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ABSTRACT.

Inthelast year, JET tokamak performance hasbeen progress! vely raised, culminating in operation
at thefull design level of SMA plasmacurrent in atoroidal field at 3.4T. Plasmacontrol has been
improved with the plasma current, position, shape and line-average electron density all now
controlled by feed-back systems. By glow discharge cleaning in hydrogen/methane mixtures, the
interior of the vessel has been coated with carbon (carbonisation). This reduces the fraction of
power radiatedto 50% and raises the density limit for disruption by 10%. Operation over awide
range of parameters, including varying major and minor radii, has given datafor more extensive
scaling studies. With ohmic heating, the maximum global energy confinement timeis0.8 £ 0.Is
and the maximum central ion-temperature ~3.0keV. The highest (7 T¢ 1A'1) product isreached with
onmic heating in a deuterium plasmaand is ~6 x 10"°m skeV+20%.
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INTRODUCTION

The main parameters of the Joint European Torus (JET) are shown in Table 1. Typical pulse
durations are 15s with current flat-top times of 5s or greater. The aims of the last year
of ohmic operation have been to extend the operating range to the full design values, to get
cleaner plasmas than hitherto and to establish a wider data base for scaling studies. All
these aims have been achieved to some extent. Details of the JET apparatus and earlier
results have been given by Rebut and Green (1984) and Rebut et al (1985).

TABLE 1 JET Parameters ] TABLE 2 JET Carbonisation History
Glow discharge voltage 400V: Gas Pressure ~ 5.10 *mbar

Parameter Design Operational Date Gas Diséharge Wall Duration
Value Values (number of Mixture Current (A) Temp (hours)
Sessions) (°C)
Plasma minor 1.25m 0.8 - 1.2m -
radius (hor) , Aug 84 (2)  H2-3%CHa 3 250 1
Plasma minor 2.10m 0.8 - 2.1m Sept 84 (1) Hz2-3%CH. 3 250 6
radius (vert) A
Jan 85 (1) D2-2%CH, 5 300 6
Plasma major 3.0m. 2,5 - 3.4m ’
radius (R} ' Feb 85 (2) D2-2%CH. 5 300 8
Toroidal magnetic £3.45T7 £3.457 Mar-May 85 D2-12%CHau 5 300 6
field at R=3.0m (5) )
Plasma current S4.8MA <5.0MA Late May 85 D2-17%CH. 6 300 48
(Ip)' o ) (1) '

MACHINE OPERATION

Figures 1(a) and (b) show toroidal and poloidal cross-sections of the JET device. During
1985, the machine operated with 4 carbon limiters, Y4 nickel limiters and 2 RF antennae

(a) vuv spectrometer H, channsl + spectrometer
+ H, channel (b) )
Soft X-rays Plasma — 8 individual bolometers
Boundary Zim)
PHA Plasma
Boundary

Torus
spectrometer
'H, channels
+
spactrometers

[
S
\\‘\‘“l 1l
"\\\‘“‘I"
Wl

Horizontal bolometer
array (Oct.2)

Surfaces A\’\M"/
-5 -4 -3 -2 -1 0 1 N
]
Vertical bolometer 8 H, channels +
array (Oct.2) spectrometers

CR 85.204/15
o |
Fig. 1. (a) Toroidal and (b) Poloidal cross-section of the JET machine, showing the
line-of-sight of various diagnostics. 1In (b), the left-hand poloidal cross-section is taken
through Octant No. 5 (marked as the dotted line in (a)); and the right-hand poloidal
cross-section is taken through Octant No.2 (shown as the dotted line in (a));
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installed on the outer equatorial plane. The carbon limiters were the effective ones with
the nickel limiters withdrawn Ycm behind. The antennae were also 2cm behind the carbon
limiters for most of the operation. In addition the small major radius side of the interior
of the vacuum vessel was covered to a height of + 1m by carbon tiles for the 1985
operations. Figure 2 shows the vessel interior where all these features can be seen. The
interior vessel wall was maintained at a temperature of about 300°C for all the experiments
repdrted here. The base pressure was typically 10 ’mbar, comprising 10 7mbar of
hydrogen and 107 °mbar of residual impurities. The vessel was conditioned by glow
discharge cleaning in hydrogen, deuterium/methane or hydrogen/methane mixtures.

