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MEASUREMENT OF THE PLASMA PARAMETERS IN
TOKAMAK T3-A BY THOMSON SCATTERING

by
M.J. Forrest, N.J. Peacock, D.C. Robinson, V.V. Sannikov*

P.D. Wilcock

ABSTRACT

The electron temperature and density in Tokamak T3-A are established from an analysis
of' the spectral intensity of the scattered photons from a pulsed ruby laser. Electron
temperatures up to 2 keV are measured over a range of densities from 1 to 4-5 x 10'® cm™3
and ohmic heating currents up to 150 kA, Radial measurements show the pressure profile to
be practically flat over the central half of the plasma. The total energy in the plasma -
column agrees with that measured from the diamagretic signal. The dependence of the
temperature on the discharge parameters is expressed by the relation, IQBe = 200 Nk(Te + Tj),
where fg with respect to the heating current is 0.5 in the middle of the aurrent pulse.
The value of Be reaches 2, which is close to the limit set by classical diffusion,
when dI/dt is negative, late in the aurrent pulse. The local temperature rise in the
outer region of the discharge due to skin airrents, is weak, and after the initial
increase of the airrent, is negligible. The resistivity is always anomalous except late
in the current pulse and is associated with a critical value for the ratio of the drift to
sound speed. The measured particle loss time (which has almost the classical value) is
always 3 or 4 times the energy loss time. It is shown by considering the energy balance,
taking into account the anomalous factor in- the heating, that the main erergy loss is by
heat conduction which is anomalously large for all but the highest densities.
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1. INTRODUCTION

Much of the widespread interest in the Tokamak devices arises from the high total
energy in the plasma column(10) and the long energy containment time(s). Conclusions on
these aspects of Tokamak have been based largely on measurements of the plasma energy using
the diamagnetic technique(]g). Interpretation of the diamagnetic signal per se |is
ambiguous to the extent that a distorted Maxwellian distribution with a relatively small
number of high energy electrons could account for the total electron energy as readily as

a thermal distribution. |

The photon scattering technique offers a direct and independent measurement of both

the electron energy distribution and the electron density locally in the plasma.

A prelimirary account of these scattering experiments has already been published(zz).
The present report describes the experiments more fully and includes the analyses of scatter-
ing measurements over a wider range of discharge parameters. From the absolute intensity
of Balmer o emission the particle confinement time is also evaluated. A documentation
of the light-scattering results is provided in Sections7 to 11 while a summary of these
results is given in Section 14. In the work presented emphasis is given to the scattering
results and these are sufficiently informative to allow conclusions to be made on the
physical properties operative in T3, and these are discussed in Sections 15 to 20.

Reference is made to the results of the analysis of the electrical waveforms in order
to support the discussion Section. However, a more detailed discussion of the electrical
measurements and a comparison of the scattering results with the diamagnetic energy has

been submitted for publication e;sewhere(1"12).

[

2, TOKAMAK T3-A

The Tokamak T3-A torus used in the scattering measurements has a major radius, R, of
1 metre. A 20 cm radius, stainless steel liner, which encloses the discharge volume is
shrouded by an outer copper shell, 25 cm in radius and 3 cm thick. The volume between the
liner and the copper shell is evacuated and the background pressure within the inner torus
is less than 1077 Torr. A molybdenum limiter, 17.5 cm radius, physically restricts the
discharge.

The main toroidal field, By, with values up to 37 kilo-oersted, is produced from
rotating machinery in a 1 s pulse. The ohmic heating current, I, is supplied from 3
capacitor banks which are switched separately (with a current rise-time of 4 ms) to provide
a current pulse which is variable up to 180 kA peak value, and with a pulse duration up to
70 ms. The vertical field, which controls the plasma displacement, has a DC component on
which is superimposed a pulsed component supplied from windings inside the copper shell.

The operating conditions were generally chosen so that the plasma was located in the
B
stable regime with the stability factor, q = §% E > 3, although some marginally stable plasmas

were also studied with q between 2 and 3 (Be is the poloidal field due to the current,

I, while r is the plasma radius).

In order to achieve a clean, reproducible plasma it was the practice to bake out the
inner chamber under vacuum for several days at over 4OODC and then fire several hundred

'conditioning’ discharges at very low pressure.



The gas filling for each plasma shot was admitted at a pressure of between | and
10 x 10~4 Torr, through a pulsed valve and the plasma formation assisted using a hot

filament.

3. EXPERIMENTAL ARRANGEMENT

Because of the geometrical disposition of the existing windows in the T3-A diagnostic
flange, it is most convenient to project the laser beam vertically upwards through the

minor cross-section of the torus, parallel to the major axis, while the scattered light is

observed at 90° to the irradiating beam as shown in Fig.1. A ruby laser is chosen because

of its inherent brightness in the visible where the quantum efficiency of the detector is
high.

In the case that the differential scattering vector K = Ix iln 8/2 is greater than
0

Rﬁ‘,(RD is the debye length in the plasma, © is the angle between the incident and
scattered beams and A, is the laser wavelength), the frequency shifts of the scattered
photons are directly due to the uncorrelated motions of the electrons. These conditions
obtain in T3-A with the above geometrical arrangement and where the density from 2 mm pwave
measurements(g) is about 10*® cm™® and where the temperature (deduced from the soft X-ray

(27))

spectrum in TM3 , is expected to be in the region of 1 keV.

The scattering parameter a = E%E 2 0.1, and no co-operative features are to be

expected. With a Maxwellian velocity distribution the scattered spectrum has then a

gaussian profile

by -3 2
0 2.63 x 10 AN .o .
I.=C. ‘ exp - AN in A T, in eV

S sin 8/2 NTg P [ Te } T8

g vas (1)

and the total intensity of the scattered light is linearly proportional to the electron
density. Scattering from plasma particles other than electrons (e.g. excited atoms(zsh
can be ignored since the excited states of impurity ions in the plasma with quantum jumps

close to the laser energy should be negligibly populated, at kilovolt temperatures.

The spectrum analyser, a ten-channel, 1 metre, Ebert spectrometer is optically matched
to the light collecting lens by opening up the spectrometer entrance slit to 1 cm. The
effective aperture of the system was F/6. The resulting width of monochromatic light on
the focal plane of the spectrometer with a 1200 lines/mm grating is thus
(78 A/mm) x 10 mm = 78 A, and this is the wavelength range (and therefore the resolution)
accepted by each fibre optic bundle which leads the light signals to the ten, S20 photo-
cathode, photomultipliers. Since the % intensity points of the scattered photon

intensity lie at

AX, = 19,3 /T, i; T, in eV eee (2)
g

fram the laser wavelength; temperatures in the range 50 to 2000 eV can be resolved. The
outputs from photomultipliers through X 15 current gain amplifiers (Fig.2) are led to
separate beams of high speed oscilloscopes. Because of the limited quantum efficiency of
the S 20 photocathode in the infra-red all the measurements of the spectrum profile are
taken at wavelengths shorter than the ruby wavelength of 6943 A,

The collecting lens (Fig.,1) views an elliptically shaped (7x 3x5 mm), O.1 cm® volume

irradiated by the laser but at the same time accepts background light from 10 cem® of the

- 2 =



plasma. The wedged collection lenses and the moveable periscope allow a radial scan of
the plasma to be made from - 10 cm to + 18 cm about the magnetic axis. Except when in
use the windows are protected from metallisation due to pre-conditioning discharges by
shutters (see Fig.1) which can be actuated through tombac vacuum seals.

