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ABSTRACT

Low pressure argon discharges in the Mk IV torus have been studied by
magnetic probe technique during the early part of the discharge when the results
so given are reproducible, A method of analysis is presented here by which the
experimental results may be compared with those predicted by two theoretical
models, It is shown that neither model is wholly =satisfactory in this case,
Several types of discharge are found, one of which corresponds to a "rigid"
behaviour of the current helix which occurs just before the onset of irreprod-
ucibility of the magnetic probe signals.
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INTRODUCTION

In the course of a general study of tforoidal magnetic field configurations
carried ocut by Lees and Rusbridge(1) it was found that under certain conditions
the measured parameters dissgreed with the general pattern. It was therefore .
considered irportant from the point of view of establishing and extending the
usefulness of the treatment described in reference (1) to investigate these

Tanomalous' cases by a detailed study of magnetic field configurations,

The purpose of the present.report is to describe the experimental investi-
gaﬁion of one of these cases, nsmely the early stages of a low presswre argon
discharge in the Mk IV torus. In this case the experimental results are
reproducible to a high order and ccnsequently complete magnetic configurations

.and their time variations can be plotited without recourse to a statistical
treatment. Two theoretical models, one of which was used in the previous work
are glven, although neither is sufficient to explain the complex behaviour of
the discharge, This report therefore confines itself mainly %o presenting scme
representative experimental analyses and.tries Lo give theoretical explanations

only where these are cbvious.



1. EXPERIMENTS AND ANALYSING METHODS

1a. The experimental apparatus

The measurements have been made at an initial Argon gas pressure of 1u in
the discharge of the Mk IV torus which is of generally the same design as ZETA,
The torus has 15.5 cm bore radius and an aspect ratio of 1:4., The measurements

were made according to the well established magnetic search coil technique(z),

The Mark IV torus, the integrators, the search coils and the recording

instruments have already been thoroughly described in a previous paper(j).

The magnetic search coil was air cooled and inserted in a glass tube of
2 cm diameter. This tube coincided with the horizontal torus cross section

diameter at the window block.

1b. The discharge types

A "discharge type" was investigated by measuring the axial and tangential
magnetic field components at intervals of 1 cm along the torus cross section
diameter. If no such other variable as initial gas pressure, initial magnetic
field etc., was changed, the reproducibility was very good up to a time when
large instabilities suddenly began to appear. The measurements were made in
such a rapid succession (~ 2 sec.) that the afterglow from the oscillogram
traces of the preceding discharge can be seen on any oscillogram. Three
measurements were made at each point. These facts provide a simple check of
possible sudden changes., No unexpected irreproducibilities have been found in
this way. Slow uncontrolled variations of the discharge conditions cannot be
discovered by this method but they would be seen by a comparison of the photo=
graphs of the main current traces. Only in one case did a discharge type
investigation fail to satisfy this test and have to be discarded. The reason

for the current variation has been found to be purely instrumental,

Different discharge types have been obtained only by changing the applied
electric field strength and hence the main discharge current I, and, in one

case, by increasing the initial static magnetic field By from 50 to 100 gauss.,

Three representative discharge types have been selected to be presented
here, They will be referred to as A, B and C. A Roman number I, II or III,
added to the capital letter, will indicate one of three investigated configure-
ations for each discharge type. See Table I,



Earlier investigations of toroidal discharges have shown that they can, to

some extent, be characterised by a pinch parameter 6 defined by

o Tz
27a Bi

8 =

where a is the torus bore radius. 6 is thus the ratio of the tangential
magnetic field strength at the torus inside wall and the initial axial field

strength Bj. The 6 -values in the actual cases are given in Table I.

