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ABSTRACT.

The combination of two regimes of enhanced performance, the H mode and the pellet-enhanced-
performance (PEP) mode, has been achieved in JET. The strong enhancement of the central
plasma parameters, obtained with pellet injection and subsequent auxiliary heating, are found to
persist well into the H mode phase. A characteristic of the PEPregime isthat an improvement of
the fusion reactivity over non-pellet discharges is obtained under the condition of near-equal
electron and ion temperature. A maximum neutron production rate of 0.95: 10" s was obtained
inadouble-null X-point dischargewith 2.5MW of neutral beam heating and 9MW of ion cyclotron
resonance heating, with central ion and electron temperatures of about of 10keV and a central
deuterium density of 8.010 m™. The corresponding fusion product ny T, T¢ is between 7.0 and
8.6-10%° m—s keV. The enhanced neutron production is- predominantly of thermonuclear
(maxwellian) origin. The compatibility of these regimes is an important issue in the context of
tokamak ignition strategies. Several technical developments on JET have played arole in the
achievement of thisresult: first, the use of low voltage plasma breakdown (0.15V/m) in order to
permit pellet injection in an X-point configuration prior to formation of a g=1 surface; second,
the elimination of ICRH specificimpuritieswith antenna Faraday screens made of solid beryllium;
third, the use of a novel system of plasma radial position control that stabilises the coupling
resistance of theion cyclotron heating system.



1 INTRODUCTION

The exploration of regimes of enhanced energy confinement in tokamaks is motivated by the
observation that confinement is a critical issue for the design of next step devices, in which
thermonuclear burn is the primary objective. The energy confinement, with its well—established
dependence on plasma current, forees these devices to operate ai rather high plasma current (12 to
30MA). This requirement has implications both for the size of the device and for the value of the toroidal
field, both of which are important cost factors.

The basic regime of energy confinement in auxiliary heated tokamaks is the L (low) mode. Most of
the proposed next step devices are not expected to reach ignition (NET [1}, CIT [2], Ignitor [3], ITER [4])
under extrapolations of scaling laws for L mode energy confinement obtained on the present tokamaks,
eg. [5,6,7]. Under somewhat more favourable extrapolations of data obtained mainly from JET [8],
ignition in the L mode would be possible for a device operating with a plasma current of about 30MA [9].
Most of the proposed tokamaks thus rely on the further development of regimes of enhanced
confinement, which have been established on various existing machines.

The primary regime of enhanced conf'me;:nent is the H (high) mode, discovered in Asdex [10], and
reproduced in many machines (PDX [11], JFT2—-M [12], JET [13], DIOI--D [14, JT60 [15], TFTR [16]).
H mode confinement has been obtained with ali the major auxiliary heating methods. In H mode, an
increase in the energy confinement by a factor of two {o three, compared to L mode, can be obtained,
Although the physics of the enhancement are not yet understood, there is a general consensus that the
primary element is the formation of a transport barrier at the plasma edge {17,18,19], resulting in high
local pressure gradients. Modifications of the transport parameters in the bulk plasma are observed,

which are believed to be the result of profile changes after the formation of the barrier [20].

A second regime of enhanced performance, using deep pellet injection and central ion cyclotron
resonance heating (ICRH), has been proposed [21,22,23]. This pellet—enhanced—performance (PEP) mode
was established first in JET L mode limiter discharges [24]. Similar results, but with neutral beam
injection (NBI), were obtained in DIII [25}, JT60 [26] and JFT2—M [27]. The PEP mode is obtained with
strongly peaked density profiles, created by central ablation of a fuel pellet. In the PEP mode the core
transport is reduced and the central plasma parameters, in particular the fusion reactivity, are strongly

increased. There is a modest inerease in global energy confinement.

‘It has been widely speculated, that the edge—related enhancement obtained in the H mode could be

combined with the enhancement of the central parameters obtained in the PEP mode. In JFT2—M, a



transient improvement of the global energy confinement was cbtained by injecting a pellet prior to the H
mode transition, in discharges with NBI heating [27]. Initial results from JET, with moderate peaking of
the density profile and with NBI heating, were reported [28]. In the remainder of this paper, we shall
demonstrate that the combination of PEP mode and H mode has now been obtained, with strong density

profile peaking, and with ICRH heating.

