(Z,g)/W) cm’s
' X(Z,g)W° ¥

The numerical agreement with the value used in chapter 4, when

W=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,

. — o0

.a, ( yl]avi'f En(kle-rk'r;)-f Z n;Ii> -+ V.(}leLy-r U! -+ :P_v *%TS‘B

it A int =~ -
=J_,_E .

W%en n, and Ii are the number density and ionisation ensrgy

of stage 1, P the pressure tensor ., g=the heat flux,

U the internal energy and S the radiation flux. As shown in

section 8.3. j, E6'<<j¢ Eﬁ

S fTiEdvaE - [uT, e - TnT

for Vm = 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 ¥ of their peak value. The full half width
of the AV emission was 18 mm at 3.5 mtérr, and so the cross
section for computing the thermal energy of the plasma is

L cm,2, which is probably an over estimate. Tﬁe cross section
for the ionisation energy is more certain as AN contributes
most to the ionisation energy . The measured ion densities,
and profiles of AWV and AIIT allow these energies to be
calculated; The directed energy is predominantly in the motion
of AIV , the proportion that is in other species is even less
than for the momentum. All these energies are shown in fig.ll.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 tempe ratures.

" In this sense the plasma is supersonic.

FIG. 11.7 THE ENSRGY BALANCE FOR THE WHOLE TORUS

Vm = 20kV ’Vc =1.5kV, 3.5 mtorr, t = 800ns

/ ,
foong, .
J‘VId dt 70 + 10 J.
Electron thermal energy boe2(+l)d
Energy of ionisation 5.4(+£2)J
Ion directed energy L +1 J
Estimated ion thermal energy 1 J

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

3nk
using the notation of Spitzer (1956) p.88. Radial geometry

D =2§K, - 2 wWh (:_9_) i fpus
n

(chaﬁter 3) effectiveiy reduces the radial diffusion distance
to the wall to 3.5/ ~ 1lcm , and so a cooling time is

'7; = Eﬁ“ 1S By 800ns the gentral temperature is 10eV ,
for which Y « 100ns., but more realistically T. could be

‘larger,as W is smaller nearer the wall,
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j Classical bremsstrahlung causes an energy

ioss of 5'10—u3'in 1ps. (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
coﬂtinuum. Thus the maximum radiation loss is «5J , 2 ordersof
magnitude too low.fhe defecit 1in the encrgy balance must be
caused by conduction. .

With reference.to chapter 8, the heating rate predicted
there is too 10&. Por example a temperature rise of 15 eV
inilfﬁ; is predicted in section 8.€. for conditiors comparable
with the experimental wvalues at 3.5 mtorr. Experimental
temperature rises of this balue are observed even though there
is ionisation and thermal conduction. Howéver the values of
chapter 8 must be enhanced by a factor IM’AIU to account for the
large j@. 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 ‘T, «~ 300ns which is just short enough to make W
independent of &g . The width of the AIY spatial profile is
narrower under &8 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

AV to peak, exhibited in fig. 10.18,is clear evidence fori-
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(1) the ATV maximum being due to a cooling
of the plasma.

(2) the cooling occuring sooner downstreaé of the
ring cusp, and thus cooling being due to reentrant plasma.

This 1s corroborated by photography.

11.11 Comparison with the single particle models

The validity of = éingle particle model has been
demonstrated.in seétion 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 photography and the time of
peak A]Y 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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ﬁowever a meaningful comparison at the loss time, with
ichapters 5 and 6 can be made, whereas the drop in the toroidal
current at the loss time for the simulation of chapéer 7.1s
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 Ed' The fluctuating Hall current causes the'ring cusp to
move through a large volume of plasma, the plasma being
accelerated Qhen 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 rddial electrostatic

fields are neglected.

The experimental loss tlmeé are

T = I ("OW) _LS_ky_) ps- | for argon
A Y.
and IZ -

. Y. for hydrogen.
3 (rok) (:5/:\/) ps.

The computatlonal value for hydrogen is

o - 28 (wﬁ\/)" ps.
and argon Te =13 [0kV. h ps where 7 = 2 has

: i
been assumed. As can be seen agreement is good. There was

a slight computaticnal dependence of Z? on the cusp field but
it was omitted from the loss time formula,whereas the sironger
dependence observed experimentally was included.

(¢) The mognetic field of the Hall currents

BExperimental values were only obtained in argon,and

as usual the degree of ionisation causes difficuliy in a
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comparison with single particle calculations. The peak

experimental magnetic field is

by = 1000g. for V = 20kV , V_ = 1.5 kV ,

n =7 10°° m 2. The field expected from chapter 6 is

/ d 61 n 50 Vi 4 g = 2000¢g.
10 10kV B

This is not bad agreement, as in the simulation there are
azimuthal currents flowing at radii of Lmm.

(d) The voltage

The shape and magnitude of the voltage waveforms

are in rosmdbagreement (e.g. fig. 6.9 and 10.11).7he exc«d’ rtnda
deperds on U«%e Holl frduclance, 1shote  value s given by cllisionl effects. (seaHH)

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 6A.
That is the loss increases as V. is increased and ss Vm is
decreassd, The laser scatterins shows that the maximum n on
axis decreases as Vc increases, but decreases as Vm is increzssed.
However, the streak photography of scction 10,1. shows that
this dependonce on Vm arises Because the plasma moves away

from the gxis at Vm = 20kV. The larger maximum temperature

for large Vc (fig. 9.19) is because of the lower number density.