4. NOISE PROBLEMS

Each 78 A wide channel carries only about 10™*® of the irradiating photon flux so it
is important to suppress spurious sources of noise such as the inherent (wide-band)
radiation from the plasma and the parasitic (narrow-band) scatter of the 6943 i beam by

the input and dump optics.

In practice, the brightness (watts/sterad. cm® sec) of the input beam has to be
sufficiently high for the scattered photon flux to be of the same order as the plasma
background illumination. Thus. the Thomson scattering/Bremsstrahling ratio can be expressed

as
I, Op neiﬂ—nm S(AX) Vs "
P
2x107% n7 8n (80) v
'F ‘J-W_ E P

where IO is the incident laser power, S (AX) is the wavelength spectrum of the
scattered light which when integrated over AXA is unity. The Thomson scattering cross
section op = 6.65x1077° an™?, %?: 1.8 x107° steradians, 06X = 784, v, the
irradiated volume = 0.1 cm®, and Vp, the plasma volume accepted by the collecting lens,
10 em®. In a pure hydrogen plasma at a density of 10*® cm™® and a temperature of 1 keV,
the scattered photon flux per channel from a laser giving 100 joules in 1 ms (a typical
relaxation mode pulse) approximates to the light collected from the plasma itself, ~ 10*
photons, these photons being integrated over the 1 ms pulse (the transmission of the
spectrometer is apprdx. 10%). Fig.3 shows the results of an attempt to record scattering
on this basis. The intense radiation at the beginning of the pulse decreased to a low
value after 8 ms (normally the experimental procedure to protect the photomultipliers from
this initial intense light involves opening a mechanical shutter in front of the spectro-
graph 1 ms before the laser is fired). The only signal observed at about 16 ms, in Fig.3,
is on the channel centred on 6943 A and is due to parasitic scatter.

Measurement of the absolute intensity of the background radiation (Fig.4) shows this
to exceed by a factor of 200, the anticipated level from a hydrogen plasma - thus the use
of a relaxation mode pulse was not possible. The intense peak at 6593 A (Fig.4) due to
Balmer a, is smeared over two channels and is thus twice the width of a monochromatic line.
The background light was found to be line emission which originates from a region outside
the radius of the limiter which is located at 17+5 cm from the centre of a minor cross sec-
tion. These lines are mainly due to spark spectra of iron, typical examples of which in
the region 8500 A - 6300 4, are the Fe I, IT lines at 6498, 6446, 6400, 6408, 6412, 6419,
8337, 6335 and 6332 A, The intensity .of this background line radiation increases as the
square of the electron density, (Fig.5), so that no improvement in signal (« ng) to

il
noise («x°/nd) is to be expected by varying the density.

To overcome the background illumination the ruby laser is employed in the Q-switched
mode using an oscillator and X 15 gain amplifier. Theoutput used in all these experiments
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is 6 joules in 25 ns with a beam divergence of 2.5 mrad. This resulted in an improvement
in signal to noise over the relaxation mode pulse by a factor of 2 xTOa, and Thomson

scattered signals at 10 times the noise level were readily obtained.

The Q-switched mode has the limitation that at low densities the absolute number of
photoelectrons per signal channel is low (of the order 10 to 100 in our experiments at
Hg ™ o3 cm'a) because the energy density in the input beam has to be kept below 1 GW cm™?
to prevent damage to the input window. In practice this is effected by opening the
oscillator aperture from %" to %” and adjusting the pumping energy thus increasing the

divergence of the laser beam.

It is clear that with the present apparatus, on T3-A,the lower density limit for
recording meaningful scattering signals is about 8 x10*2 cm™%. With readily available
improvements e.g. higher quantum efficiency photomultipliers,measurements at densities
of ~ 2x10%*? cm™® could be made using the Q-spoiled technique.Parasitic scatter is always
observed on the channel centred on 6943 A with an intensity about 200 times the genuine
scattered signal. Rayleigh scattering from clean nitrogen in the Tokamak chamber established
that the parasitic noise is equivalent to the scatter from cold electrons at a density of
1 to 2 x10** em™®, The contrast of the spectrometer is sufficiently high (+1500) to ensure
that the other channels are free of this source of noise, however a slight deterioration
in the surface finish of the plane, input spectrosil window‘caused the parasitic noise to
increase and spill over into these adjacent channels. A major factor in keeping the
parasitic noise low is the disposition of absorbing, dyed-glass (0B10) apertures (Fig.1)

both inside and outside the input window.

5. THOMSON SCATTERED SIGNALS

The shape of the scattered light pulse is shown in Fig.6 while the relative magnitudes
of two channels, displaced 156 i, 234 Aand 546 A respectively from the laser wavelength, are
illustrated on Fig.7. A considerably smaller ratio of signal ﬁo noise than is evident in
Fig.7 is experienced when the laser is fired early (2 4 ms) in the discharge pulse or when
the irradiated plasma is viewed at radii > 12 cm from the magnetic axis, since under these
conditions the background light from the plasma is relatively high. Furthermore the density
in the outer region is appreciably less than at the centre.

Two tests were carried out which demonstrated that the plasma electrons are responsible
for the scattered light signals shown in Fig.7. Firstly, when the collecting lens (Fig.1)
viewed a plasma volume adjacent to the irradiated plasma, no signals were observed.

Secondly, changes in the plasma density (measured on the multi channel p-wave interferometer)

cause a linearly proportional variation in the total scattered light intensity.

6. SPECTRAL DISTRIBUTION AND INTENSITY OF THE SCATTERED LASER LIGHT

Taking into account the measured relative sensitivity of each 78 & wide channel, the
spectrum of the scattered light, for wavelengths shorter than the ruby light, could be
plotted out as a function of the square of the wavelength shift; Fig.8. The straight line
plot is characertistic of a thermal spread in velocities associated with an electron tempera-
ture of 640 eV. Fig.9 shows the measured spectral distribution and theoretical gaussian
profiles for three different plasma conditions. The temperatures vary in this illustration
from 100 eV to 1 keV. The errors on the experimental points are typically the standard
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deviation of the signals over 3 to 10 discharges under the same operating conditions.
Errors in estimating the temperature (Fig.8) from a best fit straight line through the
experimental points are between 5 and 15% for most of our results. For the limits of our
temperature range, i.e. < 100 eV or > 1.5 keV, the errors could be as high as 20%.
Departures from a gaussian distribution due to current drift are only of the order of a
few per cent, and in any case are not detectable using our scattering geometry. Again our
errors could obscure the small distortion to the gaussian at some radial distance from the

axis due to trapped particle orbits.

Some variation in the value of thé temperature for nominally the same discharge con-
ditions may be noted in the figures of the results. This variation is sometimes outside
the errors quoted above and can be attributed to irreproducibility of the discharge and to

errors in the timing of the laser pulse relative to current zero.

The response of each of the recording photomultiplier channels and the transmission
of the spectrograph was measured absolutely during each experimental run using a tungsten
ribbon lamp of known spectral emission as a source of photons which substitutes for the
irradiated plasma volume. The entrance slit of the spectrometer was illuminated via an
identical set of optics as that used for collecting the scattered photons but with a mirror
in front of the periscope, set at 45° to the spectrometer optic axis (Fig.l). The continuous
flux from the lamp is modulated by a 1 kHz mechanical chopper in front of the spectrometer
slit.

