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ABSTRACT.

Magnetic separatrix configurations have been produced in JET for plasma currents of up to 3SMA.
Experimental results obtained with these configurations show that some features can be achieved
that are common to divertor tokamaks. In Ohmic discharges, high recycling regimes can be
produced. In neutral beam heated discharges, substantial improvement of the energy confinement
time is achieved together with the characteristic signatures of an H-mode. These characteristics
include improved particle confinement, flatter density profile, and an increase in electron
temperature especially at the edge, leading to a characteristic pedestal feature. At higher neutral
beam power, higher plasma densities are reached, with deterioration of beam penetration and
strong radiation losses in the outer region of the plasma. The global energy confinement time in
the H-mode is observed to degrade with additional power. However, results of radial power balance
analysis suggest that in the central region, where the radiation is not important, the degradation of

confinement is small.



Introduction

JET (Joint European Torus) was conceived as a tokamak with the abllity
to approach plasma conditions appropriate to a thermonuclear reactor. The
achievement of this geal depends on the optimisation of all the fusion

parameters: plasma density, temperature and energy confinement time.

Overcoming, or at least reducing, the deterioration of confinement with
intense additional heating is crucial to the achievement of these
objectives. A substantial improvement in the transport properties of the
plasma has been an important feature of tokamaks with a poloidal

divertor in the H*mode.

In these experiments the divertor configu;ation, whose importaht feature
is the presence of a magnetic separatrix, was supplemented by either a
divertor chamber as in ASDEX[1] and PDX[2], or by a large volume'as in
D-IITI[3]. JET can produce a magnetic separatrix configuration but without
a divertor or large ballast vacuum region. The distance between the
X-point and the target plates is at most only a few centimeters. However
the experimental results reported here show that the plasma behavicur is
changed in a similar way to divertor tokamaks. High recycling regime has
teen observed in chmic high density discharges, and, with neutral beam
heating power larger tThan 5MW, a regime of enhanced energy and particle
confinement has been produced. Typlcal featurses of this regime are
similar to those observed in ASDEX and PDX in the H-mode, such as the
sudden reduction of recyecling, as a conseguence of improved particle

confinement, build up of a temperature pedestal at the plasma edge and a
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global reduction of thermal transport. The relative quiescence of the JET
H-mode makes it much more akin to the Edge Localised Modes (ELM) free
phase in ASDEX [4] and to the H-mode found in DIIL-D [{5] than to the

behaviour of the normal H-mode observed in ASDEX {11 and in PDX [23.

The first section of this paper is devoted to the analysis of the magnetic
separatrix configuration in JET. In section 3 and 4 global characteristics
and the confinement properties of the H-mode are discussed. The presence
of a magnetic separatrix changes the boundary conditions of the discharge
and a section is devoted to these phehomena. The behaviour of impurities
and particle transport is then analysed and the final section is devoted
to a preliminary analysis of energy transport and to the problem of

confinement degradation with additional heating.

Plasma Equilibrium

Plasma Shape

JET is a tokamak designed to produce plasmas with elongated and D-shaped
cross—sections. This is achieved by feedback control of currents in the
shaping coils P2 and P3, shown in Fig 1, the details of the feedback

system have been described elsewhere [6].

The P2 and P3 coils produce a mainly quadrupole field which controls the
plasma elongation. A net hexapole field, which controls the plasma
triangularity, can also be preduced by causing oppositely directed
currents to flow in these two pairs of coils. 1In addition to the field

produced by the shaping coils, the effects of small aspect ratio and the




attraction of the iron core causes the plasma to have a natural
elongation of about 1.4 in the presence of a purely vertlical {ield (such
as that created by the eqﬁilibrium coll P#). A second source of hexapcle
field is the main transformer coil P1, due to the ieakage field produced
by the iron collars at the top and bottom of the central column. For a
large current in the P1 coil (-22MA), the flux in the equatorial plane
is:

R-R, 2 R-R, 3 . R-R, &
1-6.8{

p (R, Z=0) = =17 = 0.071 |

Where R(m) is the major radius coordinate, R_ = 2.96m, ¢ is in Weber and

o

av(m) is the mean minor radius of the vessel. The hexapole moment is

R-R, >
proportional to the coefficient of ( } and the octupole moment is
MV
R-R, 4
proportional to that of { 3 ) . The source of the hexapolar field of the

A

ircn core can be identified as due to the particular slops of the
unsaturated iron collars. From a calculation, made using a

Schwarz-Christeffel transformation of the polygonal bpeundary of the iron

core [71, the combined hexapolar moment contribution of shaping ccils and

the iron leakage field, proportional to the primary current I , can be

evaluated as:

o . (2)
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Wnere o is typically 1072, Il is the current in the primary circuit, IH is
the ahaping coils current, Rc is the distance between the coili and the
magnetic axis of the plasma. The First term on the r.h.gv represents the
effect of the shaping c¢oills, the second term represents the contribution
of the primary current leakage field of the coil Pi, which, in its

negative swing phase, produces a shaping effect in addition to that of the

P2 and P3 colls.