(f) The accelerated plasma

The velocity measurcments of section 10.9 show that

despite the loss of plasma there is still some contained plzsma

“
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which for ﬁigh values of V_ (20kV. ),continues to be

accelerated, This must be a narrow core of plasma, 2cm. diamete.
as there is only 8 significant Doprler shift for AJV radi=ztion.
Again this is in agreement with chapters 6 and 7, where

Vd 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 net lost should be accelerated.

(g) The current reversal at large radius

Experimentally this was only measured under the ring
cusp., Yhere is a reversal of the ion motion in the simulztions,
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 constitutie a reversed current.
Conversely the positive jd is restricted to r <€ 2 cm.

(h) The profiles of the Hall current

The experimental profiles of bd due to the Hall
current at the loss time, fig. 10.21, show that je is
localised to a diameter of 2.5cm. , reversing further from the
éxis. This is seen in the simulation e.g. fig, 6.6. In fig.
6.6, at t = O there is only a small reversal of bd 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
i? the ion density in fig. 6.7. but because of radial drift
this will not bé seen in the scatiering experiments.
Experimentelly similsr behaviour is observed at
3.5 mtorr (fig. 10.15),but at higher £illing pressures the
ion density increases because of pinching. However, as shown
in section 11.1 at these higher pressures w'T<l over all of the
scattering volume, and so a pinch would be expected. Conversely
WwT <1l 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 PT=1
can be pinched into hslf that radius before appreciable heating
Trom the currert causes ¢ to rise,is Gﬂﬁk%g!l>l. If some
such conditicn is notl satisfied then tﬁg non polytron region
will guickly 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 radiil
Secreasiry because of the normsl polytron loss, end setting
up & pressure gradient sufficiently large to cesuse the

axial plasma (which hzs been heated) to expand, Photographically

t i S . .
at very high pressures a stable cusr formation is seen until
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the number density dropns,wnen the pclytron scceleration

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 st~21us. This interpretation explains the shsapes of the
Hall signals,bﬁ,in fig. 10,21,

For low Vm, or high Vc’ there is no sizeable bﬁ
after the loss time. But Tor Vm = 20kV , Vc = 1,5kV , there is
a bﬁ signal after the loss time. Fluctuations on it corresvond
to the polcidal ion current, and the non reproducibility cean te
attributed to the phctogrephically observed instability. The
bd signal drops at 2.5 S the time at which the plasms hits
the wall,

'At lower pressure, 2mtorr, the plasma does nct hit
the wsll. But, Trom fig. 10.50,‘@ seems to he limit=d to
2 1O6cm/é. This can be explained by the slowing down mechanisn
of section 11.1h. Another possible reason is that the Hall

acceleration is inhibited when the plasma noves off the

magnetic axis . Certasinly when thre Tlasms ig clezr of tre
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axis the Fsll current will te reauccd. Cole (1270 ) hsas

showr. that in a linear Hall accelerator when the flow of the

Hall current is prevented by baifles the Hall acceleration stors.
To decide which of thése mechanisms is responsible

requires more accurate measurements of n, and ©f (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 verticsl shift of the plasma

This was observed by 3 separate diagnosticsiin
éhaptgr 10, where an explanstion fof the direction and
dependence on Vm and VC was proposed. The measured value of
jd is 2 lO7 A/m2, which if‘the plasma drifts outwards by &
few mm. will interact with an average radial field of .05 T,
causing a vertical acceleration of 5 lolom/é2. This is rnore
than adequate to displace the plasma lcm during the transit
of the ring cusp; the actual value cf the displacement will
depend on the amcunt of refocussing of the ions by the lens

efect, Thé shift is large when the velocity is large.

11.14 Decelerstion of the moving ions, and their tzrmirs

velocity

The proposed model of the polytron is{icns being

accelerated in a shesth, and then drifting through the rest
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of the plesma until the next zccelsrsting sheath is reached.

In this drift there will be collisions with stationary electrons,

ions, and neutrals, with collision tines ‘fs,T}.T} respectivelve
From Chandrasekhar,(l9h2)the slowing down rate of

particles interacting by Coulomb collisions with field psrticles

of species « is given by

- -Le*n 22 “la N+ mim,) g(eVu

v,
2T €qm™
X _,» x y* ks
where €2 = m/2xT and a(x) = ( [e Tdy - xa%[ e dy) (Y.
For polytron ions celliding with electrons € vy <1
. e ‘ Uop [0
Gl - 28y, LTE = ST WRA (_IQ) ps
3ri n

where A is the atomic weight of the ions.

For moving ions colliding with stationary ions (,v,.>>1

ACAAERYCAR Tl =38 A W0 (ﬁg)’ ps.

