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ABSTRACT

The latest results obtained in the JET experiment are summarized. Discharges
with the fusion triple product n (0)z T (0) = 9.5 + 0.5x10“°m™skeV have been
achieved. In deuterium plasmas the reaction rate is R~ 7.3x10% "
corresponding to Q_ ~ 2.4x107. Simulations of the fusion yield in mixed
deuterium and tritium plasmas predict 0.85 < Q= < 0.95. This is close to the
point of break-even and within a factor 6 of the value required for ignition.
These results have been obtained by careful optimization of the tokamak
operating conditions and by exploiting various new machine facilities to
further improve plasma purity and to enhance the efficiency of ion cycloiron
heating. The results of detailed experiments to improve understanding of

tokamak physics are also reported.

INTRODUCTION

Good progress continues to be made in pursuit of JET's objective to obtair and
study plasmas in conditions and with dimensions approaching those needed in a
fusion reactor. Discharges have been achieved with R # 7.3x10°°7" and with
the fusion triple product n (0)r T (0) ~ 9.5 * 0.5x10%mskeV (within a
factor of 6 of the value required for a DT fusion reactor). Figure 1 shows the
interior of the torus during preparations for the 1990 experimental campaign.
The ion cyclotron heating antennas, beryllium belt limiters, carbon inner wall
tiles and sections of beryllium tiles at the lower X-point can be seen.

During 1990 the experimental program has concentrated on three areas; (i) the
introduction and  exploitation of new facilities, (ii) improving the
understanding of tokamak physics, (iil) improving plasma performance. The main
new facilities are beryllium screens on the ion cyclotron resonance heaiing
(ICRH) antennas, beryllium tiles at the lower X-point, feedback control of the
plasma position with respect to the ICRH antennas, lower hybrid current drive
and helium neutral beam injection, Experiments aimed at improving the
understanding of tokamak physics have covered a wide range of topics including
detailed studies of thermal, particle and impurity transport, and various
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aspects of H-mode physics. Experiments to improve performance have
concentrated on high current limiter and inner wall discharges, and on
optimizing the the fusion performance of X-point discharges.

NEW MACHINE FACILITIES
Plasma Purity

During the first few years of JET’s operation, extensive areas of the inconel
torus walls, including the belt limiters, inner wall and X-point interaction
regions, were covered with carbon tiles. Other surfaces were carbonized.
Beryllium was introduced in 1989, first as a thin layer evaporated onto the
carbon surfaces from four sources equally spaced aroumd the torus mid-plane,
and later with solid beryllium tiles on the belt limiters. Oxygen and carbon
impurity concentrations in the plasma were strongly reduced, leading to lower
Zer ] and higher nD/ne. Density control was previously a problem in JET with
all-carbon surfaces, but beryllium was found to pump both hydrogen and helium,
giving better density control and the possibility of using strong gas puffing

to maintain a low edge temperature with reduced beryllium influx.

Nickel Faraday screens on the ICRH antennas were previously the source of a
serious influx of impurity during ICRH which prevented the plasma entering the
H-mode with ICRH alone. H-modes heated by ICRH were obtained in 1889 wher
these nickel surfaces were covered with a thin evaporated beryllium film. For
the 1990 experimental programme, the nickel screens have been replaced by
beryllium screens. The operational range of H-modes with ICRH in both dipole
and monopole antenna configurations has been extended. Further improvement to
ICRH in the X-point configuration is obtained by a new position feedback
system that maintains a constant plasma coupling impedance. This is effective
in allowing high power ICRH (up to 10MW} to be maintained through the
transition from L to H mode. H-modes heated by ICRH have confinement
properties comparable to those with neutral beam heating.

Beryllium X-point Tiles

The lower X-point protection tiles have been changed from carbon to beryllium,
although the shape of the beryllium tiles, which had been machined already for
a different purpose, was not optimized for the power flux at the X-point.
H-mode discharges have been obtained with similar power thresholds and
comparable confinement properiies to discharges on the upper set of carbon
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tiles. As with carbon, H-modes on the beryllium tiles are terminated by
"blooms" due to the formation of localized "hot-spots”" on the tiles. Various
techniques to delay the omset of the blooms have been explored, including
sweeping the X-point radially in order to distribute the power over a larger
tile area. Carbon blooms are effectively suppressed in conditions of high
recycling at the upper divertor tiles. The high recycling regime can be
established by gas puffing either before or during the H-mode, but it is found
to be more stable when the gas puffing is started before the high power
neutral beam heating. The high recycling regime is improved when the X-point
is well inside the vacuum vessel, but otherwise there appears to be no clear
systematic dependence of the H-mode duration on the position of the X-point.