PEP modes are a transient phenomenon. In JET, the typical duration of the phase of enhanced
reactivity is of order one second, which is about two energy confinement times. The termination of the
enhanced phase is associated with the decay of the peaked density profile. Maintaining the peaked profile
by further pellet injection during the enhanced phase is difficult becanse the high plasma temperature
during the PEP mode prevenis deep penetration of the pellet. Therefore, the applicability of the PEP
mode as a mode of operation in long pulse ignited devices is limited, barring fundamental developments.
However, for several of the proposed next step devices {CIT, Ignitor), the objective is to obtain a short
ignited phase, with the aim of studying o particle physics. Ignition in these devices could be obtained at
lower plasma currents or with lower aunxiliary heating powers with the use of a PEP mode. Also, a
transient increase of the o particle heating power could be a useful item in the ignition strategy in next
step tokamaks. The following burn phase could then take place in a non pellet—enhanced H mode or L
mode. Furthermore, the projected peak thermonuclear performance of JET in a deuterium—tritium
plasma is considerably higher in the PEP mode than in the non—enhanced modes. For these reasons, a
strong interest remains in this enhanced confinement regime, even when it is transient. We note that
with the PEP mode, a high thermonuclear performance is obtained with ion and electron temperature
approximately equal. This is in contrast to the high performance obtained in the hot—ion regime
{supershots [29], hot—ion L mode [30], hot—ion H mode [31,32]) where the ion temperature significantly
exceeds the electron temperature, and which can only be obtained with strong ion heating at low target

densities.




2 DISCEARGES IN THE PEP—H MODE REGIME

The experiments were performed in a double—null magnetic separatrix configuration. The dominant
power load is on the fop X—point (this is accomplished by applying a 10 to 30mm upward vertical
displacement to the plasma), which has the grad—B drift of ions directed towards the target area . The
top X—point target area consists of 32 poloidal bands of carbon tiles. The distance from the X—point to
the target tiles is about 20mm.

Evaporation of beryllium is applied during the night prior to the experiments. The evaporated layer
on the X—point target area erodes off during the first plasma discharge after the evaporation. The
beryllium coverage of the vessel walls results in a low concentration of the oxygen impurity through the
gettering action of beryllium [33].

The ICRH system [34] has a total of eight antennas, situated in the horizontal mid—plane of the
machine. The antennas are equipped with Faraday screens made of solid berylliurn bars (see also next
section), surrounded by carbon protection tiles which protrude about 20mm with respect to the screen.
The antennas launch the fast jon cyclotron wave, and are used in a minority heating scheme with a
hydrogen minority species in a deuterium plasma. The antennas are, for these experiments, operated in
the toroidal dipole mode, where the currents in two adjacent conductors are in anti—phase.

The hydrogen minority, in the discharges presented here, was provided by gas puffing, prior to or
during the heating period. Based on measurements with the neutral particle analyser, the ratio of
hydrogen to deuterium is between 0.1 and (.15, but there is considerable uncertainty as to the value
within the plasma core, after the injection of the deuterium pellet,

Experiments were performed at toroidal fields of 2.8T (with an ICRH frequency of 43MHz) and 3.2T
(with ICRH at 48MHz). Plasma currents were between 3 and 3.6MA.

In figure 1 the time evolution of the relevant parameters for a typical PEP—H mode discharge are
shown. The toroidal field is 2.8T. The plasma current is 3MA, and reaches the flat top value at 4s. The
formation of the X—point equilibrium, through the application of the shaping currents, is carried out at
the end of the current rise. The objective of the early X—point formation (X—point formation in JET is
normally done later, in the current flat top of the discharge; see also next section) is to avoid sawteeth

prior to the pellet injection and PEP phases. The increase at about 4s of the vertical Da signal, which

has a line of sight near, but not at, the X—point target region, shows the X—point formation. The further

increase of the Da signal between 4.2 and 5.0s is due to gas—puffing, with the density control feedback

system {rying to maintain a constant density after the X—point formation. At 5.0s a deuterium pellet

(4mm diameter, 4mm length, containing about 3 1021 D atoms) is injected with a speed of 1200m/s. The




injection is visible in the traces of the radiated power, the vertical Da’ the density and the temperature,

The peaking of the density profile, characterised by the ratio of central to volume average density, is
about 2.9 just after injection. The density profile just after injection is shown in figure 2a, as measured
by the LIDAR time—of—{flight Thomson scattering system [35]. Immediately after the injection the
auxiliary heating is switched on. The NBI, at a level of 2.5MW (deuterium injection, with an energy of
80keV per particle) is required for the charge exchange recombination spectroscopy measurement of the
ion temperature. The ICRH power is ramped up to IMW in 0.5s.