}:" m (o
The dominsnt momentun transfer interaction with the

neutrals is charge exchange.Hasted gives the cross section of

the Al - AI- interaction as 50 10“20m‘. There rcems to be

no available data on charge exchange with higher stages of
- 2
ionisation, Using & = 50 10 °"m® gives

n lo

YA {7 7

p—ae

v, Na
where nr is the number density of neutreals.

p3
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After the loss n ~ 1029577

, W~ 5-10eV
. L

(Chapter 9) hence T;  is 10'srs, vy is #bout 2 10 m/s
and so T is s 1long as ‘Cf . However the value cf

" . -
C; 12 ghout lﬂs.'The mean free path for neutrzl collision is

n 20
>\ = 2 P o
Na .
Hence the difference between the measured ion velocity at Vﬁ =

10kV and Vm = 20kV , csn be explained by the higher loss at

10kV. (Chapter 6). This could cause a neutral number density

alter the loss , larger than .5 1020mf3, vhich wculd prevent
plasma drift to the next ring cusp, wheress for Vm = 2CkV
the lower loss would keep n, below .5 1020m73
11.15 The radial ecuilibrium of the polytron

A From the single particle work of chstter 5 singly

ionised argon ions with 2 = 1,‘.Vc = 1.5kV will be
contdned provi-ien

1.4 10°n/s > vy > 1.6 10°m/s
Experimentelly this is s=tisfied. Neverthelsss ths streak
photograph& 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 rad;al balance, or imbalance between the focussing effect

of the cusps and the pressure difference of the poloidal magnetic

field ;s suggested.



38

For the poloidal fi=ld the magnetic pressure

difference between inside and outside the minor axis is

*
Eg Gr where R, is the major radius. This will cause
zf*a Eo
a radial acceleration bﬂz . With the measurcd values of

,ubﬂ,nm;
chapter 10 this is an acceleration of «;1010m/52(for
3.5 mtorr), the right order of magnitude to‘éause the
-obéerved radial 4drift,

The sin~le particle containment criterion should
prevent loss if the acceleration is less than ~5 1010m/é2.
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 a3 single particle approximation is only valid when toroidal
motion of the electrons is prevented by the cusp ficld. When
therg is a radial drift this will not necesssrily be so, because
of the poloidal electrostatic fields set up.

The pragmatic way of controlling this drift would bhe
to externally apply a vertical field such as in some tokamaks,
causing a inwards.radial force dezr

The radial drift also explains an anomaly between
the rssults of chapters 9 and 10. In chapfer 10 it is shown that
the peak of AIY occurs bescause of cooling. Yet in chapter 9
the laser scattering shows that the temperature is still

high when according to AE?,cooling occurs. The reason is
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that the AIY¥ cooling pertains to the volume of the

N
0

§

plasma which is radially displsced., Tho lascr scattering
measurement is nesr tc the mincr sXis, away from the centre
of the plasma, and the effect of the cooling is seen later

of rs¢diel displecement,

Sy
et
o

ticn, in tern

here. A similar explan:

accounts for the higher dsnsity at lower values of Vh seen in

figo 90 190
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CHAPTER TWHRLVE

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 understanqing of the polytron.

(1) Chapter 2 is a numerical study of the
e}ectromagnetic 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 L are a study of a cusp compressio
experiment. The main reasons for the work is to define thé
initial conditions of the polytron. Other workers have ex-
perimented with cusp compression devices as containment
machines, The pqutron 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 ecompression
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provides very poor plasma containment.

(3) Particle models of the polytron are described
in chapters 5,6 and 7. Numeriéally it is shown that con-
ditionally 2 single particle can be contained against centri-
fugal loss in'the polytron fields. In the linear single
pérticic model of chapter 6 the phenomenon which causes the
_experimentql 1osé 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 meking a guiding centre approximati:cn
for the electrons it is shown that a self consistent partiecls
simﬁlatioﬁ of the polytron is possible,  -and furthermore ,
produces physically plausible results. In.contrast if the
motion of the electrons had been integrated exactly tﬁe
simulation would have been much more difficult. The electro~-
static field shows why there is no plasma acceleration under it=ne
cusp coil but large acceleration under the ring cusp. This
adds.greatly to the intuitive understanding of the acceleratingz
mechanism. In contrast,in a m.h,d. modei,the role of the
Qlectrostatic field is ﬁidden.

These particie models have added enormously to the
understanding of the experimentsl 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 chaptgrs 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 neceséarily 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 dizgnostics
have been used. The Doppler shift measurement is not standarad
and might be applicd 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 measurcmsent,
Moét of the results of the 9 different diagnostics of chapter
9 and 10 are accounted for in chapter 11 in terms of the modéls
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
measuremsent and the understanding obtained from chapter 7 are
principal reasons.for the detailed comparison,

The experimental plasma loss shows agreement with the

5
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particle models. The behaviour after the loss is not in
agreemant with the particle models, probably because of one of

the two mechanismssuggested.

-

12,2, Conclusions of the thesis

The Hall a;celeration 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 particlé model. There is a loss of
plasma which again is prediéted 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 originai idea of the polytron,
with vd$>\4kcannot be achieved. The aécelerating 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 fbrmation, the voltage rise time, the
vertical shift of .the plasma, the photographicallj observed
insfability and the anomalous scattering are all worth furﬁher'
study. Likewise the self consistent particle model could
fruitfully be extended to include the effect of the self

magnetic field (especially be) and the non-adiabatic electrons
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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 4OkV of the main

bank. The point here is that the initial loss should be less
at L4OkV. |

(2) A varisble vertical field must be provided, by
an extra induction rod, with a variable inductance.