The Formation of a Magnetic Separatrix

By increasing the multipolar fields at a given value of plasma current, it
is possible to produce a D shaped plasma whose two stagnation points are
pulled inside the vessel, corresponding to a double~null configuratlon.

By unbalancing the up-down shaping currents, a configuration in which only
one of the two stagnatlion peints 1s inside the vessel can also be

achieved, corresponding to a single null configuration.

Two typical flux plots for single- and double~null configurations are
shown in Fig 2. The distance between the X-points and tﬁe protection
plates is a roughly linear function of the shaping current, as is shown in
Fig 3. Magnetic separatrix confliguration experiments have been performed
with a current ratic of ~40/24% for P2 and P3 coils for double-null
configuration, producing an slongation of ~ 1.8; and a ratio of -20/16,
{upper cciis P2 and P3 only), for single~null configuration, which has a
lower elongation of 1.65. This lower value is due to the lower
contribution of the quadrupole field proportional to the difference in

currents between P2 and P3 compared to the hexapole field. The vertical
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position was adjusted by varying the radial fleld coil current on a time
scale of about one third of a second.

Stabilization of Vertical Plasma Position

The vertical plasma position is unstable in JET for plasma eiongation
larger than 1.2. The relation between the growth rate of the vertical
instability and the plasma parameters has been described elsewhere [6].
In general terms, the destabilising foree on the plasma, displaced by de
from the original position, can be described by F = ZAPB Ip2 SZD; where

Ipis the plasma current and the coefficient

3B sB
R R R
A H(G—)i +t(—i : (3)
p guil ron
SBR A ,
Where (EE—)eqqil is the gradient of fhe quadrupole component of the
| 3B, .
equilibrium field, (EE ) $Z 1s the radial field change caused by the
p iron :

iron c¢ircult when the plasma current 1s displaced by 6Zp. The radial

field gradients and variations are averaged over the plasma cross—section.

By using the Shafranov equation the parametric dependence of Apg can be

written:
u R ba 3u, 8R 17 - R
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Here ;m is the average effective distance of the magnetic circuit from the




plasma centre, hp is the average plasma minor radius, a 1s the miner
norizontal plasma radius, b is the minor vertical plasma radius, the
coefficients Pq and.PT take into account plasma current effects and are
equal to 1 for a flat current profile. The first term describes the effect
of non-eircularity, the second term represents a toroidal stabilizing
effect, and the last term describes the effect of the iron. The
agreement between the values derived from formula % and those

calculated by using a full equilibrium code is fairly good, and is within
20% for limiter, double-null and singler~null configurations. Since the
main coefficient A;p in the formula for the vertical destablising force
depends essentially on plasma elongation, plasma current profile and
geometrical factors, 1t can be concluded that magnetic separatrix
configurations are no more vertically unstable than symmetric limiter
cenfigurations with the same size, elongation and plasma current profile,
The stabilisation of vertical plasma positién during a disruption with
fast current quench is, howsver, mofe difficult in single null
configurations. In limiter discharges the vertical position is Kkept
centred on the midplane, In the single null configuration, instead, the
position of the effective current centre is usually displaced from the
midplane by some value Zo' Rapid change of the plasma current then
induces veoltages proporticnal to ZO multiplied by the time derivative of
the plasma current both in the radial flux measurement and in the radial
field coil, Therefore the stabilising circuit receilves a perturbation
right from the beginning of the disruption., Consequently during the
disruption the voltage 1imits of the radial field amplifier can be

reached, so that the stabilisation is disabled and the disrupticn is



accompanied by an escalating vertical plasma displacement. The actual
displacement i3 expected to depend on the ratio of instability growth time

to the current gquench time.

Moreover, even in single-nuil configuration discharges arranged to have
ZO= 0, because the decay time phase of Lhe plasma current is much faster
than the decay time of the shaping ¢oil current. This produces large

values of the quadrupole and hexapole field, compared to plasma current,
which exceed the stabilization limit, In all cases the vertical plasma

movenent is directed towards the ¥~point.

Effects of Magnetic Separatrix in Ohmic¢ Discharges

The magnetic separatrix configuration is usually produggd during the
current flat top of well established limiter discharges. The current in “
the shaping coiis is raised in about 1s., During this time thé plasma
elongation is increased until a magnetic separatrix configuration is
produced. This configuration can then be maintained for several seconds.
In order to achieve a magnetic separatrix configuration at the highest
plasma currents, use must be made of the combined effects of the primary
coil leakage fields and of the shaping coils. In this case, the magnetic
separatrix configuration is produced for several seconds at the end of a
plasma current flat-top when the current in the primary coil is large.