Fig. 2. Photograph inside the JET machine, showing the relative orientation of the two RF
antennae, and the nickel and carbon limiters. The extent of the carbon protection tiles on
the inner wall is also shown;

DIAGNOSTICS

a) The torus is equipped with 18 poloidal field pick-up coils inside each octant,
continuous loops around the symmetry axis and local flux loops on the exterior surface of
the vacuum vessel, enabling determination of plasma current, loop voltage, plasma boundary
and the internal flux surfaces.

b) The -electron temperature Te(r) profile is measured by an absolutely calibrated
electron cyclotron emission (ECE) system viewing along several major radius chords in and
close to the mid-plane. Michelson and Fabry-Perot interferometers and an echelon grating
polychrometer are used fo give varying frequency coverage and time resolution. The electron
temperature is also measured by a single point Thomson scattering system, at a fixed point
on the equatorial plane at a frequency of ~1Hz throughout the pulse. The 'fixed' point can
be changed between pulses. Generally good agreement is obtained between the two methods
(Costley et al 1985).

¢) The electron density ng(r) 1is measured by a single channel 2mm microwave
interferometer, and a seven channel far infra-red laser (190um) interferometer system.

d) The ion temperature Tji is measured by a mass-selecting neutral particle analyser
viewing the plasma along a chord in the mid-plane (Corti et al.,, 1985). In deuterium the
ion temperature is also deduced from the neutron yield and from the energy distribution of
the emitted neutrons with a *He spectrometer (Jarvis et al., 1985).

e) The effective ion charge Zgpr is deduced from the bremsstrahlung continuum
intensity at 523nm viewed along a vertical chord. The electron temperature and density
profiles from other diagnostics are used in the analysis,

f) The radiated power is measured by bolometers viewing along 34 chords at one poloidal
location and by single bolometers in each octant. Assuming constant emissivity on magnetic
surfaces, the multiple chord data is Abel inverted to give local radiated power densities
(Gottardi et al., 1985).

g) The temperature and power flux in the scrape-off plasma have been measured with a single
Langmuir/bolometer probe inserted from the top of the vacuum vessel (Stangeby et al.,
1985).
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h) Soft X-ray measurements have been made with diodes viewing the plasma horizontally on

the mid-plane through various filter thicknesses. There is also a single chord pulse-height

analyser system which gives a measure of metal ion concentrations (K-lines) and a secondary

measurement of electron temperature (continuum).

i) Visible spectroscopic observations (viewing the plasma through ~100m of optical fibres)

yield data on H; emission and the influx of light impurities from the limiters and the

walls. Two close-coupled spectrometers cover the ranges 200-700nm and 10-170nm yielding .
information on impurity species and ion states from which the central impurity

concentrations can be deduced (Denne et al, 1985, Stamp et al, 1985).

J) Surface probes can be introduced into the torus to determine the nature of machine

surfaces after glow-discharge cleaning and/or plasma operation (Coad et al., 1985). Long.
term samples, distributed over the interior vacuum vessel, are analysed after each

experimental period. '

k) An infra-red camera system (sensitive around 900nm) observes the emission from a carbon

limiter. In some cases, this emission reflects the rise in surface temperature up to

~1500°C, In other cases, the temporal behaviour of the emission 1s not consistent with a

temperature rise but may be due to emission from carbon lines or excited molecules. The two

cases can be clearly dlstlngulshed

PLASMA CONTROL

The plasma current time dependence is determined by a combination of pre-programming and
feedback control of the excitation of the flywheel generator in the poloidal field circuit.
The plasma density is also feedback controlled by varying the gas introduction rate
according to the line density measured by the 2mm microwave interferometer. Since density
can only be added in a controlled way, the system is ineffective when the gas release rate
from wall and limiters is too high or is increased uncontrollably. Examples are the density
risé accompanying sudden increases in power input from RF heating or large gas releases from
walls and limiters immediately after carbonisation.

