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ENERGY LOSS FPROCESSES IN ZETA
by
A. GIBSON and D.W, MASON

Atomic Energy Research Establishment, Harwell, England,

ABSTRACT

The energy lost from ZETA discharges, in deuterium and argon by
radiation, plasma particles and non-thermal electrons, has been
investigated experimentally over a wide range of conditions, Two
definite regimes of energy loss have been established, These regimes
are determined principally by the pressure at which the machine is
operated, At high pressures (5 microns) line radiation from impurities
is the dominant loss process and under certain discharge conditions
accounts for all the energy fed into the discharge. Theoretical
congiderations are presented to show that the observed Impurity content
of 1011 atoms/cc can account for the radiation loss. = At lower pressures
(0.5 microns) the energy is lost by particles, firstly by plasma which
is not efficiently confined and secondly by fast electrons which are
accelerated at the termination of the current pulse and strike the tube
walls with about 8 keV of energy.

The results reported are related to energy loss observations made

by workers with other stabilized pinch devices,
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1e1 Previous Vork

A number of experiments, (Allibone et al 1958; Butt et al 1958;
Colgate et al 1958; Conner et al 1958; Dolgor-Savelier et al 1958. )
carried out using stabilized pinch discharges to produce high temperature
Plasmas were described at the Geneva Conference held in 1958. In all these
experiments it was evident that only a small part of the energy supplied was
needed to heat the plasma to the observed temperatures and that a major part
wes transferred to the walls of the containing vessel. This rate of loss of
energy from the plasma was in all cases very large, from 10% 4o 106 times the
bremsstrahlung rate to be expected at the lowest operating pressures.

At the Geneva Conference, Colgate et al (1958) suggested that all the energy
loss from the first half cycle of the "Gamma pinch" discharge could be due to
non-thermal electrons with energies of about 2 keV: The preliminary
results of M.F. Harrison (Harding et al 1958) suggested that not more +than 10%
of the energy loss from Zeta, at a starting pressure of 1/8 micron, was due to
radiation. Energy loss by escape of plasma due to instabilities was an
obvious possibility in many devices but was not demonstrated experimentally.

Since the Geneva Conference,Karr (Karr et al 1961) has shown that the
energy loss in perhapsatron Si is in many cases due principly to line radiation,
although conditions can be found where this is not so, Kirillov (1960) has
described a non-pinching discharge with electrodes, in a strong longitudinal
magnetic field, and has shown this discharge to be essentially radiation
cooled. Bernstein and Krauz (1959) have demonstrated conditions in the Beq
stellerator where plasma loss across lines of force is an important process.

This paper reports observations which clarify the energy loss position
in Zeta, and by showing that different processes are important under different
discharge conditions, makes it possible to understand why different groups
observe differing loss processes. An outline of some preliminary results
has been briefly reported at an American Physical Society lieeting
(Gibson et al 1960).

1.2 The Zeta Apparatus

Zeta has been described fully elsewhere (Butt et al 1958; Mitchell et al 1959).

The oripginal 1600 /af capacitor bank has been replaced by one of0,011f capacity



and the axial stabilizing field available has been increased to nearly 2000 gauss.
These modifications enable the machine to operate at increased gas currents.

The more important parameters of the machine as used in the present work

are
Bore of stainleas steel liner 97 amns.
Aspect ratio 341
Turns ratio L1
Stored Energy 3 MT at 24 kV.
Stabilizing field 160 gauss to 2000 gauss
Rise time to peak current 1 msee, pulse length (clamped)

3 msec,

For most of the experiments described in this paper the following
operating conditions have been chosen:

Capacitor bank voltage 5 XV = 10 KV

Operating pressure (deuterium) & micron - 10 microns

Operating pressure (argon) 1/16 micron - 5 microns

For these conditions the energy dissipated in the plasma has been
measured by evaluating IVL x Ig.dt electronically (VL = voltage round liner
I = gas current.)

The percentage of the initial stored energy that is dissipated in the
plasma depends on the discharge resistance but is typically in the region of
50%, falling to a minimum value of 305 at 1% micron initial pressure.

The balance of the energy is dissipated in the external circuit and in the
stainless steel liner.

1.3 The energy loss problem on Zeta

The energy fed into the Zeta discharge is shown as a function of time in
fig. 1 together with the estimated magnetic, ionization and thermal energies.
The magnetic energies in the diagram have been obtained from magnetic pi-obe
measurements made by Leea and Rusbridge (1959) and the thermal energies Dby

6

assuming, at & micron pressure a meen particle energy equivalent to 2 x 10 OK,

and at 5 micron prescure equel ion and electron temperatures of 2 x ‘105 K.

The principle difference between the low and high pressure cases is that at
low pressures the inductive energy is greater due to the larger current

(smaller resistance) and also at low pressures there is a catastrophic

discontinuity in the gas current and hence in stored magnetic cnergy.

2.



The discontinuity is accompanied by an increase in the enerpgy fed into the
discharge, this energy is that released from the external leakage inductance,
Fig. 1 shows that after the first 0.5 msec a large energy discrepancy appears,
and processes must exist to transport this energy to the walls of the discharge
tube, We have investipated the three processes which seem most likely +o
confribute significantly to the enerpgy loss, they are: loss by radiation;

loss by low energy electrons (thermal to 2 keV), as plasma; and loss by

electrons energetic enough to produce detectable X—rays.+

i Magnetic field fluctuations y broduced by variations of current density in
‘the discharge may in principle gave rise to eddy current energy losses in the
liner and torus walls. Estimates of these losses, based on the magnitude
and frequency of the fluctuations observed (Lees and Rusbridge 1961) are, at
most, a few percent of the total energy input,

3e



82, Fnerpy Loss due to Radiation

2.1 Apparatus

The apparatus used (fig. 2) consists of a radiation thermcpile having
a nominal sensitivity of 60 mV/vw/ an®. The sensitive surface of the
thermopile was coated with zinc black in order fto give it a uniform response
from approximately 10~% microns to 20 microns. The thermocouple foil
becomes transparent to X-rays above about 10 keV, and this provides the short
wavelength limit of sensitivity. The long wavelength limit is probably an
under estimate since absorption measurements of metallic blacks have not been
made at longer wavelengths, whereas the absorption is typically greater
than 80% at 20 microns, That no appreciahle amount of energy is radiated
outside the interval 10™%* - 20 microns is shown by X-ray (see 83) and infra
red (Harding et al 1961) observations. Microwave observations by A.N. Dellis
at 4 mm (Dellis 1961) and 8 mm (Harding et al 1958) reveal no emission grossly
more intense than the negligible thermal radiation,

The output of the thermopile was displayed on a critically damped

P

galvanometer; the response time of the complete system was 1 sec so that an
integrated signal was obtained, because of the long time constant and low
impedance there was no difficulty due to electrical interference. The
sensitivity of the system was such that it could readily measure radiztion
from a uniform charnel 50 cms in diameter when the energy radiated was about
1% of the capacitor bank energy, the accuracy of the galvanometer readings
was typically + 5.
2.2 Calilration

The thermopile was calibrated in vecuum against a standard tungsten lamp,
the radiation from the lamp was pulsed by means of a rotating slotted disc.
Tn order to obtain a large enough signal a 35 msec pulse was used and it has
been verified that the response was a Llinear function of pulse duration down
to 5 msec, the duration of the ZETA pulse. Three pulse calibretions were
made over a period of 6 months or so and the calibration was reproducible
to better than 3.
2,3 Geometry

In order to pass from the energy incident on the thermopile to the
energy radiated by the discharge, it is necessary to know the geomeiry of the

radiating channel, Thus for a given amount of energy falling on the thermopile

k.