'§3) The torus needs to be modified so that
scatteriﬁg can be done along the major radius. The best way to
do this would be to introduce the laéer beanm horizontally and to
scatter vertically.

(4) The power output of the laser should be improved

by u31ng it 35 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 ldst to the wall or neutrals would be; to measure the
velocity and the-force‘on the piasma. This would determiue
which of the mechanismsof section 11.12 was responsible fof
the loss of momentum when there is a radial drift. To measure
the force would require simultaneous measursments of, the

magnetic field distributicn oﬁfside 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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rodustion

Since our report in the Ihint IARA Corference on Plasma DPhysics and
Cortrolled Pusion Pezearch {13£3) (1) the tams bore was ircreased from
45 ms to 71 ms.  With this rodification a twofold increase in the cusp
adial ragnetic field at ghe quartz wall {s ottaimed using the #ame magnetic
field colls. It was hoped that this Incr.ase tomether with the lasger bore
would ircrease the time tefoire the learapg® throwh the ring cusps became
lrportant,  Measurerents of the contaiment tine show that the egested
irproverent was not obtained for rrasona to be given. However, much
progres:s In stutyirg the Fall accelsrution prosesa ras been rada.

The corputatioral wark referred to In the abstract will be included In

the oral presentation.

Cortalmrert time Pvas memarts

Fig. 1 atams typlcal oscillogroms of the total current $n the z-direc-
tian (cylindrical coordirates are used, In shiich the z-axis i taxen ta be
in the toroidal direction) for the two different discharge regimes: the
left trace {3 the regine in wnich the lons are the domirame turrent carriers
and the right trace is the regime in whicth an electron eurrent begins to
Low At e tine of the charge In slope.  AC this time ror both conditions
the ATV 12309 R ratiacion, shows an intensity paak ard alse it coincides
spproximitely with the tire at which the sizmal frum & Paraday prote, at the

wall, biised to collect lons, peaches falf (ts mximm value. This time is

therefore takem to be B ruasure of

the contalnrent tire, f.e. the o) ®) T
tire at which cusp lesses becore 1
evideou. The value cbtained Is '—/\/? 1

Fourd to decrease with Infreasirg @

Pz, 11 I oscdlloprans far (o) E 3
appifed electrie fleit, This -

6.3 %v/m {b) £ 3 12.6 kv/m: B cusp =
18 probatly due to & larger Inc-

A kgauss, pressure b microns argon,
rease In the therml speed of the

5 ka/diy, time baze, e taiv,
particles tlroush Mtedc bratirg
outweishirg ary increase in sxial directed moticn. The cortairment time {3
al30 fowd to decrease weicly with increisisg cosp regnetic rield. langmulr
prote ard microvave investizations of the irteraction of the rislrg exp
mgnet e flelds with the drzaying prefonizer plasma show that the placa is
carpressed irto the regimn botwson cusp coils.  "he etectron density in
this region {s found to te approximately four times larger than in ghsence
of the cusp field, Ion prube meisuremerts Indicate that the zize of cach
plasma leaage ring iy arproxirately 3 mes in length, {0 decreises with In-
creasing ra2ial cusp risld B, 2nd Is of the order of the ion Laror ridius.
Thua at the tire when the rain accelerating electric field s applied 2 very
roharogereous plasra distritution obtains,  Tre rrasured cortalment
times i3 deter-ined partly by this urfavouwrable distrib.tism anrd this exp-
1aims the sirllarity in the certalrrent times found in the large and small

bare vessels.

Acceleration Process

Scre further melsurrents corcermins the acceleration process arc ob-
tained at times earlier than sie cortaliret tire. In particular the rog-
netic field gunerated by the azowiral Hall eurrenta (due to jzx3) is
found wsing dlamgnetic loops placed intermally in the region where By lo
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amadam.  Tese show a rax-
imm in their variztion with

eusp pagecic field ahcwing the
expested linrar dependence d;
for grall B and inverse ';'
variation for large B.. Flgs.

2-% show the variation of the

Initial d1p/dt with ayplied TEz 05wt E,

electric fleM F., applied cusp

ragnetic tield, ad indtial gas E 1 G vim

pressure in argn.  Theze graphs @ 8 argon
are corsistert with a mdel in ¢+
which the electrons are tn,md_:’:
ty *he cusp rield and the fons
along are atcelerated by the
applied electric field. Then the -
Blz. 4 vaftiy 8 -

izn irertia enters the plazma tor—

oldal clreut equations as an ¢ | B2 ¢ 63 VA Boygp + 1 kuss

Ifuctance in sdLition to geo- Iz}
@

metrical inductance per unit

lergth L. We write Pig. 2 1 -fcroe/tir p o~

m{ aly n
Le TJ;:’:’J Frald U T Fig. 2 -1 : 1 vertical division @

'%r‘"._q] ILeE, 5 1a/us,

where N¢ 1a the fon line deraity, R i3 the resistarce per unit lergth, am
te is the mesn jonie ¢charge. For mf zralf, thesion fnortis dondrates the
equation wen Ip # 0.  This i3 in agreawnt with Plg. 4 where al/dt {3
proportional to p at small preasure ang is lm'pau-cnt at large p.  The
variation of {rjtial dly/dt with E (Fiz. 2), is approximately linearcfor
large Fg.  Truy ruwrically
gty , E 108
ILO sV Eng

1n 1S wndts.  Bperinentally 312 o 1.2 . 105 £ A see”], wnich trateates

a vilue of z for anon between 3 amd 3 In azemrnt with measurencnts of
Ure irtensitles from varizus fonizaticn stites.

