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Fusion Relevant Performance in JET

The JET Team!

(Presented by A. Gibson2)
JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK

ABSTRACT

An overview is given of fusion relevant performance in a number of JET operational regimes. It is
shown that in most areas JET provides a suitable platform on which to base the design and predict the
performance of a next step device. The main outstanding problem area is that of controlling impurity
influxes and plasma exhaust, these are to be studied in a new phase programme under consideration
for JET. The fusion performance already obtained in JET is described with 100kW of fusion power
being generated in charged particles from the D-He3 reaction and more than 10 MW of fusion power
predicted from present discharges if operated in D-T.

1. INTRODUCTION

The Joint European Torus (JET) routinely produces plasmas whose main parameters lie
clearly within the reactor regime.

In this paper we describe some of the important reactor relevant properties of these
plasmas, especially in the following areas:

(a)  Operation near the Density Limit

(b)  Operation near the  Limit

() The Production of High Temperatures
(d) Confinement Times

(e)  Limitations due to Impurity Influxes
€3] Fusion Product Confinement

(g)  Fusion Performance

2. OPERATION NEAR THE DENSITY LIMIT

Operation near the density limit has been systematically studied in JET for limiter
discharges, with Carbon limiters, with evaporated Beryllium layers and with Beryllium
limiters (see Lowry et al, 1990).

The operating density in tokamaks is usually presented in the form given in Fig 1. Each
point represents the maximum obtained normalised density during a discharge with
either Ohmic (OH), Neutral Beam (NBI), Ion Cyclotron (ICRH) or combined heating. The
broken lines marked by OH (C) and NBI(C) are the highest limits obtained in the previous
campaigns with Carbon walls and limiters (nRq/B = 12 for ohmic heating and 20 with
additional heating in units of 10! m-3, m, T). There are clear improvements due to the Be

ISee Appendix I
ZPaper prepared by A Gibson and P Smeulders
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limiters and Be coated walls, so that nRq/B ~33 is reached with combined heating, ICRH
heating and NBI. Furthermore the limiting density increases with the applied power as we
shall see shortly. The limit at low q however is unchanged and is still set by major current
disruptions. It corresponds to unstable plasma conditions at qy < 2 for all densities.
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Fig.1 The operating density range for JET shown as normalised current
9., =7R I,/5AB, [M,MA,MZ,T versus normalised density n, R{Be [m™, m, TI. The broken
lines with nRq/B = 12 and 20 respectively. represent the maximum density values obtained before
the introduction of Beryllium into the vacuum vessel for ohmic heating (OH (C)) and for Neutral
Beam heating (NBI (C)). The symbols are the maxima obtained after the introduction of Be for
various heating scenarios.

There has not yet been such a systematic study for X-point discharges, but it is clear that the
behaviour is similar, perhaps with somewhat smaller density limits. The highest densities
so far in X-point discharge are obtained in H-mode with 7Rq,, /B, ~ 20 x 10! m-2T-!. At
higher densities, typically when P,qq/P; ~ 60%, an H to L-mode transition occurs and the
density falls without causing a disruption.

In limiter discharges the nature of the limit is different for C and Be limiters. Whereas
with C limiters the limit is marked by a radiative collapse and hard disruption. With Be
limiters it is generally marked by the appearance of an asymmetrical edge radiation
(MARFE) which, with gas fuelled discharges, is accompanied by a fall in recycling and
reduction in density, typically leading to a soft density limit with a relaxation oscillation of
density and radiation near the limit. It is also clear that the highest densities are obtained
for the points with the highest additional heating. This point is emphasised in Fig. 2.

A number of papers (Gibson, 1976) have suggested that the density limit is determined by a
radiation power balance especially in the edge regions of the discharge (Rebut and
Green, 1976, Campbell et al, 1986, Wesson et al, 1989). These models suggest that the
density limit should increase approximately as P,!/2. Fig 2 shows this type of behaviour for
gas and pellet fuelled discharges with Beryllium coated walls.

A number of discharges on Fig. 2 show a MARFE density limit while the other points are
existence points where no density limit occured. The MARFE points on this diagram fall
in the middle of the existence region. However the MARFE limit for pellet and gas fuelled
discharges does lie at the boundary of the existence region if the edge density is used
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instead of the line average density. That is MARFE's occur only close to the curve
Negge R/By=2.37 P1/2, see Fig. 3.
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Fig. 2 The normalised line density as function of the input power, the limiting density cases
(MARFES) occur throughout the existence region shown in the figure.
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Fig.3  The normalised edge density versus input power showing that the MARFE density limit
now occurs at the boundary of the existence region. In this diagram B varies in therange 1.4102.6 T.

Operation near the density limit in JET can thus be summarised as follows :

(@) The density limit for additionally heated discharges in JET, with Beryllium
limiters in clean conditions, exceeds nRqey /By =33 x 10 m2T-;

(b) The density limit in gas and pellet fuelled discharges increases with input power
approximately as Py/2and is determined by edge parameters, particularly the
edge density;
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(©) The radiative nature of the limit and the difference between Carbon and
Beryllium walls make it clear that the limit is determined by impurity content
and hence wall interaction and material type;

(d) The high value obtained for the limit in JET means that an acceptable limit will
be obtained in next step devices provided that a sufficient degree of impurity
exclusion can be obtained.

3. OPERATION NEAR THE BETA LIMIT

Troyon established computationally a quantitative estimate for the B limit in tokamaks for
reasonable profiles (Troyon et al, 1984) :

Brroy =28 x 102I,/Bpa (MA, T, m) 2.1)
Many experiments have shown steady state high B operation close to this limit and even at

somewhat higher values. (ASDEX, Ryter et al, 1990; DIII-D, Ferron et al, 1990; PBX,
Takahashi et al, 1990)

0.07
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01987
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0051
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Fig. 4 The maximum toroidal beta (Bg = 2po <p>/By’) as function of the normalised current

4. =7RI,/SABy for all JET discharges from 1986-1989 with the poloidal beta B,>04. The
line is approximately the Troyon limit, Br.y, = 0.028 Ip/aBg [MA,m,T]. The highest B of 5.5% is
obtained in a 2 MA, Double-Null H-mode discharge at 0.9T with T,(0)=3.7 keV, T(0) =6.3 keV,

n(0)=3x10"9m3, tg = 0.35 5, 4 ¢y = 1.6, qy = 2.2, PNp = 11 MW, 80 kV D-injection in a H-
plasma.

In JET, the Troyon limit has been reached within the available heating power at reduced
toroidal field in Double Null H-mode discharges. (Smeulders et al, 1990). Fig. 4 shows for
a number of JET discharges the maximum P obtained as a function of q.!. Values within a
factor of two of the Troyon value are readily obtained and the highest values reach the
Troyon limit.

These values were obtained for a discharge where the toroidal magnetic field was lowered
from 1.1 to 0.9T at a.constant neutral beam (NB) power of 11 MW while the f remained
close to the Troyon value limit as shown in Fig. 5. The discharge is already sawtoothing
before the B limit is reached. NBI is switched on progressively from t =13s, B increases
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progressively until Troyon limit is reached at t = 14.3s. The B value then falls from the
limit value by ~10% at each sawtooth crash and climbs back between the crashes.

Pulse No. 20881

W(2 x Goldston)

1.0 . Troyon
R | & N -
— W W Yo (MW
[ A
0.8 ; \'\.. ﬁ/BTroy 10
\"\'. T
> \
2 0.6 Pne 0y
< 3
[+=X
" A
0.2
M N POH —» _,// e
N 1 i
0.0 13 1 15 16

Time [s]

Fig. 5 The observed plasma energy Wp,, and the energy W calculated from the effective input
power (Pi—dWJdt) and 1 = 27_ for the highest beta discharge as a function of time. Also shown are
the normalised beta B Pr,,, NBI and OH powers.

This discharge like other H-mode discharges in JET has t¢ ~ 2 x 1 (Eq. 4.1). Fig. 5 also
shows the observed plasma energy Wpjs and the energy Wg calculated from the power
input and 1g = 2xTg. When the B limit is reached Wpy4 is close to or below W This
could be because the confinement time has degraded to give a soft limit, or it could be
because the power applied in this discharge is only just enough to reach the limit. Clearly
an important experiment to do in JET is to increase the input power significantly above the
value needed to reach Br,oy and see whether the confinement time does indeed degrade to
maintain a soft limit.

4. CONFINEMENT TIMES

The confinement time in JET discharges generally degrades with increasing power flow
through the plasma. An example for H-Mode discharges is shown in Fig. 6. The energy
confinement time is defined in the usual way as 1 = W/(P,- dW/dt), where P,is the total
power input to the plasma and W is the plasma kinetic energy content (usually measured
by a diamagnetic loop). The experimental values roughly follow a scaling of the Goldston
type (Goldston et al, 1984) with a multiplier, H of ~2:

1.(G)=3.7x107HI (P ~[dW [ dt)) R a/ R)*” (b a)** (MA, MW, m) (4.1

It should be noted that for a power-flow of 10 MW the energy confinement time can reach
~1 s and for 20 MW can exceed ~0.5 s.

The inclusion of the (dW/dt) term in the definition of 1.(G) permits the inclusion on Fig. 6
of a number of data which have not reached steady state. However more than 90% of the
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data have (dW/dt) < 0.5 Pyand more than 60% have (dW/dt) < 0.3 P,. The term (dW/dt)
thus always has the nature of a correction but it does significantly improve the fit to the
scaling relation.

G
}ZoTE

0.0 ] ]

[Piot —dWidt] (MW)

Fig. 6 Energy confinement time tgas a function of the effective input power
Py = (P, -dW/dt) for H-mode plasmas with currents of 2,3 and 4 MA. The smooth curves are twice
the Goldston scaling for each current. The bars represent the scatter of the experimental data (being
+ one standard deviation).

5. THE PRODUCTION OF HIGH TEMPERATURES

The observed confinement time tgand the available power P, limit the plasma energy that
can be obtained. Thus for a JET H-mode discharge at 4 MA with an input power around
20MW and a confinement 1z ~ 0.5 s, the average temperature <T> would be around 6keV
at average densities around 3 x 10m?3. Consequently strong temperature profile peaking
of (T;(0)/<T>) 2 5 is required to get the central temperatures of ~30 keV which are of fusion
interest.

Such strong temperature profile peaking factors are indeed observed for the ion
temperatures in low density discharges. Central ion temperatures T;(0) of 28 keV have
been obtained at high power levels per particle as shown in Fig. 7(a). Note that there is a
steady increase in T;(0) with increasing P¢/<n>, but also a large spread. Thus the highest
Ti(0) values are obtained for P;/<n> in the range 5 - 10 while for P;/<n> = 5, T,(0) ranges
from 12 to 28keV. The quantity P,/<n> is thus an indicator rather than a true scale
parameter. The high T;(0) values are associated with a progressive increase in the peaking
factor (T,(0)/<T>) which reaches a value of 6 for those values of P,/<n> that have the
highest T,(0) values (see Fig. 7(b)).

The slope of the increase of T;(0) with P,/<n> represents a central confinement time and
the fact that Ti(0) increases roughly linearly with P,/<n> means that the energy
confinement of the ions in the plasma centre does not degrade with P;/<n>. The same is
not true for the electrons as can be seen in Fig. 7(c). There is a strong saturation at T.(0) of
around 8keV implying a strong decrease in the central electron confinement time as
P,/<n> increases.
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Fig. 7 {a)

The dependence of the highest central ion temperature T(0) reached in each pulse

ratio of the total input power P, to the averaged electron density <n,>, at the same time, for
(3,0) and 4 MA (0,4) H-mode discharges with NBI heating and gas fuelling.
(b) The temperature profile peaking factor T{0){<T> versus Py/<n,> for the same disc

(c) The central electron temperature TA0) versus Pyf<n,> .
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Of course it has to be remembered that rather little power goes to the electrons in these
discharges. In the central region (~a/3), typically 90% of the neutral beam power goes to
the ions. Nevertheless there is a marked difference in behaviour between the T;(0) and
T.(0) in going between the indicated Pulse Nos: 20222 and 20981, as shown in Table. I. Both
pulses have I, = 4MA, B = 2.8T, but for Pulse No: 20222 the applied NB power has mainly
80kV acceleration (13.8 MW at 80 kV; 1.8 MW at 140 kV), whereas Pulse No: 20981 has
appreciable power with 140 kV acceleration (12.1 MW at 80 kV; 5.8 MW at 140 kV).

Table |

Pulse No: 20222 Pulse No: 20981
Parameters (t=995s) (t=1145s) Units
131 (r<a/3) 35 45 MW
ﬁi/ﬁ 0.6 1.1 10" MW m3
T.(0) 8 22 keV
lse(r<a/3) 0.7 1.5 MW
F‘,e /A 0.1 04 100" MW m3
T.(0) 8 9 keV
Ne 6 4 101 m-3

A change of a factor of about 2 in the ion input power per particle P,/ <n> leads to a large
change in T;(0) presumably because the ion losses do not increase with P,. For the
electrons the situation is less clear due to the low power given to them, consequently there
are large errors in the electron power balance. Nevertheless the P,/<n> changes appreciably
(estimated to be by about a factor of 4) without a significant change in T.(0) presumably
because of a strong degradation of the electron confinement time with power.

A more precise analysis of the energy balance in the central region of these discharges was
not possible because of the difficulty in obtaining sufficiently accurate data on temperature
and deposition profiles.

Electron Heating

Ion cyclotron resonance heating produces energetic (MeV) ions in the plasma and by this
means, in contrast to neutral beams,primarily heats the electrons (typically > 90% of ICRH
power goes to the electrons). An obvious next step is to apply centrally deposited ICRH
power to the hot ion discharges described above in order to attempt to increase the central
Te which is important in order to get reactor like plasmas with T.(0) ~ Ti(0) .

The introduction of Be antenna screens has solved previous ICRF heating impurity
production problems. Consequently effective ICRF electron heating is now possible in
both limiter and H-mode discharges. Electron temperatures as high as 12 keV have been
obtained. However, initial experiments in limiter configuration (Lomas, et al, 1990) show
saturation at this value as P;cgrp(0)/n.is increased above 2 x 101 MW m?3. Further
experiments are required in order to establish whether this saturation is due to transport
or possibly a difference in the deposition profile.

High temperature operation in JET can thus be summarised, as follows:
(a) Application of high power beam and ICRF heating to JET has produced
Ti(0) > 28 keV

T.(0) > 12 keV

Discharges have been produced in which T;(0) and T.(0) are simultaneously in
excess of 10keV.

(b) Experiments to use ICRF heating to heat the electrons in the present hot ion
discharges have begun, but need further development.
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6. LIMITATIONS DUE TO IMPURITY FLUXES

The highest performance conditions in JET are obtained in X-point and H-mode
discharges. The duration of these conditions is limited to ~ 1s or less by a large influx of
Carbon impurity released from local hot spots which form on the X-point dump plates
(carbon-carbon fibre composite). A similar behaviour occurs for discharges limited on the
inner wall of JET.

251 #19388
PNBl =7.g MW

201

15

#19385

20 Pyg,=10MW

151

1.0

<n,> (x10'°m?3)

#19401
2.0 Pyg =125MW

15

GRY4 1y

1.0

8 9 10 1
Time (s)

Fig. 8  Effect of varying the additional heating power P on the onset of the high carbon influx.
The onset is readily visible on the line average electron density <n,> for the Pulse Nos: 19388,
19385, and 19401, it is marked by the vertical broken lines. The product P.t(onset) is about 10 M] :
the higher the heating power the shorter the time delay for the carbon influx.

#19385 '
207 pyg =10MW
& | No sweeping Y
£ 10 !
= :
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\"
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& 1r
0
-1 ‘
-2 1 ] 1 g
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Fig. 9  The dependence of the onset of the carbon influx on the sweeping of the plasma contact
position on the inner wall limiter. Comparison of a discharge Pulse No: 19385 without and with
sweeping Pulse No:19387. Sweeping of the plasma on the inner wall delays the carbon influx by a
few hundreds of ms.

Measurements by Pasini et al (1989) in Figs. 8 and 9 show this effect. In Fig. 8, n.is given as
a function of time for 3 shots with different power levels. The sharp increase in n.is a
direct indication of the carbon influx. The onset of the influx can be delayed by sweeping
the position of the plasma-wall contact over the carbon tiles, so that a wider distribution of
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Fig. 10 The upper part shows the time evolution of the electron density <n,> and that of the NBI
power. In the lower part the measured 2.45 MeV neutron (originating from D-D reactions) and the
14 MeV neutron (coming from D-T reactions) rates are shown. Also shown is the calculated neutron
rate by the D-T reactions resulting from the tritons produced by the D-D reactions and an assumed
triton loss time of 2s.
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Fig. 11 The upper figure gives the NBI and ICRH powers versus time together with the electron
density <n,>. In the lower half the measured 2.45 and 14 McV neutron rates are given as a
function of time. Also shown are calculated 14 MeV neutron emission rates with and without the
triton diffusion model.
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the heat over the tiles occurs. In Fig. 9, this can be seen for Pulse No: 19387, for which the
vertical position has been changed from -2 to +3 cm thus sweeping the interaction area and
giving an extra delay of around 0.5 s. This demonstrates that if one can devise an X-point
target chamber, which can accept the heat flux without excessive wall temperatures the
plasma can be kept clean and undiluted. This excessive wall loading behaviour which
limits the performance of JET is a serious problem which must be overcome before a long
burn ignition experiment can be designed.

A new phase program has been formulated for JET to address this problem using an
internal pumped divertor with a radiating plasma channel to spread the heat load,
impurities are expected to be kept away from the main discharge by plasma flow along the
channel.

7. CONFINEMENT OF FUSION PRODUCTS

The slowing down and confinement behaviour of 1 MeV tritons generated in D-D fusion
reactions in JET has been studied by comparing the 2.45 MeV neutron emission, which has
the same time profile as the triton generation, with the 14 MeV neutron emission emitted
as the tritons slow down to the peak D-T reactivity energy of 0.18 MeV (Conroy et al,1990).
The observed time profile of 14 MeV emission is compared with that calculated from a
multi-group test particle, slowing down model. The model includes a diffusive loss
mechanism which can also be represented by a simpler exponential loss time applied to
each group.

For a typical JET discharge (4MA, X-point with NBI), the classical triton slowing down time
is ~0.7s and the model gives a good fit to the observations with a triton loss time of about
2s (determined by the quality of the fit). An example is shown in Fig.10, which also shows
the NBI power and the central electron density n. as a function of time.

The triton confinement time can be determined more accurately in certain extreme
discharges with high T, (~ 7keV) and low n. (~10'” m-3), and hence long triton slowing
times (>2s), as shown in Fig. 11. A good agreement between the calculated and measured
14 MeV neutron rate can only be obtained if a diffusive transport of D = 0.1 + 0.05 m2s! is
included, this is also modelled by an exponential loss time of 1=2s.

Alpha-Particle Simulation

High energy (several MeV) minority ions (H and He? in D plasma) generated by ICRH in
JET provide a good simulation for the behaviour of a-particles to be expected in the D-T
phase of JET and in a reactor. In some JET discharges, the energy in these fast particles can
reach 50% of the total plasma energy.

When the minority species is He? in a D plasma the fusion power generation can be large.
In fact the largest fusion power so far generated in JET comes from this process. In recent
experiments using Beryllium coated walls to reduce the dilution of deuterium by
impurities this power has reached 100 kW, as shown in Fig. 12 which shows D-He? fusion
power as a function of ICRH heating power. Also shown are the results for JET with
carbon walls published previously (Boyd et al, 1989). The increased D-He? fusion power
from 60 to 100 kW reflects the improvement of np/n. due to be Be walls.

A comparison of plasma and o-particle (He3) parameters measured in JET and those for the
future D-T operation and for an ignited next step are given in Table II (Bickerton, 1988).
The only major difference between the parameters in the a-particle simulation
experiments in JET and those foreseen for the future lies in the large velocity space
anisotropy of the high energy He? particles generated by the ICRF heating.

Slowing Down and Loss Behaviour of Fast Particles

Start et al (1990) describe a model calculation of the energy content of the fast ions in these
minority heating experiments. The model includes classical slowing down of the fast ions
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Fig. 12 The measured fusion production Pfys in a deuterium plasma with He> minority as
function of the ICRH power PRF. The solid symbols (B, ) are the fusion yields in a carbon
vacuum vessel. The higher points () are obtained after the introduction of Be and reflect the
improvement of npm, from < 0.6 to > 0.8 and correspond to Q (D-He3) ~ 7 x 1073 at the highest
powers.

Table II: Fast or Alpha-Particle Parameters

Parameter | Achieved Expected Values
on JET JET Q=1 Ignited ITER
Nes/ Neo (1-3)% 0.1% 0.7%
<E,.> (1-5) 2 2
MeV MeV MeV
<B.> 0.8% 0.6% 2%
<p, /P> 10-50 1 1
(calculated)
>7
(measured)
p,/a 0.3 0.3 0.07
(2MA) (5MA) (20MA)
Vo 'Va 2-4 2 2.8
T,/ Te =1 =1 0.2-1

Iy

on the plasma, taking into account the finite orbit size and the variation of slowing time
over the orbit.

Fig. 13 compares the measured with the calculated fast particle energy, for various
discharges, which were centrally heated with no sawteeth. Fig. 13(b) shows the results with
finite orbit width included in the calculations, Fig. 13(a) has no orbit width included. It can
be seen that the model gives a good fit to the observed fast ion content when orbit effects
are included, without the need to introduce any extra fast ion loss term.

If nevertheless such a term is introduced into the model, Cottrell (1990) has shown that the
fit becomes noticeably worse if Tj,5s <25 (equivalent to D~ a2/41 > 0.1 m?s™'), as can be seen
in Fig. 13(c). This is in good agreement with loss times deduced from Triton slowing down
observations discussed above. Furthermore the loss time for the a particles corresponding
to Dg ~ 0.1 m2s! is comparable to typical plasma diffusion coefficients estimated in the core
of similar JET plasmas which are in the range of 0.05 to 0.25 m?s-!. The loss times of about
2s are adequately long enough for the a-particles in a reactor plasma to give their energy to
the plasma.
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8. FUSION PERFORMANCE IN JET

The fusion performance obtained in ]ET is shown in Fig. 14. The product (np(0)T;(0)7¢) is
shown as a function of Ti(0) for various plasma currents in H-modes, pellet and low
density high T;(0) discharges. The points on the diagram are observed values in JET. The
curves are values of P,/ Py for a thermal 50:50 D-T plasma. The shaded bands represent

Deutron Density
Q=01 Q=02 . Q=05 Q=1.0 (steady state Q(Th)

10 >
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s S //////////////////’@
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Fig. 14 The product of (npT;(0)tg) as a function of T(0) for I, between 2 and 6.5 MA in H-
modes (H), pellet (x), H-modes with pellets (P), and other dtscharges (+). The experimental points
are averaged over 0.2s. Also indicated in the graph are shaded bands of constant Pg/Pj s for a
thermal 50:50 D-T plasma. In steady state these bands also correspond to the Qprshown. The
width of the bands covers a range of profiles ~{1-(rfa)?]* and dilutions in the case from a, = 0.5, oty
= 1.5 with np/n.= 1 to ay = 0, ay= 1.3 with npne = 0.8 and the addition of a 20% temperature
pedestal. It will be seen that the Q values especially at higher T;(0) are insensitive to these
variations. The encircled points are in non-steady state with (dW/dt)/P, > 0.3. For these points the
shaded bands represent the thermal component of P4/P,,..., but not of course the thermal Q.

the effect of reasonable profile and Z variation. The Q values3 indicated are values which
would apply to a steady-state thermal plasma (50:50 D-T) with same (npT;tg), i.e. the value
to be expected if P, was reduced until (dW/dt)= 0. The actual Q for the highest JET points,
which are not in steady state, is about half the value indicated by the curves.

Note that the (npT;1g) values plotted include fast injected particles and thus show what
(npT;te) the configuration could sustain. The thermal ((npT;te), T) for the highest point is
roughly 40% lower than the total value. Note also, that the best discharges are 4MA H-
modes; (SMA H-mode discharges are not yet optimised). High current (<5 MA) limiter
discharges with pellet peaking, sawtooth suppression and combined heating are also
making substantial progress in the fusion product.

Other discharges e.g. ICRH H-modes and combined heating H-modes reach appreciable
((npTite) , T) values : (2.5 x 1020, 4 keV) and (3 x 1020, 9 keV) respectively. The highest
(npT;te) values of ~ 9 x 1020 m-3keVs approach those,that are required for Q=1 in a steady-
state 50 : 50 D-T plasma.

3 Q is the ratio of the total fusion power (a-particles and neutrons) over the total power input for a
plasma in steady state.

A2l



The actual fusion power measured in these D plasmas is shown in the form of the Qpp
versus volume averaged density in Fig. 15. The highest Qpp values are obtained at
moderate densities and high ion temperatures in H-modes. The highest H-mode values
are twice those in L-mode. The highest Qpp values have similar contributions from
thermal and from beam-plasma processes.
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Fig. 15  Measured Qpp values averaged over 0.2 s as function of the volume averaged electron
density <n,> with the same designations as in Fig. 14.
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Fig. 16 Time evolution of high fusion yield H-mode Pulse No: 20981. From top to bottom are
depicted the central ion temperature T;(0), the total neutron yield Y,, the plasma diamagnetic
energy Wi, the volume averaged electron density <n,> and Dy intensity near the X-point, the
neutral beam power Pnp and the radiated power losses Ppag as function of time. The large carbon
influx at 11.5 s (marked by the second vertical line) is followed by a termination of the H-mode and
an abrupt decrease in the high values of the fusion relevant parameters.
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The time evolution of a discharge with such high Qpp values is shown in Fig. 16. The top
traces show the time development of a central ion temperature together with the neutron
yield. Also shown are the total plasma energy as measured by the plasma diamagnetism
and the volume averaged density. The break in the slopes of Ti, Tn, Wdia, <ne> in time,.
mark the point where the carbon influx becomes important shortly before 11.5 s. The X-
point discharge is in a H-mode state over nearly 1 s, as can be seen from the Dq signal. The
bottom traces are the total NB power and the radiation losses measured in time. Despite
the large carbon influx, radiation losses never become dominant in this discharge. The
main fusion relevant parameters for this Pulse No: 20981 are summarised in Table III, at
t=11.4s.

The relevant fusion parameters calculated by the TRANSP Code for 140 keV NBI of D

beams into a T plasma are shown in Table IV. The data are calculated for a discharge
otherwise similar to Pulse No: 20981 and are also in non-steady state.

Table Iil: Double Null H-mode
Pulse No:20981 (t=11.4s)

Plasma Parameters

T.(0) = 22keV T =5.8keV

T.(0) = 8.6keV T, = 5.2keV
w,=10MJ dw, [ dt =8.9MW
ng(0)=3.7x10"m™ i, =3.2x10"m™
np(0)/ n,(0)=0.9 i, /7, =0.8
Z,(0)=14 Zy=19

P, =18MW 1, =1Is
p=1.8% B/ Brrn =05

Neutron Rate =3.5x10"%ns™"
D-D Observed Fusion Parameters

Qpp =2.0x107(>1.4x107 for ~0.5s)
P,, =43kW (D-D)
n,(0)T,(0)T, =9x10%m>keVs (>3x10” for ~0.5s)

Table IV: Double Null H-mode
Pulse No. 20981

Equivalent D-T Parameters

Calculated (TRANSP Code) for 140kV injection of
D beamsinto a T target (leading to T:D=2:1)

Q,; =07 (>0.5 for ~0.8s)

thermal =0.13
Qbeam-plasma = 057
P =12MW (>8MW for ~0.8s)

fuse

P. = 2.4MW (>1.6MW for ~0.8s)
P/P _ =23% (>15% for ~0.8s)

o’ loss
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9. CONCLUSIONS

JET plasmas now display most of the characteristics to be expected from a reactor plasma:

. Densities up to NRq, /B, =33 m™T™" with 71 = 1.4 x 1020 m*3 are obtained and appear
to be limited by edge radiation loss processes.

. B values up to 5.5 % equal to the Troyon limit value at By = 0.9 T are obtained

. Strongly peaked ion temperatures > 28 keV with Ti(0)/ T, ~6 are obtained in low
density H-mode discharges.Ti(0) and Te(0) are simultaneously in excess of 10 keV in
higher density discharges

. Energetic (MeV) particles both with isotropic and with transverse velocities are
contained for at least 2s while they slow down by apparently classical processes. This
is adequately long enough for energy transfer in a reacting plasma, where even
better confinement should be expected given the increased size and plasma current.

. The duration of fusion relevant conditions in JET H-mode discharges is at present
limited to < 1s by the influx of carbon impurities from localised plasma-target plate
interaction. A new phase for JET is planned to develop a reactor relevant solution to
this problem

. 100 kW of fusion power in charged particles has been produced in D(He3) plasmas.
np(0)T;(0)tg values of 7 to 9 x 10 m>keVs with Qobb > 2 x 10° have been produced in
D-D plasmas. For the same plasma parameters in a D-T plasma this is equivalent to
QDT ~0.7, Py ~ 2.4 MW, Piugion ~ 12 MW with Pu/PLoss> 20% .
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ABSTRACT

The versatility of the JET device allows a wide range of tokamak operating regimes to be explored
and plasmas bounded both by material limiters and by a magnetic separatrix have been
investigated extensively. This has permitted the confinement and mhd stability properties of
plasmas heated to temperatures above 10keV by neutral beam injection or ion cyclotron resonance
heating to be studied in detail. Here the results of recent analyses of transport and confinement in
the L— and H—mode regimes in JET are discussed and the properties of H—mode plasmas produced
by both major forms of heating are compared. Several aspects of the mhd stability of such
plasmas, particularly at high toroidal beta, ﬁ¢, and at the density limit, are reviewed.

KEYWORDS
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1. INTRODUCTION

The study of the transport processes and mhd stability properties of tokamak plasmas in
reactor—relevant regimes is one of the fundamental objectives of the JET project (Rebut et al.,
1985). In recent years, a graduated programme of enhancements to the JET device and
developments in the accessible operating regime have permitted the study of plasmas with ion and
electron temperatures simultaneously above 10keV in which energetic ions account for a
significant fraction of the plasma pressure (Gibson et al., 1988; Thomas et al., 1989; Lomas et al.,
1989). These experiments have confirmed that the confinement and mhd stability properties of
such high temperature, collisionless plasmas are broadly as expected, although in many areas the
specific mechanisms underlying the observed behaviour are not understood.

In the course of these studies, the control of impurity generation and particle transport has
emerged as the most important limitation to further improvements in the performance of JET
plasmas. As a result, beryllium, whose properties as a potential plasma—facing material have been
realized for some time (Rebut and Dietz, 1982), was introduced into the JET tokamak during the

* See paper by K J Dietz et al in this issue for a list of the members of the JET Team
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1989 experimental campaign. This has led to significant advances in several aspects of JET
performance (Keilhacker et al., 1989a; Thomas et al., 1990; Dietz et al., 1990; Gibson et al., 1990).
Here the results of detailed studies of mhd stability and of confinement and transport in plasmas
bounded by carbon and beryllium surfaces are discussed and compared.

The paper is divided into three broad sections. The first deals with recent progress in the
operating regimes of plasmas bounded both by a magnetic separatrix and by a material limiter.
Specific consideration is given to the energy confinement properties of the various regimes and, in
particular, to an analysis of the confinement properties of the ICRH—generated H-mode (Tubbing
et al., 1989a, Bhatnagar et al., 1990). In the second section, the results of the most recent analyses
of energy and particle transport are discussed. The third section is concerned with several aspects
of mhd stability. Particular attention is given to mhd behaviour at hjgh—ﬂ(p and at the density
limit and to recent progress in the understanding and stabilization of sawteeth.

2. PLASMA HEATING AND CONFINEMENT
2.1 H—mode Studies

Extensive investigations of the properties of H-mode plasmas in JET (e.g. Tanga et al, 1987;
Keilhacker et al, 1989b; Lomas ef al., 1989) have shown that the regime can be readily obtained in
plasmas with an internal magnetic separatrix in both single (SNX) and double null (DNX)
configurations in which the distance from the X—point to the target plates may be only a few cm.
Indeed, recent analysis (O’Brien et al, 1990) indicates that the X—point often lies several cm
behind the target tiles during the H—mode. To date, experiments have been performed in the
single null configuration at plasma currents of up to 5.3MA and, recently, DNX plasmas have
been extended to 4.5MA.

While long (> 3s) elm—free H-—modes have been obtained at moderate power levels
(Ptot € 10-12MW) in which the H-mode was terminated by high levels of radiated power
(bulk—Ppo4/Piot - 60%), at high power levels the regime is usually terminated prematurely by a
rapid influx of carbon (the ‘carbon bloom’) resulting from excessive localized heating of the carbon
target tiles. Recent experiments, therefore, have been designed to extend plasma performance in
the H-mode by: (a) reducing the heat flux to the target by sweeping the X—point position and by
strong gas puffing; (b) exploiting improved plasma purity and particle control resulting from the
evaporation of beryllium; (c) improving the central plasma parameters by pellet injection and by
making use of central heating due to higher energy neutral beams (6MW DO at 140keV/
12MW DO at 80keV) and ion cyclotron resonance heating.

Development of these techniques has resulted in significant improvements in the parameters
attainable in the H—mode. Sweeping (radial and vertical) of the X—point interaction region has
extended the H—mode duration at high power by -30% which, when combined with the enhanced
particle pumping due to evaporated beryllium, has enabled ‘hot ion H—modes’ (Balet et al, 1989)
to be sustained for periods - 1s with peak values of T;(0) - 28keV being achieved (Keilhacker
et al., 1989a; Gibson et al, 1990). In addition, it has been observed that the use of strong gas
puffing (simultaneously in the X—point and plasma midplane) has significantly delayed the
‘carbon bloom’ and retarded impurity accumulation in the bulk plasma. Consequently long
(¢ 5.3s) virtually elm—free H-modes have been obtained, in which the stored energy and Zqg
reach steady—state (Stork et al, 1989). Further aspects of improved H—mode performance are
discussed by Tanga et al (1990).

It has been shown (Keilhacker et al, 1989b; Thomsen et al, 1989) that in H-mode plasmas, the

plasma energy may be decomposed into a contribution from the plasma core, which exhibits an
offset linear behaviour with increasing power, and a pedestal energy, resulting from the steep
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temperature and density gradients at the
separatrix, which is proportional to the power.
Improvements in diagnostic capabilities have
revealed edge gradients to be greater than
previously realized. Figure 1 shows ion
temperature profiles obtained by active charge
exchange resonance spectroscopy (CXRS) from
several phases of JET X—point discharges (von
Hellermann et al., 1990). Case (a), showing the
peak ion temperature recorded during a ‘hot ion
H-mode’, indicates that T; - 5keV within 10cm
of the last closed flux surface (LCFS). Cases (b)
and (c) illustrate observations obtained during
L and H—mode phases in which the plasma was
swept radially to obtain a continuous profile.
Although the nominal resolution of the
diagnostic is - 12cm, a more detailed analysis
of results in case (b) suggests that T; - 3keV
within several cm of the separatrix.

Figure 2 illustrates the edge density profile
obtained by a swept multichannel reflectometer
during an H—mode (Prentice et al., 1990). This
profile, deduced entirely self—onsistently from
reflectometer measurements, indicates the
existence of an extremely steep gradient,
although the minimum gradient consistent with
these results is 8 4x1020m-4. The error bars are
determined by the wuncertainty in the
determination of the time delay of the reflected
signal (- 0.3ns). Measurements obtained by
density interferometry and from the LIDAR
Thomson scattering system, which have poorer
spatial resolution, are also shown.

Energy confinement in JET elm—free H—modes
(Keilhacker et al, 1989b; Watkins et al. 1989)
can be described by either a power degradation
scaling, with 7p « P07, in which 7, is a factor
of 2 to 3 above Goldston scaling (Goldston,
1984), or by an offset linear law in which
Tinc(8) ® 0.14Ip(MA). The most recent
experiments have extended the power range
over which this behaviour has been confirmed
by almost a factor of 2. As shown in Fig. 3.,
comparison of discharges before and after
beryllium evaporation indicates no significant
difference in confinement. Experiments at
hjgh—ﬂ,p (section 4.1) have, furthermore,
confirmed that mno significant additional
degradation of confinement occurs at ﬂ,p values
commensurate with the limit predicted by
Troyon et al. (1984).
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2.2 H—modes with ICRH

Attainment of H—modes using only ICRH (Tubbing et aol, 1989a; Bhatnagar et al, 1990)
represents one of the most significant consequences of the introduction of Be into the JET vacuum
vessel. The introduction of a fast matching system to control the RF coupling during the L to H
transition and the use of the dipole antenna configuration, which produces significantly less nickel
impurity (Jacquinot et al., 1988), also contributed to this advance. Previous attempts to produce
H—modes in these conditions in JET had foundered on the high level of radiated power, produced
mainly by nickel impurities sputtered from the Faraday screens of the RF antennas, but Be
gettering has significantly reduced nickel sputtering, as well as reducing oxygen levels by an order
of magnitude, virtually eliminating this problem.

ICRH H—modes were produced in 3MA DNX plasmas (which permit the curvature of the
separatrix in the midplane to be matched to that of the RF antenna) in which the clearance
between the separatrix and the RF antenna ranged from 1-3 cm. At the smallest separations, the
characteristic drop in D light at the H-mode transition was not observed, though global energy
confinement lay in the normal H-mode range. The plasmas were displaced slightly vertically
(¢ 3cm.) to favour the upper X—point, i.e. the direction of the VB drift. To date only the D(H)
minority heating scheme has been exploited (though a few short—duration H—modes were
produced at low toroidal field, - 1.2T, in the second harmonic majority hydrogen scheme).
Although the threshold power for the H—mode was - 8MW at a toroidal field of 2.8T — similar to
that for NBI in equivalent conditions — a hysteresis effect was observed which enabled the applied
power to be reduced by as much as half while maintaining the H—mode for periods - 1s.

Plasma confinement in combined heating H—modes has also improved significantly as a result of
the lower levels of radiation. In previous experiments (Tubbing et al, 1989b), it was observed that
the rate of rise of radiated power in combined heating H—modes was > 10MWs-1, more than double
that observed for NBI H-modes (- 4MWs-! in a carbonized torus), and was responsible for a
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reduction in energy confinement in the former cases. The rate of increase in radiation in combined
heating H-modes has now been reduced to - 3MWs-! for similar powers and densities.

Figure 4 shows an overview of confinement in 3MA plasmas under different conditions,
incorporating only data from Be gettered discharges, but from both C and Be belt limiter phases
(Bhatnagar et al, 1990). A small group of NBI heated belt limiter L-modes have been included
for comparison purposes. Data from the ICRF heated DNX L—modes includes a contribution of
10-30% from fast ions and can be fitted by an offset linear behaviour with a 7y, & 0.34s. Data
from ICRH, ICRH+NBI and NBI H-modes lie in the same range with 1.7Wg < W <2.2Wg,
where W is the Goldston L—mode scaling prediction for these conditions.

2.3 Confinement in Limiter Plasmas

Experiments at plasma currents of up to 7MA using carbon limiters (e.g. Lomas et al., 1989)
found that global confinement was broadly described by either Rebut—Lallia (Rebut et al., 1988)
or Goldston L—mode scalings. However, at 3MA, confinement was generally better than predicted
by both scalings, while at 6MA and above it was worse. Sawteeth, which broadened plasma
profiles (Bhatnagar et al, 1989; Jones et al, 1989), poor density control and high fuel dilution
were identified as the major problems. Recent experiments have, therefore, focussed on the use of
Be gettering and Be limiters to improve plasma performance at high currents.

Restrictions on toroidal field operation (due to a
faulty coil) limited experiments with beryllium
plasma—facing surfaces to plasma currents of
5MA. While it has not yet been possible,
therefore, to explore plasma performance at the
highest currents, the use of Be has facilitated the
development of a number of operating scenarios
which can be extrapolated to T7MA at
approximately constant q, (> 3). By exploiting
a fast current ramp (1MAs-1) at constant Qy
(-3.5) between 25 and 5MA, peaked

sawteeth start #20371

Ip temperature and density profiles have been

ar established in several ways (Attenberger et al,
(MA) S~ G ! 1990). In particular, the density control provided
q(0) - by beryllium, combined with ICRH heating in

the current rise phase, has extended sawtooth
stabilization well into the flat—top at 5MA, as
0 . . . . s 0 illustrated in Fig. 5. Peaked electron
] temperature profiles with Tg(0) - 12keV have

Time (s) been maintained for several confinement periods.
Fig. 5 Overview of 5MA limiter discharge An  alternative approach to  sawtooth
in which sawtooth stabilization was obtained. stabilization is the injection of a sequence of

pellets during the current rise to establish a

peaked density profile target for ICRF heating. This technique has established plasmas with
central densities ng(0) - 2.3x1020m-3 in which sawteeth were suppressed by maintaining q(0)
above unity and neutron emission was enhanced as in the pellet enhanced regime observed in 3MA
experiments (Schmidt et al 1989).

The most significant improvement in plasmas limited on the inner wall or belt limiters consequent
on the introduction of Be can be ascribed to improvements in central parameters due to improved
particle control, plasma purity and profile peaking (resulting from the suppression of sawteeth).
Although a substantial reduction in radiation has led to significant increases in the density limit
(see section 4.2), JET discharges are generally dominated by low—Z impurities which radiate
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principally at the plasma edge. As a result, there is little difference in global energy confinement
between discharges limited by carbon or beryllium surfaces. Figure 6 compares energy confinement
times for a range of 5MA plasmas from all phases of operation. The majority of discharges cluster
about the Goldston scaling prediction with no separation between plasmas with different limiter
materials. The exceptions are discharges in which peaked profiles have been established either by
ICRH sawtooth suppression, in which case there may be a significant fast ion population, or by
pellet injection in which the pellet enhanced regime is achieved, which is associated with reduced
ion heat tramsport. This is supported by Fig. 7, in which the total electron energy for these
discharges is plotted against the predictions of Rebut—Lallia scaling. In this case, sawteeth—free
and pellet shots lie in the same cluster as other plasmas.
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Fig. 6 Confinement time vs loss power for Fig. 7 Electron energy ws prediction of

various plasma regimes at 5MA. Curve is Rebut—Lallia model for 5SMA limiter plasmas.
Goldston L—mode prediction.

3. TRANSPORT STUDIES
3.1 Heat Flux Analysis

Heat flux analysis of local transport properties has been performed for a wide range of JET
discharges using calculated heat and particle deposition profiles together with measured values of
the plasma temperature and density profiles (e.g. Balet et al., 1989; Taroni et al., 1989; Watkins
et al., 1989). With appropriate allowance made for convective energy transport, effective heat
diffusivities, X‘fﬁ and Xgﬁ, may be deduced for ions and electrons from:

Qe = —neXEHVKT, g = 0 X§HVkT;, (1)
where qg j represents the conducted heat flux for electrons and ions. If experimental uncertainties

do not allow ion and electron channels to be separated, an effective total diffusivity, Xo¢, may be
defined using the total conducted heat flux, Q¢ongd:

Xeff = Qcond/(neVkTe + n;VkT;). (2)
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Using the 14—D transport code TRANSP (Goldston et al., 1981), recent analysis has made use of
enhancements in diagnostic capabilities to investigate the role of electron and ion conduction for
several of the most important operating regimes in JET with a more systematic analysis of errors
than has hitherto been possible (Balet et al, 1990). Results for a hot ion H-mode with Be
gettering are shown in Fig. 8. This discharge was formed by the injection of 177TMW of neutral
beams into a low density DNX target plasma (4MA/ 2.8T) to create peaked density and ion
temperature profiles with ng(0) = 4.8x101°m-3 and Tj(0) = 22keV at the analysis time (the fusion
performance of this pulse, #20981, is discussed by Gibson et al. (1990)).

In this discharge, the ion power balance is

dominated by ion heat conduction over the 4
major part of the plasma, with equipartition
energy the second largest loss chanmel. The al

input power to the electrons via equipartition
is twice the direct input power from NBIL. In &
the plasma centre, X; approaches the E ,|
neoclassical value and is significantly lower =
than X, (although convection is also
important). However, the two cross over at 1t
mid—radius, so that in the outer half of the
plasma X; > X, although the experimental
uncertainties are large. The central value of X; 0
in such discharges more closely resembles that
deduced from hot ion L—modes than from
previous hot ion H—modes (e.g. Balet et al.,

1989) and this may be related to the fact that  Fig. 8 Profiles of ion and electron heat
the improved particle control following Be  diffusivities vs normalized minor radius for a
gettering allows a peaked density profile to be  hot ion H—mode.

maintained into the H-mode phase of the

more recent discharges.