6.5 times more energy would be radiated, in total, by a uniform source filling
the discharge tube than by a line source on its axis,

We have estimated the radiation geometry by taking pinhole photographs
of the discharge looking both horizontally and vertically, The photographs
were recorded on a Photographic plate in contact with a sodium salycilate
screen., A sodium salycilate phosphor has a uniform quantum efficiency over
& wide range of wavelengths (Watambe and Inn 1953), this means that in terms
of energy, distributions from the pinhole camera will be weighted in favour
of the long wavelengths, To offset this effect filters of aluminium and
indium were inserteq between the pinhole and the screen. We have found
(see B2.1) that an appreciable part of the radiation from deuterium discharges
lies within the transmission windows of both indium ang aluminium, distributicns
measuwred through these filters were essentially the same, A large part of the
radiation from Argon discharges lies within the indium window but much less
lies within the aluminium window, accordingly measurements for this gas were
made through indium filters,

The photographs obtained in this way were Photometered and converted
to intensities incident on the plate by using the measured characteristic of
the plate, These intensity distributions were compared with the distribution
to be expected on the photographic plate from verious combinations of u.n:.form
radiation sources of different radii.

Pinhole Photographs taken in the horizontal plane showed ano‘z/gfard
" displacement of the radiating channel of about 10 aus, No correct:.on to the
geometry factors has been applied to take account of this shift but the
correction is less than 10%.  No vertical displacement was observed. Since
the angle of view of the thermopile is small no correction need be applied for
the toroidal shape of the discharge,

The ratio of the geometry factor obteined from the fitted uniform source
to that for a line source on the axis is given in Table I, The error in the
geometry factor arising from curve fitting is of the order of 1C% and the

factors are reproducible to this error over long periods of time (three months),

5



TABLE T

Gas P Bz KV Ratio of distributed
microns Gauss to line source
geometry factor

Dy z 150 10 3.6
Dy z 375 10 4.0
D, 1 375 10 3.3
Dy 2 375 10 2.5
D, L 375 10 2,5
Do 5 750 10 2.7
D, 6 500 15 2i7
Dy 8 375 10 2.5
A 1 750 10 2.9
A 2 750 10 3ol
A 2 375 10 R 7

Tt will be noticed from Table I that the geometry factor is not sensitive
to Bz field; for this reason the seme geometry factor has been used fo;:- all
conditions at the same pressure and has been taken as 2.5 at all pressures
above 2 microns in deﬁterium and as 3.4 at all pressures above 2 microns in
Airgon. These results are derived on the assumption that the source is a
transparent radiating body; a surface radiator of the same diameter muld
be experimentally diffieult to distinguish. Such a surfece source would
arise in the case when complete self absorptibn oceurs and in this limit the
geometry factor should be increased to twice the transparent source value.

2.4 Results

Measurements of radiation energy loss have been made for discharges in
deuterium and argon and in deuterium with added impurities. Shot to shot
variation in thermopile output was typically 10% of the mean value for any one
discharge condition. The values given here are averages of ten shots.

Deuterium

The radiation emitted by a deuterium discharge in Zeta varies from a few
percent to 100% of the energy input depending on the operating conditions.

The variation of radiation loss with pressure and capacitor bank voltage is

shovn in fig. 3.



Varistion with pressure

The most striking feature of the curves is the rapid increase of
radiation between 1 micron and 5 microns pressure, The general form of +the
curves and the pressure at which the increase begins are reproducible, but the
precise pressure at which the maxima occur and the absolute intensity of
radiation are subject to some variation, Depending on the degree of inpurity
in the discharge veriations of 25% in the intensity and of a factor of two in
the pressure for maximum radiation have been observed.

Variation with energy input

Discharges for which the stored capacitor bank energy exceeds 1 MJ (15 kV)
show that at high pressures radiation losses account for the total energy input.
The two curves obtained at lower capacitor bank voltages (5 kV and 10 kV)
exhibit maxima, In view of the uncertainty in the geometry of the radiating
channel at these high pressures due to the possibility of self absorption,
controlled amounts of impurity were added on the assumption ‘that, if the plasma
'was in fact radiation cooled and the geometrical factor used was incorrect,
the addition of extra impurity to the discharge should produce no observable
effect, The results of these experiments showed that the radiation detected
increased at first as the impurity content was raised but reached a saturation .
value, independent of the impurity ion added (methane, argon and nitrogen
were used). This level was approximately twice that obtained with no impurity
added. The saturation value was close to that obtained in pure argon discharges
under the same conditions, Finally the impurity input was cut off but the
radiation level remained unchanged, extensive discharge cleaning of the torus
being required to produce the original lower radiation level, The saturation
level observed is therefore, independent of the initial distribution of inpurity
i.e. it may be distributed through the discharge volume as gas or on the liner
as surface contamination, This result suggests that the same geometry factor
should be ised for both contaminated and unconteminated discharges since in
the latter case the liner is the only source of impurity. If this assumption
is correct then the maxima in the radiation curves, observed under clean
conditions, represent real maxima in the radiation energy loss under these

conditions,
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Variation with Stabilising Field (Bz)

At high pressures the rzdiation losses were, within the experimental
accuragy, independent of the magnitude of the stabilising field.

At low pressures however, the radiation loss increased as the stabilising
field was reduced. Thus a threefold increase in radiation was observed as 8
varied from one to five ( © is defined as maximum pinch field at the liner
divided by the initial stabilising field at the liner). A similar dependence
has been observed for the rate of impurity injection into the plasma (Burton
and Wilson 1961).

Arpon discharges

The veriation in radiated energy with pressure is shown in Tig. 4 for
two conditions in argon. The radiation shows a similar increase with
pressure to that observed in deuterium but over a much lower pressure range,
0,05 = 00,25 microns compared with 1-5 microns in deuterium, At pressures
greater than 0,25 microns argon discharges are essentially radiation cooled,
although some decrease in rediation with pressure is observed especially at
low energy input, this behaviour is similar to that in deuterium.

The results shown in fig. 4 are in some cases in excess of 100% of the
energy input; this is probably due to the errors involved in estimating the
radiation geometry.