TABLE I
Discharge | B; (gauss) Tap (kea)* Op* Nio |t(ms) | Ip(kA)|8 Byo (gauss)

{1 70| 5.13 | 1.32 131

A 50 9.69 2,50] 1T 90| 6.53 1.69 174
[IIT | 190| 7.54 | 1.95 194

i1 80| k57 | 0.59 124

B 100 9275 1.264II 120 | 6,86 0,89 151
IIT 160 | 8.33 1.08 183

I 50| 6.47 1,67 190

C 50 1,83 3,05} 11 60| 7.35 1.89 216
{111 70| 8,16 | 2.11 238

*The index p refers to peak current
1c. Field component curves

The complete magnetic field configuration has been plotted and analysed for
three times during the period of each discharge type. The method of analysis

will be described in the next sections.

The first configuration is always given for the earliest possible time
rermitted by the accuracy of the oscillograms and the last is always just before

or at the onset of large irreproducible instabilities.

As a single field curve contains 3. experimental points, and each point is
the average of three separate measurements, one complete investigation of a
configuration is based upon 2 x 3 x 34 measurements and as many actual
discharges, The right hand side of a configuration curve always refers to the

torus inside., The toroidal geometry deviation is mainly seen as a relative



increase of the tangential B¢ = field there.

Except in the cases where the deviation due to toroidal geametry is
critical, all the analysis of the experimental results ead the theoretical
calculations and models are obtained from the usual cylindricel geometry
(r, ¢, z) around a magnetic centre line defined by B¢ = 0, However in order
to show possible wriggling of the plasma channel all the experimental configur-
ation curves are given in a co-ordinate system which is fixed relative to the

torus,

1d., The m - and n - curves

The pressure balance relation

o

dp. = - -
-"é:; iz B¢ 1¢ BZ eeoeo0 10
connects the macroscopic mechanical and electrical properties of a cylindrically
symmetrical plasma. It is possible to obtain a simple physical interpretation

of this equation by rewriting it as

_-@R = =1 i B mme=T1nn cop e 2.
2 2 B (m = n)
where
B
m=m (r) =R :§
-z

is the number of turns which the helical magnetic lines of force make
around the centre line, m refers to the length 2aR of that centre line, i.e.

neglecting toroidal deviations, R is the torus major radius,

This concept of the turn numb&r m can be visualised by considering the
cylindrical surface r = const. cut up so as to form a rectangle of the dimensions
27R x 27 with the magnetic lines of farce as straight lines upon it and

; B
inclined the angle arc tg —B.Q to the side of the length 2xR,
4

In the same way
n=n(r) = R2s
- : 2 1P
is the corresponding quantity for the helical current paths,
Neither m nor n is assumed to be un integral number, For m, such a case

implies that each line of force clozes unon itself when returning to a starting



tube cross section after traversing its helical path one tuwrn along the torus

tube, This fact can be put in this way: an integral m corresponds to the same

integral multiple of the Kruskal limit (m = 1).

Integral n may have important consequences., Such conditions will later be

discussed in more detail.

According to the above expressions, m(r) and n(r) become indefinite for
r=20as i¢ (0) = B¢(O) = 0., However, in that case, m and n must be regarded as
the limit values obtained by r —— 0. They are denoted my and n,, (The
index o will generally refer to quantities at r = 0, except in cobvious cases

like W, and the Bessel function Jg.)

It should be noted that n, does not necessarily equal mg. This may seem
odd as there are no pressure gradients at r = O for symmetry reasons., Accordingly
the deduced helix systems of current snd magnetic field should coincide there,
This seeming contradiction is only due to the limiting process, as can be seen,
for instance » by inserting a pressure distribution of Bemnett type, p = p,

(1 + Cr.2)-2’ in eg., 2 and obtaining m, #* ng but (%‘E )o = 0,
/
The inward pinching force is, according to eq. 2, proportional to the

difference m = n which may be expected to be small compared with m or n.

Therefore, highest possible accuracy has been required for the measurements'
giving m(r) and n(r). '
The function m(r) has been calculated directly point by point, by using the

experinmentally cobtained values of the magnetic configuration.

