JET-P(94)09

Overview of High Performance
H-modes in JET

The JET Team
presented by D Stork.

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK.

Preprint of a paper to be Submitted for publication in
Plasma Physics and Controlled Fusion
(Proceedings of 4th IAEA TCM on H-mode Physics)

February 1994



This document is intended for publication in the open literature. It is made availa-
ble on the understanding that it may not be further circulated and extracts
or references may not be published prior to publication of the original, without
the consent of the Publications Officer, JET Joint Undertaking, Abingdon, Oxon,
OX14 3EA, UK.

Enquiries about Copyright and reproduction should be addressed 1o the Publi-
cations Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK.




ABSTRACT

An account is given of the high performance plasmas established by
development of the H-mode regime in JET in the experimental campaigns up to
1992. High performance in this case is measured in terms of the confinement
enhancement achieved over the L-mode scaling as measured using the plasma
diamagnetism. Three JET H-mode regimes have achieved enhancement factors
(HgP!A) over Goldston L-mode scaling of 2.5 < HGPIA < 4.0. These are the Pellet
Enhanced Performance (PEP) H-mode, the high bootstrap fraction (high Bpor) H-
mode and the Hot Ion (HI) H-mode. The phenomenology of these three regimes
is reviewed and contrasts and common threads are elucidated. All the regimes
are transient (on a resistive diffusion timescale) and the mechanisms
terminating the period of enhanced confinement are discussed. Common
features between the high Bpor, and HI regimes are identified which suggest that
they are effectively two aspects of a unified Very High (VH) confinement regime.
The experimental conditions for accessing this regime are reviewed.

1. INTRODUCTION

The JET device has carried out many experiments on H-mode plasmas between
the establishment of the first such discharges in JET (Tanga et al, 1987) and the
major shutdown of JET, which was started in February 1992, in order to install
the Pumped Divertor. This series of experiments saw successful plasmas of the
ELMy H-mode type; ELM free H-modes and three H-mode regimes with elevated
confinement. These three regimes were the Pellet Enhanced Plasma (PEP)
H-mode; the Bootstrap dominated or high Bpor H-mode and the Hot lon (HI)
H-mode.

The development of ELMy H-modes is reviewed in these proceeding by
Campbell et al. Such H-modes have been obtained in quasi steady state conditions
(with respect to energy and particle confinement times 1g and tp). The other JET
H-mode regimes are all significantly more transient in nature.

The important characteristic times for a fusion plasma are the energy
confinement time (tg); particle confinement time (‘Cp); resistive diffusion time
(TR = 4nLc2/Mneo (Zest, Te)-c2, where L is a characteristic length usually taken as
the plasma minor radius, Npeo is the neoclassical resistivity, Te the plasma
electron temperature and Z.g the effective ion charge); wall residence time (ty);
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the wall pumping saturation time (twps), and the active pumping time (if any).
For steady density, temperature and MHD stability profiles one would ideally
require the duration of a regime (tq) to satisfy:

tqd > 3t ty > 31:p ty > 3tr
whilst for hydrogenic recycling evolution to reach steady state tg > 31w would be
required.

At high power (> 15MW), the JET H-mode regime is transitory with respect to all
of the above criteria. The record stored energy in a JET H-mode (12.7M] in a
Double Null X-point (DNX) configuration obtained with 22MW of additional
heating) was achieved in an H-mode phase lasting less than 1 second (Jones et al,
1992). Although the phase lasted for around 1.5 energy confinement times, its
duration was less than 50% of the particle confinement time and only around 1-
2% of the resistive diffusion time. At high powers, these JET ELM-free H-modes
are degraded by severe impurity influx following a carbon or beryllium bloom
from the X-point tiles (Stork et al, 1991). At medium powers (~ 7-8MW), the H-
mode regime has been sustained for long enough to be terminated by the onset of
100% power radiation. This is caused by the rising density in Neutral Beam
Injection (NBI) heated H-modes, there being no method of pumping the ~ 1021
particles sec’! influx in these JET discharges. These longer H-modes, lasting for
around 7 x 1g or 1-2 x tp, can be achieved with control of impurities using strong
gas puffing (Stork et al, 1990). The poor performance with respect to active density
control in previous JET plasmas should be improved when the new JET pumped
divertor comes into operation (Rebut, 1990). At present, apart from the ELMy
H-modes, there has only been occasional evidence of density control in JET
H-modes heated by Ion Cyclotron Radio Frequency (ICRF) heating alone: the so-
called Low Particle Confinement (LPC) H-mode which achieves confinement
enhancement close to twice the Goldston L-mode value with a constant density
(Bhatnagar et al, 1991).