The variation of dl,/dw with Boan
culations rade by Duwett {2) in shifch the mayz-tie ficld of the Fall enur—

13 in azrrermt vith the 190 cal-

tont s fncluded.  In these calculations a critical appiied electric field
is derived, above which the electrons do not rerain trapped, Approximately
the condition for ro axial current is
wonek
k %.‘

where X, '1: an averag=d value of the cusp radlai field ana */y 18 the curp
asperation. At low values of the cusp magnetie field this eoditisn will
te violated, and the electron trapping madel with lon imertla in the eircals
equation no lrmger tolda.  The inftial dlp/dt will be laryer am delemined

by only the geomctric inductance as found in Foz. 3.
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cAtatrazt  Sirgle particle ealeulxties ef the fon rotien In the pelytron
confizaration sonw tmat particles sitaesd frslife @ volww ¢'ose 13 the
rinor a3 are contalrsd indefinizely. Particles sitiated ourside tids
volue wre lect. Egerimgrral confirarien ef this legs memm is prezerted.
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L eage from
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T ruarber of electrons which telong to the firs ad second category ia very
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Abstract

NUMERICAL AND LABORATORY EXPERIMENTS IN TIIE POLYTRON CONFIGURATION.

A two-dimensions] MUD two=-fluld numerical mode) bas been constructed (o simulate the plasma
behaviour in the r-z planc of 2 lincar Polytron « a multi-cusped pinch device in which the plasma flows
ihrough the cusps.  Of imporlance 1a this code compared to the earlier "Focus™ code (3 two-dimen:ional
MED code developed by “cttery s the 1uclusion of the uther two camponenls of magnctic field B,, 8, and
azimuthal velocity, With the dominance of the Hall effect, 1t is found 1hat the charactleristic veloeity
determintng the mesh tme-step is e whistler-wuve veloeity 1ather than the AMvin spucd, Frosont results
show that the collapse of an axfal current sheet to the axiy as modified by the cusp ficld 1o give several inters
esting plicnomena: firstly, Hall accelezation of the fons in the axial and azlmutual direction; sccondly,
asymunetne 1on compressicnal heahing and electron Ohmie heating; turdly, duc to tle exirtence of a radial
comporent of the current density locally, thete can be reversal of D'all acceleration wr certain regions leading
to the circulation of plasma; fourthly, thele 15 qualitative 2grcement with a single-particle inodel so that a
central core of plasma appears well defined and detached from the walls,

Laser seatleripg diagnostics are belug employed on the laboratory (oroldal experiment In erder to measure
she clectron temperature and deusdty cnabling direct comaazison with *he numerjcal model, Magr chie=probe
measurtinzrts i the rleg-cusp planz show that the ax:al current=de nsity componenl 1s cenfired to the magnetle
axls. Trom the line intenuty of argon=IV radlation an axial asymeietzy about the rlog cusp has been found and
confinned by the numerical model.  Troidal effects bave alsa becn observed, namely the prefercntial autward
drift of the plasma in tha later stages of the dIschacge and the associated yertica) shift of the plasma which s
pediodic with the radial magretic fiekl,

1. GENERAL INTRODUCTICN

1.1, Basic Polytron Ccnecent

The Polytron experiment is designed to study the contairment and
stahility propertics of a placma that is meving rapidly through a series of
cusp-shaped magnetic fields around the minor axis of a forus. The cusp
rields have very favourchle stabilising properties for plasma cortairrent,
ard it is, preposed that the convective metion of the plazma through the
cugp fields chould considerably reduce losces of plasra through the ring
cusps. The axial motion of the plasma is achieved by inducirg an electric
field in this direction, and employing the Hall acceleration machanisn to
attain an axial ien current (1).