Observations of the energy radiated from deuterium plasmas with small
percentages of argon added as an impurity show that as the operating pressure
is raised from + to 6 microns the percentage of argon required to produce a
radiation cooled plasma decreases from about 15% to below 5%. - The result is
of course to be expected as the excitation rate of the Argon ions varies as ng,
the electron density.

Spectral Range of the Radiation

Measurements made with various filters give some indication of the
spectral range in which radiation is emitted. Approximately 5/ of the
radiation from deuterium discharges at % and 5 micron pressures was trensmitted
by a sample of fluorite 1.3 mm thick. The transmission of the sample was
measured to be 1% at 1490 & and 25% at 1650 3., this indicates that the

o
bullk of the rediation is emitted at wavelengths shorter then 1600 A, although

8



it is still possible for 30;>.£ of the radiated energy to be due to the C:_I_E
resonance line at 1550 JD&. The transmission of indium and aluninium films

vas also observed, the aluminium films, 1000 X thick had a transmission which
decreased approximately linearly from 75% at 180 % to Zero at 800 4 # , the
indium films 3000 R thick had a peak transmission of 6/ at 790 Randa mean
transmission of 3% in the range 760 to 960 %, At 2 micron pressure the
aluminium filters transmitted 12% of the radiation from a deuterium discharge
and the indium filters 4%, this suggests most of the radiation is in the

600 — 1000 £ range. Both filters transmitted L% of the radiation from Argon
discharges at pressure greater than # micron suggesting that the radiation here
is in the 800 to 1000 & range.

2,5 Effect of particle bombardment

Since thermocouples are sensitive to particle bombardment the results
obtained represent an wper limit to the energy loss by radiation. However,
the transverse magnetic field in the narrow bore tube in front of the
thermopile serves as a screen against plasma since the field lines are
terminated on the walls of the aperture tube and probe port. For the
minimum magnetic field of 160 gauss at the thermopile the velocity of plasma

across the field lines is calculated to be less than one per cent of ion thermal

speed, (Spitzer 1956). The tube is five diemeters long and a lower limit
for the attenuation of the plasma may be obtained by ignoring the diffusion
(but not collisionless streaming) of plasma along the field lines. This results
in an attenuation of at least Pive hundred and this is clearly a gross under-
estimate. This plasma represents a negligible energy flux to the thermopile.
Neutral particles are unaffected by the magnetic field and may in
principle contribute to the signal observed. However, the filter measurements
described in section 2.4 are inconsistent with the assumption of a large
contribution from energy sources other than ultraviolet radiation.

2.6 Comparison of the observed radiation intensity with that calculated

for impurity radiation from a low density hydrogen plasma

The dominant processes controlling the emission of spectral lines in

# The transmission of the aluminium filter was measured by G. Freeman
of the University of Reading.



a low density plasma are excitation by electron collision, followed by
radiative decay. The number of excitations of a particular ion specles
per cc per second in a thermal plasma with electron temperature Te, electron

density ne fcc and density of ion species nj /€€ can be wwitten:
e ¢ S(Te) “ (1)

Woolley and Stibbs (1953) give a semi-classical expression for the rate
coefficient S(T) for excitations to a level with oscillator strength f and

excitation potential X
et
S(R)= A taagmicre @
A "0 {luxexE.(x)}
X
where X = %/kTe and  E(X) = j‘o%__ dx
b

In view of the method of excitation most of the sirongly radiating lines in
Zeta will have X of the order of and less than unity., When X varies from
0.1 to 1.0, .A.varies from 0.8 to 0.2 so we shall not be in error by more
than a factor 2 if we set ,A_ = Ol  With this value for .A. and setting
f =1, as will be the case for strong resonance lines, we can deduce from
(1) and (2) an expression for the power radiated by the plasma:-

|D“2l’L he h¢

P Tom)s

vhere nj is now the total number density of radiating impurity ions and

WATTS [cc (3)

| (kTe) is in electron volts. The expression (3) would not be changed by more
than a factor 2 if the Born approximation expressions for the excitation cross
section derived by Seaton (Ailen 1960) or Knorr (1958) had been used.
The expression represents a lower limit to the radiation in that it is assumed
that there is only one strong line for each iom.

Equation (1) will not be applicable at high densities, in particular
it will not apply at densities where radiation trapping or stepwise
excitation have become important.,  McWhirter (1960) has shovm that these

processes are not important provided:

10.



Fe < 5«’"0'2):3(“-“9)’&6—?(/”6

(stepvise excitation)
and h;D L IOH X/ (kT‘:)Ih (radiztion trapping)
where; D = dimension in line of sight (plasma diameter)

(kT) is in eV X = excitation potential in eV,
In Zeta only the second condition is important and for VKD~ 20 eV

becomes:

He & ‘Qado"fea nss o (@)

Table II compares the observed radiation levels with those ecalculated
from equation (3) with an impurity ion density n; = 1011/cc, the calculated

values include the effect of a 2:1 radial compression of the plasma,

TABLE IT
Assumed. W calc. W.obs
p microns (kTe) ne/ce Joules Joules
; eV : 3 msec pulse Ve = 10 kV
% 36 3.5 x 1013 5,2 x 10k 2.3 x 10%
1 25 7 x 1013 12,6 x 10* 2.7 x 10&
2 16 1. x 10 3.0 x 105 0.9 x 10°
L 9 2.8 x 10" 8. x 105 1.8 x 10°
8 i 5.6 x 107 2.6 x 106 1.8 x 105

Griffin (1961) has estimated the amount of oxygen and nitrogen impurity,
present in nominally clean conditions in Zeta at 1 micron pressure, to be about
101‘f oxygen and nitrogen atoms/cc. It is likely that similar amounts of other
impurities are present, although, of course, not all these a'boﬁs will be
present as ions which can radiate strongly. Table II shows that an amount
of impurity compsrable with that detected experimentally can easily produce
enough line radiation to account for all the radiation emitted by the plasma,
Table II also shows that the observed increase in radiation with pressure can
be accounted for by the increase in electron density alone taking a constant
impurity content. Spectroscopic observation (W.M, Burton 1960) of the light
from the dominant impurities carbon, nitrogen and oxygen show that this light
has a similar behaviour with pressure to the observed total radiation, a
nurerical corparison is not possible because an intensity calibration is not

avzilable for the spectrograph,
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§3. Energy Loss by Thermal Particles

The direct measurement of the energy transferred to the walls by thermal

particles is difficult. Ideally one should measure the quantity:
Z/A.n.g_w,ol.t

where A U, is the particle flux to the wall and E is the energy of the

particles -~ the summation being taken over both ions and electrons.

We have attempted the considerably easier task of measuring the energy
and density of one specie of particle — electrons - at the vall, and
estimating the energy lost from the plasma by such particles.