The discharge is in PEP—L mode until 5.6s. During the PEP—L phase, the electron and ion
temperatures, the plasma kinetic energy (measured by the diamagnetic loop), and the neutron production
rate increase, while at the same time the volume average density and the central density decrease. At
about 5.6s the transition to H mode takes place. The transition can be observed as an increase in the

energy confinement time, a slight decrease of the vertical D& signal (in other discharges, clearer D‘:r

signatures have been obtained; an example is shown in figure 3) and a slight temporary decrease of the
radiated power. At 5.78s, a single edge localised mode (ELM [10]) occurs. The stored energy increases to
a level better than typical of H mode energy conﬁnemeﬂt: a maximum energy of 8.3MJ is reached at
6.25. Profiles of the electron density and the electron temperature, as measured by the LIDAR system,
are shown in figure 2a and 2b. Both the density and the temperature profiles show the large Shafranov
shift; the profiles have their maximum at 3.4m, while the centre of the outer flux surface is at 3.1m. A
remaining peakedness of the density profile can be observed between 3.4 and 3.8m. The temperature
profile is peaked, with a maximum of 11.5keV, in agreement with the ECE measurement of the
temperature shown in figure 1. The maximum neutron rate is (.95 10168’.—1, and occurs at 5.9s, which is
well before the stored energy reaches its maximum value. Clearly, the favorable conditions essential to
the high neutron production rate decay without affecting the global confinement. The decay of the
neutron rate seems, in this discharge, primarily related to the decay of the peaked denmsity profile, and
possibly an influx of impurities. _

At 6.20s, a central MHD ev_ént occurs, as can be seen from the electron temperature signal measured
near the plasma centre (there is a fast decrease, followed by a slower decrease on that signal). Similar
events, but smaller in magnitude, occur at 5.8 and 6.15s, and can be seen as small decreases in the
neutron rate. The event at 6.25s causes a strong influx of impurities which can be seen as a spike on the
radiated power, and an increased level of this signal afterwards. The impurity was identified as carbon,
using XUV spectroscopy. A fraction of the ICRH power is lost due to trips in the system, which occur
due to the changing coupling conditions associated with the event. The discharge remains in H mode. At

6.8s there is the H to L transition, as witnessed by spikes on the radiated power and Da signals, the drop

in volume average density and the return of the stored kinetic energy to L mode values,



The significance of the MHD events is that in many PEP—H discharges the high neutron rate is
terminated by such an event, rather than by the slow roll—over in the discharge shown here. The
structure of the events, as observed on the electron temperature and the soft X—ray emission, is like that
of a sawtooth: there is a fast collapse of the central temperature, there is an inversion radius, and there is
a heat pulse propagating out to the edge. The rational q surface associated with the event has not yet
been unambiguously determined. There are, in most cases, no precursor oscillations, and the post cursor
oscillations show a mixture of modes. The rational surface could be the g=1 surface, in which case these
events may be ordinary sawteeth. However, we do not expect the g=1 surface to be present in the
discharge until about 8s. This expectation is based on the time of the onset of sawteeth in discharges
without pellet injection, and on the central q value as determined by the equilibrium solver, Namely, in
similar discharges without pellet injection the first sawtooth does not appear until after 8s, and in these
discharges there are no earlier MHD events reminiscent of those in the PEP discharges. Alternatively,
these events could be associated with the q=1.56 surface. According to the equilibrium solver, the q=1.5
surface enters the plasma at about 5.5s. Indeed, sawieeth with an inversion at the q=1.5 surface have
been observed in TFTR [36], and MHD events at the q=1.5 surface have been observed in limiter
PEP—L mode discharges in JET {24]. The question as to whether the MHD events, both in the limiter
PEP—L discharges [37,38] and in the recent PEP discharges, are governed by a local (central) § limit,
driven by the high pressure associated with the peaked profile, remains under discussion. In this context,
it was observed that in similar discharges with pellet injection and peaked profiles, but with low ICRH
power and low neutron production rates {and thus low central pressure), events at around 6s, with

similar structure but smaller in magnitnde than the events in the PEP mode discharges, also occur.