The magnetic configuration is deduced from the equilibrium identification
code IDENT B [8] suitably medified for accurate determination of field
null loecation [9]. The precision of the magnetically determined position

of the X-point is 3+5cm and within this distance it coincides with the

positicn deduced from TV camera observations. Both the radial and




vertical position of the X-point are held constant within a few
cent;metres by the position control system. The X~polnt location 1s only
weakly sensitive to changes of internal plasma parameters produced, for
instance, by additional heating. The time evcoclution of the main signals
for an X~point discharge is shown in Fig 4. During the magnetic
separatrix configuration the deuterium recycling (monitored by Da light)
shifts from the outer limiters tc a small area arcund the X-point. .

Simultaneously, the value of Ze drops. The average plasma density tends

ff
to decrease, a deuterium gas puff of 50:100mbar/ls is needed for the first
couple of seconds to sustain the plasma density at a constant value. When
the separation between the plasma and the outer limiter is larger than
7cm, the limiter recycling virtually disappears. Even in the doublemnull
gonfiguration, TV observations in the near infra-red show the formation of
a bright region, of approximately 20cm across, colnciding with only one of
the X~points. The X-point which emits.large radiation is the same even if
the plasma is moved vertically, by as much as 20cm, causing the nominal
double null configuration to become a single null one, suggesting that
tnis is not connected wWith slight up-down asymmetries of the poloidal
field. The radiating X-point is the one in the lon driff direction
although this drift direction was not changed in the experiments.
Consequently the asymmetry may be due to necclassical ion effects such as
those observed in ASDEX [10], where it was found that the power threshold
for the H mode was lower when the ion drift direction was toward the
X-point. Accordingly in the single~null configuration in JET the X-point

was chosen Lo be in the ion drift direction.

In ohmic magnetic separatrix discharges, the value of the global energy

confinement time is somewhat larger than that of the corresponding limiter



discharges. In particular, for comparable plasma density and current,
plasma temperatures are similar but the lcop voltage is somewhat lower
than in limiter discharges, s¢ that the confinement times are longer. In
Fig 5 the values of global confinement time for the double-null
configuration are plotted togetner with that of limiter discharges with
same current (2MA) and torcidal field. The horizontal axis is the scaling
factor ne qcleZa, which roughly represents the JET ohmic confinement
(11]. The difference in confinement between the X-point and the limiter
discharges is beyond experimental error, However, one cannot at present
exclude tThe possible effects of different elongation and

Zeff in the scaling.

The presence of a high density region, which is a key feature of divertor
plasma experiments, has been clearly detected in the JET ohmic discharges.
During the magnetic separatrix configuration, the number of fringes
measured by the ilnterferometer channel intercepting the X-point shows an
increase, while the average plasma density is approximately constant.
This can be used Lo estimate the local X-poilnt density. Assuming that the
radius of the high density plasma region is of the same order as the
nighly radiating regiocn seen by the bolometer and TV camera (~20cm
across), this leads to densities of the order of ~ 1 - 2x10%*°m™3.

In high density discharges, the small area arcund the X-polnt i3 capable
of radiating up to 50% of the input power. The power radiated from tnis
region scales roughly with the square of plasma density and 1t 1s similar

in double-null and in single~null configurations.
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Neutral Beam Heating of Single~Null Discharges

Time Eveclution

Heating experiments have been performed in single-null discharges with
deuterium co~injection at energies up to 80keV per deuteron, in deuterium
plasmas. The pulse length was limited to <Uds to avoid thermal overloading
of the graphite target tiles. Experiments were carried out at plasma
currents of 1, 2 and 3MA and toroidal fields between 2,0T and 3.4T. The
relative direction of toroidal field and plasmé currenﬁ was chosen to have
the ion drift directed toward the X=point, which was in the upper part of
the vessel, Typically, the time evolution of such a discharge shows three
characteristic phases which are shown in Fig 6 for a 2.0MA discharge with
~TMW of total input power. In the first 0.5 s of neutral beam heating,
the plasma density increases slowly, the total stored energy increases up
to a value somewhab larger than that expected for a limiter discharge with
similar parameters. This phase has been called the L-phase, In this
phase the plasma does not show characteristic features of an H-mode: tThe
Du signal monitoring the particle flux to the wall 15 high, with a low
value of the particle confinement time. This phase, described later, is
also characterised by intense edge MHD activity and by rapid losses of
particles, corresponding with edge relaxations, detected by the_DC£ array.
The value of stored energy is somewhat larger than that of corresponding

limiter discharges, indicated by a dotted line in Fig. 6

After 0.5 s, and often at a sawtooth crash, a transition cccurs: the
density starts to ingrease at a much higher rate and so does the total

stored energy. The plasma density increases at a faster rate than the



peam fuelling. The Da signal drops at both the plasma boundary and at the
X-point, the edge temperature profile steepens and stays constant, (as
shown at 10cm within the separatrix in Fig 6). The global energy
confinement time increases to a higher value. This phase has been called
the H-phase because 1t shows characteristic behaviour of the H-mode
discharges found in other tokamaks [1,2,5] such as: a) the existence of a
power threshold; ©») a preceding L-phase; c¢) simultaneous improvement in
energy and particle confinement; d) a drop in recycling signals and