From the equations

iy = - -:;; L (3, vees 5.
iz = 1 %; (rB¢)
TR
the current turn number n(r) can be expressed as
n(r) = R 1.5.5_. =-rR & (B2) saean he
ri, g__r (3,



n(r) has been calculated as the ratio of the quantities - & (RB;) and &(rBg)
where § indicates the difference between experimental magnetic field strength
values for points situated 2 cms spart. Thus n(r) is not obtained from the
slopes of "smoothed out" magnetic field curves and this fact causes a fairly

large "spread" for adjacent points of the n(r)- curve.

1e, Other experimental curves

An average value of n, referring to the whole plasma charnel, is obtained

as
= _ Ig - 1 21R ; = 27R AB
i= 28 = =—, =2 (Bzo = Bmln) = z
L I, Ho Ho Iz
where

a M
I; = b//f i, 2nr dr, where a is the torus bore radius.
0

Bpin is the average value of the two measured minima of the B,~field.
The plasma chamnnel is thus defined here as the region inside the z=-field minimua,

The average value for Bpip is taken in order to correct for the field deviations

due to the toroidal geometry.

Ig is the total plasma channel current in ¢-direction, i.e. perpendicular '
to the applied electric field. I¢ is directly proprrtional to and calculated

frOmBzo—Bmin=ABc

As I, 1is measured by a Rogowski coil outside the torus tube, n is a true
average only if the z-current going in the annular space between the z-field
minimumn and the torus wall can be neglected., Such a current will make n smaller

than the average of the n-curve poinits.

By, 0By, and the two minimum values of B, have been plotied as functions of

I,. A figure beside an experimental point indicates the time af'ter the diuscharge

start.

Three photograpns of oscillogrems give the total discharge current I, as
function of time (bottom tvace) for the three presented discharge types. The
top traces are the integrated probe signale in some cases of special interest, to

be discussed later,



2, THEQORY

Two theoretical discharge configurations will be given and the use of
such model configurations is then discussed. Some other theoretical concepts

for the experiment interpretation will be found in the last sections,

2a, The "fluid" model
This configuration model is deduced from the following two assumptions:

Firstly, n is independent of r, i.e, the drift motion of the charged
particles resembles a shearfree fluid motion. Regarding the macroscopic plasma
current as a comparatively slow drift motion superimposed upon a faster thermal
motion, this assumption seems to be reasonable and it will be shown that it is

confirmed by experimental n-curves in some cases,

Secondly the pressure dependence in R is assumed to be

pevo (14 ()52

C,

A density distribution of this Bennett type is known to be a good
approximation for low and medium current discharges with stabilizing magnetic
field. The radius r, will be put equal to the characteristic length & of the
discharge, an assumption leading to a gas pressure nearly prqportionalnto the

2
magnetic pressure EE_ of' the pinched z-f'ield.
2k
It should be noted that the original Bennett distribution with
2 8 po
Te = a2
Ho 1zo
is not assumed here since it applies to conditions quite different from
those investigated and further, that any reasonable pressure distribution could
be used together with the fundamental first assumption. The distribution
assumed here can be expected to be a good approximation for low 6-values and

it will not lead to combersome mathematical expressions.
The first assumption, n independent of r, makes eqn. 4 readily integrable.
Bz = Bzo - By BE = Pzo - By tan y

where ¥ is the angle between current direction and ¢ =direction,



The current components can be written
13 = i, £(r) sin ¥
iz = dpo £(r) cos y

where f(r) is the dimensionless (£(0) = 1) magnitude of the current density
in the drift motion direction. The current density direction is thus
determined by the fundamental first assumption and the function f(r) now has to

be determined,

Inserting the above three equations in the pressure balance relation,

egn., 1, gives
- %PP. = i, f(r) By cos § = 1,, f(r) (Bpo = By tan ¥) sin y
writing
p(r) = po g(r), g(0) = 1

r r
B¢=io_,( izrdr=bb;f i,o £(r) cos § r ar
r r
0 )

and using the expressions for sin ¥ and cos § when tan § = -%-3 s the pressure

balance relation gives an integral equation for £(r)