1,2, Analytical Theery

1.2.1. Corditiona for Hall Acceleraticn

A cne dimensicnal MHD model of Hall acceleration of icns of mas3
in the direction of an applied electric field E  in the presence cf a
spatially pericdic transverse mammetic field B,osixikz yields the condition
for Hall acceleration of the lens (1) ;
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1.2.2. Conditions for contairment

When the acceleration process j
R X is
possible if tl_1e ion centre of mass veloeit y
thermal velocity, i.e. there are regligibl,

amplete, contairment will be
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In order that electrostatic irstablities do not arise,
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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 evperimertally
first in a straight conriguration (3) and the rugnetic stress tensor was
measured, demcnstrating an oxial foree of gbout 13 kgn.wt. Similar forces
have been measured in the toroidal experiment in which 36 cusp coils have
been erergised. At Movosibirsk (4) measurements of the radial distribution
of azimuthal Hall currents were presented, and an ion axial rotion of 10
an/sec was deduced fram the Doppler shift of an argon IV line. About 2 kA
of ion current was achicved, but not satisfying condition (5) above - the
centre of mass velocity was 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 tirmes that indicated by eq. (8)

At Utrecht (5) it was shuun that as the plasma density was increased the
axial current switched over from being an ion currert to a much larger
clectren current, in keeping, guantitatively, with condition (3). In all
cases plasma losgces through the ring cusp oceurred after about 1 usec.
Calculated sinzle particle trajectories chowed that these louses could be
due to that placm: which criginated near the walls, and that the rcmainder
of the plasma could be accelerated and contained indefinitely (6). In the
experiment the losses are probably also cauced by an irsufficiently large
axial ijon velocity, thus violating cordition (5). Tne experimental time
was also limited to times less than .

1.4. Present Rescarch

1.4.1. Corputational Model

The analytic work is limited either to a linear approximation or
to a quasi-one-dimensional approach that precludes the thecretical study
simultaneously of radial plasma corpression with axial Hall acceleraticn,
magnetic field distortion, redial lesses, instabilities, cte, A sirgle
particle camutaticnal model gives an insight into the poscible trajectories
that can oceur in the complex field confisuration, but the moct powerful
thecretical model with which all these phenonera can be studied is a mmeri-
cal simulation using wagnetchydrodynamic equitions for a two-fluid plasma.
A carputer code (GIMINI) has been set up to cbtain axisymwetric solutions
in the r-z plane of a straight cylinder (7). Several production runs have
been made. GEMINI is a generalication of the Plasma FOCUS CODE (8) which
has been most successful in describing excerinental phenomena. All three
magnetic field components are present in GriINI and this introduces new
computaticnal preblems associated witn the vhistler wave. This will be
discussed below.

1.4.2. Experiment

The present experimental work is devoted to mere detailed measurements
of electron density and terperature using laser scattering techniques. Also
the prublem of preionisation at lower densities is being studied in order
that conditions (4) and (8) can be satisfied.

2. THE TWO-DIMENSIONAL MID CODE, GEMINI

2.1. The MDD Equations

The nunerical model erploys a rectangular Bulerian mesh mapped cn
the r-z plane of a cylindrical infinitely lorg polytron configuration.
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n and p being the resistivity and visecosity respectively.
We note that the finite Larmor radius effects enter through the 8 of the

plasma.
In absence of resistivity, viscosity and finite Larmor radius

effects, w has the 4 values {/(Esz + 1) T s}
ison of equations (4) and (11) it is clear thet for tre poly-

From 2 corpar
tron corditions where k is the wavenumber of the cusp fields we require
s »»> 1. The highest frequency is then approximately V) -1
sky, = —— S€C .
A w .
pi

Because of the dicpersive nature of this whistler mode, in its_ipplicaticn

to a finite difference scheme with mesh points separated by k. "*, the re-
quired timestep At of the mesh is given by "
Wt
ot = —m i (13

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 (kmv‘:\)‘l for v, >
sowd speed, corresponding to the fast magnetosonic wave. Thus, 1like the
diffusion problem, doubling the nurber of mesh points quadruples the nurber
of required time steps. We can estimate the nurber cf time steps necessary
+o reach the characteristic acceleraticn time v, given by e3. (2) by taxirg
the ratio of eqns (2) and (13), and using vpu,; = 8:¢, viz.,

T 2
Nurber of time steps = Et_a L. iy (:1;3—)2 . (%)2 ()
m @ pi

Each of the factors in equation (14) is much larger than onc, the factor

/1 being the nurber of linear mesh points in the cusp period. In crder
8 satisfy condition (4) and also have a fine mesh, the number of time
steps is very large. It is well Mnown that when the Lundquist nurber is
smaller then ore viscosity or resistivity rcmoves the Alfven mocdes. There-
fore methods of removing the short wavelength whistler modes, were investi-
gated: eq. (10) describes the offect of viscous ard resistive damping on

these modes.
2.2.1. Resistive damping of the whistler rode

In figure 1(a) the real and imoginary parts of the normalised
frequency w are plotted for different values of the parameter s. In each
comstant s curve, increasing wp results in evoluticn along the curve in the
direction of decreasing |w, wgnre w = w.+iv. and k is real. The curves for
s5=0 inoicate that fer suf‘f‘fciently small Lundquist mumber the Alfven wave
is conpletely darped. However for finite s, whilst resistivity increases
the darping and reduces w,, in all cases, for large s the reduction is small
for two of the four modes. (Two modes are illustrated in figure 1, the

other two modes simply correspord to w:-wrlziw.l).
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FIG,1. Dispersfon curves showing resistive (a} and viscous damping (b) of whistler modes.