e) development of high edge electron temperatures. In JET the B-mode
could be obtained only for power lesvels exceeding 5MW at a toroidal field
of 2.1T. This level is practically independent of plasma current. The
thresheld power was 9MW for toroidal field of 2.8T and, with the power
presently available, it has not been possible Lo produce an H-phase at
toroidal fields of 3.4T. Magnetic separatrix discharges which fail to
achieve an H-mode show L-phase behaviour for the entire dwation of the
beam pulse. At the transiti@n to H-phase, MHD fluctuations and the edge
relaxations stop {(as described in Sect. 5). During the H-phase, the
increase in density causes Lhe team particles and power to be deposited
more and more in the outer regions of the plasma column., The impurity
concentration, which increases slightly, causes build up of the radiated
power mostly from the outer half plasma radius reducing the power
conducted to the separatrix. When this power flow drops below threshold,
the H-mode collapses, reverting back into an L-mode. The H teo L
transition 1s characterised by the release of plasma energy gained during
the H-phase., This energy is mainly conducted to the separatrix dump
plates in times of ~ 50ms causing large excursions cof the surface
temperature of the dump tiles; In this phase the plasma density falls

rapidly and the radiated power is reduced. With sufficient neutral beam
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power, subsequent further L-H transitions can take place. As described in
sect. 5, during the H-mode there are no indications of the high recycling

regime, which i3 observed in onhmic plasmas (c.f., section 3).

Global Energy Confinement

The main results achieved in the H-mode are summarised in Figs 7 and 8,
which show the total stored energy and the global energy conf inement

time as a function of the total input power. The confinement data are
shown for plasma currents of 1, 2 and 3MA for limiter, L= and prhases.-
Fig 7 shows the total stored energy versus total input power for the same

diécharges as in Fig 8 with the addition of the values of the magnetic

b

- geparatrix discharges in the L=mode. The latter were chosen among

discharges with values of torecidal field of 3.0 to 3.4 Tesla for which,
presumably, the threshold power for the transition to the H-mode is larger
than that available. The energy confinement for the L-mode is between the

limiter values and those of the H~mode.

In Fig 8, the Hemode points have energy confinement times mcore than a
factor of two larger than limiter discharges at the same current. It is
also evident that in the H-mode the energy confinement time scaling is
approximately propertional to the plasma current.

The values for fhe H-mode points have been selected towards the end of the
Hrphase when the derivative of the plasma energy content is small compared
to the total input power., However, the maximum value to which the plasma
density climbs during.the H-mode is a function of the input power itself
and this is shown in Fig 9. The dependence can be approximéted by a slope

(PrPO)°-5. Input power and plasma density are then coupled and it is



4.3

difficult to extract a parametric dependence of the confinement time on
plasma density. These densities correspond to values of the Murakami
parameter 20% higher than those otherwise possible in ohmie or neutral

beam heated limiter discharges.

In the H-mode the values of energy confinement time decrease with

increasing power; the problem of confinement degradation in the H-mode 1s

analysed in the final section of this paper.

Electron Temperature Profiles

A typical sequence of electron temperature profiles from’ electron
cyclotron emission analysis is shown in Fig 10, where constant heutral
beam power is applied and the discharge goes from the L to the H-phase.
During the initial L-phase the temperature increases, with a roughly
constant profile shape. The transition to the H-phase 1is characterised by
an abrupt increase in the edge temperature, similar to the "pedestal”
observed in ASDEX [1) and PDX [2]. The outermost point which can be
measured by the second harmonic of electron cyclotron emission is at R =
4.0m so that the electron temperature at the separatrix radius (at R = 4.1
m), cannot be determined. During the H-phase, the plasma density
increases continuously and the average electron temperature lncreases
slightly, at the highest plasma densities the average electiron temperature

may fall slightly before the end of the H-phase.

The broadening of the electron temperature profile can be deduced also
from the X-ray tomographic reccnstruction shown in Fig 11. The emission in

the edge region increases substantially and during the H-mode the volume
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of plasma emitting X~rays increases to nearly the whole plasma cross-
section., The change in profile shape is also clearly seen in the plot of
the second moment (a measure of the profile width) of the X-ray data from
the vertical camera shown in Fig 12, The second moment increases by
30-40% during an L to H transition and this change is a c¢lear indicator of
the existence of the H-mode. The observation of X-ray emission from close
to the plasma boundary indicates that tThe electron temperatures in this
region are roughly double those observed in the L-phase. After the H-mode
transition, both the amplitude and inversion radius of sawteetn decrease,

and the pericd also decreases.