[s] nr 2 1 nr 2 L
- %o %IS (1 + {"ﬁ"} )2 = £(r) (1 +{—I-{-J ) %/:‘ f(r)ige (1 + {1;_2}2)-2

nr

Introducing the dimensionless quantities B and &

B - :"ZO* = 2 Bzo n
Z0o By 1., R
where i, * is the centre current density in the special case p, = 0, and
& 2U5 Po
B, 2
20

is the ratio of centre gas pressure to corresponding magnetic pressure and

changing variables



nr = x
B

f(xz) (1 + xz)"% =Y (xz)

the integral equation turns out _ 2

-(B)z € %ﬁ x (1+x2)~" = ¥(x?) l;jﬂ Y(t) at = B x2 (1 + x2)~

2
(s}

By inserting the assumed pressure distribution

g (x3) = (1+27)?

the integral equation can be solved approximately

y(x2) = B (1 + x2)"2 +ep (1 ~ x%) (1 + x#)=2
Hence the current ccmpenents are
iz = i,5" [(1 ot x2)—2 + e (1 - Y?) (1% 12)-5
ig = i, x
Using the eqns. 3, these two equations sre integrated to give the magnetic field
components

B,

[}

Boo (1 + x2)-1 [‘i - £ x° (1 + x2)'1J

-

By = Byo x (1 + x2)=1 E +e (1+ x.‘Z)-’I:,

.].3..’.5. and. ?.Q are shown graphically in Fig, 1 for the three cases
Bzo Bzo

€= 0, 0,5 ard 1,

The field comporents are inserted in the expression for the magnetic turn

numrber m,
m:R_B_§ =n(1+e+x2) (14-;;2(1-3))_1 m=n (1+ g)
Dy

This model thus makes the difference between the n = and m = curves
properiional to the center gas pressure.
LAs wonld be expected, the magneticzlly shearfrece snd forcefree configura-

tion defined by



¢ - By = DnC  n independent of T
i, B R

Z

is obtained by putting po = € = 0 in all above equations, In all experimental
cases the parameter € is considerably smaller than unity and therefore the
gas pressure influence is seen ag small terms added to the equations of the
force free model (the curves e = O in Fig, 1) These terms depend only upon
the chosen gas pressure distribution g(x) and the turn number n. Thus, if the
fundsmental assunption n = const. has experimentally been found valid, it is
possible to obtain the unique magnetic field and current configuration wnich

corresponds to a given gas pressure distribution and vice versa.

%b. The Bessel function model

The Beszel function mocel

A¢> J1 (U. I')
A, Jo (a r)

By
B
Z

has been used as the basis for an earlier extensive investigation of toroidal
magnetic configurations(1). One reason for choosing Bessel functions was that

they can be fitted to agree fairly well with experimental configurations.

The sbove Bessel functions of zero and first order with Ag = Ay are

obtained as the solution of the equation, (L)
My i = curl B = o B, o independent of T,

for cylindrically symmetrical geometry, i.e. B = (0, By (r), By(r)). As seen
from the vector equation its solution must describe a force free configuration
where the current density and the magnetic field strength are everywhere
proportional.

Tn the earlier investigation the pressure influence was accounted for by
putting A¢ > Ay, Inserting the field components in the equations 3, the

current compor.ents were obtained:

) J,

iz i) (“ r)

|2

£ F
.