It has proved possible, by the technique described below to show that for
those discharge conditions for which energy losses by radiation are relatively
small, the electron density at the wall is high (> 1013/00) and that these
electrons have an energy distribution (see section 3.4) consistent with their
being constituents of a plasma rather than photo-electrons emitted from the
probe or liner system.

At higher pressures, where radiation dominates the energy loss, the
detected electrons have energies of a few electron volts only and are therefore
indistinguishable from photo-electrons emitted from the liner and probe.

3,1 Electron detection and enerpgy analysis

One cannot readily obtain consistent data from conventional Langmuir probes
in Zeta at pressures below a few microns. For this reason the probe described
in this section has been developed and is shown diagrammatically in Fig. 5.

It consists essentially of‘an energy ana.lysing grid gp followed by an electron
scintillation counter., The grid system is enclosed in a 7.5 cn. diameter tube
having a flat on one side, in vhich is a pinhole aperture. The probe is
pumped to aboul 5 x 1072 um mercury to prevent electrical “t:;realcdoxm between

the grids. The tube is at liner potential and the pinhole disc is insulated
from it, Grid gq is biased positive with respect to the pinhole aperture

and serves to prevent ions reaching gp with the possible generation of secondary
electrons. The analysing potential is applied between the pinhole disc and

Eoe The remaining prid g3 is comnected to the aluminised surface of the
phosphor,  Electrons with sufficient enerpgy to overcome the potential

differcnce between g, and the pinhole disc are accelerated by the four kilovolts

12.



bias applied between go and &3 and are detected by the scintillator. Tield
penetration through the grid system limits the energy resolution to about 4 eV,

A transistored gated integrator measures the output of the photomultiplier,
On Zeta gate widths of 500-750 JU sec were generally used and most results
given below were obtained with .the gate centred on peak gas current.

In many cases the electron current to the scintillator phosphor is large
enough to be measured directly. The phosphor is then used as a collector
electrode, the current passed through a 100 ohm load resistance, this
resistance being the input impedance of the gated integrator. TFor this mode
of operation the phosphor is biased 300 + ve with respect to go and the field
penetration is less serious, permitting enerpy resolution to about 1 electron
volt,

Only electrons travelling along magnetic field lines which, passing through
the pinhole, intersect the phosphor, can be detected. The probe construction
limits the acceptance angle to 60°, The device may be rotated about its axis
so that magnetic field vector at the wall lies within the acceptance angle for
any chosen interval of the cwrent pulse,

3.2 Calibration

The probe has been calibrated by replacing the pinhole by a 1 mm aperture
and focussing a beam of electrons on to it. The current of electrons to th.e
phosphor was measured by observing the voltage drop across a load resistance
in the phosphor E.H.T. supply. In this way the gated integrator output was
compared directly with the total charge received by the phosphor,

3.3 Derivation of n, and T, from Probe Results

To obtain electron densities from the pJ:"obe described here a number of
simplifying assumptions have been made. The simplest tr'ea-‘m]ent provides a
method of calculating a lower limit for n, with some confidence and a
reasonable correction to this gives a result which is in good agreement with
that obtained by microwave reflection techniques.

We first consider a Maxwellian distribution of electrons in the region of
the probe and calculate the probe signal to be expected assuming the ions have

no effect, The distribution function expressed in terms of the component of

13.



velocity, V;

W » parallel to the magnetic field is
kS

mvj-l

ny () ey -X.e TIRT . dv

where M, (‘U’;,) is the number of electrons/cc with component of velocity
between v , V,+ ohr“ and X is a function of the electron density only.

The rate at which electrons stream along the field in one direction is:
LS

- YU
L.t (Th
T’\,,(\J‘“),'U‘“. Ohru = X v, £ lkT~ d‘vu
If we assume that the above expression represents the current density

through the pinhole, then the number of electrons arriving at the phosphor

when there are V volts on g, is given by:
ob 2
Y My 2V
2 . - ——
S Xar [ v, e 2KT du, o X o+, KT, 2 KT o

Vet
4/ i

>
where TI+ is the area of the pinhole and Vi g, = (_1 2V )2'
R

hence a plot of log Sn,against V is a straight line with gradient equal to

- eV © . vwith V=0 the total electron flux through the pinhole is
kT

Imm-c = Yi::;;--ﬁ; (7)
4
where G.FZ.(-Z_!_‘I )2-
T

Thus we may measure n, and Tp at the probe, There are four assumptions
implicit in the above treatment:

These points ere discussed below:

(1) The pinhole aperture is infinitely thin.

(2) There are no space charge effects within the probe.

(3) There are no sheath potentials associated with the probe plasma.

interface. '

(4) That the probe does not modify the plasma.

The pinhole is 0,005" in diameter. The material from which it is made
(molybdenun) is G.0LO7" in the pinhole region, Thus the aspect ratio of the
pinhole is epproximately 7 to 1. In general only those electrons with v
large compored with 'U;l and which enter the pinhole close to its periphery -

vill be cut off, This small correction has been neglected.
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Te estimnte the cftecly of spuce cl;.:\rgo within the probe ve calculate
the radial electric field at the edge of ihe beam. For the maximun beam
densities obtzined the field is about 1 v/aum., This is generally nuch less
than the fields resulting from the applied grid voltages and it is concluded
that space charpe effects are unimportant,

The question of sheath potentials is a complex one. It will be noted
that in as much as the analysis above is valid for the relationship between
log N and V the value of the electron temperature obteined is independent
of sheath potentials, though they may have a large effect on the flux of
electrons through the pinhole., Any space cha.fge fields in the region of the
pinhole will inhibit the flow of electrons so that the velue of ne obtained
from equation '7 must be regarded as a lower limit. The condition that the
Plasma loses ions and electrons at the same rate in the pinhole aperture
region implies that flux of electrons through the pinhole is limited by ion
rather than electron mobility, This conclusion is velid independent of the
ratio of the pinhole diesmeter to the sheath thic:lmess.ﬂ

i.e, at the pinhole

[N A

J'b= ji. = Zte,ﬂ'._ {"f[.; whete z;_g_ e c.ho-rjq,.

%

and assuming T{ =T

- . . AZ
o= A, Je . (mi )
ﬂil_e 'YI'\.Q
vhere J 2 is the measured current density at the phosphon For a deuterium

plasma ( Y_VI__.. }-_- LO

Mea

Thus Ne =240 Je (8)

171]1.'

The effect of the probe on the gross characteristics of the plasma are
small.  The probe surface erea is 0.05% of the liner surface area and it
projects into the plasma only one twentieth of the liner bore diameter.

The local perturbations in the region of the probe are however not easy to

estimnte, The errors involved depend on the rate of diffusion both across

eand along the magnetic field and no asccount is taken of these,

I z
The sheath thickness for 2Er0 magnetic field is glven by 6.9 (T%\ )

(Spitzer 1956). For Mg = 10%c and Te=5 » 108 9K this is 1.6 x 10™3 cus.
The pinhole diameter, d, is 12 x 10~3 am, i.e. about one order of m: Lg_m.tuder
preater, At higher densities the electron temperature is less than 5 x 102 ©K
50 under these conditions the sheath is neglipibly thin compared with d.