The JET ELM-free H-modes described above have confinement enhancements
with respect to Goldston L-mode scaling (HgPIA) of 2-2.2. However, there exist
several H-mode regimes in which it is possible to substantially improve the
confinement. These 'elevated’ confinement regimes are defined such that the
enhancement factor HGPIA is > 2.5 or alternatively, that the enhancement of
thermal stored energy is significant relative to the JET/DIIID H-mode scaling
(Schissel et al, 1991).



.. h
Defining H}/DIII = T%h / Tg,}/DII

where Tg,j/pm = 0.106 P46 1;03 R148

(MW, MA, the
confinement regimes have H}}/‘Dm >

m) elevated

1.25. Typical confinement values in Tywm

the three discharges types (the PEP H-
mode, high Bpor, H-mode and HI H-
mode) are shown in fig. 1. These
discharges form the subject matter of
this paper. Section 2 covers the
phenomenology of confinement and
in the PEP H-mode;
section 3 review the high BpoL H-
mode and section 4 the Hot Ion (HI)
H-modes. The common characteristics

termination

of the high BporL and HI regimes are
reviewed in section 5 where a
common Very High confinement
(VH) regime is proposed. Section 6

explores the experimental conditions

Fig.1. Thermal energy confinement times for JET
Hot Ion H-modes and other JET 3MA H-modes
normalised to the DIII-D/JET H-mode scaling.
Also shown are JET H-modes with high
bootstrap current (Iboot/lp ~0.7) at 1-1.5MA
and the 3MA PEP H-mode. The First Tritium
Experiment shot is labelled 'PTE'.

for accessing the VH regime. More
details about the confinement systematics in the JET VH regime can be found in
the paper of Thomsen et al, in these proceedings.

2. THE PEP H-MODE REGIME

The Pellet Enhancement Plasma (PEP) phenomenon features a dense plasma core
(r/a < 0.3-0.4) created by the injection of 4-6mm pellets followed by the
application of strong additional heating. The peaked density profiles of the PEP
have been combined with the edge related confinement enhancement obtained
in the H-mode regime (Tubbing et al, 1991).

The pellet injection takes place prior to the onset of sawteeth before the q =1
surface has entered the plasma. Immediately after the pellet injection, strong
additional heating is applied and the PEP H-mode has been obtained with NBI
heating, ICRF heating and combined heating schemes. The duration of the PEP
H-mode phase is typically 0.5-1.0 seconds, which is around 50-100% of the energy
confinement time but only ~ 3% of the resistive diffusion time in the core. The
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PEP H-modes have been developed using up to 28MW of additional power, but
the highest fusion performance (~ 2.1016 neutrons sec-1) has been obtained using
approximately 11IMW of NBI heating with a small amount of ICRF (Bures et al,
1993). The central power deposition of the ICRF was essential to achieve the
highest performance. Some of these discharges have global confinement
enhancement (HgP!A) values of around 3.

2.1 Confinement in the PEP H-mode regime

The PEP confinement properties can be seen by comparing an H-mode with a PEP
H-mode under similar conditions (Balet et al, 1993). Fig. 2(a) shows the time
evolution of two almost identical NBI heated discharges, one with a 4mm pellet
injected at 5 seconds and the other without. In the case where the pellet is used,
higher values are obtained for the plasma stored energy and neutron yield. In
fig. 2(b), the effect of the PEP is evidenced by a significantly higher central electron
density. Fig. 3 shows the effective heat conductivity profiles for the two pulses.
The central region of enhanced confinement can be clearly seen.
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Fig.2 (a). Comparison of the time evolution of the central electron temperature, volume-averaged
plasma diamagnetic energy, total neutron rate and NBI power of an NBI-heated H-mode with
(pulse 24464) and without (pulse 24463) the PEP density enhancement.

(b). Plasma electron density profile measured at t = 5.66s using the LIDAR Thomson scattering

diagnostic for the two pulses in (a).
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Fig. 3 also shows the non-inductive current density profiles calculated using
TRANSP for these two pulses. In the PEP discharge, the bootstrap current
dominates due to the steep pressure gradient near to the plasma centre. In thecase
without the PEP, the beam driven current dominates due to lower central density
and results in a centrally peaked non-inductive current profile. The resulting q
profile calculated using TRANSP is also shown in Fig. 3. The effect of pellet
injection combined with the off-axis bootstrap current is to produce a region of
negative shear in the plasma core. Current profile measurements made using the
polarimeter and observations of MHD activity on other PEP discharges, are
supportive of this conclusion. The negative shear may play a role in the
enhancement of the local confinement. A prediction to this effect comes from the
Rebut-Lallia-Watkins local transport model (Rebut et al, 1988). Note however
that the region of improved confinement is somewhat larger than the negative
shear region. The particle diffusion in the core of the PEP H-mode also appears to
be reduced below the normal L mode values, effective particle diffusion
coefficients ( Deff) ~ 0.1m2 s°1 being achieved.