There are several indications that the neutron emission of this discharge (22490) is predominantly of
thermonuclear origin. Calculations with the TRANSP {39] transport analysis code show that a neutron
rate of about 1.5 1015:-;_—1 is due to beam-plasma interactions, originating from the 2.5MW neutral beam
injection. This is 16% of the -total rate. Adding the beam—plasma and the thermonuclear fractions
obtained from TRANSP, the experimental neutron rate is closely matched. These calculations are
consistent with results from neutron spectroscopy, which show (by unfolding the neutron spectrum in
pre—calculated thermal and beam—plasma parts) that about 80%10% of the neutron rate is of
thermonuclear origin. The neutron spectrum also shows thaf a possible contribution from an ICRH
induced high energy deuterium tail {(via second harmonic ICRH absorption by deuterium ions) can be
neglected, as expected in these high density plasmas. This is further confirmed by the absence of strong
lines in the 7 ray spectrum in the 500keV to 10MeV range. The v spectrum further shows that there is

no contribution from proton—beryllium fusion reactions in these discharges.




Values for the fusion product n T were obtained, where g is the deuterium density {an

D E

assumed 5% hydrogen minority is excluded from the central nD), and the energy confinement time " is

taken as W / (P —dW/dt), where W is inclusive of fast particles originating from the neutral beam
injection. The value of oy Tm 'I‘ at 5.9s (the time of the maximum neutron rate) is between 7.0 and 8.6
20 -3

19—3

107 m " s keV (n =8107"m 7, = 1.03s, Ti between 8.5 and 10.5keV, to bracket the error—bars

E
of these measurements). A TRANSP calculation with these values, and with experimentally obtained
profiles of density and temperature, leads to a close match between the calculated and the experimental
neutron rate. If the fast particle fraction is subtracted from the stored energy in the calculation of r

0 —3

EJ

the value of n_ 7 T is between 5. 6 and 6.8 10 3 keV The value of Q D (D—D fusion power

DE
divided by loss power P — dW/dt) is 1.5 10
A prediction of the D—T performance of this discharge, assuming the deuterium to be replaced by a

50% / 50% mixture of deuterivm and tritium, can be made on the basis of the value of ny 7o T A

thermonuclear QD—T (defined as fusion power, divided by loss power) of about 0.45 would be obtained.

To obtain this projection, narrow profiles for the density and temperature, as measured, are used.

L to H transitions in the PEP—H discharges are delayed with respect to the time of switching on of
the auxiliary heating. The typical delay time is 500ms for discharges with auxiliary heating power of 10
to 15MW. By inserting, just after the pellet injection, a short period of higher than 15MW heating
power, the delay time could, in some cases, be reduced to about 300ms. This delay time is characteristic
of H modes, in particular for H modes without sawteeth. In discharges with sawteeth the transition can
be triggered earlier due to the heat pulse following the sawtooth. In JET, for B modes with ICRHE and
without pellet injection, where the sawteeth are stabilised by the ICRH, delay times of up to 500ms have
also been observed.

In figure 3 the time evolutioﬁ of a discharge is shown in order to illustrate the possible consequence of
this delay. Here, the pellet is fired at 5s (4mm, 3 1021 atoms), into a double—null X—point discharge
with toroidal field 3.2T and plasma current 3.6MA. The auxiliary power is switched on at 6s, and is
ramped up relatively quickly (compare with shot 22490 in figure 1}. The H mode transition takes p!ace at
6.5s (D trace). Already during the PEP-—L phase {6 to 6.5s) a high neutron rate of 1.2 1016

obtained, at 6.45s. The neutron production rate then decreases, apparently correlated with a minor MHD
relaxation taking place in the outer plasma region. The L—H transition then takes place {possibly
triggered by this MHD event) and the neutron rate increases again to a maximum of 1.2 1016 —1 at 6.7s.
Although in this discharge an equal neutron rate was obtained in the PEP—L and PEP—H phases, the 1l

moede transition allowed a longer sustainment of the high neutron rate and a larger integral neutron




production. The H mode is terminated at 7s; the event at 6.7s is associated with an impurity influx. In
this discharge the maximum central ion temperature is 14keV. The neutron rate does not appear to be
limited by MHD phenomena, but appears to roll over with the decay of the peaked profile and possible
impurity influxes. This discharge is of further interest because it shows that a good pellet enhancement is
still obtained, despite the delay time of 1 second between the injection of the pellet and the switching on

of the additional heating.

PEP—H modes have also been obtained with neutral beam injection. With 10.5MW of deuterium
injection (8 MW at 140keV per particle and 2.5MW at 80keV), a maximum neutron production rate of
2.2 1016 was obtained, This corresponds to a QD-—D of 2.45 10_3, with electron and ion temperatures

about equal at 10keV.