The plasma position and shape 1is determined in real-time from the magnetic signals. The
radial position is maintained by a feedback system controlling coil PF4 voltage (Fig. 3).
Up~down plasma symmetry is maintained by a similar system driving differential currents in
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sections of coils PF3 and PFi., The plasma shape is primarily determinéd by the proximity of
plasma to the unsaturated parts of the iron magnetic circuit, ie by the plasma size, and by
the magnitude of the quadrupole poloidal field generated by feedback - controlled opposite
currents in the coils PF3 and PFM. With these feedback systems and under normal operating
conditions, the flat-top current is held within 5% of the desired value, the radial position
to * 3em, the vertical position to # lem and the elongation ratio to within 5% of the
pre-set value. ' ' :

The initial "fast-rise" phase of JET operation is made by first charging the inductive store
represented by the primary coil PF1 up to a pre-set current and then opening a switch across
~a resistor in the circuit. The higher the value of the resistor the higher the voltage
applied at breakdown but alsc the faster the rate of plasma current rise in this phase.
Experiments have shown excessive disruptive behaviour if the current rise rate exceeds
~1MA/s, probably due to skin currents and multi-valued g versus radius. To achieve adequate
breakdown and a slow rise rate requires the charging current in PF1 coils to be limited to
~50% of its design value. Hence, only 25 of the theoretically available 34Vs can be used.
For this reason, the record peak current of 5MA can be maintained at present only for about
1s. Modifications are planned to enable the resistor value to be reduced with time, giving
a high breakdown voltage and a sufficiently slow current rise rate. Experiments on the
breakdown phase are described in the papers (Thomas et al, and Schliller et al, 1985).

VERTICAL INSTABILITY

During one pulse in 1984, the growth rate of the vertical instability exceeded the capacity
of the feedback system. The plasma current centre moved downwards 1m. without significant
reduction in current " (~2.6MA). Unexpectedly, very large forces (~300 tonnes) were
transferred to the vacuum vessel causing significant displacements and a sllght permanent
distortion. The transfer of forces is now believed to be due to poloidal currents flowing
radially through the plasma and returning in the rigid vessel sectors. Since then the
vacuum vessel mounting has been considerably strengthened, .with 16 tie-bars connecting the
main ports to the iron limbs, restraining vertical motion and hydraulic dampers restraining
the top and .bottom vertical ports against sudden radial movements. Experiments with
deliberately induced vertical instabilities at low currents have shown torus displacements
reduced by a factor of ~3, when normalised to the square'of the plasma current. Studies of
these results and the growth rate dependence have lead to the imposition of an operating
limit, :

If, (b/a - 1.2) < 5.0 (MA?) (1)

From this expression, it is clear that a current of 5MA cannnot be used with full plasma
elongation (b/a~1.6). This limitation may be raised after further strengthening of the
torus mounting and/or through a better understanding of vessel stresses. However, it seems
likely that operation at currents of ~7MA will have to rely on a feed-back system with
sufficlent redundancy to protect the vacuum vessel from damage. '

CARBONISATION AND IMPURITIES

"Carbonisation" of the torus interior is achieved by glow discharge cleaning in a mixture of
hydrogen or deuterium and hydrogenic methane (CH») The carbonisation history of JET is
shown in Table 2.

Analysis of samples exposed to carbonisation shows that carbon is diffused into the surface
of inconel with a 100% coverage of the surface only being achieved in the case of the heavy
‘carbonisation in 1985 ie. with 12% CHs, 6 hrs or 17% CH., 48 hrs. (Coad et al., 1985),

Even before carbonisation, carbon was an important plasma impurity, due to the presence of
carbon limiters and protection plates. The carbon concentration in the plasma core is
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usually 2-3% ng, and the limiters are the main source of carbon influx. Depending on the
vacuum vessel cleanliness, 1-4%ne of oxygen is found for which limiters and walls are both
important sources. A few tenths of a percent of chlorine is believed to originate from
torus washing aftér a vacuum opening. Concentrations of these light impurities are fairly
insensitive to plasma currents and electron density. They increase in cases of stronger
plasma-wall interaction, eg high elongations, and when approaching-the density limit.