10
The results of similar analyses for several gg; g‘tf"e(t;'dCfZH 4
. . andard L-mode
st.andard JE"I‘ discharge types are shown in 8k (c) Monster Sawtooth
Fig. 9. No ion temperature profile data is (d) Hot lon H-mode

available for plasmas heated by ICRH alone, (e) RF H-mode

L2

so the thermal diffusivity has been cast in the & 6F /
form of equation (2) to enable the effective - ©,
diffusivity from the different regimes to be = 4r 7/
compared. In discharges with peaked density ’{'\ —_ A (%
and ion temperature profiles (‘pellet + ICRH’ ol /MF\\ _____ .

and ‘hot ion H—mode’) X4 falls to low values =T N — —_©)
in the plasma centre and, in fact, Xj- 0 = ] §
1-3xX; peo in these plasmas. In H-mode 0 0.2 04 06 08

djschar’ges, Xeff falls at the plasma edge. In P

general, where X; and X, can be separated

within experimental uncertainties, X, > X; in  Fig. 9 Profiles of effective heat diffusivity
the plasma centre and X; > X, in the outer  for several types of plasma in JET (p = r/a).
region. For such cases a detailed comparison

has been made between local transport deduced from several variations of the ion temperature
gradient driven turbulence (ITG) model, the Rebut—Lallia critical temperature gradient model
and the experimentally derived values of X;. Briefly, it is found that the Rebut—Lallia model
yields a good description of the observed variation of Xj, though it predicts values that are
somewhat too high in the centre for hot ion H—modes. For particular discharges, transport
coefficients deduced from ITG theories are in error by two orders of magnitude. A detailed
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discussion is given in Balet et al (1990).

A more systematic, quantitative assessment of
the relevance of ITG models to the description
of local transport in JET has been carried out
using a database of 35 3MA L—mode plasmas
for which spatially resolved ion and electron
temperature profiles exist (Tibone et al., 1990).
For these discharges, which ranged from ICRH
dominated plasmas with ‘monster’ sawteeth to
NBI heated hot ion L—modes, the theoretically
predicted heat fluxes from several ITG models
have been compared with experimentally
derived values of the total heat flux.

In the inner half of the plasma minor radius,
the values of 5; for JET profiles are generally
well above the theoretical threshold for all the
models considered. However, the transport
predicted for high T; regimes is too large, as
illustrated in Fig. 10 using the Romanelli
(1989) theory as an example. On the other
hand, because of the rapid decrease in the
predicted transport with decreasing
temperature, it is much less than the observed
heat flux in the outer region. Thus, although
regimes with peaked plasma profiles do exhibit
enhanced confinement (Schmidt et al., 1989;
Balet et al., 1989), ITG theories fail to account
quantitatively for the observed variation of ion
thermal conductivity with plasma parameters.

Toroidal plasma rotation and ion momentum
transport have been studied in quasi—steady
state conditions for a wide range of JET
plasmas, including limiter and X—point plasmas
and L and H-modes (de Esch et al, 1990).
Using measurements of ion temperature and
rotation profiles deduced from a multichannel
CXRS system (von Hellermann ef al, 1990), it
is found that the central rotation velocity scales
linearly with T;(0) for all types of beam—heated
discharge, except in the presence of large
amplitude mhd activity or ICRH, both of which
are known to degrade toroidal momentum
confinement (Snipes et al, 1990; Stork et al.,
1987).
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Fig. 10  Ratio of heat flux calculated from
Romanelli (1989) ITG theory and that
determined experimentally (at r/a =0.4) vs
central ion temperature. Data from a range of
3MA L—mode plasmas is included.
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from a wide range of discharges is included.

The relationship between central values of Xj and X, the toroidal momentum diffusivity, as a
function of T;j(0) is shown in Fig.11. This analysis uses a time—independent form of the ion heat
and momentum transport equations, including a correction for the dominant impurity with
normalized mass Z = m,/m; (for C or Be), but neglecting convection. It is found that

(Z/(Z+1-Zegg)) <X
that reparted for TfTR (Scott et al., 1989).

>/<X;> = 0.9 + 0.3 for all plasmas with T;(0) > 4keV, a result similar to
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3.2 Perturbation Analysis of Heat and Particle Transport

Extensive analysis of heat pulse propagation (hpp) in JET using the temperature perturbation
following the sawtooth collapse (e.g. Tubbing et al, 1987) found that the deduced electron heat
diffusivity th was generally a factor of 14 larger than the value deduced from conventional
analysis of the electron power balance. This has stimulated the development of a description of
Xpp which identifies this quantity with an ‘incremental’ diffusivity, Xj;, rather than the power
balance diffusivity, pr- A study of th, both in ohmic and auxiliary heated discharges (Lopes
Cardozo and de Haas, 1990) found that, at mid-radius, Xpp « Zopf <Te>"%, with essentially no
dependence on density or power. This last result suggests an offset—linear formulation of the
plasma stored energy. Moreover, for X—point plasmas, this study found no significant systematic
difference between th in ohmic, L and H—phases of the discharge, in agreement with calculations
of Xjp deduced from analysis of global energy confinement.

Values of the particle diffusion coefficient D, have also been derived by several perturbation
techniques. Using measurements from a 12—channel microwave reflectometer, the density pulse
following a sawtooth collapse has been exploited to obtain a value of the diffusion coefficient, de,
in the region 0.6 < r/a < 0.8. For a series of 3MA limiter discharges with 3 < Py, < 12MW it was
found that 0.2 < Dy, < 0.5 m2s-t (£15%), with no systematic dependence on power. Similar
values have been obtained by analysis of the density behaviour following shallow (Cheetham et al.,
1989) and deep (Baylor et al, 1989) pellet penetration.

A more complete analysis of the sawtooth perturbation is required to include the possibility of
direct coupling between heat and particle transport. For example, the heat pulse is observed to
induce a local density dip, an effect which cannot be explained in terms of perturbations to the
flux surfaces resulting from changes in the local pressure profile. The first results of such an
analysis (Hogeweij et al., 1990), using measurements obtained from 3MA, ICRF heated plasmas
with Pyo¢ < 11MW, show that, over the region 0.6 < r/a < 0.8,

0.2 < Dyp, < 0.8 m%-1 (+25%)
and
3 < Xpp < 9 m3s1 (£25%).

This confirms the results of earlier, independent, analyses. In addition, this analysis suggests that
a term describing a VTg—driven particle pinch (or a diffusion coefficient which is a decreasing
function of VT,) is required to model the response of the density to the temperature perturbation.

4. MHD STABILITY

41 High—ﬂq, Experiments

Although calculations have indicated that local pressure gradients in some discharges might lie
close to the stability boundary for ideal ballooning modes, for example in the edge region of
H-modes (O’Brien et al, 1989) or the centre of pellet—fuelled discharges (Galvao et al., 1989),
global values of ﬂ‘p in JET have never previously exceeded 70% of the Troyon limit (Troyon et al.,
1984). Recent experiments have studied a regime of high §, in DNX H—mode plasmas heated by
NBI and ICRH at power levels of up to 16MW (Smeulders et al., 1990). These experiments used
80keV DO NBI into hydrogen target plasmas (for second harmonic ICRF heating) with a current
of 2MA and toroidal field in the region 0.9 < ng 1.4T. As shown in Fig. 12, ﬂ¢ values of 5.5%
have been achieved, which are commensurate with the Troyon limit,

Br(%) = 2.8 1y(MA)/a(m)B (T). (3)
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0.07 7 The figure also shows that these values are close
to limiting values originally predicted for JET
(Stringer, 1981).
0.06[
Virtually all high—ﬂ¢ discharges in JET are
dominated by sawteeth, which are accompanied
by substantial ‘fishbone’ activity. The sawteeth
modulate the global §, by up to 15% and are
0.04 responsible for significant reductions in the
global (- 30%) and central (-70%) values of the
neutron emission (Marcus et al. 1990). Detailed
0.03 comparisons of sawteeth precursors and
‘fishbone’  activity using soft X-ray
.02k measurements show that both have a main
m=n=1 component, though with larger
amplitude higher—m components than is usual in
0.01F low—f,, plasmas. The displacement of the central
=plasma associated with the sawtooth collapse is
: \ \ g approximately double that resulting from the
0 0.5 1.0 1.5 2.0 25 (fishbone’ insta.bi]ity.
I(MA)/B(T)a(m)
Fig. 12 Toroidal beta wvs normalized Magnetic activity at the plasma edge is generally
current for high—beta discharges. The solid dominated by n=1 modes, which are coupled to
line represents the Troyon limit and the the central activity, and by ‘elms’. However,
broken line a prediction derived from Stringer continuous modes with higher n numbers can
(1981). develop. In some cases, the mode, usually with
n=2, grows to a large amplitude and locks.
Although the dominant component has m=3, m=2 and m=4 components can be observed in the
soft X—ray emission and an m=5 component can be identified in signals from the magnetic pickup
coils at the plasma edge. The mode amplitude increases over a period of several hundred ms to a
value of Bg 5G, following which ﬂ¢ decays, falling by 30% or more, as the mode continues to
grow following lockmg, and finally reaches values of By - 15G (By/Bg - 1%).

0.051-

Be

Analysis of ideal ballooning stability in these discharges is complicated by the presence of a
substantial fast ion population, which is included in experimental pressure profiles — determined
by normalizing the electron pressure profile obtained from LIDAR Thomson scattering
measurements to the total diamagnetic energy — and by uncertainties in the equilibria. Within
these restrictions, it is found that in many cases the central region of the plasma is marginally
stable to ballooning modes except near the magnetic axis, where the pressure gradient exceeds the
ballooning limit (Hender et al., 1990).

At the power levels explored to date, the 8, values achieved appear to be limited by confinement
and, in some cases, by large amplitude low—m,n mhd activity rather than by disruptive behaviour.
As noted in 2.1, confinement at the highest values of §, is close to twice the Goldston L—mode
value. However, the injected power is limited by the occurrence of the carbon ‘bloom’. Further
experiments are required, therefore, to investigate whether these values represent a real limit or
are determined by experimental constraints.

4.2 Density Limits
Extensive experiments in carbon bounded plasmas (e.g. Wesson ef al, 1989) found that the
density in JET was limited by disruptions. These occurred as the result of a well-defined sequence

of events in which, as the density increased, the radiated power exceeded the input power, leading
to thermal instability in the plasma edge. As a result, the electron temperature profile contracted,
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driving the edge current inwards. This destabilized a sequence of mhd modes, principally the
m=2,n=1 mode, which grew, locked and caused a major disruption.

The introduction of Be, firstly in the form of Be 20 l mare’ l Pulse No. 20853

gettering and, subsequently, as a limiter
material, has caused a fundamental change in
the nature of the the demsity limit (Lowry
et al., 1990). This is illustrated in Fig. 13. As in
the case of carbon, increasing density leads to
increasing edge radiation, though at moderate
densities (<ng> - 3x10""m—?) the steady—state
level of radiation for Be bounded discharges
may be only 50% of that for equivalent
discharges bounded by carbon. Near to the
limiting density, the radiated power increases
rapidly.  Bolometric and  spectroscopic
observations show that this phase is terminated 0
by the formation of a MARFE (Lipschultz Amna (alln)
et al., 1984) on the inner wall, at which time
the radiated power may be transiently in excess
of the input power. Detailed measurements of
edge parameters at the limiter (Clement et al,
1990) show that this occurs when Tg at the
edge falls to 10 to 20eV.

(a.u)

(a.u.)

Formation of the MARFE leads to a fall in s
edge electron density, though whether by | ! I g
changes in recycling (the limiter interaction is 10 n 12 13 "
much reduced), screening, or a decrease in edge Time (s)

particle confinement is not yet clear. Fig.13  Overview of plasma parameters for
Nevertheless, the result is that the MARFE a density limit experiment in a 4MA/ 2.6T
quenches, the plasma returns to a quiescent plasma with 1MW of input power. Appq
state and, if fuelling continues, the cycle can indicates the level of rotating mhd activity
re—occur. Mhd activity plays little role in these and A(locked mode) the non—rtotating
events. The figure shows that there is no activity. The signal after 12s in the latter is
rotating or stationary mhd activity associated due to pick—up from the toroidal field decay.
with the first MARFE, while at the second

MARFE a small burst of mhd is observed which rapidly decays (the small signal apparent on the
locked mode monmitor is due to pickup from the decay of the toroidal field, which begins at 12s).

The result is that density limit disruptions are very infrequent in plasmas bounded by Be. In
plasmas which do disrupt at the density limit, it is found that the MARFE decays and is replaced
by a symmetric radiation shell which persists, radiating the total input power. The sequence of
events leading to disruption is then as outlined for the carbon limiter. Understanding the balance
between MARFE formation and the development of a symmetrically radiating layer is one of the
major problems in explaining the different behaviour with carbon and beryllium limiters.

Analysis of density limit experiments in Be bounded plasmas shows that, while radiation
determines the limit, the edge density is the key plasma parameter. In particular, comparison of
similar discharges fuelled by gas puffing and pellet injection found that with deep pellet
penetration, peaked density profiles could be sustained at substantially higher average density
than with shallow penetration or gas fuelling. Nevertheless, the density limit occurred at the same
edge densities in the three cases. In addition, the higher density limit obtaired in helium
discharges was explained by the differences in edge demsity profiles in heliur leuterium
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discharges (rather than, as had been suggested, the reduced oxygen content in the former case).

As a result of the reduced impurity radiation, the density limit in Be limiter discharges, both in
ohmic and auxiliary heating phases, has been extended considerably (by a factor - 2) beyond that
obtained with a graphite limiter. In addition, the density limit with ICRF heating, which had
previously been limited by increased impurity levels and which barely exceeded the ohmic density
limit, increased to that a.tta.lned with NBI. At power levels of up to 20MW, the limiting density
was found to scale with Ptot: the best fit being obtained by the use of the edge density (Lowry
et al., 1990). Values of BigRqc/B, - 35 were obtained with additional heating (compared to - 20
with graphite) and values above 40 were reached at high q.. This exceeds the scaling proposed by
Greenwald et al (1988) by about 50%. At the highest powers, the fuelling rate became a
significant consideration as hollow density profiles formed and, together with the results of pellet
injection experiments, this suggests that the density limit should be considered as a fuelling
limitation.

4.3 Sawteeth and their Stabilization

Elucidation of the instability underlying sawteeth has become a subject of considerable interest
and extensive investigations have been undertaken at JET (e.g. Campbell et al, 1989a). Analysis
of the sawtooth collapse using tomographic reconstructions of soft X—ray emission measurements
(Edwards et al., 1986) revealed that the topology of the collapse in JET resembled the convective
behaviour predicted by the ‘quasi—interchange’ model (Wesson, 1986), rather than that expected
from full reconnection models (e.g. Kadomtsev, 1975) — a result confirmed by two—dimensional
reconstructions of local To measurements obtained from ECE (Campbell et al., 1989b).

Two—dimensional tomographic analysis based on
Kadomtsev two orthogonal cameras has inherent limitations
on the poloidal resolution which can be achieved.
To clarify the importance of these limitations,
the accuracy of the soft X—ray reconstruction
technique has recently been investigated using
simulations of the topology associated with the
two most common models of sawteeth. It is
found (Wolfe et al, 1990) that, for the case
commonly studied in JET (in which the plasma
reconstruction core is displaced along the major radius) the
' Convection V analysis technique accurately reproduces the
input emission profiles. As shown in Fig. 14,
there are clear differences between the
reconstructions which enabled the topologies
associated with the two models (the full
reconnection and the convective cell) to be
unambiguously distinguished.

Height (m)
3
g
o

-1t

-2r Much of the difficulty in understanding sawteeth
o | is associated with uncertainties in the
¢ 3 4 2 3 4 determination of the g—profile and, in particular,
Mafor Reclus (m) of the way in which q(0) is modulated by

Fig. 14 Comparison of simulated soft sawtooth activity. The accuracy of the
X-ray analyses of two most common models polarimetric analysis used to derive q—profiles in
for the sawtooth collapse: full-reconnection JET has recently been investigated in some
(Kadomtsev) and ‘quasi—interchange’ detail (O’Rourke and Lazzaro, 1990). In
(convection). particular, Faraday rotation measurements have
been incorporated self—consistently as additional
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constraints in the equilibrium identification code

-05 ' IDENTC. A systematic check of the propagation
Bao | / of experimental uncertainties in the analysis has

_ Ts | ® been performed which has confirmed the
< -1F = -| previously reported results (O’Rourke et al.,
2 1988) that q(0) - 0.7 (#20%) in normal
= sawtoothing discharges. In addition, by
9 ° Abel-inverting the difference in polarimetric
13 /. | signals before and after a sawtooth collapse, it
. has been possible to study the variation of g(0)

P during the sawtooth period. Figure 15 shows

-2. L L that, for a range of ohmic and ICRF heated
-1 -0.5 0. 0.5 1. discharges, Aq(0) increases with the sawtooth

LOGy,(Ts)  (sec) period, 74, with a constant of proportionality
lying in the range 0.05 — 0.25-1.
Fig. 15 Plot of change in central safety
factor, Aq,, vs sawtooth period, 75, derived Sawteeth can be stabilized in JET either by the
from polarimetry. injection of pellets (Schmidt et al., 1989), which
broadens the current profile and raises q(0)
above unity, or by on—axis heating (Campbell
et al., 1988), particularly with ICRH. In the
0.2F latter case, polarimetric measurements show that
q(0) < 1 (O’Rourke et al., 1988) and it has been
suggested (e.g. Pegoraro et al, 1989) that
energetic ions are responsible for the
stabilization. Quantitative analysis of
experimental results is difficult due to
uncertainties in critical parameters, such as the
g—profile and the distribution of the fast ioms,
both in space and in energy. However, by making
certain simplifying assumptions, essentially that
local quantities may be replaced by global
parameters, a quantitative comparison between
theory and experiment has been performed
(Porcelli et al, 1990).

0.1

The results of this analysis are shown in Fig. 16,
0 01 02 03 04 05 ~ in which data from a number of pulses with

H e sawtooth—free periods are plotted in the (T', H)
plane, where

Fig. 16  Analysis of a range of discharges

during sawtooth—free periods. I' and H are Ymhd

defined in the text. The solid curve encloses I'= —oe— (4a)

the stable region and the dashed lines indicate “Dh

the trajectories of discharges as the q=1 I wp

surface expands. H= —ma— < ﬂph> a- (4b)
5oRo  wpy

Tmhd i8 the ideal mhd growth rate, w%lﬁx the maximum fast ion precession frequency, wp the
Alfvén frequency, 8, the shear at the q=1 radius, rg, and <fpp>, the poloidal beta associated
with the perpendicular fast ion energy (which, for central ICRH, is a reasonable measure of the
fast ion energy within the g=1 radius). The area enclosed by the curve represents the stable region
and the dashed lines indicate the trajectories followed by the discharges as the q=1 radius expands
during the sawtooth—free period — it is predicted that, as the g=1 radius expands, the m=1 mode
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should become increasingly unstable, leading to a sawtooth collapse. While the uncertainties in
this analysis are large, further experimental observations lend support to this interpretation (e.g.
Campbell et al., 1989a). For example, the increasing difficulty in obtaining stabilization as the
q=1 radius expands at high current (> 5MA) and the fact that central ICRH is optimal for
stabilization are consistent with the fast ion theory.

5. CONCLUSIONS

Recent experiments in JET using beryllium, both as a limiter material and for gettering, have
resulted in a significant extension of JET operating regimes. The power range of elm—free H—mode
experiments has been extended, by almost a factor of 2, and the previously observed confinement
behaviour confirmed. In addition, an ICRH generated H-mode has been obtained. The
confinement properties of both ICRH and combined heating H—-modes are now equivalent to NBI
H-modes. Improved control of particle recycling due to the use of Be has also improved the
performance of limiter discharges. Sawtooth—free L—mode discharges with Te(0) - 12keV have
been produced at 5SMA and, at 3MA, a range of discharges with peaked density and temperature
profiles have been obtained both on the inner wall and on the outside belt limiters.

Analysis of the local heat flux has confirmed that in many JET regimes ion transport dominates
electron transport in the outer half of the plasma. In regimes with peaked density and temperature
profiles, however, ion heat diffusivity falls to near neoclassical values in the plasma centre.
Quantitative comparison of transport derived from theories of ion temperature gradient driven
turbulence with that observed experimentally has found that the transport predicted was too
strong. A study of ion heat and momentum diffusivities over many discharges from several JET
regimes concluded that the values are strongly correlated. Investigation of electron transport by
perturbative means has confirmed previous results and, in addition, obtained evidence of direct
coupling between heat and particle transport.

Discharges with 8, values close to the Troyon limit exhibit substantial mhd activity which can
modulate or reduce ﬂ«,, but further experiments are required to clarify whether the values of g
obtained are also limited by experimental constraints or whether a true limit has been reachef
The change in the nature of the demsity limit — it is generally non—disruptive — and the
considerable extension of the operating range observed are amongst the most significant
consequences of the use of Be in JET. Moreover, these results indicate that densities in the range
required for reactor operation can be achieved by development of appropriate fuelling techniques.
Further studies of the sawtooth instability have confirmed the internal self—consistency of several
of the critical diagnostic measurements. In addition, a quantitative assessment of sawtooth
stabilization experiments supports the idea that energetic ions are central to the stabilization
mechanism. Nevertheless, the internal contradictions of many of the observations remain and our
understanding of sawteeth is still incomplete.

JET results indicate that, in spite of limits in our understanding of the phenomena which
determine transport and mhd stability, many of the experimental techniques necessary for a study
of reactor relevant plasmas are in place. Planned enhancements to JET in the near future will
enable these techniques to be exploited fully.

6. ACKNOWLEDGEMENTS

It is a pleasure to acknowledge contributions from many colleagues. This paper has benefitted
considerably from their critical appraisal and from their efforts in reducing large quantities of data
to a comprehensible form. Pellet injection results were obtained as a result of work performed
under a.collaboration agreement between the JET Joint Undertaking and the US Dept. of Energy.

Ad]



7. REFERENCES

Attenberger, S. et al. (1990). Proc. 17th Euro. Conf on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 5-9.

Balet, B. et al (1989). JET Preprint JET—P(89)81 (to be published in Nuclear Fusion).

Balet, B. et al (1990). Proc. 17th Euro. Conf. on Contr. Fusion and Plasma Phys., Amsterdam,
1990, 14B(1) 162-165.

Baylor, L. et al. (1989). Bull. Am. Phys. Soc. 34 2057 (see JET Preprint JET—P(89)80).

Bhatnagar, V.P. et al. (1990). Proc. 17th Euro. Conf on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 255-258.

Bhatnagar, V.P. et al. (1989). Plasma Phys. and Conir. Fusion 31 333—344.

Campbell, D.J et al. (1988). Phys. Rev. Lett. 60 2148—2151.

Campbell, D.J et al. (1989a). In: Plasma Physics and Controlled Nuclear Fusion Research 1988
(Proc. 12th Int. Conf., Nice), Vol. 1, pp 377385 (IAEA, Vienna, 1989).

Campbell, D.J et al. (1989b). Proc. 16th Euro. Conf. on Contr. Fusion and Plasma Phys., Venice,
1989, 13B(2) 509—512.

Cheetham, A.D. et al (1989). In: Plasma Physics and Controlled Nuclear Fusion Research 1988
(Proc. 12th Int. Conf., Nice), Vol. 1, pp 483—493 (IAEA, Vienna, 1989).

Clement, S. et al. (1990). Proc. 17th Euro. Conf. on Contr. Fusion and Plasma Phys., Amsterdam,
1990, 14B(3) 1373-1376.

de Esch, H.P.L. et al. (1990). Proc. 17th Euro. Conf on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 90-93.

Dietz, K.J. et al. (1990). Plasma Phys. and Conlr. Fusion. This Issue.

Edwards, A.W. et al. (1986). Phys. Rev. Lett. 57 210-213.

Galvao, R.M.O. et al (1989). Proc. 16th Euro. Conf. on Contr. Fusion and Plasma Phys., Venice,
1989, 13B(2) 501-504.

Gibson, A. et al (1988). Plasma Phys. and Conlr. Fusion 30 1375—1390.

Gibson, A. et al. (1990). Plasma Phys. and Conlr. Fusion. This Issue.

Goldston, R.J. et al. (1981). J. Comput. Phys. 43 61-78.

Goldston, R.J. (1984). Plasma Phys. and Contr. Fusion 26 87—103.

Greenwald, M. et al.(1988). Nuclear Fusion 28 2199—2207.

Hender, T.C. et al. (1990). Proc. 17th Euro. Conf on Conir. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 399—402.

Hogeweij, G.M.D. et al. (1990). Proc. 17th Euro. Conf on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 158—161.

Jacquinot, J. et al. (1988). Plasma Phys. and Contr. Fusion 30 1467—1478.

Jones, T.T.C. et al. (1989). Proc. 16th Euro. Conf on Contr. Fusion and Plasma Phys., Venice,
1989, 13B(1) 11-14.

Kadomtsev, B.B. (1975). Fiz. Plazmy 1 710-T712.

Keilhacker, M. et al (1989). In: Plasma Physics and Controlled Nuclear Fusion Research 1988
(Proc. 12th Int. Conf., Nice), Vol. 1, pp 159182 (IAEA, Vienna, 1989).

Keilhacker, M. et al. (1990). Phys. Fluids B 2 1291-1299.

Lipschultz, B. et al. (1984). Nuclear Fusion 24 977-988.

Lomas, P.J. et al. (1989). Plasma Phys. and Contr. Fusion 31 1481-1496.

Lopes Cardozo, N.J. and de Haas, J.C.M. (1990). Nuclear Fusion 30 521—532.

Lowry, C.G. et al. (1989). Proc. 17th Euro. Conf on Conir. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 339—342.

Marcus, F.B. et al. (1990). Proc. 17th Euro. Conf on Conir. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 331-334.

O’Brien, D.P. et al (1990). Proc. 16th Euro. Conf. on Contr. Fusion and Plasma Phys., Venice,
1989, 13B(1) 229-232.

O’Brien, D.P. et al (1990). Proc. 17th Euro. Conf on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 251—254.

O’Rourke, J. et al. (1988). Proc. 15th Euro. Conf. on Conir. Fusion and Plasma Phys., Dubrovnik,

A42



1988, 12B(1) 155—-158.

O’Rourke, J. and Lazzaro, E. (1990). Proc. 17th Euro. Conf. on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 343—346.

Pegoraro, F. et al. (1989). In: Plasma Physics and Controlled Nuclear Fusion Research 1988 (Proc.
12th Int. Conf., Nice), Vol. 2, pp 243249 (IAEA, Vienna, 1989).

Porcelli, F. et al (1990). Proc. 17th Euro. Conf. on Contr. Fusion and Plasma Phys., Amsterdam,
1990, 14B(1) 327-330.

Prentice, R et al (1990). Proc. 17th Euro. Conf. on Contr. Fusion and Plasma Phys., Amsterdam,
1990, 14B(4) 15001503

Rebut, P.H. and Dietz, K.J. (1982). In: Fusion Technology 1982 (Proc. 12th Symp., Jilich, 1982),
Vol 1, pp 85-100 (Pergamon Press, New York, 1983).

Rebut, P.H. et al. (1985). In: Plasma Physics and Controlled Nuclear Fusion Research 1984 (Proc.
10th Int. Conf., London), Vol. 1, pp 11-27 (IAEA, Vienna, 1985).

Rebut, P.H. et al. (1989). In: Plasma Physics and Conirolled Nuclear Fusion Research 1988 (Proc.
12th Int. Conf., Nice), Vol. 2, pp 191-200 (IAEA, Vienna, 1989).

Romanrelli, F. (1989). Phys. Fluids B 1 1018—1025.

Schmidt, G.L. et al (1989). In: Plasma Physics and Controlled Nuclear Fusion Research 1988
(Proc. 12th Int. Conf., Nice), Vol. 1, pp 215228 (IAEA, Vienna, 1989).

Scott, S.D. et al (1989). In: Plasma Physics and Controlled Nuclear Fusion Research 1988 (Proc.
12th Int. Conf., Nice), Vol. 1, pp 655667 (IAEA, Vienna, 1989).

Sips, A.C.C. et al. (1989). Bull. Am. Phys. Soc. 34 2055 (see JET Preprint JET—P(89)80).

Smeulders, P. et al(1990). Proc. 17th Euro. Conf on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 323—326.

Snipes, J.A. et al. (1990). Nuclear Fusion 30 205—218.

Stork, D. et al. (1987). Proc. 14th Euro. Conf. on Contr. Fusion and Plasma Phys., Madrid, 1987,
11D(1) 306-309.

Stork, D. et al. (1989). Bull. Am. Phys. Soc. 34 2055 (see JET Preprint JET—P(89)80).

Stringer, T.E. (1981). Comput. Phys. Commun. 24 337—342.

Tanga, A. et al. (1987). Nuclear Fusion 27 1877—1895.

Tanga, A. et al. (1990). Proc. 17th Euro. Conf. on Contr. Fusion and Plasma Phys., Amsterdam,
1990, 14B(1) 259-262.

Taroni, A. et al. (1989). In: Plasma Physics and Controlled Nuclear Fusion Research 1988 (Proc.
12th Int. Conf., Nice), Vol. 1, pp 367376 (IAEA, Vienna, 1989).

Thomas, P.R. et al. (1989). In: Plasma Physics and Controlled Nuclear Fusion Research 1988
(Proc. 12th Int. Conf., London), Vol. 1, pp 247-255 (IAEA, Vienna, 1989).

Thomas, P.R. et al (1990). In: Proc. 9th International Conference on Plasma Surface Interactions,
Bournemouth (to be published in J. Nucl. Mater.).

Thomsen, K. et al. (1989). Proc. 16th Euro. Conf. on Contr. Fusion and Plasma Phys., Venice,
1989, 13B(1) 233—236.

Tibone, F. et al. (1990). Proc. 17th Euro. Conf. on Contr. Fusion and Plasma Phys., Amsterdam,
1990, 14B(1) 805—808.

Troyon, F. et al. (1984). Plasma Phys. and Contr. Fusion 26 209-215.

Tubbing, B.J.D. et al. (1987). Nuclear Fusion 27 1843—1855.

Tubbing, B.J.D. et al. (1989a). Nuclear Fusion 29 1953-57.

Tubbing, B.J.D. et al. (1989b). Proc. 16th Euro. Conf on Conir. Fusion and Plasma Phys.,
Venice, 1989, 13B(1) 237—240.

von Hellermann, M. et al. (1990). Proceedings 8th APS Topical Conference on High Temperature
Plasma Diagnostics, Hyannis Port (to be published in Rev. Sci. Instr. — see JET Preprint
JET—P(90)19).

Watkins, M.L. et al (1989). Plasma Phys. and Contr. Fusion 31 1713—1724.

Wesson, J.A. (1986). Plasma Phys. and Contr. Fusion 28(1A) 243—248.

Wesson, J.A. et al. (1989). Nuclear Fusion 29 641—666.

Wolfe, S.W. et al. (1990). Proc. 17th Euro. Conf on Contr. Fusion and Plasma Phys.,
Amsterdam, 1990, 14B(1) 335—338.

A43






Appendix III (d)
JET-P(90)41

Papers presented at the
Oth International Conference on
Controlled Fusion Devices

Many Authors

A4S



JET Papers presented at the 9th International Conference on
Plasma Surface Interactions and Controlled Fusion Devices
(Bournemouth, UK, 21-25 May 1990)

Volume I

Title

1) Results of JET Operation with Beryllium
(Invited Paper)

2) Evolution of Be - Containing Layers in JET
Boundary Region
(Oral Paper)

3) Enhanced Carbon and Beryllium Influxes
During High Power Operation in JET
(Oral Paper)

4) Analysis of Deuterium Recycling in JET Under
Beryllium First Wall Conditions
(Oral Paper)

5) Scrape-Off Layer Parameters in JET with
Beryllium Limiters

6) Impurity Coverage and Deuterium Inventory
of Beryllium and Carbon First Wall Components
after Beryllium Operation in JET

7) Carbon Yields and Influxes as a Function of
Target Temperatures in JET X-Point Plasmas

8) Global Influx Impurity Behaviour During ICRF
Heating in JET with Beryllium Limiters

9) A Comparison of Global Modelling of Impurities
in JET with Experimental Data Obtained Using
Carbon and Beryllium Limiters

10) Systematics of Density Increase and Recycling
Behaviour in JET H-Modes

11) Edge Fuelling Scenarios and Scrape-Off Layer
Parameters in JET with Beryllium Limiters

12) Edge Measurements in JET During the H-L Mode
Transition

Ad46

Presenter
P.R.Thomas

Dr. J.P.Coad

D.Pasini

J.Ehrenberg

S.K.Erents

A.T.Peacock

R.Reichle

M.Bures

G.McCracken

D.Stork

S.Clement

S.K Erents



JET Papers presented at the 9th International Conference on
Plasma Surface Interactions and Controlled Fusion Devices
(Bournemouth, UK, 21-25 May 1990)

Volume IT

Title
13) Damage to JET Beryllium Tiles

14) The Impurity Spatial Distributions, Sputtering
Yields and Power Deposition at Beryllium and
Carbon Belt Limiters in JET

15) Measurement of the Temperature Dependence
of Carbon and Beryllium Fluxes in the JET
Boundary Plasma using a High Heat-Flux Probe

16) Impurity Control in JET using Fuelling

17) Hydrogen Recycling Coefficient in Beryllium
Experimental Determination and Test
Simulation of the Density Evolution in a JET
Plasma Discharge

18) Deuterium Release Measurements in the Be Phase
of JET and Determination of Tritium Content
in the Exhaust Gas.

19) Implantation and Re-emission of Hydrogen and
Helium in the Beam Stopping Panels of a 10MW
Ion Beam Line

20) Modelling and Experimental Studies of Impurity
Control in JET X-point Configurations

21) Deposition of Carbon and Beryllium Retention of
Deuterium on Probes in the Scrape-off Layer
of JET

22) Measurements of the Energy Distribution of Fast
Tritons and Helium Atoms Escaping from the
Plasma in JET

23) Measurements of the Electron Temperature and
Electron Density in the Edge Plasma of JET by
ECE and Microwave Reflectometry

24) The Characteristics of Neutral and Near Neutral
Atom Emission at Plasma Boundaries and Their
Diagnostic Exploitation - a Theoretical View

Presenter
E.Deksnis
Dr. A Hwang

D.D.R.Summers

A.Gondhalekar
G.Saibene

R.Sarton

H.D.Falter

P.J.Harbour

H.Bergsaker

E.V.Carruthers

A .E.Costley

H.P.Summers

A47






Appendix III (e)
JET-P(90)53

Effect of Beryllium on
Plasma Performance in JET

K.J.Dietz

Invited Paper presented to the 17th European Conference on
Controlled Fusion and Plasma Heating, Amsterdam, the
Netherlands, 25th-29th June 1990

A49



EFFECT OF BERYLLIUM ON PLASMA PERFORMANCE IN JET

K.J. DIETZ AND THE JET TEAM

JET Joint Undertaking, Abingdon, 0X14 3EA, U.K.

ABSTRACT

JET is investigating beryllium as material for walls and limiters. Studies were
carried out with initially a thin layer of beryllium evaporated onto the walls of
the machine, later in addition the graphite material of the belt limiter was
exchanged against beryllium. The use of this material was generally beneficial for
the plasma behaviour. Combined with a reduction in the oxygen content, strong
pumping of hydrogen isotopes was found which allowed JET to widen considerably the
operational space with respect to ion temperatures, densities and plasma purity. In
this paper a comparison of the plasma performance with graphite and beryllium will
be presented. We will discuss especially the impurity behaviour with respect to
fluxes, concentrations, effective charge and dilution, we will report on density
limits, disruption behaviour, wall pumping, hydrogen isotope retention, and the
power handling capability of the beryllium limiter in the present design. Examples
of improved plasma performance will be given.

KEYWORDS

Beryllium; limiter; wall; impurities; wall pumping; hydrogen retention; density
limit; disruptions.

INTRODUCTION

The use of beryllium in JET was proposed already during the design phase (Rebut,
1975) . From the start of machine operation in 1983 studies were initiated by JET to
assess beryllium as an alternative to graphite, the limiter material selected
initially. These studies comprised of the investigation of beryllium limiters for
the tokamaks ISX-B (Mioduszewski et. al., 1986) and UNITOR (Hackmann and
Uhlenbusch, 1984; Bessenrodt-Weberpals et. al., 1989), as well as the evaluation of
single processes, i.e. measurements of sputtering yields (Bodhansky et. al., 1985)
and hydrogen retention (Méller et. al., 1986; Causey et. al., 1990).

In tokamak experiments it was found that beryllium is a well suited material for
limiters which facilitates the conditioning of the respective machine, reduces the
oxygen content of the plasma by gettering and allows for increased density limits.
Thermal overloading of the beryllium limiters leads to surface melting which
results in increased beryllium content of the plasma even then when the power to
the limiters is reduced to values below the threshold for melting. This is due to
hot spots at protrusions on the surface which were generated during the melting
phase.

The investigation of single processes showed that beryllium has a sputtering yield
comparable to that of graphite at ambient temperature, but which in contrast to
graphite, is only moderately temperature dependent until evaporation becomes the
main release process. At 600 K its long term hydrogen retention is by about a
factor of three lower than the one for graphite. The mechanism for hydrogen pumping
is comparable to that of a metal which dissolves hydrogen and does not form
hydrides.

These results were analysed (Rebut et. al., 1985; Hugon et. al., 1989) and it was
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due to movements during pumping down of the vacuum vessel, during baking to the
operation temperature of 300 C or during plasma operation. The plasma facing
surface of the beryllium tiles is slotted every 20 mm to minimize the effect of
thermal stresses.

The beryllium evaporators (Sonnenberg et. al., 1986) consist of a hollow beryllium
cylinder (mass 3 kg) which is closed at one end and supported by a carbon fibre
tube. Inside there is a spirally wound carbon-fibre heater which can be
electrically heated to 2400 C. Four such evaporators can be inserted into the
vessel by 300 mm for evaporation and retracted again for pulse operation.

. {th ] 114

Dilution of the JET plasma by low-2Z impurities and the absence of proper density
control were the main limitations to the performance during the use of graphite as
limiter and wall material. The massive graphite elements in the vessel as shown in
Fig. 1 were the tiles for the belt limiter, the inner wall protection, the X-point
and the RF-antennae side protection. The rest of the vessel was carbonized
including the screens for the RF-antennae.

Three phases were foreseen for the evaluation of beryllium. The carbon phase saw
the operation of JET as a graphite machine in the configuration described above to
establish reference discharges. The carbon/beryllium phase was characterized by
beryllium evaporation. Twenty-six evaporations were made and 240 g of beryllium
were deposited. Discharges on the inner wall, the X-point protection tiles and the
belt limiter were carried out during this phase. The area in contact with the
plasma was graphite covered with only a thin beryllium layer of about 100-300 A
thickness. The beryllium phase started after the exchange of the belt limiter
material against beryllium. In addition evaporation was still carried out. Only the
discharges run on the belt limiter can be considered to be made in a beryllium
environment, the X-point discharges during the beryllium phase were still run on
beryllium covered graphite.

I {tv behavi

The impurity behaviour is discussed in detail by Hawkes et. al., (1989) and by
Thomas (1990). With carbon limiters and walls, after prolonged operation and glow
discharge conditioning in helium, Zeff values between 2 and 3 can be obtained for
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Fig. 2. Erosion of evaporated beryllium layers with pulse number

moderate plasma currents and low densities ( 3 MA, 1 - 2 x 10!°m™3)., After tokamak
discharge conditioning in helium slightly lower values can be achieved. The main
impurities are carbon with typical concentrations of 5%, oxygen with 0.5 - 1%, and
nickel with 0.01 - 0.1%.

With the start of the beryllium/carbon phase Z.fr decreased to 1.5 - 2, mainly due
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to the reduction of carbon in the plasma to about 2%. The oxygen content is reduced
by a factor of about ten and its contribution to Z.ff becomes negligible. This
behaviour can be explained by oxygen gettering and the resulting decrease of carbon
sputtering by oxygen. Nevertheless carbon remains the dominant impurity. Beryllium
concentrations reach ~ 3% immediately after evaporation but fall rapidly to about
0.5% after a few discharges.

The apparent lifetime of the evaporated beryllium layer, derived from the decrease
of the beryllium flux from the limiter, was short as shown in Fig. 2. This decrease
is especially fast for discharges with additional heating were the beryllium flux
is halved after about four discharges. The reduction in Zg¢s together with the
reduced content of oxygen and carbon do not depend on the surface coverage with
beryllium of the components in contact with the plasma and remain unchanged over
tens of discharges.

It was found that a small deuterium puff (~50 mbarl) during high power heating
could reduce substantially the plasma contamination. Consequently Z.f¢f depends now
to a large degree on the method of setting up the discharge and can be strongly
influenced by gas influx. Figure 3 shows a comparison of discharges with and
without that additional gas influx.
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Fig. 3. Evolution of average electron density, effective
charge and central electron temperature with and
without additional gas injection

The impurity reduction could be achieved with affecting only marginally the central
electron temperature or density and in addition the total neutron yield increases
during the discharge with the additional gas feed. This behaviour is discussed in
detail by Gondhalekar et. al., (1990). It is observed that the additional gasflow
into the edge increases the deuterium flux from the limiter into the plasma whereas
the beryllium flux from the limiter remains unchanged. The concentration and
accordingly the impurity content (mainly carbon) in the plasma is however reduced.
This behaviour cannot be explained by the impurity screening model (G. M. McCracken
et.al., 1985). As an alternative it has to be assumed that the global particle
confinement time has decreased. The central electron temperature did only change
marginally with the gas puff indicating that the energy confinement time did not
change substantially in contrast to the particle confinement time which is reduced
by about 50%.

During the operation with the beryllium limiter beryllium became the dominant

impurity, with carbon and oxygen both contributing negligibly to Z.¢¢f or radiation.
For low level additional heating (2 MW neutral beam, 2 MW RF) the radiated power
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was below 20% with nickel from the RF-antennae screens radiating about half of this
value. Discharges with more than 10 MW input power lead to hot spots on the limiter
and to a severe increase of beryllium influxes. It was found, similar to the
operation with beryllium gettering, that a gas puff of a few 100 mbarl during

the additional heating period reduces Zefr to values of about 1.5 and this even
with heating powers of up to 30 MW for several seconds.

The Zqrr values of 1.5 achieved with an additional gas pulse at heating powers of
up to 30 MW are comparable to the best ones ever obtained for a well conditioned
graphite limiter for ohmic discharges. For the graphite limiter scenarios using
high edge fuelling rates could not be employed due to the insufficient wall pumping
and lower density limit.

The variation of the effective charge for ohmic discharges as function of density
is shown in Fig. 4 for the different phases including the results obtained in 1988
with a well conditioned graphite machine.
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Fig. 4. Effective charge as function of density for
ohmic discharges

With the reduction of the effective charge and the increased plasma purity the
number of deuterons on the axis has increased for a given electron density. For
np(0) as the number of deuterons and neg(0) the number of electrons on the axis the
dilution D becomes

D = nD(O)/ne(O) (1)
For additionally heated discharges the dilution changed from 0.5 - 0.6 during the

carbon phase to 0.8 to 0.9 during the beryllium phase. Table 1 summarizes the main
impurities and the corresponding dilution.

Table 1. Typical impurity content and dilution for the
various operation phases in ohmic discharges

C-Phase C/Be~Phase Be-Phase
Limiter X-Point Limiter
Carbon (%) 5 3 1.5 0.5
Oxygen (%) 1 0.05 0.05 0.05
Beryllium (%) - 1 1 3
Dilution 0.6 0.8 0.9 0.85
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The dilution as well as the Z.¢f values depend strongly on the power per particle.
For heating powers in excess of 4 MW the Zqfr values and the dilution are given for
the three operation phases in Fig. 5 and Fig. 6 as a function of the power per
particle. For high power discharges the values were taken before the influx of
impurities terminated high performance phases e.g. before the carbon bloom or high
beryllium influx occurred. The points which are shown are points of existence which
lie in three distinctive separate areas which represent the carbon, the C/Be and
the Be phase. For the limiting cases, to stay e.g. below Z.ff = 1.5, the power per
particle in the Be phase can be about a factor of 2.5 higher than in the C/Be phase
and a factor 4 higher compared to the carbon phase. Similarly for the dilution, to
stay above values of 0.8, the maximum tolerable power per particle relates as

1 : 1.5 : 2.5 with the Be phase again allowing for the highest powers.
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Density limi | di :

In a carbon vessel the density limit occurs as a radiation limit. It is invariably
a disruption limit. When during increasing the density the radiated power becomes
comparable with the input power, the plasma edge cools and the plasma detaches
itself from the limiter. An m = 2 instability grows which is destabilised by the
radiative contraction of the temperature and current profiles (Wesson et. al.,
1986) and the plasma disrupts after times which can be as long as 1000 ms .This
behaviour changed completely during the beryllium phase (Lowry et. al.,1990) as
shown in Fig. 7 for an ohmic discharge for the beryllium limiter. As soon as the
radiated power reaches about 50% of the input an asymmetric radiating structure, a
Marfe, appears and after a short time time the radiated power increases well above
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the ohmic input in form of a short spike. Excess density is simultaneously ejected
and the plasma recovers. By continued fuelling this behaviour can be repeated
several times. Instead of a disruptive density limit a soft ‘'Marfing' limit is
obtained. The decrease in density at the end of the pulse coincidences with the
ramping down of the plasma current which is normally accompanied with a density

pump-out .
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Fig. 7. Density development during an ohmic discharge
with the beryllium limiter

The density limits in ohmic plasmas for a carbonized or beryllium gettered vessel
are very similar despite lower impurity and radiation levels in the latter case. In
ohmic plasmas with a beryllium limiter the density limit (marfing limit) inreased
by a factor of about two and approached the density limit for neutral injection in
a graphite vessel. The density limit for RF-heating was in the carbon phase only
marginally larger than the ohmic limit. It is now identical with the neutral beam
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1imit which is by about a factor of two higher. This behaviour 1s shown in Fig. 8
for discharges with the graphite and the beryllium limiter.