Account is taken of the change in frequency response from the Q-spoiled pulse to the
1 kHz standard source by substituting a 100 kHz, low-pass current amplifier of known gain,
for the amplifier shown in Fig.2.

The total scaﬁtered photon flux, eq.(1), is then used with a measurement of laser
energy, I,, (typically 4 joules at the input window) to evaluate the electron density,
These scattering measurements are compared in Fig,10 with the density evaluated after Abel
inversion from the phase shifts on a 2 mm p-wave, multi-channel interferometer 9). In the
case illustrated the agreement between the interferometric density and the density from
Thomson scattering is within 10%. Considering that the agreement is within the 15 to 20%
errors of the two methods of measurement over the whole series of measurements it is
probable that the fraction of any very high energy electrons is less than 10% of the total,
Considerations of energy balance and of the agreement between the diamagnetic energy and
the transverse energy from laser scattering restricts the number of high energy electrons

(> 10kTe) to less than a few per cent.

The absolute intensity of Balmer a was measured on the channels centred around 6563 i
simultaneously with the Thomson scattered spectrum. The number density of neutral hydrogen
atoms, the electron density and temperature could thus be evaluated for the same locality
in the torus. The particle confinement time and the charge-exchange losses were then

evaluated as described in Section 13.

RESULTS

7. ELECTRON TEMPERATURE AND DENSITY DURING THE OHMIC HEATING PULSE

The sequence of figures from 10 to 17 summarise the results of the Thomson scattering
measurements of electron temperature and density on the magnetic axis during the ohmic

heating pulse.



The temperature rises to a maximum within about 15 ms from the start of the current
and thereafter remains fairly constant throughout the current pulse duration.
Apart from the initial spike, the density is similarly, slowly varying. Figs.10 and 11
refer to the long 70 ms current pulse shown in Fig.10(a). Figs.12 to 16 show the initial
rise in temperature in more detail but refer to a shorter (35 to 40 ms) pulse {(whose shape
is shown in Fig.,12). It should be noted that with the 35 ms pulse the current rises to a
maximum in about 4 ms while the temperature rises more slowly. After 4 ms the current and
the density are almost constant and during this period Te rises to a maximum in about
8 ms. The rate of increase of the temperature can be estimated by balancing the resistive
heating against the electron energy loss. A characteristic time to reach a stationary
temperature is approximately equal to TR the electrons being the main agency in the loss
process (Section 17) and Tg 1s the energy confinement time. Using the values of Tg in
table II (Section 17) it can be seen that the observed rise time is of this order.

By adjusting the vertical field pulse, the pressure and the timing of the separate
capacitor banks, it is possible to produce a stable discharge with a second current increase
as shown in Flg.l7(20). The current rises to an initial peak at 70 kA within 6 ms then
reaches a second maximum of 105 kA after 16 ms. A significant rise in temperature on the
axis is observed due to the second current step. The temperature on the axis now increases
more rapidly than the current, in contrast to the temperature rise for a 'flat' current pulse

shown for example in Fig,16.

8. SCALING OF ELECTRON TEMPERATURE WITH THE DISCHARGE PARAMETERS

Since the temperature varies with time throughout the current pulse, with radius and
with the pulse shape, we will confine our remarks on scaling to the peak tempertciture on
" the magnetic axis and for ohmic heating currents which vary in time as illustrated in Fig.12,

The range of densities studied varied from 1x 10*® cm™ to 4.5 x 10*® cm™® while peak
currents from 40 kA to 145 kA were used with toroidal fields of up to 37 kOe. Figs.15
(lower) and 18 illustrate the variation of n, and T, with increasing current, up to and
beyond the stability limit, for a constant initial gas pressure and stabilising field, Bg.
This exemplifies the difficulty of holding one plasma parameter constant while varying the
other parameters. The scaling of the temperature with density. (holding I constant) can
be appreciated from Fig.19, whilst Fig.20 shows the dependence on the heating current
(holding ng constant). It is evident that T, scales as n,~® where o is approximately
unity.

The dependence of T, on ohmic heating current (Fig.20), for constant ng, follows
closely T, = Const. I, No consistent dependence of the temperature on Bys the main

toroidal field, is observed from the Thomson scattering experiments.

The value of ng(o) Tg(0), the peak value of the product of density and temperature on
the axis, is plotted in Fig.21 against I for almost all the conditions studied. It is

evident again that there is no marked dependence of electron energy on Bg.

9. TEMPERATURE VARIATIONS WITH LARGE CURRENTS (> 100 kA)

As predicted by the above relation the highest temperature is recorded for the lowest
density combined with the highest ohmic heating currents. In the present experiments a
maximum T, of 2 * 0.35 keV was recorded with ng(o) = 1.8 x10*% em™® and I = 128 kA.



Under these conditions no neutrons were observed. However by increasing the density to
above 3.5 10*° am™® and keeping the current high (> 120 kA), a detectable yield of
neutrons is produced with T, between 800 eV and 1.05 keV and with the ion temperature
a maximum at 450 eV(z). The highest values of ne(o) Te(o) shown in Fig,21 are from

discharges with these plasma parameters.

10. UNSTABLE PLASMA CONDITIONS

The plasma column can be made unstable to long wavelength MHD instabilities by
incfeasihg'the ohmic heating current and reducing the stabilising field, By, so that the
margin for stability at the plasma boundary, q, falls below 2. The appearance of oscillations
on Bg pick-up coils is a sensitive test for instabilities(21) though as the amplitudes of
the instabilities grow discontinuities are also observed on the voltage waveforms.
Fig.22(a) illustrates the typical spikey voltage waveform observed in a mildly unstable
plasma. The current has been increased over that given for the stable plasma condition
shown in Fig.22(b). As the current falls later in time during the pulse the plasma column
regains stability. The plasma temperature and density on the magnetic axis have been

evaluated for these mildly unstable plasmas and it is apparent that the electron tempera-
ture does not decrease by more than 20% over that for a stable plasma with the same ohmic
heating current and the same density. The voltage spikes and the accampanying modulation
in the Ha intensity, shown in Fig.23, (which shows a rapid change (< 20 ps) in H
correlated with a voltage spike, accompanied by a 3 kHz oscillation) are probably due to
periodic excursions of the plasma to the limiter. Presumably energy is lost from the outer

layers of the plasma only.

It 'is of interest to note that it is possible to have a stable discharge with q not
more than 2 e.g. in the case of the stepped current waveform, Fig.17, the value of q
at the plasma boundary was 2 in the middle of the pulse without any sign of instabilities

or rapid energy loss.

11. RADIAL MEASUREMENTS OF n, and Te

The electron pressure profile in the vertical plane from the Thomson scattering
measurements is compared on the same discharges with the results of the multi channel
p-ﬁave interferometer (located on the opposite side of the torus) which recorded the
density distribution in the horizontal plane, Thus the extent of the hot plasma and its
radial and azimuthal symmetry could be evaluated.