Nickel is the most important metal impurity. In addition, some chromium and iron are
observed., Nickel and chromium are the main constituents of the Inconel vessel walls. The
Faraday shields of the ICRH antennae present in the machine for 1985 operation are made of
nickel, Metal impurities are especially prominent in low ‘density plasmas.  Their.
concentrations increase with plasma current, but decrease with plasma density, particularly
steeply near the density limit for disruption.

During initial operation with new carbon tiles on the limiters, metal concentrations in the
plasma were very low. After several weeks operation, the tiles become coated with metals
probably due to strong plasma-wall interactions in disruptions. After some time, the metal
deposit comes to an equilibrium level of ~102! atoms/m?, (found by surface analysis-of
limiter tiles after the 1983, 1984 and 1985 operation periods (Ehrenberg et al., 1985)). At
this stage, the carbon limiters are the main sources of metal influx into the plasma.
However due to the specific deposit topography, there is still about 90% carbon on the
exposed surface. .

After the initial contamination of the limiters, carbonisation was used routinely in 1985 to
produce discharges with low metal content, and has been the most successful cleaning
technique in JET so far. Before carbonisation JET plasmas had high radiation levels
170-100% Pq) and Zgpe was typically 4-5 or higher.

Carbonisation (first carried out in August 1984) led to an immediate reduction of metal
concentrations and radiated power. Oxygen and chlorine reduced gradually after repetitive
carbonisation to values below 1% and 0.05% respectively. After such repetitive
carbonisation, Ppap was only U40%P; at modérate densities (ie the same value as with
new limiter tiles) and 80%Py at high density. The fraction of radiated power over input
power versus electron density is shown in Fig. U4 (before and after a relatively light 1984
. carbonisation). Zeppr was 3-4 for moderate and 2-3 for high electron densitites in the
carbonised case. '

Metal concentrations, derived from VUV spectroscopy, are about five times lower after a
standard JET carbonisation (12% CHs,6 hrs) but they recovered after some 20 plasma pulses
to their previous level, A particularly heavy carbonisation carried out in 1985 (17%
CH4,48 hrs) resulted in a two orders of magnitude reduction in metals and a recovery time
of ~200 plasma pulses. In 1984, the reduction in the fraction of power radiated for
moderate densities lead to a clear heating of the limiter surface to 1800°C and metal was.
observed to evaporate from the surface. In 1985, even with low radiated fraction this
heating has not been seen, presumably because of the proximity of relatively large antennae
taking some of the load. The effect of the carbonisation on the Hugill diagram is shown in
Fig. 5. ’ '

Carbonisation points are plotted indiscriminately without regard to the intensity used or
the number of pulses after the treatment. However it can be seen that carbonisation extends
the density 1limit by -~10%. Fig. 6 shows the radiated power profiles before and after
carbonisation for similar plasma parameters. There is a reduction in the power radiated
- from. the plasma core and a narrowing of the annular radiating zone surrounding the plasma.

Carbonisation is effective in reducing metal concentrations temporarily and oxygen on a
longer timescale, but it leads to high carbon concentrations and thus a dilution of the
working gas. For Zarr ~3 and a carbon/oxygen ratio of 3:1, about 40% of the plasma
electrons originate from impurities. Such depletion can be seen when comparing the neutron
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yield with the ion temperature from the neutron spectrum. Agreement between the ion
temperature deduced from the yield and that measured requires a deuteron/electron density
ratio of typically 0.5 in the plasma core. Hydrogen release from the deposited carbon also
makes density control difficult in the first few shots after carbonisation. However
carbonisation is the only means found so far for reducing the radlated power once the
limiters have become coated with metals.