2.2.2. Viscous Damping of the Whistler Mecde

With w non-zero but wp and 8 zero in eq. {10) we can examine the
effect of viscous darmping which, for non-zero s, is different to resistive
darping. In figure l(b) the real end imaginary parts of the normalised
frequency are similarly plotted for the indicated values of s. For large
s, increasing values of w, do ne% result in much reduction of Wpe

2.2.3. Finite Larmor radius effects

In absence of visecsity an¢ resistivity, we retain the parameter
gin eq. (1) which arose in the anzlysis through the_inclusion of collisiocn-
less viscosity. W is real and has the values + (/(1s°(1-8)<+1) ¥ }s(1+8)}.
For large s, instead of two of the rocts cutting off at the lon gyrofre-
quency, they now have a group velocity B times that of the other two modes.
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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 (essertially boundary-value) equa-
tions - or explicitly. The latter was chcsen, but is severely limited in
the problem at hand due to the necessity of restricting the timestep of the
caleulationto such a value that the moce with the shortest timescale cr
Fastest group velocity mey be followed. If this timestep critericn is not
satisfied, numerical instabilities will develop immediately. Although the
equaticns solved are nen-linear, the numerical stability criterion deduced
from linear stability theory applies very well to assess the stability of
small timesteps. The non-lirearity 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 critericn reduces the errcr in
most regions of parameter space due to taking a finite difference sclution.
(This error is of order (waAt)™ where n is the order of the scheme used ard
w is the fastest modes froquency.)

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 amd corditions (1), (3) and (4) holdinmg. Alternatively, tor-
derline cases can be followed for reascnable times or strengly satisfied
cases for very short times. Whilst viceosity ard resistivity darpen the
fast whistler mode a little, no obvious solution to the problem of removing
the whistler wave whilst retaining the Hall terms in the equaticns has been
fourd.

The code GEMINI (7) hes been developed for the numerical sirul-
ation of an axisymmetric plasma in a general magnetic field configuraticn,
Fquations (9) are written in a differenced form to 2pply to an Eulerizn
mesh, ard solved using the second-order accurate explicit Lax-Wendroff
methed (9). All equations, with the excepticn of that for A, are solved this
way, only initial values being strictly necessary for their solution; but
due to the discrete mesh pseudo-boundary values have alsc to be applied.
The equation for Ay (determining B, and Dz) is treated as a boundary value
problem, using the method of Succefcive ever relaxation (19) to solve im-
plicitly at the end of each half- ard full-tirestep of the explicit cal=-
culation.

2.3.1, Boundary Conditicns

In the polytron simulation, periodic boundary conditions are
applied at z=0 and z=i=10cm. For A, are imposed additionally the bourdary
conditions that at the axis (r=0) if is zero, whilst at the insulating boune
dary (r=r_ =lcm) i% has a sinusoidal form, representing the cusp-shaped rag-
netic fie lines, In the laboratory experiment A is generated by energis-
ing coils external to the region of the caleulation, To minimise the comput-
ing to only that which is irportant A, is nct calculated outside the region
bourdded at r=r,. This is equivalent go having a perfectly conducting region
irmediately oufside the insulating boundary.

In thz toroidal laberatory experizent 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 erploy the same
physical methed becausz A, is a measure of the change of By flux within

at
a radius r rather than the change of flux in scme external region. In the
runerical code an electrostatic electric field is applied and a simple
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external circuit for the total axial current I is considered.
by the equations

I is governed

= -9 2.4 14
I=-3 and =g // Bardz + L

The resulting value of the current is used to set B, on the insulator
boundary o the next timestep.

(15)

3. COMPUTATIONAL RESULTS

The recults of two numerical experiments are presented in this
paper. Experiment 1 explores the polytren regime whilst in experiment 2 the
Hall terms are virtually suppressed for cemparison. This latter case illus-
trates the pinzh dynamics in a cusp configuration including at later times
the radial loss of placma threugh the ring cusp region.

The initial conditions for each of the numeriecsal experiments are
as follews:

Initial veleceity = O 14
Initial fillirg density of deuterium = 4.5 x 100 om
Initial electren and ion terperatures = 2 eV
Capzcitance C = 20 P

Charge on capacitance Q = 20 nC

Carrent I = 1 kA

Maxirun B, = 8 kG

A vacuun A, is set in the region by solving VEAB = 0, subject to the given
boundary conditions.

3.1. Numerical Experiment 1

This experiment illustrates the asymmetry introduced into the
preblem by the inclusion of the Hall term j B,, with the resultant Hall
accaeleration of the ionz corpeting with the other dynomic effects of pin-
ching and cusp-loss. In figure 2{a) the density, (b) B,, (¢) the electron
terpurature are shown at the early time of 0.7 usec, ard then figure 2(d)
(e) and () are the rcorrespording parameters at the later time of 0.7 usec.
In figere 3(a) contours of ri, illustrate the shape of the ragnetic field
lines at 0.3 ks2c ond 0.7 psec; in 3(b) ard (c) contours of rBy show the
current flow pattern in the r-c plare at 0.3 nsec and 0.7 usec recpectively.
The ion temperature ard the veleelty vectors in the r-z plane are shown
in figure 3(d) ard (e) respectively at 0.7 uscc.