The relatively small volume of reduced transport leaves variable impact on
global HgP!A, and correlations of HgP!A and yeff(core) with plasma parameters
such as Vn, VT, Vn/n, and VT/T reveal no systematic variation. The reason for



this is that ELM activity and Ze¢s profiles also vary across the PEP H-mode dataset.
These variations obscure correlations with the core parameters.

Central heating, by the deposition of RF power within r/a < 0.4 leads to an
improvement in the central parameters of the discharge (Tj, Te) and also to the
fusion performance. How-ever the value of yeff remains the same in the plasma
core (Balet et al, 1993), and no synergistic effects are required to explain the
improvement in parameters. At the central densities achieved in the best PEPs (=
8.1019m-3), equipartition ensures that Tj ~ Te. In these cases the highest ion
temperatures achieved on JET with ICRF heating (Ti(0) ~ 14.5keV) have been
measured.

2.2 Termination of the PEP H-mode

The termination phase of the PEP H-mode exhibits a wide variety of
phenomenology. JET MHD diagnostics have been restricted to the detection of
n <4 modes and have had limited fast sampling capability. Hence it is possible
that MHD activity, especially the high-n activity associated with ballooning
modes, may have escaped detection. With this caveat we find that less than 50%
of the JET PEP discharges have identifiable MHD collapses. In about 25% of the
cases, n=1 activity is associated with the collapse of the central parameters
(identified as the rapid decline in the measured DD fusion reaction rate) whilst
about 10% show n = 3 activity followed by n =1 activity. Some MHD collapses can
be seen to be directly responsible for impurity accumulation in the core which
leads to the PEP phase collapse. The reasons for the variable MHD activity have
their origins in the variation of q profile after the pellet injection. As indicated in
Fig. 2, the PEP q profile features an off-axis minimum. The value of qo and qmin
post-pellet varies from discharge to discharge. As the heating is applied, the
evolving bootstrap current drives qo up and qmin down. Simulations with the
FAR code shows that the sequence of distabilisation of n=3 orn=2 or n=1
resistive kinks depends on the initial values of qo and qmin (Smeulders et al,
1993), hence providing an explanation for the differences in low n activity which
are seen.

Regarding ballooning stability of the PEP H-modes, the comparison of code
simulations with measured pressure profiles show that the core of the PEP
plasmas are in the region of so-called second stability against Ideal Ballooning
modes. This access to second stability is opened up by two factors:
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i) the minimum q in the PEP H-modes is = 1.2 in most cases which joins the
first and second stable regions for a plasma with low positive shear; and

ii) the region of negative shear exists without a first stable boundary and, if the
shear is sufficiently negative, is also free of the Mercier instability.
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Fig.4. Ideal ballooning s-a analysis for central flux surfaces of a PEP+H mode just prior to the
decline in the fusion reaction rate. The bottom left graph indicates the change in the unstable region

if the measured safety factor (q) is replaced by q + 0.1.

As the current profile evolves in the PEP phase and qmin drops below ~ 1.1, the
second stable region is cut off and analyses suggest that either ballooning or
Mercier modes may become unstable and cause the collapse of the PEP phase. A s-
a diagram analysis for a typical PEP shot is shown in fig. 4. The uncertainties in
the position of the stability boundary are quite significant due to uncertainties in
the q profile (which are at least Aq ~+0.1) and hence a definitive statement
cannot be made on this point.



3. HIGH Bpor, H-MODE REGIME

In the JET high Bpor. H-mode study (Challis et al, 1993) the aim was to produce H-
modes with a high fraction of the current sustained by the bootstrap mechanism
in reactor relevant conditions (Ipgot/ Ip > 60%). These conditions were defined by
having negligible central particle fuelling and flat density profiles with gas
fuelling. In order to ensure negligible central particle fuelling, the experiments
were performed using ICRF heated, double null X-point plasmas with Ip = 1-
1.5MA and Bt = 2.8-3.1T. Strong gas puffing was required to maintain the ICRF

coupling at reasonable power levels.
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Fig.5(a). Evolution of parameters in a IMA ICRF heated H-mode. The antenna-plasma distance (D,
sixth trace from top) becomes progressively smaller as the H mode evolves and the feedback system
moves the plasma to keep the coupling (bottom trace) constant;

(b).
bootstrap current term shown in the second graph for the IMA pulse #25264.