Figure 7 shows Zgpr from bremsstrahlung measurements versus the ratio Tg/J
where j is the mean current ‘density in the plasma, both before and after carbonisation.
Carbonisation reduces Zgpp slightly but the minimum value is still high at ~2.5. Té6
reduce this further, it is planned to surround the plasma more completely with low Z
material, ie more carbon tiles. Other measures under discussion include gettering with
beryllium or chromium and the use of beryllium limiter tiles.
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EDGE PARAMETERS

Measurements of plasma parameters in the scrape-off layer of JET discharges have been
performed in limited cases with an array of Langmuir and heat flux probes. An example is
shown in Fig. 8 at Ip'= 2.8MA, where the extrapolated plasma parameters at the plasma
boundary are Te ~100eV; ng =~2x10'°m™%. The scrape-off layer profiles of ng(r) and
Te(r), sueh as Fig. 8 (Ip ~2.8MA, fg ~ 3x10*°m™%,b/a~1.5,) have been used to.
calculate impurity genération rates due to sputtering of the limiter which are then compared
with the spectroscopically observed influx. Only a small fraction of the impurity
production at the limiters can be accounted for by hydrogen or deuterium impact. Under some
conditions, the observed fluxes can be shown to be in rough agreement with carbon and oxygen.
ion sputtering. '

The scrape-off layer ng(r) and Tg(r) profiles were also used to calculate the shielding
of the main plasma from impurities generated at the walls and limiters, and to compute the
impurity content of the discharge. It is found that the scrape-off layer shields the main
plasma quite effectively from impurities generated at the walls and that the principal,
direct source of impurites in the core is due to the limiter. The values of ng and Tg
at the limiter tip are sufficiently high that all limiter impurities are ionised within a
few centimetres of the limiter. The shielding of these limiter impurities is therefore
approximately species-independent. The impurity density in the plasma can be estimated by
balancing the impurity influx Tj particles from the limiters against the diffusive
eutflow,

'njD _
Ai*trso

= F—J

where nj is the .density of impurity species j in the plasma, Aj; the ionisation length
for the impurity entering the plasma, Aigo the scrape-off layer thickness, D the
diffusion coefficient for particles and A the plaéma surface area. For JET, this gives
nj = 10'3rj m-3, Such concentrations are in agreement with measured values of
Zerr (~3) in such discharges.
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Combining the Hy, flux measured on the limiter and the power loading deduced from the

surface temperature measurement at A ~900nm reasonable agreement is obtained with the data

from the Langmuir probe. The scrape-off layer thickness deduced from" the thermal

"footprint" on the limiter is in good agreement with the Langmuir probe measurements after

correction for compression of the flux surfaces near the limiter on the mid-plane of the
vessel.

Since the plasma-limiter contact dominates the influx of low and high Z impurites the
limiter surfaces have been analysed by a variety of techniques and substantial coverage by
(wall) metals was found after operations in 1983, 1984 and 1985. The surface concentration
reflects broadly the plasma footprint on the limiter surface and the coverage is about
2.102! atoms/m? for the colder edges down to 2.102° atoms/m? in the hottest areas. Large
(2'100um: splashes) and small (~1pm) droplets are found in certain areas of the surface,
On the limiter edges, an anomalously high concentration of D» (5.10%! atoms/m?) was found
and this is attributed to co-deposition of D. and carbon. The déuterium inventory in the
limiters is -~10 timesvthat'in the plasma for one shot.  Thus, the limiters represent a
potentidl source for uncontrolled gas release if they become sufficiently hot.

DENSITY LIMITS

From the Hugill diagram (Fig. 5) it can be seen that the density limit (n;,) for ohmic
discharges before carbonisation was

= -3y 20 B(T
nL(m ) :].OX'IO m)—(aéﬁ

and increases by about 10% after carbonisation. Although this is a small effect, there is a
more important change from an operational point of view. Disruptions at the density limit
after carbonisation tend to be slower and Marfe-like compared with hard disruptions before
carbonisation. ' '

At the density limit both before and after carbonisation, the contribution from metal
impurities is small. The results are consistent with a model (Wesson et al, 1985) in which a
density disruption occurs, whenever the radiated power from the annular zone outside the
q¢=2 surface approaches 100%of the total input power. If the radiation is assumed to come
from helium-like states of light impurities (Schlller et al, 1985, Gowers et al, 1985)
then a fair agreement between experiment and observation is obtained. Since in this model
r1Lo¢(P/f')y2 where P 1is the total input power and f the fractional impurity content, there
should be no difficulty in raising the density limit by the required factor of 2 when the
power input is increased from the present (ohmic) values of ~3MW up to a total of about
35MW. This assumes that, as in the present RF (< 5MW) experiments, f remains independent of
P. Density limit disruptions may be of the Marfe {Stringer, 1985) type with strong initial
poloidal asymmetries in the annular radiating layer or .more conventional with approximate
symmetry. (More details are given in O'Rourke, et al. 1985).