The density and temperature vertically above and below the magnetic axis is shown in
Fig.24 at 4 ms and at 18 ms (when the temperature reaches a maximum) from the initial
current rise. Within the error of the measurement the plasma pressure is symmetrical in
the vertical plane about the magnetic axis. In the horizontal plane the density profile
is also symmetrical provided the vertical field current pulse is correctly shaped to give

no inward or outward plasma drift,

Confining our attention now to only half of the vertical diameter, Figs.24, 25, 26
show that the density and temperature in the middle of the heating pulse are sensibly con-
stant over % of the minor radius which is defined by the limiter (rL = 17.5 cm). The
plasma pressure is therefore flat over this central region, falling to half its peak value

at about 12 cm from the axis.



A sequence of radial density and temperature measurements throughout the heating pulse
is shown in Figs.26 and 27, in the case where the horizontal displacement of the
plasma and current is less than 1 cm. It is evident that there is no gross radial shrinkage

of the plasma column throughout the pulse.

These results are to be compared with the results shown in Figs.28, 29(a) and 29(b)
which refer to discharges where the horizontal plasma drift becomes progressively large,
reaching 7 cm near the end of the pulse. The electron pressure now falls off most steeply
in the case when the plasma displacement is'largej The outer 'hot' plasma boundary
(arbitrarily defined to be piasma with T, > 50 eV, the lower limit of the scattering
measurements) corresponds in time with displacements in the interferometric density profile.
This suggests that there is no appreciable body of cold electrons i.e. ng(r) Tol(r) <
0.03 ne(o) To(0) between the plasma boundary and the limiter, (14 <r < 17.5 cm).

The temperature profile on some discharges shows a modest increase over the central
value due to resistive skin currents early in the discharge, i.e. 4 ms from current start.
The magnitude of the temperature increase can be greater than the statistical errors
(Section 6) and is evident for separate experimental runs shown in Figs.14(b), 26, 27.

The skin temperature however is never more than 50% greater than the value on the magnetic
axis.

In the middle of the current pulse the skin temperature has disappeared and the radial
temperature profile is slightly flatter than parabolic following a relation

Te = Tl 1- (74)%]* e (4]

Late in the current pulse (30 ms from current zero) the temperature profile is approximately

parabolic.

Summaries of the radial temperature and density profiles fram Thomson scattering for
various times, throughout the discharge, are shown in Figs. 30 and 31 respectively. The
separate symbols, each being the average of between 6 and 10 discharges, denote the results
of different experimental runs, the points being normalised to the values on the magnetic
axis.

The average density profile in the middle of the current pulse, Fig.31, is similar to
the temperature profile and is in agreement with the interferometer observations of
Gorbunov(gl

In order to evaluate the total electron energy in the plasma column it is convenient
to calculate the mean radius Fp of the plasma pressure from the radial temperature and

density profiles, viz,

2 ® /‘a r ﬁe(r) To(r) dr == Fpa ng (o) Te(O) . ees (5)

o]

During the middle of the current pulse, Fp =12 cm.

It is of interest to evaluate the value of ﬁe i.e., the ratio of the total kinetic
pressure to the pressure of the magnetic field associated with the ohmic heating current,

through the relation
2
I |39=200Nk(Te+Ti) v 1.6)



where Tg and Ti are mean temperatures, and N is the line density, i.e.
xF; ne(o). The ion temperature is determined from the neutral particle emission(ll
Fig.32 shows that the value of Pg is about 0.5 at the time of maximum temperature while

late in the current pulse the value of Be can reach 2.

12, CCMPARISON OF THE ELECTRON TEMPERATURE FROM THOMSON SCATTERING
AND THE DIAMAGNETIC TEMPERATURE, Tp.

A comparison between the electrical measurements and the scattering measurements of
the plasma energy is discussed fully elsewhere(]1’]2). The total transverse energy, E,

(19). This

diamagnetic signal shows that the plasma is paramagnetic initially and late in time it

is calculated from the magnetic flux in the plasma column as described by Mirnov

becomes diamagnetic, which is in agreemeht with our resultg for ﬁs, Fig.32. The diamagnetic
temperature Ty, is determined from the relation Tp = E_Eiﬁ- and therefore the accuracy
r
I e

is limited by the detemmination of the current radius, ry, from the circuit equations.

Fig.33 shows the temporal variation of Tb with the mean electron temperature from
laser scattering, ?;Z estimated as described in Sec.ll, for a typical set of experi-
mental conditions. At most, TD is a factor of 2 greater than TeL . However the ion
temperature, Tj, must also be allowed for, and this was measured directly from the
neutral particle energy spectrum. For the discharge illustrated in Fig.33, Ti = 220 eV
and when this is added to 5;; then there is agreement within experimental error between
the diamagnetic and laser-derived temperatures. The accuracy in estimating TD is sq%, )

while for the laser measurement TeL is accurate to within 15%.

In general, any large discrepancy between Tp and %;1 + 51 can be ascribed to an
underestimate of rp (which may be partly due to non flux conservation of the vertical
field) from a solution of the circuit equations. The increasing divergence between the
laser and the electrical measurements in Fig.33 at late times in the discharge is due to
the estimate of rr falling well below 10 cm while the plasma radius, T., remains fairly

P
constant between 10 and 12 om.

13, EXPERIMENTAL PARTICLE CONFINEMENT TIME

A balance between the particle loss rate and the injection and ionisation of neutrals

into the plasma column can be written

d;l -
S e
= EE-— Tn Cc 0 ¥ (Hl) s s (7)

where T, is the particle confinement time and C I (Ha) is the number of ionizing
collisions per unit of time which is equal to the neutral particle influx, :ﬁ? . Following
Kuznetsov(ls’Is’ 17), Tﬁg is proportional to the number of excitation events to the n = 3
level, and therefore to C I (Ha), where I (Ha) is the intensity of Ha and C is of
the order of 4 for our plasma parameters ('I‘e > 100 eV and n, = 10*® an™®). The intensity
of Ha is measured simultaneously with the Thomson scattered spectrum on the channel

centred on 6563 A.
Fig.34 shows the intensity variation in time of the Ha radiation 25 ms after the

current start. The light at earlier times has been occluded by the mechanical shutter and

the apparent intensity modulation is due to shutter bounce. In the case of a stable plasma



the intensity decreases monotonically from the early spike (at about 2 msec) in the manner

displayed in Fig.39(a).

A radial intensity plot of Ha, Fig.35, shows a peak near to the plasma boundary
with a subsidiary peak outside the limiter. After Abel inversion, Fig.36, it is apparent
that most of the Ha radiation comes from an annular source located about 13 cm from the
magnetic axis and 2 to 3 cm wide. Since the ionization rate is practically independent
of the plasma temperature above 50 eV, this implies that the neutral particles enter the
plasma with a mean energy of about 1 eV. This may not be due to the production of energetic
neutrals from absorbed gas but rather to the backscattered neutrals from the charged
particle flux incident on the liner(18}. Figs.24, 37 and 38 illustrate that the Ho annulus

tends to become more diffuse with time during the discharge.

Calculations of the particle loss time, T, throughout the ohmic heating pulse
are plotted in Figs.39 and 40 for two similar plasma conditions. The particle loss time

reaches a maximum of 20 ms after peak current has been attained during the current pulse.

Figs.41 and 42 show the variation of the loss time with peak current and density,
respectively. It is evident that the characteristic particle confinement time tends to

rise with increasing current or average density, for stable conditions.