A preliminary transport analysis of discharge 22490, at times around 6s (see figure 1) has been carried
out both with the FALCON [40] and with the TRANSP transport analysis codes. The results are quoted

in terms of the one—fluid thermal conductivity Xegp defined as 9ond / (ne VTe + VTi)’ where 9eond

is the heat loss flow through a flux surface and o, is the sum of the ion densities. In the centre of the
discharge X ot is of order 0.5m2/s . This is considerably smaller than central Xofs values obtained in

standard L and H mode operation with ICRH at comparable power levels, and is similar to the values
obtained in PEP limiter discharges [24,41], and in hot—ion H modes [31,32]. In the bulk of the plasma
(r/a > 0.4) the value of X ot (xeff < 1.5m2/s for rfa < 0.7) is similar to that in standard H mode

discharges and hot—ion H mode discharges [20]. This is considerably smaller than values obtained in L
mode [20], including the limiter PEP—L mode discharges [24). The transport analysis thus confirms that
the good edge confinement associated with the H mode has been combined with the good central

confinement that characterises the PEP mode, and the hot ion. H mode.



3 OPERATIONAL ASPECTS

Several operational aspects play a role in the achievement of the PEP—H mode. First of these is the
development of a discharge in which the X—point configuration is formed during or just after the plasma
current rise, and clearly before the onset of sawteeth oscillations. In JET, this was a novel approach. The
basic rationale is that it was observed in 1988 and 1989 experiments with PEP modes in L mode limiter
discharges, that it was easier to obtain required demsity profiles for the PEP mode by pellet injection
during or just after the current rise (ie. without sawteeth), than in the flat top of discharges, during

sawtoothing. The explanation appears to be that the electron temperature profile, which is the most
v important factor determining the pellet ablation, is more peaked before the sawteeth than during the
sawtoothing phase. As a consequence, central ablation of the pellet, which is a strict condition for
obtaining a peaked density profile, is favoured in the current rise experiments. Furthermore, it has been
observed on a number of occasions, that a very rapid drop of temperature can occur when the pellet
enters the q=1 region [42,43]. The window for deep pellet injection in JET, with pellets of 4mm at a
speed of about 1200m/s, is narrow. When the electron temperature is too high, the pellet ablates before
it reaches the centre of the discharge. If the temperature is too low, the probability of incurring a
radiative collapse of the plasma edge is large [44]. The correct ablation is achieved for central electron
temperatures between 2.2 to 2.6keV.

In JET, the formation of an X—point magnetic configuration with sufficient triangularity to allow
coupling of JCRH power, rélies partly on the poloidal field created as a stray field from the central
solenoid. The central section of the central solenoid is run at a higher current than the top and bottom
sections, the difference current being driven by a separate power supply connected across the central coil.
To avoid vertical stresses in the central solencid, this difference current can only be used early in the
discharge if the plasma start-up is performed without pre—magnetisation of the central solenoid. The
plasma breakdown is generated simply by demanding maximum voltage from the solenoi'ds power supply.
This mode of operation, which is uncommon in JET, appears successful. Plasma formation was achieved
at a loop voltage of about 3V (0.15V/m). The current rise was sustained with the loop voltage having a
meaximum value of 6V,

The ICRH antennas in JET were operated for the first time with Faraday shields made of solid
Beryllium. The specific impurity influx, associated with ICRH heating [45] is reduced to negligible levels
(a change of the effective ion charge Zeff of about 0.005 per megawatt ICRH power [46] has been

observed} with respect to the nickel screens used in previous operation.
A further operational improvement was made to facilitate the coupling of ICRH power to H modes. It

has been observed, eg. in Asdex [47], that the reduction of the thickness of the scrape—off layer, at the




transition from L to H mode, results in a reduction of the coupling resistance of the ICRH antenna (this
is the impedanceé that the antenna presents to its feeder system at the high voltage point). These
transients in coupling resistance can lead to trips in the ICRH system. Previously, this problem was
overcome in JET by programming a radial movement of the plasma towards the antenna at the
anticipated time of the transition. Recently, a novel system was introduced in which the radial plasma
position is controlled by a feedback loop which compares the measured coupling resistance with a
programmable demand value. This system will automatically decrease the distance between separatrix
and antenna at the L to H transition, and a constani coupling resistance is maintained. Used in
conjunction with JET's automatic frequency feedback system [48], a constant complex impedance is
presented to the end—stages of the RF amplifiers; the position feedback maintains a constant magnitude
of the impedance and the frequency feedback maintains a constant phase, by making a small change of
ICRH frequency (of order 50kHz). The positioning system also allows for fine tuning of the plasma radial

position by programming the demanded coupling resistance,
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4 COMPARISON WITH OTHER MODES OF OPERATION