The density limit for the berylliated vessel or for the beryllium limiter depends
on the power input and scales as the square root of the input power as shown in
Fig. 9 for different heating methods. A better fit is obtained when for the
Murakami parameter the edge density is used instead of the average density. For
input powers of 10 - 20 MW a maximum value of about 33 x 10'° m™2 77! was

obtained for the product of the Murakami parameter and the safety factor.
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Fig. 9. Murakami parameter as function of input power during
the beryllium phase for different heating methods at
eyl = 2.5 and gas fuelling

The density profiles obtained during the experimental investigation of the density
limit are generally flat or even hollow for high gas feed rates. Peaked profiles
can be obtained for pellet fuelling, the highest central density which could be
sustained was ne ~ 4 x 1020 m73,

Wall . § triti .

Graphite walls show hydrogen pumping during discharges (Sonnenberg et. al., 1986;
Ehrenberg et. al., 1989). For a few seconds particle removal rates of up to a few

102%s~1 can be obtained and even more after conditioning of the walls with tokamak
discharges in helium. For beryllium the wall pumping can be more than one order of
magnitude larger than for graphite. The mechanism appears to be the pumping of
hydrogen atoms by metal walls (Ehrenberg et. al., 1990; Saibene et. al., 1990; Pick
et. al., 1985; Waelbroeck et. al., 1979). With beryllium surfaces it is now
possible for the first time to control the plasma density in such a way that
starting from 102°m™3 the density can be ramped down to 101°m™3 within a few
seconds.,

Due to beryllium behaving as any metallic wall material, the vacuum vessel is no
longer deconditioned after a high current disruption, therefore the number of
useful discharges could be considerably increased.

One measure for the pumping capability of the wall is the characteristic time for
deuterium pump out during a discharge after the gas supply is switched off. Typical
times range from about 20 s for an unconditioned graphite machine to few seconds
for a conditioned beryllium limiter. Figure 10 shows these times for the wall
materials used and for different conditioning methods.

To obtain the same plasma density with beryllium as with graphite walls it is
required to inject up to three times as many particles into the plasma. Therefore
an area of concern is the retention of pumped hydrogen isotopes in the wall. Gas
balance experiments (Sartori et. al., 1990) indicate that for graphite limiters
about 60% of the deuterium required to fuel the discharge is retained in the
vessel, compared with about 10 - 20% for the beryllium limiter or beryllium
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evaporation. Taking into account the larger amount of gas which has to be used to
obtain similar densities for discharges with the graphite or the beryllium limiter,
the total retention (number of particles) is about equal in both cases. From these
measurements it can be concluded that for 100 high density, full power discharges
during the D-T operation in JET up to 3 g of tritium can be trapped in the walls.
This does not pose a problem with the tritium inventory.
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Fig. 10. Density pump ocut times for the different wall materials

; handli bili

The maximum energy which can be accommodated by the high heat flux components in
JET is higher than that corresponding to maximum heating power and typical maximum
pulselength for which useful discharges can be sustained. The inner wall is able to
survive loads of up to 400 MJ whereas useful plasmas could only be produced for a
maximum of 17 MJ. At higher loads the plasma became contaminated by carbon to such
an extent that with a dilution np/ne of 0.7 at the start of the additional heating
virtually no deuterium was retained in the plasma (np/ne~0) after about one second
(carbon bloom). This happens as soon as the graphite reaches temperatures in excess
of 1200 C when radiation induced sublimation and self sputtering become important.

The high surface temperatures result from misaligning of individual high heat flux
components so that power loads are intercepted only by small surface areas.
Reducing the deviation from circularity at the inner wall from about 20 mm to 4 mm
did not suppress the carbon bloom; there was no substantial change neither in the
loads nor in time delay between applying additional heating and the occurrence of
the bloom. Operation with the graphite belt showed that for injected energies of
50 MJ the plasma dilution was already 0.5. The maximum injected energy applied was
about 120 MJ. Localized surface damage was observed with small cracks developed
perpendicular to the tile edges in highly loaded and consequently eroded areas.

The beryllium belt limiter was designed for a peak heat load of 4.8 MWm~2 under the
assumption that 100% of the injected power is conducted and evenly shared between
the upper and lower ring of the belt and that the scrape~-off thickness lies in the
range from 7.5 to 15 mm. The power handling capability is 40 MW for 10 s and the
resulting surface temperature is 1000 C.

It was found during the operation with the belt limiter that even power sharing
between the top and bottom ring could not be achieved. Under the best conditions
the bottom ring received only 60% of the power conducted to the top one. The
observed values for the scrape-off thickness (~ 5mm) were about a factor of two
lower than those assumed for the design. That means that whereas for 40 MW of power
flowing to the limiter the design value for the peak load is 4.8 MWm™2, the actual
loading could be as high as 15 MwWm™2.

Operation to date has been with smaller values than 40 MW conducted but the loads
applied exceed the design value by a factor of two. Moreover, in contrast to the
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With increasing additional heating power hot spots were observed regularly and
inspection of the tiles after opening of the vessel showed that about 5% of the
surface had been melted as shown in Fig. 12, with the damaged areas centred around
the minimum in the field ripple. A further 10-15% show signs of melting at the
edges and additional 5% show damage due to localized abnormal loads (stress induced
cracks). None of the tiles shows deep fissures, none lost substantial material from
the surface or suffered any mechanical failure. A detailed description of the
different types of defects is given by Deksnis et. al., (1990).

Damage is localized with very severely affected tiles adjacent to those without any
marks. There has been no gross mechanical failure on the more than 34000
castellations of the belt limiter. The observed failures relate more to the design
features then to material problems. Therefore JET restarted operation in 1990 with
essentially the same set of beryllium tiles which were used earlier. One of the
aims of the present operation is to assess the behaviour of a surface damaged
limiter under high power loads for long duration discharges at many repetitions.

PLASMA PERFORMANCE

The changes in the impurity and recycling behaviour resulted in improved plasma
performance. Increased wall pumping allowed us to obtain the hot ion mode on the
limiter, reduced radiation to investigate the beta limit, and reduced dilution
to increase the fusion power from 3He - D reactions to 100 kW and the fusion
parameter for X-point discharges to 8 x 102%m 3kev s.

Hot. ] for belt limi liscl

For the operation with the carbon limiter the low density, high ion temperature
regime is not accessible because of the low deuterium pumping of the limiter. Even
tokamak discharge conditioning in helium was not effective to increase the pumping
capability. Poor density control and the related difficulties in obtaining low
density target plasmas were the consequence. For operation at higher densities,
depending on conditioning, dilution ranges from 0.4 - 0.8, typical values are 0.5.
Maximum Qpp values of 5 x 1074 were obtained.

With beryllium evaporated on the graphite belt limiter deuterium pumping becomes
sufficiently strong for operation at low electron densities (~ 1012 m=3). High
power per particle was achieved and consequently high ion temperatures were
obtained (T.T.C. Jones et. al., 1990). The carbon influx from the belt limiter
gives np/n. of about 0.6, the Qpp values increased to ~ 6.5 x 1074,

The plasmas using the beryllium limiter behaved similarly to those with beryllium
evaporation with respect to power per particle, ion temperature and dilution. The
density profiles were however, flat in contrast to those obtained earlier with the
graphite limiter or beryllium evaporation. Pellet fuelled target plasmas resulted
in peaked profile hot ion discharges. The maximum fusion yield in peaked discharges
was Qpp~ 9 x 107%. The neutron yield increased applying RF power. In many cases the
neutron output was reduced after the influx of beryllium. Table 2 summarizes the
maximum obtained power per particle and the resulting dilution and Qpp-values

for the operation with the belt limiter.

Table 2. Dilution and Qpp for limiter discharges

Power per particle Dilution Qop
(1071%Mw m~3) (1079
Graphite 9 0.5 5.0
Graphite plus 14 0.6 6.5
Be evaporation
Beryllium 20 0.6 7.7
Gas or NI fuelled
Beryllium 20 0.6 9.0

Pellet fuelled
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{cle simulati

For the full utilisation of a-particle heating in a reactor it is necessary that
the slowing down time of the a-particles is shorter than their confinement time. To
study their transport a-particles were simulated by using the nuclear reaction

3He + D -> “He(3.6 MeV)+ p(14.7 MeV). That was made possible by heating 3He
minority ions with ICRH in a deuterium background (Start et. al., 1990). The
parameters for the energetic helium ions produced by the ICRH are very similar to
those expected from DT fusion reactions in JET or NET. The main difference is the
ratio of parallel to perpendicular pressure, which is very anisotropic for the RF
driven minority.

The experiments were carried out during Monster sawtooth discharges with plasma
currents ranging from 2 to 5 MA, toraidal fields from 2 to 3.4 T, densities on axis
from 2 to 6 x 1012 m™3, and central electron temperatures from 4 to 12 keV. On axis
RF-heating at powers below 14 MW was used.

Previous experiments were carried out with carbon walls and limiters. The resulting
maximum fusion power which could be obtained from the D - 3He reaction was 60 kW.
This power was limited by severe carbon influx. The dilution was 0.4. This problem
could be eliminated by using beryllium evaporation. As a consequence of the higher
plasma purity (np/ne ~ 0.7) the reactivity increased and fusion powers of up to

100 kW were obtained. It was found that the a-particles slow down classically as
predicted theoretically. Therefore it can be expected with confidence that
efficient o-particle heating will occur in DT-burning tokamaks.

he 1 Limi

For thermal plasmas the maximum obtainable beta value is limited by MHD phenomena
i.e. either by resistive kinks (Troyon-Gruber limit) or by ballooning modes. Under
certain conditions the the ballooning limit may be higher by about 50%. Earlier
experiments to investigate the beta limit in JET suffered from carbon influx and
high dilution and the peaked density profiles became unstable at about 40% of the
Troyon limit.

After beryllium evaporation the dilution was reduced and flat density profiles were
obtained with neutral beam heating. The beta limit could be reached for double null
X-point discharges with low toroidal fields (B ~ 1.2 T) during the H-mode phase
(Smeulders et. al., 1990). The required power to reach the beta limit was about

10 MW of neutral injection.

The beta limit in JET is a soft limit and follows the Troyon-Gruber relationship.
It is characterised by beta-clipping, i.e. without becoming unstable a relaxation
in mainly temperature occurs periodically whilst trying to exceed the limit. The
maximum beta-values obtained were between 5 and 6% in good agreement with the
prediction for JET performance.

H-mode with RF only

For a long time it appeared to be impossible to generate H-modes by ICRH alone{
especially with the RF antennae at the low field side. With beryllium evaporation
onto the nickel screen of the RF-antennae and dipole phasing it could finally be
shown that it is possible to obtain H-modes with RF only (Bhatnagar et. al.,1990).
That was a considerable change from the previous behaviour when for example the
application of ICRH to neutral beam generated H-modes terminated them. This.was
caused by strong impurity influxes from the antenna screens. With advances in

the antenna phasing the coupling could be improved and ICRH could be applied to
neutral beam generated H-modes. There was however no improvement observed in the
plasma behaviour. The radiated power was enhanced due to an increase of oxygen and
nickel impurities with applying the RF power. The nickel was released from the
antenna screens due to sputtering in the RF-rectified sheath in front of the
antenna.

After beryllium gettering in the vessel and with an evaporated beryllium layer on
the screens the impurity release during RF heating was considerably reduced due to
decreased edge density. With this improvement and the simultaneous use of dipole
phasing for the antennae, RF only H-modes of up to 1.5 s duration were obtained at
power levels of up to 12 MW. Threshold power, edge behaviour and confinement is
similar to H-modes obtained with neutral beams only. Energy confinement times are
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similar to NBI cases and reach two times Goldston L-mode scaling. Figure 13 shows a
time trace for a typical RF H-mode shot were the signature of the transition from

L to H-mode can be clearly seen in the Dy and density traces.
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Fig. 13. Time traces for a RF only H-mode
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Improvements in the fusion parameter np 1TgTi were obtained in X-point discharges by
using the techniques of beryllium evaporation to reduce the dilution, 140 keV beams
(6 MW at 140 keV and 11 MW at 80 keV) to achieve deeper penetration and X-point
radial and vertical sweeping to reduce the temperature of the target tiles and
therefore to delay the carbon bloom.

For double null X-point discharges at 4 MA and a toroidal field of 2.8 Tesla the
best conditions were obtained (Tanga et. al., 1989; Harbour et. al., 1989). The
density on axis reached 4 x 1019 m™3, the central electron temperature 8.6 keV at
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Fig. 14. Time trace for a maximum performance discharge
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zeff values of 1.4. The dilution at the maximum neutron output was ~ 0.9 and with
the strong wall pumping in the resulting low density plasmas ion temperatures
reached 22 keV. The confinement time ( Tg~ 1.1 s) did not change compared with
previous operation with graphite. Neutron yields reached values of 3.5 x 1016 s5-1
corresponding to Qpp ~ 2 x 1073; the fusion parameter is increased to values
exceeding 8 x 1020 m™3 keV s and the resulting equivalent fusion power would reach
12 MW for 18 MW of additional heating. The best conditions were only obtained
transiently (~ 0.1 s), the carbon influx terminated the good performance. An
example for a high performance H-mode discharge is given in Fig. 14.

SUMMARY AND CONCLUSIONS

From the experiments carried out during the beryllium assessment we can conclude
that both, higher plasma purity levels and higher density operation can be achieved
with beryllium limiters in comparison with graphite ones. These improvements result
mainly from the elimination of oxygen and the strong wall pumping capability of
beryllium. Good use was made of the widened operation regime: low density high ion
temperature discharges on the limiter were possible, beta limits could be explored
and RF only H-modes were obtained.

Despite very accurate alignment of the belt limiter hot spots and local melting of
the limiter surface was found. Consequently plasma facing components have to be
designed in such a way that alignment is not critical and that the heat load is
distributed evenly.

The H-mode performance was considerably improved compared to earlier experiments,
however this mode of operation was prevented from reaching its full potential by a
strong influx of carbon after one second after the commencement of the high power
heating. Calculations show that an equivalent Qpr-value above unity would have been
achieved by delaying the carbon bloom by another second. Steps are being undertaken
to improve the performance. For the 1990 operation the carbon tiles on the lower
X-point target plates and the nickel antenna screens are replaced with beryllium.
Later the X-point target plates will be watercooled and better aligned than
presently and disruption feedback coils will be installed to stabilize m=2, n=1
modes. Furthermore it is proposed to install early in 1992 a pumped divertor with
the aim to study particle and power exhaust and impurity transport with power and
particle loads similar to those expected in the next generation of tokamaks.
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IAEA-CN-53/A-1-2
Recent JET Results and Future Prospects

Abstract

The latest results of JET plasmas in transient and steady states are presented.
Substantial improvements in plasma purity and corresponding reductions in
plasma dilution have resulted from the use of beryllium as the first wall material
facing the hot plasma. As a consequence, plasmas with a fusion triple product
(np(0)teT;(0)) in the range 8-9x1020m-3skeV have been achieved (within a
factor of 8 of that required in a fusion reactor), albeit under transient conditions.
The general JET performance has also improved, allowing the parameters of a
reactor plasma to be individually achieved in JET. In view of their importance
for reactors, the JET results are presented with particular emphasis on their
significance for the formulation of a plasma model for the Next Step.
However, impurity influxes limit the attainment of better parameters and prevent
the realisation of steady state conditions at high heating powers. To address
this problem of impurity control, and those of plasma fuelling and helium ash
exhaust, a New Phase is planned for JET with an axi-symmetric pumped
divertor configuration that will allow operating conditions close to those of a
reactor. The divertor configuration should demonstrate a concept of impurity
control and determine the size and geometry needed to fulfil this concept in a
reactor. It should identify appropriate materials for plasma facing components
and define the operational domain for the Next Step.

1. INTRODUCTION

The objective of JET is to obtain and study plasmas in conditions and
dimensions approaching those needed in a thermonuclear reactor [1,2]. The
present paper concentrates on progress towards this objective during the last
two years of JET operation, since the 1988 IAEA Conference [3]. The transient
and steady state behaviour of JET plasmas are presented in view of their
importance for reactor plasmas. JET operation and the consequences of using a
beryllium "first wall" are discussed and the best fusion performance and general
plasma behaviour in JET are reported. The underlying results are presented
with particular emphasis on their significance for the formulation of a plasma
model for a Next Step tokamak. In view of the importance of dilution and
exhaust for ignition [4] and the need for adequate impurity control and
understanding of the scrape-off layer plasma, a New Phase is planned for JET
with a divertor configuration and this is also discussed.

2. JET OPERATION
Since 1988, further additions and technical enhancements to JET have been
made:

» reinforcement of the vacuum vessel to withstand radial and vertical
instabilities and permit operation at full power up to 7MA in the material
limiter configuration and up to 6MA in the X-point configuration (inconel
rings fitted above and below the mid-plane at the in-board walls to stiffen
and strengthen the vessel);

* belt limiter tiles, ion cyclotron resonance heating (ICRH) antennae screens
and lower X-point dump plates were changed to beryllium and beryllium
evaporation has also been used;

¢ one neutral beam injection (NBI) box was modified to operate at 140kV to

provide better penetration at higher density. The other NBI box remained at

80kV. This gave a total power of 18MW (instead of 2| MW with both boxes
at 80kV);

each ICRH generator power unit was upgraded to 2MW, offering the

potential of 32MW total power source and ~24MW coupled to the plasma

through eight antennae;

a prototype lower hybrid current drive (LHCD) system has been installed,

offering the potential of AMW at 3.7GHz,

In addition, a faulty toroidal field coil has been removed and replaced
successfully with a spare coil.

JET is now about midway through its experimental programme. The
technical design specification of JET has been achieved in all parameters and
exceeded in several cases (see Table I). The plasma current of 7MA in the
limiter configuration {5] and the current duration of up to 30s at 3MA are world
records and are over twice the values achieved in any other fusion experiment.
5.1MA and 4.5MA are also world records in the single-null and double-null
divertor configurations, respectively [6]. NBI heating has been brought up to
full power (~21MW) and ICRH power has been increased to ~22MW in the
plasma. In combination, these systems have delivered 35MW to the plasma.

3. THE USE OF BERYLLIUM IN JET

Over the last two years impurities and density control have been the main
obstacles to the improvement of JET performance. Carbon first-wall
components had been developed so that they were mechanically able to
withstand the power loads encountered. However, the interaction of the plasma
with these components, even under quiescent conditions, caused unacceptable
dilution of the plasma fuel. In addition, imperfections in the positioning of the
components led to localised heating at high power, and the following problems
occurred:

» the production of impurities increased with the input power to the plasma;

« at high power, the heat load on the tiles caused a plasma evolution which
cxhibited a catastrophic behaviour - the so-called "carbon catastrophe”.
Increased plasma dilution, increased power radiated, reduced neutral beam
penetration and a threefold fall of fusion yield resulted from the carbon
influx;

« for lower input power with long duration, problems were also encountered.
Without fuelling, deuterium was pumped by the carbon and replaced by
impurities, resulting in severe dilution of the plasma;

* the maximum density achieved without the occurrence of plasma disruptions
appeared to be limited by edge radiation.

The situation has been redressed by the progressive introduction of
beryllium “first-wall" components since 1989 [7]. First, beryllium was
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evaporated as a thin layer on the carbon walls and limiters; then, as the material
for the limiter tiles; and finally, as the material for the lower X-point target tiles
and the open screens of the ICRH antennae.

With a carbon first-wall, the main impurities were carbon (2-10%) and

oxygen (1-2%). With beryllium evaporated inside the vessel, oxygen was
reduced by factors >20, and carbon by >2. Although beryllium increased,
carbon remained the dominant impurity for this phase. With beryllium limiters,
the carbon concentration was reduced by a further factor of 10, but beryllium
levels increased by ~10, and became the dominant impurity. Due to the virtual
elimination of oxygen and replacement of carbon by beryllium, impurity
influxes were reduced significantly, in line with model calculations [8] which
take account of impurity sclf-sputtering. In addition, nickel was eliminated
from the plasma when the nickel screens for the ICRH antennae were replaced
by beryllium.
* During 1989, plasma dilution and the effective plasma charge, Z.g. were
reduced significantly in ohmic plasmas and with strong additional heating. Fig.
1(a) shows the dilution factor, np/ne, as a function of input power per particle,
PJ/<n.>. The corresponding values of Z.q are shown in Fig. 1(b). With
moderate power, it was not possible to maintain np/n, much above 0.6 with
carbon, but values greater than 0.8 were routinely achieved with beryllium.
Furthermore, high power operation was possible only with beryllium.

Impurity radiation was also reduced and operation with beryllium gettering
allowed improved density control (due to high wall pumping of both deuterium
and helium). On the longer timescale (minutes to hours), very little deuterium
was retained compared with a carbon first-wall; >80% of the neutral gas
admitted to JET is recovered, compared with ~50% with a carbon first-wall.
This has important advantages for the tritium phase of JET operation.

4. JET PERFORMANCE

4.1. Fusion performance

With carbon X-point target plates, the length of the H-mode has been extended
(up to 5.3s) either by sweeping the X-point (both in the radial and vertical
directions) to reduce the X-point tile temperature, or by using strong gas
puffing in the divertor region. This, together with the better plasma purity
achieved with a beryllium first-wall, resulted in increased ion temperatures
(T;(0) in the range 20-30keV) and improved plasma performance, with the
fusion triple product (np(0)t£T,(0)) increasing significantly. Such improved
fusion performance could otherwise have been achieved only with a substantial
increase in energy confinement.

In a particular case, the central ion temperature reached 22keV, the energy
confinement time, Tg, was l.1s, with a record fusion triple product
(np(0)teT,(0)) of 8-9x102°m=3skeV. The neutron yield for this discharge was
also amongst the highest achieved on JET at 3.5x10'ns!, with Qpp= 2.4x10-2.
A full D-T simulation of the pulse showed that 12MW of fusion power would
have been obtained transiently with 16MW of NBI power, giving an equivalent
fusion amplification factor Qpr ~ 0.8, reaching near breakeven conditions and
within a factor of 8 of that required by a reactor. Similar results were also
obtained at medium temperatures, with Te~Ti~10keV.

The overall fusion triple product as a function of central ion temperature is
shown in Fig. 2 for a number of tokamaks.

4.2. General behaviour

Reduced impurity levels allowed prolonged operation at higher densities and

improved the general JET performance, as follows:

* the pumping of deuterium with a beryllium first-wall was more efficient than
with a carbon first-wall and provided improved density control. This
permitted low density and high temperature (up to 30keV) operation for
times >1s;

* the density limit increased [9), and a peak density of 4x1020m-3 was
achieved with pellet fuelling. The density is limited principally by fuelling
and not by disruptions, as was found with carbon limiters;

» sawtooth free periods exceeding 5s were achieved, but the stabilisation
mechanism is still not yet clear [10]). The central electron temperature
appears to saturate at about 12keV, even though the central heating power to
the electrons can be higher than that to the ions;

* H-modes were cstablished with ICRH alone and for periods >1s. With
beryllium antennae screens, H-modes were established with either monopole
or dipole phasing [11]. The confinement characteristics of ICRH H-modes
were similar to those with NBI alone;

+ P-values up to the Troyon limit were obtained in double-null X-point
plasmas [9].

JTéIus. the parameters of a reactor plasma have been achicved individually in

T.

However, the best fusion performance was obtained in a transient state
and could not be sustained in steady state. Ultimately, the influx of impurities
caused a degradation in plasma parameters. Furthermore, a severe carbon
influx (“carbon catastrophe”) was still a problem for inner wall and X-point
operation, and is a serious limitation in H-mode studies.

5. UNDERLYING RESULTS AND THEIR
SIGNIFICANCE

The underlying JET results are presented with particular emphasis on their
significance for the formulation of a plasma model for the Next Step.

5.1. Density limit

With a carbon first-wall, the plasma density was limited, in general, when the
radiated power reached 100% of the input power. This led to the growth of
MHD instabilities and ended in a major disruption. The density limit was
dependent on plasma purity and power to the plasma.

With a beryllium first-wall, the maximum operating density increased
significantly by a factor of 1.6-2. A record central density of 4x1020m- was
achicved by strongly peaking the density profile using a sequence of 4mm solid
deuterium pellets injected at intervals throughout the current rise phase of an X-
point discharge. Furthermore, the nature of the density limit changed and the



frequency of disruptions at the density limit were much reduced. Disruptions
did not usually occur, and the limit was associated rather with the formation of a
poloidally asymmetric, but toroidally symmetric radiating structure (a
"MARFE"), which limits the plasma density to within the stable operating
domain. These results constitute a substantial enhancemnent of JET's operating
capability.

Heating and fuelling were varied systematically, using both gas and pellet
fuelling. With deep pellet fuelling and either NBI or ICRH, peaked profiles
were obtained (Fig. 3). Just before a density limit MARFE occurred, pellet
fuelled discharges reached the same edge density as gas fuelled discharges, but
the central densities were considerably higher. The central density depends,
therefore, on the fuelling method used. The profiles are similar near the edge,
but are remarkably flat with gas fuelling.

These observations suggest that the edge density may be correlated with the
density limit and is found to increase approximately as the square root of power
(Fig. 4). This endorses the view that the density limit is determined by a power
balance at the plasma edge and the cause of disruptions is related to radiation
near the g=2 surface. Thus, under beryllium conditions, when the radiation is
low, or confined to the outermost edge, there are no density limit disruptions.

5.2. Density profiles and transport

Of significance also are the density profiles obtained with edge fuelling, which
tend to be flatter with the lower Z achieved with beryllium, in contrast to those
obtained with carbon, which tended to be more peaked, even with edge
fuelling. The occurrence of flat density profiles suggest that there is no need for
an anomalous inward particle pinch, except perhaps on impurities. This
observation poses important questions related to particle transport, and in
particular, the transport and exhaust of helium ash products.

The relaxation of the peaked density profiles achieved with pellet injection
allows an estimate of particle transport. For a 4mm pellet injected into
3MA/3.1T plasma, the decay of the central electron density is shown in Fig. 5.
Following injection, the decay constants are 1.8s for the ohmically heated
discharge and 1s when ~8MW ICRH is applied. The global energy confinerment
times are in a similar ratio. It is therefore reasonable to assume that particle and
energy transport are linked. Furthermore, modelling studies of similar
discharges suggest that the diffusion coefficient is lower in the central plasma
than further out and that there is no need for a large anomalous inward particle
pinch in the central plasma [12].

Impurity transport studies have been possible from the measurement of
emissivity profiles by the soft X-ray cameras following the injection of laser-
ablated, high-Z impurities. The evolution of the nickel density profile has been
determined (Fig. 6(a)) and so the particle fluxes can be plotted as a function of
the density gradient at different radii. Fig. 6(b) shows that fluxes and gradients
are linearly related through a diffusion coefficient which increases with radius.
There is no evidence of a significant pinch term for the impurities.

This measurement also provides evidence of better confinement in H-
modes. The temporal evolution of NiXX VI emission is shown in Fig. 7 for the
L- and H-phases of two similar discharges with ~9MW of additional heating.
In contrast to the decaying signal of the L-phase, the signal rises rapidly to a
steady value which persists to the end of the H-phase. This shows that
impurities have considerably longer confinement times in the H-phase and
endorses the view that an edge transport barrier exists, which could be
destroyed (for example, by ELMs) on transition from the H- to the L-phase.

5.3. Temperature

High ion temperatures have been obtained at the low densities possible with a
beryllium first-wall and with the better penetration afforded by NBI at 140kV.
Record ion temperatures were achieved of up to 18keV in limiter plasmas and
up to 30keV in X-point plasmas (with powers up to 17MW). In this mode, the
ion temperature profile is sharply peaked and the clectron temperature is
significantly lower than the ion temperature, by a factor of 2-3. The central ion
temperature (as shown in Fig. 8) increases approximately linearly with power
per particle up to the highest temperatures, indicating that ion thermal losses are
anomalous, but ion confinement degrades little with input power. On the other
hand, the central electron temperature saturates at ~12keV, even though with
ICRH the central heating power to the electrons can be higher than that to the
ions. Electron thermal transport is also anomalous and electron confinement
degrades strongly with increased heating power. This suggests that electrons
are primarily responsible for confinement degradation.

At higher densities with combined NBI and ICRH, central ion and electron
temperatures were both above 11keV in a 3MA plasma for power input of
33MW (21 MW NBI and 12MW ICRH).

Extensive studies have also been performed in the 'monster-sawtooth’
regime [10] in which sawteeth oscillations have been suppressed for up to 5s by
central ICRH. Peaked temperature profiles (with both central ion and electron
temperatures above 10keV) were maintained for several seconds. In an
equivalent D-T mixture, this would result in a significant enhancement in the
time-averaged neutron rate compared with a sawtoothing discharge. This does
not mean, however, that ion losses are necessarily small.

5.4. Electron heat pulse propagation
The propagation of temperature perturbations (determined from the electron
cyclotron polychromator) and density perturbations (determined from the
multichannel reflectometer) following the collapse of a sawtooth provide good
measurements of energy and particle transport. The decay of the temperature
perturbation at different radii in a 3MA/3.1T ohmically heated discharge is
shown in Fizg. 9(a). This decay can be modelled with an heat pulse diffusivity,
XHp~3.2m?%s-1, which should be compared with X~1m2s-1, obtained from
power balance considerations. The results in an L-mode plasma, heated with
9.5MW of ICRH, are shown in Fig.9(b) and indicate that, although Xe~2mZs-1,
the same Xp~3.2m2s-! can be used in the simulation to fit the data. It is also
found that, within experimental uncertainties, the same XHp can be used also for
H-regime plasmas and does not depend on heating power. e

he propagation characteristics of the density perturbation indicate that the
density pulse is slower than the temperature pulse and that the density pulse is
comprised of both an outward and inward propagating perturbation (the latter
ﬁszlilting from the earlier interaction of the temperature pulse with the limiters)

Furthermore, simultaneous measurcments of the temperature and density
perturbations indicate that the particle pulse diffusion coefficient, Dpp~De«XHp-

5.5. Global energy confinement
With a carbon first-wall, the energy confinement time improves with increasing
current and degrades with increasing heating power, independent of the heating
method. With a beryllium first-wall, energy confinement times and their
dependences are effectively unchanged: energy confinement does not appear to
be affected by the impurity mix (carbon or beryllium in deuterium plasmas).

In the X-point configuration, high power H-modes (up to 25MW) have
been studied. In comparison with limiter plasmas, confincment is a factor ~2
ll)(e)t)ler, but the dependences with current and heating power are similar (Fig.

With a carbon first-wall, H-modes with ICRH alone were not obtained.
Beryllium evaporation on the nickel antennae screens led to lower impurity
production and H-modes were successfully obtained with ICRH alone. With
beryllium antennae screens, the threshold for the H-mode was reduced
somewhat for dipole phasing, and ICRH H-modes were also obtained with
monopole phasing. However, this required feedback control of the plasma
position to allow for the movement of the plasma boundary during the L-H
transition. In all cases, H-mode confinement with ICRH alone was similar to
that with NBI, that is independent of the heating method.

A particular discharge (Fig. 11) exhibited an H-mode and pellet enhanced
performance [11). A 4mm pellet was injected into a 3MA/2.8T double null X-
point plasma, heated with 9MW of ICRH and 2.5MW of NBI (which served
primarily as a diagnostic for the measurement of the ion temperature). The
stored plasma energy increased to 8MJ (still increasing at a rate ~4MW when
the period of pellet enhanced confinement ceased). The energy confinement
time reached ~1.0s and with central clectron density ~8x1019m3, Zeg~1 and
central electron and jon temperatures ~10keV, the fusion triple product was
~8x1020m-3skeV. The neutron yield was 101651, This phase terminated as the
central density decayed, although the stored energy remained high (again
favouring the existence of an edge confinement barrier) until the end of the H-
mode. Subsequently, plasma temperatures recovered, with the bulk deuterium
ions being effectively heated in this ICRH scheme which used a high
concentration of hydrogen minority ions.

5.6. Beta limits

Experiments have explored the plasma pressure (indicated by the -value) that
can be sustained in JET and investigated the plasma behaviour near the expected
B-limit in a double-null H-mode configuration, at high density and temperature
and low magnetic field (B,= 1T). B, values up to ~ 5.5% were obtained, close
to the Troyon limit B(%) = 2.8I,(MA)/BT)a(m), where I, is the plasma
current and a is the plasma minor radius [9]. Significantly, the JET limit does
not appear to be disruptive at present power levels. Rather, a range of MHD
instabilities occur, limiting the maximum B-value without causing a disruption.
The behaviour near both the density and B-limits may be interpreted in terms of
resonant instabilities which have the magnetic topology of an island.

5.7. Alpha-particle simulations

The behaviour of alpha-particles has been simulated in JET by studying
energetic particles such as 1MeV tritons, and 3He and H minority ions
accelerated to a few MeV by ICRH [11]. The energetic population has up to
50% of the stored energy of the plasma and possesses all the characteristics of
alpha-particles in an ignited plasma, except that in the JET experiments, the ratio
of the perpendicular to parallel pressure was above three, while in a reactor
plasma the distribution will be approximately isoropic. The mean cnergy of the
minority species was about IMeV, and the relative concentration of the 3He
ions to the clectron density was 1-2%, which is comparable to the relative
concentration of alpha-particles in a reactor (7%). Under conditions with little
MHD activity, no evidence of non-classical loss or deleterious behaviour of
minority ions was observed, even though the ratio of the fast ion slowing down
time to the energy confinement time in JET is greater than that expected in a
reactor.

Fusion reactivity measurements were undertaken on the D-3He reaction
when minority 3He ions were accelerated to energies in the MeV range using
ICRH. During a 5s monster sawtooth produced by 10MW of ICRH, a reaction
rate of 4x10'6s-1 was achieved, which corresponded to 100kW of fusion power
and Q=~1% was reached. This was carried out with a beryllium first-wall and
benefitted from an improved fuel concentration np/ne of up to 0.7. Comparison
of the measurements with theoretical predictions suggest nearly classical
trapping and thermalisation of the energetic particles.

6. PLASMA MODELLING

6.1. Formulation of a plasma model

Any model used to predict the performance of a Next Step tokamak must be
consistent with the foregoing data. In particular, it must explain:

« the resilience of the electron temperature to heating;

« the heat and density pulse propagation studies;

« no intrinsic degradation of ion confinement with ion heating;

« the density decay after pellet injection; and

« the similar behaviour of particle and heat transport.

It is possible to formulate a transport model, based on one phenomenon
and consistent with JET data and with physics constraints. Specifically, above
a critical threshold, (VTc)., in the electron temperature gradient, the transport is
anomalous and greater than the underlying neoclassical transport. The electrons
are primarily responsible for the anomalous transport, but ion heat and particle
transport are also anomalous. The general expressions for the conductive heat
fluxes and the anomalous transport coefficients are:

Qe =-NeXeVTe = -NeXane (VTe - (VTek)
- Y £ H i= Z T
Qi =-njX;VT; and Zl—ZXem JT_!:

Dj = (0.3+0.5) X;
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The critical electron temperature gradient model of Rebut et al [13] specifies
possible dependences for X and D and this is explored further in [12].

6.2. To model a Next Step tokamak

The fuelling, impurity control and exhaust capability of a Next Step tokamak
will be dependent on whether deuterium and impurities (including helium)
accumulate in the plasma centre. The production and transport of helium ash
towards the plasma edge (where it must be exhausted) will depend on the
relative importance of energy and particle confinement, the effect of sawteeth,
the effect of the edge transport barrier in the H-mode and the behaviour of the
scrape-off layer plasma.

Although the transport model of Section 6.1 applies in both L- and H-
regimes, and ensures that particle and energy transport will follow each other in
the transition from the L- to H-regime (since x and D are linked in the model), it
is necessary to include several additional elements in order to complete the
model for a Next Step tokamak. For example, the spontaneous improvement in
edge confinement has yet to be modelled. The reduction in MHD activity
observed experimentally suggests the presence of some other instability at the
edge of L-mode plasmas, where the cffect of atomic physics on MHD might be
important. This is apparently easier to suppress in an X-point configuration
with high edge magnetic or rotational shear. Furthermore, an understanding of
the scrape-off-layer (SOL) plasma is also needed.

7. IMPURITY CONTROL AND THE NEW PHASE
PLANNED FOR JET

Achieving control of the impurity influx into the plasma is a pre-requisite to the
construction of a tokamak reactor. In the case of high Z impurities, radiation
losses may prevent reaching ignition. The presence of low Z impurities, in
addition to helium produced by nuclear reactions, dilutes the concentration of
reacting ions and therefore reduces the alpha-particle power. Under present
conditions, the lifetime of the plasma facing components would be severely
limited. Understanding the SOL plasma is needed because of the importance of
dilution and exhaust for ignition.

So far, JET has concentrated on passive methods of impurity control.
Studies of active methods of impurity control are a natural development of the
JET pro| and accordingly, a New Phase for JET is planned to start in
1992 [4], with first results becoming available in 1993 and continuing to the
end of 1996.

The aim of the New Phase is to demonstrate, prior to the introduction of
tritium, effective methods of impurity control in operating conditions close to
those of the Next Step, with a stationary plasma of ‘thermonuclear grade' in an
axisymmetric pumped divertor configuration. Successful impurity control
would lead also to an increase in alpha-particle power by more than a factor of
two.

Specifically, the New Phase should demonstrate:
control of impurities generated at the divertor target plates;
decrease of the heat load on the target plates;
control of plasma density;
the exhaust capability;
a realistic model of particle transport.

7.1. Key concepts of the JET pumped divertor

Since sputtering of the target plates cannot be suppressed, the impuritics
produced must be retained close to the target plates for effective impurity
control. This can be achieved by friction with a strong plasma flow, directed
along the divertor channel plasma (DCP) towards the target plates. If large
enough, the frictional force between the plasma and the impurities should
prevent impurity migration towards the X-point. The plasma flow will be
generated by a combination of gas puffing, the injection of low speed pellets
and the recycling and recirculation of some of the flow at the target plates
towards the X-point. The connection length along the magnetic field line
between the X-point and the target plates should be sufficiently long to achieve
effective screening of impurities.

Rapid sweeping of the target plates to limit the localised heat load, to limit
crosion and to affect redeposition is an important feature. Methods of ensuring
that a substantial fraction of input power can be radiated in a controlled way in
the DCP remain key clements.

7.2. Modelling the edge plasma

The plasma behaviour in the SOL and the DCP can be qualitatively understood.
Impurity retention in the divertor is determined from the steady state momentum
equation for impurity ions, which for the simplest, realistic case gives the
impurity density, n,, decaying exponentially with distance from the target on a
scale length, A,, given by:

A =g -l

The temperature gradient scale length is givcn by the heat transport
equation with clectron heat conductivity parallel to the magnetic field
(x=xgT372) being dominant and dependent primarily on the input power. To
ensure impurity control, the frictional force must exceed the sum of the pressure
and thermal forces, that is:

o o 0 8 o
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with lpl
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To increase the hydrogen-impurity friction and radiated power in front of
the target plates, a low temperature, high density plasma is needed. This will
also limit erosion and therefore increase the lifetime of the target plates.

To solve the full set of classical fluid equations for the conservation of
particles, momentum and energy in the SOL and DCP, a numerical 1-}, D
transport model has been developed [14]. Monte Carlo methods are used for
neutral deuterium and impurities in the flux surface geometry of the pumped
divertor. Erosion at the target plates is determined by a model of sputtering
tested against JET experimental data [8]). The calculations show that impurities
can be retained near the target plates for plasma flows, typically ~102s-! near
the X-point. The steady state distributions of Z.¢ (with beryllium impurities),
for conditions in the SOL and DCP, with and without flow, are shown in Fig.
12(a). These results are obtained for an electron density ~102°m-3 at the target
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plates. At target densities approaching 102'm-3, the reduction of erosion and
the plasma flow associated with high rccychng at the target plates ensures
impurity control. Furthermore, the calculations show that the ion temperature in
the SOL can be substantially larger than the electron temperature (Fig. 12(b)).
In present JET discharges, probe measurements indicate, that at low density,
the electron temperature at the target plates is lower than the ion temperature,
determined from broadening of the Hg emission and power balance
considerations [7].

7.3. The pumped divertor configuration

The aims of the New Phase can be realised with the internal multi-coil
configuration shown in Fig. 13. The design allows a large plasma volume at
6MA and the operational flexibility to modify the magnetic configuration in the
vicinity of the X-point independent of the plasma current and separately on the
high and low field sides. In contrast to the normal configuration for a divertor,
all divertor coils carry current flowing in the same direction as the plasma
current.

Water-cooled, hypervapotron elements, made of copper and covered by
beryllium, will be used for the high heat flux components of the target plates,
and these are expected to accommodate power fluxes up to 15SMWm-Z at the
copper-beryllium interface. A pumping chamber is introduced in the vicinity of
the target plates to provide control of the main plasma density. Pumping is
achieved by a cryo-pump to avoid excessive hydrogen retention and to be
compatible with the tritium phase.

With this configuration, single null X-point operation should be possible
for performance and impurity control studies. Plasmas should be obtained at
6MA for 10s, a volume ~93m-3 and a connection length from the X-point to the
target plates of 3m, and at SMA for 10s, a volume ~80m-3 and a connection
length ~10m should be achieved. In addition, it should be possible to run 3MA
double null X-point plasmas for up to 20s at 3.4T and for up to 1 minute at
2

7.4. JET programme In the New Phase

A schedule for the JET programme incorporating the New Phase is shown in
Table II. The earliest date to have a pumped divertor in JET is 1992. Further
optimisation would likely be necessary about 18 months later, in the light of
new experimental results.

By the end of 1994, all information on particle transport, exhaust and
fuelling, first wall requirements and enhanced confinement regimes needed to
construct a Next Step tokamak, should be available. Final tests with tritium,
including alpha-particle heating studies could be performed in the two years
following, leading to completion of the JET programme by the end of 1996.
During the tritium phase of operation, and even later, tests on prototype
clements for a Next Step tokamak could be undertaken on the JET site, using
the test facilities, tritium plant and power supplies.

8. CONCLUSIONS

In summary, the paper sets out the main JET results and future prospects. JET
has successfully achieved and contained plasmas of thermonuclear grade.
Individually, parameters required for a fusion reactor have been obtained,
and simultaneously, the fusion product (np(0)tgT;i(0)) has reached 8-
9x1020m-3skeV, for both medium (~10keV) and high (>20keV) central
temperatures, and is within a factor of 8§ of that required in a fusion reactor;
neutron yield has increased to ~3.5x10!6ns-1, corresponding to an equivalent
QpT1-0.8. However, these values were in a transient state and could not be
sustained in steady state.

A clearer picture of energy and particle transport also starts to emerge. The
resilience of the clectron temperature suggests that the electrons are primarily
responsible for confinement degradation. The occurrence of flat density
profiles suggests that there is no need for an inward pinch term, except perhaps
for impurities. Particle and energy transport exhibit similar behaviour. The
critical electron temperature gradient model is one such model consistent with
these observations.

In a reactor, the density limit should not be a problem; high densities and
flat profiles are likely; an advanced divertor concept for impurity control is
required. These conditions of high plasma density at the scparatrix are
unfavourable for the methods of non-inductive current drive envisaged at
present.

A New Phase is planned for JET with an axi-symmetric pumped divertor
configuration to operate with a stationary plasma (10s-lminute) of
thermonuclear grade. In this New Phase, JET should be able to:
¢ demonstrate a concept of impurity control;
 determine the geometry needed to fulfil this concept in a reactor;
 identify appropriate materials for plasma facing components;

* define the operational domain for the Next Step.

To ensure the success of a Next Step ignition device, it is imperative that all
aspects of plasma behaviour, impurity control and plasma exhaust be included
in the model used to define the size of the device and its toroidal field, plasma
current and operating conditions.
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IAEA-CN-53/A-6-2
OPTIMISATION OF PERFORMANCE IN JET LIMITER PLASMAS

Abstract

Improvements to the performance of JET limiter plasmas have been made
by increasing the plasma current, by suppressing sawteeth, by peaking the
density profile and by using Beryllium evaporation and employing
Beryllium limiters. Central electron temperatures 7, ~ 12keV, ion
temperatures T; ~ 18keV, central electron densities o~ 2.3 x 10°0m™?
have been demonstrated in limiter plasmas with currents 3-SMA. A TMA
discharge with gy ~ 3.2 has been demonstrated and heating experiments
have just begun.