(o]

ig = (o 7)

o]

w 10 -



From the definition of m (0) =
m, = Rlim (5% cAgy
r >0 |\ Bz 24,
nQ = R lim E,Q = R ﬁ
r =»0

Thus the constant a is here identif'ied as

a2 (nono)?
R

and the two constants A¢ and Az can be written

nj-

A

¢ A (mn)
Ay, = A (no)

[NE

» where A is constant,

Substitution in the pressure balance, equation 1, and integration from O

to r gives
Az(mo - ng) 52 2
p(r) = po + T w o f(ar)=-Jd," (0)

Following the earlier deduction it is here assumed that p = O where
Bz = 0, i.e. where arg = 2:405 which is the first root of the equation
J, (&) = 0,
This condition inserted in the pressure equation above gives
A2(m0 - ng)
210

po =

and thus

= 2uopo = Mo _ 1 = (1 + g)
[ —"‘—O-B— — ) L
Bzo No ’

This Bessel function model can now be compared with the previously
deduced "fluid" model, where n is constant., Therefore the component equations

of the Bessel function model are written so that they contain the quantities

ng and g, i
A(ny)?J, (er) = By dy (ar)

= b (ng(1 + €))F Iy (o 1) = Bgo (1 + €)F Ty(a 1)

2 A
a=£ ng (1 + €)2

o o
S N
! 1

- 11 =



The graphs of Eg:, ’ E_Q have been drawn in fig. 2 with nor as the dependent

BZO Bzo R
varisble for the three cases € = 0, 0.33 and 1. It can be noted that only the

region for which Bz > O can give a good approximation of the experimental curves
and further that variations of the pressure parameter € have the same influence

upon the configuration as in the "fluid" model case.

2c. The use of configuration models

Experimental results can be interpreted by comperisons with configuration
models but it will be shown that there is much required both from the
experiments and the models., Thus the model should describe a unique configura-
tion deduced from reasonable physical assumptions and the experiments must be

accurate enough to distinguish between various possible models,

The experimental magnetic configurations have been compared with the two
given models and it has been found that neither is in perfect agreement. ' The
curves often seem to be some sort of mean between the two models, However this
way of direct comparing field components is less satisfactory for two reasons,
Firstly, the investigated cases only apply to the central region where the
models are not very different (cf. Figs. 1 and 2) and secondly, very little
information is given about the physical reasons for the discrepancies. A
better way is to compare the experimental and theoretical m- and n-curves,
since some physical information is then obtained and model differences are

enlarged.

Thus for the Bessel function model

m(r) = R B¢ = r (m_g)% Jifa r) = R('I-i-s)—zL Jq(a 1)
rB, Ny r Jo(a r) r Jo(a r)

n(r) =R & =R (hﬂ)E J(ax) =R(1+e)7F Jar)
i . r Jo(a r) r J (a r)

The- m- and n-functions have the same analytical form and differ only by

the constant factor 1 +e, This fact is in agreement with the "fluid" model.

The curves are given graphically in Fig. 3 for the case € = 0,33 together
with the line n = constant = ngy, which was the fundamental assumption for the
"fluid" model,

- D -



As the two models are now seen to be very different (see Fig. 3) it should

be possible to decide which is the better approximation,

It may perhaps be stated already here that the Bessel function model gives
somewhat better agreement except in two cases: (a) a the lowest O-values

investigated where the models coincide, i.e. in the cases when ng, and hence
also the parameter 20T are so small that the n-curves of the models differ

R
very little (see Fig. 3); (b) just before and during the oscillating irrepro-
ducible stage of the discharge for which the fundamental assumption n = constant

of the "fluid" model seems to be true.

The Bessel function model is incomplete in this respect that it has not
been given a full physical explanation except in the force free case. However,
the experiments will show that attempts directed towards a more general
explanation are hardly worth while since the Bessel function model, like any
other model, must be a rather rough approximation and further, that there are

too many features which can be explained better and more simply than by a model.