In this section, a comparison of global energy confinement and neutron production rate, between the
recently obtained PEP mode discharges and other modes of operation, is presented. We note a priori,

that a clear H mode signature is not obtained in all recent PEP discharges. In some cases, the Da
signature is that of an elmy H mode, in other cases, the Da signature is inconclusive as to the

confinement mode and/or the time of an L to H transition. There is a continuum between PEP—I, elmy
PEP—H and clear PEP—H mode discharges. However in the best cases (in terms of confinement) a clear
identification as an H mode is possible. These difficulties with the reproducibility of the H mode, and the

absence of a clear signature on the Da signal, may have to do with the proximity of the separatrix to the
ICRH antenna and the belt limiter (the absence of clear Da signatures in those conditions was noted

earlier in H modes with ICRH alone [49]).

In ﬁgu-re 4, the kinetic stored energy (from the diamagnetic loop), divided by the plasma current to

normalise for the current dependence W .. /1 , 18 shown versus the loss power P, —dW,. /dt.
dia’ “plasma tot dia

The solid and dashed lines indicate the Goldston scaling [5) {substituting loss power for the total input
power) for these discharges, with a multiplier of 1 (L mode) and 2 (H mode) respectively, as a guide to
the eye. The confinement is shown for typical L mode (limiter data with 3MA plasma current at about
2.8T toroidal field, deuterium plasmas with ICRH heating alone, not pellet—-enhanced), and typical H
mode (X—point discharges at 3MA plasma current and toroidal field between 2.2 and 3.0T, deuterium
plasmas with ICRH heating alone, not pellet—enhanced). Typically the 3MA limiter I mode data is
somewhat enhanced over the Goldston L mode scaling. This is in part due to fast particle pressure from
the ICRH minority tail, in discharges with relatively low density. The 3MA H mode data scatters around
the two times Goldston line, A nn.mber of PEP—L mode discharges, obtained in limiter operation {3MA
plasma current, 3.3T toroidal field, ICRH heating alone or ICRH heating plus less than 2.7MW NBI) in
the 1988 experimental campaign is included. There is, on average, a slight enhancement in confinement
of the 1988 PEP—L mode data with respect to the standard I mode data. All points for these data

classes are shown at the time of the maximum stored energy W dia’ there is one point per discharge,

The recent PEP data is represented by the open triangles and, for selected discharges, by the closed
symbols. The open triangles, at one point per discharge show the datapoints at maximum stored energy.
The scatter in these datapoints arises for two reasons: first, there is the previously mentioned continuum
of discharges between PEP—L, and PEP—H mode; second, for some discharges the maximum of the

stored energy occurs in the pellet—enhanced phase (where both neutron rate and global energy
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confinement are enhanced) while for others, the maximum stored energy is obtained after the
pellet—enhanced phase, when the peaked profile has disappeared.

To elucidate the confinement properties of the PEP discharges further, additional datapoints are
shown for selected discharges. The solid stars represent the confinement at the time of the maximum of
the neutron production rate. This occurs, for these discharges, clearly before the stored energy reaches its
maximum (as eg., in the discharge in figure 1). These confinement points are therefore transient, meaning
here that the dW/dt term is a considerable fraction (typ. >30%) of the total input power. Good
confinement is observed in this early stage; the best of the transient points correspond to two to three
times Goldston scaling.

For the same discharges, the points of maximum stored energy are pointed out by arrows; in these
four cases, the maximum of the stored energy occurs after a clear L to H transition, and occurs after the
maximum of the neutron production, but still during the pellet enhanced phase. The confinement
obtained here is enhanced over the typical H mode confinement. The subsequent transition from PEP—H
to normal H confinement is shown by the closed triangles, which represent the confinement after the
PEP enhancement has decayed (note that for two of the four selected discharges a point can not be
shown, because the H phase was terminated together with the PEP phase, by an MHD event). After the
PEP phase the confinement of these discharges corresponds to ordinary H mode confinement.

We thus conclude that the best PEP—H modes, after a transient phase of strongly enhanced
confinement (the stars), reach a maximum stored energy which is better than that of typical H modes
(the open triangles), and reach, after the PEP enhancement decays, a confinement state equal to that of
ordinary H modes.