Electron Density Profiles

The electron density profiles of both ohmically heated and L~mode neutral
beam heated X-point discharges are similar to those obtained in limiter
and inner—wall dlscharges, having a profile [ne = D (1~p2)0'5J. The
transition from L~mode to H-mode, is marked by a pronounced broadening of
the density profile, A typical sequence of density profiles is shown in
Fig 13. Spatialliy resclved measurements of the Du light indicate that the
total electron source decreases during the Lr-mode to Hr-mode transition.
Thus the behaviour of the density profile must be atiributed to a net

decrease in the ocutward flux of particles during the transition to the

H-mode.

Changes in particle transport can be analysed using a simple model in
which the electron flux Fe can be described with an expression of the form

(121
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5.1

r, = *Dane - rp . (%)

Here Dp is the diffusion coefficlient and Fp is an inward particle flux.
For typical values of the diffusion ccefficient, (~0.6m%/s}, the
flattening of the density profiles during the H-mode itmplies that the
ratio Fp/Dpis doupled at r/a ~ 0.75. Toward the end of the H phase the
density profiles are very flat (ne = 0, (1-p2)0'25}. At the H to L
transitions the density falls and the density profile rapidly reverts back

Lo the more peaked shape characteristic of the L-mode, as shown in Fig

14.

Current Density Profiles

Indications of gurrent density profile changes during the H-mode can be
derived from the time evolution of internal inductance.

The values, calculated with the magnetic code [8], are shown together with
the poloidal beta in Fig 15. The value of li drops during the H-mode
indiecating a“flattening of current profile distribution. A full
reconstruction of the MHD equilibrium, by fitting the magnetic data shows
that a good fit can be obtained only with current profiles which, instead
of being typically bell shaped, have shoulders at the plasma edge. This is

in agreement with the increase of edge temperature reported above.

Plasma Edge and Scrape—off

Edge plasma flucfuations




The H-mode has been associated with characteristic behaviour of the
magnetic fluctuations at the plasma edge in D~IIT [13] and to Edge
Localised Modes in ASDEX [4]. In JET the L-phase of the discharge 13
characterised by edge fluctuations extending alceng the full poloidal
circumference. These fluctuation disappear at the L to H transition. The
physical nature of the edge fluctuation described here is probably
different from the ELM's observed in ASDEX [4]. Whilst the ELM's observed
in ASDEX occur after a qulescent phase and are triggered by the edge
pressure gradient reaching a limit value, the fluctuations observed in JET
are associated with L-~mode, they preceed the H-phase and the plasma
pressure has a low value. These are present for the whole duration of the
peam pulzge in discharges with insufficient power for the L to H
transition. The JET Lephase fluctuations are clearly visible on the soft
X-ray, fast MHD signals, reflectometer and Du mul tichannel signals.

The level of magnetic turbulence, (in the frequency band 5-60kHz), is
enhanced by the preéence of neutral beam heating; whenever an L to H
transition cccurs signals of the magnetic pick-up c¢cils close to the
single-null show a marked and sudden drop, as shown in Fig 16. This
figure shows the good time correlation existing between the level of
magnetic turbulence (at about 40kHz) and the H and L phases of the

discharge.

The L~H transitions arse always preceded by regular disruptive-like events
at the plasma edge. The mode is seen in most X~ray channels as a
disruptive~like instability with a sudden drop in ¥-ray intensity. A more
detailed study of these fluctuations, using data taken at 2Z00kHz, shows
that in the outermost channel the change in intensity occurs very rapidly

(80us) whereas in other channels at smaller radil the change 1s much
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slower (800ups). Tnis indicates a mode occurring in the edge region with

1ts effects becoming slower as it propagates inwards.

The traces of the pick up coils, which detect the magnetic part of the
fluctuations, during the L=phase, feature regular spikes which are
correlated with each edge disruption observed by the X=ray signal. This is
shown in detail in Fig 17{(a),(b). Sawtooth crashes decrease the
repetition frequency of these edge modes and generally the final
transition coincides with one of these crashes as shown in Figs 18(a) and
(b). The second example, in Fig 18c-d, shows the magnetic activity during
a typical H~L transition., This transition is accompanied by a burst of
proad band magnetic activity which lasts for times comparable to the

relaxation of the density and temperature profiles.

Plasma‘Scrape~off Measurements

Scrape off parameters are measured by a Langmuir probe, The vertically
moveable probe can scan a region on the top of the machine at a major
radius R=3.2m. In discharges with additional heating a vertical scan can

pe performed up Lo a distance of 5 cm from the magnetic separatrii.