Surface loop voltage against time compared to TRANSP simulations with and without the

Fig. 5(a) shows the time evolution of a typical (IMA/2.8T) discharge. ELMs are
observed soon after the application of the heating and this maintains constant
density for more than 1s. The discharge then makes a transition into an

ELM free H-mode and the sawteeth terminate. The density and thermal plasma
energy rises strongly until Bpor, ~ 2 is reached. The ELM free phase is usually
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terminated by an event associated with a giant ELM resulting in a loss of more
than half the electron density and plasma energy.

3.1 Bootstrap analysis

A time dependent analysis of the JET high BpoL discharges using the TRANSP
code has calculated the current profile evolution. The simulation which includes
neoclassical resistivity and the bootstrap current, uses the measured temperature
and density profiles. Suprathermal ion pressure, expected to be small in the high
density phase, is excluded from the analysis. Fig. 5(b) shows the TRANSP
calculation compared to the measured loop voltage. The sign reversal of the loop
voltage is only reproduced when the bootstrap effect is included. In the ELM-free
phase the bootstrap current rises to dominate the total plasma current
(Ip/Ip ~ 0.7 £0.15).

An analysis of the current profile evolution (Challis et al, 1993) shows that the
bootstrap current is located at large radii. The duration of these high Bpor H-
modes is long compared with the characteristic energy confinement time
(td ~ 47tg) but very short compared to the characteristic resistive diffusion time
(tqg ~ 0.041R). The current distribution is thus far from the steady state profile
which would result in an axial qo ~ 3 to be expected with a 70% bootstrap fraction.

3.2 Confinement in the high BporL H-modes

The thermal energy confinement time (tgth) is enhanced beyond the normal H-
mode, being up to 70% better than the value given by the DIIID-JET H-mode
scaling. The local transport analysis with the TRANSP code shows that the

confinement improvement occurs throughout the volume of the plasma.

Fig. 6 shows a comparison of yeff for the high Bpor. ELM free H-mode phase and
an extrapolation of a 'normal' 3MA ICRF-only H-mode (Balet et al, 1991). The
two H-modes have very similar applied ICRF power and electron temperature
profiles. A simple scaling of tg with plasma current as I,1-0 does not fit the data
when applied between the two plasmas (this is done locally by scaling yeff by
1/BpoL in going from 3MA to IMA). A scaling of xeff with local shear, as sV
would require ly]>>1 contrary to experience from local transport results in JET
current ramp experiments (Challis et al, 1992) which gave Yeff ~ s°Y with
O0< |y| <1.
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Fig.6. Radial profiles of effective thermal diffusivity (xeff) obtained from TRANSP analyses of
the IMA /2.8T high Bpo1, H-mode pulse #25264 (small dashes) and the 3MA /2.8T ICRF heated H-
mode discharge pulse #20232 (dot-dash). The 3MA data scaled to IMA using (yeff) (scaled) = yeff
(BMA)*(BpQOL (BMA/BpQL, (IMA)) is also shown (dashed lines). Error bars show the typical range

of yeff established at various times during the H-mode periods.
3.3 Termination of high Bpor H-modes

The radiation in the ELM-free H phase remains relatively low (30-40% of the
input power) and there is no sign of strong impurity influx so it is unlikely that
radiative collapse is responsible for termination of the high Bpor phase. An
analysis of MHD activity Hender et al, 1992) shows that there is no correlation
between the n=1, m =1 internal kink and the rapid decline in BpoL, which
appears to be an edge stability problem associated with a large ELM.

The two candidate mechanisms for the Bpor collapse are interaction with the
ICRF antennae protection tiles and an edge ballooning instability. Evidence for
the first comes from the thermographic observations of the antennae showing
localised heating of the midplane edge carbon protection tiles as the plasma edge
is brought closer to the antennae tiles by the automatic feedback control system
which seeks to maintain the coupling resistance (see traces in fig. 5(a)). The
antenna heating tends to be localised because the outer plasma boundary
curvature exceeds that of the antennae. It is possible that this increased
interaction leads to the large ELM with the radiated power fraction rising rapidly

10



to 100%, however no strong carbon influx due to the heating is seen prior to the
ELM.