In figure 5, the neutron production rate is shown versus the kinetic stored energy for the same
categories of data. There is one datapoint per shotf, taken at the time of maxirnum neutron rate. The
NBI power for all points in this plot is less than 2.7MW (at 80keV per particle, the level required for
diagnostic purposes), while all data obtained after downward transients of the NBI power is excluded.
The neutron rate, associated with beam plasma reactions of the slowing down beam ions, is estimated
(by calculations with the TRANSP code, see also section 2), to be less than 1.5 1015 s_l. Some points
are with ICRH alone. There is no distinction between 3MA and 3.5MA plasma current. We see, that the
neutron rate, both of the 1988 PEP—L limiter discharges and of the recent PEP discharges is enhanced
by a factor up to 5 with respect to the non—enhanced discharges, even if the beam driven yield is
subtracted for the recent PEP discharges. Further, a clear trend of the neutron rate with the stored
energy is observed, and in fact, the trends are similar for the 1988 PEP data and the recent PEP data;
higher neutron rates have been obtained in the recent experiments primarily because the stored energy
was higher. For the same stored energy, the peak neutron production appears not to depend strongly on
whether the discharge is in the PEP—L mode or in the PEP—H mode, although, naturally, in the H

mode the stored energy is obtained for a lower value of the input power. This point is strengthened by
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the observation that plots of neutron rate versus total input pdwer or loss power show appreciably more
scatter than the plot versus stored energy shown here.

The solid triangles in the plot show the neutron rate of some of the recent PEP discharges after the
PEP enhancement has disappeared. These points represent the same discharges and times as the solid
triangles in figure 4. We thus observe that the neutron rate of these discharges is similar to that of the
typical H mode discharges.

We conclude that during the pellet—enhanced phase of the PEP~H discharges a strong enhancement
of the neutron production rate, and a moderate enhancement of the global H mode energy confinement is
obtained. The neutron production rate correlates well with the stored energy of the discharge. In section
2 it was argued that after decay of the PEP phase, ordinary H mode discharges are obtained. This is
confirmed here by the similarity of the neutron rate and the confinement of the 'post—PEP—H'

discharges to those of ordinary H mode discharges.

13




5 CONCLUSIONS

It has been shown in this paper that two principal regimes of enhanced tokamak performance, namely
the pellet enhanced performance mode and the H confinement mode have been successfully combined.
High fusion reactivily was obtained in a regime where the electron and ion temperatures are
approximately equal; the high neutron production rate is predominantly of thermonuclear origin. A

fusion product LR Ti of between 7 and 8.6 1()2D m_3 s keV (including fast particles in the energy

confinement, and using P in the evaluation of the energy confinement time) was obtained in a

loss
PEP-H mode with SMW ICRH and 2.5MW NBI. This is the highest value achieved in JET for
operation under the condition of equal electron and ion temperatures. The corresponding thermonuclear

QD—T’ assuming the discharge was to be run in a deuterium— tritium fuel mixture (60% /50%), is about

0.45. This number was evaluated assuming realistically peaked profiles. The PEP—H mode, as well as
most of the PEP—L modes in JET, are achieved in sawtooth—free discharges. The maximum neutron
rate of PEP discharges correlates well with the stored energy of the discharge. The indications are that
similar neutron rates can be obtained for PEP—L and PEP—H modes, at the same stored energy. In the
PEP—H mode, a given value of the stored energy is obtained for a lower input power than in a PEP—L
mode. Furthermore, there is an indication that in the PEP—H mode the duration of the enhanced phase,
and thus the integral number of neutron, is larger than in PEP—L modes. It has been shown for PEP—H
modes that, after the pellet—enhancement decays, the discharge becomes an ordinary I mode discharge,
with confinement and neutron rate similar to that of non—pellet—~enhanced H mode discharges. I has
also been shown that the PEP—H mode is obtained when the switching on of the additional heating is
delayed with respect to the pellet injection. Delay times of up to 1s, corresponding to about 2 (ohmic)
energy confinement times, have been used.

The pellet—enhanced performance in H mode is a transient phenomenon, as it is in L mode. The
enhanced phase is terminated either by a gradual decrease of the ion temperature and neutron rate under
the influence of the decay of the peaked profile and possibly impurity influxes, or by a fast decrease of
temperature and neuntron rate by MED phenomena. The nature of the MHD events is not understood.
There are indications that primarily a m=3, n=2 mode may be responsible for the collapse of the central
plasma parameters. It is not clear whether this mode is driver by the central kinetic pressure. In any
case, the H mode persists following the termination of the PEP—H phase.