The temporal variation of the probe saturation current, iSAT’ is shown in
Fig 19 with the Da signal taken along a vertical choerd. Beams were
switched on at 9.5 seconds, the H-mode was achieved from 12 to 13.6
seconds. The scrape of T electron density 1s approximately constant during
the Hrmode despite a three~fold increase in plasma density. This

contrasts with limiter and L-mode discharges where the density, in the
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acrape off, increases approximately with the square of the average
electron density. There is a significant transient rise in iSAT With the
termination of the H-mode. This is associated with the rapid loss of

confinement at the H Lo L. transition,

Particle Balance and Recycling Coefficient

A common feature of H-mode observed in JET as well as in ASDEX [1], PDX
[21, DIII-D {5] is the rapid increase in plasma density which takes place
after its onset. 1In the H~mode the particle fiuxes from the plasma are
reduced as seen by the drop of Da signals. Using the data from a poloidal
array of Da detectors the global particle balance equation has been solved
(14]. The resulting time evolution for the global particle confinement
time and global recycling coefficient is shown in Fig 20. In the ohmic
discharges with magnetic separatrix the values of particle confinement
time are lowWer than in the limiter configuration and during the L-phase
there is a degradation of Tp similar to that observed in limiter
dischargea. At the onset of H-mode tne value of 71_ doubles stepwise and
stays roughly constant throughout the H-phase., Since the rate of increase
of plasma density is up to a factor two larger than the fuelling rate, the
values of the recycling coefficient are larger than one, this effect is

further enhanced by the inerease of Tp.

A comparative plot of rp for limiter, L and H mode discharges is shown in
Fig. 21 versus average plasma density. The limiter discharges are
characterised by values of particle confinement time that decrease with
inereasing density, essentially as a result of higher edge plasma

densities., In contrast, with magnetic seperatrix, two regions exist: at
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low densities, in the L mode, the value of Tp is lower than in the limiter
discharges while in the H mode it i1s higher. In the H-mode the particle
fiuxes from the plama, as measured by Da array, are small. This is in
agresment with small values of saturation current measured by the Langmuir
probe. These cbservations, the indication of high edge temperatures (c.r,
sect. 4.3) and the comparative low level of radiation from the X~point
region (¢.f. Fig. 6 and sect. 6.2) indicate that there is no high

recycling region in the H-mode.

Behaviour of Impurities and Radiation Losses

Spectroscopic diagnostics (XUV,'VUV, Visible and Charge Exchange
Recombination Spectroscopy {(CXRS) have been used for studying impurity
behaviour in-JET plasmas during magnetic separatrix operation. The main
impurities in JET plasmas are carbon (from carbon limiters and protection
plates) and oxygen. Metals (nickel énd chromium from Inconel walls and
antenna screens) generally contribute little to Zeff and radiated power.
Typical impurity concentrations (in % of the electron density, ne} are
{i5]: 2-4% C, ~ 1% 0, and 0.02%, or less, metals. During the pericd in
which most of the X~point operation was carried out, the oxygen

concentration in the plasma was, however, somewhat higher (- 2%) due to

occasicnal vacuum leaks.

Chmic Disacharges

Compared to similar limiter discharges Ze was somewhat lower in X-point

ff



6.2

plasmas {(Fig 22 - filled circles), essentially due to a reduced carbon
oonceﬁtration (1=2% C during X=point)}. The reductlon implies that less
carbon was produced at the X-point graphite target plates than at the
limiters. Metal concentrations were reduced too, although the dump plates
were most likely covered by wall material. During previous operation with
Inconel dump plates no increase was observed in metal conegentrations in
the plasma when changing from carbon inner-wall to X-point operation.
These observations indicate a low plasma temperatue (- 20eV) in front of
the-plates characteristic of the high recycling zone described above,
resulting in a low sputtering yleld. A change in the screening property
of the boundary plasma is a less likely explanation, results on ASDEX [16]
showing that the screening is comparable in divertor and limiter plasmas.
The oxygen concentration, oxygen most likely originating from the vessel
walls, was 1-2% ne, similar to limiter palsmas for the same plasma

conditions.

Discharges with Additional Heating

With Neutral~Beam Injection (NBI) both carbon and metal concetrations were
higher than in the ohmic case, which is consistent with an observed
increase in the edge electron temperature, although the metals might also
have originated from CX sputtering. The C/0 ratio increased during NBI,
in contrast to what was observed in limiter plasmas, where oxygen was the
deminating impurity during NBI at high Ee’ As shown in Fig 22 somewhat

higher Ze values wers found in ¥-point plasmas with additional heating -

It

the general falling trend wilth increasing ne, observed in onmic cases,



being maintained., During Ion Cyclotron Resonance Heating (ICRH) and
combined heating, increased levels of screen material (Ni and Cr) were
found in the plasma as in the limiter cases [171.

During the H-mode, Z did not decrease as normal at high ﬁe (see Fig

eff

22), but remained similar to the lower-ne values of 34, The high Zeff
values could be accounted for by the central concentrations of light
impurities as measured by CXRS (Fig 23). The C/0 ratio during H-mode was
1=2:1. An observed increase in metal density can be explained either by
sputtering by CX neutrals or by the increased edge temperature. The metal
concentration was relatively independent of ge for H-mode plasmas which
contrasts with the falling trend with increasing Ee seen in all other
types of discharges (Fig 24). However, the metal concentration is still

low: 1ts contribution to Ze is <0.2 (Fig 25), and <10% of Pr is due

£ ad

to metals according to transport code calculations.