A quantitative comparison between H-modes with carbon anrd beryllium tiles is
inconclusive at the present iime because the beryllium tiles became badly
melted during the first series of expen‘ménts (as already noted, the shape of
these beryllium tiles was not optimized for the X-point power flux) and
subsequently it was not possible to establish an H-mode on the damaged tiles.
These experiments will be confinued during 1991 using new carbon and beryllium
tiles specifically designed for the X-point region.

Lower Hybrid Current Drive

A lower hybrid current drive {LHCD} system capable of launching 10MW at 3.7MHz
is being prepared for JET. Initial experiments have coupled up to 1.6MW to the
plasma for up to 20s. A significant drop in the loop voltage corresponding to
a non inductive current of about 1IMA was achieved at plasma densities up to
3x10"°m>. Adding LHCD to a 2MA discharge with 4MW ICRH extended the monster
sawtooth period from 0.5s (without LHCD) to 2.9s (with LHCD).

High Current Discharges

Plasma currents of TMA were achieved in 1988[2} usirg simultaneous ramps of
toroidal field and plasma current to maintain qy * 2.5. The variation of
toroidal field prevented heating during the current rise. A faster current
ramp at constant g v 3.5 has been developed and extended to 7MA discharges.
These discharges have longer flat tops (3s compared to 2s for the earlier TMA
discharges) and adeguate flux remains in the core to extend the flat top
further in fuiure experiments. Valuable experience of operating itokamaks at
high currents near to stability limits has been gained.



Helium Neutral Beam Injection

Helium neuiral beam injection with argon frost pumping of the beam line has
been demonstrated. Up to 5SMW of *He and TMW of *He at 120keV have been
injected into 5SMA limiter and 3.5MA double null plasmas for up to 3s. Although
a low level of localized heating is observed on the lower belt limiter, there
are no indications of serious problems suck as increased impurities or limiter
heating due to the ionization of metastable neutrals in the beam. Helium
injection is interesting because beam penetration at these energies (presently
120keV, though future plans include increasing the beam energy to 160keV) is
excellent over the typical range of JET plasma densities. Preliminary results
show that stored plasma energy and global energy confinement with He beams are
comparable to those with D beams. There are several motivations for He
injection[s]. The elimination of beam-beam and beam-plasma reactions results
in a significant reduction in the neutron yield. This is advaniageous in
reducing vessel activation and in permitting a more direct inierpretation of
neutron diagnostic measurements of thermal neutrons. The He injection also
provides a precise particle source for alpha particle transport studies and
for ion cyclotron minority heating.

IMPROVED UNDERSTANDING
Sawteeth

Sawteeth determirne the central plasma parameters and thus the fusion
performance. Neutron emission profiles show a dramatic change foliowing a
sawtooth collapse (figure 2). In discharges where the neutiron emission is
mainly thermal, there is a correspondingly large change in the fotal neutron
yield consistent with the loss of thermal ions from the core. In discharges
where there are significant non-thermal contributions from beam-plasma and
beam-beam reactions, the neutron emission profile also shows a dramatic
change, though there is a much smaller drop {(typically < 20%) in the total
neutron yield. Careful examination of the neuiron profiles reveals that after
the collapse, the fast ions appear to be redistributed but not completely
expelled from the core.

Sawteeth have been suppressed in JET discharges for up to 5s following pellet
injection, both during the current rise phase and during the flat top[4].
Polarimetric measurements indicate that the current profile is broadened by
the change in electron temperature due to the pellet ablation so that q > 1.

Long sawtooth-free periods up to 5s have also been oblained in discharges
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where g  is significantly less than unity (06 < q, <08 ¢ 0.15). These
"monster sawteeth" are produced most efficiently when the ICRH is applied at
the magnetic axis. Sawteeth are not stabilized when the heating is moved
outside q = 1. The stabilization mechanism is not fully understood but there
is strong evidence that fast ions play an a important role. Sawtooth
stabilization is an important factor in optimizing the fusion performance as
will be discussed later.