1. Introduction

It has already been shown (1] that the confinement of high current low
q limiter plasmas in JET is in line with the expectations of Goldston or
Rebut-Lallia scalings [2,3], but that the profiles of density and
temperature are rather flat. Projections of the D-T fusion performance
of such L mode plasmas in JET [4] suggest that Qpr ~ 0.5 — 0.8 might be
obtained at 7TMA (including the beam driven yield). A more direct
extrapolation to DT operation of 4.5MA H mode plasmas already run in
Deuterium suggests [3] that higher fusion performance will be obtained
using such divertor configurations rather than a limiter configuration
despite the higher plasma current. In order to enhance the fusion
performance of limiter plasmas without employing a regime of enhanced
confinement, it is necessary to make the profiles of density and
temperature more peaked as has already been demonstrated at low
current in the pellet enhanced plasma [6]. In order to obtain peaked
profiles it is necessary to suppress sawteeth as for example in the monster
sawtooth regime [7]. Furthermore, in sawtoothing discharges with
centrally deposited power, it appears that the incremental confinement
time no longer scales favourably with plasma current for ger <3 [8]. With
the broad density profiles characteristic of high current sawtoothing
discharges neutral beam penetration is poor. This reduces the central ion
temperature, reduces beam refuelling of the core and reduces the beam
dniven fusion yield.

Thus to optimise the fusion yield in JET limiter plasmas requires more
than a simple increase of plasma current. It is clearly necessary to
suppress sawteeth, produce a high central density, maintain a low edge
density and keep the influx of impurities to a minimum. The following
sections describe experiments addressing these issues for plasma currents
of 3-3MA. The progess of experiments at TMA currently underway is
briefly described.

2. Sawtooth suppression at SMA

Sawtooth stabilisation during the current rise phase has already been
demonstrated [9]. By using a faster current ramp at constant gy ~ 3.5 and
employing Beryllium evaporation to control the density it has been
possible to extend the sawtooth free periods well into the flat top at SMA
[10] as shown in fig 1. An axial electron temperature T.o ~ 12kev has been
obtained with a strongly peaked profile as shown in fig 2. The ion
temperature is only T ~ SkeV so the fusion performance is modest. Note
that there are a few sawtooth crashes during the ICRH and during this
time the soft X ray inversion radius grows from a small value to
rla~ 0.3. Faraday rotation measurements indicate g = 0.95 + 0.15 and
constant in time during the sawtooth free periods. Since the inversion
radius is large we infer that the q profile is rather flat. The fast ion
slowing down time is long because the density is low and the electron
temperature is high and therefore the fast ion energy content is large
(35-30% of total). Normal sawteeth resume shortly after the ICRH is
switched off. It is probable that the sawtooth is being transiently
stabilised by the fast ions in manner similar to that of the normal
monster. However since monster sawteeth do not normally occur during
flat top heating at SMA the detailed q profile shape must be important
or it must be necessary to build up a high fast ion pressure to stabilise
the sawtooth at high current. It is expected that a continuation of the
current ramp will permit sawtooth stabilisation at higher current. The
confinement time is plotted against power input for these plasmas and
SMA sawtoothing plasmas in fig 3. It can be seen that the confinement
is very close to the Goldston prediction when allowance is made for the
fast ion energy content.

3. Peaked density profiles at SMA

The injection of a string of pellets during the current rise, as shown in fig
4, leads to high central densities no ~ 2.3 x 102m~? at SMA. In order to
obtain the strongly peaked density profile shown in fig 5 it is necessary
that the pellets penetrate deeply and this is achieved by careful choice of
pellet timing. The small inversion radius sawteeth present before the first
sawteeth are suppressed by the pellets and indeed polarimetric
measurements show that ¢ is raised above unity. It is important to keep
gy roughly constant during the current ramp and pellet injection since
disruptions invariably occur at gy ~ 4 if qy is allowed to fall. 6MW of
ICRF heating were applied at SMA after the last pellet and, as shown in
fig 4, a transiently enhanced D-D rate is ohserved. 1.5 sec after the start
of ICRH, and after the peak D-D rate, the central density has decayed
10 o~ 6 x 10¥m™3. T4 is much lower than in the experiment of section
2, but Ty~ T~ SkeV and Qpp~ 5x 10 % The global confinement time
is enhanced transiently by ~ 303 compared with gas fuelled discharges
as shown in fig 3.
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4. Density profile control in plasmas with strong ion heating

The use of Beryllium limiters has permitted operation with low Z,<1.5
at  moderate density [11]. However at low  density,
Pror] <n.>25x 107"MWm™3, the deuterium concentration np/n, is
typically ~ 0.6 similar to Carbon limiters conditioned by Beryllium
evaporation or by extensive pulsing in Helium. The main effect of
Beryllium (either limiters or evaporation) is improved density control
which extends the range of Pus/ne and, as shown in fig 6, this has resulted
in higher ion temperatures in 3MA belt limiter plasmas.

For the case of Carbon limiters and Beryllium evaporation a density
profile peaking factor nef<n,> ~ 3 was obtained as a result of central
beam fuelling and low edge recylcling compared to ne/<n.> ~ 1.5 for
bare carbon belt limiter plasmas [12]. Unexpectedly, for low density
plasmas with Beryllium limiters the density profiles were flat even with
central beam fuelling. In order to produce peaked density profiles in this
case it was necessary to fuel the target plasma with deeply penetrating
pellets. Fig 7 shows the time history of the density profile reconstructed
from a series of similar shots. It can be seen that the initial central density
is ng~7x10°m™ with a peaking factor no/<n,> ~ 4, but that the
central density decays during the heating though the profile shape remains
peaked. The ion temperature reaches Tp ~ 18kev with a strongly peaked
profile To/<T;> ~ 7. This profile peaking enhances the thermonuclear
performance by a factor 3 compared with ‘normal’ flat profiles in L
mode, even though the global confinement is unchanged. In these
discharges the ICRH suppresses sawteeth which otherwise would flatten
the profiles. In addition ICRF acceleration of injected deuterons increases
the driven D-D reactivity by 30-40% in such discharges [13]. The
broadening of the neutron spectum due to the ICRF is clearly visible in
fig 8. In this case the D-D fusion gain was Qpp ~ 9 x 107* which was
slightly improved over previous inner wall plasmas at 3MA. Recently yet
higher gains, Qpp~ 1x 1072, were obtained in inner wall plasmas at
4.TMA.

5. TMA plasmas

Plasma currents of 7MA were demonstrated in 1988 [1]. These plasmas
were obtained using a simultaneous ramp of toroidal field and plasma
current with gy ~ 2.5. The flat top was only 2 seconds limited by volts
seconds. In order to pass gy =3 early in the current rise without
disruption it was necessary to establish early sawteeth by strong gas
puffing. This discharge is not suitable for current rise heating because
of the variation in toroidal field. Recently, the fast current rise developed
for the experiments described in sections 2 and 3 has been extended to
TMA. The flat top was 3 seconds long but 8 Volt-sec remain to extend
this further. By making the plasma more D shaped gy was held at ~ 3.2
at TMA. Sawtooth have been suppressed well into the flat top of a 6MA
discharge and suppressed during the rise to 7MA by applying ICRF in
the current rise. An electon temperature T ~ 9keV was obtained in both
cases. lon heating experiments, using NBI, have begun in these high
current discharges.

6. Conclusions

It has been shown that sawtooth can be suppressed and peaked density
profiles formed at high current low q belt limiter plasmas. The former
produces very high electron temperatures To ~ 12kev, the latter high
densities 0 ~ 2.3 x 10?®m~2.  The use of Beryllium to control recycling
together with central fuelling by pellets has allowed peaked density
profiles in 3MA beam heated plasmas with ion temperatures up to 18keV
enhancing the thermonuclear reactivity over normal flat profiles. Here
ICRF suppresses sawteeth and enhances the beam plasma reactivity by
the acceleration of injected deuterons. The highest values of D-D fusion
gain yet obtained in a limiter plasma on JET is Qpp~ 1 x 10 3.

Thus the foundations have been laid for performance optimisation at the
highest plasma currents in JET (up to 7MA). These promising results
suggest that the performance projections for TMA D-T operation in JET
[4] might indeed be pessimistic.
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Fig 1. Various time traces for a SMA plasma
where ICRF is applied during the current rise
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Abstract

In JET the scientific properties and technical basis of good confinement regimes
have been evaluated in the light of the potential extrapolation of such regimes to
reactor requirements. In this paper the main experimental H-mode results are
discussed highlighting global confinement scaling, low q regimes, the role of the
target plate material, the density limit, and finally sawtooth suppression and
hot-ion mode.

1. Introduction

The H-mode in JET has been demonstrated with single and double null x-point
configurations, which in general are marginally limiting at the x-point target tiles.
H-modes have been achieved with NB heating, ICRF heating and with combined
NB and ICRF heating. The power threshold for the H-mode and the global
energy confinement time does not depend on the heating method. In the ELM
free H-mode there is an improvement of about a factor of two in the global
confinement time compared to JET limiter L-modes, up to the total additional
power of 25MW.

The development of the JET H-mode, towards steady state conditions, depends
on wall conditioning and on the material of the divertor target plates, which
determines the amount and type of impurity released, and affect the time
evolution of plasma density. The substantial reduction of Z , ( = 2.) and
improvement of n,/n, to 0.8-0.9, produced by routine Beryllium gettering of the
graphite tiles was probably mainly due to the nearly complete removal of Oxygen
and Oxygen generated Carbon sputtering. The reduction of Nickel was mainly
due to the Beryllium gettering of the ICRF antennae screens. As a consequence
of lower radiation losses and improved density control longer ELM free H-mode
phases have been achieved ( < 5.4s) .

The transport of impurities in the JET H-mode is characterized by a balance
between neoclassical effects and anomalous transport leading to a build up of
impurities in the plasma (t_jt , > 1) [1]. Further local analysis of energy
transport in high power H modes confirms the reduction in thermal conductivity
(energy flux/gradT) across the whole plasma cross section reported earlier [2] .

In the JET H-mode the density limit corresponds to the radiative collapse which
ends the H phase.

With additional power well above the threshold, the H-mode can occur
simultaneously with other plasma regimes such as the monster sawtooth or the
hot-ion mode.

In the hot-ion H-mode, with NB(D)injection, at moderate plasma densities (
<n>1+4.10" m> )T, is 2 or 3 times larger than T, ( T, 2 22keV,Q,, =
2.5x10 ). The values of Q,, for D-T simulated versions of the same discharges
are above 0.5 for times of the order of one energy confinement time.

2. Operational regimes

The H-mode in JET has been demonstrated in single null (I, < 5MA) and double
null (I, <4.5MA) configurations , generally with the plasma limiting on the
x-point target tiles , but also with the plasma in contact with the inner wall. In
single null configuration the H-mode has been achicved with NB at 80keV and
at 140keV both in deuterium and hydrogen target plasmas. In double null
configuration, where it has been possible to obtain good RF coupling, the
H-mode has been achieved with ICRF alonc in dipole with Hydrogen minority,
and in combination with NB(D) in Deuterium plasmas. The JET H-mode is
characterized by a transition to an ELM free period lasting several seconds. The
duration of the H-mode is considerably shorter for power in excess of 10MW due
10 a strong carbon influx from overheated graphite dump tiles [3] .

The threshold power for the H-mode was similar for double and single null
configurations, with ICRF and NB heating. The H-mode power threshold was
lower with a well conditioned vessel. The power threshold, while scaling
approximately linearly with the applied toroidal ficld as reported earlier [4], does
not show a clear dependence on plasma current or plasma density. Scans of the
plasma radial position show a minimum power threshold if the gap between the
plasma and limiter, or between the plasma and the inner wall is above 5-8cm.
For shorter distances the threshold power increases. H-mode was achieved even
with the plasma in contact with the inner wall protection tiles, which required a
threshold power of 10 MW at B, =2.2T. Plasma recycling and power load were
distributed on the inner wall. We think that this regime is similar to the inner wall
H-mode achieved in DII-D [5] . Fig 1. shows the plot of additional heating
power versus the gap between the plasma and the inner wall. L marks the
discharges which had not undergone an H transition, while H marks the H
modes. The H-mode power threshold is a function also of the position of the
x-point as determined from magnetic diagnostics [6] . The threshold for H-mode
has only a weak dependece on the location of the x-point within 10 cm outside the
surface of the dump plate, with the plasma in a marginal limiter configuration
or 10 cm inside, with plasma in x-point configuration.

3. Global confinement

The main properties of global confinement time of the JET H-mode have been
extended to higher additional power. The general trend of the global energy
confinement time, as a function of the total loss power, is shown in fig 2. The two
main trends of increase with plasma current and degradation with heating power
continue at high powers the trend reported earlier [4] . The scaling of the global
confinement time is similar in single null and double null configuration. From the
analysis the data it appears that the global confinement time has only a weak
dependence on the toroidal field (as B, %3+o~ ), [n operation at low values q ,,,
it appeared that there was not an abroupt deterioration of confinement in the
approach to q,, of 2, as shown in fig 3. [7]. The scaling of the giobal
confinement time observed in the JET H-mode is similar to that observed in other
tokamaks. A size scaling has been derived by combining data from JET and
DIII-D [8]. A large database with data from JET, DIII-D, ASDEX, JFT2-M,
PDX and PBX has been created, the scaling obtained by the analysis of the data
of all these tokamak is te = 0.074-5/%*P-4R"\1O4%(R[a)913 , when the toroidal
field and density dependence are suppressed [9]. As an example a plot of the
JET data versus the combined H-mode scaling, is shown in fig. 4. A detailed
analysis of the local transport of JET H-mode will also be presented at this
conferece [10].

4 Approach to steady state conditions

The ELM free H-mode is a transient effect which is terminated either by
radiative collapse, for additional input power below 10MW, [11]; or by carbon
influx, for power in excess of I0MW.

4.1 Carbon Influx

A strong carbon influx, which terminates the H-mode, enter the plasma when
the surface temperature of the dump plates exceeds the temperature of 2500 C.
The onset of the carbon influx can be delayed by radial sweeping of the x-point
position or,and by a strong gas puff. With strong puff long ELM free H-modes
phases have been obtained, exceeding 5 seconds as shown in fig 5(a.b) The main
effect of strong gas puff is a reduction of the surface iemperature of the x-point
tiles (fig 5 c,d) in_the heated zone where the power is deposited by fast ions on
drift orbits. [3,6] . The reduction in temperature is probably caused by reduced
ion temperature and/or increased ion collisionality. The reduction in temperature
leads to a significant drop in carbon sublimation and radiation enhanced
sputtering. The gas puff causes increased divertor radiation losses with general
reduction in conduction losses.

4.2 Radiative collapse.

The impurity confinement time, as determined by laser blow off
measurements and impurities transport computer simulation Elz] is much longer
than the energy confinement time, with typical values up to 4s. [1,12] As an
example the time evolution of the concentration of NickelXXV and NickelXXVI,
obtained by laser blow-off of a Nickel coated target, are shown in fig 6. the result
of transport analysis show that there is an outward flow of impurities, [1,12] .
The plasma behaves as a “ leaky “ integrator. For intrinsic impurities, in the
H-mode, the outward flow is an order of magnitude smaller than the inward flow,
which is generated by the plasma interaction with the dump plates.
Consequently, during the ELM free H-mode the concentration of the intrinsic
impurities increases continously as a function of time, until the total radiated
power becomes excessive {11] . However if the inflow of intrinsic impurities
could be reduced by at least a facor of 5, by for example the use of a pump
divertor, the simulations show that a balance could be reached after a few
impurity confinement times at levels of radiation compatible with the input
power.

5. Effects of dump plate material on the H-mode.

The comparative properties of graphite and Beryllium getiered graphite have
been studied.

With graphite tiles Oxygen and Carbon were the dominant impurities , radiative

losses by Oxygen were dominant at high densities. Among other impurities
Nickel, mainly generated by the ICFR antennae screens, accounted for a 10%
fraction of the radiated power. With Beryllium gettered graphite tiles the
concentration of Oxygen was reduced to a ncgligible amount. The reducion of
Carbon concentration can be cxplained as due to the absence of Oxygen
sputtering generated Carbon impurities as in the case of Beryllium gettered
graphite limiter {13] .

In fig 7 the trend of Z, , as measured by visible bremsstrahlung, versus the
total loss power (total input power minus the time derivative of the plasma
energy) is shown. Fig 7 shows an average reduction of 1-2 units, at ail levels of
power. Consequently charge exchange spectroscopy measurements show that
with Beryllium gettred graphite dump plates the ratio of electron to deuteron
density was 0.8-0.9, whilst without Beryllium gettering it was 0.5-0.6.

6 Density limits

During the H-mode generally the plasma density increases continuosly untl a
radiative collapse of the H-mode occurs, L11], precipitating an H to L transition
and sometimes a full plasma disruption. For the H-mode the density limit
coincides with the high density prior to the H to L transition. The limit on the
plasma density is caused by the fact that the power which is radiated by the bulk
of the plasma approaches the input power. It is therefore natural to expect the
density limit to scale with the square root of the total input power with a scaling
similar to that observed in in recent JET limiter discharges [ 14] . The values of
the maximum volume average electron density prior to the H to L mode
transition have been plotted versus the total input power in fig 8, for a series of
3MA H-mode discharges. the experimemal points with Z ., smaller than 3
(crosses) have a higer density than those with Z _ larger than 3. For reference a
Hugill plot of the non disrupting H-mode pulses 1s shown in fig 9 for discharges
with Beryllium gettering.The line gnR B, =20x10 " m 2 T+ encompasses the
values for the dicharges with moderate additional heating ( < 10MW) and fuelled
by gas puffing. The lower limit qnR B, =12x10"m =T * refers to Ohmic x-point
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discharges. Preliminary results have been achieved with central pellet fuelling
which have produced more peaked density profiles. The values of the pellet
fuelled discharges are not shown in fig 9.

7. Sawtooth stabilization

Sawtooth suppression has been observed in H-mode discharges with NB and
ICRF heating. The time evolution of a series of discharges showing sawtooth
suppression during H-mode is presented in fig.10.

With NB heating in excess of 8MW, at least twice the power threshold for
H-mode transition, injected into a relatively low density ohmic deuterium target,
the H-mode is accompained by a period of sawtooth stabilization of the duration
of.6 -.8 s. In this phase a modest enhancement (10-15%) of central ion and
electron temperatures is observed.

With ICRF heating during the H-mode [15] sawtooth suppression occurs
routinely with ICRF input powers in excess of 7MW. The maximum duration of
the monster sowtooth has been 2.5s. The start and end time of sawtooth
suppression was not correlated with the H-mode phase, but sometimes the
monster crash caused an H to L transition. The temperature peaking factor
obtained in sawtoath suppressed H-modes is enhanced by approximately 50% .
A series of electron temperature profile shapes with sawtooth suppressed
H-modes is shown in fig 11. Here the peaking factor ranges between 3 and 4 (with
electron pressure peaking factors between 4 and 5) with values of cylindrical
q=3.2 and averages densities in in the range 2 — 4 x 10¥m-% It should be noted
that in this case the shape of the electron temperature profiles are similar to those
obtained in the case of limiter monsters [16] and that the value of the edge
plasma temperature is not very high.

With combined ICRF,NB heating sawtooth suppresion in H-mode has also
been achieved, as shown by one of the traces in fig 12. In this pulse, ( Pre=2MW
and Pys =6MW, <n> =235E19m-3). Polarimetric analysis of the safety factor
radial profile indicate that the central value of q is driven below unity in a way
similar to other monster sawtooth, while estimates of the content of fast particles
confirm the agreement with the theoretical expectations of sawtooth stabilization.

8. Hot-ion H-mode

In x-point configuration with NB injection in a low density ohmic target it has
been possible to produce simultaneously a hot-ion plasma and an H-mode
transition. This regime is characterzed by very high ion temperatures in excess
of 20keV, while the electron temperature vas 8-10keV. For large values of NB
power and low densities the ion temperature profile is very peaked : The ratio of
central to volume average ion temperature reaches values of 4-5 .

The D-T performances of these puises ara examined by considering the
standard np7sT, diagram, shown in fig 13. Here the Q curves are for parabolic
profiles of density and temperature raised to the power 1 2 and 3,2 respectively.
The Q curves are rather insensitive to the form of the profiles. The time evolution
of plasma parameters for pulse 20981 are shown in fig 14.

The time behaviour of the pulse was simulated by the 1 1/2-d TRANSP code
for the actual conditions of NB injection and background plasma. A good check
on the consistency of this data is that of the predicted and measured neutron
veld. The D-T simulations are completed by rerunning the code with the same
measured profiles and replacing the background deuterium plasma with a tritium
or with a 50-50 D-T mixture. The results are shown in fig 15. Here the time
evolution of the fusion power is shown in its components for the case of
deutenum injection in a Tritium plasma. The NB power was |7MW, the time
derivative of plasma stored energy was 8MW. With Q defined as follow Q=
{’,._].I(P— dW]dt) + (P,-a +Pu)/P, the peak value corresponds to Q=0.77

17].

9. Conclusions

a) The experiments at JET have shown that the ELM free H-mode is a transient
plasma regime. The analysis of the results of impurities injection experiment and
of the spectroscopical data suggests that if one could control the plasma density
and drastically reduce the influx of impurities the H-mode could reach a steady
state transport equilibrium.

b) The H-mode is achieved in a configuration with a magnetic separatrix, which
can be marginally limiting on the x-point dump plates or on the inner wall
protection plates. A parameter related to the shear at the plasma edge, for this
marginally limiting configurations, could be the ratio between g, and g,
H-mode has been achieved with g, larger or equal to 7-8 while g, was 2-3.

¢) In the H-mode the global energy confinement time shows an improvement
of approximately a factor of two over the limiter L-mode independently of the
heating method and in the range of additional power up to 25SMW.

d)The radiation collapse, which terminates the H-mode, determines the values
of the density limit, which scales with square root of the input power.

e) An improvement in plasma purity and reduction of fuel dilution has been
achieved with Beryllium gettering of graphite tiles.

f) In low density ohmic target, and largely with ICRF heating it as been possible
to achieve transient stabilization of sawteeth during the H-mode

g) With NB injection in low density deuterium plasmas a hot-ion plasma has
been created during the H-mode. In these discharges the highest plasma
thermonuclear reactivities have been obtained.
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INTERPRETATION AND MODELLING OF ENERGY AND
PARTICLE TRANSPORT IN JET

Abstract

The study of energy and particle confi in JET pl has been performed
by means of various interpretive and predictive techniques. This paper deals
with the most recent and relevant results obtained, concentrating on local rather
than on global analysis. Electron and ion energy transport and particle transport
are studied and their relationship is examined. Comparisons with the
predictions of theoretical models are presented, with special attention to
transport coefficients derived from the theory of ion temperature gradient
driven turbulence and to the critical electron temperature transport model of
Rebut et al. [1).

1. Introduction

In this paper we report on the results of studies carried out to assess the local
energy and particle transport properties on the basis of JET experimental data.
The important issue of global confinement and its relationship to local transport
models is discussed extensively in another contribution to this conference (2]
where JET data are analysed together with data from other tokamaks collected in
the so-called ITER data base. The global confinement of JET plasmas can also be
found in other contributions to this conference [3-5].

A proper understanding of plasma transport requires the derivation of a
complete transport model applicable in all relevant regimes. It must be capable
of predicting the evolution of plasma profiles in the present and next step
generation of tokamak devices. We have not reached this goal, but we have
made much progress in:

— identifying the most important phenomena to be explained, pointing out
correlations between the transport of electron and ion energy and the transport
of particles;

— assessing various models proposed to explain and predict the plasma
performance in tokamak devices.

In Section 2 we address the problem of electron and ion energy transport.
We quantify the absolute and relative magnitudes of the electron and ion heat
transport coefficients. A comparison with the predictions of models based on the
theory of the ion temperature gradient driven turbulence is presented. We
summarise the results obtained and assess the validity of the critical electron
temperature gradient model of Rebut et al. (R-L-W in the following) [1].

The evolution of electron density profiles is analysed in Section 3, and it
refers mainly to full transport code simulations based on an extension of the R-L-
W model to include particle transport.

Section 4 presents the results of an integrated analysis of the propagation of
the electron temperature and density perturbation following a sawtooth crash
and their implications for transport models. An impurity transport analysis
which implies a departure from simple conventional modelling assumptions
and the relevance of neoclassical transport theory, is discussed in Section 5.
Some concluding remarks are given in Section 6.

2. Electron and Ion Heat Transport

There are regimes in JET where the electron and ion contributions to heat
transport can be separated with the aid of interpretive codes. Among these
regimes are the hot ion L and H-modes, sawtooth free discharges with strong RF
heating (a "diagnostic® low power NBI is used to determine T by charge
exchange recombination spectroscopy) and pellet fuelled discharges with
combined heating [6,7). Figure 1 illustrates results for two typical cases. The first
is a hot ion H-mode discharge with plasma current IP = 4MA, toroidal field Bt =
2.8T, neutral beam injected power Pnpt = 17.9MW, peak electron density ne(o) =
4.8x1019m-3 and peak electron and ion temperatures Te(0) = 8.8keV and Ti(o) =
22.3keV. The second is a monster sawtooth discharge with 1p = 3MA, Bt = 3T,
PNBI = 2.6MW, ICRH power 8.9MW, ng(o) = 4.5x1019m"3, Tc(0) = 8.8keV and Ti(0)
= 6.1keV. The figure illustrates the spatial dependence of the electron and ion
heat diffusivities yc and x,, evaluated using the interpretive code TRANSP
under the assumption of a diagonal transport matrix with no heat pinch term.
The ion transport is clearly anomalous, except perhaps in the central region of
the hot ion H-mode. (See also [6-9] for pellet fuelled cases). We also find as a
general trend that xj > Xe in the outer region of the plasma while xc becomes
comparable or more important in the central region. Plots of the temperature
increase in the central region as a function of the power input per particle to
electrons and ions (fig. 2) illustrate in a crude, but rather general way, that as Teo
increases, xe must become larger in the central plasma region; this is not so for
Tio and ¥;.

Several attempts to relate the observed heat transport to predictions of
models derived from the theory of electrostatic microinstabilities have failed to
reproduce JET results (7-10]. The most recent study [8] has considered models of
the anomalous ion energy transport derived from the theory of VTi-driven
turbulence [11-13]. The analysis shows that, while there is some qualitative
agreement (e.g. in pellet fuelled auxiliary heated discharges [14]) between
theoretical predictions and experimental findings, there is a serious quantitative
disagreement, namely:

— all models predict too low ion energy transport in the region p > 0.7 (p < 11is
a normalised radius) even when fully developed turbulence is taken into
account.

— all models predict a large x; in the central and intermediate plasma region.
Hence one expects T to be determined by n; = niVT;/TiVn; close to the
instability threshold njcr. Thus to reconcile theory with JET results a substantial
increase of N{°* is required (Fig. 3).

An extensive campaign of simulations using predictive transport codes has
allowed the assessment of heat transport models [15]. Ohmic and L-mode
discharges have been considered, covering the following range of parameters: [ =
3-5MA, average electron density i, =1.5-7.1019m-3, Bt = 2.2-34T, auxiliary power
(ICRH, NBI or combined) up to 25MW. These computations show that among
the theory-based models adapted empirically to simulate experimental results,
the R-L-W model emerges as rather good and complete; it covers electron and

ion heat and particle transport (see also Section 3). These results confirm
previous findings, carried out on a more restricted set of discharges which also
included the H-mode regime (9], (16].

We recall that the R-L-W model predicts the existence of a critical electron
temperature gradient VT;T such that the electron heat flow is given by:

ALW, v
4o =-n PV, 1-H’ m
e = —MeXe { VI,

when |VTe| > VT [. The expressions for VI and xR can be found in ref.
[1]. Transport is assumed to be neoclassical when |1VTel < IVT{T 1 or Vq <0, q
being the safety factor. Moreover:

Z; T, \2/d
o LRy [ 24| B
: . €

De is the electron diffusion coefficient, Z; and Ze the ion charge and the plasma
effective charge.

If, in an interpretive analysis, the VT{" term in Eq. (1) is not taken into
account explicitly, the resulting xe must be compared to xcP. On the other hand
xeRLW applies to the analysis of heat pulse propagation (see Section 4). It should
be noted that no critical ion temperature gradient is predicted for ion energy
transport, consistent with the results shown in Figs 1 and 2. Similarly no inward
particle pinch is predicted for a pure plasma.

The main deficiencies with the R-L-W model have been found in the outer
region of the plasma, especially at low density, where | VT | tends to exceed the
observed IVT, |. It is expected that the model, based on a single phenomenon (1),
has to be modified here. Atomic physics processes may affect the model [17] and
phenomena related to MHD instabilities might be important. An empirical
solution to this problem, adopted in the predictive 11/2-D code JETTO, is to
reduce the anomalous transport gradually when | VTl approaches and becomes
smaller than |VT"|. We also remark that a quantitative validation of the R-L-
W model in the central region of the plasma is subject to large uncertainties
owing to the dependence of xeRLW on the local shear and the practical difficulty
of measuring Vq in this region. A similar remark applies to other models and in
particular to n; related transport coefficients which depend sensitively on the
local shear length.

3. Simulation of the Plasma Density Evolution

JETTO code simulations have been used to study simultaneously the
evolution of density and temperature profiles in the ohmic and L-mode plasmas
described in Section 2. The following expression (based on the R-L-W model)
have been used for the flux of the hydrogenic species:

T;=—DVn; + (v, +v,)
3)

D=ayt, v,=-a, 2—25
a

Vw and vap are the neoclassical (Ware) [18] and anomalous inward pinch
velocities; a and a;y are constants to be determined; a is the minor radius.

The impurity ion density profiles needed to compute the electron density ne
are not modelled but evaluated from Zegf (from visible bremsstrahlung or charge
exchange recombination spectroscopy) and the concentrations of the most
relevant impurities (from UV spectroscopy). It is assumed that the impurity ions
are fully ionised and this is valid for most of the plasma, when dominated by
relatively low Z impurities (Z < 8).

We find that the time scale of the evolution of ne requires « = 0.3-0.5. There
are cases, in particular with RF heating alone and Zef¢ > 2.5, where an anomalous
inward term seems to be required in the region p > 0.3-0.4, and van/Vware > 10.
Figure 4a illustrates such a case. Various regimes however, do not need an
anomalous inward velocity, as first pointed out in (19) for discharges with pellet
injection. Other cases are found in ohmic low Zegs discharges and with NBI
heated discharges where a high density is reached, developing a flat or even
hollow density profile. An example, corresponding to a relatively clean plasma
(Zegf < 1.5) is illustrated in fig. 4b, where for comparison we also show the
peaked profile of ne that would be obtained with the same inward pinch as in the
previous case.

4.  Analysis of Heat and Density Pulse Propagation Measurements

The analysis of fast transients provides a method for determining a
linearised matrix of transport coefficients from ed data and compl
interpretive and predictive studies. Recent work at JET has been based on an
analysis of the heat and density pulses following sawtooth crashes which takes
into account the coupling between heat and particle transport [20]. The main
result of the analysis is the determination of the 2 x 2 diffusion matrix in a
system of linearised diffusion/convection equations simulating the propagation
of the perturbations. Figure 5 shows the measured and simulated temperature
and density perturbations evolving at various radii in a ?'pical case. Values of
the linearised particle and thermal diffusion coefficients D* and xP with Df/ <
0.1 are derived in the outer plasma region p > 0.65 from this kind of analysis.
These values are consistent with the values of D and yX¥ found in’ the.
simulation of the same pulse (fig. 6). In fact a linearisation of such a model
showspthal D and zfl‘w are dominant diagonal terms and can be compared to DP
and x;.

The pulse propagation analysis shows that there is a linear coupling
between particle inward pinch and negative temperature gradient. The sign and
magnitude of the coupling are correlated to the initial density decrease (see fig. 5b
at r/a = 0.69) coinciding with the location of the maximum temperature
perturbation. Such a term is not found linearising the R-L-W model for a pure
plasma. It is possible that it is due to an anomalous inward flux of impurities
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proportional to VT, related to a thermoelectric force in the direction parallel to
the magnetic field. This has not been considered in the model so far.

5. Transport of Impurities
The study of impurity transport has largely been based on the calculated

evolution of impurity density profiles in prescribed experimental plasma
profiles. Computed and experimental emissivities from individual lines [21,22]

and soft X-ray profiles [23] and radiation profiles are compared. The
conventional approach assumes the impurity flux | to be given by:
Ty ==DVny + vy
@

.
v, =-oyDyr/a.

where nj is the impurity density. The diffusion coefficient D) and the convective
velocity vy are to be determined from the simulations and are assumed to be the
same for all ionisation states.

In many cases the simple approach with D; and ay radially constant, fails.
For example impurity transport appears to be reduced to a level close to
neoclassical in the central region of "good confinement" in pellet fuelled
discharges [21] and also in the central region of ohmic and RF heated discharges
[23).

The simple approach (4) with constant coefficients also fails for the analysis
of H-mode discharges: a rather low diffusion coetficient Dy~ 0.1m2/s, and a
spatial variation of vj which depends on the plasma temperature and density
profiles [22] is needed. Figure 7 shows the empirically determined spatial profile
of vi during the H-phase of a high density pulse (fi, > 7x1019m-3, developing a
hollow profile, Zess ~ 2, decreasing with time, Ip = 3.IMA, Bt = 2.2T, PNBY =
8MW). Before density steady state, in a phase lasting 3.5 seconds, the velocity vi
has to be outward in the region p < .8 in order to explain the nickel emissivity
lines and radiated power; the empirical convective velocity v| is consistent,
within the large uncertainties of the analysis, with neoclassical theory (24). This
situation is reminiscent of the absence of an anomalous inward pinch term in
the modelling of the electron density evolution in L-mode plasmas as shown in
fig. 4b.

6. Conclusions

The analysis carried out at JET shows that no pure theoretical model is
sufficiently correct or complete enough to explain all features exhibited by the
wide variety of plasma regimes found in JET. We underline the problems
associated with a quantitative assessment of such models using the theory of
instabilities driven by VT, as an example. Time dependent simulations of a
variety of phenomena evolving on different time scales indicate a correlation
between energy and particle transport. In particular, we find that D/%e as
normally defined in interpretive codes is larger than D"/z}: from pulse
propagation analysis. We also find that neoclassical theory may be relevant for
impurity transport under various circumstances. These results are generally
consistent with the picture of the energy and particle transport assumed by the
critical electron temperature model of Rebut et al. [1). This model, which has
been successfully tested in a variety of JET plasma conditions, is a good candidate
for predicting tokamak plasma performance.
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IAEA-CN-53/A-3-4
High Density Regimes and Beta Limits in JET

Abstract

Resudis are first presented on the density limit in JET discharges with graphite (C), Be
getrered graphite and Be limiters. There is a clear improvement in the case of Be
limiters. The Be getered phase showed no increase in the gas fuelled density limit,
except with Ion Cyclotron Resonance Heating (ICRH), but, the limit changed
character. During MARF E-formation, any further increase in density was prevented,
leading to a soft density limit. The soft density limit was a function of input power and
impurity contens with a weak dependence on q. Helium and pellet fuelled discharges
exceeded the gas-fuelled global density limits, but essentially had the same edge limit.
In the second part, results are presented of high B operation in low-B Double-Null
(DN X-point configurations with Be-gettered carbon target plates. The Troyon limit
was reached diring H-mode discharges and toroidal Bvalues of 5.5% were obtained.
At highbeta. the sawteeth were modified and characterised by very rapid heat-waves
and fishbone-like pre- and post-cursors with strongly ballooning c haracter.

I. OPERATION NEAR THE DENSITY LIMIT

Operation near the density limit has been systematically studied in JET for limiter
discharges, with C limiters, with evaporated Be layers and with Be limiters [1]. The
operating density in tokamaks is usually presented in the form given in Fig.1. Each
point represents the maximum obtained normalised density during a discharge with
cither Ohmic (OH), Neutral Beam (NBI), ICRH or combined heating. The broken
lines marked by OH (C) and NBI(C) are the highest limits obtained in the previous
campaigns with C walls and limiters [2] (nRq/B, = 12 for OH and 20x10*mT" with
NBI). There are clear improvements due to the Be limiters and Be coated walls, After
conditioning of the Be limiter, which led to a strong reduction of Cl, the limit was
substantially extended beyond that with Be gettering, so thatnRq /B, = 33 was reached
with combined heating, ICRH and NBI heating. Furthermore the limiting density
increases with the applied power as we shall see shortly. Pellet fuelled and He
discharges have exceeded the deuterium gas fuelled limits. There is strong evidence
that the edge density determines the limit. The limit at low q (g~2), however, is
unchanged and is still set by major current disruptions.

There has not yet been such a systematic study for X-point discharges, but the
behaviour is similar, with somewhat lower density limits. The highest densities so far
in X-pointdischarges are obtained in H-modes withnRq /B, =20x 10"*'mT". Athigher
densities, typically when P_/P, = 60%, an H to L- mode transition occurs and the
density falls without causing a disruption. In limiter discharges the nature of the limit
isdifferent for C and Be limiters. With C, the limit is marked by an asymmetrical edge
radiation (MARFE) that leads to a symmetric radiative collapse and ends in a hard
disruption. With Be limiters the limit is generally marked by the appearance of a
MAREFE which, in gas fuelled discharges, is accompanied by a fall in recycling and
reduction in density. This typically leads to a soft density limit with a relaxation
oscillation of density, radiation and MARFE near the limit. The intemal inductance
of the plasma during the MARFE generally did notincrease, indicating thatthe plasma
was notcontracting significantly, as in the pure C limiter during the radiation collapse.
This is consistent with the absence of strong MHD fluctuations and disruptions in the
Be-gettered and limiter plasmas.

The line-averaged density could be substantially increased with pellet fuelling,
providing the pellets penetrated deeply. The limit for both pellet and gas fuelled
discharges can be unified by considering the edge density and the input power (Fig.
2). The dependence of the density limit on the total power P and in particular on the
radiation power balance in the edge region of the discharge has been suggested in a
number of papers [2-5). These models suggest that the limit should increase ap-
proximately as P,'2. The MARFE limit for pellet and gas fuelled discharges does lie
at the boundary of the existence region.

2.  CONCLUSIONS: DENSITY LIMIT
Operation near the density limit in JET can be summarised as follows :

- Thedensity limit for additionally heated discharges in JET is now independent of
the heating method and exceeds nRq /B =33 x 10"m”T"! for Be limiters and 20
x 10”m?T" for the H-mode;

- Thedensity limit has a different MARFE behaviour for Be limiters compared with
C limiters and leads to a density pump-out returning the discharge to a stable
operation region;

- The density limit in gas and pellet fuelled discharges increases with input power
approximately as P'? and is determined by edge parameters, particularly the edge
density;

- The high limit obtained in JET means that acceptable densities should be reached
in next step devices provided that sufficient degree of impurity exclusion can be
obtained.

3. BETALIMITS

High B operation has been achieved atlow toroidal fields (B < 1.2 T) where the Troyon
limit[6] is reached with additional heating at power levels ~10MW below thatat which
carbon self-sputtering becomes important [7]. It has not yet been possible to surpass
the Troyon limit as has been done in DIII-D [8].

Fig.3 shows the maximum toroidal {3, as a function of q_* obtained for all discharges
between 1986 and 1989. A steady state 3 of 5.5% has been reached for DN H-modes
in a hydrogen plasma. In these discharges with Be coated walls, B saturation is gen-
erally observed without disruptions. The saturation is related to MHD-modes, ELM’s
and n=1 activity. Sawtooth and fishbone events occurand sometimes continuous n=1,

A%0

2, or 3 modes appear, which can lead to a f decline. A peaked and roughly triangular
p(r) profile develops froman initially broad profile. The internal inductance decreases
from ~ 1t0 0.7, which indicates a broadening of j(r) towards those profiles used in the
B-optimisation by Troyon [6). The decrease of the inductance is calculated to be due
to the bootstrap current, which is approximately 25% of the total current.

4. BETA SATURATION

Theevolution of p forthe discharge with the highest B obtained so faris shownin Fig.4.
Also shown is the MHD activity, central ion temperature and volume-averaged
density as a function of ime. The main -limiting mechanism in this discharge is the
high-P sawtooth. Increased MHD (n=1 and n=3) activity (around t=15 s) leads to a
diminished rate of rise in B after the crash and to a decline in the central ion temperature
and so contributes to the  saturation.

The high-P sawteeth differ from those at low B in two ways :

1. The associated heat pulse is very rapid with 7,;,~100us instead of ~10 ms.

2. Dominant(1,1), (2,1) and higher m pre- and postcursors are seen, similar to high-
P fishbones but of twice the amplitude. The modes have a ballooning character near
the outer edge with a ratio in amplitude from the low to high B-side of ~10 as seen
by the X-rays. Similar to a normal sawtooth, a high-B sawtooth causes a flattening
of the pressure profile within the q=1 radius.

5. HEAT LOSSES

Like other H-mode discharges in JET the high-B discharge has a confinement time
twice that of the Goldston L-mode [9)]. The observed plasma energy W,,, lies close
to the energy W,; calculated from the effective power input and 1,=2 x 1, { 10}. The
fraction of the losses due to high B sawteeth is 10 to 15% and that due to the inter-
mittently appearing MHD-modes 20 to 30% of the total energy losses. This is
sufficient to prevent further Bincrease since the heating power Pis close to the critical
power required to reach the Troyon limit. The fishbones and especially the sawtooth
events strongly affect the fast particledistribution as measured by the neutron emission
with consequences for future o-particle heating.

The central neutron emission drops by 70 % (Fig.5) and its total rate by 30 % during
a sawtooth [11]. Fishbones are observed which individually cause up to 10% drop in
the global neutron emission. However they occur about 10 imes more frequently than
sawteeth and may contribute appreciably to the central loss of fast particles and energy.
Relatively large heat losses (150 kW) have also been measured by the neutral particle
analyser with losses thatare proportional to the MHD mode amplitude. Measurements
with a multi-channel O-mode reflectometer indicate that high frequency density
fluctuations grow exponentially with B,.. The measurements are carried out between
3.9 and 4.1 m with frequencies ~130 kHz well above the n=1 MHD modes present;
perhaps, indicating high-n ballooning-mode activity.

6. BETA COLLAPSE

In a few JET cases, high B collapses occur triggered or preceded by large n=2 (or

sometimes n=1 or 3) MHD activity with 8B~15 G at the edge, and differ from B-

saturation in various ways [7]:

- adominant (3,2) and other coupled n=2 modes are responsible as seen from SXR
analysis,

- there is a drop in the electron density in contrast to the saturation due to the high
B-sawteeth,

- the central ion temperature and the fast ions are not affected at first.

7. PLASMASTABIUTY

The stability of the high-Bdischarges has been examined with various stability codes
:ERATO[12], HBT[13],BALLOON [14] and FAR code [15]. These stability studies
are discussed more fully in [16). It is found that before a high- sawtooth the central
plasma over more than half its radius is close to or even above the marginal ideal
ballooning stability threshold. The ideal n=1 internal kink is also found to be strongly
unstable for B~ 1 when q, <1. This instability may be linked to the observed (1,1)
instabilities which seem tocause the B-saturation. We have calculated the fast particle
effects on the internal kink. It is found that at the Bvalues reached, the fast particles can
no longer stabilise the internal kink. The operation is outside the Porcelli-Pegoraro
stableregioninthe (¥, ©.,, B, Ph) space withexperimental valuesof (1.0,0.5, 1.5)[17].
In addition, severe fishbone activity is expected in this regime, resulting from the
coupling with high energetic beam ions above 40 keV. It is further found that in the
cases where the B-collapse occurs internal modes of eithern=2 orn=1 structure, appear
1o be responsible for the enhanced plasma losses. These modes have been simulated
by the FAR code where the g-profile has been tuned to match the measured X-ray
fluctuations over the plasma cross-section [16]. In the case where n=1 modes are
dominant, the q-profile had to be relatively flat in the centre with
q(0) = 1.1, supported by Faraday-rotation measurements.

8. CONCLUSIONS: BETA LIMIT

In low q discharges at high B, saturation of the plasma energy is observed without
disruptions. Global n=1 modes in the form of high-B sawieeth and fishbones are
generally responsible for this saturation. Occasionally, B-collapses occur which seem
tobe related to large n=2 ( some- times n=1 or 3 ) MHD modes. Triangular iemperature
profiles exist at the limit, which together with the rather flat density profiles lead to
constant Vp across the plasma. Such peaked pressure profiles are favourable for a
fusion reactor. Both the fishbones and sawteeth strongly affect the fast particle
distribution. This hasimportantconsequences for future a-particle heating, burn control
and wall loading. The role of the ballooning limit in the inner part of the plasma is not
yet clear. Generally good agreement between theoretically predicted intemal modes
and observations at the beta limit, has been obtained. The role of the fast particles on
the beta limit needs further study both theoretically and experimentally. Further
experiments in JET arerequired to see if the beta limit remains a soft limiteven atmuch
higher input powers.



9. REFERENCES

[1] C.Lowry etal, Proc.17th Eur.Conf.on Contr.Fusion & Plasma Phys., Amsterdam
(1950)

[2] J.Wesson et al. Nuclear Fusion 29, 641 (1989)

[3] D.Campbelletal, Proc. 11th Int.Conf. on Plasma Physics and Contr. Nucl. Fusion
Research, Kyoto, Nuclear Fusion Supp. (1987)

[4] A.Gibson, Nuclear Fusion,16 (1976) 546.