At the L~H transition the radiation from tﬁe peripheral ions (0 IV~ Q VII
lines) was essentially unchanged (or even decreased) after the L-H
transition, whereas 0 VIII radiation, emitted from radial locations
further in, increased roughly as Bi. The behaviour of the lowly—-ionised
C and O is consistent with the observed change in edge parameters, and

results in less total radiation per ion for these light impurities.

The bulk particle confinement increased by a factor ~3 in the L=H
transition. The impurity confinement increased similarly. For carbon the

improved confinement can be seen in Fig 23: the carbon concentration is



essentially constant, or increases somewhat in the Hrmode, although the
carpon influx (represented by the C III-line brightness) drops just as

the nhydrogen flux, @H {carbon production yield ¢C/¢H:S%).'

There is no indication of impurity accumulation in the neoclassical sense.
Analysis of several metal jonisation stages as well as the soft X-ray
emission profiles and bolometer show that the metal density profile is not
peaked in the centre. The values of nickel concentration derived from Ni
XXV, XXVI, (VUV spectrometer) and Ni XXVII (X~ray crystal spectrometer)
line intensities agree to within a factor ~2; which is within the error
bars. The absence of impurity accumulation might possibly be explained by

the presence of sawteeth in the Hrmode discharges.

The time svolution of radiation losses in an H-mode discharge 1s shown in
the bottom traces of Fig 6, During the first L-phase the power radiated

rad Yy i3 of the order of 20% of the total input

from the main plasma (Pbulk

power. During the H-mode, the power radiated from the main plasma
increases while the power radiated from the small region around the
X~point is roughly constant (see Fig 6)., When only neubral beam heating
is applied the increase of the radiated power from the main piasma scales
with the square of plasma density as is shown in Fig 25: the ratio of
radiated power to square of the average plasma density is approximately
constant during the H-phase while the average plasma density increases
three times. This is in agreement with the result that Zeff and the
concentration of the main impurities are approximately constant during the

H-phase. The increase in bulk radiation during the H-phase Cakes place

essentially in the outer region of the plasma as is ghown by the sequence



of Abel 1inverted radiation profiles shown in Fig 26, although the
radiating shell peﬁetrates more deeply inside the plasma at higher
.densities. The total radiated power can be accounted for by the radiation
of oxygen and carbon; althougn the radiation profile is dissimilar to the
usual light impurity edge shells. Metals should contribute little (<10%)
unless their concentration was substantially underestimated, which is
unlikely since all VUV and X-ray diagnostics yield consistently low
results. Model calculations based on the usual transport coefficients
fail to explain the broad shells seen by Lhe bolometef, although a change
in ionisation balance due to the presence of beam neutrals leads to sone
inward shift and broadening of light impurity radiation. It must be
assumed that impurity transport is modified in the following way: a high
inward drift velocity at the plasma edge leads to a steepening of impurity
ion profiles and nhigher particle confinement. This profile change is
confirmed by a comparison of nickel radiation from the plasma edge

(Ni XViIL, XVIII} and from the plasma interior (Ni XXV, XXVI). 1In the
plasma centre,timpurity ion profiles are hollow, probably due Lo the
non-stationary naburé of the H-mode discharges, On the basis of these
assumptiqns, the‘bolometer orofiles can be explained by the radiation of
light impurities, essentially oxygen. The same transport mcdel may
explain the meausred density profiles during the Hrmode, The power flow
to the magnetic separatrix can be calculated from global power balance.
The density related increase in radiation reduces the power flow to the
magnetic separatrix, at the moment of H to L transition, this is found to
pe between 3.5 and 4.0MW, independent of the value of the input power.
This indicates that the end of the H phase is connected to. a threshold

“value for the power flow to the magnetic separatrix.



Transport Phenomena in H-mede discharges

Transport features of H-mode discharges in JET have been investigated
using the 14D time-dependent interpretation code JICS [18]. As
experimental information on the ion temperature profile is not available,
a large uncertainty exists in the evaluation of the electron-ion coupling
power term which accounts for a non-negligible fraction of the power
balance for both populations. The ion energy content can be modelled from
the experimental information of the ion temperature on axis, provided by
the X-ray crystal spectrometer and charge exchange spectroscopy and taking
into account as a mild integral constraint the total plasma stored energy
as measured by the diamagnetic loop. However, the strong electron-ion
coupling which exists at the high flat profile electron density profiles
typical of JET H-modes, suggests that the overall dynamics of these
discharges is best dealt with using a single fluld approach.