CURRENT LIMITS

With the density significantly less than the limiting density the discharge still disrupt in
about 7% of cases over the whole data set. The probability of disruption peaks at ~20% for
372<qcy1<3'5‘ However, discharges have been made with deyl ~1.6 (q ~2.2) at
3.25MA in 1.7T field, without disruption. From this evidence, a TMA discharge should be
possible using the full aperture in JET. Concern about potential damage from disruptions or
vertical instabilities precludes operation at this level for the present. Fig. 9 shows some
of the tbajectories in Hugill space of low eyl discharges. Note a common feature of
tracking down the density 1limit line, as the discharge current and correspondingly
1/qcyl fall at the end of the current pulse. '
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The time constant of the current quench phase depends whether the equilibrium field system
can respond fast enough to maintain position control (Schliller et al., 1985). For
currents <1MA, this control is maintained and the quench time is a constant 250ms. For
currents >1MA, this becomes increasingly difficult and in the worst case the current fell
from 3MA to zero in 10ms. In these "lost equilibrium” cases, the discharge moves rapidly to
the small major radius side of the torus axis, interacting strongly with the inner wall. 1In
such cases, the photoneutron production may reach 3.10'“/disruption with accompanying local
photo-activation of the torus wall.

SAWTEETH

Sawteeth oscillations are seen on the signals from soft X-rays, neutrons, electron
‘temperature, ion temperature and electron density in flat-top discharges for which eyl
at the boundary is less than 12. Fig. 10 shows an example of sawteeth on the central
electron temperature as measuéd by electron cyclotron emission. In many discharges,
sawteeth are aperiodic and complex. In a simplé case, the sawtooth period tgT is
correlated with the global energy confinement time Tz and for a particular data set the
period of simple sawteeth scales as TST/TE = 0.13+30%. More commonly, in JET, the
behaviour 1is dominated by giant sawteeth having roughly twice the period of the simple
sawteeth (Campbell.et al, 1985).
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By using the fast electron cyclotron emission grating polychromator (Tubbing et al, 1985),
it is possible to track the passage of the thermal wave excited by the sawtooth collapse in
the plasma core. The observed propagation can be interpreted to give the effective electron
thermal diffusivity Yep and this can be compared with the value XeE
deduced from the global energy confinement time (Xeg = a?/h. TE) typical results
from a single shot during RF heating (1.3MW) and after RF durlng the Ohmic phase are

Xep XeE Xep’ XeE
RF 3.5m2s™! 1.6m2s™! 2.2
Ohmic 3.4m2s™! 1.0m2s™! 3.4

The reason for these differences is not known. A possible explanation is that the
equilibrium profile is close to a state of marginal stability and any perturbation causes an
enhancement in the thermal loss mechanisms. Another possibility is that there is an inward
thermal pinch term analogous to that found for density diffusion.
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HIGH CONFINEMENT AND HIGH CURRENT SHOTS

Figs. 11, 12 and 13 show a consistent set of data for a high confinement time shot. The
discharge c¢urrent is held at 3.6MA for a time of 6s.

elongation ratio b/a ~1.5.
cis 2.4MW and Zgpr ~2.6 (q,

3.5).

The minor radius is 1.2m and the

electron temperature which is not reflected in the volume average electron

This is the consequence of the flattening with time of the electron temperature
Figuré 14 shows the current wave-form for a 5MA shot.

can be seen in Fig. 13.

the chances of disruption these shots were run at
corresponding global confinement time is not remarkable at ~(0.5s. Nevertheless, these shots

show the technical feasibility of full design performance in JET.

Towards the end of the current flat-top, the ohmic input power
Note the initial overshoot

in central
temperature.,
profile that
To minimise

intermediate density so that the

Longer flat-top times

will be feasible when, after circuit modification, the full volt-second capability can be

used effectively.