While it is recognised that the Ha analysis gives an over-estimate of the particle
loss from the high temperature central core of the plasma, it is to be noted that particle
loss from the plasma boundary is the relevant quantity in any assessment (see Sec.15) of
the energy loss factor from the whole plasma column. The azimuthal (w.r.t. the major axis)
variation of the loss has been measured on TM3 and although the intensity of Ha is higher
near the limiter, an absolute measurement in any one cross section gives a reasonably

accurate value for the particle éonfinement time of the plasma.

From the absolute flux of Ha the mean neutral particle density in the annulus near
the plasma boundary is calculated to be 2 x 10°. ecm™®. At the centre of the plasma this
figure is ten times smaller. The energy loss time by charge exchange is therefore given
by

: (
A ng(r) ng(r) <o v; > T; r) rdr.
1
; = ses (8)
ch ex a
j. ne(r) T;(r) rdr

0

which is of the order of 45 ms if we assume that the ion and electron temperature distri-

butions are similar; o is the charge exchange cross section and v; the ion thermal speed.

14, SUMMARY OF EXPERIMENTAL RESULTS

The temperature rises to its maximum in about 15 ms after the start of the current
pulse which is much slower than the risetime of the current, The maximum temperature
observed is 2 keV at ng(o) = 1.8x 10*° an~® and with I = 128 kA, There is good agree-

ment between the density measured by Thomson scattering and a microwave interferometer.

The temperature on the magnetic axis is practically independent of B, but is
approximately proportional to I? and to (ne)"‘". Even under mildly unstable conditions
i.e. at a margin of stability, q = 223, the temperature on the axis does not fall by more

than 20%.
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The density and temperature distributions are symmetrical in the vertical plane, The
radial temperature measurements show an initial slight increase in temperature at radii of

6 or 8 cm over the central values due to the existence Qf a skin current.

In the middle of the current pulse the radial temperature has a dependence
Telr) = To(0)(1-(a)*)? )

Late in the discharge when dI/dt is negative, the radial temperature distribution is
parabolic. ' ' '
The radial dependence of the density is similar to that of the temperature in the

middle of the current pulse. The plasma pressure profile has a mean radius of about
12 cm, and does not shrink appreciably during the discharge.

In the discharges where there was a large horizontal displacement of the plasma column
it was possible, by viewing at 16 cm from the axis, to observe the extreme outer edge of
the plasma. No detectable body of cold plasma existed between the hot plasma and the

limiter radius.

A step in the current pulse, designed to show heating in the outer plasma layers,
resulted in a rapid increase of the temperature on axis; no outer skin temperature was
observed.

Measurements of the neutral atom concentration from the absolute intensity of Ha

showed that the particle confinement time can reach 20 ms.
In the following sections these results are discussed.

DISCUSSION

15. THEORETICAL PARTICLE CONFINEMENT TIMES

The particle diffusion in a Tokamak is enhanced over that expected in cylindrical
geometry by the Pfirsch-Schluter factor(23) and by trapped particle effectsts). The form
of the diffusion coefficient as a function of collision frequency is shown in Fig,43. The
electron-ion collision frequency varies from 0.8 ® 4 x 10° s™* over the range of parameters
studied, whereas the lowest value for vy, /Rq was 1.0x 10° s""_, and
Ven/Ra x(fﬂ /ézs 0.6x10° s* (r = 15 cm and Vin 1S the thermal velocity of the electrons).
Even allowing for an enhanced collision frequency due to anomalous resistivity we are always

in the two trapped particle regions of Galeev and Sagdeev, except at the very outer edge

of the plasma.

Thus ra
ce 3 Po,rk
D, =26V, =———.q (o =={£)2) ... (10)
* (e % T ®
Vv
for Vei < RL(I'.’]\ (%)%: vy
3,
1 cT T,/
_ . _Ce .- ¢ < g £
and D, = 1.25 /T qr ¢ B, (for ;£ T, , ref(29)) (= & ) e £11)
Vth

< - —_—
for v, Vai < Rq
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For our experiments DL in eq.(10) varies very little, since By (Sec.20), and the
effective conductivity (Sec.16) are approximately constant, whereas eq.(11) shows a D,
increasing as the temperature increases. To make an absolute comparison between the values
given by eq.(10) and the experimental values, we need to define carefully the particle

confinement time in relation to a diffusion equation.

This equation is

dn.(r) dn
e _ 1l d e
dt ~ trar D, ar T s(r) e (12)

where S is the source of electrons due to ionization of neutral particles at the edge

of the plasma. As Tt is measured to be gnall, then the source and density profile are

closely related, with S(r) having the form shown in Fig.36. Experimentally we determine

T, the particle confinement time as defined by Kuznetsov, from the relation

Ty = == ees (13)
75 - die
0 e
dt
- dng ‘ ;
ng is the average electron density, and S, = 5= = S/V where S is the total number of

injected electrons/s and V the equivalent volume over which the injection occurs.
Experimentally S(r) is found to be close to that associated with an annular ring of

radius r, and width Bre emmiting the observed H, line intensity. -

The measured density profile at maximum current follows the relation (1- ri/a%)?

except near the region r = a = 20 cm, which corresponds to an S(r) with a peak at about
a

16.2D,

D
13 cm, then Spay = B.65 ng(0) =. If we identify this Sy, with S, then 7w, =

and this Tp corresponds closely to the particle confinement time defined by
ne (Spax) __a?

Smax = T or T =T12.5D,°

but enhanced by an amount corresponding to the measured anomalous resistivity, Verrs

Using the Spitzer electron-ion collision frequency,

we have compared the particle confinement times with those calculated from the egs.(10) and
(11) for average plasma parameters. The results are tabulated in Table I, which shows that
the experimental containment times are all within a factor two or three of the theoretical
times,if vgpp is us%d. (N.B. Vvgpr is always greater than v,). Results obtained on

™ imilar .
3 are very sim TABLE I

Theorétical and Experimental Particle Confinement Times for Several Discharges

n $; ﬂm/ﬂcL Veff q v, = %}E (ﬁaﬁa T, (theory) Tn(expt)
10*2] ev 10° 10° ms ms
1.1 | 260 2.4 3.1 4 1.5 32 13
1.0 215 ~ 1 1.5 6 0.9 28 18
1.0 | 215 2,5 3.8 | 4.6 1.2 36 12
0.9 190 = 1.7 5.9 0.9 32 15.5
1.7 260 2.8 5.5 3.3 1.8 38 15
1.5 215 ~ 1 2.3 5.9 0.9 29 19
1.7 280 1.8 3.2 3s 1 2.0 36 15
1.75| 305 2.05 343 3.1 2.1 . 32 16.5
2.2 | 255 1.25 | 8.3 | 3.3 1.8 39 20
1.5 | 220 1.9 4,3 | 3.7 1.4 45 23
1.2 122 1.0 4,3 6.8 0.6 57 18
1.5 220 3.6 8.2 3.7 1.4 46 15.5
1.5 435 6 4,8 2.1 3.7 28 -




It is worth noting that these observed containment times refer to the region where the
neutral particles interact with the plasma, thus the containment time of a particle near

the centre of the plasma may be much longer.