The second possibility of edge ballooning instability is shown in high n
ballooning analysis of the edge plasma (Challis et al, 1993; Hender et al, 1992). As
indicated in section 5, the edge of the high BporL discharges have pressure and
current density profiles which indicate access to the second stable ballooning
regime. The edge density and pressure gradients become very large (dne/dr ~
2 1020m-4) however, and as the edge current density evolves, just prior to the
onset of the giant ELM the present gradients are calculated to be marginally stable
to high n ballooning over the outer 0.1-0.15m of the plasma. There is some
evidence from high frequency density fluctuations to support this. These
fluctuations are measured with the multichannel reflectometer (Prentice et al,
1990), which shows increased high frequency (~ 100 kHz) fluctuations within 10
cm of the plasma edge (ne <2 1019 m=3). As the time of the large ELM approaches,
the fluctuation power spectrum broadens, with fluctuation levels at 100 kHz
increasing by 2 orders of magnitude relative to those at 50 kHz. This
phenomenon seems to precede many ELMs in JET plasmas (Ali-Arshad et al,
1992) and hence cannot be regarded as unique evidence of a ballooning limit and
so we believe that a definitive choice between the two possible explanations for
BroL collapse requires further experiments.

4. HOT ION (HI) H-MODES

The highest fusion yields from deuterium plasmas in JET (= 4.3 x 1016 neutrons/
second) have been achieved in the hot-ion (HI) H-mode regime (Thompson et al,
1993). The hot-ion regime is characterised by a relatively high ion temperature
(Ti(0) = 15-25keV) and T;(0) > 1.5T¢(0). These conditions are obtained by applying
intense NBI heating to a low-moderate density (ne < 2 x1019m-3) target plasma. It
has also been possible to couple small amounts of ICRF power to these
discharges. This has increased the fusion reactivity but lowered the Qpp.
Incremental NBI heating on the other hand, shows that Qpp is approximately
proportional to Ppp; (Thompson et al, 1993). HI H-modes are produced in plasmas
with a magnetic X-point configuration with either a single or double null.
Preparation of the interior surfaces of the tokamak vacuum vessel has proved to
be important. Helium glow discharge cleaning or beryllium evaporation both of
which result in low wall impurity retention and low particle recycling during the
discharges are essential pre-requisites to achieving the highest performance,
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including the very good confinement, which can be obtained in this regime. Peak
enhancement factors (HGPIA) up to ~ 4 have been observed.

The duration of the H-mode phase in hot-ion plasmas is generally < 1.7 seconds
which is slightly longer than tg but only a couple of percent of Tr. The density
rises throughout, and reaches values of ne(o) = 5x 1019m-3 at the termination.
Electron temperature sawteeth are generally stabilised for periodsin excess of
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1 second. Fig. 7 shows the time evolution of a HI H-mode plasma including the H
factor. The plasma stored energy and neutron yield do not reach a steady state, but
are still rising when a termination event sequence occurs which results in a
reduction in both confinement and fusion yield.

4.1 Termination of the high performance phase in the HI H-modes

The high performance phase of HI H-modes terminates in a variety of ways.
Some exhibit an abrupt loss of neutron yield and confinement while for others a
rollover occurs with a timescale of 100's of ms. Abrupt terminations commonly
have an ELM and sometimes an electron temperature sawtooth associated with
them. Within a few milliseconds of the termination, a carbon bloom is observed
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(presumably from the X-point target tiles) which prevents the recovery of the
high performance state.
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The pressure gradient at the edge of HI H-mode plasmas is typically very large
and is calculated to give rise to a significant bootstrap current density. Under
these circumstances, there is a region at the plasma periphery which is
unconditionally stable to ideal ballooning modes (Balet et al, 1993b). The
normalised edge pressure gradient achieved in one of the highest performance
HI H-modes is plotted as a function of time in fig. 8 together with the region
which is calculated to be unstable to ideal ballooning modes. At the end of the
period of ELMs there is no region of instability for the plasma periphery and
there is a coincident increase in global plasma energy confinement and local
pressure gradient. However, no causal link between the disappearance of the
unstable region and the improvement in confinement has been demonstrated.

The unstable region returns coincidentally with the termination event.

Theoretical analyses of the termination of the high performance phase have
investigated Ideal and Resistive Ballooning and Internal Kink mechanisms but
have so far proved inconclusive. The origin of the ELM termination may be the
result of edge gradients unstable to resistive ballooning (Huysmans et al, 1992)
but not all discharges show marginal stability in this case. The Internal Kink
analysis (Huysmans, 1993) shows that the mode structure for n=1 is very
sensitive to the edge current density gradient (j) and has an enhanced amplitude
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at the plasma boundary for high values of jedge such as are known to exist in the
HI H-modes. The Internal Kink also extends to large radii at high Bpor. It is clear
that this is a candidate mechanism for the fast (sawtooth plus ELM) termination,
but predictions have not been made for the relative instability of different HI H-
modes in the dataset.