(a)
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Fig.11. Pulse No:5507: (a) Current, (b) Volts
per turn, and (c¢) Line average electron density
versus time;
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CONFINEMENT TIME AND LAWSON PARAMETERS

The global confinement time (-rE) is calculated near the end of the current flat-top when
quantities are in an equilibrium state. g 1s defined by 1g=(We+W;i)/Pjinpyt,
where Wg and Wj are the electron and ion energy contents in the plasma. We 1s
calculated simply using the known electron density and temperature profiles integrated over
the volume of the derived magnetic surface. The ion energy content is calculated using the
measured (NPA) central ion temperature, assuming that the radial profile has the same form
as the electron temperature together with the ion density (n;) from,

n, np (1+Y) n n

[o}

[¢]

(n'D, ng and n, are the deuteron, oxygen and carbon ion densities, respectively)

np/ng is derived from the neutron yield using the neutral particle analyser ion
temperature, Y is the ratio of hydrogen to deuterium (normally 5%) -and the ratio ny/ng
is calculated from the spectroscopic data. Together with the equation for charge
neutrality ' ’

np + ng 8 + ng 6 = ng
this determines nj/ng

The global .confinement data for discharges in JET is plotted versus the scaling
Rzai'iqcyl in Fig. 15. This is not the best regression fit to JET data but is shown
here for comparison with earlier results from JET and TFTR. The best regression fit now
shows a weaker dependence .on density than found previously (J G Cordey et al, 1985). This
may reflect the greater variation with density of the fraction of power radiated (Fig. 4)
since the first carbonisation in late 1984,

08
20t
PulseNo.
5507
151
.y
D)
] o
£
]
=
x 1of N05486
0 A DuringRF
o e No.5486
Before RF|
H )
Df 1984 Ohmic : ) 05+
¢ 1985 Chmic ogmag
o
X 1985 RF . > RF (D)
<
L 0 1 'l 1 1
1 1 1 1 t
% 5 10 15 20 0 1 2 3 "4 5
fig R%a(x10%%) T (NPA) (keV)
Fig.15. Global energy confinement time, 1, Fig.16, Lawson diagram of niTE versus
versus the scaling factor FfiqR?2a for both fi(NPA) for both hydrogen(H) and deuterium(D)
Ohmic and RF heated plasmas. The data from PLT plasmas during ohmic and RF Heating. Pulse
and TFTR are shown for comparison; No:5507 and Pulse No:5486 (both before and

during RF heating) are highlighted;
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In Fig. 16 the performance of JET 1is plotted in the Lawson plane of Bi?E versus %i-
Here nj is the central hydrogen isotope density (usually significantly less than the
electron density). g is the central energy confinement time and T; the- central ion
temperature. For a limited number of -shots tz(¥) has been calculated where

¥
g () = 3/2 _of neTe * niTi) av
P

¥

Py 1s the power input inside the flux surface Y. Pw'is calculated from the known loop
voltage and the current distribution deduced from magnetic measurements. TE(W) is found
to have a broad maximum inside the plasma half-radius, such that tg(¥) ~1.3 1p where
0 is the global confinement time defined earlier. This ratio has then been applied to
all the analysed shots on the Lawson dlagram. The measured density profile generally has
the form

ng =0 (1 - r2/a?)%
giving a ratio ﬁ/ﬁ of 4/w where A is the line-average value.

The effect of RF heating in kaising the central ion temperature can clearly be seen. The
performance of ohmic heating plasmas is typically 20-40% higher in 1g with deuterium
rather than hydrogen plasmas, under similar conditions. With RF no attempt was made to
increase the density above the Ohmic limiting value. In addition, RF was usually applied to
standard ohmic plasmas with modest densities, ie discharges in which the ohmic' confinement
time was typically ~0.5s and not the highest attainable. Coupled with the observed
degradation in t1p when heatlng 1s applied, this leads to the RF dischargegA QQViqg the
highest T; but only modest n TE' The highest value of the product n =g Ty 1is
~6 x10'°m™%s keV; obtained with Ohmic heating. For the RF cases, 1 1s calculated
assuming that all the power launched from the antennae is absorbed by the plasma. At
present, power accounting is not accurate enough to prove this assumptlon.