16. RESISTIVITY

Using the voltage and current waveforms together with the diamagnetic signal, the
difference signal from two small magretic coils to give the displacement of the current
channel, and the vertical field, the inductance of the plasma column can be calculated
and therefore its resistance. The resistiﬁity, Tm: and conductivity temperature, 'Tegj
are then obtained using the calculated current radius. Tecw as shown in Fig.33, is typical

of many of our results which show that Teo“ TeL' with T after the initial current

eo?’
rise, fairly constant in the range 80 to 220 eV throughout the pulse.

In order to compare the resistivity Thy with that expected classically, MeL» 1t

. - s : ;3
is convenient to define a resistive temperature, m = C Te/E s whence

a a
ox r T2 gr
0

Te% = : cee (14)
™ aa
3
. . }’ —7a Tn
The degree- to which the resistivity is anomalous is given by Tag, /2 / Ter = ﬁ- ; where
cL

the subscripts m and c¢L refer to measured and classical. The anomalous factor varies
throughout the pulse,being larger early in the discharge than at later times, viz. Fig.33.
q"/nCL is anomalously high by up to a factor of 10 at the highest currents (> 100 kA)

and lowest densities (~ 1.5x10*® acn™®) but approaches unity as the density is increased,

Fig.44, and as the current decreases.

The plasma resistivity appears to behave therefore as in many devices (™3,
C-stellarator(7)) there being a critical value for the onset of the anomalous factor when

2KT,
the drift speed is close to the ion sound speed, i.e. VD/biS = 1 (wherevﬂs= m_g
i
and the ion mass was not varied). The rate of increase of the anomalous character above

this value appears to be faster than in TMS(S)

Fig.45. 1In calculating the drift speed, the current radius is here defined as

z j[a rT 72 (r) dri]g 2
[ TEKO)% o ©

The calculated electrical resistivity should be correcteg for the depletion of the
current due to trapped particles (i.e. a factor= (1 + (r/R)é)) and for collisions with

impurities. The first factor may raise fey by a few 10's of per cent only. The

and the spread of the results is large,

impurities cannot increase TGT by a large factor in the present device since bolometric
measurements show the total radiation loss to be small., Corrections for finite electron

(7)

Lamor radius effects are of the order only of a few per cent L .

A dependence of the anomalous resistivity on the ratio of drift to sound speed, as
shown in Fig.43, has been used to compute the current profile(14) and to show that there
should be a strong skin effect even at temperature maximum (= 15 ms). A weak skin effect
is observed and that only at early times. Anomalous electron heat conduction is taerefore

present with an effective heat diffusion coefficient exceeding that for anomalous

-13 =



(14

field diffusion. The calculations ) also show that no skin effect in the temperature
is to be expected at later times, when the airrent is reversed at the outer edge of the
plasma. (The actual current distribution is not known.)

For the case of a current pulse with a second rise, Fig.17, the field diffusion time
calailated from the mmeasured resistﬁme is such that & weak skin effect should have been

observed. None was observed, again indicating anomalous electron thermal conductivity.

17. ENERGY AND HEAT LOSSES

Typical values of the energy confinement time, tg, are shown in Table II and as

TABLE 11

Comparison of Energy Confinement and Equipartition Times for Various Discharge Conditions

thm) - Teqlms) = E_‘Zt—zi (ms) vg(ms)
12 4.7 13 4.5
30 4.1 24 4.5
18 7.3 20 2:6
13 5:2 19 2-6
18 35 22 5.5
18 4.2 16 7.2
18 15 12 5-0
15 13 7 2xi§
20 24 5.1 2.0

these are mich smaller than the observed particle confinement times, then particle diffusion
cannot account for the energy loss. When the plasma parameters are approximately stationary

then the energy equations for the electrons and ions are

Te+Ti_Te‘Ti+Te+Te+ Te
TE Teq T™e Tpe Tradn

T.-T; Ty Ty T

& = =_l_ + 'A + = e (15)
Teq Tpi i  Teh.ex.

where 7TE_ eq, He, pe, radn, pi, Hi, ch.ex. &re¢ the respective times for energy confinement,
equipartition, electron heat conduction losses, electron particle loss, radiation loss, ion
particle loss, ion heat loss and charge exchange. For ambipolar diffusion Tpe = Tpi = *n-
The total radiation has been measured and corresponds to a negligible energy loss. For our
neutral particle densities (~ 2 x 10° cm™ in the annulus) the charge exchange time is about
45 ms. As the particle loss is not significant then we have

Te+Ti Te Te-Tj

R o——— p —m——= and
TE THe Teq !

Te =T T

Teq THi

for the ions v.. (16)

1
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(4)

The latter equation for t.he ion erergy loss has been used by Artsimovich to show that
i "«/IBO R® n. Using the expression for the ion thermal conductlv.r.ty( ) we arrive at

the equation

I 3 i
dgm g [ VLBV T8y 1ug (17)
n = "Hi | . i Ti + Te

for the connection between the ion heat-loss time THj and the particle diffusion time,
Ty (for similar density and ion temperature profiles). When Tj % Te , Tqi 4is of the order
of 2-3 ms for the parameters of Table I, and ion heat conduction could be a very significant
energy loss mechanism. At lower concentrations when Te > Ti, Ty approaches the parti-
cle lifetime of about 30 ms, and ion heat corduction is not a significant energy loss pro-
cess since ~tyj 1s then much longer than <g. As pointed out before(‘o) if the

thermal isolation was only due to the ions then < should be related to the energy
transfer time given by réq =17 T é/ne, when the electron-ion interactions result from
classical bimary collisions. Such a deperdence is not observed but this could partly be
because the electron-ion interactions are not classical. However as Eq.(15) shows we have
to compare - Teq At ,}.‘z i Ti‘ with ~tp, where A\ is the degree to which the resistivity
is anomalous, if we assume Teq involves an enhanced collision frequency. This compari-

son in shown in Table II, and in no case does the ion loss term exceed 40% of the total
energy loss., Consequently the ions are not the principal source of energy loss and the
main loss process is anomalous electron thermal conductivity except possibly at the very
highest densities. Even allowing for an enhanced collision frequency the actual thermal
conductivity must be an order of magnitude greater than the neo-classical value.

It is worth noting that Kadomtsev“s) has derived an expression for the anomalous
thermal conductivity due to current-convective instabilities. This expression has the
same magnitude and functional dependence as the neo-~clussical loss due to trapped particles
in the intermediate region except that R® is replaced by 80 a® (and 80 a® = R®)., As
the electrons and ions are subject to such a loss then the observed ano:naious loss could

be due to such an instability.

18. RADIAL TEMPERATIRE PROFILE

From the considerations of the previous Section the equation governing the electron

thermal conduction is

dT
j2/0'=—lr'dd?x PT‘?e se e (18)

where j 1is the aurrent density and o the electrical condictivity. It is illuminating
to consider the solutions of this equation and the relation between the electrical and
thermal conductivity that it implies. The radial variation of the temperature near the
outside boundary is only sensitive to the form of Ke(r). Nearer the centre the current
profile becomes more important. Fig.46 shows some solutions of this equation for various
asswnptions about Ke(r) . j2 was chosen to be parabolic for thescomparison but the curves
are not sensitive to this assumption. If o is clasgical (e Te/z) .and Ke 1is related
to the thermal conductivity along a field line (=« Te/g), possibly due to a mechanism sug-
gested by Rusbridge(zs), then we obtain a flat temperature profile, curve I of Fig.46., For
the cross field thermal conductivity (= n3/Te 5) and assuming ng(r) « Tao(r) we obtain
curve II and for K ~ constant, curve III which is approximately parabolic. The neo-
classical thermal conduc tivity for the weak collisional intermediate region, and that of
Kadomtsev, is e I‘IET/2 and therefore gives the temperature profile of curve I. Convective
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plasma losses have also been considereduﬁ) and these give rise to gaussian shaped profiles,
curve IV. The observed profile, curve V, is flatter than parabolic and near the outer

boundary this implies that Ke is only a weak function of density or temperature (curve
I1I). '

The measured temperature distribution, if expanded in the following way

'Mﬂ=mw+§m+§ﬁ+". we, | 18)

has the property that T& « T3 which in turn .requires j2/c to be peaked off axis from
Eq.(18). This indicates the possible existence of a skin current even at long times

(= 15 ms) as predicted by numerical calculat.ions(m).