4.2 Effect of Toroidal field on HI H-mode performance and termination

The effect of the toroidal field strength on the behaviour and performance of HI
H-modes has been investigated. Experiments have been performed with toroidal
fields in the range Bt = 1.9-3.3T using NBI heating in the range of 14-16MW. The
peak values of the plasma stored energy measured by the diamagnetic loop are
seen when averaged over the data set to increase significantly (~ B70-5-0.7) as a
function of toroidal field strength. The peak confinement enhancement factor,
which is typically obtained earlier than the peak stored energy, shows a milder
dependence on the field however (B10-3-0-4). An indication of the resolution of
these findings is given by considering the time histories of 3 HI H-modes with
differing toroidal fields (but otherwise similar parameters) as shown in fig. 9. The
plasma stored energy in the 3 discharges initially follows a similarly time
evolution until 0.5-0.6 seconds. The stored energy then begins to limit in the
lower field (1.8 and 2.2T) plasmas, and the confinement enhancement declines
before the termination event around 1.25s.

Fig. 10 shows the maximum values of normalised B (BN =BTaBt/Ip with BT in %,
Ip in MA, a in m and Bt in Tesla) for the 3MA 1991/92 HI H-mode dataset plotted
as a function of toroidal field strength. The best values of normalised B achieved
so far do not appear to depend strongly on the toroidal field strength raising the
possibility that these discharges are encountering a B limit especially at low field.
However, since the characteristics of the termination of the high confinement
phase vary throughout the dataset and the causes of the termination are still
unclear, it is not possible to ascribe the achieved values of normalised B to a

common cause or to demonstrate a B limit unambiguously.

Higher values of normalised B have been obtained in NBI heated JET plasmas at
low current (Ip = 1.5-2MA) and low toroidal field (B £1.4T) (Stork et al, 1992). In
these discharges, values of B up to 6% have been achieved at a normalised B of
3.3.
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Fig. 9. Time evolution of three Double Null X- Fig. 10. Peak normalised B (BN = BTaBT/Ip
point plasmas attaining the HI H-mode. The with Brin %, Ip in MA, a in m and BT in Tesla)
three plasmas have very similar beam powers versus toroidal field strength for Hot-Ion H-
(trace (a)) and differ mainly in the toroidal modes.

field. Note the progressively earlier limitation

in stored energy and decreasing limiting value of

HGDIA as the Toroidal field is reduced.
4.3 Fusion performance in JET plasmas

Fig. 11 shows the values of the fusion triple product (np(0)T;(0)tg) obtained in
the best JET plasmas and curves of equivalent thermal Qpr (ratio of the fusion
yield to the loss power) for comparison assuming a deuterium to tritium ratio of
unity. This is equivalent to defining Q with respect to input power in steady state.
The high performance domain is dominated by HI H-modes. Some PEP H-mode
plasmas also appear on the diagram but since the assumed density and
temperature profiles in the calculation of equivalent Qpt are broad (parabolic)
the comparison with the peaked profile PEP H-mode data is not strictly valid.
However, values for the fusion triple product of up to 7.5£0.5 x 1020m-3keV.s
have been achieved with a central ion temperature around 10keV in this regime.

Consideration of fig. 11 reveals that the best of the HI H-modes establish plasma
conditions which are outside of the previously defined 'Hot Ion' region of the
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np(0)T;(0)tg plot (Bickerton et al, 1987). They are moving towards equilibration

of the ion and electron temperatures and hence into a more optimum

regime for the route to an ignited plasma. The principal reason for this is

that the ion energy confinement is significantly better than the electron energy
confinement in the centre of these plasmas (see eg: Thompson et al, 1992).

The HI H-mode was chosen as the discharge for performing the world's first
experiment with a D-T plasma (JET Team 1992). The total fusion power
producedin this experiment was 1.7MW for an input NBI power of 14.3MW, a
ratio of fusion power to input power of approximately 0.12.
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Fig. 11. Triple fusion product (np(0). Tj(o)- TE) plotted against central ion temperature (Tj(o0)) for
the best JET plasmas with > 10MW additional heating. The line marked 'hot ion regime boundary'
indicates the relationship defined in Bickerton et al (1987).

The bars on the highest point represent the approximate accuracy of the quantities and
applicable to all points.

Note that the 'Q' curves refer to equivalent 50:50 D-T plasmas in steady state and are only valid

for broad parabolic profiles of density and temperature. Their comparison with the PEP H-modes is
thus not strictly valid.

5. A UNIFIED VH REGIME IN JET

A regime of plasma performance known as the VH mode regime has been
identified in the DIII-D tokamak (Jackson et al, 1991). This regime is characterised
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by thermal confinement which reaches levels up to 2.4 times the JET/DIII-D ELM
free H-mode scaling and was achieved following the initial boronisation of the
vessel. It has been postulated that this regime is also being observed in the JET
H-modes with elevated energy confinement (Balet et al, 1993; Greenfield et al,
1993). We must therefore address the question of whether or not the JET H-mode
discharges with globally elevated energy confinement (the high Bpor and HI H-
modes) are in reality two aspects of a unified regime.