MAGNETIC SEPARATRIX OPERATION

However, with this assumption, the first results with RF heating (Jacquinot et al, 1985) on
JET show confinement time degradation similar to that seen on other machines with neutral
beam or ion cyclotron resonance heating into limiter-bounded plasmas (Goldston 1984).

Z{m)
(=)

m

_s| - Pulse No. 5564 Fig.17. Pulse No:5564: (Ip=2MA, BT=2.6T)
Time = 17.3s showing formation of magnetic separatrices
. | , { A | . | ; inside the vacuunm vessel.

o 1 2 3 4 CR 85.204/9
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Starting with ASDEX, several tokamak devices (DIII,PDX) have shown that confinement can be
greatly improved if the plasma is bounded by a magnetic separatrix. The JET poloidal field
coil configuration allows the formation of a magnetic separatrix with two stagnation (or
X-points) at the top and bottom of the vacuum vessel as an extreme case of plasma shaping.
Experiments during Ohmic heating only have demonstrated this mode of operation and a number
of technical questions relating to the up-down stability and the heat loads on the vessel
have been studied (Tanga et al, 1985). Figure 17 shows the flux-contours for such a case at
a current of 2MA in a field of 2,6T. The stable configuration was maintained by feed-back
for several seconds. The corresponding plasma elongation is 1.7-1.8. 1In the region around
the X-points, ~30% of the input power is radiated while interaction with the mid-plane
limiters stops. The conduction/convection losses to the top and bottom of the vessel are
estimated to be only 10-20% of the total power input. We believe that JET can be operated
in this mode transiently for several seconds at a current level of 4MA without modification
to the existing poloidal field coil system.

SUMMARY OF CONCLUSIONS

1) The electron density, plasma current, plasma position and shape are now controlled by
feedback systems.

2) A 5 MA discharge has been achieved with a flat-top duration of ~1s. To extend this
duration, the poloidal circuit will be modified to enable use of the full volt-seconds
capability of the machine, consistent with breakdown and current rise-rate limitations.

3) The vessel supports have been strengthened so that performance at these higher Ievels
was possible without risk of mechanical damage if vertical position control was lost. To go
to full aperture plasmas at 5MA, further strengthening of the torus mounting will be
required. To go to TMA will require a feedback system with redundancy to minimise the risk
of damage due to loss of position control.

4) Carbonising the vacuum vessel has both reduced Zgre and given a modest increase in
the critical density for disruption. However, the light impurities in the centre cause a
considerable reduction (50%) in the ratio of deuteron to electron density. Immediately
after carbonisation, breakdown and density control are difficult due to the release of
retained hydrogen.

5) The observed density limits are consistent with the radiated power outside gq=2 equalling
the total input power at the limiting line in the 1/qc 1 Vs fiR/B plane. If this is
the case, substantial increases in the density limit will be possible with full additional
heating power, provided that the fractional impurity content does not increase with power.
6) JET has been operated down to Qeyl” 1.6 (qy = 2.2) at 3.25MA without disruption,
On this basis, it should be possible to achieve TMA in JET using full field and full
aperture.

7) Sawtooth periods on JET are roughly linearly related to the global energy confinement
time. Study of the heat pulse propagation shows an electron thermal diffusivity 2-4 times
that deduced from the global energy confinement time.

8) By operating at full field, high aperture, and density near the limiting value, global
energy confinement times of about 0.8s have been achieved with ohmic heating.

9) The highest central ion temperature of 4keV is achieved with Rﬂ\heatlng The best
combination of Lawson parameters is obtained with ohmic heating, n Tg=2.2x10""m™3s  and
Tl ~2.6keV, giving a product (n TE T ) of ~-6x10'°m™3s keV.

10) Preliminary studies have demonstrated experimentally the ohmic operation of JET with a
magnetic separatrix. This configuration when used with additional heating may permit an
H-mode regime of confinement to be reached.
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