Particle and Energy Transport

Electron cyclotron emission and microwave reflectometry have been used to make
simultaneous localized measurements of electron temperature and density
perturbations propagating in the plasma following sawteeth crashes and due to
modulation of the ICRH power during sawteeth free ("monster sawteeth")
periods. The data have been analyzed in terms of a linearized electron
transport matrix. The diagonal terms correspond to the incremental particle
and heat diffusivities, Dim and xim. The off-diagonal terms are a measure of
the coupling beiween heat and particle transport and indicate that pure
temperature perturbations are not eigenmodes. Thus if a pure temperature
perturbation is launched, it will generate a density perturbation that will be
Inc

transported at the same rate as the temperature perturbation even though D
and xlm have different values.

Impurity Transport

The transport of various elements including Si, Ar, Xe, Kr, He and several
high Z clements, has been studied using gas injection and laser ablation.
Impurities injected into the private flux region of X-poini plasmas  are
retained in the divertor. High Z impurities injected at the mid plane
penetrate and accumulate in the core, although there is some retention in the
divertor when He and Ar are injected at the mid plane. An interesting
discovery during these experiments is that inert gases are strongly pumped by
beryllium surfaces. In particular, helium is pumped as strongly as deuterium.
The pumping mechanism is not fully understood, but it probably involves
co-deposition of beryllium.

Alpha Particle Transport

Helium beam injection has heen used as an axial particle source to simulate
alpha particle diffusion in I- and H-modes. The time and space resolved
profiles of helium densities showing the evolution of the injected helium and
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the subsequent recycling are measured with charge exchange spectroscopy. In
L-mode discharges, the central helium density decays promptly after the He
source is switched-off. In H-mode discharges the He comcentration decreases
more slowly and in some cases is seen to accumulate in the plasma core.

IMPROVEMENT OF FUSION PERFORMANCE
Limiter Discharges

It has been reported previously that the energy confinement in high current,
low g limiter discharges in JET is close to L-mode. Enhancement of the fusion
yield requires stromgly peaked temperature and density profiles. Sawtooth
stabilization using ICRH during the current rise of 5MA discharges has now
been extended well into the flat top by using a faster current ramp at
constant q v © 3.5 and exploiting the density control provided by beryllium.
Strongly peaked electron temperature profiles with Te((}) =~ 12keV are obtained,
though with modest ion temperature T (0) ~ 5keV. A comparison of 3 and SMA
sawtooth-free discharges with similar input power and density shows a steeper
temperature gradient, indicating a lower valuse of X, in the 5MA discharge.

Gas fueled discharges with berylium limiters have flat density profiles even
with beam refueling. Refueling with deeply pemetrating pellets is required to
produce peaked density profiles. Careful timing of the pellets and heating is
needed in order to obtain good penetration. Central electron densities
n (0) = 2.3:10%°m™ have been obtained by injecting a string of 4mm diameter
pellets into a 5SMA discharge. When heating (MW of ICRH and 2MW of NBI} is
applied, the central density decays fairly rapidly to n{0) = 6x10""m™° with
T (0) »~ T(0) ~ 5keV and a transient peak Q =~ 5x10°%. It is interesting to
note that the global enmergy confinement time is enhanced transiently by ~30%
compared to a gas fueled discharge. Higher jon temperatures with T (0) = 18keV
have been obtained with beam heating and pellet refueling in 3MA limiter
plasmas. The profiles are strongly peaked; (T (0)/<T > ~ 7 and n_(0}/<n > ~ 4)
and the fusion yield is enhanced by a factor » 3 compared to an L-mode
discharge with flat profiles, even though the global confinement is not
enhanced significantly.

Further development of higher current limiter discharges has continued with
the aim of combining peaked profiles with the favorable scaling of global
confinement time with current. Sawteeth have been suppressed well into the
flat top of a 6MA discharge and during the current rise of a TMA discharge. A
central electron temperature T (0) ~ 9keV was obtained in both cases. The ions
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have been heated by neutral beams in a 6.5MA discharge [figure 3], giving
T (0) = 7.5keV, T (0) ~ 8.0keV and n (0) ~ 5x10”. The confinement time is
0.65s giving =1 (0)r T (0) = 2.1x10°°m™%skeV. This phase of high fusion
performance is terminated by a sawtooth crash with a subsequent strong density
rise and influx of beryllium.