The answer to this question would appear to be yes. Apart from the similar global
VH level of confinement, the two regimes both have a large bootstrap current at
the plasma edge and this allows access to the regime of second stability against
ballooning modes. An analysis by Deliyanakis et al (1993) shows that up to 30% of
the plasma volume is in the second stable region in the well developed ELM-free
phase. Both regimes have edge pressure profiles which expand into the region of
second stability in the s,a plane but it is as yet unclear as to the mechanism which
is propelling this enhancement.

The plasmas also seem to limit at BN ~ 2 (£ 10%) which is further suggestive of a
unified regime.

The identification of a VH regime in JET plasmas encompasses a wide variety of
plasma scenarios. This fact gives information about the relative importance of
various physics issues in the achievement of VH conditions. Since ICRF heating
is used to obtain the IMA high Bpor VH regime and NBI heating the 3MA HI
VH regime, it is clear that VH modes can be obtained with power transfer to
either electrons or ions. In addition the high Bpo1 plasmas have very little
plasma rotation (Thomas et al 1993), with toroidal velocities more than an order
of magnitude slower than the HI H-modes. This implies that significant rotation
'spin-up’ is not necessary before the VH regime can be accessed, a finding in
marked contrast to studies in DIII-D (Burrell et al, 1992; Greenfield et al, 1993).
The plasma shaping used in the JET VH regime plasmas provides insufficient
triangularity to give access to the second stable regime without the presence of
the bootstrap current, again in contrast to the situation in DIII-D (Jackson et al,
1992; Taylor et al, 1993). This is a possible reason why the normalised Bn achieved
in the JET VH plasmas is lower than the best DIII-D values as the regime clearly
has to develop a second stable region as the discharge develops. Examination of
the JET HI and high BpoL plasmas shows that the dependence of confinement
enhancement (H) is not a strong function of triangularity (3) (fig.-12).
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Fig. 12. Confinement enhancement (HGPA) plotted against triangularity (3) for a sub-group of the
HI H-modes and typical high BpQL, H-modes.

In order to establish an operational philosophy for accessing the VH regime in
JET, we have examined the 3MA H-mode database to find the dependence of
confinement enhancement relative to L mode (HgPIA) on various discharge
parameters. A similar analysis for the low current (IMA) high BporL VH modes
obtained with ICRF heating has not been done as the parameter variation in that
dataset is not very wide. The results for the 3MA H/VH modes are shown in fig.
13(a)-(e).

Fig. 13(a) shows that if the dataset is divided merely into Hot Ion H-modes
(Ti > 1.5Te and T; > 10keV) and others that the strong tendency is for the VH
plasmas to be dominantly Hot Ion. Fig. 13(b) shows that the poor Hot lon
H modes are all from the earlier (1988 and 1989) JET experimental campaigns.
Inthis period the X-point of the discharge was usually near or on the vessel's
carbon X-point tiles. From 1990 onwards, the Single Null (SNX) and Double Null
(DNX) discharges had X-points which were well inside the vessel (at least 5cm
'inside’ the location of the X-point tiles).

This has clearly brought benefits for the HI H-modes but the improvement in the
‘normal’ H-modes is less clear (fig. 13(c)). The improvement with time is also
indicative of improved vessel conditioning (beryllium evaporation) and the
movement of the X-point has helped to reduce recycling and insulate the plasma.

Fig. 13(d) shows that (again with the exception of the earlier Hot Ion shots) a
higher toroidal field is statistically beneficial in accessing the VH regime.
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Fig. 13(e) emphasises the importance of a pure plasma (low Z¢) and indicates

that the earlier Hot Ion shots suffered from pollution.
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Fig. 13. An examination of the JET 3MA H-modes with steady NBI heating (additional power
constant for > 0.6secs).

The enhancement factor (HGPIA ) is plotted against loss power and the dataset is grouped
according to:

a) Hotlon (Tj > 1.5T; Tj > 10keV) and non Hot Ion

b) Year of experiment for Hot Ion H-modes

¢} Year of experiment for normal H-modes

d) Toroidal field value

e) Effective ion charge of the plasma (Zeff) during the steady power phase.

Parameters which are not seen to be important in accessing the VH regime are
number of nulls (SNX and DNX discharge are both represented at high values of
HgPIA) and the direction of the ion VB drift (VB drift into and out of the X-point
are both represented at high values of HgPIA).