[5] P-H.Rebutamd B.Green, Proc. 6th Int.Conf. on Plasma Physics and Contr.Nucl.
Fusion Research, Berchtesgaden, Nuclear Fusion Supp. 1977

[6] F.Troyon, R.Gruber et al, Plasma Phys.& Contr. Fusion 26(1984)209

[7] P.Smeulders et al, Proc.17th Eur.Conf.on Contr.Fusion & Plasma Phys., Am-
sterdam (1990)

[8) J.Ferron etal, Proc.17th Eur.Conf.on Contr.Fusion & Plasma Phys., Amsterdam

1990,

)

[9) R.Goldston, Proc.11th Eur.Conf.on ContrFusion & Plasma Phys., Aachen
(1984)

[10] A.Gibson et al, Proc. 17th Eur.Conf.on Conwr.Fusion & Plasma Phys., Amster-
dam (1990), to be published in Plasma Phys. & Contr.Nucl.Fusion.

[11]F.Marcusetal, Proc.17th Eur.Conf.on Contr Fusion & Plasma Phys., Amsterdam
(1990)

[12]R.Gruber et al, Computer Phys. Commun. 21 (1981) 323

[13]J.P.Goedbloed,G.M.D.Hogewey et al, Proc.10th Int.Conf. on Plasma Phys.and
Contr. Fusion, London 1984, IAEA (1985)165

[14])D.P.O’Brien, C.M.Bishop et al, Proc. 16th Eur. Conf. on Contr.Fusion and
Plasma Phys., Venice (1989)

[15]L.A.Charlton et al, Journal Comp. Phys. 86, 270 (1990)

[16)T.C.Hender et al, Proc.17th Eur. Conf. on Contr. Fusion & Plasma Phys.,
Amsterdam (1990)

[17)F.Porcelli et al, Proc.17th Eur.Conf.on Contr.Fusion & Plasma Phys., Amster-
dam (1990)

06 , :
{OH(C) /NBI(CYO o
an_12/ 0 /

B :I B /ﬁRq_zo //
05 / 7B T e
'00 s 0anm m E%=33
/
041 0@@:‘309/ o ﬂuﬂ/
00 Hoo /
. /
Y 0++¥¢ /
A‘i‘ /
Py
' / /
ll / //
0.2 F /
! /@00// &
@ s OH |NBI | RF [Comb
N / 4
01 ,",’ // Be Limiter OlO0|a]| X%
/,,//
g Be Evaporation| o | ¢ [ a | +
00k 1 1 ! L
0 5 10 15 20

n, R/B, (10¥*m2T-')

2.1 The operating density range for JET shown as nomalised current q“ = nRI /SAB'
L,MA,m?,T] versus normalised density n,R/B [10""’m™,m,T]. Comparison is made between
rbon disruptions (two broken lines at left) and MAREFES with Be evaporation (solid symbols)
d Be limiter (open symbols)

10
Gas | Pellet
237 p05 |Existence 0 b
= “ MARFES | [ X
€ %
2 0 0
o
= 0
— 5 -
§ x
) # gb O
& 0
Co DD D D
x 0
x¥%g *
g
0 1 I §
0 10 20 30
Input Power (MW)
Fig.2. The normalised edge density versus input power showing that the MARFE density limit

occurs at the boundary of the existence region close to the curve n_,_R/B = 237p\2
(10°m?, m, T, MW). B_ varics in the range 1.4 10 2.6 T.

0.07

¢ 1989
© 1988

01987 Troyon

006

005

004

003

002

0.01

Jao4ni2

.00
0 0.0

1
02

q

Fig.3. The maximum toroidal beta (B = 2)1,<p>/B ?) as a function of q, (proportional to nor-

malised current I /B a[MAT,m]), for all discharges with the poloidal beta B,>0.4.
'IhchncutthroyonhmuBr v 0028 1/B a [MA,T,m]. ThchlghcslBlsS.S%

A91



006

005

0.03

0.02

001

000

200

100+

LY

110

0.8

13 14 t(s)

15

10

08

06

04

0.2

00

_107

\
!

14

t(s)

15

L
16

JGR0 48173

Fig.4. Evolution of B., MHD-mode amplitude ﬁ. (top-left); H,_ and magnetic field B, (bottom-left); ion temperature T, volume average density <n >
(top-rightkand injected power P, radiated power P_, for the 5.5 % P discharge, a 2MA Double-Null H-mode at 0.9T with 11MW 80 kV D-
injection into a H plasma. T (0) and T;(0) of 3.5 and 6 keV were obtained in these low q discharges (Q,=2.20rq .~ 1.6)and x of 1.8. Z  slowly
increases in time from 1.3 and levels off at ~2.5. The confinement time t=035s.

1013

# 20881 -5
Before 14 ‘E
t=14.37sec g
3
c
o
23
2
1=

1013

J
(8]

After

N W

I(neutrons/s/cm3)

=y

o

300 & om)

200 JGER.67M18

Fig.5. Cross-sectionsof the plasma neutron emissivity before and after a beta crash. The central
emission drops by 70%. The integration time is 100ms.

A92



TAEA-CN-53/A-5-1

Modelling Impurity Control by Plasma Flows
in the JET Pumped Divertor

M. Keilhacker, E. Deksnis, P. Harbour, P. H. Rebut, R. Simonini,
A. Taroni, G.C. Vlases, M.L. Watkins

Abstract

A pumped divertor is planned for the extension phase of JET (1993 -
96) in order to control impurities during long pulse, high power operation.
Target-produced impurities tend to migrate along the field lines, out of the
divertor, due to temperature gradient forces. This is opp(;sed by the friction
forces arising from the streaming of hydrogen into the divertor. This
problem is studied using both analytic and numerical methods. For the
highest power anticipated, impurities will be trapped by "natural divertor
recycling” only at high scrape-off layer (SOL) densities approaching 1020m3.
At lower densities, a forced flow or "external recirculation” must be
induced, e.g. by shallow pellet injection or gas puffing, to insure impurity
retention. Steady state then requires removal of an equal amount of
neutral flow from the divertor, which imposes fairly severe pumping
requirements. Less flow is needed, for a given SOL density, as the ion
power flow is reduced.

I.  Introduction

The aim of the planned extension of JET (1993 - 1996) is to
demonstrate effective methods of impurity control in operating
conditions relevant to a Next Step Tokamak. The central task of this
phase will be to investigate impurity control in a new divertor
configuration, the primary functions of which are to remove the
principal source of impurities as far from the main plasma as
possible, and to retain the impurities produced at the divertor target
plates. The production of impurities will be minimized by reducing
the divertor plasma temperature as far as possible, and by proper
selection of target plate materials. Retention of the impurities in the
divertor region .will be enhanced by inducing a strong flow of
deuterium towards the target plates.

The general features of the proposed divertor are illustrated in
Fig. 1. It is of the "open” type, with Beryllium-clad, water-cooled
(Hypervapotron) copper target plates. The in-vessel four-coil system
allows both for horizontal sweeping of the plasma along the target to
spread the heat load, and for vertical motion of the X-point to vary
the connection length and plasma volume. The possible divertor
configurations span the range from a “slim" 6 MA plasma (total
divertor coil current of 1.8 MA) with a connection length in the
divertor region, corresponding to a field line 1 cm away from the
separatrix in the equatorial plane, of about 6.7 m, to a "fat" 6 MA
plasma (divertor current of 0.74 MA) with a connection length 3.5 m.

Impurities produced at the target plates are subject to several
forces, the most important of which, in steady state, are the ion
thermal force, directed away from the target plates, the deuterium-
impurity friction force towards the target, and the impurity pressure
gradient force which arises to establish a force balance. The ion
thermal force is determined principally by the ion heat flow in the
scrape-off layer (SOL), while the counter-acting friction force depends
on the magnitude and spatial distribution along the field (coordinate
s) of the deuterium particle flux, I'(s), and is inversely proportional
to the ion temperature to the 3/2 power. Thus the friction force can
in principle be set at a level sufficient to overcome the thermal force.
From global balance considerations of the SOL and the divertor
channel plasma (DCP), the magnitude of the flux at the divertor
target plate, I'y, is determined by the mid-plane SOL plasma density
and the power flow in the SOL. The form of I'(s), denoted
f(s)=T(s) /Ty, is controlled by the hydrogen particle source

distribution in the SOL and the DCP as sketched in Fig. 2. In the
"local recycling” zone, which extends approximately one effective
ionization length normal to the target, ' (s) increases rapidly going
towards the plate, due to jonization of neutrals emanating from the
target plates. Some of the neutrals, however, are not locally recycled,
but escape and then may re-enter the DCP further up the flux tube
via reflection from the side walls, or transmission across the private
flux region. We refer to this as "distant recycling”. It extends the
region of significant hydrogen flux further from the target plates,
thus enhancing the effectiveness of the friction force term. Case a of
Fig. 2 corresponds to purely local recycling at the target plates, while
Case b corresponds to roughly half of the target plate flux being
uniformly “distantly recycled" between the local recycling zone and
the X-point. The relative amount and distribution of the distantly
recycled particles depend both on divertor plasma conditions and on
divertor geometry.

1t is also possible, in principle, to extract some of the incident
neutralized ion flux from the targets and directly “recirculate” it, e.g.
by baffles, into the X-point region, as was suggested in Ref. [1]. This
would produce a (s) distribution as shown in Case c, Fig. 2. Finally
it may be necessary in some cases, for impurity retention, to induce a
moderate ['(s) in the SOL, in excess of the natural flow from the
main plasma, by strong gas puffing or shallow pellet injection. This
imposed flow, which we term “external recirculation”, would
require pumping of an equivalent neutral flux from the divertor
chamber to maintain a steady state. The resulting flux distribution is
shown as Case d.

The purpose of this paper is to determine the conditions under
which the recycling (local plus distant) is sufficient to retain target-
produced impurities in the divertor, and to calculate the amount of
additional "recirculation” flow required when the "natural” flow is
insufficient. We begin (Section 2) with a simple analytic model
which elucidates the most important physical processes. This is
followed by a discussion of the full 1-1/2 code and its results (Sect. 3).
Conclusions are drawn in Section 4.

O. Impurity Retention Overview

Impurity retention in the divertor may be estimated by examining
the magnitude of the different forces on the impurity ions as given
by the steady state momentum equation

dv,
*ds

d, myn (v;—-v dT, dT;
=—£+nzZeE+_—z (Vi ‘)+n,a,E‘+n;B,E'. Q

mn,v
r-]

Here we have considered a single impurity species of charge
state Z, mass mgz, density nz, temperature Tz, pressure pz, and flow
speed v;. The simplification to a single charge state is well justified,
because the most important forces acting on the impurity all scale
approximately as Z2, and thus their ratio is independent of Z. The
subscripts e and i refer to the electrons and the hydrogenic ions, and
1z is the hydrogenic ion-impurity collision time. The forces on the
right hand side of Eq. (1) are due to the impurity pressure gradient,
where pz = nzTgz, the electric field E, the frictional force, and the
thermal forces with coefficients a; for electrons and P, for jons.

This equation, along with the other appropriate conservation
equations, are solved in detail using a 1-1/2 code, as discussed in
Section 3. To gain insight into those results, however, we begin with
a simplified analytic description of the impurity distribution, as
deduced from Eq. (1) in the trace approximation, where the
hydrogenic flow is specified a priori, and is not affected by the
impurities.

The electric field may be eliminated from Eq. (1) by using the
electron momentum equation and taking the electron pressure to be

nearly constant along s. In addition, we take d:s‘ =0 and T = Tj, so
that Eq. (1) becomes.
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with &z = 0.7122, and B, = 1.76Z2 for the case of Beryllium with Z =3
[2].

For most cases of interest VTe « VTj, since they are both
determined by classical heat conduction and xje » Ky, so that we can
neglect the VTe term in Eq (2). In addition, we take v, = fyvi as a
further simplification, where fy =0 everywhere except in a thin
impurity ionization zone near the target. Integrating the resulting
equation gives

ns)__ [ k.
n (O)—exp{ JﬂFﬁds+LFr,ds} @
with Fﬁ(s)=C,-Zz% m, @
i\s
and Fri(s)=(B, - 1)%% ml, ©)

Note that Fg and Frj are inverse local scale lengths associated
with the friction and thermal forces, respectively. Here and in the
following, the units are MKS, except for Tj, which is expressed in eV.
The value of Cy is then 1.2 x 10-20.

For a large enough deuterium flux, I', the impurity density
decreases going towards the X-point until the point where I'(s),
determined by the distribution of recirculated neutrals, becomes
small enough that F < Fri. Beyond that point, nz(s) begins to
increase. Fig. 2b shows qualitatively the behaviour of the solution
for the four source distributions of Fig. 2a. If we adopt the criterion
that nz(L)/nz(0) be less than a certain value, say e-3, the criterion for
retention of impurities becomes

[} Ftsydsz [ Frtods +3. ©

In order to carry out the integrals, the hydrogenic ion
temperature and particle flux distributions along s must be specified.
The latter is postulated, and then checked by a Monte-Carlo
calculation, as described in section 3. The temperature is governed by
both conduction and convection, and is given, to close approxima-
tion, by

Tis)/? = Z(qi] s+T,7 72 @
2{ K,y
where qeff = .6 gj, the ion heat flow per unit area, for values of
recirculated ' near the minimum required to entrench the
impurities [3], Tq; is the divertor ion temperature, and Ko, is a
constant.

Combining equations (4), (5), and (7), shows that the ratio of the
ion friction and thermo-electric terms scales approximately as

F.
7%%" I(s)-(s+5,)%7, ®

K. .
where 5o = %[ﬁ]ﬂﬁw 2,
eff

Consider the case I'(s) ~ constant over some interval,for
example Case c of Fig. 2. Because of the relatively weak variation of
Fi/F1i with s, it can be shifted from less than one to greater than one
over most of the interval by a small change in I'. Thus, one can go
from a case of very poor impurity retention to good retention with
small changes in I' which extend over long distances, e.g. by distant
recycling and/or external recirculation.

Incorporating equations (4), (5) and (7) into (6) yields, as the
criterion for retention of impurities,
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The target flux, 'y, is determined by specifying the mid-plane
or, more generally, the stagnation point separatrix plasma density np,

and the parallel heat fluxes, qje and qyj, using a model similar to that
of Ref. [4]. For given power into the divertor and very high values of
np, It is sufficiently high that local plus distant recycling alone is
sufficient to satisfy relation (9) for the proposed divertor geometry.
As ny, is decreased for a given power, Ty decreases and Tg; increases,
which tends to reduce the left hand side of relation (9). In order to
retain impurities, I'(s) must be "extended” further up the field line,
either by (single point) recirculation, e.g. at the X-point (Case c), or by
injection of particles uniformly into the SOL (Case d).

For X-point injection, the flux required for impurity retention
is

2( 79 7 2 L
2 Z(B,-1ln| 1+— [+3
5 7\ 2K, ; 7 S, (10)
: szz [(Sx +So )2/7 - 502/7] .

The relation (10) assumes Iy is constant along s, and thus does
not include the contribution of the local high recycling region,
which is small for I’y non-negligible compared with T't.

Relation (10) implies that the minimum required flux can be
written

Tx ~qef®/? f(Qeff, Tdi» Sx L) an

where the variation of f with its arguments is small. For example, a
change of qeff by a factor of 10 changes f by only 5 %. Furthermore, a
factor of 4 variation in Tgi changes f by 20%, while doubling the
distance to the injection point, sx, from 4m to 8m reduces f by ~25%.

Thus, as the main result, this simple analysis predicts that for
the case of single point recirculation at the X-point, the required I'x
depends primarily on the ion heat flow and somewhat less strongly
on the connection length. I'y scales as P;5/7 - 5,-2/7 for §,2/7 >> 5¢2/7.

We note that the electron temperature does not enter this
analysis directly, since the dominant forces are associated with the
ions. However, the electron temperature and density in the divertor
are important in that they determine the fraction of neutrals that is
distantly recycled, rather than locally, and thus they control the
amount of "recirculation", which must be added to retain
impurities.

The integrals in Eq. (3) can be evaluated for simple ['(s) other
than the step function form corresponding to relation (10), without
changing the basic scaling appreciably. For example, for uniform
injection into the DCP between s=0 and sx, corresponding
approximately to the expected distant recycling pattern at low SOL
densities, the required flow is increased by 35% relative to X-point
injection, while uniform injection into the SOL between sy and L
(external recirculation) reduces I'y by about 23%.

L Code Calculations of Impurity Retention

a) The Model
To study the requirements for effective impurity control in more
detail a 1-1/2D mode! (EDGEI1D) of the plasma boundary in the
proposed pumped divertor configuration has been developed. (For a
detailed description of the model see Ref. [5].). The model is based on
the plasma model of the JET 2D boundary code EDGE2D [6] and the
impurity model of Ref. [7]. The latter is valid for arbitrarily high
impurity concentrations.

Fluid equations for the conservation of particles, momentum
and energy along the magnetic field are solved for electrons,



hydrogenic ions and impurity ions. Transport coefficients, friction,
thermal forces and electric fields (not necessarily ambipolar) are
classical [8] and allow for arbitrarily high impurity concentrations [7].
In general, the full non-coronal distribution of impurity charge
states and the corresponding radiated energy losses are determined.
A single impurity temperature, set equal to the hydrogen
temperature, is assumed. The electron density is evaluated from
quasi-neutrality.

For the boundary conditions at the target plates the Bohm
condition is adopted, i.e. it is assumed that hydrogenic and impurity
ions reach their sound speed at the plates. The heat fluxes at the
plates are prescribed with the appropriate energy transmission
coefficients for a two component plasma.

Transport transverse to the magnetic field is replaced by
specified temperature and density profiles assumed to decay
exponentially outwards from the separatrix with decay lengths, A1 =
1.5 ecm and Ap = 1 cm, respectively. The width, 8 =3 AT, of the SOL
plasma is chosen such that the residual fluxes are negligible.

A full 2-D Monte Carlo code (NIMBUS) [9] is retained for the
sources of neutral particles. Deuterium particles are recycled at the
target plates as neutrals. The Monte Carlo code defines the spatial
distribution of the ionisation sources in the vicinity of the target
plates. To enhance the plasma flow in the divertor region, some of
the recycled neutrals are removed and recirculated into the scrape-
off layer as plasma ions, with prescribed spatial distribution along
the separatrix.

The Monte Carlo code defines also the spatial distribution of
the impurity sources due to erosion at the target plates. Impurity
atoms are generated by sputtering due to plasma ions and neutrals of
any species. An effective sputtering coefficient is taken into account
following Ref. [10]. However, it is also possible to normalise the
source of impurities to their outgoing flux onto the target plates,
thus implying a prescribed impurity content.

Work is currently in progress to implement a full 2-D version
of the plasma flow, including impurities at arbitrary concentrations.

b) Numerical Results
As an example, we now discuss results of calculations based on the
"slim" divertor configuration. Figure 3 shows the corresponding
computational mesh and the most important input parameters. As a
"reference” case we choose a total input power of 40 MW,
corresponding to the maximum available power in JET. This power
is shared equally between the ions and electrons (Pe = P;) and is
input uniformly along the separatrix into the SOL. The calculations
are for beryllium impurities which are produced self-consistently by
sputtering from the target plates. The magnitude of the externally
recirculated flux is varied parametrically and, in most cases, is
injected uniformly along the separatrix from the main plasma into
the SOL. For given ny, Pj, Pe and external recirculation fraction fr of
the target flux, all other SOL and DCP parameters are determined.
Figure 4 shows calculated profiles of the deuterium and total
impurity densities, the ion and electron temperatures, and the
principal forces acting on the impurity ions as functions of the
distance along the field line from the outside target for runs typical
of poor (run 724) and good (run 712) impurity retention. It can be
seen that for run 724, a large fraction of the impurities accumulate in
the SOL adjacent to the main plasma. To quantify the degree of
impurity retention we use the ratio of the number of beryllium ions
retained in the two divertor regions to the total number in the SOL
and DCP; we call this ratio 1(%). The two cases displayed in Fig. 4
differ mainly in the level of external recirculation, and only slightly
in the separatrix stagnation point density (np, = 8.3 and 9.1 x 1019m-3,
respectively). For run 724 there was no external recirculation while
for run 712 10% of the target flux was extracted and reinjected
uniformly into the SOL. It can be seen that this relatively small
external recirculation makes a major change in the retention,
increasing n from 16% to 92%.

The second set of frames for Fig. 4 shows the electron and ion
temperatures. In all our simulations the ion temperature in the SOL
is higher than that of the electrons, mainly due to the lower ion
thermal conductivity along field lines. The increased ion
temperature near the stagnation point in run 724 arises from the
high impurity density there, and the dependence of thermal
conductivity on the effective charge state. The prediction that the ion
temperature in the SOL should exceed the electron temperature is in
agreement with experimental observations in JET [11]. Also the
temperatures near the target plates are in the 10-20 eV range at
higher edge densities and correspondingly larger hydrogen fluxes to
the targets.

The third frame of Fig. 4 shows the force balance. For fr = 0, the
distribution of T', which arises from recycling alone, does not
provide a large enough integrated friction force to retain the
impurities, and they accumulate near the point of maximum
temperature, with the impurity pressure gradient force balancing the
ion thermal force. For fg = 0.1, the external recirculation extends the
range of the friction force sufficiently to enable it to overcome the
thermal force all the way to the SOL, and the impurities are
effectively retained in the DCP. The fourth frame shows the
distribution of fluxes, on an enlarged scale, for the two cases. It can be
seen that the change in the level of the flux is small compared to the
target fluxes (which are off scale, and correspond to 7.0 and 6.0 x
1024m-2s-1, respectively), but nevertheless the impurity distribution
is completely altered.

Relation (9), which gives the criterion for impurity retention,
can be satisfied in either of two ways. One can increase the target flux
It to a large value, which occurs automatically at very high SOL
densities. Alternatively, when operating at moderate SOL densities,
and hence moderate target fluxes, the integral can be increased by
extending the range of I" by the combined effects of distant recycling
and, when necessary, external recirculation. Figure 5 shows the
distribution of flux for four different code runs, corresponding to
different target fluxes and distributions. Each of these runs produced
retention greater than 90%, achieved by different combinations of
target flux and external recirculation, as indicated on the figure.
Figure 5b displays the normalized flux, = T'(s)/Tt, which shows its
“extension”, and hence the extension of the friction force, to larger
values of s by the use of uniform external recirculation in the SOL.
Figure 5a shows the non-normalized flux, I'(s), and indicates that the
values of the actual local I'(s) over much of the divertor plasma (0 to
8m) are roughly similar, in agreement with the predictions of the
analytic model.

Figure 6 summarizes the results of an extensive set of runs. Fig.
6a shows the fraction, fr, of the target flux I'y which must be
externally recirculated in order to retain 90% of the impurities in the
DCP versus SOL density , np, for three values of the total (to both
targets) ion heat flow, 20 MW, 10 MW and 5 MW. A simple SOL
model (e.g. that of Ref. [4]) shows that I't ~ ny2 for T > 15 ev. Thus,
at high values of nyp, I't is very large and the friction force integral
arising from the natural recycling which occurs is sufficient to retain
impurities. As the edge density is decreased, I'y decreases and an
increasingly large flow fraction fr must be externally recirculated.
The required recirculated flow itself, however, becomes relatively

independent of density for low and medium ny, (Fig. 6b), consistent
with Equs. (10) and (11). Under these conditions the required

externally recirculated flow is fairly large and is probably not
compatible with achievable steady state pumping rates.

The solid curves of Fig. 6 are results obtained by using a self-
consistent beryllium sputtering model. In those simulations, the
ratio of the total number of beryllium ions to deuterium ions in the
edge plasma decreases from 1,5% at the lower densities to 0.1% at ny,
= 1x 1020m-3. Since these values are somewhat lower than those
which have been observed in JET experiments with beryllium to
date, we have repeated the simulations with a fixed relative
impurity content of 1.5% and the results are shown as dashed lines
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in Fig. 6a. In this case, the required fractions fR are increased slightly.

The situation is somewhat improved for reduced power flows,
as can be seen from the graphs in Fig. 6. Lower values of fgr are
required for a given SOL density, ny. This arises in part because the
divertor density falls substantially. This increases the distant
recycling in the divertor and reduces the flow which must be
provided by external recirculation. This effect is illustrated in Fig. 7,
which shows the fraction of neutrals, which emanate from the plate
and are reionized in the DCP, as a function of computational mesh
point (as shown in Fig. 3). For high power, most of the ionization
occurs very near the target, whereas at lower power, the effective
range of ionization extends much further along the DCP. The
increased effective ionization range also increases the fraction of
neutrals which are pumped by the cryopump.

Preliminary results from the code indicate that the flow
requirements for the "fat" magnetic configuration are relatively
unchanged from those of the "slim" magnetic configuration
described above.

IV. Conclusions

The entrenchment of impurities in a forced flow of plasma towards
the target plates is a candidate concept for impurity control in Next
Step Tokamaks, and is the focus of the Pumped Divertor planned for
JET. Analysis shows that the effectiveness of the friction force in
overcoming the ion thermal force is strongly reduced at high ion
temperature in the SOL, which occurs at high ion power flows (P;).
The hydrogenic flow required for effective impurity retention
increases approximately as P;3/7. At high SOL densities, recycling at
the target plates is very high, and this "natural" recycling flux is
sufficient to retain the impurities effectively. At moderate and low
SOL densities, however, the “"natural" recycling flux must be
augmented by “"external recirculation" to retain impurities. The
fraction of the target flux needed for impurity retention increases as
density decreases, but decreases with decreasing ion power flow.
Pumping the required external recirculation flows is likely to be
possible only at rather high edge densities, approaching np ~1020m-3.
The situation improves at lower P;. Operation with clean plasmas is
likely, therefore, only at high densities. This may have severe
consequences, e.g. for current drive.

First steps towards validating these complex SOL models have
been taken by establishing consistency with observed edge data in
JET X-point operation [11]. In particular, the predicted conditions T; >
Te in the SOL, and divertor temperatures Teg in the range 10- 20 eV
at high np, have been observed.
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FIG. 1. Schematic Diagram of the JET Pumped Divertor
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FIG. 2. Sketch of the Behaviour of the Hydrogenic Flux to
the Target (above) and the Resulting Impurity Distribution
(below) for Various Recirculation Patterns. s is the distance
along a field line from the target, while si, sx, and L refer
to the effective ionization length, connection length, and
stagnation point locations.
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COMPARISON OF BERYLLIUM AND GRAPHITE FIRST-WALLS IN JET

Abstract

JET has operated with beryllium as a first-wall material in 1989 and 1990.
An initial period with beryllium evaporation onto the original graphite
surfaces was followed by operation with beryllium belt-limiter tiles.
Beryllium Faraday shields for the ICRH antennae and lower X-point target
tiles were installed for experiments in 1990. The use of beryllium has
increased the density limit, significantly reduced deconditioning following
disruptions, allowed heavy gas fuelling for impurity control, reduced the
impurity influx from the ICRH antennae so that ICRH-only H modes were
possible for the first time and permitted hot-ion plasmas on the outer
limiters. This paper describes the primary effects of beryllium which led to
these improvements in performance.

1. INTRODUCTION

JET has used graphite limiters, X-point target plates and vessel protection
tiles since the start of operation. Although high performance plasmas have
been obtained, it has become apparent that the lack of density control, the
fuel dilution, radiative density limit and the "carbon bloom" all present
serious obstacles to the development of the JET programme. Beryllium was
proposed [1] for JET as an alternative to graphite in order to circumvent
some of the these difficulties. It has the obvious advantage that its nuclear
charge (and so radiative cooling rate) is lower than carbon whilst having
physical sputtering yields which are similar to graphite. Although
beryllium melts at a very much lower temperature than graphite sublimes,
this disadvantage is offset by its higher thermal conductivity and the
phenomenon of "radiation enhanced sublimation” in graphite. Pilot

experiments with beryllium limiters were conducted on the UNITOR [2]

and ISX-B [3] tokamaks. The results of these experiments were sufficiently

encouraging that the decision was made early in 1989 to conduct the
beryllium experiment on JET.

There have been four experimental phases of the beryllium
experiment:

(i) A graphite only phase which was used to bring the machine back into
operation following the 1988/89 shut-down. Since the machine was
poorly conditioned in this phase, data representative of graphite
operation is taken from 1988 experiments.

(ii) The beryllium evaporation phase was intended to separate the
gettering effect of beryllium from its use as a material limiter. Four
evaporators, equispaced in the mid-plane of the machine, were used to
deposit a layer about 150 A thick on the inside wall and about ten times
that on surfaces near to the evaporators. The evaporations were
performed overnight in order not to interrupt tokamak operation.

(iii) The beryllium limiter phase saw the replacement of the graphite tiles
in the two outer belt-limiters by beryllium components. Evaporation
continued to be used to coat the ICRH antennae, the X-point target tiles
and the inner-wall.

iv) In 1990 the nickel Faraday shields of the ICRH antennae were replaced
by beryllium components and a trial set of lower x-point targets were
constructed out of tiles originally intended for the protective frame
around the ICRH antennae.

This paper describes the primary effects of the use of beryllium and
-ompares them with observations from the graphite only phase. The
resulting high performance plasmas are described in greater detail in the
other JET papers which are presented at this conference [4,5,6,7,8)-

2. IMPURITY SOURCES

2.1 Graphite Only Phase

Although there was some variability, according to the kind of operation and
its timing relative to vessel vents, the sources of carbon and nickel during
operation with graphite surfaces were consistent with expectations based on
laboratory sputtering data. The effective yield of carbon (which is defined as
the ratio of the carbon to deuterium source rates) falls from about 8% at low
density to 4% near the high density limit, as shown in Fig. 1. As the input
power is increased, the effective yield curve moves to higher density.
Calculations of the effective yield, which take account of self sputtering and
use Langmuir probe data for the boundary plasma conditions, give a
satisfactory account of the experimental data [9]. Measurements of the
amount of erosion found at the wettest part of the limiters are in general
agreement with this picture. For the main part, the nickel source emanated
from the ICRH Faraday shields. Again, when use was made of a model for
the plasma in front of the antenna and the circuit formed between it and the
Faraday shields, the data could be described by sputtering [10}. Sputtering of
nickel by carbon is an important component of the ICRH induced nickel
source.

Oxygen and chlorine behave quite differently from carbon and nickel.
Both depend on the conditioning history of the machine. The sources are
strongest close to the density limit. An interesting result, which became
apparent after the beryllium gettering, is that a significant proportion of the
carbon source is due to sputtering by oxygen, (which has a yield close to
unity). Thus, periods close to major vents, such as that early in 1989, are
characterised by larger effective sputtering yields for carbon than when the
surfaces are well conditioned.

22 Beryllium Evaporation

The most obvious effect of the beryllium evaporation was the almost total
disappearance of the oxygen source due to gettering. For otherwise similar
plasma conditions, the OII signal fell by a factor of more than 20, the carbon
source was also reduced; a factor of two being typical. Whilst this could be
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due to the coverage of graphite surfaces with beryllium, modelling of this
and the variability in the graphite phase suggests that it is the elimination of
oxygen sputtering which is responsible. Once beryllium had been
introduced in the vacuum vessel, chlorine became the next most important
impurity instead of oxygen.

Following an evaporation, the beryllium film would be removed from
the region of the limiters in contact with the plasma in a few pulses. In the
course of these pulses, the carbon source increased with the exposed graphite
surface area. Subsequently there would be very little development in any of
the impurity sources over periods of at least 40 pulses. The coating of the
ICRH Faraday shields by beryllium reduced the nickel source and would
gradually deteriorate over 10-20 pulses.

2.3 Beryllium Limiter Phase

The installation of the beryllium limiters had the obvious effect, for limiter
plasmas at least, of replacing the carbon source by beryllium. This further
reduction in the carbon source and its consequent effect on the ICRH
antennae brought about the virtual elimination of the nickel influx from
the Faraday shields. As will be described later, the improvement in the
operating range with ICRH was dramatic.

The beryllium effective yield behaves in a similar fashion with density
and power to that of carbon, as shown in Fig. 2. However, the yield is as
much as 2-3 times greater at the low density end of the curve than that
anticipated from normal incidence physical sputtering. The boundary ion
temperature is inferred from measurements to be much greater than that of
the electrons in these plasmas. A possible result of this is that the ions
arrive at the limiter surface at grazing incidence so that the effective yield is
enhanced, particularly by self-sputtering.

Both carbon and beryllium limiters had hot spots at which sublimation
or evaporation took place. The effective yields described above pertain to
power levels and regions of the limiters which are not significantly affected
by hot spots. The impurity source from the hot spots causes the “carbon (or
beryllium) bloom" which has a severe effect on high performance plasmas
[11].

The beryllium X-point targets have been used for plasma experiments
but, at the time of writing, the results have not yet been evaluated.

3. IMPURITY CONCENTRATIONS AND PLASMA RADIATION

The impurity concentrations observed in the different phases of operation
can be broadly summarised by remarking that the effective yield for all the
impurity species is nearly identical with the ratio of the core density of that
species to the deuteron density. This is a somewhat surprising result
because the ionization lengths for each of the species involved are quite
different. Nevertheless, the relationship holds for the spectroscopically
derived particle sources and the density ratios ne/np and ng./np as shown in
the lower halves of Figs. 1and 2.

The deuterium pumping conferred by the beryllium limiter allows
heavy gas fuelling to be used to reduce impurity concentrations during high
power heating. This gas fuelling has little effect on the density of the core
plasma but does raise the density at the boundary. The discharges used in
Fig. 2 had just enough fuelling to sustain the line density by feedback.
However it should be noted that the effective yield and the Zy value can by
multi-valued at a given density. Interestingly, the relationship between the
effective yield and ng./np is maintained during the heavy fuelling. This
shows that its effect must be to reduce the overall particle confinement time.
The mechanism behind this is not understood and is being investigated.

The radiated power is measured with bolometers and VUV/XUV
survey spectrometers. The sum of radiation components from each species,
calculated from selected line strengths, give good agreement with the
bolometric total radiated power.

With graphite limiters the radiated power accounted for 30-100% of the
input power even with beryllium evaporation. Carbon and oxygen
contributed the bulk of the radiation prior to the introduction of beryllium.
In the evaporation phase, chlorine became an important radiator,
particularly near the density limit, and carbon provided the rest.

Plasmas on the beryllium limiters radiate 15-60% of the input power
with the lower end of the range being typical. Only chlorine and beryllium
contribute significantly. During operation, the chlorine was gradually
eliminated and thus led to a considerable improvement in the density limit,
which is described in the next section. Thus the lower charge of beryllium,
compared with that of carbon, has conferred a definite advantage by
reducing the radiated power and increasing the operating range.

4. THE DENSITY LIMIT

The density limit is determined by the loss of thermal stability when the
radiated power becomes a substantial fraction of the input power. A
MAREFE forms, whereupoon the plasma column either contracts radially
until it becomes MHD unstable and disrupts or the MARFE ejects which
ejects a sufficient number of particles that thermal stability and poloidal
symmetry are restored without a plasma disruption. In JET the former
behaviour is associated with graphite limiters and the radial contraction
occurs when the radiated power is 100% of the input. The softer limit is
observed with beryllium limiters and is triggered when 50-60% of the power
is radiated. During the MARFEing phase the radiation can exceed 100% of
the input.

The Ohmic heating density limit on the beryllium limiters at qy ~ 3.8
and Ip = 3MA, was improved by 50% over the best value achieved with the
graphite limiters. Reducing the field to (1.55) T, so that qy ~ 2.6 was obtained,
increased the density limit by a further 20%. The line average density was
0.6x102%m-3,

In the graphite phase, NBH could be used to increase the density limit.
As expected from simple power balance arguments, the density increases as
the square root of the total input power. On the other hand, with ICRH the



limit remained close to the Ohmic value because of the impurity influx
from the antennae. However, the beryllium evaporation coated the Faraday
shields sufficiently that the performance with ICRH became identical to that
with NBH. When the beryllium limiter was introduced the impurity influx
was so reduced that ICRH only H-modes became possible for the first time.

S. PLASMA PUMPING

Density control with graphite surfaces had always been a problem in JET

because the recycling coefficient was close to unity. As shown in Fig. 3, the

characteristic decay time for the deuteron density, when the gas feed was
switched off, was typically 30 seconds. The density control could be
improved for a few pulses by conditioning the limiter with helium plasmas.

Beryllium evaporation caused a long term change in this behaviour
and the density decay time dropped to about 5-12 seconds. It can be seen in
Fig. 3 that the pumping was still effective after one days operation, although
the decay time would approximately double. The beryllium limiters
brought about a further improvement and the pumping time fell to 1-2
seconds. Some temporary deconditioning would occur after very high
power (>30MW) heating. Helium plasmas are also pumped by the
beryllium limiters but not at all by the graphite (even with beryllium
evaporation). The density decay rates are fairly similar to those of
deuterium.

In respect of the deuterium pumping, JET with beryllium is very
similar to other all metal tokamaks. This pumping brings about the
following improvements in plasma operation:

(i) Effective density control is possible,

(ii) as noted earlier, large influxes of deuterium can be used to control
impurities during additional heating without a consequent density rise
and

(iii) the deconditioning effect of MARFE's or disruptions has been
significantly reduced.

With graphite limiters, gas desorption in pulses subsequent to a major
disruption would often be sufficient to prevent plasma start-up. It often
proved necessary to recondition the chamber by GDC in helium for a few
hours. This loss of experimental time has largely been eliminated by the
used of beryllium, either because the gas load following a disruption is
reduced or because of the pumping of the following start-up. Many more
high performance pulses can be obtained in a session as a result.

The pressure in the torus falls off as ~ t975¢01 following a plasma shot
with beryllium surfaces. At least 80% of the deuterium used is recovered in
the pumps. From the time dependence of the D, and DH fractions, it is
concluded that the gas release is recombination dominated.

6. CONCLUSIONS

JET has been successfully operated with beryllium evaporation onto
graphite surfaces and with beryllium limiters, ICRH Faraday shields and X-
point target tiles. Although hot spots and surface melting have been
observed on the beryllium components, the plasmas can be optimised so
that improved performance over the graphite phase is obtained.

Beryllium has shown itself to be a viable replacement for graphite as a
plasma facing material. Applications can be seen for both in the first wall of
a next step tokamak. However neither material can satisfactorily match the
requirements for divertor target tiles, because of the problem of blooms,
unless most of the power is radiated from the target plasma. The
demonstration of a divertor configuration consistent with the requirements
of next step tokamaks is the goal of the proposed pumped divertor phase of
JET.
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ICRF HEATING IN REACTOR GRADE PLASMAS.
Abstract

Impurity influxes in JET discharges due to ICRH have been reduced
to insignificant levels. This has allowed high quality H—modes to be
produced with ICRH alone and has enhanced the density limit which is
now the same as the NBI limit. Improvement in the deuterium fuel
fraction has led to the generation of 100kW of non thermal 3He-D fusion
power. Alpha—particle simulations using MeV ions created by ICRH show
classical energy loss and suggest that a—heating in a reactor will be highly
efficient. A clear demonstration of TTMP damping of the fast wave in
high beta plasmas has been achieved. A broadband ICRH system is
proposed for NET/ITER which will allow fast wave current drive and
central ion heating for burn control and ignition.

1. Introduction

During JET operation in late 1989 and 1990 the impurity problems
associated directly with ICRF heating have been eliminated for all
practical purposes. This has been due mainly to beryllium gettering of the
nickel RF antenna screens and their subsequent replacement by screens
with Be elements. Other important measures to reduce sputtering from
the screens have been dipole antenna phasing and alignment of the screen
elements with the magnetic field. These improvements have enabled
ICRH on JET to make substantial advances in several important areas of
plasma performance and these are described in the present paper. For the
first time, long 'elm'—free H—modes have been created by minority ICRH
alone and have identical characteristics with those produced by neutral
beam injection. Similarly, the density limit no longer depends on the type
of additional heating. Fast ions created by ICRH have been used to
produce 100kW of fusion power from non—thermal 3He—D fusion reactions
and to simulate the behaviour of a—particles in a reactor. Section 5 shows
the results of Be influx measurements and section 6 describes a
demonstration of TTMP absorbtion of 48MHz fast magnetosonic waves in
high beta plasmas. The final section describes a proposal for NET/ITER
of a broadband ICRH system operating between 17MHz to 40MHz to give
i1:a\st. wave current drive, central bulk ion heating and non—thermal D-T
usion.

2. H—modes produced by ICRH alone

An example of an H-mode created by RF alone in a double—null
X—point plasma with 1,=3MA, B,=2.8T is shown in fig.1. The RF power
was 7MW and dipole phasing was used. The Da signal shows the H-mode
to extend for 1.3s during which time the energy content given by the
diamagnetic loop reaches 6MJ. Comparison with the energy oita.ined from
ma%netic analysis suggests that 1.3MJ of this is due to fast ions. The
coniinement time of the thermal component alone is 0.7s which is twice
the Goldstone L—mode value and i3 similar to values obtained with
neutral beam injection (NBI) for the same power level. In fig 1 the central
electron temperature reached 9.5keV at the end of the H—mode when the
central density had risen to 3.7x10!%m3. Monopole phasing (P=10MW)
also produces H—modes and, in some of these, Monster sawteeth occur.

These experiments were assisted by a new feedback system which
keeps the coupling restance (R.) constant by controlling the separation
(Xa in fig. 1) of the last closed flux surface from the antenna. In pulse
21906 the requested 3.5 ohm coupling was maintained across the L—H
transition and throughout the H-mode phase by plasma movements of the
order of 0.01m. Without feedback control R is reduced by a factor of
three during the H—mode causing generator trips and RF power loss[1].

3. 3He-D non—thermal fusion experiments

The fusion reaction 3He + D -+ 4He(3.6MeV) + p(14.7MeV) has been
studied in JET using 3He minority ICRH. The first experiments with
carbon coating of the vessel achieved 60kW of fusion power [2]. Recently,
experiments with Be coating have reached 100kW as shown in fig 2a. The
maximum value of Q (=Pyus/Prr) was 1% (fig 2b). The later results were
obtained with I = 3MA, B, = (3.0-3.4)T, ne(0)~4x10"m=3 and
Pri<14MW. As previously, the reaction rate was measured by detecting
the 16.6MeV y—rays from the weak branch 3He + D - 5Li + 7. In most
discharges the ICRF resonance was on axis. Some data were taken with
off—axis heating to reduce the power density and test for heating of the
3He ions beyond the energy for maximum fusion rate (~0.5MeV). The
yields were similar with on and off-axis heating implying that the 3He
energy was about optimum. A Stix code [2] agrees well with the yields in
the carbon vessel for a fuelling ratio ng/ne ~ 0.4. To fit the data with Be
gettering this model requires ng/ne~0.7 which is consistent with Zegr ~ 2.5
compared with Zegr ~ 3.5 previously.

4. Alpha—particle simulation studies

Minority ions created by ICRH in JET can reach MeV energies. The
anisotropic distribution allows their energy content to be deduced from
diamagnetic loop and Shafranov shift measurements. The energy content
can then be compared with theory to test for non—classical loss processes
which might reduce the a—particle heating in a reactor. Such comparisons
have been made for near steady state Monster sawtooth data which avoids
fast ion redistribution by sawteeth. Results are shown in figs 3a and 3b for
H-—minority ions. Values of W, are plotted against model calculations
which assume a) an RF power density of Gaussian form with a width of
0.3m, b) that 65% of P is absorbed by the minority (as deduced from
modulation experiments) and c) that the fast ions form a StixLB]
distribution on each flux surface. This basic model is supplemented by
corrections for the effect of the fast ion orbits on the slowing down time.
The slowing down time is averaged over both the orbit and the energy
distribution. Fig 3a shows Wyas compared with the results of the basic
model only which generally overestimates Wa5. However, including orbit
effects gives excellent agreement (fig. 3b). A lower limit of 25 is placed on
any anomalous loss time which implies that a—particles in a reactor will
yield all their energy to the plasma, at least in the absence of mhd.
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5. Beryllium influx from the antenna screcns

It is well known that impufity fluxes are released from the screens of
powered ICRF antennae on JET. The flux depends on antenna voltage,
the plasma density near the screen, the angle of the screen bars to the
magnetic field, the phasing and the screen material. The sensitivity to
voltage and phasing are illustrated in fig 4 for Be coated screens. Note the
lhree?old reduction with dipole phasing. Beryllium coating of the screens
and its use as a first wall material, together with dipole phasing and
alignment of the screen bars with the field, have reduced the influxes to
insignificant levels. The behaviour can largely he understood in terms of
sputtering due to RF field rectification in the sheaths formed where the
magnetic field intercepts the screen ba.rs[ﬂ. With the present antenna the
field can connect a) adjacent bars and b) different points on the front face
of the same bar by virtue of its V—shape. The latter effect is sensitive to
phasing and disappears for dipole operation. Beryllium gettering is
beneficial partly because of the low sputtering coefficient (especially for
self sputtering) and partly because it strongly pumps oxygen and other
impurities. The influx contribution to Zefr i8 AZegs =~ 0.05 —0.1

6. TTMP damping of the fast wave

Directed fast waves are a strong candidate for non—inductive current
drive in reactor plasmas where TTMP is the predominant direct electron
damping process. So far, fast wave current drive experiments have been
made in low B plasmas and with high RF frequencyﬂ) such that the
absorption was mainly by electron Landau damping (ELD). The present
experiments were carried out in 1,=2MA, B;=1.3T, double—null X—point
hydrogen plasmas with the ICRF (48MHz§ tuned to 2wen on the high field
side oFthe magnetic axis. No mode conversion layers existed in the plasma
centre where (%rmt electron heating could only occur through damping of
the fast wave by combined TTMP and ELD. The electron 5 was 1.5% so
that TTMP was expected to contribute significantly. The electron heating
power density was obtained from the T, (ECE) response to RF power
modulation. The profile is peaked on axis as shown in fig 5a and accounts
for 22:5% of the input power, the rest being absorbed at 2wy, Full wave
and ray tracing calculations predict more peaked profiles (fig. 5a) but
agree with the fraction of the total power absorbed. Data were also
obtained from soft X—ray cameras which viewed more of the minor radius
than the ECE measurements. Note that the damping is almost zero near
the q=1 surface (see fig 5b). A recent Hamiltonian treatment of the
wave—particle interaction [6] predicts that quasilinear theory is most
likely to break down at q = 1 resulting in just such a reduced absorption.