15



3.4. Results

Electrons are detected at the walls from 400 P sec after breakdown to the
end of the pulse, Since the aperture of the probe is limited it is not
possible to cover the whole of this period with the probe in one position.
Figure 6 shows a typical probe signal.

leasurcnents have been made of the electron density calculated from
equation (8 ) using the probe and these have been compared with estimates
made by microwave measurements (D.A. Vort privete conmunication). The electron
detector gave a mean B, = L.6 * 0.8 x 1013/50. The microwave reflection indic=-
ated ne)'1.5 x 1013/bc under the same conditions. The initial discharge pressure
was such as to give n, = 4 x 1012/00 assuning no pinching of the plasma,

The energy of the electrons at the wall is very dependeht on discharge
conditions, Under low pressure conditions for which enerpy loss by radiation
is unimportant (see S 2) the electron density is high and electron
temperatures are between 30 eV and 50 eV, in good agreement with spectroscopic
estimates, In figs. 7and8 are plotted the experimental results for the
relationship, (6) in Section 3.3 The points shown sre averages of ten or
fifteen discharges. Under all conditions designated Mode 'C' a linear
relationship is obtained, permitting an accurate determination of the electron .
temperature and confirming that the distribution is Maxwellian.

The electron temperatures measured are sensitive to the degree of impurity
in the discharge. The addition of 5% argon to deuterium at %‘micron reduces the
electron temperature at the wall, as measured by the probe from about LO eV
to 10 eV. Increasing the argon 4o 15% results in a further drep to 7 eV.

From the total radiation measurements it is to be anticipated that the plasma
is radiation cooled in this later condition.

In Table IIT the results obtained for n, and T, for various conditions are

<]

sunmarized. The values for n. are obtained using equation 8.

Increasing the pressure to 5 microns reduces T, to a value too low for
the probe to measure sccurately but is in the region of 3 eV. Electrons with
such low cnergies sre indistinguisbable from photoelecirons which may be emitted

from the probe or wall.
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-
Pressure Condenser KV Te n,
1

% 5 52,3 3.2 x 107

% 5 o (2 5.4 x 1012

1 7 26 2.6 x 1012

1 10 30 =

2 C 10 14a5 5.6 % 103
X o+ 5% 13
Ergon z 5 10.3 S5.Bix 10
T+ 15 5 7.2 2.8 x 10"
Argon

(1) Te measured 250/\, sec before peak current
(2) e f B after " &
The remaining values of Te were determined at peak current.

Observations have also been made in Argon at 1/16 and & micron.
At the lower pressure the results were similer to those in deuterium at about
1-2 micron with the machine conditioned, thus the electron temperature vas 17 eV
and ne about 1014/cc, At £ micron the mean electron energy at. the’
wall was less thanb €V, a result comparable with discharges in deuterium at
about 5 micron., In argon it will be noted (see 82) that radiation losses are
small at 1/16 micron but that the plasma is radiation cooled at %+ micron.
Fluctuations

The output from the probe often shows regular fluctuations in the 10-8C
ke/s range. These may be due to fluctuations in elecm-on.density outside the
probe but the possibility that they originate within the probe cannot be
ignored. At the residual pressure of the probe, it is lnown that electron
beams are noisy (Cutler 1956). It has not proved practical to reduce the
residuzl pressure low enough to resolve this ambipuity. IHowever, fluctuations
in this frequency range are observed vwith magnetic search coils, and with other

devices.
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3,5 Estimation of the enerpy lost to the walls by thermal particles

The finite separation of the axial field coils and fluctuations in the
discharge both produce a radial component of magnetic field at the liner.
Plasma may therefore diffuse along the lines of force to the wall at the
regions of intersection between the wall and the magnetic fields  The fraction
of the total liner surface, defined as o_(, connected by the field to the

Bp
plasma in this way is given by f-b— where By is the mean radial
azr

component of magnetic field and B, is the tangential component,

Paking the particle flux along the field lines to be given by % T Va
(where m,  is the density of particle specie a« and -\_/',_ is its mean thermal
speed) we have calculated the “* required to give a particular energy
transfer to the liner, We have made this caleulation for two assunptions
about the wall potential.

1) There is a sheath potential of order L kTe

2) Are spots prevent sheath formation and the potential difference

between the plasma and the liner is given by the arc voltage,
taken to be 20 volts. The energy dissipated in the plasma by
the are current electrons has been taken into account.+

The results of these calculations show that for a plasma density of
2 x 1013/cc with a mean energy of 4O eV we require A = 0,06 in case 1
to account for the energy loss. For the second case the = required is
0,05, The inhomogeneity produced by the B, field coils gives an & of
spproximately 0,05, This calculation gives a maximum estimate of * since
diffusion across the lines of force has been ignored. If the electrons
detected at higher pressures (i.e« 5 microns) in deuterium discharges are part
of the plasma rather photo electrons then for these condi‘cions the value of &

required to account for the energy loss is about unity.

The form of energy loss by particles calculated from the two assumptions
concerning the wall/plasma boundary potential is very different in the two
cases, In case 1 the energy transported to the walls by ions is about six
times that carried by the electrons, since the ions are accelerated through
the boundary sheath whilst the electrons are retarded, In case 2 the electrons
are lost at a grester rate then the ions due to their greater thermal velocity.
Plasma neutrality is maintained by the arc current electrons. Under these
conditions the energy flux to the walls carried by the electrons is about seven
times that of the ions.
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Thus at low pressures the required¢is only little in excecss of that pro-
duced by the Bz field coils whilst at high pressures an impossibly large value
of < is needed. The work of Burton and Wilson (1961) has, in fact, shovn that
ion containment times are increased at hipher particle density. In the absence
of large plasma-wall arc currents this increase holds fur the electrons also.
The longer contaimment times at higher pressures topether with the low electron
energies observed indicates that loss of plasma at these presoures contributes
less than 1050 to the energy loss.

From the preceding discussion it may be concluded that the energy loss
resulting from the limited coniainment of +the plasma is dominant at low
pressures but becomes unimportant as the operating pressure is raised to five
microns, This behaviour may be contrasted to the radiation loss for which the
inverse veriation is observed,

346 Plasma diffusion

In order to maintain the observed high density at the wall a high rate
of dif'fusion of plasma from the central region is necessary. Such a diffusion
has been deduced from spectroscopic observations (Burton and Wilson 1961).