It is found that the L to H transition triggérs a reduction of transport
losses over Lhe whole plasma cross—section; this reduétion is established
during a time of the order of the confinement time and is then maintained
for the whole H~phase. This is well correlated with the build-up of a

thermal barrier at the plasma edge similar to that found on ASDEX [19],

In Fig 27, the total plasma stored energy is shown as a function of radius
at different times during the Hrmode, Two distinet phases c¢an be
observed: during the first phase a gradual buildeup of the plasma energy
content takes place, which can be attributed to reduced global losses; in
the second phase increased radiation losses deplete the stored energy. As

a result the total energy confinement time is affected, while the



confinement time in the inner transport dominated layers remains unaltered

(Fig 28). Sensitivity analysis of t_ on the ion temperature profile (not

g
availaple experimentally) was carried out by varying Ti within a range (%
20% lcocally) compatible with the strong electron-ion coupling, which

occurs at these high densities.

The related uncertainty is found to be ~25%, i.e. less than the difference
in behaviour of e at <a> and <a>/? as shown in Fig 28. No appreciable
confinement degradation appears with increasing lnput power respect Lo

ohmic values (Fig 29).

Conclusions

These experiments have focufed on the study of physics parameters affected
by operation with a magnetic separatrix. The analysis of plasma
eguilibriun shows that a magnetigc éeparatrix configuration can be created
in JET by suitable selection of currents in the coils used for control of
the plasma elongation and triangularity and by the leakage field of the

primary circult.

The vertical stablility of this configuration is th appreciably different
from that of a limiter discharge with similar elongation. However, with
magnetic separatrix configuration, plasma disruptions always tend to have
a vertical instability component. Features typical of a divertor tokamaks
have been observed in JET such as the formation of a high recycling regime
in ohmic high density discharges. With neutral beam heating in the single
null configuration an improved confinement regime has been observed when

the total input power exceeded a threshold value of SMW. This regime



shows typical signatures previously observed in H=mode discharges in

ASDEX, PDX and DIII-D. Characteristics such as an increase of particle

confinement and a quench of plasma edge instabilities measured by magnetic

pick-up coils, soft X=ray, reflectometry and Du emission have been
observed, An improvement in global energy confinement by a factor of two
compared to limiter discharges has been measured. During the L-phase
confinement is somewhat improved over that in the limiter configuration
but lower than the best confinement achieved in the H-phase.

In common with ASDEX, PDX and DIII-D H-mode, the JET H~mode shows a large
increase in plasma density, flatter density profile, and an increase in
electron temperature especially at the edge, leading to a characteristic
pedestal feature. The dominant impurities are carbon and oxygen, and
meﬁal impurity concentrations, larger compared to limiter discharges,
contribute only a small amount to the value of Zeff' Thgﬁe relatively
higher impurity concentrations may be explalned by longer conflinement
times and/or by increased sources due to higher edge temperatqrés. In the
lifetime of the JET H-mode, lasting at most 2'seconds, fhe radiation
profils is characteristiecally hollow indicating no significant
accumulation of impurities in tne centre of the discharges. It should be
noted however that the duration of the Hrmode is much shorter than the
time the incoming impurities need to reach the centre of the plasma, if

the transport is purely neoclassical.

In the latter part of an H-mode the input power is deposited, and also
radiated, increasingly in the outer layers of the plasma, due to the

increase in plasma density and the higher concentration of impurities,
until the Hrmode collapses. The H-modes reverts to an L-mode when the

power flowing tLo the separatrix falls below a threshold value,




Glebal energy confinement times degrade with power, but this degradation
can be largely ascribed to poor beam penetration and to high radiation
losses. Power balance calculations performed over the laner half only of
the plasma radius, where radiative losses are still negligible, give
indications that the central confinement does not suffer appreciable

detericration with power,
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density,(c) Da chord integrated emission,(d) Magnetic fluctuation in

a freguency band centred at f = 4C0kHz. A sequence of three L and H

phases is shown.

Time evolution of {(a) Neutral beam power,{(b) average electron
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(A) and combined heating { ) {sclid symbols denoting H=moae). For
comparison the continucus line shows the typical behaviour of limiter
plasmas with chmic¢ heating ls shown. In the E-mocde, Ze dees not

ff
decrease as normal with nigher Ee.
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Fig 25 Time variation of the ratio of the radiated power from the main

plasma to the square of the average plasma density during L and
H-mode (#10755), P is the total input power, Be is the line average
density. g
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Fig 26 Seguence of Abel inverted radiation profiles for the same pulse of
Fig 25, (a) is at 11.3s, (b} at 11.,9s, {c) at 12.5s, (d} at 13.1s,
(e} at 13,7, (f) at 14,0s at the end of the H phase, and {g) at 14.3
is just after the H-L transition.
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Radial profile of the total plasma stored energy for pulse 10755.
Times: {a) t=12.2s; (b) t=12.53; (¢} t=12,8s; (d) £=13.0s; (e)
t=13.4s and (f) t=13.7s. The horizontal axis is the average plasma

radius over iso - § surfaces,
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Fig 28 Comparison of time evolution of energy confinement time at half of

the plasma radius and the global values, from kinet{p data

(# 10755).
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Fig 29 Confinement time at half plasma radius versus total inpub power

calculated from kinetic data of a series of three discharges.