7. A broadband ICRH system for NET/ITER

An ICRH system operating between frequencies of 17MHz and
40MHz has been proposed for the NET and ITER tokamaks. At 40MHz
deuterium minority heating takes place in the centre of the machine. The
'minority' fraction, ndé(nd + ng), is about 30% for which more than 50%
of Prr is damped on the deuterium jons. This high minority density also
restricts the fast ion tail temperature (T~150keV for Pr~50MW) with the
essential effect of providing an intense ion heating source near the
magnetic axis. This ion heating is the most important aspect in achieving
ignition or burn control according to simulations using the transport code
JETTO(7,8]. For Kaye—Goldston scaling|9] the fusion reaction rate is
typically 40% higher than that achieved using electron heating methods
(ECRH or NBI at MeV energies)[see ref 8]. The advantage of ion heating
depends on the confinement scaling assumed and is greatest for
Rebut—Lallia[9] and smallest for H—modes (74>27yg) which are predicted
to readily achieve ignition. The Kaye—Goldston case almost ignites so that
the ICRH could be used for burn control [9] in this situation.

17MHz is chosen for fast wave current drive by TTMP + ELD since
there is no competing cyclotron damping at this frequency. Current drive
calculations have been made using 3—D ray tracing and analytic fits to
current drive efficiencies{10]. The current achieved is found to depend on
the antenna position (on or above the midplane) and on the poloidal field;
different geometries give different shifts in the parallel wave vector as
each ray proj a§ates. The maximum value of 7 (= <n,>lpR/P.-r)r is
0.3x102°.‘;fw for antennae in the midplane as shown in fig 6. The
largest value of 7 for antennae above the midplane is 0.2x1020A /W /ma2.

8. Summary

Substantially reduced impurity influx has allowed ICRH on JET to
produce high quality H-modes, an enhanced density limit and 100kW of
non—thermal 3He—D fusion power. Alpha particle simulations using ICRF
accelerated minority ions imply efficient e—heating in reactors. TTMP
damping of the fast wave has been demonstrated in high 8 plasmas. The
dual purpose ICRH system proposed for NET/ITER allows both central
bulk ion heating at 40 MHz for burn control, and fast wave current drive
at 17MHz with 4~ 0.3x1020A /W /m?2,
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IAEA-CN-53/A—6-3
SAWTEETH AND THEIR STABILIZATION IN JET

Abstract

Sawtooth relaxations control the central plasma parameters in most JET
discharges and, as a result, have a significant influence on fusion
performance. Several techniques have, therefore, been developed for the
stabilization of sawteeth in various JET operating regimes. Under some
circumstances, sawtooth suppression appears to be associated with the
central safety factor, qg, rising above unity. However, in other cases, qq
remains significantly below unity and it is thought that stabilization is due
to the influence of a population of energetic particles. Detailed
measurements of the evolution of the current profile in JET during
sawteeth have confirmed that q, remains below unity throughout the
sawtooth cycle and thus the trigger for the sawtooth collapse remains
problematic. Further diagnostic investigations of the sawtooth collapse
have shown that the collapse takes the form of a convective plasma flow,
but the cause of the resultant energy transport is not understood.

1. Introduction

Sawteeth are one of the fundamental mhd instabilities of tokamak plasmas.
They play a key role in limiting central plasma parameters, and thereby
fusion reactivity, in the near—ignition regime. Nevertheless, in spite of
considerable experimental and theoretical investigations, both at JET (see
e.g- [1]) and elsewhere, no consistent picture of the instability has emerged.
Furthermore, while several techniques for sawtooth stabilization exist
[2-4], their extension to reactor relevant plasmas is not assured in view of
the limited understanding of the mechanisms involved.

Recent experiments at JET have focussed on a number of aspects of the
sawtooth problem: the development of a detailed description of the
sawtooth instability and its relationship to the the gq—profile; the
attainment of sawtooth stabilization at the highest plasma parameters;
and, finally, the investigation of the interaction between the sawtooth
instability and energetic particles, both in relation to fusion performance
and to the stability of the m=1 mode.

2. The Sawtooth Instability

In JET, sawteeth are accompanied by a variety of mhd activity [1] which
may give rise to island—like structures with poloidal and toroidal mode
numbers m=n=1. However, these do not appear to play a role in the
sawtooth instability, which occurs as a rapidly growing helical deformation
of the plasma core, also with m=n=1, followed by a flattening of
temperature and density profiles across the central plasma, the entire
event having a timescale of -100us. The topology of the sawtooth collapse
in JET, as first elucidated by tomographic analysis of soft X—ray (SXR)

FIG 1: Comparison of
simulated soft X—ray
analyses of the two most
f common models for the
sawtooth collapse:
full-reconnection
(Kadomtsev) and
‘quasi—interchange’
(convection).
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emission measurements made with orthogonal cameras [5], resembles the
convective flow of plasma suggested hy the ‘quasi—interchange’ model (6]
rather than the behaviour proposed by full-reconnection models (e.g. 7]).

Recently, possible limitations of the SXR analysis, particularly in relation
to its poloidal resolution, have been explored by simulation of the
behaviour expected from different models of the collapse [8]. In these
investigations, flow patterns predicted by the ‘quasi—interchange’ and full
reconnection models were used to generate SXR emission profiles and the
line—integrated measurements which would be obtained from the X-ray
cameras. The ‘observations’ were analyzed to produce tomographically

inverted profiles such as those derived experimentally. The results are
illustrated in figure 1, which shows the input and output flow patterns.
There are clear differences between the reconstructions which enable the
topologies associated with the two models to be unambiguously
distinguished. More generally, it was found that, for the case commonly
studied in JET (in which the plasma core is displaced along the major
radius), the analysis technique accurately reproduced the emission profiles.

Further confirmation of the topology of the sawtooth collapse was obtained
from two—dimensional reconstructions of local temperatures derived from
electron cyclotron emission (ECE) measurements obtained with a
12—channel grating polychromator [9). The method exploits the rotation of
mhd structures using assumptions about their helical symmetry (for
sawteeth, it is assumed that recomstructed modes have m=n) [10].
Application of the technique is, therefore, restricted to cases where the
structure changes on a timescale somewhat greater than its rotational

reconstructions of the rapid
sawtooth collapse in JET

as obtained by
(i) soft X—ray tomography
and

The reconstructions, which
were derived from datc
obtasned on similar

discharges, show a
convective rather than a
reconnection behaviour.

FIG 2: Comparison of
two—dimensional
(ii) ECE reconstructions
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period. For example, analysis of the sawtooth collapse requires rotational
frequencies of -10—-20kHz and is limited to discharges with high power
NBI. Figure 2 compares an ECE reconstruction of a sawtooth collapse with
a SXR tomographic reconstruction from a similar discharge. Both show the
formation of a crescent—shaped, or ‘convective’, structure.

It has been recognized for some time (e.g. [6]) that the rapid timescale of
the sawtooth collapse presents a significant challenge to theoretical models.
More fundamentally, it is found that the rapid growth of the m=1 arises
spontaneously and cannot be explained by the increase of a linear growth
rate arising from the evolution of the plasma equilibrium [11]. Figure 3
shows the growth of the instability, as deduced from the displacement of
the peak of tomographically inverted SXR profiles, for three sawtooth
collapses in different discharges. The initial noise level is -lecm and the
displacement rises out of this noise with a growth rate -(25us)-.
Extrapolation of this growth backwards in time yields a displacement
equal to the Debye length, perhaps the smallest realistic scale for the
instability, on a timescale of order -100s. In contrast, existing models of
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FIG 3: The displacement of the peak of the soft X—ray emission, derived
from two—dimensional tomographic reconstructions, during the fast
sawtooth collapse. Ezperimental results for three cases are illusirated. The
data shows thai a growth rate of (85us)"1 is achieved even before the
displacement is large enough to be detected above the ezperimental noise.

the instability involve changes in quantities such as q or § which would
require timescales -100ms to generate such large growth rates.

8. Current and Safety Factor Profiles

The determination of the q—profile or, perhaps more precisely, the way in
which the gq—profile is modulated by sawtooth activity, is one of the central
problems in understanding sawteeth. On JET, the principal diagnostic of
the q—profile is a multichannel far—infrared interferometer/ polarimeter. A
new analysis of the polarimetric signals [12], which combines the
constraints imposed by polarimetric measurements of the internal poloidal
fields with external magnetic measurements in a self—consistent
equilibrium calculation, has confirmed earlier conclusions that q, remains
well below unity (0.75 + 0.15) during normal sawteeth.
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FIG 4: Plot of the change in the central safety factor, Ag,, vs the time
between sawtooth collapses, T,, derived from polarimetric measurements.

By Abel-inverting the difference in polarimetric signals before and after a
sawtooth collapse, it has been possible to study the variation of q during
both sawteeth and sawtooth—free periods. As the sawtooth period is
significantly longer than the integration time of the diagnostic electronics,
sawteeth are visible in the raw data, so that coherent averaging over many
sawteeth is unnecessary. Results of this analysis for a series of discharges
with ohmic and ICRF heating are shown in Figure 4. It is found that Aq,
increases with 75, the time between sawtooth collapses, at a rate of
0.05 — 0.2s%. Further confirmation of such modulation of the central
g—profile has been obtained by analysis of the expansion of the sawtooth
inversion radius with increasing sawtooth duration. The difference in the
inversion radii, Arj, of successive sawtooth collapses was deduced from
tomographically inverted SXR emission profiles and a relationship
Arj/A7g = 0.06ms-1 obtained.

A major inconsistency remains, however, in our understanding of the
behaviour of the q-profile during sawtooth activity. The most direct
determination shows that q, remains well below unity during sawteeth,
and does not return to unity at sawtooth collapses, a result which is
supported by the observation of m=1 magnetic structures immediately
following the sawtooth collapse. In contrast, measurements of shear at the
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q=1 surface, as inferred from observations of the ‘snake’ [13] and of pellet
ablation [14), indicate that very low values of shear (dq/dr - 5x10-%)
persist throughout the sawtooth cycle. Simple considerations of resistive
diffusion suggest that such persistence implies the existence of a low shear
region across the plasma centre, with qo within 1-2% of unity. Such a
conclusion would also be consistent with the convective flow observed
during the sawtooth collapse in JET.

4. Sawtooth Stabilization

Several techniques for sawtooth stabilization have been investigated in
JET, and another, lower hybrid current drive, is currently being
commissioned. Sawteeth have been suppressed for up to 58 following the
injection of pellets, both in the current rise phase and during the flat—top.
As is illustrated in figure 5, polarimetric measurements of q, indicate that
sawtooth suppression is due to a broadening of the current profile, leading
to go>1, which results from the substantial changes in electron
temperature produced by pellet ablation. This is supported by observations
of mhd activity with mode numbers (m,n) = (3,2) and (2,1) deep in the
plasma core.
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FIG 5: Suppression of sawtooth activity following pellet injection in JET.
Polarimetric measurements indicate that the suppression is due to g,
remaining above unity.

The ‘monster’ sawtooth regime [3], in which sawteeth are stabilized as a
result of central heating, has been the subject of detailed investigations. By
scanning the position of the ICRH resonance across the plasma centre, it
has been found that stabilization is produced most efficiently (i.e. the
longest stable periods are obtained for a given power) when the heating
resonance is located at the magnetic axis. In addition, stabilization is
achieved only for heating inside the sawtooth inversion radius. The resuits
of this experiment are shown in figure 6, where the longest stable period
observed is plotted against the major radius of the heating resonance. In
each case, the corresponding sawtooth inversion radius is indicated. It has
also been observed that stabilization is most probable at low ICRH
minority concentrations, when the stored emergy in the fast particle
population is maximized.
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FIG 6: Results of a scan of the ICRH resonance position. The longest
sawtooth—free period ot each resonance position is plotted agasnst the
resonance major radius. The sawlooth inversion radius (Tiny) is indicated
Jor each case, as is the inversion radius of the longest ‘monster’ sawtooth.

In 3MA discharges with qy - 4, stable periods of up to 5s have been
obtained and previously reported observations [1] that q, is significantly
below unity (qq - 0.6-0.8+0.15) have been confirmed. In addition, long



sawtooth—free H—modes are now produced routinely during ICRF and
ICRF/ NBI combined heating of X—point plasmas. However, stabilization
by this technique becomes more difficult as the edge safety factor decreases
(q.¢< 4). To extend the regime to higher current, therefore, auxliary
heating has been applied during the current rise phase, either just before or
just after sawteeth start. The high electron temperature attained is
expected to slow the inward diffusion of current, but the smaller radius of
the q=1 surface at such times may also be a significant factor. This
approach has succeeded in extending stabilization to plasma currents of
5—6MA (see e.g. [15]).

5. Interaction of Sawteeth and Energetic Particles

Interactions between the sawtooth imstability and energetic particle
populations, produced either by auxiliary heating or by fusion reactions,
are of growing importance as fusion plasmas approach breakeven
conditions. For example, considerable attention has been given to the
suggestion [16) that emergetic ions, accelerated by RF fields, might be
responsible for sawtooth stabilization in the ‘monster’ sawtooth regime.
This process can occur when the average fast ion energy, Ej, is such that
the bounce—averaged magnetic drift frequency of deeply trapped fast ions,
WwDh = Eh/ZheB«,Rorl, exceeds the mode frequency in the plasma rest
frame (Zp is the hot ion charge, B, the toroidal magnetic field, Ry, the
plasma major radius and rj the radius of the q=1 surface).

A growing body of experimental evidence is mow comsistent with this
interpretation. Not only is it known that ICRF minority heating in JET
can accelerate minority ions to energies of order 1MeV, well above the
relevant energy threshold (<100keV), but several experimental
observations are as expected from theory. The result that stabilization is
produced most efficiently with on—axis heating is comsistent with the
requirement that the hot ion pressure profile be peaked. As noted
previously, low minority concentrations, corresponding to high stored
energy in the fast ions, are also optimal for attaining stabilization. The
difficulty experienced in producing stabilization as ) falls below values -4
can be associated with the prediction that the maximum stable values of

and Bpp scale a8 (ry/a)~®, where a = 1.5 for £, and 2.0 < a < 2.5 for

h- Moreover, this observation stimulated the development of the
current-rise heating scenario, which takes advantage of the smaller q=1
radius in the initial phase of plasma development to extend the
stabilization to higher currents and lower values of qy. Perhaps the most
direct evidence for the role played by fast ions is the observation that,
following switch—off of RF heating, a sawtooth collapse terminates the
stable period within 200ms (often far less), i.e. on a timescale which is of
the order of the average fast ion slowing down time within the q=1 radius.

Quantitative investigation of the theory is limited by difficulties associated
with the determination of the fast ion distribution in space and energy,
with uncertainties in the q—profile and with the general uncertainty
surrounding the nature of the sawtooth instability. Nevertheless, by
making several simplifying assumptions, essentially that certain local
quantities can be approximated by global parameters, such a quantitative
comparison between theory and experiment has been performed [17]. The
analysis is performed in the (', H) plane, where,

Tmhd Tl WA
['= —mx— H =~ —max <Apb>e 8]
wDh foo wph %

Tmhd i8 the ideal mhd growth rate, ulﬂﬂ‘x the maximum fast ion precession
frequency as defined previously, wp the Alfvén frequency, 8, the shear at
the q=1 radius and <fpp>, the poloidal beta associated with the
perpendicular fast ion energy (which, for central ICRH, is a reasonable
measure of the fast ion energy within the q=1 radius).

Results of this analysis are shown in figure 7, where the area enclosed by
the curve represents the stable region and the dashed lines indicate the
trajectories followed by discharges as the q=1 radius expands during a

0.2

FIG 7: Analysis of a
series of sawtooth—free
discharges in terms of the
fast—particle stabilization
theory (16,17]. T end H
are defined in the tezt.
The solid curve encloses
the region predicted to be
stable. The dashed kines
indicate the trajectories of
the discharges in the
stability diagram as the
g=1 radius ezpands
during the sawtooth—free
period.

01

sawtooth—free period. Closed circles represent discharges in a variety of
conditions (4 ¢ qy< 9, 7<¢PRY ¢ 10MW, <ng>= 2-3x101%m-3) where
stabilization is readily obtained. The closed triangle corresponds to a pulse
in which stabilization was obtained at the lowest power to date
(PRF - 1.2MW) and the open symbol to one of the longest sawtooth free
periods (58). Both pulses had Qy - 4.5. As is indicated, the experimental
uncertainties in the calculations are large, and significant approximations
have been applied to the theory to facilitate the analysis. Nevertheless, in
the light of the more detailed experimental observations outlined above,
the theory provides a working hypothesis for the development of an
understanding of the stabilization mechanism.

In JET plasmas with ohmic and ICRF heating, nentron emission is
modulated in accordance with expectations based on the redistribution of
ion thermal energy at the sawtooth collapse. However, the major
contribution to the fusion yield of high performance discharges is
non—thermal in nature and is due to beam—plasma and beam—beam
reactions. The modulation of the reactivity due to m=1 activity and, in
particular, the way in which m=1 instabilities affect energetic ions is,
therefore, central to .the optimization of fusion reactivity. While
‘fishbone’like bursts are observed in both NBI- and ICRF-—heated
plasmas [18], only at the highest By values is there evidence of detectable
(<10%) modulation of neutron production. However, recent studies of
neutron emission profiles derived by tomographic analysis of measurements
obtained from orthogonal arrays of neutron detectors has revealed a strong
modulation of central neutron production due to sawteeth [19].
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FIG 8: Comparison of local neutron emission profiles measured before and
afier a sawtooth collapse. Although the global neutron emission falls by only
18%, the azial emission falls by a factor of 6.

Figure 8 shows neutron emission profiles calculated at timeslices just
before and just after a sawtooth collapse in a JET hot—ion H-mode plasma
heated with 18MW of NBI. While the modulation of the global neutron
yield is small, -18%, it is found that the emission profile is changed
dramatically, the FWHM broadening from 0.36m before to 1.2m after the
collapse. In addition, the axial neutron emission falls by a factor of 6, from
1.9x1015m %51 to 2—3x1014m-3%-1. Calculations show that, in this case, the
emission is almost entirely non—thermal and that the ratio of
beam—plasma to beam—beam reactions is 2:1. The fall in central emission
can be explained, therefore, by a substantial redistribution of the fast,
beam—injected ions to large minor radii, the redistribution occurring on a
timescale of < 1ms.

6. Discussion

A complete understanding of the sawtooth instability remains elusive, but
several key diagnostic observations of the sawtooth collapse phase have
been confirmed. Thus, the initial phase of the collapse, which resembles the
convective behaviour predicted by the ‘quasi-interchange’ model, has now
been observed in SXR and ECE reconstructions. However, the rapid
timescale of the collapse and, more fundamentally, the rapid switch—on of
the instability, are not understood.

Measurements of the q—profile show that q, remains well below unity
throughout the sawtooth cycle. The persistence of a g=1 surface is further
confirmed by observations of the ‘snake’ and of other long-lived m=1
structures. However, the topology of the sawtooth collapse implies that
qo = 1, as does the observation, derived from pellet ablation measurements,
that a region of very low shear exists close to the q=1 surface at all phases
of the sawtooth. More precise measurements of the evolution of the
q—profile during sawteeth are required to resolve this basic inconsistency.

Sawtooth stabilization, lasting for up to 5s, is now routinely obtained in L—
and H-mode plasmas and at currents of up to 6MA. Its importance has
been emphasized by recent demonstrations of local modulation of fusion
reactivity and the redistribution of high energy ions due to sawteeth. In
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cases where stabilization follows pellet injection, the dominant effect is the
modification of the current profile, due to pellet ablation, which causes q,
to rise above unity. On the other hand, in the ‘monster’ sawtooth regime
qg is below unity and there is growing evidence that the stabilization is
due to an energetic particle population.
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Self-Consistent Magnetic Chaos Induced by

Electron Temperature Gradient

Abstract

Two mechanisms for the self-sustal t of tic islands

are studied in cylindrical geometry. The first one Is based on the
different behaviour of electrons and fons In the presence of the
islands as a result of their different Larmor radii. This mechanism
could maintain magnetic turbulence resulting from a mixture between
islands of the size of the lon Larmor radius and chaotic regions. The
second mechanism is a pseudo-gravity, used here as a simple analogue

for pressure gradient/field curvature modes. It could sustain islands

much larger than the jon Larmor radius.

1. INTRODUCTION

There is no agreed explanation of the observed particle and
energy losses In tokamaks. One possible cause for these losses is
magnetic turbulence, which allows transport along chaotic field- lines

linking different regions of the plasma (1,2, The magnetic

turbulence could result from a mixture of small Islands and chaotic
regions [3]).

This paper investigates two mechanisms for the

self-sustainment of magnetic islands in a collisionless plasma in the

cylindrical case. The first one results from the different response

of electrons and lons to the islands due to their different Larmor

radii. This effect requires a minimum threshold, since It s

d d

on the pr of magnetic chaos [4]. The second one is a

pseudo-gravity, which Is here used as a simple analogue for pressure

gradient/field curvature modes. The electron and ion drift

velocities, associated with the pseudo-gravity, combine to produce
the current sustaining the ilend. As this mechanism does not depend
it has no threshold.

on the existence of magnetic chaos, These

effects have been also studied for non linear microtearing modes with
a transverse particle diffusion [S].

The magnetic topology s first defined: it consists of
islands separated by nested magnetic surfaces or by a chaotic region.
Inside and outside an island to

Quasi-neutrality is imposed both

determine the perturbed potential. This potential produces a net
diamagnetic current and the divergence of this current drives an
electron current along the field lines thus maintaining the island.
Finally, Ampére's law for the Island leads to the self-sustainment

condition.

2. MAGNETIC TOPOLOGY

The calculation Is made in a slab geometry with the

coordinates x = r - re and y = rs(o - z/qu) = G/ky, where r, & and z

are the cylindrical coordinates. LA is the radius of the resonant

surface, R is the major radius of the plasma and q is the safety

factor at r = re The poloidal wave number is ky = m/rs, where m is
the poloidal mode number.

The overlapping parameter ¥ Is the ratio of the virtual
island width 2¢ to the distance between two island chains
A= 1.5q2/q’m5m, where q’ is the shear and 8m Is the range of
poloidal mode numbers around m . For ¥ < 0.75 the topology consists
in islands separated by nested magnetic surfaces, for 0.75 < ¥ < 1.50
the islands are embedded in a chaotic zone and for ¥ 1.50 the system
is fully chaotic [6]. Fig.l1-a shows part of a Poincaré map computed
by integrating the field line equations with 7 = 1.05. The island is
defined by its poloidal extension Zeo/ky = Zn/ky and its radial width
Zbo = 2¢. It is assumed tc; be thin, that is ky bo < L

A first integral does not exist in the chaotic zone shown in
Fig.l1-a. However, the vector potential needs to be defined in this
region to calculate the effect of both mechanisms investigated here.
This is done by modelling the region outside the island by nested
surfaces as represented in Fig.l-b. This defines an approximate
magnetic flux J;, which is only used to calculate the perturbed

electric potential imposed by the presence of the island:

0 2

. B’ B
Jz(x,y) S5 Xt

Alx,y) = [— E—] A(x,y)
k
y

y
(1)

2
Alx,y)=2 :—2 - Alx,y)

¢ - 1] 2 . .
where Bo = (rsq (rs)/Rcls )Bz is the shear factor, Bz being the
toroidal field, and B is the amplitude of the perturbing radial
field. From symmetry, A(x,y) is an even function of y with a period
2n/k_.
y
L
The last closed surface of the island Is defined by lz(x,y) = 0 and

It is independent of x and equal to aly) inside the isiand.

its radial coordinates are given by:

bly) = bo /[a(y)72 (2)

3. QUASI-NEUTRALITY CONDITION
The particles have a charge 1:1‘i (j = e,i) and are assumed to

experience a fictitious gravitational potential ‘Gj' which is given

by:

with:

.=-Gx
¢GJ J

quj >0 3)
For 7 ) 0.75, quasi-neutrality is ensured in the chaotic

region by equating the electron to the ion flow. This leads to the

radial electric field En in the reference frame rotating with the

islands:
KT_ n’ T
Ea_e[_°+l_°]-ce (4)

K Is the Boltzmann constant. n; and T; are the average gradients of

electron density n, and temperature Te'
When the ion Larfnor radius P = /miKi / qB, is of the

order of the lIsland half-width bu' the potential ’i experienced by

A107



the ions can be expressed as:

+a ~
‘i = - on + b° (Eo + Gi) J-e G(x-x") p(x',y) dx (5)

The perturbed potential p(x,y) is dimensionless and the integral

containing G(x-x') is the finite ion Larmor radius operator. This
operator is derived by averaging the Fourier components of the
perturbed electric field over a gyroperiod and the phase of the
motion of a single ion and over a maxwellian distribution of
velocities.

As the electron Larmor radius is much smaller than bo, the

electric potential ¢e felt by the electrons is given by:

¢, =-Ex+b (E + G,) o(x,y) (6)

The ion density o, is a function of the potential ¢i + ¢Gl
and the electron density ne depends on ¢e + ‘Ge and on the
approximate magnetic flux J;. A; is an even function of x (see
Eq.(1)) and only the part of @(x,y), which is odd with respect to x,
contributes to the current sustaining the island (see Section 4). A
function of J;, odd with respect to x, is formed by taking the square
root of A(x,y) defined by Eq.(1). As A(x,y) is negative inside the
island and positive outside, n, is assumed to be independent of A;
inside the island, but to depend on the odd function % /T outside,
where the upper symbol refers to x & b(y) and the lower symbol to
x = -bly).

The perturbed potential ¢(x,y) is determined by imposing
quasi-neutrality n, = inside and outside the island. n, and n, are
expanded at first order as a function of ‘e + ¢Ge and t/T and of
vicinity of 0. Replacing these

‘i +¢Gi respectively in the

quantities by their definitions given by Eqs.(1), (3), (5) and (6)

leads to two integral equations satisfied by @(x,y). A good

approximation for the solution of these equations writes:

1Te

_ 2 Te x
w(x,y]=n, T” [q.G. + q.G.] b_ 1-2

_e[l__lz+l_e_ee iCi| o

n 0] 2T KT

e e
7
wim:,,={0for -b(y) = x = bly)
1 for x = -b(y) and x z b(y)

2 . e - :
"o is an approximation for- the finite fon Larmor radius operator,

which is defined by:

=2 _ _-lp/b ) 2
"o =e i o lo[(pi/ho)] (8)

where lo(z) is one of the modified Bessel functions of zeroth order.

.lz is equal to 1 for very small Larmor radii (pi « bo) and tends
toward zero for very large e (pi > bo).

" Eq.(7) shows that the perturbed potential @(x,y) Is a

function, which is odd with respect to x and which is independent of
y inside the island.
The system of has been solved by

integral equations

numerical iteration. The result for @(x,y) ls plotted versus x/bo In

A108

- -1
Fig.2 in the case of y = 0, p/b =1, n/m, =1m ! T /Ty = 2 m

and G_ = G, = 0.
e i

4. CURRENT DENSITY SUSTAINING THE ISLAND
The perturbed current density sustaining the island Glu(x.y)

is obtained from current conservation in steady state:

V(e + maqpvp; + nq vy ) =0 ©

J“ is the electron current density along the field lines, being the

sum of the constant plasma current density and d.l"(x.y). ey is equal

to B/B. pi = (- V(¢i + ‘Gl)x B] / B® is the ion drift velocity and

Vpe' the electron drift velocity, is given by a similar expression.
The leading term of V-(J“el) is (-B;x/B)VyGJ"(x,y). In the

is a function of

limit of low B8, V-(niqivm) is zero, because n,
¢i + ¢Gi' Taking account of quasi-neutrality n, = 0, it follows
that:
9e
V(0,97 = - 5 B [Vniwie . ¢Ge)] (10)
where, since n = ni(¢i + ¢Gi)' Vni is equal to

dni/d(¢i + ‘Gi) V(¢i + ¢Gi) with dni/d(¢i + ¢GI) = —n’l/(Eo+Gl). From
the expressions for the potentials given by Eqs.(3), (S5) and (6), it
can be shown that the right-hand side of Eq.(10) depends on Vy&(x.y).
Eq.(9) is Integrated with respect to y. The perturbed current density
sustaining the island GJ“(x,y) Is then given by:

n’

e m 1 Te( = % -

6.l"(x,y) = B_; -l(Te[i *5 T—J [l—.l0 ] + (qeGemiGi) e plx,y) (11)
L

where an additive function of “z due to integration is omitted. This

function is determined by taking into account other effects such as

is assumed to be the same Inside and

collisions: the resistivity

outside the lsland. Finally, 8)J, has been computed using the data of

1
#(x,0) shown in Fig.2 and normalised values are plotted as a functlon

of x/b° in Fig.2. 8J,(x,y) Is an even function of x.

S. MAGNETIC ISLAND SELF-SUSTAINMENT

Ampere's law for thin islands (ky bo « 1) can be wrltten as:

E—y V:A(x.y) = - u, 81, (xy) (12)

The jump in the derivative of the vector potential across
the region associated with the island is equal to the Integral of
61“(x.y) with respect to x. This leads to an equation in y and 80,
which Is solved by computing the Fourler components of the vector
potential with respect to y for different values of 8, {4]. Eq.(12)

then becomes:

. ”
E WL E I-F _ 9.0, * 96
n KT T/ n’ |n 2T [} KT
e el e ele ¢ e )
) ,22T _n_ n T’ q G+ qG.] k A [}
Bo e e e[ ;2 +_1__e__ e e 17i] 7y
n [} 2Te KTe

(13)

The left-hand side of Eq.(13) Is proportlonal to the



poloidal B and is independent of the sign of the shear q’. The
numerator of the large fraction contains two terms. The first one is
due to the finite jon Larmor radius effect and is maximum, when E is
zero for island widths much smaller than Py Note that E is close to
172 for an island width equal to ZPI' This effect has a threshold,
because it is switched off, when n;/ne + (172) T"!/Te is zero, that is
when islands are separated by nested magnetic surfaces for ¥ £ 075
(see Eq.(4)). The second term results from the pseudo-gravity effect.
It Is generally smaller in modulus than the absolute values of T;/Te
and n’e/ne. This effect is therefore dominant, when J_Z is close to 1,
that is when the island is much larger than Py It can sustain
islands even when they are separated by nested surfaces for y ¢ 0.75,
since it has no threshold. An example of pseudo-gravity is given by
the interchange instabilities in the cylindrical approximation:
(@, G,+q;G;)n., is identified with 2rP./(qR)’, where r/(qR)® is the
inverse of the radius of curvature of an helix on the resonant
surface at r = g in the limit r <« qu and P's is the gradient of
plasma pressure at r = L In this case, Eq.(11) with E=l gives
the same perturbed current outside the island as the MHD equations
[71.

F(Bo) is determined from Poincaré map computation using the
Fourier components of the vector potential calculated above. Table 1
shows that F(eol increases, as 80 decreases, that is as the island is
destroyed. The minimum threshold for turbulence self-sustainment by
Larmor radius effect ls which

the finite ion F(Bo) = 0.20,

corresponds to an overlapplng parameter ¥ « 0.75.

6. CONCLUSION

Two mechanlsms have been proposed for the self-sustainment
of magnetic islands. Both produce a net diamagnetic current in the
region associated with the island.

The first effect is due to the difference between the
electron and jon drift velocities as a result of their different
Larmor radil. It could maintaln a magnetic turbulence in which
islands with a width of the order of the ion Larmor radius are
embedded in a chaotic region. The turbulence is self-sustained, when

the left~hand side of Eq.(i3) is larger than 0.20.

In the second mechanism, the current results from the

addition of electron and fon drift velocities associated with the

pseudo-gravity. This effect has no threshold and could sustain
islands much larger than the ion Larmor radius. This result can be
also directly demonstrated from the MHD equations in cylindrical
geometry (7] and could be extended to ballooning modes in toroidal

geometry.
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Tabie I

Numerical results for F(eo) obtained from the Poincaré map

computation as a function of 8o and of the overiapping parameter 7.

7 0.4 0.7 1.0 1.2 1.4
80 0.91n 0.70m 0.44x 0.32n 0.13xw
F(Bo) 0.16 0.20 0.30 0.46 2.04
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Fig.1: (a) Poincaré map computed for an overlapping parameter ¥ = 1.05 showing

magnetic islands in equilibrium in a chaotic region; the island is defined by its poloidal
extension 28p/k, <27k, and its radial width 2bg; A is the distance between two island
chains ; (b) The chaotic zone is modelled by nested magnetic surfaces to define the vector
potential outside the island.
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Fig.2: Result of computation of the peturbed potential @(x,0) and normalized current
density, 6J,(x,0), sustaining the island versus x/bp. The island lies between x = -bg and

x

=be. The ratio of jon Larmor radius p; to island half-width by is unity.
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Abstract

Resistive mhd is inappropriate to describe tokamak sawtooth
reconnection. It is found that under usual conditions the electric
field resulting from flux reconnection is very large. The resulting
acceleration of the electrons is such that reconnection is determined
by electron inertia rather than electron collisions.

ntroduction

It is well known that sawtooth oscillations are not under-
stood. There are several features which are not in agreement with
theoretical predictions based on resistive mhd. One of the
discrepancies is that, in large experiments, the sawtooth collapse is
an order of magnitude faster than predicted by Kadomtsev's model
which is based on Sweet-Parker reconnection.

The natural response to this situation has been to examine
the assumptions underlying both the theory and the experimental
procedures. This has led to the realisation that use of the resistive
form of Ohm's law is incorrect.

In the m=1 instability the core of the plasma is expected to
behave as perfectly conducting fluid. The core moves toward the
q=1 surface and drives a narrow current layer at this surface. In the
layer the perfect conductivity equation is invalid and reconnection
takes place. It is the behaviour in this reconnection layer which we
shall examine.

Reconnection Layer

Figure 1 shows the basic geometry. The core moves toward
the reconnection layer with a velocity v. The plasma enters the
narrow layer, of thickness §, and then flows out into the island
region with a much higher velocity u. The pressure driving the
flow comes from the perturbed helical field B* and the strong
gradient in this field implies the layer current mentioned above.

The electric field which drives this current is determined by the rate
of change of the helical flux.

Figure 1. Diagram of reconnection model and

the associated current layer.

Helical Flux

The helical flux which is reconnected is given by the
magnetic field which crosses an imaginary sheet for which
d6/d¢ =1, where 0 and ¢ are the poloidal and toroidal angles. Such
a sheet is shown in Figure 2.

helical
sheel

qel
surface

q=1 lield line

Figure 2. Helical sheet having d6/d¢ = 1.

For typical JET values (with (1-qo) ~ 0.3) we find
vg ~3x10% ms! (=c) -

It is clear therefore that the resistive model is inappropriate and that
under these conditions the electrons would undergo strong
runaway.

Electron Behaviour

At first sight it would appear that the runaway electron
current would be "superconducting” and would prevent
reconnection. However the situation is very different as can be seen
from Figure 3.

O OO

Electron “at rest”
in core

Electron accelerated Electron swept

away after -1us

Figure 3. Behaviour of electron during reconnection.

Before entering the layer an electron is effectively stationary.
Once in the layer the electron has to move with the required high
drift velodity along the direction of the q = 1 field lines. But almost
immediately (in ~ ps) the electron is swept out of the layer into the
island. Thus the high current density has to be maintained by the
continuous acceleration of electrons entering the layer. It is clear
therefore that, rather than presenting a low impedance, this form of
reconnection gives a high impedance.
Field lines having q = 1 lie in this sheet, and the equilibrium helical
flux inside the q = 1 surface, at r =y, is given by

d>=}(l-q)89dr

For a parabolic q profile
® = 1(1-9,)Bar i )

where By = Bg (r1).
Electric Field

The electric field in the layer resulting from the reconnection
of the helical flux can be estimated by noting that, in a full
reconnection, this flux is removed in the time, 1., of the sawtooth
collapse. Then, since there is no electric field in the frame of the

core, we have

i
E~7_c (2)

Resistive Model

The current density which would be expected from the
resistive model is

. 4
j=o— 3
(<

where G is the electrical conductivity.
Using equations (1) and (3) together with 6 = 2 ne2 1,/m, where T is
the electron collsion frequency, the corresponding electron drift

velocity is

7,
Vd "(l_qo)LRL;"a’c n
3
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In the resistive model 8~(t,/ rk)*rl. where 1z =ou,r,?, and
substitution in to relation (5) gives the Kadomtsev reconnection
time

te = (ta t2)}

In the present model & ~ c/wp and the resulting reconnection time
is

no
1..1_L T,
4

Taking JET as an example of a large tokamak, 1A ~ 1 ps, TR ~ 10s,
c/mp ~1mm and r; ~ 0.3m. These values give the Kadomtsev
reconnection time

Tx ~ 3Ims
and the inertial reconnection time

T ~ 300us

The observed collapse time on JET is ~ 100 ps and it is clear that the
new model is in closer agreement.

Qualifications

The calculation given above indicates that the inertial effect
is predominant. The numerical values, however, are clearly
imprecise. Furthermore the calculation assumes that reconnection
takes place in a particular way, whereas other types of behaviour are
in principle possible. Also, we have not included other physical
effects such as finite Larmor radius and a possible anomalous
electron viscosity ).

There are two other features which should also be borne in
mind. One is that it appears in some experiments (3. 9) that only a
fraction of the flux is reconnected, qo not being restored unity. In
this case we might expect a corresponding reduction of the 300 us
reconnection time calculated above. Another effect is the velocity
space instability of the runaway electrons. Simulations (5) indicate
that this might increase the effective electron mass, again reducing
the calculated reconnection time.

Inertial response

When electron inertia dominates, the corresponding term in
"Ohm's law" is (m/e) dv/dt. The dominant term is (m/e) v.Vv
and neglecting the density gradient the resulting equation is

E+vxB = Tpv.Vj . (4)
ne

The electric field in the layer is given by the rate, vB*, at which flux
is brought into the layer, where B* is here the helical field at the

Al12

edge of the layer. Thus, using Ampere's law,

Vi B*
j~—
Hod
and equation (4) gives
c
§~—,
@p

that is the layer thickness of the order of the collisionless skin
depth.

Reconnection Time

We use the same - calculation of flow continuity and
momentum balance as the conventional model (1). This gives the
core velocity

Vo~ —

Ta

where 74 =r,/ (B *\u aP) * Then, defining the reconnection time

=D
v
we obtain
N
T~— T4 - 5
> )
Conclusion

The above analysis should be regarded as a clarification of the
conventional reconnection model rather than an attempted
description of the experimental behaviour. With so many
uncertainties regarding the physics of sawtooth oscillations it is not
clear that the reconnection is of this type. However it might be that
examination of the consequences of the theory presented here could
lead to better understanding of the experimental observations.
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ABSTRACT

Several Neutral Beam Injection (NBI) systems are now capable of injection of
powers greater than 20MW, some for pulse lengths in excess of 5 sec. These high
power NBI systems have demonstrated the flexibility and utility of neutral beam
heating; coupling easily to many plasma configurations; providing heating,
fuelling and current drive capability and allowing access to new, improved
plasma confinement regimes. All the high power NBI systems have now
achieved routinely high reliability and system availability (> 80-90%).

The current status of NBI systems is reviewed and successful solutions to
the technological problems encountered in design of high power beams, ranging
from high heat transfer elements to large area cryopumps, are discussed. The
interface to Tokamak operations such as the drift duct, stray field cancellation

and fast interlock mech d, emphasising the considerable

are pr
progress in these areas.

The upgrading of NBI systems for tritium injection on JET and TFTR is
reviewed.

The possible parameters for a 'Next Step' injector are presented, showing
the choice of negative ion beams as an attractive option. With reference to the
existing conceptual designs for ITER/NET it is shown that the main areas of
uncertainty exist in the source and accelerator stack designs. The beamlines
themselves should be able to take advantage of the properties of negative jons to

lead to some marked simplifications.

1. INTRODUCTION

The past decade has seen significant advances in Neutral Beam Injection (NBI)
systems. There are now several systems (on JET (1], TFIR [2], JT-60 [3] and
DIID {4]) capable of injecting more than 20MW of fast neutral atoms into the
Tokamak plasma. The TFTR system has been operated successfully up to
30.5MW. These high power systems have developed into a flexible and useful
experimental ‘tool' for the fusion physicists. They have demonstrated the
capability of neutral beam heating in terms of its ability to couple easily to many
plasma configurations and to provide simultaneously heating, fuelling and
current drive for the plasma.

NBI has been in the forefront of demonstrating access to new improved
regimes of plasma performance such as the 'H' mode of Tokamak confinement,
first seen in ASDEX[5]) and subsequently in many other Tokamaks, and the
‘supershot’ regime in TFTR[6]. The dominance of NBI over other heating
schemes is demonstrated by the list of record plasma parameters achieved by its

use on the major experiments. Amongst the notable achievements are:

= record peak ion temperature of 28-30 keV in TFTR with 13.5 MW NBI into a
low density plasma (Bitter et al. (6])

= record value of toroidal beta (BToR) ~ 10.7% achieved with 17-20MW NBI
into a Double-Null H-mode in DIIID (Stambaugh et al. [7])

- record fusion product ng(0)-Tj(0)-t£(0)) ~9 1020 m-3 keV sec achieved with
17 MW NBI into a Double-Null, hot ion H-mode in JET. This latter
performance would extrapolate to a predicted QpT~ 0.8 if the same
conditions were obtained in a 50:50 D:T plasma mixture (Keilhacker

etal. [8]).

The constituent elements of the high power beam systems of 1990 are the

same as those of a beamline of 10 years ago and are shown in block diagram form
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in Fig.1. The performance of the elements of the beamline has improved
substantially over the 10 years, however, and this has taken the technology from
the most powerful beamline unit of 1980, the PLT injector delivering 0.75MW to
the plasma for 0.3 seconds, to the most powerful beamline unit of 1990, the JET
injector delivering up to 10.4MW to the plasma for 10 seconds.

In this paper we given an overview of important aspects of the technical
status of positive ion injection systems. Due to lack of space, power supply
systems will not be reviewed. The upgrades of positive ion beamlines to inject
helium and tritium beams will then be discussed. We then show that the
requirements for the injection systems on the 'Next Step' devices will necessitate
the development of negative ion beamlines and review the status of negative
ion source and accelerator development, highlighting the issues which must be

addressed in the near future.

2 TECHNICAL OVERVIEW OF THE STATUS OF POSITIVE ION IN| ON
SYSTEMS

21 lon Sources

lon source development has been driven by the twin needs of trouble-free
source operation and high percentage yield of monatomic ions. The latter
requirement arises in order both to maximise the penetration of the neutral
atoms into the plasma (as shown in section 5) by maximising the full energy
component (Ep) of the beam; and to limit the complication of ion dumps
needed to cope with the ions of energy (Ep/2) and (Ep/3) produced by the
breakup of diatomic and triatomic ions accelerated from the source.

Most present generation systems have adopted the magnetic multipole
or ‘bucket' source. An example of this (from the JT-60 injector [10]) is
shown in Fig.2(a). A permanent-magnet cusp field surrounds the source
body. The majority of the volume of the source has a low magnetic field
(< 10-20 104T.). The characteristics motivating the choice of the bucket
source are its reliable and noise-free operation at high arc efficiency
(~0.5A/kW) at low gas pressure (~ 0.25 Pa); the high volume with low
magnetic-field which enables it to illuminate large extraction areas
uniformly; the ease of obtaining a high monatomic species fraction (the
JT-60 source gives ~92% H*: 6% Hy*: 2% H3* at a current density of
~2.5x103 Am-2),

To obtain the best monatomic fraction yield, it is necessary to use a
weak 'magnetic filter' (Ehlers and Leung [11]) to prevent the primary
electrons from the filaments approaching the region near the extraction
grids. This prevents the production of Hp* (or Dq*) in this region. As Hp*
production is prevented, H3+ (resulting from Ha* + Hy —Hj* + H.) should
also reduce. The low temperature electrons near the grids also result in
enhanced destruction of Ha*(Dj+) by disassociative recombination. The
source is thus separated into a 'driver' region, where the ions are produced
and an ‘extraction’ region. Large volume sources operating successfully on
this principle are operational on JET [12], JT-60 (10] and TFTR [2). An
example of the siting of the filaments relative to a ‘supercusp’ filter is

shown for the JT-60 source in Fig.2(b) [13).