It has been suggested (Spitzer 1960) that the rapid diffusion of plasma
observed in thermonuclear research devices may arise through non thermal
fluctuating electric fields in the plasma. These electric fields produce
the well knovm B x B drift and diffusion of the plasma results,

le have made a preliminary investigation with simple electrostatic
probes of the Zeta plasma, ‘The experimental results of this investigation
are summarized below.,

1) Electric fields exist,in the plasma, of up to approximately 50 v/cm.
They are correlated over distances of the order 10 cms and are principally
transverse to the magnetic field lines. The frequencies are in the range
20 - 80 Ko/s the lower frequencies appearing at the higher pressures.

2) The fields fall rapidly in amplitude as the pressure increases.
The amplitude at 5 miecron being about one tenth that at % micron,

3) The fields have been observed in Hp, A, Dy and Ie, In Argon the
prezoure required to produce similar amplitudes to those present in Do at

% micron is 1/16 micron.
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Sinple calculations show that the fields are of the right order to
account for the rapid diffusion and they are greatest in amplitude when the
observed radiation losses are small.

3,7 Thermal enerpy contaiiwent time

From the obscrved electron temperatures (and equating Ty to Te) we may
estimate the thermal energy stored in the plasma, Measurements of the total
energy supplied to the plaswe and the amount lost by radiation then enables
us to calculate approximate energy containment times for the particles of the
plasma,

Thus:

Thermal energy + ionisation energy in plasma

= V(T e Te) «$) \

¢

Energy supplied to particles throughout pulse

volume of plasma

ionisation energy

]

= W = R vhere W = total energy input to plasma

R = Radiated energy + fast electron loss

I

Then if t = pulse length and T, = T3
approximate contaimment time A t is given by
85 = nN. (e ) /W-R
The results obtained from this formula, using the values of Te from

Table III are shovm in Table IV.

Table IV
Pressure| KV | . . pulse length
W joules R joules A/t topg MSEC At /Jsec
1 o b ' 6
3 5| 5.2x1 2,3 x 10 0.138 2.8 38
1 71 8.2 x 10%| 2.9 x 10% | 0.100 3.3 330
1 10] 17.3 x 10% | 4.3 x 10% | 0.047 3,0 140
2 10| 17.2 x 10%| 8.7 x 104 | 0,066 - 276

The At values calculated above are essentially the times required for an
electron or ion to deposit its thermel encrgy at the liner, They are

necessarily crude estimates since T4 and ng are not lknown accurately.
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For the two cases at 10 kV, ion containment times have been measured by

Burton and Wilson (1961) and these are about 30% longer than the corresponding
values of [\ t» If this difference between the thermal energy containment

time and the ion containment time is significant then we may conclude that
either T3 > T, or that on average each particle carries more than its
associated thermal energy to the wall. In view of the possibility of sheath
formation at the wall the second alternative cannot be ruled out,

3.8 Detection of non therial electrons

For discharges in Mode D at low pressure, l.e. less than 1 micron, a
divergence from the liaxwellian relationship is clearly indicated (see fig. 8a)
Fig. 9 illustrates the difference between the two modes, In Mode D runaway
electrons accelerated by the applied electr:'i.c field can enter the probe, in
Mode C they cannot. One concludes that there is a non thermal tail to the
electron distribution which consists of electrons streaming in the direction
of the convection current, Fig, sb shows 'f:hat at 2 micr-ons this tail is absent,
Stray pick up on the probe signal determines how much.of the distribution can
be plotted. The signal/noise ratio is unity at about 5 Te volts on gp.

By inareasing the photomultiplier voltage the sensitivity of the probe can be
.increased x 200 and in this way it has been shown that in Mode D there is

a detectable number of electrons mresent at & micron, with energies greater than
1 keV, from peak current onwards. No su—ch fiux of high energy electrons is
detectable in Mode C operation,

The apparent gmsotropy of the electron energy distribution at low
bressures shown in fig, 8a may be commected with the non-thermal behaviour
of the plasma, Observations of impurity ion energies by Doppler broadening
(Butt et al 1958) and electrostatic probe measurements (see 3.6) also indicate:
the presence of non~thermal processes under these conditions;. These
experiments too, show that non-thermal processes are suppressed by incréas:‘mg
the operating pressure,

The population of the non-Maxwellian tail of the distribution
increases over the last millisecond of the current pulse and it is logical
to assume that the burst of X-rays observed at the discontinuity in the plasma

cuwrent is a catastrophic manifestation of this effect.
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8 . Energy Loss by Non-Thermal Electrons sbove 2 keV

Colgate et al (1958) have suggested that energy loss due to electrons in
this energy range can be an important process. In this section we shall show
that in Zeta this source of energy loss is important only at the time of the
terminal current discontinuity, which occurs only at low pressures (< 2 microns).

Ve have investigated energy loss by fast electrons by examining the X-rays
they produce when they strike the stainless steel liner of Zeta. leasurements
have been made to determine the conditions and time in the current pulse for
which fast electron loss is important, the magnitude of the loss and the energy
of the elecurons.

Le1 Experimental MHethods

Scintillation Counter

Time resolved oscillograms of the X-ray production can be obtained by means
of an X-ray scintillator. For energy loss measurements the scintillator is
deliberately made to have a low sensitivity and depends for its operation on
the "pile up" of many X-ray photons within the collection time of the phosphor
(1Cr8-—>10‘6 secs dependent on the phosphor). The device is sensitive to
X-rays produced by electrons harder then 2 keV at intensities of the order of
106 times smaller than those observed in Zeta. It is shown in fig. 10.

The seintillator can observe various regions on the inside wall and on the
bottom of the torus. =

Film Ex993ures.

An apparatus (fig.11) has been constructed to expose casettes of X-ray
£ilm 6 mm further from the discharge than the level of the liner. Each casette
is fitted with a collimating disc of stainless steel which defines a viswing
angle of 45°., The casette is positioned so that all X;rays.within this angle
come from the opposite (inside) wall of the torus and nof from nearby objscts
on the outside wall. To reduce fogging caused by X-rays produced by eleciron
bombardment of the casette itself, it has a front foil of 5 x 10_'3 inch beryllium.
It has been verified in the laboratory, that electron bombardment levels
similar to those ineident on the Zeta liner (see §442) produce no appreciable
fogzing. The combined transmission of the beryllium and of the 2 x 1074 inch

aluminium light seal is 1% at 2 keV.



~ Various thicknesses of absorber placed in the casettes, each casette
normally carrled four absorbers, provided data yielding an X~ray absorption
curve. This curve can be compared with absorption curves obtained using a
simple X-ray set having a target of the same material as the Zeta liner.
By selecting a suitable electron energy or combination of energies in the
X-ray set it is possible to reproduce the Zeta curve and thus to deduce
approximately the Zeta electron energy spectrum.

The X-ray set has also been used to calibrate the filmfﬁsed on Zets and,in

this way, by using a calibration curve for the correct electron energy,the
intensity of the fast electron wall bombardment in Zeta was estimated.