Several phenomena are of interest, in particular,the prowing
asymmetric distortion of the cusp fields, und the tendency for the r-z
cwrent to follow the cusp chape field except at the ging cusp_itcelf. In.
this regicn we rote the axial plasma velocity & 3x10° ¢m sec~l) resulting
from the azimuthal Hall current. The axial cowmponent of the magnetic field
alszo interacts with the aziruthal Hall current to set up a radial velocity
component.  In fact ue expect vz/v,, ~ B./B_ i.e. motion normal to the cusp
fields, which in the polytron alt as a fgfietic lens. In addition the
,]',,Ba pinch forces are acting on the plasma and give a large campression of
tfie plasma on the axis under the coils where the axial current is more
cencentrated.  Hearer the walls the plusma dencity builds up in the ring
cusp region, cansistent witn the single particle trajectory calculations
{6), due to the flow of the plaamy along tne field lires. The ion temperat—
ure has mexima (v 8eV) on thz oxis downstream cf eoch coil due to compression-
al heating, whilst the electron temperature (v 70eV) is also affected cor—
siderably by Ohmic heating. The ion temperature alco rises downstream of
the plare of the ring cusps due to axially accelerated ions compressing
the downstream stationary plasma.
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FIG.2. Experiment ] (Hall termt incluced),

Unfortunately this plasma at later times begins to be lost through
the ring cusps, as indicated by the velocity diagrem (fig. 3(e)). A set
of paremeters more in keeping with the conditicns outlined in section 1 are
required so that larger axial velocities oecur 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 closad 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% contcur is thus distorted outwards
at the later 0.7 usec time. It the density of the plasma becomes less than
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[1G.3. Experiment 1. The magnetic field coils are positianed at Ay and Ay n (a), (b} and (c) and the
contours are in terms of flux of B, or §, enclored between the given contour and the axls,

a given (a:-bit:rary) value, vecuum conditions of infinite resistivity, zero
currents are inposed, !

In figure ?(e) the growth of short wavelength modes cn By by 0.7
u;ec s?c::)d the numerical problems that arise through the physical presence
of such modes.

5.2. Numerical Experirent 2

. In th%s experiment the Hall terms have been virtually removed, and
cymretric behavicur each side of the ring cusp plane is expected.
A Figure 4(a) shows rAe contour plots at 0.5 usec and 1.0 pses ard
figures 4(b) and (c) shiow the durrent flow patterns at these times. The
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effect of the imward diffusing By on the vacuum cusp fields is to campress
the field lines, thus generating an azimuthal current which causes a jgB,
force to oppose the j, B, compression force. Figure 4(d) shows the azirufhal
megnetic field at 1.0%uSec which has short wavelength Alf'ven wave struc-
ture superimosed on its profile,

A core of capressed plasma, compressed by a factor of 6, is
forred on the axis (fig. 4(f)) but at 1.5 psec it is being sgueezed along
the field lines inte the ring cusps. Figure L(e) shows the velocity vectors
at each mesh point at 1.50 usec, and the radial flow to the walls is domin-
ant.

In corparison with experiment 1 we ncte that the current flow
patterns follow more closely the cusp shaped vacuum fields, that there
is ne unidirectional axial motion, and that there is a ruch greater radial
loss. All this is dus to the suppression of the Hall effect.

TIME 20,508 [—1, 1048 [—)
INSULATOR M . LYY

AXS T=0em ~
d t 1
fa) B, 1d) By attus
TIMEx Q5 s 1= 4TkA
INSULATOR Y A r:tem
92
= I UL
2 Ao -\~~l|0k—w’1a--'-1-/
AXS rzacm Levescninunttastaerosrisanmin
(b)jl. {e) v, a1l 1588
TIME=210 s La78kA 7 I
INSULATOR N Ay rtem ™ N~ .
100
52
]
AXIS e=0cm
fed g, 1) pat15ps
FIG.4, Experiment2, Hallterm ruppressed, a, b, c are s in Fig.3,
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4, FECENT EXPERDMENTAL RESULTS

At early times (v 1 usec in arpeon) image convertor photographs
show a bright plasma well confined on the tube axis with a radius of zbout
1.5 cm expanding to 2 om. The axial current profile in the plane of the
ring cusp at this time is bell-shaped with a half width of 1.5 em. From
the tire history of the appearance and disappearsnce of argen II, III and
IV line radiation the ‘emperature of thgs hot plasma ic estimated to be 20
to 30 eV. Axial velocities of 1.1 x 10° ersec have previously been
reported (4).

At about 1.5 psez, the temperature falls rapidly to a few eV.
Axial scans of argon IV and IIT line intensities in the neighbournood of
the ring cusp show that the cooling is more rapid downstream of the ring
cusp plane. A narrow bright rinz located at the wall in the ring cusp plane
is obtained in photographs at this time. This ring shifts axially down~
strean.

These results are in qualitative agreement with the computational
model.

5. SWMMARY

A two~dimensional MHD ccde for a general magnetic field configur-
ationhas 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 problen by resig=
tive, viscous and finite Larmor radius damping iz being zstudied.

The camputational model shews qualitative aprecment with experi=
mert, and vindieztes the predieticns of Hall aceeleration and ion focussing
from earlier analytie thecry. Further optimisation of parameters is re-
quired to reduce the radial plasra loss to an acceptable amcunt.
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