22 Accelerator Systems

The most significant development for accelerator systems has been the
success of multi-aperture, water-cooled extraction systems capable of DC
operation. These were realised in slot geomelry during the US Common
Long Pulse Source (CLPS) program [14] and also in multi-circular aperture
form for the JET injectors [15]. In operational experience the JET grids have
accumulated an unrivalled performance. These grids, manufactured with
water cooling channels passing between the rows of circular apertures (with

262 apertures over an extraction area ~ 0.45 x 0.18 m2), have accumulated
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> 105 (accelerator.pulse.seconds) since 1984. There have been no on-load or
off-load failures in the system. The grids are manufactured by a sandwich
process involving copper electrodeposition onto an OHFC copper base into
which the apertures and water channels are machined. Beam pulses of up
to 17 secs pulse length (80 kV, 60 A, Hydrogen) have been extracted from
these grids with the plasma-facing (80 kV) grid being capable of DC
operation at 75 kW power loading (~ 1% of extracted power + ~20% arc
power).

Other important development programs have contributed to the
improvements in terms of the optical quality of the beams accelerated by
sources, especially the joint JET/Culham Laboratory/CEA Fontenay-aux-
Roses development for the JET system which produced low divergence
(9-10 mrad) multiple beams in 3 and 4 grid systems [1].

For its relevance to 'Next Step' injection systems, the radiation
resistant, remote handleable JET Positive Ion Neutral Injector (PINI)
source/accelerator system is noteworthy. This all-ceramic/metal injector is

shown in cutaway form in Fig.3.

Deflection and Dumping of Un-Neutralized Ions

On most of the large NBI systems, the residual ions are dumped by magnetic
means. The neutralisation of positive ions is a very inefficient process (the
equilibrium, or infinite gas target, fraction of neutrals for deuterium beams
at 140 keV is only ~30%) and a large amount of ion power with power
densities in the range 30-100MW m-2 (perpendicular to the beam) is
common in beamline designs. Inclination of dump elements yields only
partial advantage due to space restrictions.

The two successful solutions to which have been realised on
operational beamlines can be separated by their differing coolant water
systems. The Low Pressure approach is represented by the
'HYPERVAPOTRON' elements used in the JET Ion Dumps, calorimeter and
scrapers [1]. In these elements, a low pressure (0.6 MPa) water supply is
passed through channels internally-profiled to increase both the turbulence
and surface area. The elements can accept power densities up to
~ 15MW m-2 [16] with an overall coolant pressure drop of ~0.03 MPa. The
High Pressure approach is represented by the High Heat Flux panels used on
the ASDEX Long Pulse Neutral Injection (LPNI) system [17] and also on
TEXTOR NBIL The panels, with their internally-finned tubes, are based on
data from the US Neutral Beam Energy Test Facility (NBETF) at LBL [18].
They require water at 1.2 MPa, with 0.6 MPa pressure drop, but are capable of
a DC operation at 25MW m-2 (and have been to 45MW m-2 without
burnout). There is, of course, the accompanying drawback of the high
stresses in components such as bellows associated with a high pressure
system.

A notable development which may yield advantages on future systems
has been that of the Electrostatic Beam Dump (ESBD) pioneered by the NBI
group at CEA Cadarache. The ESBD is generally an in-line system
surrounding the mixed neutral-ion beam passing through it. In positive
ion systems, the ions are 'peeled-off by allowing their space charge
expansion to deflect them onto the beam dump. The resulting small angle
deflections lead to low power densities. The ESBD can be coupled with an
Energy Recovery System (ERS). This is planned for the TORE-SUPRA NBI
system and has been tested at 75keV for 0.5 secs [19]. A schematic of the
combined ESBD-ERS is shown in Fig.4. The system is unusual in having an
fon source at ground potential and a neutraliser at HV potential. The ions
are accelerated from the source and after the neutraliser, are decelerated to
land on the recovery electrode at a potential (-V;) around 5% of the beam
energy. In this way only a fraction of the acceleration voltage is expended

on these ions and energy is recovered. The system also features an electrode

24

25

to suppress the emission of secondary electrons caused by the ions hitting
the dump. Such electrons would be accelerated towards the ground
potential parts of the system. The gain of the ERS is clearly higher if
neutralisation of the beam is low (at high positive ion energies), also since
only the full-energy ions are recovered, a source with a high monatomic
fraction is required. The gains from an ERS of this type have been estimated
as a function of beam energy (Ep) and monatomic fraction (et1) and are
shown in Fig.4(b). It can be seen that for the present deuterium injectors in
the 100-140keV range (TFTR, JET, JT-60) the system does not lead to

significant gains.

Beamline Pumping

The present large Tokamak NBI systems all use cryopumps for beamline
pumping. Most designs feature conventional chevron-baffles. The
requirements for low background pressure (~10-3 Pa) in the final drift
region of the JET beamline (1] in order to limit re-ionization of the neutral
beams (see 2.5), in the presence of high gas flows (~ 26Pa.m3s-1) were too
stringent for chevron-baffled cryopumps and stimulated the design of the
JET ‘open structure’ cryopumps [20). The JET Open Structure design shown
in Fig.5 increased the transparency of the pump by having an unobstructed
opening, and by shielding the Liquid Helium (LHe) panels in a nested
fashion behind Liquid Nitrogen (LN2) panels to protect the LHe surfaces
from line-of sight incidence of 'thermal’' gas molecules. The cryopump thus
achieved ~ 47% of the theoretical 'black hole' pumping speed, ie ~200 m3
s-1/m2, which is nearly twice the value achieved by chevron pumps. The
installed pumping capacity on the JET beamline could thus be increased to
8103 m3 571 (Hy) for the 40 m? area of pump.

Probably even more relevant to the 'Next step' injectors is the
development of low-loss cryo transmission lines and large, continuously
operational cryoplants. The overall system at JET gives a good example of
what can be achieved in this respect. The system features ~ 60 m long low-
loss coaxial cryo-transmission lines [21] in which the LHe supply is shielded
by successive vacuum; cold He boil-off gas; LN2 supply; cold N2 boil-off gas
and vacuum Jayers. The measured losses are <10 mW m-1 (LHe) and
<150 mW m-! (LN3). The aryogenic plant has a LHe refrigerator for gas'boil
off recovery [22] and is capable of supplying 800 W at 4.4°K and a LNz
storage system which delivers 1.5 m3 hr! (equivalent to 65kW at 78°K). The
plant supplies two JET beamlines and a pellet injector.

Developments such as these have allowed cryopumps to outstrip the
performance of large-scale Titanium getter pumps even though there have
been significant developments in regenerable versions of these [23].
Titanium getter pumps still retain the disadvantage that their pumping
behaviour tends to depend on their previous history. Their capacity for
H32/D;3 (and hence T,) retention before regeneration is also at least 2 orders
of magnitude below that of the cryopump which typically can operate for
two weeks between regeneration.

Drift Duct

The geometric access to the Tokamak plasma for NBI is generally very tight.
The beams have to pass between the toroidal field (TF) coils of the Tokamak
the distance between which must be kept small in order to minimise field
ripple and the resulting loss of fast jons from the plasma. Access is also
generally in a non-perpendicular direction in order to maximise beam
deposition in the plasma and minimise shine-through onto the Tokamak
inner wall. This situation is likely to exist in the Next Step machines and
reactors where penetrations in the first-wall/blanket systems will be at a

premium and hence will be kept as small as possible.
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This restricted access leads to severe challenges in the design of Drift
Ducts. In the drift region the beam neutrals are subject to reionisation
reactions (D + Dz = D¢* +...) and high powers can accumulate from this in
the long drift ducts necessary to penetrate coils, blanket etc. Long, narrow
ducts have low vacuum conductance and are difficult to keep at low
pressures to minimise reionisation.

The fringe field from the Tokamak has a strong spatial variation in the
duct region and can act to focus the reionised power from the beams as is
shown in an example from JET in figure 6. Extensive work has been done
on this problem at JET [24], [25] following earlier accidents where duct
protection was melted by the focussed power [24]. The recent work by
de Esch et al. [25) shows good agreement between the simulated trajectories
and the profiles of reionised power measured by in situ thermal
instrumentation. This allows confident prediction of the safe operating
conditions of the present (inertially cooled) duct protection which will
accept peak reionised power loadings of <4.4MW m-2 for pulse lengths of
up to 10 seconds.

Reionised beam particles hitting the duct protection will release gas
molecules. These form an increased gas target which will lead to enhanced
reionisation and the situation will spiral out of control unless the gas
release is kept to a minimum. Early work on this problem [26], [27]
recognised the exponentially-deteriorating situation termed 'BEAM
BLOCKING'. This occurs if the gas re-emission coeffidient I' (molecules per
incident ion) exceeds a critical value Terit and results in loss of the entire
beam in reionisation. T¢rit can be written in terms of beam and duct
parameters as:

c
Terit =G Tos m

where C is the duct conductance; L the duct length; ¢p is the beam flux
through the duct and dp; is the reionisation cross-section.

For long pulse systems where low reionisation power is required,
I << Terit is needed and improvements in beamline pumping and
materials evaluation have moved towards this situation. Bickley et al. [28]
have shown in a study of the JET duct that metal (copper) ducts yield a static
situation of I' ~ 0.5 (1 atom emitted per incident ion) after conditioning with
beam and that the conditioning of a metal duct continuously improves with
accumulated beam-on time. The JT-60 NBI team also report a continuously
improving situation with a metal duct and find that only ~ 40 beam-seconds
are required to bring duct-reionisation power losses below ~5% of the
incident power {29]. In the JET study the static situation was reached in
< 1000 MW.secs of beam through the duct. For carbon or carbonised ducts
on the other hand, it has been found that conditioning takes much longer
(~ factor 5x) and the de-conditioning by Hz or D2 absorption onto the
carbon/carbonised surfaces can take place if conditioning is suspended for a
significant period (~ 1-2 days).

A measure of success in overcoming the duct problem is provided by
the 3-dimensional plot in figure 7. Here the critical gas re-emission
coefficient of the duct (I'crip) is plotted against the percentage duct reionised
power loss (WR) for a conditioned system and the peak neutral power
transmitted through the duct (Pg). Since low [¢rit is a measure of
minimum disturbance to the Tokamak system, success can be defined as
simultaneous achievement of low Icriy, low WR and high Pg. The achieve-
ment of this separates those beamlines (eg. JET) which are pushing into
reactor-relevant regions, from the more conservative designs (eg. JT-60).

It can be shown [28], that the percentage reionised power WR is, to first

order, proportional to pre beam gas pressure Pg and I'/Tri
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Low I'/Terit can be achieved via a clean metal duct and a low Pg is
achieved by good differential pumping of the beamline such (with reference
to Fig.7) the ratio (SL/Cpp) is as high as possible, where S is the pumping
speed of the last beambox chamber and Cpp is the drift duct conductance.
Interfa Tokamak ration
In general, the ‘coupling’ of NBI power into a Tokamak plasma causes few
physics problems and it is now easily understood how to design out a priori
such effects as, eg, field ripple loss of fast ions. The 'Engineering Coupling'
problems which are encountered have been successfully overcome on the
operational NBI systems. In addition to the Drift Duct already mentioned,
there have been significant developments in handling beam shine-through
and the adverse effect of the Tokamak stray magnetic field.

261  Beam Shine Through Protection

Unattenuated beam powers impinging on the Tokamak Inner Wall can be
high in the absence of plasma (eg, up to 31 MW m2 in JET). The protection
of the inner wall has been facilitated by the development of graphite
armour tiles . Progress here has often had a spin-off in the development of,
eg. carbon fibre composite tiles for graphite bumper limiters or divertor
targets. The large-Tokammak NBI systems have shine-through detector
interlock systems to terminate the beams if excessive temperatures are
detected on the Tokamak inner wall. These systems have employed a
variety of technologies including pyrometers on DIIOD (4] and TFTR [30],
infra-red diodes on JET [31] and CCD cameras on JT-60 [29].

262  Tokamak Stray Magnetic Field

The earlier generation of plasma ion sources, such as the periplasmatron
(eg. on ASDEX) and the ‘'field-free' source (eg. on the early TFTR NBI
system) were often susceptible to Tokamak stray magnetic fields even at
levels as low as 0.5 104 T. Such systems often had their own ‘bucking coils’
local to the plasma source.

In general, multipole sources are less susceptible to these fields. For
many of the current beamnlines, shielding 'passively' by using large
assemblies of soft iron has been sufficient to reduce stray fields to low levels
at the sources and in the beam transport regions. Fields ~5 104 Tesla at a
multipole source are found to cause few problems for the source's
uniformity or optics.

Two Tokamak NBI systems, those of JT-60 and JET, have successfully
developed active feedback controlled field compensation systems. JT-60 is
an air-cored Tokamak with high stray fields at the source, accelerator and
dump regions. The decision was made at an early stage to rely on local
passive shielding only in the source/neutraliser region and to actively
shield the transport region to the dumps using cancellation coils under
feedback control from sensors measuring the Tokamak stray field. With
this system the JT-60 group were able to develop the first successful large-
volume cancellation system [32], the performance of which is illustrated in
Fig.8

On the JET NBI system, the passive shielding surrounding the
beamline proved insufficient to shield the sources and neutralisers at
plasma currents (Ip) above the original JET extended performance figure
(Ip =48MA). At Ip=7MA, the stray field measured at the JET PINI sources
reached ~ 17104 T. The high fields are caused by the saturation of the iron
core of JET and also arise at the onset of the H-mode when the current in
the vertical field poloidal field-coils rises strongly to counteract the strong
increase in plasma B. These dynamic situations cause problems of
deflection of the un-neutralised beam ions in the gas neutralisers which

leads to beam deflection outside the tight geometrical requirements of the



JET system (allowed deflection ~1mr horizontally). This can result in
excessive power being intercepted by the beam scrapers. The problem has
been solved by the successful development of a feedback controlled active
field compensation system (AFCS) [33]. The JET AFCS is capable of backing-
off up to 20104 T over a volume of ~40 m3, The magnetic field in rapidly
changing plasma situations can now be maintained constant to an accuracy

~+0.2104 T[33].

263  Control. Diagnostics and Interlock

There are now completely computerised control and diagnostic systems on
the beamlines of JET (34), JT-60 [3) and TFTR [35] with considerable
operational experience. More interestingly, for future reactor-like
operations, the large beamline systems on these machines and on DIID
have extensive interlock systems which terminate the beams in the event of
out-of-normal conditions.

An example of the complexity of problems which can now be
considered as solved in this area would be provided by the JET NBI system.
This has a two-level basic-interlock network with a fast-response (10-20 ms)
Fast Beam Interlock System (FBIS) backed up by a slower timescale
(125 + ms) subsystem of the JET Central Interlock and Safety System (CISS)
which is devoted to NBI. FBIS is a hardwired system which operates by
gating sustaining pulsetrains (1 kHz) through to the NBI power supplies
[36). In the event of an out-of-normal event (eg, a pressure excursion in the
beamline or disappearance of the Tokamak plasma) the pulsetrain is
terminated which switches off the power supplies. This is an inherently
failsafe concept and all parts of the system will be upgraded to provide
redundancy and failsafe action prior to the start of D-T operations on JET.
The CISS network is Programmable Logic Controller (PLC) based and acts
both to backup FBIS and to Pulse Inhibit the injectors when dangerous
conditions (eg, lack of water cooling) occur out-of-pulse [34]. Operationally,
the FBIS has been called upon to act mainly on disappearance or
malfunction of the Tokamak plasma itself (> 95% of trips) . The system has

not failed to act correctly since its commissioning in January 1986.

i ilabili

In general all the large NBI systems now report >90% availability and
reliability of >80%. Extensive statistical exercises have been undertaken to
justify these claims on JET [37], JT-60 [38] and TFTR [39), spurred on by the
approach of the D-T phase on the large Tokamaks in which access to the
beamlines for repair and maintenance will be severely restricted.

JET and TFTR have devised essentially similar performance indicators
to measure reliability of their NBI systems. This ‘shot' parameter (pgy;o7)

[39] is essentially the ratio

NB! Energy delivered to the plasma
PsHOT = "NBI Energy requested for the shot

Using the measure indicated in (2) the TFTR performance gave pgyot ~
0.83-0.98 for 1988 operations at 95-110kV, whilst JET achieved pgyor = 0.82
for 1989 operations with 10 80keV PINIs and 6 140keV PINIs.

Most of the unavailability in these large sy is still domi d by
the Power Supplies (over 50% of causes on DIIID, JET and TFTR).
Considerable effort has been put into removing specific causes of
unreliability which is proving to be successful.

The improved availability and reliability owes much to the improved
quality of the injectors themselves and to the improved techniques of
accelerator conditioning. Improved quality has benefited from the adoption
of the common development programs of the 1980s. The two most

successful of these were the European PINI joint development for JET

(subsequently adopted by TEXTOR and ASDEX-upgrade) and the US
Common Long Pulse Source (CLPS) for TFTR, DIIID and MFTF-B [40].
These have had the worthwhile spin-offs of involvement of industry,
improved QA and the (often unmentioned) necessity of having to share
with others (and hence really understand) the database for an injector.
Improvements in injector conditioning have followed the deployment
of core snubber assemblies [41] which dissipate the stored energy in the long
injector HV transmission lines and prevent it damaging the accelerator

grids in the event of breakdown.

28 Technical Spin-offs
The data accumulating on the mechanical engineering aspects of the large,
high-power beamlines is providing valuable materials information across
the Fusion Technology field. The 'multiple-unit’ nature of most beamline
systems and the large number of elements per beamline allow the
possibility of meaningful statistical analyses. The power densities handled
are also in the reactor-relevant regime and this leads to the use of beamline
data as evidence of the pulsed capability of Next Step Tokamak designs (see

e.g: the review by Watson (42])). Ion beam dumps give the most
comprehensive information on the behaviour of high heat flux structures
under pulsed loads in addition to their associated components such as
bellows [43). Structures such as the JET NBI Test Bed beam dump [1] have
now accumulated > 3.5 104 pulses without problem.

There has also been a valuable study by Papastergiou [44]) of the
Reliability Growth experienced on a beamline design (the JET line) after
design changes were made to rectify early failures in the bellows and
neutraliser cooling systems. The study involved the use of the ‘Duane
model', a curve fitting model for the time evolution of fault occurrences.

Reliability impro can be

ically q ified in this way.
Regarding specific technical spin-offs, the extensive operational
experience of the JET ‘Hypervapotron' dump element design (section 2.3)
has provided sufficient confidence in the design for it to be chosen for the
actively-cooled target elements of the JET pumped divertor [45], [46].
Cardella [47] has also performed optimisation studies of the Hypervapotron

design for Next Step divertor applications.

3. HELIUM INJECTION SYSTEMS

Several of the positive ion NBI systems originally built as H/D injectors are now
in the process of establishing reliable facilities for Helium injection. The
injection of 4He beams can provide an accurately known, centrally deposited
source of 4He ions which can be used to simulate the centrally produced a-
particles in a reactor.

Transport studies of thermalised a's and the behaviour of pumping and
exhaust systems in the removal of a- particles can thus be studied. JT-60[48] have
already used long-pulse (3 sec), 4He beams at the 0.4 MW level in studies of
divertor 'enrichment factors' for helium. TEXTOR have a working long-pulse
4He injection system (45keV, 1.IMW, 2 sec.) [49] which is producing initial
results. DIID has also injected 75keV, 0.5 sec 4He beams in studies of the Isotope
effect in H-mode confinement [50).

Plans are now well-advanced for the injection of long pulse (S5 secs.)
helium beams on JET, with a demonstration expected in October 1990. Due to
constraints imposed by the beam deflection magnet designed for D*, 4He is
limited to 120kV. 3He operation is limited to 155keV by the 30A limit of the
accelerator power supply. Whilst the 4He will be used in the thermal helium
transport studies previously mentioned, the 3He beams are expected to provide
interesting physics in several areas. These include the efficient central heating of

plasma ions using the monoenergetic, highly penetrating 3He beams (ion
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temperatures of 50-60keV might be possible with 10MW of 3He neutrals); the
realisation of high fusion yield experiments using the D-3He reaction. The
acceleration of injected 3He ions by the JET Ion Cyclotron Radio Frequency (ICRF)
could further increase the 3He energy towards the maximum in the D-3He cross
section (at nearly 300keV 3He energy), and would enhance the fusion yield still

further.

3.1 Pumping of Helium
Injection of helium neutrals has been made possible by the development of

‘cryosorption’ techniques for the pumping of helium. Helium gas is
pumped in the NBI lines by its cryosorption onto a layer of gas previously
condensed onto the LHe cooled panels. The gases which can be used for this
effect have been found to be Argon [49], [51], 52]; SF6 [53] and N2 [49].
Pumping speeds ~ 20-30% of that obtained for Hz have been achieved for He
in these systems. The ice layer typically needs to be renewed between shots
in order maximise the pumping speed for He. The optimum quantity of
cryosorbing gas which must be pre-condensed onto the LHe panels is about
20-50 times the total quantity of helium to be pumped during the injection

shot.

4. TRITIUM INJECTORS

The Tokamaks with planned D-T operation phases (JET and TFTR) have firm
plans to upgrade their NBI systems to provide injection of trititum beams. On
JET this is planned for 1992, although if the JET Pumped Divertor proposal
proceeds, the D-T phase will be delayed until 1995-6 [54]. For TFTR the planned
dates are 19934 [55).

The injection of tritium beams provides a method of controlling the central
isotope mixture in a D-T plasma. This should be especially important for the low
recycling 'supershot' regime in TFTR where the fuelling by NBI (SN) approaches
that from recycling neutrals at the limiter (Sr) with typically SN/Sg ~ 0.3.

Some of the design issues on the upgraded tritium beamlines such as
integrity of interlocks and reliability of equipment inside the biological shield,
were already being tackled as part of NBI designs for the planned D-T Tokamaks.
Other design issues specific to the operation of T® beams are:

- tritium gas supply to the lon Sources and neutralisers, including gas
effidency

- tritium inventory (especially stringent for TFTR)

- breakdown of HV insulators in the presence of a f-emitter

—  tritium permeation through ion dumps

-  water and vacuum leaks on the beamlines.

We will make a brief survey of progress in this area, much of which is being
achieved in a collaborative fashion by the JET and TFTR groups.

4.1 Tritium gas supply
The TFTR and JET injectors both have separate source and neutraliser gas
feeds for flexibility of operation. The source gas feed passes through an SF6
shrouded HV insulator to enter the ion source at high voltage potential.
This carries the small but finite risk of breakage of the insulator leading to
SF6 contamination in the T cycle and concomitant poisoning of the Tz
recovery catalysts. To avoid this an efficient single gas feed has been
developed for the sources which introduces gas at ground potential into en-
closure where it can access the accelerator grid interspace [56] and keep the
plasma source from gas starvation. The replacement of the HV gas feed

should lead to at least a 30% reduction in the Tritium inventory for a shot.
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4.5

Tritium Inventory

The tritium gas will be supplied to the injectors from Uranium beds. For
each experiment there are site-inventory limits for tritium with a fraction
of typically ¥ to }of these limits being allowed for in the injection systems.
The beamline inventory accumulating on the cryopumps will be recovered
daily by regeneration of the LHe panels. On JET the 9 gr. (~ 85 103 Curie) T,
inventory per beamline would yield ~ 17 shots per day (10 sec. beam pulse
length). On TFTR the requirements are more stringent with only ~ 25 103
Curie allowed out of the Tritium vault [57].

The TFTR Ion Sources require interpulse conditioning (unlike on JET)
and much work has gone into optimising this conditioning scenario to
investigate isotope exchange in the lon Sources to enable tritium-less
conditioning scenarios [84].

Tritium trapped in the ion dumps from ion beam ‘drive-in' effects will
form a non-regenerable component of this inventory. Tests done for TFTR
with 10keV molecular deuteron beams [58] show that the trapping
efficiency in copper exceeds that estimated from diffusion models by ~ 2
orders of magnitude. The excess has been attributed to lattice damage by
the beams [58), [59] and agrees with results from drive-in neutron targets. It
has been estimated [59] that about 50 103 Curie would become trapped in the
JET Ion Dumps in this manner which would limit the operational
scenarios. The 'pumping’ due to trapping of beam ions in the dumps is
illustrated by the drop in tank pressure when a beam is extracted in the JET
Neutral Beam Test Bed (see Fig.9).

Breakdown of HV Insulators
The breakdown characteristics of the TFTR and JET gridstack insulators
have been tested in a tritium atmosphere at Sandia Laboratories and found

to pose no problem [60].

Tritium Permeation

The tritium permeation through the beam dump structures into the water
cooling channels appears to cause no problem. Falter [61] has estimated
only ~1mg (~ 10 Curie) of tritium permeating into the water in this
manner. This estimate is based on diffusion models for hydrogen in solids
however, and in view of the high surface concentrations expected due to
lattice damage (section 4.2) it appears to be wise to test the permeation

behaviour at high concentration gradients.

Beamline Vacuum and Water Leaks

The only types of vacuum leaks on the beamlines which need to be
considered as tritium release hazards are those which result in a
catastrophic venting to atmosphere. In practice such leaks have not
occurred on either system which gives confidence for future operations.
The use of tritium makes it necessary to consider even highly-improbable
scenarios however, therefore the main weak links in the vacuum system
have been identified and their integrity is being discussed with the
appropriate regulatory authorities.

An in vacuo water leak in a beamline with tritium-loaded cryopumps
would risk the production of large quantities of tritiated water when the
cryopumps regenerated. The JET Exhaust Detritiation System (EDS) would
safely handle such quantities [62] and active drains will be fitted to the
beamline. However, the probability of water leaks must be kept as low as
possible. In this respect the improved reliability of the beamlines gives
confidence. There have been no in-pulse water leaks on the JET beamline
since February 1988 and only 1 small out-of-pulse water leak since August
1988. Previous water leak problems have now been eliminated for all

practical purposes by improvements in the mechanical engineering [44] and



physics [25] designs. Similar experiences have occurred on TFTR. Never-
theless, design studies are now in progress at JET on methods for early
water-leak detection. Because the water resulting from small or even
modest leaks is deposited as ice/snow inside the beamline, fast
regeneration scenarios of the cryopumps are being studied which would
enable condensed T2 be recovered and hence minimise the production of

tritiated water.

4.6 Upgrades to the JET Beamline for T° Operation
Operation with T* beams at 160keV should yield ~ 12MW of neutral power
to the JET plasma with f(E):f(E/2):f(E/3) ~ 0.7:0.18:0.12. Upgraded designs for
the beamline deflection magnet [56] and the drift duct protection [28] have
been necessary to safely transport this power. The JET deflection magnet
(designed for 160kV D*) will have to operate at high currents to deflect
160 keV T+ This would have resulted in excessive stray field in the
neutraliser region due to saturation of the magnet iron yoke. This has been
successfully solved by shimming the magnets and beam tests with 120keV
4He beams to simulate the 160keV T, have shown the ion dump power
profiles to be safely inside the dump envelope. There is evidence that the
power profiles do not exactly match code predictions however, indicating
that the beams have undergone space charge expansion [63).

The upgraded duct protection is designed with integral scrapers as a
more robust unit with less in vacuo bellows and pipes. Although not
designed for continuous operation, it will be capable of accepting peak
reionisation power loadings ~ 5SMW m-2 for pulse lengths of up to 14
seconds. The duct will be instrumented with a full array of thermocouples
which will allow accurate validation of the reionisation power profiles

calculated from the measured stray magnetic field [25].

5. PARAMETER RANGE FOR NEXT STEP INJECTION SYSTEMS

'Next Step' Tokamak devices such as ITER, NET and FER are physically-large
systems in order to take advantage of the size-scaling of energy confinement seen
in L-mode plasmas [64] and over a more limited database in the H-mode [65].
There is also an increasing body of experimental evidence to support the view
that the 'effectiveness' of additional heating, in terms of the achievement of
higher central plasma parameters, is improved if the power is deposited centrally
[66]. Since it can be shown that in the plasma ion temperature range from 7 to
25 keV, the fusion yield (Q) of an ignited plasma increases with ~ ypyr where Y1
is the temperature profile peaking factor (Ti(0)/<T;>) [67], ignited plasmas would
clearly be more easily achieved by the application of central ion heating. Highly
penetrating NBI systems seem prime candidates for the task of 'starting up' an
ignited machine.

For DC operation of a Tokamak, non-inductively driven curreat is
necessary with a profile peaked towards the axis. For the high plasma densities
(ne ~ 1020 m-3) foreseen for a Next Step machine, Lower Hybrid Current Drive
(LHCD) would be effectively excluded from the plasma centre [68]. Penetrating
NBI remains as the only experimentally-validated method of axial non-
inductive current drive. Current drive studies on present generation Tokamaks
have experimentally validated the theoretical efficiencies of NBI current drive
[69), [70] even though present NBI systems were not optimised to drive current.
On DIIID, a plasma has also been sustained entirely non-inductively by NBI [71].

Highly penetrating neutral beams require high energies because the
trapping cross-sections of ionisation and charge-exchange of neutral atoms
decline rapidly with energy (see Fig.10(a)). In order to obtain a beam with a mean
penetration distance similar to the minor radius of the ITER machine (2.15m) in
a 1020 m-3 spatially-constant plasma (1 20) one must have deuterium neutral
beams with energy ~ 1MeV (see Fig.10(b)). At such energies, the neutralisation

efficiency for positive ions has dropped to infinitesimal values (<0.5%, see

Fig.10(c)). The neutralisation efficiency for negative ions in ordinary gas targets
remains high at ~ 60% for energies above 1MeV (Fig.10(c)). Thus it is clear that
injectors on the Next Step devices must feature negative jon beamlines. The
exact energy of injection has quite a wide margin of uncertainty at the moment
as simulation of current drive efficiencies for typical ITER conditions show that
the predicted current drive efficiency varies by <15% from a value of over the

beam energy 800keV to 3MeV [72].

6. NEGATIVE ION SOURCE AND BEAMLINE DEVELOPMENT

Studies of Next Step injectors show that in order for the dimensions of the
plasma ion source to be kept to a reasonable size, sources capable of supplying
negative ion current densities ~200-500 A m-2 are required. Such sources are
being realised, at least in small-scale experiments. Two basic lines of source
development are evident; the 'surface conversion' source where negative ions
are produced by double-charge exchange of positive ions incident onto a surface
having low work function and 'volume production’ source where the negative
ions are produced within a low density plasma.

This paper will not review in detail the development of negative ion
sources. For this the reader is referred to the review by Alessi [73] for surface
conversion sources and by Green [74] for volume production sources. Below we
give only a brief overview of the present status.

Surface conversion sources for many years relied upon the introduction of
Caesium vapour to produce the low work function surface. Th:s produces
problems with voltage holdoff in accelerator stacks, and because of the general
undesirability of Caesium impurities in a system attached to a Tokamak, the
sources declined in status when the negative ion content of volume sources was
identified. Recently, successful experiments with a Barium cathode conversion
surface [75] have revived the prospects for such sources although the sputtering
of Barium still seems to be an issue. In addition, as the conversion surface is
biased at ~-300 to -400V, the negative ions are emitted from the surface with
fairly high transverse energies (~10eV) causing problems for the design of the
focussing optics for beam transport from such systems.

Volume production sources became serious contenders for production of
negative ions with the observation by Bacal et al [76] of significant H- densities in
the low pressure discharges in magnetic multipole sources. The fact that these
sources were becoming the standard for positive ion beams (see section 2.1)
stimulated development [74]. The negative ions are thought [77], [78] to be
produced in a 2-step process via an intermediate highly-excited molecular
vibrational state viz:

e+ H, o Hi(6Svs1d) +e 3
e-+H;oH'+H +e “4)

since electron energies > 10eV are most favourable for reaction (3) but low energy
electrons (~1eV) are needed for reaction (4) to proceed we are thus faced with the
familiar 2 temperature region' situation as in the positive ion sources (section
2.1) and indeed the insertion of a magnetic filter into the bucket source was
shown to enhance the negative ion yield in the extraction region [79]. Recently
the observation by Leung et al [80] that a 'one-off puff of Cs vapour into a
volume production source enhances the negative ion yield has been adopted by
the Japanese JAERI group to enable extraction of 10A of H- from a multi-aperture
source (209 holes), corresponding to ~360 A m-2 [81]. Volume sources still have
the poorly-understood problem that the yield in deuterium (D-) plasmas is
substantially reduced from the yield in hydrogen (H-) plasmas, where most of the
present experimental work is carried out. Also the maximum current density
which can be extracted from the source reduces as the size of the extraction
aperture increases an effect possibly due to stripping losses near the extraction

grid [74].
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6.1

6.2

Advantages of Negative Ion Beamlines
In addition to the high neutralisation efficiency (no) per se, negative ion
beamlines have other advantages.

Arising from the high 1o, the gas flow required for negative ion
beamlines are lower. This enables more conventional ‘chevron-baffled’
cryopumps to be envisaged and also reduces the power loading from neutral
beam reionisation (D7 + D, = D}.....) which must be handled from devious
particles in the beamline. The spacecharge in a negative ion system, with its
reduced current densities, is lower than in the equivalent positive ion
system. This leads to reduced space charge expansion near the ion dumps
and also to less heating of the gas in the neutraliser. This latter effect, which
reduced the effective neutralisation target in positive ion systems and
increased gas loads, was first identified by Paméla [82). It has been seen in
reduced neutralisation efficiency measurements found on many positive
ion systems, eg. [83), [84). As an effect which is directly related to beam
current density, it should not play a significant role in negative ion systems.

Negative ion systems are also intrinsically resistant to space charge
expansion. The spacecharge neutralisation for a negative ion beam, which
depends on confinement within the beam envelope of slow positive ions
produced in beam-gas collisions, is more easily achieved than in the
equivalent positive ion beam where it must be achieved by confinement of
the highly mobile electrons which are similarly produced. Negative ion
beamlines with very low divergence are hence possible and 3mr. at
90keV/nucleon energy has been achieved. [85].

Negative ion beamlines can thus, if required, be very long. This has
the advantages of;

— remote positioning from the Tokamak, reduction of the neutron and
tritium problems;

- long regions of beamline are available for the dumping of residual ions
at low power densities;

- long pumping regions are available, increasing further the

conservative aspects of the pump designs.

Disadvantages of Negative Ion Beamlines
The disadvantages depend upon the type of source adopted.

Surface conversion sources have the disadvantages associated with the
effect of the sputtered/condensed low work-function material (caesium or
barium) on the voltage hold-off of the accelerator stacks.

Volume production sources tend to operate at relatively high pressure
(~1.3Pa) when compared to positive ion equivalents. Stripping losses of the
D-beam (D; + D, = D;+....) can occur with high probability in the long
accelerator stacks leading to beam-losses. Consequently the accelerator stack
pumping has to be very efficient and a working demonstration of this has
not yet been produced.

For all negative ion sources, electrons would be extracted in copious
quantities unless suppressed (ne/n(H-)240 in a volume source). This
would severely limit beamline efficiency. Fortunately electron suppression
techniques have been developed, pioneered by Holmes et al [86]. Their
system is shown in Fig.11. Electrons are first suppressed by a magnetic filter
field using magnets inserted in the extraction electrode. Electrons which
still leak through are trapped at low potential by an electron trap in the
second grid. Thus only a fraction () of the full accelerating voltage is wasted
on their acceleration. If the current of electrons leaking through I is given
by 8 x I (I is the negative jon current) then the beamline efficiency is
reduced by a factor

e _
=031 G
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for practical systems f cannot be lower than ~ 0.05 to 0.1 and thus the initial
filter needs to ensure § S 1. This has been achieved on a working system

[86).

6.3 Large Scale Negative Ion Beamline Demonstrations

Clearly, large scale demonstrations of working negative ion beamlines are
desirable before proceeding to a Next Step device. In the next 5 years, two
demonstrations are currently funded.

i) Within the European Community's (CEC) fusion program the
'DRAGON" facility at AEA Culham will come into operation at the
beginning of 1991 [87]. This will have a 4A D- volume production
source, coupled to a 200kV pre-accelerator stack (4 grids). The design
aims to produce 2.4 A equivalent of D° atoms (110A m-2 equivalent)
from a 288 aperture system.

DRAGON will represent the first demonstration of D- extraction
and will demonstrate the following aspects of the CEC's ITER NBI
proposal (see below)

- operation of a grounded plasma source

- operation of a neutraliser at high voltage with segmented
construction

- operation of an electrostatic beam dump

— operation of the 200kV pre-accelerator

— the predicted stripping losses for the CEC D- accelerator.

=

ii) Within the Japanese fusion program, the negative ion development is
aimed at the realisation of a negative ion injector for JT-60U. This
system will culminate in a 500keV accelerator feeding a 10MW
(neutrals), 10 second pulselength beamline [88], shown in Fig.12.
Notable features are the cryopumps at the accelerator stack position and
the extremely long (~10m) gas neutraliser. The beamline is
conservative, using a source at HV potential and magnetic deflection
for the ions. The dumping field is feedback-controlled in strength
depending on the Tokamak stray field but the source and neutraliser
are shielded passively. The system aims to demonstrate 2MA NBI
current drive.

This system will test many of the features of the Japanese ITER
NBI proposal (see below). In its original conception it does not rely on
the enhancement in negative ion yield coming trom caesium vapour
puffing. An intermediate step system (350keV, 0.1A, 9 apertures) will
test the H- yield enhancement from Cs vapour on a large system and is
due to come into operation at the end of 1991. The full JT-60U negative

ion system is foreseen for 1995 operation.

7. NBI PROPOSALS FOR ITER
Within the context of the ITER proposals [89], the Technology phase foresees a
steady state Tokamak with a 2 week burn period. This machine would have a
plasma current up to 11 MA and an installed current drive capability of up to
150MW. Approximately 50% of the current drive capability would come from
NBIL.

The common parameters for the NBI system for ITER are given in Table 1.
Of particular note are the requirements for the system to operate at 50% and 75%
of full energy during the start-up phase of the plasma, and the ambitious
requirement to have a vertical power profile control at the plasma so that control
of the current profile in the Tokamak could be achieved.

On the basis of this parameter choice, 4 design proposals for the NBI system
have been received from the CEC [90],Japan [91], USA [92] and USSR [93]. At the
overview level all the proposals are essentially similar and an overview drawing

of the Japanese proposal is shown in Fig.13.



7.1 Issues in the ITER NBI proposals

In general, most of the contentious issues in the proposals involve the
source/extraction and accelerator stack section of the beamline. A reflection
of the uncertainties is given by the fact that the 4 proposals differ radically in
this area and each has unproven features.

All designs feature electrostatic d.c. accelerators and the problems of
avoiding electrical breakdowns in these structures must be addressed. A
particular problem for negative ion systems is, as already indicated, the
acceleration of larger quantities of electrons than in the positive ion case.
The impact of these electrons on grid structures and the resultant X-ray and
UV production with its impact on further ionisation in the grid volume
poses severe challenges. The designs are probably approximately 2 orders of
magnitude from previous successful demonstration in terms of their
specific X-ray and U.V. production.

For the CEC concept [90] which proposes a high pressure (0.9 Pa)
volume production filter source, the stripping losses and electron
acceleration problems are postulated to be minimised by the operation of
the source at ground potential, with the accelerator stack and neutraliser
being at increasingly positive voltages. Operating a source at ground will
enable stronger pumping in this area as pumping access can be achieved up
at relatively high pressures without the risk of long path breakdowns. The
operation of the source at ground potential also simplifies source
replacement enormously. (The source is identified in all the proposals as
the item for most frequent replacement). As already stated, the DRAGON
facility will test the source/extraction to 200kV and the concept of the HV
potential neutraliser including the 'onion skin' type shielding around this
to prevent acceleration of field-emission electrons from the beamline walls
towards the neutraliser [87].

The Japanese concept [91]) proposes a ‘Cs-seeded’ volume production
source operating at HV potential with a gas neutraliser at ground potential.
The Cs is proposed to enable source operation at lower pressures (~0.5 Pa)
and hence reduce the gas load stripping and x-ray production problems. The
voltage hold-off in the presence of caesium and the long term behaviour of
the caesium D- enhancement are the major issues. Unlike the EC concept,
which accelerates beamlets in rows to keep an open structure for pumping,
the Japanese concept forms a sheet beam after the 4 grid extraction has
acce;erated the ions to ~ 180kV. Plasma may form in the centre of this sheet
beam and increase the space charge effects with deterioration of beam optics
[94]. As already stated, a successful demonstration of the JT-60U negative
ion system would answer many of the uncertainties about this concept.

The US concept [92] proposes to use a Barium converter, surface
conversion source based on the work at FOM [75] now being pursued
further at LBL. The accelerator in the US concept differs from the others in
being an Electrostatic Quadrupole (ESQ) accelerator [95]. The long term
behaviour of the Barium in the converter and the handling of the large
quantities of sputtered barium (over 1 kg. in the 2 week pulse) and its effects
on the extraction system voltage holdoff are clearly issues here. The optics
problems arising from the initial high transverse negative ion temperatures
(section 6) also need to be overcome. The ESQ is claimed to have strong
advantages in preventing breakdowns. The ESQ transverse focussing fields
offer the possibility of steering electrons born in the accelerating stack off to
the side of the assembly. X-ray production and breakdown problems should
thus be reduced. The transverse focussing enables longer acceleration stacks
thus reducing the voltage gradient and the probability of breakdown. It is
essential for this concept that a demonstration of ESQ acceleration of
currents ~1A is performed. At present 45mA of H- has been accelerated to
200keV. [96].

7.2

8.

The USSR concept [93] proposes a ‘ring-extraction’ hollow-cathode Cs-
assisted source. Source uniformity and its effects on optics are the key issues

here in addition to all the usual problems associated with caesium.

General Comments on the ITER Beamline Design

In many aspects the ITER beamline designs are all conservative and this
gives confidence in the practicability of realisation.

In comparison to the equivalent '10MW module' of the JET NBI
system, a lower quantity of gas (about %) is required leading to a lower
installed pumping requirement (~1 - 1.2 103 m3 sec'!) and the adoption of
conventional chevron baffled cryopumps. The ion dump power densities
are also much lower. A quantity of ion power ~ 45% of that dumped on the
80keV JET beamline is spread over a much larger area. This increases the
safety margins against burnout and reduces the erosion and surface damage
problems on these dumps which will help to offset the problems inherent
in the long pulse operation. The drift duct problems also appear to be less
severe. On the JET beamline 10.8 MW of neutral power is transmitted
through a 0.22 m2 aperture. On ITER the equivalent figures are ~ 32.4MW
transmitted through 2.72 m2.. An approximate evaluation of the beamline
parameters shows [t ~13-14 for ITER compared to ~4 for JET.
Reionisation power loading and duct conditioning should therefore be less
of a problem.

Reionisation focussing studies similar to those carried out on JET by
de Esch et al [25], have not yet been performed for the ITER design. This
seems an important and timely topic now that the design is more firm.

The Tokamak stray field from the 22MA, air cored ITER will be very
high at the sources/neutralisers (70-120 104T) and has been recognised as a
problem. Heavy double-layer passive magnetic shielding is foreseen in all
the design proposals. In view of the success of feedback-controlled active
compensation on JT-60 and JET (section 2.6.2) it seems advisable to review
its use in the ITER beamline. Savings in weight, cost and radioactive
material inventory can be identified and the active compensation systems
are more easily upgradable and changeable to meet parameter extensions of

the system.

FURTHER DEVELOPMENTS FOR NEXT STEP INJECTORS

Two developments which lack comprehensive funding programs but which

appear to offer significant technical advantages are those of the plasma

neutraliser and the RF excited multipole source.

8.1

Plasma Neutralisers

It is well known that the charge stripping interaction between negative
hydrogen and positive ions (A*)in a plasma (H- + AN+ = H® + A(n-D)+)
proceeds with a high probability. Recent measurements (97] have shown
that the cross-section enhancement coming from having multiple-charged
ions from high-Z elements is not as high as previously thought, scaling
approximately as 213 instead of Z2. Thus it now appears that plasma
neutraliser cells which concentrate on the efficient production of dense
hydrogenic ions are competitive with the previous heavier gas designs.
Hydrogenic neutralisers are also more compatible with Tokamak NBI
systems.

Plasma neutralisers using deuterium can result in a substantial
increase in the conversion probability of D~ to D°® above the gas-neutraliser
case from ~60% to about 85% as shown in Fig.14. The gas load is also
substantially reduced in these devices.

Given these advantages, the demonstration of a working full-scale

plasma neutraliser would seem a high priority. Moses and Trow [98] have
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experimented successfully with r.f. driven Argon plasma neutralisers
attaining ne ~ 5 1019 m-3 over a 0.5m length in a 50kW discharge. There is
now growing evidence that r.f. excited multipole sources can obtain very
high efficiencies (see section 8.2). Using this Holmes et al [90] have proposed
an r.f. driven plasma neutraliser with a cusp containment field.
A schematic of this proposal is shown in Fig.15. The containment is nearly
completely 6-sided as the D~/D° beams are able to pass through the rows of
containment magnets at the neutraliser entrance and exit. Using the figures
from the RF buckets, Holmes et al calculate only ~ 0.2MW is needed to &rive
such a neutraliser at nearly 95% fractional ionisation.