5.1 Discussion of access to the VH regime

For the 3MA H-mode dataset, the important parameters for accessing the VH
regime all have a clear effect on the generation of a high edge bootstrap current.
The low recycling of the HI H-modes (performed without gas puff) and the
improved shielding against impurities given by a large X-point to tile distance
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both reduce the edge collisionality and enhance the bootstrap current. Low
recycling and the low power and particle transport out of the centre of the Hot
Ion plasmas tend to increase Vn and VT at plasma edge and further enhance the
bootstrap current. It is also true that the edge values of VT; and VT, are higher at
high toroidal fields. Although the exact reason for this is not clear it also leads to
further bootstrap enhancement. These conditions, when taken in totality, seem
to be capable of generating sufficient bootstrap current to give access to the second
stable regime.

In the IMA high BpoL plasma, strong gas puffing is used at the outer midplane (~
1.5 1021 atoms sec -1) and the low recycling conditions are violated. It is possible,
though not proven, that triangularity may be a key to the second stability access
in these discharges. They are certainly the highest triangularity plasmas in the
JET dataset. It is also possible that the very high edge q(qgs ~ 13) may play an
important role in keeping the plasma profiles far from the first stability boundary
until the conditions have developed for access to the second stable region. A high
value of q also results in a long connection length in the divertor region which

helps to isolate the plasma from returning neutrals and impurities.
6. CONCLUSIONS

The JET device has successfully produced plasmas where BpoL, reaches ~ 2; either
globally, in discharges with 70% bootstrap fraction; or locally, in the Pellet
Enhanced Plasma (PEP) H-modes. Three H-mode regimes have been established
on JET where the global confinement enhancement reaches values of >3 but
these H-mode plasmas (the high I,/Ip H-mode; PEP H-mode and Hot Ion (HI) H-
mode), remain transient on a resistive diffusion timescale.

The confinement enhancement in the PEP H-mode is predominantly in the
central 25% volume of the plasma and may be associated with the negative shear
region in the core. The enhancement in the high Iy/1p (high BpoL) and HI H-
modes is seen to be approximately uniform throughout the plasma.

The high Bpor and HI H-modes both feature large edge bootstrap current and, for
the period of the elevated confinement, these give the plasma edge access to the
'second stability regime' which is unconditionally stable against ideal ballooning
modes. The mechanism which causes the plasma pressure to increase
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subsequently so that the measured profiles exist in the second stable region has
not been identified.

The access to second stability indicates that the high Bpor, and HI H-modes are
two aspects of a unified VH mode regime for JET plasmas. That this is the case
indicates that the VH regime can either be obtained with electron heating (ICRF)
or ion heating (NBI) and that high plasma toroidal rotation is not necessary
before the VH regime is accessed.

The operational parameters for accessing the VH regime have been investigated.
For the high power (HI H-mode) shots low recycling; an X-point well separated
from the vessel; a high toroidal field; a low value of Zq¢f and a central hot ion
plasma appear to be important operational parameters. All these conditions are
seen to be helpful in establishing high edge gradients and hence a high edge
bootstrap current. For the low power (high Bpor, H-mode) shots which can be
obtained with strong gas puffing, it is possible that the higher triangularity in
these discharges (bringing them closer to the unconditional second stable access)
plays an important role. Also the high edge safety factor (qg9s ~ 13) is associated
with high values of q in the separatrix region which may serve to isolate the
plasma from returning neutrals and impurities.

The VH regime plasmas appear to limit at 2y BN ¥ 2.4 but it is difficult to
determine unambiguously a P-limit because of the variable character of the
termination of the regime. Analyses suggest that ideal ballooning instability at
the plasma edge might be responsible for the high Bpor, H-mode collapse. Other
analyses show that it is possible that the internal (n =1) kink has a significant
amplitude across the plasma cross section when high current gradients exist at
the plasma edge. This may explain the fast global collapses seen in the high
power VH mode discharge.

The PEP H-mode also has access to the second stable region but in this case it is
the core of the plasma which is affected. Analyses show that the PEP H phase may
be terminated by a variety of reasons including ballooning instability as the
current profile evolves to close down the access to second stability, and n=1 or
n = 3 resistive kinks which are de-stabilised in a sequence which varies according
to the initial axial safety factor.
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The VH regime in JET has already produced the best central fusion products and
fusion performance in its high power Hot Ion manifestation. Plasmas with
np(0)Tj(o)tg values of 9 +11020m-3keVs have been produced and these plasmas
are developing along a route which is optimum relative to the minima in the
contours of equivalent Qpt. The 1994 campaign in JET will attempt to push this
regime to higher performance using combined heating with NBI (22MW) and
ICRF (24MW) and will attempt to extend the duration of the regime using the
improved performance of the JET Pumped Divertor.
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