2d. The axial flux conservation

It is known that very little axial magnetic flux penetrates the thick metal
walls of the torus during the discharge. The total z-flux of the torus tube
mist therefore remain equal to the initial static flux nazBi. If the whole
axial flux is captured by a known magnetic configuration with B, = £(I,) and
within a "cut off" radius b, i.e,

b

- 2
L//1 BZ 2rr dr = ® a Bi essasw Ds
o

a relation between b, By and I, can be obtained, However, such a relation is of
limited value since it has been found that equation 5 is not a very good general
approximation, There are two reasons for this : A well-defined "cut off"
radius does not exist and, depending upon the discharge conditions, the plasma
channel seems to be able to contain both more or less z-flux than the initial.
ihen the plasma contains more flux, occurring at high O-values, a reversed
z-'ield appears outside the plasma chennel, All model configurations have
failed to explain this phenomena, It will be discussed later in comnnection with

the experimental results.,

% 13



However, Lees and Rusbridge have shown that a configuration model based
upon the parameter € = const. %% obtained from the equation 5 sgrees well
with the experiment in the case*of low pinching, © < 1.3, The same equation
together with the force free "fluid" model can be used to explain results
concerning the oscillating "equilibrium" configuration, i.e. conditions at peak

main current when the applied electric field is zero.

2e, The channel surface region

The experiments show that an axial flux is trapped in a concentrated
magnetic configuration and surface currents may therefore be expected. The
analysis giving the n(r)-curve provides a sensitive method to investigate the
existence of more or less diffused skin currents on the surface of the plasma
channel, If the Bg-field rapidly falls off outside a certain radius, a region
of skin current in the ¢-direction must also exist there, This fact is seen
by applying the formulauffhgi = I along a contour going both ocutside and
inside the fall off region. Such a border region implies a distinct change of

the current direction and it can be seen as peaks at the ends of the n(r)-curve.

No definite indications of an initial skin current or separated magnetic
fields have been found in the investigated cases, and this cannot be expected
as earlier investigations have shown that the diffusion time of the magnetic

fields is very short.

= Al =



3. THE EXPERIMENTAL RESULTS AND THEIR INTERPRETATICN

Before the detailed analysis of the discharge types, i.e. the m- and
n- curves, is presented, it will prove advantageous to give results from simpler
and more direct metheods in order to explain the configuration just before the

onset of large instabilities,

3a. The onset of large instabilities. Experimental facts
The discharge types studied are shown in figs. 4 - 6, These are followed
by a number of figures (7 - 22) illustrating their magnetic field characteristics

and analysis by the above means. In these figures the points for m(r) are

shown by a dot, those for n(r) by crosses,

For discharges with Bj = 50 gauss (see discharges A and C) the onset of
large instabilities has several characteristic features which are both evident
and reproducible. The following observations have been made,

The unstable and irreproducible part of the discharge is always preceded by
a change of the configuration rate of change., It is seen most conveniently on
all oscillogram traces referring to B, inside the plasma channel, A sudden
decrease of the slope occurs = 20 ps before the traces become clearly irreprod-
ucible. (See top trace in Fig. 4. This picture refers to dischsrge 4, B, at
r =-3 cm,) The change of slope seems to occur slightly earlier for the outer
part of the plasma than for the centre, but this difference is small, = 5 U s.
The Bp - traces also show a change, but this is not fully as definite, neither
in time nor in magnitude. No sudden variation is seen on the main traces (see
bottom trace of Figs. 4 - 6) but as the Rogowski coil is separated from the
plasma by the thick torus walli, a small sudden variation can hardly be expected
to be recorded,

After the slope decrease has occurred the current helix system seems to
become "rigid", i.e. n takes a constent value although the main current and the
field components are still increasing, This fact is clearly seen from Fig., 11,
It should be remembered that 4B, is the maximum field strength minus the
average of the two minimum strengths B_12 and Bqg and that ABy is therefore
directly proportional to the total chamnel ¢ -current I¢. Experimental curves
to be discussed later will prove that the z-current existing outside the plasma

channel is small for discharges A and C and thus that the straight portion n

= 7.7 really represents a "rigid" configuration i.e. a constant ratio I¢/Iz for

=15 =



the plasma channel.

It should also be noticed that a negative, reversed z-field appears Jjust

when the current configuration becomes "rigid".

The curves corresponding to Figs. 11 and 12 are not shown for discharge
C because they are quite similar apart from giving another value for n, which

in case C is 8.8.