Several technicall and operational developments have facilitated the achievement of the PEP—H mode;
ﬁrgt, in order to achieve X—point operation early in the discharges, ie. before the onset of the sawteeth,
plasma start—up at low loop voltage, without pre—magnetisation of the central solenoid, was established;

second, for the first time, the ICRH system is operated with Faraday screens made of solid beryllium, in
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order to eliminate ICRH—generated impurity influxes; third, a novel system for the plasma radial
position control has been developed, in which the plasma position is controlled by the ICRH coupling

resistance.

Most of the proposed next step tokamaks need H mode energy confinement in order to ignite. It is
therefore significant that the enhancement of fusion reactivity, obtained with the PEP mode, has been
shown to be compatible with H mode operation. If the integral fusion energy from a PEP—H mode
exceeds that of a PEP—L mode, as was argued above, an additional advantage over L mmode operation is
obtained, The PEP—H mode should be considered as a potential element of ignition strategy in future
tokamak devices. This is so in particular for those tokamaks that aim to operate at moderate plasma
currents and to utilise short ignited phases. Further work in this area should focus on realistically

assessing, and further increasing, the scope of this element.
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FIG. 1. Time traces of the relevant signals for the PEP—H mode discharge 22490. Shown are: the total
input power and the total radiated power, the NBI power and the ICRH power, the Da emission as

measured by a vertical channel viewing near the X—point target region, the total kinetic plasma energy
as measured by the diamagnetic loop, the energy confinement time defined as W dia / Ploss’ the central
and volume—average electron density from a laser interferometer, the electron temperature from ECE and
the ion temperature from He—like nickel radiation line—broadening and charge exchange recombination
spectroscopy, the total neutron production rate measured by the neutron dosimetry. The vertical lines
indicate the duration of the PEP and H phases respectively. The ECE temperature is shown for a
channel that has a radial position corresponding to the temperature maximum -at about 6s. The ion

temperature from the nickel line is subject to an upward correction of order 1 to 2keV, due to burn—out

of the He—like line. In this discharge, the toroidal field is 2.8T and the plasma current is 3MA.
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FIG. 22. The density profiles in discharge 22490 just aftér pellet injection (5.0s) and at the end of the
PEP-—H phase (6.25). These profiles are measured with the LIDAR time—of—flight Thomson scattering

system. Error bars are shown.
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FIG. 2b. The electron temperature profile in discharge 22490 at 6.2s, measured by the LIDAR

time—of—flight Thomson scattering system, at the end of the PEP—H phase. Error bars are shown.
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FIG. 3. Time traces of relevant signals for the PEP—H mode discharge 23098. Shown are: the total
input power and the total radiated power, the NBI power and the ICRH power, the Da emission

measured by a vertical channel viewing near the X—point target area, the total kinetic plasma energy as
measured by the diamagnetic loop, the total neutron production rate measured by the neutron dosimetry.
The vertical lines indicate the duration of the PEP and H phases.

In this discharge, the toroidal field is 3.2T and the plasma current is 3.6MA.
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FIG. 4. A confinement overview of the recent PEP discha.i:ges. Shown is the total kinetic plasma energy
(diamagnetic loop), normalised on the plasma current, versus the loss power (total input power minus
time derivative of the stored energy). For comparison, sets of typical L mode and typical H mode
discharges, under similar conditions and with ICRH heating alone are shown, as well as a set of PEP—L
mode limiter discharges. The lines represent the Goldston confinement scaling with a multiplier of one (L
mode) and two (H mode) respectively. Datapoints are one per dis.;cha.rge, and are taken at maximum
stored energy, unless otherwise indicated. For selected discharges, additional datapoints are shown at
maximum neutron rate and after the decay of the PEP mode, The arrows join the points at different
timeslices of these discharges.

typical L mode, + typical H mode, & limiter PEP—L mode.

PEP mode at maximum diamagnetic stored energy.

PEP mode at maximum neutron production rate.
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PEP mode discharges after decay of the pellet enhancement.
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FIG. 5. The neutron production rate versus the stored energy for the recent PEP mode mode discharges

with ICRH heating alone, or with ICRH plus less than 2.TMW NBI. For comparison, sets of typical L

mode and typical H mode discharges with ICRH alone are shown, and a set of limiter PEP—L mode data

is shown. Datapoints are one per discharge, and are taken at maximum neutron rate, unless otherwise

indicated. For selected discharges, an additional datapoint is shown after the decay of the PEP mode.

The arrows join the points at different timeslices of these discharges.
* typical L mode, + typical H mode, < limiter PEP—] mode.
A PEP mode at maximum neutron rate.

A PEP mode discharges after decay of the pellet enhancement.
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