4.2 BExperimental Results

X-rays emitted from Zete have all energies from 1 LkeV or so up to 1 MeV
or more (Harding et al 1958), however only those having energies in the few
kilovolt renge are intense enough for the electrons which generate them to
carry an apprecilable fraction of the discharge energy to the walls. Pinhole
X-ray photographs in this energy range clearly show the wall struciure of the
torus interior, this implies that the X-rays are produced by electrons striking
the steinless steel liner. Projections into the torus, such as Rogowski coils
emit more copicusly than the surrounding wall, and so to a lesser extent do
wall irregularities such as joins of liner sections.

Time of Emission

X-rays are emitted in two groups, one of low intensity at the beginning
of the pulse associated with the lreakdown of the gas and one of much greater
intensity at the end of the pulse associated with the terminal ecurrent
discontinuity. The scintillator observations indicate that the first burst
makés no eppreciable contribution to the totel X-ray intensity. The second
burst of X-rays always reaches its maximum intensity at the current
discontinuity, much smaller intensities are present immediately before and
after the discontinuity. An example is shown in fig.12. Typically the

most intense X-rey emission is complete in 1-2 useecs.

T He are grateful to E.S. Hotston for generously making available his
independent X-ray film calibrations and his observetions on the efficiency

of X-ray production.

¥ These observations ere supported by a more extensive series of pinhole

photographs due to I.C. Cole and E.S, Hotston.
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These observations indicate that during the bulk of the current pulse
the amount of energy carried to the walls by electrons with energy greater
than 2 keV is negligible. However at the end of the current pulse fast
electron loss is important. The maximum possible energy for fast electron
production is the change in stored magnetic energy at the current discontinuity,
plus, possibly the inductive energy stored in the external circuit at this
time, although most of this energy seems to be dissipated after the most
intense X-ray emission is over. The change in magnetic energy at the current
discontinuity is of the order of 20% of the total input energy and the inductive
energy released from the external circuit at this time is about 10% of the
total input energy.

Intengity Measurements

Absolute intensity measurements made by film, and relative intensity
measurements made using scintillators, show a wide shot to shot variation.

A histogrem obtained from 109 film exposures (three discherges/exposure) is
shown in fig.13. Similar histograms have been obtained from scintillator
measurements. The horizontal scale in the figure is caleculated on the
assumption of uniform wall bomberdment. Since, on this assumption the largest
possible velue of the abscissa is 20% of the energy input, it is likely that
the observed variation is due to the electrons teing deposited on lecal areas
of wall, the particular region varying from shot to shot.

The mean level derived from the histogram is about 60% of the energy input,
this is about three times the energy available at the current discontinuity.
This suggests that the inside wall of the torus receives more fast electron
bombardment than other parts. Scintillators looking at different areas
(100 cm diameter circles) of the inside wall show the same mean level of
bombardment (aversged over many discharges). A scintillator loolking vertically
at a 100 cm diameter circle on the bottom of the torus indicates bombardment which
can be similar to or much less than that observed on the inside wall, whether
e lerpge or a small bombardment is observed depends upon the discharge parameters
and in particular conditions, on the direction of the axial stabilizing field.

These results indicate that the major part of the total energy present in

the tule at the current discontinuity is lost as fest electrons.
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Variation with Pressure

As the pressure increases the X-ray intensity dimishes until at
pressures above 2 microns X-rays are not detected at the end of the current
pulse and fast electrons do not therefore contribute to the energy loss. Under
these conditions there is no current discontinuity.

Variation with Bz

As By is increased a critical Bz is reached where both the current
discontinuity and the X-rays disappear, this critical value is somewhet legs
than the B, necessary to prevent pinching and with 10 kV on the 3 MJ bank
is arcund 1000 Gauss.

Absorption Measurements

These results are presented in Fig.14.

It will be seen that it is easy to pick a mean energy for the electrons
in Zeta, although it is not possible, without further work, to exclude the
possibility of small contributions from other energy groups. To illustrate
this a combined curve from the X-ray set (90% 8 kV., 10% 10 kV.) is shown:
it is a good fit to the Zeta curve at 10 kV, 500 amps Bz, + u D2 which would
also bz fitted by a single energy between 8 and 8.5 keV.

The energy obtained for a rumber of conditions is shown in Table V..

o
TABLE V.

Zeta Conditions Change in Magnetic Energy
Electron per Electron at Current

Condenser Bank 3B, field Pressure Energy discontinuity
Vol tage KV Gauss micron keV keV
5 225 0.5 7 2
10 375 0.5 84 4
10 375 1.0 8.4 -
10 525 0.5 9.3 6
10 750 0.5 10 6

T These results are confirmed by the work of E.S. Hotston using e novel

technique based on the critical reflection of X-rays (llotston 1961).
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4.3 Electron runaway at_the current discontinuity

We Burton and R. Wilson (1961) show that the current discontinuity occurs

when "pumpout" has reduced the particle density to Dy =Ng =9 x 1012/ ce

(pressure ~ 0.13 micron) and this is confirmed by microwave measurements
(D.H.J. Wort 1960).

The electron temperature will probably not differ greatly from that at peak

5

current i.e. Te ~ 5 x 10 OIE (Butt et a1 1958). It is possible to estimate that

the resistive electric field immediately before the current discontinuity is

apoid 0.5 Vb v X = electric field volts/cm

X Te = 0.5 x 5 x 10

Thus
= ni 9 x 1012

~ 3 x 1078Te = electron temperature

Ni = ion density/cc
For more than 0.1% of the electron flux to become decoupled from the

ions and "runavay" ve require 1€ > ‘IO"8 T

|
Thus we see that immediately before the current discontinuity runavay

has become an important process, as the runaways escape from the discharge

they will cause a further reduction in density and hence more runaway until

the process bzcomes catastrophic.

4ol Acceleration times and vermissible runaway currents

Experimentally the duration of the current discontinuity is of the order
of 25 }wec. Most of the X-ray emission takes place within 2 psec.
It is interesting to compsre this time with the acceleration times of the
electrons.

The resistive electric field present during the discontinuity is not
likely to be at all similar to that existing earlier, and it is difficult
to estimate its magnitude. The voltage around the discharge Vi, at the
discontinuity cen be measured, it is positive, and at % micron pressure is
typically of the order of 5 kV per turn with the condenser bank initially

charged to 10 kV. ‘e have:

Vp = Vg + Ldlgy +Tdl/gy (9)

T The formula given by Gibson (1957) has been modified to include
electron - electron collisions and to use the Spitzer expression

for the mean free path.
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VR = resistive voltage drop per turn
L = discharge inductance

I current

The second term in equation ( q) is negative and typically of the order
of ~10° volts/turn (taking I to fall by 100 kA in 3 poecs and L to be 3 pi).
Little is known experimentally about the third term in equation (9 ) and it
could in principle be either positive or negative, however over the whole
discontinuity L must fall from an initial value in the region of 3 PH
(celeulated from the magnetic field configurations (Lees & Rusbridge 1959)
to a low value. If we use this behaviour to estimate a mean value for
I dl/ 44 we find I dedt'“J - 10° volts/turn. Thus we see the resistive field
aevailable to accelerate electrons during the current discontinuity is of the

5 volts/cm. The corresponding acceleration time to 8 keV is

order of 10
3 x 108 secs.