The B-curve of Fig. 12 is deduced from AB; of Fig. 11 and compared with
the centre msgnetic turn number m(o). The "rigid" time period of n between

90 and 110 ps does not seem to have a counterpart in the magnetic helix system,

The "rigid" configuration is unstsble or rather, it seems to accept only
a limited increase o' the main current I, before it becomes irreproducible.
At this stage the regular oscillations, extensively described in an earlier
paperB, often begin to occur, especially for fast current rise discharges, i.e.
high ep-values. As the analysing methods used here are then no longer valid,
the curve parts which refer to distinctly oscillating or irreproducible

conditions have been drawn in hatched regions. (Figs. 11 -and 12).

The observations given here have no direct correspondance in case of the
low pinched discharge B. By comparing the top traces of the oscillograms,
Fig. 4 - 6, it is seen that the instabilities in case B have neither the
definite onset nor are they as violent. The n- and m- curves will show that a
considerable part of the main current I, goes outside the plasma channel and
also that the definitely "rigid" current configuration does not seem to exist

in this cese. This can be seen by comparing Figs. 11 and 17,

3b. The onset of large instabilities, Explanation

The earlier investigation, "Regular Oscillations in Toroidal Discharges",
reference 3, provides a framework for discussion of the above - mentioned
observations, There it is provéd that the regular oscillations are connected
with an inhomogeneous current density distribution, causing a large part of

the main current to be excluded from a helical notch of the plasma channel,

The most likely explanation of the "rigid" current configuration is as
follows., The increase of the main current I, during the "rigid" period is
restricted only %o a certain helical path which closes upon itself, i.e. the

n- number of the path is integral. The measured average turn nutber n must
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then remain constant although other quantities as magnetic field strength,

trapped flux etc. increase.

The helical current notch is wound so as to increase the trapped magnetic
flux and the outer e-field must accordingly decrease and even become negative
because of the axial flux conservation. The notch current thus provides the

- necessary asymmetry since no cylindrically symmetric configuration model has

been found able to cause a reversed B,~field.

It is easily understood that an exsct experimental determination of the
notch turn number is not possible with the use of magnetic probes only. For
three discharges with respectively 6p = 2,07, 2,50 and 3,05 the "pigid"
n-numbers have been found to be 6.5, 7.7 and 8.8, and these figures, which may
indicate the actual turn numbers 7, 8 and 9, are in good agreement with

results from the earlier investigationj.

Jc. Discharge A
The discharge A (see Fig. k4, Figs. 7 - 12 and Table I) clearly depicts

many cheracteristics of a medium discharge but also the difficulties and

imperfections of the measuring and analysing methods., For the n- points near
the centre (Figs. 8 -10, the lower curves), it has to be considered that the
probe dimension is almost of the same order of magnitude as the investigated
region. Unfortunately the B -configuration point differences 8(B,) are very

small here and the errors of the n- curve points are accordingly large,

It is very difficult to analyse and correct the configuration perturbations
which are caused by the probe. No attempt has been made to correct the results
presented here as future experiments with different probe sizes can give the

only simple and reliable answer about the probe influence.

No theoretical model can be applied very successfully to the A-configura-
tions as the basic condition of symmetry is poorly fulfilled and the deviations
do not seem to be caused by the toroidal geometry only. The technique of
comparison with model configurations here shows its limitations but if an
attempt to use it were made, the Bessel function model would probably be the
best approximation in the cases AI and AII (cf. Figs. 2 and 3), However, only

the central part of the region where Jy(a r) > O can be used.



The degree of pinching, i.e. the difference between the m-~ and n- curves
is fairly constant in time and also in space apart from a deviation seen on the
configuration A II which illustrates the conditions just at the beginning of
the "rigid" period. The small force free region (m = n) may be due to the

notch current.