Inner wall Discharges

The inner wall of JET is protected by approximately 12m?® of carbon tiles. The
plasma shape must be cafefully matched to the curvature of the inner wall in
order to avoid carbon blooms due to localized overheating of the tiles. In
optimized discharge conditions, neutral beam heating powers up to 16.5MW have
been applied for up to 25 without a strorng carbon influx. Evaporation of
beryllinm onto the carbon tiles gives significant improvements in plasma
purity and density control. Neutral beam injection into low density
(ne(O) ~ 3.0x10°m™) target plasmas with I, = 47MA  gives hot-on
(T(0) » 20keV T (0) ~ 9keV), L-mode discharges with = 045,
n (0)7 T (0) » 2.3x10m ™ skeV and Q_ = 1.0x107"

At lower plasma cuments (I, < 3MA) and low toroidal fields, H-mode
transitions are obtained in inner wall plasmas. The characteristics of the
transition are similar to those at the H-mode tramsition in X-point
discharges. The power threshold of inner wall H-modes is approximately iwice
that of an X-point H-mode and scales linearly with the toroidal field. The
inner wall H-mode appears to be ELM free but the maximum duration is 0.8s.

X-point Discharges

Global energy confinement times in JET H-mode discharges are 2 to 3 times
longer than in L-mode. An T-mode data base has been compiled recently with
data from JET and 5 other machines of different sizes. The preliminary
ana.lysis[5] of these data gives an H-mode scaling law |

TE — 0082 IPLOEBTO.15PL 0.4'}'A0.5R1.6K 0.19.
The distribution of radiated power at the X-point and the power and particle
fluxes to the tile surface depend on the direction of the toroidal field. When
the toroidal field direction is such that the VB drift of the ions is fowards
the X-point, the temperature rise at the outer strike point is larger than at
the inper strike point. When the toroidal field is reversed, so that the ion
drift is aewaey from the X-point, the tile temperatures at both strike points
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are lower and mnearly equal. The carbon bloom is delayed significantly.
Langmuir probe measurements of the ion saturation currents fo the plates show
similar asymmetry (typically a factor 3 greater current to the outer strike
point compared to the inner sirike point) when the VB drift is towards the
X-point, whereas the currents at each strike point are almost equal when the
drift is reversed. The radiated power is greater at the inner strike zone when
VB is towards the X-point and at the outer strike zone when VB is away from
the X-point. The power threshold for the H-mode is lower by a factor » 2 when
the VB drift is towards- the X-point (as observed in other tokamaks} and
increases more slowly with BT. In practice this is unimportant when the
emphasis is on high power discharges that are well above the power threshold.
The confinement properties (figure 4} and impurity behavior appear 10 be
independent of the field direction.

Two routes have been explored to optimize fusion yield ir JET H-modes. The
first seeks to combine the good global confinement properties of the H-mode
with peaked profiles produced by pellet fueling and central heating[ﬁ]. A
typical discharge is shown in figure 5. A peaked demsity profile produced by
injecting a string of pellets is heated by a mixture of beams (2.5MW) and ICRH
(OMW) to produce peaked temperature profiles with 'TE(O) ~ T (0) » 10 + 1keV
which, although transient, persist into the H-mode phase. The fusion reaction
rate peaks at R = 1.9x10'%™
estimated to be about 90% thermal during the period when the peaked profiles

corresponding  to an ~ 082107 and s

and H-mode phases overlap. The enhancement in fusion yield due to peaked
profiles is shown in Figure 6.

The second route to high fusion yield is the hotdon H-mode obtained when
powerful neuiral beams are injected into a low density target plasma. In the
example shown in figure 7, a single null, 3.5MA discharge is heated by 18MW of
D® (10MW at 80keV and 8MW at 140keV). The ceniral ion temperature
T (0) ~ 28keV and the plasma energy W ~ 11.3MJ. These discharges have obtained
the best fusion performance with Q= 2.4x10™° and ntT = 9.5x10%°m skeV.

D(>He) Fusion Experiments.

Fusion powers ~ 140kW were measured from the D°He fusion reaction. These
experiments used iom cyclotron heating of the °He minority and best results
were obtained with low “He concentrations admitted by gas puffing. Centrally
deposited “He from beam injection actually decreased the reaction rate,
indicating that the optimum minority concentration is low (<1%) so that the
fast particle energy is maximized.