The relation between the electrical and thermal conductivity from (18) must be of

the form
Ke

A
-?l—z[a—ea_ see (20)

when we have used the definition of fe and A is a constant depending on the current and

temperature profiles.
Thus the electron heat diffusion coefficient is proportional to (Pg o)™, As

Bg = % when the plasma parameters are stationary then the heat loss depends only on the
electrical conductivity and this also has a relatively weak dependence on the discharge
parameters. The heat loss would decrease as Te% if the conductivity were classical
but in practice this not the case and it has a much weaker dependence. Such a heat dif-
fusion coefficient would account for the rapid diffusion of the temperature profile early

in time when fg is small.
19. THE QJRRENT DENSITY PROFILE

The hydromagretic stability of a TOKAMAK is dependent upon the field configuration
though if pg is large enough (of order unity) the necessary condition for stability is
that q = ;.Blg > 1 every\'vhere(zs) . In addition if the pressure profile is flat near the
centre it is also necessary that % > 0 for small I_(25). If pPg « 1 then the stability
is mich more sensitive to the detailed form of the magnetic field configuration. From the
known density and temperature profiles it is interesting to determine the current profile
subject to various assumptions. Ohm's law along a field line is Jjy = ouE;y and if we can

also write j, = o,E (the paramagnetic model) then

O"||Ez<1 - (1 - %) ;—E) = G'uEz : “as (21)

Bg o
1 = j,. = 1 = =%
JB -]z BQ < G”)

B
as B—e « 1. When the azimithal field is approximately constant in time and all skin effects

Jz

ne

)
have died away E,z(r) = congtant, and for a classical electrical conductivity this gives
3,
jz(r) = Teé(r‘), jg(r) « Te/g(r)Bg(I‘) . Insertinz the known temperature profile at a time

when the above assumptions hold we obtain

Jg(r) ' 4 & -
5al0) = (1 - 1/a0, sate) = 2 (1 - T el (1B L E o L
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Assuming B, to be approximately uniform this gives the critical qla) = 22, for q to
be greater than unity on axis and therefore everywhere. The value of gq(a) necessary

experimentally is usually close to this number,

However, the electrical conductivity rear current maximum is rever classical and has

a value lying somewhere on the aurve of Fig.45, which we can express in the form

/ V'D
ay = O'cl<1 + 7\.( VIS - T>2> 3

for . . — B Ty

where J,; is the Spitzer value for the conductivity ang A is a constant., In this case
4

for a uniform E, we obtain jz(r) «= _r_np-(r) x (1 - _r-4) , as ng(r) = Te(r) experimentally,
a

T .%(r)
which is the identical result to the clissical case.

Impurities, neutral and trapped particles all tend to lower the conductivity near the
outside edge of the plasma and consequently the current is lowered in these regions. The

current distributions are shown in Fig.47.

From pressure balance we have

i,B o
d _ _ 3% 1250 e 1 ,
= i - 5, JzBe ees (22)
1wl =w=N] 2
( ‘T") B?
and integrating we obtain
; BeI® = Mk(T, + Ty , Pp = ou/o een (23)

The classical value for Bp is therefore % which is always observed (Sec.20).

At earlier and later times E; iIs not uniform and the above arguments are not valid.
However suificiently late in time fg = 1, then By must be approximately uniform so that
the pressure balance equation takes the simple form
_$=ae iz e (24)
The measured electron pressure profile at such times is « (1 - r?/a®)2? and consequently
Jz(r) = (1 = r2/a?)/(1 - % -f—-:_,)é if we assume the ion pressure profile to be similar.

Again the aurrent profile is not very different from the temperature profile,

At later times the effective current radius deduced from the electron temperature
profile is a little smaller than atcurrent maximum but not by a factor as large as that
deduced from inductance measurements. This shrinkage has been postulated as due to a pinch
effect associated with the trapped electrons(so) at a velocity ~ Ez/Bg ~ 2 x 10°cm s~
but the observed shrinkage (=~ 2 x 10° cms—') is mich less than this velocity would indicate.

(It has been shown by Shaf‘r'anov(zs)

plasma radius is necessary for stability to a finite resistive tearing mode with azimuthal
mode rumber 2, however no such slow growing instability is observed though the current

that a current radius somewhat smaller than the

and plasma radius appear to be not very different.)

20, DISCUSSION OF Beg
Our observed scaling law that neTe = I® can be related to the simple Bennett
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relation Be I2 = 2 NKT if we calculate the average electron and ion energy. The latter
is obtained from neutral particle measurements, and in those cases where T; was not
measured, by interpolation from the formulae Tj m3dm The results are shown in
Fig.48, where we have also compared the results obtained by the diamagnetic measurements.
The mean value of £g whan the plasma parameters are stationary (i.e. there is no increase

in heating) is 0+47 £ 0-02, Provided the plasma is stable tiils value is independent of the

current, stabilising field and density over the range of these parameters studied.

The value of (g can be limited either by equilibrium, stability or diffusion. The
observed values are still well below the possible.eauilbrium liﬁlit for a TOKAMAK (~ R/a),
and as no rapid VHD instabilities are observed fg must also be below the stability limit.
The limiting @g is therefore determined by the loss process.

As already noted (Sec.19), Bg =% is the result to be expected from a paramagnetic
model if o‘J_/o'u = )%, This latter value is the classical result when the Hall cqurrent is

not allowed to flow.

If the loss processes are neo-classical then the energy confinement time, or heating

rate must be equal to the neo-classical containment time.

From Fig.43, for the Pfirsch-Schluter regime we have

N(Tg + Tj)m a° g, @ 3
2 ay = ces (2-’))
I Bq”
and hence @g = & (which is-similar to the quoted 'equilibrium' limit in a TOKAMAK). In

r
the collision-free region of Galeev and Sagdeev, a similar balance gives

Be*(%)% vee (26)

which is a number only a little greater than unity (1:6 for T3). Most of the experimental
results lie in the weak collisional intermediate region where we find

pe:(%y“(ﬁ-' e (27)

which for our data can have values of up to 3.

The observed value of fg = % at temperature maximum is evidently the result of an
anomalous loss process associated with electron thermal conduction. This value is also
predicted on the basis of the paramagretic model for the classical ratio of o’_._/o-u = k.
The value of pg observed late in the airrent pulse may be due to the fact that the loss
processes become neo-classical and we approach the limit set by Eq. (27). It could also be
due to the energy content of the discharge responding to the decreasing airrent with a
time delay of the order of the energy confinement time. Nevertheless the plasma showed no

signs of reaching an equilibrium or stability limit.