A IIT is obtained Jjust before the onset of large instabilities. At this
stage a "fluid" model, i.e. n is constant, is the best approximation. A III
is too unsymmetrical to show this fact very clearly, but a somewhat slower
discharge type D, not very different from A, gives a better picture of the
conditions just before the oscillation period. The discharge D (see Fig, 22)
is not fully presented here as it gives practically the same information as A.
For D the peak current 6-value is 2,07 and for A it is 2.50. The initial fields

are the same, 50 gauss,

3d. Discharge B

The n lines here are always lower than an average of the n-points (see
Figs. 14 - 16) which shows that a z-current is going outside the plasma chamel,
This fact can also bes seen from the Bg -curves (Fig. 13) which, at least for

the cases Bl and BII, do not look like those of a vacuum field near the wall,
Both n and n seem to increase continuously with time,

In the case BI the n-curve has a strong deviation. Although n-curve
"Jjumps" of this kind have been found for other similar discharges, the deviation
is probably due to a very small variation in the discharge coniitions, affecting,

but hardly seen on, the z-component curve and then causing the large " jump".

For BII the experimental point differences are larger and accordingly
the n-curve is more reliable. The gas pressure variation is not symmetrical

as seen from the distance between the n- and m—- curves.

The earlier investigation about regular oscillations showed that the
helical current notch seems to rotate around the magnetic centre line. The
analysing methods used here are not very suitable to prove similar facts, but
it has been found that a force free region of the plasma, like that of BII, to
the right of the centre, does not remain in the same position, The force free
region of B II1, left hand side, is the development of the corresponding BII

region,
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At the stage B III, the discharge has just begun to be irreproducible.

The configuration is rather unsymmetrical and to = large extent force free.

>e. Discharge C

Discharge C is the case with the fastest investigated current rise. The
configurations CI and CII exhibit about the same features as those of discharge
A but ot earlier times after the start. The "rigid" configuration time is
between 60 and 70 ps and the instabilities then occurring are extremely sudden

and violent as seen from Fig. 6.

The configuration C III refers to a time a few us before the onset of those
large instabilities. There is a region where the pressure gradient seems to
be directed outwards. This is probably a notch current region but magnetic

probe measurements on such features must necessarily be rather uncertain.

Skin current regions discussed above are seen both in case A IIT and D IIT.
Within experimental error, the straight n-line always seems to bhe a good
average of the n-points, indicating that the z-current outside the charmel is

small,
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4. SUMMARY AND CCNCLUSIONS

Magnetic search coil measurements have been made on diffuse pinch discharges
in the MK IV torus, which external and amplify previous observations(1). The
observed configurations have been compared with semi-empirical theoretical
models and the Bessel function model, somewhat modified, has been found to be
a fairly good approximation for that condition range where it was found valid
in the previous investigation. For the later stage of the discharge the
deduced "fluid" model is shown to be a better approximation, but as this report
only concerns the reproducible part of the discharge, very little more can be

said about that model.

However, the most important parts of this investigation are more indica-
tions than definite results. It is shown that the irreproducible and
oscillating part of the discharge is always preceded by a very reproducible time
period when the current configuration is "rigid". The "rigid" configuration is
here simply explained by a narrov helical current notch closing upon itself,
This view is supported by the appearance of the reversed z-f'ield near the
tube wall and by the n-values reported. A definite proof could ecasily be
obtained by measuring a large number of such D-wvalues in order to prove a

tendency of "clustering" around integral values,

Due to the probe technique used only macroscopic electrical and magnetic
properties of the plasma have been investigated and reported. Clearly other
diagnostic methods are necessary in order to fully explain the problem of the
onset of instabilities, e.g. how a runaway current chamel is formed, This
seems important since such a closed chammel makes a continuous pinching process

impossible,
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Sceles for the oscillograms

Figse. 4 and 6: 94.0 gauss/dive; 4.72 kA/div., ; 100 ps/div.

Fig. 5: 37.6 gauss/div.; L4.72 kA/div. ; 100 ps/div.
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