Short acceleration times of this order are in fact necessary if very
large currents are not to flow at the discontinuity. Consider, for example
that each electron is accelerated in a time T to an energy of 8 keV and then
escepes from the discharge. If the elecirons travel in the z direction we
require? < 107% secs in order that the I, produced be < 250 kA, If the
electrons travel in the 6 direction we require T<6 x 107 secs in order
that the B, produced be < 1000 Gauss (I <750 k&). Thus we require the
electrons to be lost progressively and ag any one time less than 1% of the
electrons will be "running awayM.

4+5 Energy per Electron at the current discontinuity

If a1l the electrons initially present at the current discontinuity
eventually run away and produce fast electrons, one would expect that the
change in magnetic energy at the discontinuity divided by the total number
of electrons present (9 x 101%/cc see section /.3 above) would be equal to the
observed electron energy. The figures obtained from this caleulation are
compared with the experimental results in Table EZ

It will be noticed that the experimental energies at Ve = 10 kV are too
big by about a factor 2, The errors in the calculation might conceivably be as
big as this, thus the magnetic energies have been estimated from probes measurements

(Lees & Rusbridge 1959) . on the current rise by essuming that, for the same

ratio of current to initial Bz, the same configuration will exist at the
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discontinuity as exists on the current rise. However if the effect is a real
one then it implies that only about half the electrons present at the

discontinuity reach the wall with large energies ( > 2 keV).

8 5 Discussion

The scaling laws for the stabilised pinch have been discussed by Bickerton
and London (1953) and it might be hoped that the application of these laws
should produce sSome universal conclusions, when applied to the pinch machines
studied. The scaling laws have, of course, been derived from classical magneto-
hydrodynamics whereas we have conclusive evidence that the plasmas in these
machines do not behave in a classical way (for exemple: neutrons, ion energies,
anomalous resistivity, diffusion). We can, therefore, draw only the broadest
conclusions about the behaviour of pinch devices.

In the following table are tabulated the more important paramsters of four
pinch machines and the scaling laws relevant to energy loss that have been
applied to them are given below.

1)  Radiation loss rate « N%R™? £(Te) where N = line density

R = bore radius
f(Te) = function of electron
) 2 1 temp.
2) Particle loss rate due to & MRS, Te"2
thermal instability
(Butt et al 1958)

3) Condition for runavay electrons &

V» o« L, Y, = electron drift velocity
W NTe¥
1, = electron thermal velocity
I = gas current
TABLE VI
Zeta Sceptre PS4 Gamma
pressure (microns) 0.5 - 5.0 0.5 - 5.0| 20 = 200 5 - 50
radius (cms) 50 15 7 5
gas current K.A. 200 200 200 200
WY R2 X 1 0.09 30 1
¥/ R2 % 1 1 40 10
Ty % * 1 11¥ 2.7° | 1.3% 03" 10¢% 2.5%
time to peak current 1G00 250 10 10
(psec)
Enerpy/ particls/ psec™ 4 1 40 100

% lormaliged lo Zefba value al & micron
it :
+ 1 1l i nmo=1l oo
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The runaway condition has been normalised to 4 micron sinece this is the
equivalent pressure at the end of the current pulse when catastrophic
runavay occurs in Zeta.

From the ratios given in the table we may, in a empirical way predict
the dominant loss processes for the published operating conditions in Sceptre,

P-S54 and Gamma. The conclusions are as follows.

Sceptre P-S/ Gamma
Not important | Important at ot
Radiation high pressures irportant
Important Important Not
Particle loss especially at at low important
low pressure pressures
Important at Nol important Important
Runavays low pressures at low
pressure

The runavay condition was violeted to a greater extent in Gamma end Sceptre
than in the other two devices. A large runaway electron fiux has been
observed in Gamma but not in Sceptre. In P-S4 both radiation and particle
loss rates are greater than in Zeta and this is alfpost exactly compensated
for by the greater rate of emergy input into the discharge. Thus one

expects P-54 to have similar particle energies to those observed in Zeta.

Runaway electrons are unlikely to be produced in this machine.
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8 6 Conclusion

There are two regimes of energy loss from Zeta discharges in deuterium;

one is operative at high pressures e.g. 5 microns) and one at low pressures (?-Ej
0.5 microns); this is illustrated in fig.15 vhere the observed loss processes

are summarized and presented as e function of time during the current pulse.

At high pressures radiation is the dominant loss process and under certain
conditions, at pressures above 5 microns, accounts fof the total energy input.
This radiation is in the vacuum ultra violet in the region below 1500 K.
The variation of impurity line radiation intensity with pressure (Burton 1960)
is similar to that for the observed total radiation, suggesting that impurities
are an importent source of radiation. Theoretical considerations show that

the observed impurity contemt (Griffin 1961) of 1017

atoms/cc can account for
the observed radiation intensity. Electrons detected at the wall at these
high pressures cannot bs distinguished from photo-electrons, but are in any
case of too small an energy and density to cause an appreciable loss.

At low pressures, a large density ( > 1013/cc) of thermal electrons, with
mean energies between 30 and 50 eV is detected at the walls. In order to bs
present in such high densities these electrons must form part of a plasma, which,
in this region, where the magnetic field lines are connected to the torus wall,
transfers energy to the wall fast enough to account for the energy input.

This conclusion is in agreement with the work of Burton and Wilson (1961) who
have determined the plasma loss rate from spectroscopic observations.

In order to maintain the observed high density of plasma at the wall there must
be a rapid diffusion of plasma from the centre of the discharge.' Observations
are described which show that fluctuating electric fields, large enough to
produce this diffusion are present in the plasma.

The termination of the current pulse at low pressures is catastrophic,
the current falling from some 200 KA to a low value in 2 psecs.  This
discontinuity is accompanied by an intense burst of X-rays emitted from the
torus liner. The fast electrons which generate these X-rays have an energy
of about & keV and carry to the walls the magnetic energy which is present
immediately before the discontinuity. The work of Burton and Wilson (1961)

has shown that the particle density at the discontinuity is 9 x 101%/cc.,



and under these circumstances electron runaway becomes important (Gibson 1957).
We have shown that a consistant explanation of the current discontinuity is
possible in terms of catastrophic runaway.

Energy loss from Argon discharges is essentially similar to that in
deuterium but with a different pressure scale. Radiation is the dominant
loss at pressures greater than 0.5 microns, the radiation falls off at lower
pressures and at /16 micron the electron detector indicates a high density of
electrons at the wall with an electron temperature of 17 eV, the current

discontinuity and associated X-rays appear.

5
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Oscillogram of soft X-ray emission
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