In addition to these limits on Pg for an ohmically heated system there is also one

(30)

interesting point associated with the ret drift irwards of trapped particles which pro-

1
e naf B B2
el R ) By

compared with the outward current due to diffusion

duces a current
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Writing j; = iy b By = oy E; we see that these two rates are comparable when g = 1,
though for our parameters this mumber will be greater than unity as v > vy. On this

basis one would expect an inward drift of the plasma early in time when Bg 1is small and
an outward drift later in time. The expected drift of about | cm ms-' is not observed,
though such an effect could be masked by the relatively rapid energy loss processes. Late
in time when a drift outwards of the same magnitude is expected, the confinement is good,

and there is no expansion outwards.’

21. SUMMARY

1. The distribution function of the electron velocities perpendicular to the major cir-
cumference has been measured by Thomson scattering and is close to Maxwellian. The density
obtained from the absolute scattering cross section is in agreement with the demsity

measured by a microwave interferometer.

2. Electron temperatures of 100 &V to 2 keV and densities of 1-4-5x 10" on™ have been
measured on TOKAMAK T3A.

3 The temperature and density profiles at the temperature maximum are flat over one third
of the limiter radius and satisfy the relation Tg(r) = Te(o) (1 - (r/a)*)?. Towards the
end of the pulse they become more parabolic. The density profiles agree with those obtained
from the milti-channel. microwave interferometer. At early times there is a weak tempera-

ture maxima off axis due to skin currents.

4. There is good agreement betwecn the diamagrnetic plasma energy and the energy derived
from the pressure profile obtained from scattering and ion temperature measurements; up to
times of abait 20 ms. When the diamagretic temperature agrees with the sum of the electron
and ion temperatures, the current radius, inferred from inductance measurements, is close

to the pressure radius,

5. For parameter values at temperature maximum, the following scaling laws hold

1. I = const. T «

2. ng = const, Ta

3 ng Te = I?
No dependence on the value of the stabilising field was found provided that gq was greater
than 2-3 for stability.

6. The total energy content at temperature maximum scales as the square of the current

and satisfies the modified Bennett relation
56]:2 = 2 Nk(Te + Tl)

with pg = 0-5. This value increases with time and reaches 2, which is close to the limit
imposed by neo-classical diffusion (Sec.20), towards the end of the airrent pulse.

7. The observation that there is only a weak skin in the temperature profile during the
current rise and none at all during the stepped current pulse regime can only be explained

if electron thermal conductivity is anomalous.

8. Values for the particle confinement time deduced from absolute measurements of the
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intensity of Ha arising from an anmular ring around the plasma are close to those pre=-=

dicted by Galeev and Sagdeev when an effective collision frequency is used.

9. The resistivity is always observed to be anomalous and increases rapidly when the
ratio of drift to sound speeds exceeds unity. Only late in the current pulse does the

resistivity approach its classical value.

10. Weak instabilities, sometimes observed when the safety factor (¢ is in the range 2-3
do not affect the value of the temperatire on axis. If q is 2 or below then 'instabili-
ties! are observed: which grow in less than 20 pus and are also associated with low frequency

oscillations of the plasma column.

11. Using Ohm's law and pressure balance we find that the current profile at and beyond
temperature maximum probably differs very little from the observed temperature profile.

12. The principal energy loss mechanism is identified as electron heat conduction except
possibly at the highest densities where the ion thermal conduction may play a significant

role.
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Thomson scattering signais 6cm from axis, 25msec from start of current.

[ Te=64Q¢eV, n, =14 x i10%em”® Bo=17kG iz =02kA, =70 msec.]

A . - | usec/div.
&8mV/div. channel 8 (-AA = 5464)
20mV/div. channei 3 (-AA = IS6 A)

Thomson scattering

[n.(0l-|~7* IO”l:rlf!,Bo =25kQe [ = 90kA , 7=40 mscc]

Thomson scattering

5OmV /div. channel 4 (-AA - 234 AU%)

1OmV/div. channei 8 (—AJ\- 546 & Us)

R | psec/div

Fig.7 Thomson scattering on two detection channels, 20 msec from the start of the
current pulse. A good signal to noise ratio is evident.

na(o) is the density on the magnetic axis and T is the current pulse duration.

t =iSmsec
Bo =25 kOe
1 =90kA
N (o) = 1-9x10Y cm*

T, =640ev

Log intensity
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Fig.8 Logarithm of the scattered intensity as a function of the square of the wave—
length displacement, (AA)2, The linear behaviour is good evidence for the Maxwellian
distribution of velocities transverse to the main field direction. The temperature
in this case is 640 eV. CLM=-R 107
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Fig.4 The spectrum of background radiation over the range of scattering wave—

lengths, showing the peak due to the Balmer a line. The channel width is
indicated on the abscissae.

[B.-zsua. [ = wu}

t= 25msec
my

Intensity (mV)

¥ ) ] iz 207 car?
Average electron density (microwave measurements)

Fig.5 Intensity of backgroaund radiation as a function of average electron
density. Full curve shows a quadratic dependence on the electron density.
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nominally the same discharge parameters.
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Fig.19 Electron temperature as a function of electron density for a maximum current of 128 kA. The dotted
curve shows an inverse dependence on the concentration.

A By=25k0e
10~ O By=IT7k0e
e (o) = 5x 103 em?? A
t=25msec
T, (keV) 05
0 1 1 1 1 ]
0 20 40 60 80 100

I (kA)
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Fig.22 Current and voltage oscillograms for unstable and
stable operating conditions.

(a) shows a weakly unstable discharge, where the current
waveform is unchanged. Higher currents lead to abrupt
changes in the current as well. Note the periodic nature
of the 'instability', producing a voltage spike every
3-4 msecs.

(b) shows a stable discharge. CLM=-R 107
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under unstable conditions. A voltage spike corresponds to a rapid increase
in incensity (t < 20 psecs), probably due to an MHD linstability near the
outer boundary. Low frequency oscillations are also evident between each
voltage spike.
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Fig.30 Graphical summary of the radial temperature profiles for times of 4, 18, and 30 msecs, all norma-
lised to unity on axis. A weak skin effect is evident at 4 msecs. The profile shown at 18 msec follows
the relation
Te(r) _ 4y2
. m = (1 =(r/a)*)* ,
and at 30 msecs is close to parabolic. The different points refer to data for various conditions from
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Fig.42 Deperdence of the particle confinement time on the
average electron demsity for the range of conditions studied.
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Fig,46 Normalised temperature profiles as a function of' the normalj.seds adius,
r/a, for losses due to electron thermal conductivity, Ke. I for Kg « Te/<, II
Ke = Te%, III Ke independent of temperature and density, IV losses due to con-
vection [25] and V the experimental profile.
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Fig.47 Suggested current dersity profiles at temperature maximum. Both j,
and jg are shown with the latter magnified by more than twenty times.
CIM -R 107
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Fig.48 Total plasma energy (Ljoules/cm} as a function of the gas current showing the curve for
Bg = 0-5 in the relation PgI* = 200 NKT. Points obtained by diamagnetic measurements are marked
X, and those derived from Thomson scattering and ion temperature measurements by 0. CM-=R 107