Extrapolation to D-T Plasmas

The range of values of an that have been covered by JET during 1990 is shown
in figure 8. The marked points indicate the best values that have been
obtained in the four different operating regimes that have been described in
this paper (hot ion H-modes, H-mode with peaked density and temperature
profiles, belt limiter and inner wall limiter discharges). Simula,tions[?] of
Q,, have been made using the 1:d transport code TRANSP with the assumption
that the plasma conditions remain the same as presently achieved in deuterinm
discharges. The results indicate that it will be necessary to inject both D
and T beams in order to ensure an optimum mixture of fuel throughout the
plasma cross-section. Several simulations with mixed D and T neutral beams
injected into a D + T target plasma give 0.85 < Qm- < (.95,

CONCLUSIONS

Further enhancements of the fusion performance of JET has been achieved by
exploiting new machine facilities and optimizing the t{okamak operating
conditions in several discharge configurations (Table I). The hot-on H-mode
has the Thighest fusion performance with R = 7.3x10'%s  producing
approximately 50kW of fusion power corresponrding to an x 2.4x107°
Simulations of mixed deuterium arnd tritium plasmas predict 0.85 < Q = <0.95.
The fusion triple product n (0)z T (0) ~ 8.5 * 0.5x10°m %skeV is within a
factor of 6 of the value required for a DT fusion reactor. Actual fusion
powers of 140kW have been produced using the D>He reaction in discharges with
ion cyclotron heating.

Neutral beam injection of *He and *He has been developed as an alternative to
deuterium beam injection and offers a useful operational advantage in reducing
the neutron induced activation of the vacuum vessel due to high performance
discharges. Detailed studies of tokamak physics have included a comparison of
alpha particle transport and retention in L and H-mode discharges,
measurements of energy and particle transport coefficients and studies of
sawtooth stabilization.
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Figure 1 View of the inside of the JET torus in preparation for the 19890
experimental campaign, showing the carbon inmer wall tiles, beryllium belt
limiters and ICRH antenna screens. Sections of beryllium tiles can be seen at
the lower X-point interaction region.



Pulse No:20123

\ -8
’,/ ‘\ "N
i \ ° 5
AT 2
S :
=i . 49
- =) p500 et
| /] ‘ \\ \?*%": =
%?:’f.‘fff::;fﬁ%%/ s o
= e N L, £
= NN 2
ety g S R S e,
S ‘ W 2
R e ' \\\ e —
-0‘-‘-.0’0.:’_'14'""/]’,, ' NS eas
S S ST A LT " ' “‘ P ey >
=SS 0
SS S
NN
I NI IS
et 00000005050 806 305
O e e e 35
Vertical (m)
R{m)
— 6 ‘;J_.,_
=
.o::’ iy “a
‘.ﬁ‘ﬁ“ < S o, S
":?-;o- ‘-‘?‘4 }‘.;" o ‘f: —4 g
v, -
= Q’:’:"”"' ;' 57 ,';A\ = o
" o II " I {I N \ 25 45
- <
EESSST N = K-
25 27N ' = 2, -—
”"‘0 T 27 G Yo o e )
e f%:.:é’;”'fq/(;'#f"““‘\\ N -
OO R0 ¢
0::.:-:‘:«»:0:0,:.:0‘0."'" {7 ' ‘ . %8 “\\\::“::¢::0:¢::::€4-
e U IS NS
S S OTISSSSSAIH NN /X (X .Q‘tg\‘t:“::.:.o:‘:.»
0.50 T ISR
o gt -

Horizontal
R{m)

Figure 2 Effect of a sawtooth crash on the neutron yield profile for a 3.1MA
discharge with 13.7MW ion cyclotron heating (*He minority). Before the
sawiooth crash T (0} = 7.0 * 0.5keV and T (0) ~ 5.8keV.
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Combined ion cyclotron and neutral beam heating (total input power » 15MW)
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Figure 7 A hot ion (T (0) » 28 * 1keV) H-mode (I, = 3.5MA, B, = 2.8T) with
18MW of deuterium neutral beam heating. The maximum stored kinetic energy
is ~ 11.3MJ and n(0)z,T(0) ~ 9.5 ¢ 0.5x10°°m°skeV. The peak D-D fusion
reaction rate is » 7.3x10'°s” and Qp * 2.4x107°. Other discharge parameters
are given in Table 1
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Figure 8 an plotted against the total heating power. The range covered by
JET experiments during 1990 is indicated. The marked points indicate four
specific discharges (see Table I) that are typical of the different regimes in
which high fusion yields have been obtained.

"H" a hot ion, H-mode (figure 7},

"P" H-mode combined with peaked profiles (figure 5),

"I g hot-ion, L-mode discharge on the inner wali,

"B" a belt limiter discharge with high (28MW) input power.
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