Such a neutraliser inserted in the EC ITER concept would increase the
overall beamline efficiency from an estimated 45% to 66%. The increased
efficiency could either be used to decrease cost (omit one of the beamlines)
or increase safety margins and decrease power supply provision and would
be more than enough to compensate the lost current drive efficiency if the
accelerator voltage had to drop below (say) 1MV because of breakdown

considerations.

82 REF Excited Plasma Sources
One major problem in long-pulse injectors would be filament lifetime and
it would clearly be disadvantageous to keep replacing ion sources regularly
in the remote-handleable conditions of the ITER beamline. Also the de-
exdtation reactions which are thought to destroy negative ions in volume
production sources are enhanced [77], [78), by the presence of dissociated
atomic neutrals which produce associative detachment of the negative ions:
H+H-o2H+e ©)
Wall materials which enhance the recombination of neutrals to
molecules are hence desirable. Production of the vibrationally excited
molecules from which negative ions can be formed (reaction (3)) are also
thought to be enhanced by differing wall materials. The problem with the
conventional tungsten-filamented volume source is that after a period of
operation the walls are covered with Tungsten and surface optimisation
cannot be pursued.

These problems would be overcome by the successful large-scale
development of r.f.-excited multipole sources. Successful r.f.-excited, multi-
pole containment sources have been run with very high efficiencies
obtaining positive ion values as high as ~4 A/kW in the case of Di Vergilio
et al [99] using a multipole source with internal r.f. antenna. Successful
positive ion rf sources have also been developed at IPP Garching [100] where
recently a JET PINI source has been converted to r.f. excitation and a factor 4
efficiency enhancement over the filamented version has been achieved
[101}.

With this background a clear case exists for substantial funding being
channelled into r.f. excitation sources to demonstrate their efficiency as
negative ion generators. Work is already under way at AEA Culham
Laboratory on small scale demonstration projects with this aim [102].

9. CONCLUSIONS

Positive ion NBI systems now represent a mature and robust technology which
has provided an invaluable tool in the progress of research of Fusion Physics in
recent years.

The operation of high power NBI systems (> 20MW) composed of high
power beamline units (~ 10MW) has shown that the design issues surrounding
the realisation of such beamlines can now be considered solved. With current
technology, it is possible to design a working d.c. beamline at these high power
levels. Indeed it is only the non-d.c. aspects of the JET drift duct which prevent

the most powerful extant beamline unit (the JET system capable of delivering
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10.4MW) from being such a beamline. The 'engineering-coupling' problems of
interfacing such beamlines to Tokamak operations are also now solved in
essence.

The upgrade of NBI systems to inject helium and tritium beams is well
advanced maintaining the importance of the fuelling aspects of current systems.
Helium pumping by cryosorption has been successfully realised on large systems
for long pulses. The design issues for tritum beams have been addressed, in the
main, and solutions established.

The success of positive ion beamline realisation gives confidence in
proceeding to the Next Step where negative ion systems will be required because
of the high beam energies needed to penetrate large Tokamak plasmas. With
their high neutralisation efficiency, low spacecharge and inherent resistance to
spacecharge expansion, negative ion systems can be remote from the Tokamak.
This gives advantages in radioactive inventory and also allows dumped power
densities to be low. Pumping requirements are also lower than for the positive
ion beamlines. Such conservative tendencies in the design enhance the
prospects of success.

Negative ion sources are being developed to the stage where they can yield
current densities in the range 200-500 A m-2, suitable for the Next Step device.
Demonstration of large scale extraction system remains to be performed however
and stripping losses in extraction systems could be high.

The most serious design issues to be resolved in the 4 proposals for the ITER
NBI system are all in the area of the ion source/extraction system/accelerator
stack. All 4 proposals have potential major problems here. Demonstrations on a
large scale are in prospect for most of the crucial design concepts in the CEC and
the Japanese proposals.

A considerable upgrade in the overall efficiency of a negative ion beamline
(from ~45% to ~66%) could be achieved by the successful realisation of large
plasma neutralisers. A similar comprehensive program should also be
instigated to develop r.f. excited multipole sources for negative ion production.

Finally, one should observe that, in the space of a review article, it is not
possible to indicate all the pitfalls which have been overcome on the route to the
success of the positive ion systems. In all cases, in retrospect it has been shown
that the building of Test Bed units, of the maximum possible realism, is
invaluable. In this way the ‘surprises’ of the positive ion physics program (e.g.
spacecharge effects in multiple beams, neutraliser gas heating effects) have been
identified and accommodated. The engineering coupling problems (e.g. stray
field on JT-60) have also been solved. It would be very unwise to economise in
the provision of a full beamline Test Bed unit for ITER, in spite of confidence in

the outcome!
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Table 1
¢ Common parameters for the 1990 ITER NBI system.

INJECTED POWER (D9 MW
ENERGY (MAXIMUM) 1.3MeV
PULSE LENGTH (MAXIMUM) 350 hrs
OVERALL SYSTEM EFFICIENCY > 40%

ENERGY OPERATION POINTS 50%, 75%, 100% FULLENERGY

ENERGY STEP CHANGE RATE 10 secs.

POWER PROFILE CONTROL AT PLASMA* HOLLOW, FLAT or PEAKED
POWER STEPS IN PROFILE CONTROL 10%

POWER CHANGE RATE 10MW 51

AIMING TANGENCY RADIUS 6.2m (cf. Rp = 6.0m)

PORT DIMENSIONS 0.8m(W) x 3.5m(H)

TRITIUM ACCUMULATION (TOTAL) <10grams

NO. OF PORTS 3 BEAMLINES MODULES/PORT . 3
INJECTED POWER/MODULE 10 MW @ 1.3 MeV
BEAMLINE DIMENSIONS 4M (OD) x 15M (L)
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2 (a) Engineering drawing of the Magnetic Multipole source and extraction
system for JT-60 NBL. The source illuminates an extraction area
0.12x0.27 m2 and the accelerator unit is capable of delivery 70A at 75keV
when operating in hydrogen (from ref (10)).
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multipole source, measured without the filaments energised (taken
from ref.[13]). Also shown is the approximate position of the
‘supercusp’ field relative to the filaments.
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Reionised particle traces in the neutral beam duct
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Measured vertical fringe fields in the JET drift duct for JET limiter
plasmas of various currents. The vertical fringe fields arise mainly
from the stray field of the vertical position control coils of the JET
poloidal field system. Extra fields come into play when the poloidal
shaping coils (P2/P3) are also energised.
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3-Dimensional plot showing comparative performance of different NBI
Drift Duct designs for various Tokamak NBI systems. The positions of
the ducts in the 3-D space are represented precisely. In reality for all
systems the error bars on a particular co-ordinate are of the order +10-
20% of the given value. Duct conductances used in the determination of
Cerit (via equation (1) of the text) are muiltipled by 4 from the measured
values on the approximation that the reionised gas source is produced
mainly at the longitudinal centre of the duct and hence, can be pumped
out by the 2 halves of the duct acting in parallel (see inset).

As described in the text, a low gas pressure in the duct (pg) can be
achieved by maximising the ratio of the last drift chamber pumping
speed (Sp) to the duct conductance (Cpp).
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deuterium beam neutrals by plasma ions and the effective cross section
<0cju> for ionisation by electron impact in a Maxwellian plasma ot
varying temperatures (T¢).

Mean penetration distance (A = (o1otne) V) for a deuterium neutral i a
spatially constan: plasma with density (n¢) = 1020 m~' and Maswellhan
average electron temperature = 10keV. ajTrr indicates the nuno
radius of the proposed ITER Tokamak.

Neutral fractions for positive (D*) and ncegative (D) beams as a
function of ion beam energy emerging (ronu:

- an infinite gas target (D+)

- the finite optimum gas target (D)
Note the optimum gas target for 13 varies trom =04 1070 2 at To0keV
to ~ 2 1020 m2 at 1MeV.
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Fig.8(a) Schematic of JT-60 NBI beamline showing a magnetic field vector plot
with the cancellation coils energised. The large volume of zero field is
evident (from ref.[32]).

() As Fig.8(a) but indicating the ion beam transport envelopes and their
relationship to the cancelled field volume.

(©) Waveforms showing the cancelled field (Bcc) and the current in the
cancellation coils (I¢c) during a JT-60 discharge with NBL. The stray
field in the absence of cancellation (Bs) is also shown.
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Fig.11 Schematic of the extraction system for the prototype negative ion
accelerator of Holmes et al. used for development of electron
suppression and electron trap concepts [86] (Dimensions in mm).
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(a) Plan view indicating the system's position relative the Positive Ion

injectors on JT-60. (b) Elevation view.
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Fig.13 Overview of the Japanese ITER NBI proposal showing the relationship
to the ITER plasma (Ohara et al. ITER-IL-HD-4-0-11).
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RADIO FREQUENCY HEATING AND CURRENT DRIVE
STATUS AND PROSPECTS FOR THE NEXT STEP

C GORMEZANO
JET Joint Undertaking, Abingdon, 0X14 3EA, UK

Additional heating is a y req on all tok ks and All the major
devices are now equipped with large additional RF heating sy and the actual data base both on
the physics aspects and on the technical aspects is large and still expanding /1/ /2.

Radio Frequency techniques in the Ion Cyclotron (ICR), Lower Hybrid (LH) and Electron
Cyclotron (ECR) range of frequency have proved to be very effective for onc or more of their
potential applications: heating, profile control, bulk current drive, non-inductive current ramp up
and plasma initiation and arc planned to be used on the next step facility.

Although other RF methods arc being developed, such as lon Bernstein wave heating and current
! ] e 4

drive and Alfvén wave heating, we will restrict the d 1o the most p and well
d d methods. The corresponding main results to date and some of the relevant physics
basis will be di d first. The technical status of coupling str ission lines
generators will then be given.

RF techniques cover a large domain both in the physics and in the technical aspects, as illustrated in
fig.1, and consequently only highlights of the different methods will briefly be indicated.
1 MAIN RESULTS TO DATE
Large amounts of RF power have been launched in many experiments:

- 18 MW of ICR power for a few scconds and 6 MW for 20 seconds in JET

- 9 MW of LH power for a few seconds in JT-60

- 2.2 MW of ECR power for 0.2 s in T-10 and 1 MW far about one second in DITI
Record achievements with RF methods have been obtained:

- the largest fusion yield: 100 kW from 3He -D reactions in JET with energetic ions
created from ICRH minarity heating /3/

- the largest electron temperature: 12 keV in JET with ICRH /3/

- the largest and longest non-inductive current drive plasma currents: 2 MA in JT-60 /4/
and 35 kA for more than one hour in Triam- 1M, both with LHCD /5/.

The basic relevant physics is given as follows.
1.1 Electron Cyclotron Range of Frequencies
The resonance occurs along the layer:
®=0xe =¢B/me
which corresponds in today's experiments to a very high frequency range: 60- 140 GHz Itisto
be noted that strong absorption occurs in a localised heating zonc and that relativistic and Doppler

shifts allow the possibility of power absorption at values of the magnetic field different from
resonance (up-shified and down-shifted Tesonances).

- long sawteeth free discharges (ICRH "monsters” in JET, TEXTOR)

- no RF specific impurities problem

- increase of density limit ICRH and ECRH)

- low voltage start up of tokamak discharge (ECRH on CLEO, DII)

- ionisation and start-up of stellarator discharge (ECRH on Heliotron E, W VI, ATF)
- mode control through local heating ECRH on CLEOQ, DITE, TFR)

- ECR current drive is demonstrated (CLEQ, DITE, DIII, WVII) but with a rather low
efficiency

- p current comp in

(W VI-AS)

- ICR current drive is observed in small size tokamaks. The basic physics elements for
current drive in large hincs has been d d in JET

- LH current drive is observed in all LH experiments. Efficiencies close to those necded
for a reactor have been obtained in JT-60.

- mode control and profile control through current drive has been achieved in many LH
experiments (with corresponding large central Te values)

- substantial volt second saving with LHCD during current ramp-up (JT-60)

2 COUPLING STRUCTURES

Antennac are a very sensitive part of any RF system since they have to launch the desired wave
structure and constitute the interface with the plasma.

ECRH antenna load is insensitive to the plasma density and the antenna can be located far away
from the plasma. There is no necd for a tuning device since the coupling is very good.

LHCD launcher coupling is sensitively determined by the density at the plasma-antenna interface.
No mning device is needed duc to the achieved good coupling cfficiency (> 90%)

ICRH imped: is very to the density of the scrape-off plasma which might vary
with many par such as: di pl MHD activity, plasma density and H-
mode transition. Tuning devices are needed to take into account the substantial reflected power.

2.1 ECRH Antennae

They are the most simple of the RF systems since they can be the direct output of a waveguide,
which is already widely used.

Mirrors can be used to reflect and/or to focus the wave from a penctration port and to transform the
incident radiation pattern. R ble mirrors and polarization control arc in use in the W-V1I as
stellarator.

For high power operation and/or long pulse opcration, active cooling might be needed. In Tore
S:_:pr:,“l,osscs for a 400 kW incident RF power at 110 GHz have been estimated to be of the order
of 1

2.2 LHCD Antennae

They arc made from a phased army of open-ended waveguides located in the scrape-off plasma
(grill). The parallcl wave spectrum is determined by the width of the waveguide and the phase

Electron Cyclotron Current Drive results from the asy ic collisionality g d by a selective
absorption of EC waves, pref ially on fast ck for a good cfficiency. Wave injection at an
oblique angle is preferred.

1.2 Ton Cyclotron Range of Frequencies
The resonance occurs along the layer:
o = o = ¢ B/m;j

corresponding to a very low frequency range: 20 -120 MHz. The absorption is weak for a pure
plasma at © = (cj. A strong absorption in a localised heating zone is obtained either at the first
harmonics or at the cyclotron layer of a minority species like hydrogen or helium minority ina
deuterium plasma or deuterium minority in a tritium plasma.

lon Cyclotron Current Drive might result cither from asymmetric heating of minority ions, with a
low cificiency but capable of producing highly localised current, or from direct intcraction between
fast wave and electrons (Electron Landau Damping or Transit Time Magnetic Pumping ) for which
predicted cfficiency can be very large in dense and hot plasmas. Localisation of driven current is
close to the plasma centre and does not depend upon the density.

1.3 Lower Hybrid Range of Frequencles
LH waves represent the slow wave branch of the plasma dispersion relation in the frequency range:
xj < O <C¢e

Contrary 1o the other RF methods, there is not a magnetic rcsonance but a kinctic
resonance.Damping of the waves depends upon many plasma parameters such as the plasma
density, the magnetic field, the plasma temperature and upon wave parameters, the main one being
the parallel index of refraction which is determined by antenna geometry.

There is a density threshold (proportional to 2) above which damping occurs on fast jons and
below which occurs on fast electrons.

Lower Hybrid Current Drive results from the creation and the damping of the wave on fast
clectrons. High efficiency driven are obtained when a unidirectional wave is 1 hed
Efficiency is directly proportional to the velocity of LH induced fast electrons, ie can be very high
at low values of the paraliel wave index.

For current drive

lication, the high frequency range of LH waves is preferred.

1.4 Main Results to Date

The following main results can be noted from the large present experimental data base on heating
and curreat drive:

- high grade H-modes have been obtained with RF techniques alone:
- ICRHon JET
-ECRHon D I
-LHCD on JT-60
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To date antennae use a large number of waveguides per antenna:

JT-60 96 waveguides at 2 GHz

ASDEX 48 waveguides at 2.45 GHz

Tore Supra 128 waveguides at 3.7 GHz

JET 128 waveguides at 3.7 GHz

JET 384 waveguides at 3.7 GHz (in preparation)

JT-60U 192 waveguides at 2 GHz (in preparation)

FT-U 48 waveguides at 8 GHz (in preparation)
An important practical problem is the RF breakd which might occur in open-ended evacuated
waveguides due to:

- ltip of dary el trajectories which is a severe problem
at Gce, Oef2, Oce/30..

- impact ionisation of residual gas (if p> 10°5 torr)
The usual remedies are the following:
- coatings: Carbon, Ti pulverisation, rough gold
- glow discharge cleaning
- baking at high temperature
- magnetic shielding
- vacuum windows between plasma and cyclotron layer
- large pumping (100 000 1/s being developed for JET)
- RF conditioning (aging)

allowing substantial power handling densities to be achieved, ranging from 2 kW/cm?2 at | GHz to
10 kW/cm? at 10 GHz.

The tend to operate at high frequency is favourable for power density capability, but the
di duction in di ions impose the use of very large number of waveguides.

corresp g
In order to reduce the number of associated vacuum windows, the power can be split by passive
! into small guides in the d section of the antenna. With the “multijunction”
technique (Petula, Tore Supra, JT-60, JET) the power has been split in up to 8 waveguides per
window. 1t is to be noted that the use of built-in phase shifters impose a good mechanical accuracy
in the construction of the antenna and that the relative phasing between waveguides is less flexible.

The preferred waveguide material is copper 1o minimize resistive losses. Disruption induced forces
are very high duc to the proximity of the grill mouth to the plasma. In Tore Supra, Zirconium
copper (good mechanical qualities) and electrical insulation between guides has been used. In
JET and JT-60, copper coated stainless stecl and strong shiclding box to reduce eddy currents have
been used. Cooling is required for long pulse operation: gas cooling in JT-60 and water cooling at

200° C in Tore Supra.




Matching is achieved by moving the antenna radially using large bellows and hydraulic actuators.
A good location accuracy (1 mm) is needed. Position control systems can be rather complex owing
to the weight of the launcher (15 tonnes in JET), the protection of the vacuum moving systcm
against disruption induced forces and the safety aspects. Programmed movement during a plasma
shot is needed with lly a feedback control (in preparation in JET).

2.3 ICRH Antennae

To date they are made from inductive loop antennac carrying poloidal RF cusrent. A Faraday shield
is required to imposc wave polarisation, (o avoid parasitic loading into other wave modes and
prevent direct ing of particles into

Optically closed screens made of Nickel or Titanium Carbide have been used in ATC, PLT, TFR,
JET, ASDEX, TFTR. The corresponding RF losses cntail the use of active cooling, as in JET with
Nickel screens. Optically open screens and the use of a good conductor allow to reduce RF losses
and to use only radiation cooling, as in JET with Beryllium screens.

For long time, application of large ICRF power induced meuwallic impuritics. Coating techniques
(carbonisati ronisation) have beneficial cffects. Tilting the screen parallel to the magnetic field
and the use of Beryllium (low self-sputtering yield) have solved the problem of impurity release, in
good with th ical predictions /&/.

8T

To achieve a good matching it is possible to fit the antenna within a port and to move radially the
launcher (JT-60, TFTR, Tore Supra). 1ln such a way, a small area of the tokamak is used, in
competition with other port requirements, and large RF ficlds can be produced in front of the
antenna.

The other possibility is to move the pl di as in JET. A can then be
located between main ports allowing (o use a substantial part of the outer wall (8 antennae in JET)
and 10 operate with much lower RF fields in front of the antenna. In addition, the plasma
movement reaction is much faster than with a mechanical movement.

A feedback system on the radial position of the plasma has been successfully tested in JET allowing
a imped to be maintained even during the large change in the scrape-off plasma
density which occurs during an H-mode transition.

In practice, the antenna electrical performance is usually limited to a maximum voliage reached in
the antenna and its feeds, which can be improved by increasing the plasma loading resistance, for
instance by placing the structure closer to the plasma, or by increasing the capacitance of the loop
coupler.

1t is to be noted that the new A2 antennac which are being prepared for JET will allow improved

The main problem for their design is the limit in voliage capability. Special attention has to be
devoted to the shape and the design of the ic windows in order to withstand the required large
voliage. To day, currents up 10 1 kA and voltages up to 50 kV have been achieved.
3.2 Pressurized Transmission Lines
3.2.1 One of the main achicvement in the design of ECRH transmission lincs has been 10
produce a low loss system (Stuttgart, Culham). Such systems consist of a large number of
components, including:

- overmoded waveguides

- mode converters to use low loss propagating modes (0.3dB/km for the HE11 mode and
0.43 dB/km for the TEO] mode)

- mode converters to launch the required mode structure
- mode fillers
- bends and tapers required by the geometry

As an example, the 50m long transmission line for COMPASS at 50 GHz has a 10 to 15%
transmission loss. CO? gas purging is sufficient for reliable operation.

It is to be noted that quasi-optical lines (q

issi beams and fi
will have 10 be used for frequencies above 140 GHz.

ing mirrors)

3.2.2 LHCD transmission lincs are more conventional since they arc made from standard
waveguides which are pressurised with SF6 in order to reach their maximum capability, whicb is
in the range of IMW at a few GHz.

Resistive losses are important when the frequency exceeds 3 GHz and overmoded waveguides are
eventually used to reduce losses. A 95% transmission Joss has been achieved on Tore Supra with
a 30m long transmission line at 3.7 GHz.

Low losscs and realiable components such as DC break, hybrid junctions and flexible waveguides
date L her mo have been developed in several experiments. Remote
have been developed in JET.

3.2.3 ICRH wansmission lines are made of large di coaxial i lines in order to
ithstand the large RF voltages. These coaxial transmission lines have very low losses when they

to
handling flanges and HF

coupling properties by making use of the space created by the new pumped divertor

More-over they will incorporate ICR current drive features such as a scptum to dccouplewadjacen!
conductors (1o allow arbitrary phasing) with a better directivity, up to 80%.
3 TRANSMISSION LINES
The two main elements of a transmission line are the following:

- the vacuum windows as the interface with the antenna

- the pressurised section
The vacuum windows constitute a very sensitive item of the system since they have to ensure the
vacuum integrity of the torus, to have good mechanical qualities and obviously good RF
properties.

They are usually made from flat ceramic discs that are brazed into a section of the waveguide or of
the coaxial ission line. The following material are used:

alumina
beryllium oxide
boron nitrate
quartz

sapphire

Sapphire is the preferred material at high frequency, ie above a few GHz.

The main role of the pressurised section is to allow transport of RF energy from generators which
can be located far away from the torus and along transmission path which include usually a large
number of bends. They have to transmit power with low RF losses and to launch the wave with
the required pattern.

3.1 Vacuum Windows

3.1.1 Dimensions of ECRH windows are not directly linked to the wavelength of the EC waves.
The average power density is usually in the range of 610 8 kW/cm2 but the dielectric losses are
high and cooling is a problem.

For short pulse opcration, cooling is achieved through conduction at the edge. For high power
and/or long pulse operation, the actual technique is to use double sapphire disks with a stable liquid
(fluorinated hydrocarbon) flowing b disks. The iated thermo-mechanical are
important, specially taking into account the small thickness of the disks.

To date, ECRH windows are a weak link in the power chain and limit the cnergy handling

are

The significant amount of power which is reflected back to the gencrator is transformed into
circulating power by matching units (stubs, trombones). Their location close to the antenna
minimises losses.

In JET, some of the matching units are located close to the torus and a fully automated matching
system is used allowing matching t be obtained in a large range of plasma conditions.

In the ORNL design for TFTR and Tore Supra antcnnac, variable vacuum capacitors are part of the
antenna itself.

4 GENERATORS

Requi for RF for fusion include high power, long pulse duration time and
reliability. These requirements are close to those of other applications in the low frequency range (f
< 1GHz), for instance in the domain of broadcasting. But specific developments have been needed
in order to mect these specifications at high frequencies.

4.1 Development of high power ECRH sources is very challenging and still on-going. Today,
high power ilable for pulse operati ion longer than one sccond are limited to
frequencics up t 60 to 84 GHz.

The preferred source in almost all fusion experiments is the gyrotron. The radiation is produced
through the interaction of an clectron beam (with a large proportion of transverse energy) with an
r.f.electric field in an overmoded cavity operating at high order mode. The clectron beam is shaped
to conform to the desirable mode structure, usually azimuthally symmetric modes.

Steady state gyrotrons have been operated at 60GHz on DI (Varian) and 70 GHz on W VII AS
(Varian) at a power level of 200 kW. 350 kW gyrotrons at 81 GHz have been operated for 0.2
second on T-10 (Gorky).

At higher frequency, the following gy

1.5 MW for 0.2 sec at 81 GHz (Gorki)

200 kW for 0.1 sec at 100 GHz (Thomson)
120 kW for 0.1 sec at 140 GHz (KFK)

500 kW for 0.3 sec at 140 GHz (Toriy, USSR)
400 kW for 0.5 sec at 140 GHz (Varian)

have been developed

Development to achieve long pulse operation (10 to 60 seconds) is proceeding for a 110 GHz
gyrotron (Thomson) and for 110 and 140 GHz gyrotrons (Varian), all at power level of about 400
kW. Their efficiency is rather low: 30 1o 34%. A Gyrotron concept with special scparation of RF
and c-beam might allow energy recovery resulting in shifting efficiencies up to 40 - 50% (under
: i gation).

capability. 200 kW of power for a few seconds at 60 GHz have been act during
operation. Higher power handling is obwained on sources:

60 GHz CW  200kw

140GHz CW 100kW

140 GHz 400 kW for 0.5 s.

Development of high power windows is going on for the new generation of sources, as it will be
discussed later.

3.1.2 An important aspect in the design of LHCD windows is linked to their location.

Windows with a small width have to be used if they are located between the plasma and the
cyclotron layers. In spite of difficult technical probl this technique has been fully
applied to scveral experiments: PLT, FT, ASDEX, FT-U. But, this technique is not felt to be
practical for use in future machines due to damages to the window from neutron irradiation and
gamma bombardment.

Larger windows located far from the plasma have to be used in order to develop similar techniques
than fi in future hi Distance b the mouth and the vacuum interface
can then reach 6 to 8 metres: JT-60, Tore Supra, JET. Power handling capability of 300kW to
IMW for long duration time have been achieved, depending upon the freq y and upon the
degree of reliability which is needed.

1 e

It is to be noted that techniq for future such as double containment and remote

handling installation have been tesied in JET.

3.1.3 ICRH windows arc made of a coaxial transmission line and their power handling capabilicy
has been found 10 be very large: 1 to 2 MW for long duration time.

To be noted is the use of superconducting magnets to provide the required magnetic ficld: up o 6
Tesla.

Another possible microwave source is the frec clectron laser. Radiation is produced by the
interaction of a relativistic electron beam with a spatially periodic magnetic "wiggler” field and an
elec gnetic wave that is propagating as a guide mode in a drift tube. Itis to be noted that
they can be tuncable in frequency which can be advantageous for several possible applications.

Using a relativistic e-beam at 6 McV, an RF power pulse of 200 MW for 10Ns has been launched
in the MTX experiment at Livermore through an evacuated transmission line.

Itis to be noted that the progress of ECRH studies is closcly linked to the development of sources.
The following generators are:

- running W VII AS 1 MW T70GHz  3sec
T-10 4MW 81 GHz
- in preparation COMPASS 2MW 60 GHz 5sec
m 2MW 60GHz  5sec
T-15 12MW 81 GHz 0.5 sec
- in development Tore Supra 2MW 110GHz 30 sec
U 2MW 140GHz 1sec
- proposed ASDEX U 2MW 140 GHz
T SMW 110 GHz
wvIoXx 10MW  140GHz
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for the plasma current, plasma densities exceeding 1020 m-3 and time duration of at least 200
seconds.

The estimated power required for heating the plasma to ignition is: 50 MW for 50 sec, and for bum
control is: 20 MW for 200 sec.

The esti d power for inductive current drive ranges from 100 to 150 MW, depending upon
the density, for time duration ranging from 200 sec to steady state.

1 g0

chuin-.mems for steady-smte P are For all the methods which are
neutral beam current drive, a substantial part of the plasma current
(ﬁ% 1o 50%) has to be driven by "natural” non-inductive plasma currents such as the bootstrap
current.

For steady-state current drive, the efficiency is obviously a very critical parameter:

- alarge mchmcal" efﬁcnency. ic lncludmg power supply, source, transmission line and
is required to the power from the grid which can be
consnde:ed as recirculating power from the fusion output:

- a large "physics” efficiency, ic the ratio between the amount of produced driven current
to the power cffectively coupled to the plnsmn ini power req| The
required “physics cfficiency™ value has to be in the range of:

nR VP=04 102 m,2 MAMW

for the next steps, n being the plasma density and R the major radius of the tokamak, and
significantly in excess of that value for reactors if operating density has to be high.

Actual domain of cfficicncies arc shown in fig. 2 /8/. The gap between required and actual
efficiencics is quite small for LHCD, especially at relatively low density, larger for ICR driven
methods, coming experiments on ICRD are aimed at bridging this gap, and quite large for all other
methods. To be noted lhal experiments wuh MeV-beams are prepared (JT-60 U) allowing NBI
current drive and effici o be d in conditions closer to Next Step conditions than actual
NBI curreat drive experiments.

4.1 ICRH for Next Step

ICRH is prime candidate for heating plasma to ignition and for burn control. ICR current drive is a
promising method whose predicted cfficiency is slightly smaller than for LHCD and for Neutral
Beam current drive, but can be balanced by a high "technical efficiency™.

The main advantage of the method is its independence to the density of the plasma and to its
flexibility associated with the tuncability of the gencratar.

Required frequencics are the following:

- plasma heating to ignition: 44 MHz for minority heating on 3He and for harmonic
heating on tritium

- 33 MHz for burn control at @ = (g

- 17 MHz for current drive (frequency below all main specics resonances and highest
efficiency range)

A 17 to 60 MHz tuneable system is pmposed /9/ and no specific problems on generator and

n line are d, even if the fn y has to be vaned dunng a plasma pulse in
order to be tuned to different heating sch "T hnical effici  ranging b 50% and
60% are envisaged.

The antenna being a plasma facing component, it is proposed to make the antenna an integral part
of the blanket modules. The main characteristics of the proposed system are the following:

- 10 use a large array of antennae: 30 to 60 if they can be mounted above part location, as
skeiched in fig. 3, 18 if they have o cross port location.

- the Faraday shield is made of water cooled tubes, avoiding welds
- the first ceramic insulator is placed after the first bend avoid neutron damages.

42 LHCD for the Next Step
The main role for the LHCD system is:

- w provide off-axis current drive

- 10 assist the ramp-up of the plasma current

- to provide some control of the plasma current profile
The proposed frequency of 5 GHz is a compromisc between conflicting requirements. A higher
frequency would avoid coupling to alpha particles and to have a good wave penctration even at
high density. A lower frequency would avoid prohibitive resistive losses and to avoid reducing too
much the distance between plasma and the antenna.
For this frequency, Klystrons arc a preferred source because they are robust and can casily be
controlled in phase. Units with an output power of 1 MW are considered. With actual technology
a "technical” efficiency of: 45% (from the grid) is achievable. This efficiency can be increased up
to 51% by developing more efficient klystrons. Different techniques are considered such as:

- a depressed collector

- hollow beams klystrons

Gyrotrons (6GHz, 1 MW CW) with high efficiency are under
consideration in USSR.

A critical issue is related to the ability of the plasma facing pants of the launcher to withstand first
wall conditions such as:

- erosion
- disruption induced forces

which can be quite severe because the launcher has to be located within a few cm ftom the plasma
in order to achieve a good match,

The main characteristics of the proposed system, as sketched in fig. 4, are the following:

- coupler cc d of 3000 guides made from glidcop or ZiCo using multijunction
technique, located in two main ports.

- a “compact design" to avoid cyclotron layers
- replaceable grill mouth
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4.2 LHCD sources are more conventional. Klystrons have been used at frequencies up to 4.6
GHz. They arc robust, reliable with good efficiencies: 45% to 65% and can casily be controlled in
phase which is quite important for current drive application. In particular, the phase has to be
controlled and adjusted during a plasma pulse.

Klystrons can be operated in large nubers:

24 1 MW Klystrons at 2 GHz for 10 sec in JT-60
16 0.5 MW klystrons at 3.7 Ghz for 30 sec in Tore Supra
24 0.6 MW klystrons at 3.7 GHz for 10 to 20 sec in JET

At higher frequency, gyrotrons or gyro-klystrons have to be used in order to have a significant
power output per source.

An 8 GHz gyrotron for a pulse duration time of 1 second is being preparcd for FT-U at a power
level of 1 MW (Thomson), 500 kW (Varian). The control in phase is more difficult since
gyrotrons are not amplifier tubes such as klystrons.

4.3 ICRH sources arc high power tetrodes which arc also reliable and robust sources with a
very good efficiency: 60% to 80%. The following tetrodes have been operated:

1.5 MW for 20 sec (Eimac)
2 MW for 20 sec (Thomson)

e o f

and 2.5 to 3 MW units arc in preparation. They can be y. Fori the

following range has been achieved:

23 - 57 MHz in JET
30- 114 MHz in ASDEX

q

A plant made of 16 units of 2 MW is routinely in operation in JET.
5§ RF METHODS FOR NEXT STEP

The current dnve and hcaung system for the Next Step has o be a multi-function system /7/. A list
of the envi

- heat the plasma to ignition with enough flexibility for
burm control ICRH

- drive all, or a portion of the plasma current for

steady siate or very long pulse operation LHCD
ICRD

(ECRH)

- assist start-up of the plasma ECRH

- assist ramp-up of the plasma current LHCD
- control plasma current profile and plasma disruptions ECRH
LHCD

together with the RF methods which are considered to be very good candidates for the task. The
brackets indicate the case for which the method is only a supplementary system.

Although the parameters of the Next Step are still under discussion, it is possible to assume some
guide-lines to discuss the design of RF methods, such as a magnetic field of 5 Tesla, 20 to 25 MA

- stainless-steel frames to protect against disruption forces

- water cooling at the cooling temperature of the vessel, or slightly higher

- large pumping in the range of 100 000 Vs

- a 20 cm stroke, the weight of the launcher being in the range of 40 to 80 tonnes.

5.1 ECRH for Next Step
The main role for ECRH is to provide:

- preionisation

- assistance in ramp-up

- mode control
The required frequency range for these tasks is from 120 GHz to 170 GHz. Tasks for which
ECRH can be a supplementary method: core heating and current drive, would require a higher
frequency range: from 140GHz to 260 GHz, mainly because up-shifted frequencics are more
effective for current drive.
It is proposed to usc a large number of channels from sources at 140 GHz delivering 1| MW with
mode converters integrated in the source, via a 50 m long cormugated waveguide transmission line.
As shown in fig. 5, focusing mirrors are used as well as moveable mirrors to keep track of mode
surfaces.
The main critical issues for the procurement of such a system are the windows and the sources.
Cryogenically cooled windows are under study for the ECRH Tore Supra programme at 100GHz.
A possible problem is the water condensation at the window. An alternative is to develop an
evacuated transmission line with a fast valve to protect the source.

Gyrotrons operating with different mode structure: whispering gallery, volume and quasi-optical
modes arc under study in many laboratories. The main difficulties is to obtain long duration pulses

and good cfficicncics, as a q of operating multi megawatt electron beams passing
through small diameter cavities.

New concepts are developed such as CARMs where the radiation is an induced cyclotron

from an el beam which d also its longitudinal velocity during interaction with the

wave. Potential efficiency can be high but these tubes are in the early stage of their development.

A free clectron laser (FEL) is very attractive for its tuneability and its large power output. There is
a large development for short pulse operation which is not very useful for tokamak fusion reactors.
DC operation is much more difficult since high efficiency operation requires a sophisticated
recirculation recovery scheme. A long pulse FEL at 200 GHz is under development at FOM
laboratory.

6 SUMMARY AND CONCLUSIONS

.

RF systems are mature systems which have d main achi in fusion oriented
experiments. They are flexible systems wnh synerglsuc and complementary actions between
differcnt methods. The good th her with the large data base allow a
good level of confidence in the extrapolation of the exlsung RF sy 10 the sy ired for
the Next Step. In particular operation on JET with powerful syslem at pnrnmclcrs close to those
required for ICRH and LHCD for the Next Step provide operational experience for large machines




with constraints such as reliability and remote handling operation, A summary of the main features

of the RF systems is as follows:

ICRH LHCD ECRH

very cffective very effective very effective

heating current drive heating

technical technical technical

cfficiency: efficiency: cfficiency:

50% to 60% 45% to 51% 30%

Ppfupto 18 MW Phf up 1o 8 MW Phf up to 1.5SMW

promising actual physics localisation of

current drive cfficiency heating

method close to

localisation required value

independent for next step

on density

possible very simple

in-blanket launching

antenna structurc

critical issues

demonstrate launcher close high power

effective 10 plasma sources and

current drive surface windows to be
developed

Next Step

50 MW 17-60 MHz 50 MW 5 GHz 20MW 140 GHz

for heating to for off-axis for plasma

ignition and current drive, start-up and

central current ramp-up, mode control

drive. profile control

Rf systems are playing an increasing role in almost all of today's experiments and will certainly
play an important role in Next Step devices. Next Step req for RF tec will take
into account the final parameters for the Next Step facility (magnetic field, divertor configuration),
the anticipated mode of operation (H-mode operation, stcady-state operation, etc..)and their
consequence on important physics p s such as el ure, plasma density and
density profile.
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Neutral Beam Current Drive (NBI).

(from G Tonon, report of the expert meeting on LHCD for
the Next Step, April 1990)
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Future Prospects for JET and Next Step Tokamaks
by
PH Rebut
JET Joint Underaking, Abingdon, Oxon. OX14 3EA, UK.

ABSTRACT

Latest results from the JET tokamak, with beryllium as the first wall material facing the hot
plasma, have shown substantial improvements in plasma purity and corresponding reductions
in plasma dilution. This has allowed a fusion product (nptgT,) of 8-9x10%%m-3skeV to be
reached (within a factor of § of that required in a fusion reactor), albeit only transiently.
Even so, at high heating powers, an influx of impurities still limits the achievement of better
performance and steady state operation.

A New Phase for JET is planned in which an axi-symmetric pumped divertor
configuration will be used to address the problems of impurity control, plasma fuelling and
helium ash exhaust in operating conditions close to those of a Next-Step tokamak with a
stationary plasma of thermonuclear grade. The New Phase should demonstrate a concept of
impurity control; determine the size and geometry needed to realise this concept in a Next-Step

withstand the power loads d. H , the i of the plasma with these
p cven under qui conditions, caused unacceptable dilution of the plasma . In
addition, imperfc in the p ing of the cc led 1o localised heating during high

power which caused enhanced impurity influxes. These influxes produced a condition called

the ‘carbon catastrophe', in which the plasma and neutron

yield collapsed.

plasma

P

Density: With a carbon first-wall, the plasma density was limited. In general, this occurred
when the radiated power reached 100% of the input power, leading to the growth of MHD
instabilities and ending in a major disruption. The density limit was dependent on plasma
purity and power to the plasma.

With a beryllium first-wall, the maximum operating density increased significantly by a
factor of 1.6 - 2. A record central density of 4 x 10%m® was achieved by strongly peaking the
density profile using a sequence of 4mm frozen deuterium pellets injected at intervals
throughout the current risc phase of an X-point discharge. Morcover, the density limit
increased with increasing total input power, approximately as the square root of the power (see
Fig.1). Furthermore, the nature of the density limit changed and the frequency of disruptions at
the density limit were much reduced. Disruptions did not usually occur, and the limit was
d rather with the formation of a poloidally asymmetric, but toroidally symmetric

tokamak; allow a choice of suitable plasma facing comp and d ate the op 1

domain for such a device. With an efficient axi-sy ic pumped divertor, i should
occur in a tokamak reactor of about 2 to 3 times the size of JET.

It seems prudent to envisage international collaboration on a Next Step Programme,
which could comprise several complementary facilitics, each optimised with respect to specific
clear objectives. There could be two Next Step tokamaks, and a Materials Test Facility. Such a
programme would allow division of effort and sharing of risk across the various scientific and
technical problems, permit cross comparison and ensure continuity of results. A single Next
Step device (such as the ITER Project as currently conceived) has higher scientific, technical
and management risks and does not provide such comprehensive information, particularly in
the areas of ignition, reactor performance and blanket testing. Further details of these facilites,
d costs and i ]

i 4

are

P

L. INTRODUCTION

The Joint European Torus (JET) is the central project in the European Fusion programme. This

programme is coordinated by the European Atomic Energy Community (EURATOM). The

EURATOM Fusion Pr is d d to lead ul

producing reactor. Its strategy is based on the sequential construction of major apparatus such

as JET, the next European Torus (NET), and DEMO (a demonstration reactor), supported by
dium sized alized tokarmak

P

ly to the construction of an cnergy

The objective of JET is to obtain and study a plasma in conditions and dimensions
approaching those nceded in a thermonuclear reactor [1,2] involving four main areas of study:

(i)  various methods of heating pl to the ther lear regime;

(ii)  the scaling of plasma behaviour as parameters approach the reactor range;

(i)  the interaction of plasma with the walls and methods of fuelling and cxhausting the

plasma;

(iv)  the production of alpha-particles generated in the fusion of deuterium and tritium

and the consequent heating of plasma by these alpha-particles.

JET is now in the second half of its experimental programme. The technical design
specifications of JET have been achieved in all p and ded in several cases (sce
Table I). The plasma current of TMA and the current duration of up to 30 seconds are world
records and are more than twice the values achieved in any other fusion cxperiment. The
neutral beam injection (NBI) heating system has been brought up to full power (~21MW) and
the jon cyclotron resonance frequency (ICRF) heating power has been increased to ~18MW in
the plasma. In combination, these heating systems have provided 35MW power to the plasma.

During its experimental programme, JET has devoted particular attention to studying the
interaction of the plasma with the vessel walls. This paper summarises results obtained when
JET was operated with carbon and then with beryllium as the first-wall to provide a low-Z
material facing the plasma. Even though impressive results were obtained, at high heating
powers, an influx of impurities still limits the achi of better perf and p
the attainment of steady state. A planned New Phase for JET (3] is presented: an axi-symmetric
would be used to address the problems of impurity control,
b i closc to those of a Next-Step
tokamak with a stationary plasma of thermonuclear grade. Finally, the requirements for a
Demonstration Fusion Reactor are set out and proposals are made on how international
collaboration on a Next Step progi
complementary facilities, each optimised with respect to specific clear objectives.

ped divertor confi

plasma fuelling and helium ash

in operating cond

could be envisaged. This should comprise several

2. JET SCIENTIFIC RESULTS AND ACHIEVEMENTS

The performance of JET, as indicated by the fusion triple product (npTeT;), has increased
significantly since beryllium was introduced into JET as a first-wall material, in two different
ways: initially as a thin evaporated layer on the carbon walls and limiters; and later, in addition
as a limiter material. The consequence of these different regimes of opcration on cach plasma
physics parameter in the fusion triple product is detailed below. Of particular significance is the
effect of improved plasma purity, which previously, with a carbon first-wall, had impeded
progress lowards a reactor.

Recently, it becarne apparent that impurities and density control were the main obstacles
to improved JET performance. Graphite components had been developed to mechanically
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diating structurc (a "MARFE"), which clamped the plasma density. These results constitute a
b ial ent of the ing capability of JET.

Experiments were performed in which heating and fuelling were varied systematically,
using NBI, ICRF, gas and pellet fuelling. With pellet injection and additional heating, more
peaked density profiles were established. Pellet fuelled discharges at the same edge density as
gas fuelled discharges had considerably higher central densities. Fig.2 shows density profiles
just before a density limit MARFE occurred (cases (a) and (b)) and far away from the density
limit (case (c)). Density profiles are very similar near the edge, but the gas fuclling profile is
remarkably flat. These flat profiles are difficult to reconcile with an anomalous particle pinch
and pose important questions related to particle transpont, and in particular, the transport and
exhaust of helium ash products. With deep pellet fuelling and additional heating, pcaked
profiles arc obtained (cases (a) and (c)). These studies suggest that the edge density may be
comrelated with the density limit which, under beryllium conditions, may be considered as a
limitation of edge fuclling. These observations endorse the view that the density limit is
determined by a power balance at the plasma edge. This suggests that the cause of disruptions
is related to radiation ncar the q=2 surface. Furthermore, when the radiation is low, or
confined to the outermost edge, there are no density limit disruptions.

Operation with beryllium gettering allowed improved density control (duc to high wall
pumping). A beryllium first-wall offered the additional ad ges of imp
and reduced radiation. These factors allowed higher input powers, greater fuel concentrations
(np/n,) (see Fig.3.) and improved fusion performance. On the longer timescale (minutes to
hours), very little deuterium was retained in comparison with a carbon first-wall; over 80% of
the neutral gas admitted to JET is recovered, compared to about 50% with a carbon first-wall.
‘This has important advantages for the tritium phase of JET operation.

d plasma purity

Temperature: High jon temperatures have been obtained at the low densitics possible with a
beryllium first-wall and with the increased neutral beam penetration afforded by operation at an
energy of 140kV. Record ion temperatures were achieved: up to 18keV in material limiter
plasmas and up to 30keV in magnetic limiter plasmas, for powers up 10 17TMW. A typical
example is shown in Fig.4 in which the central ion temperature reached 28keV for about 1SMW
gnetic limiter confj, ion. The ion profile is sharply peaked and the
electron temperature is significantly lower than the ion temperature, by a factor of 2-3. The
central ion temperature is shown in Fig.5 to increase linearly with power per particle up 10 the
highest temp hieved; the central el p on the other hand, is scen
to saturate at about 12keV. At higher densities (ne(0)>2x10'%m3), experiments with combined
ncutral beam and ICRF heating result in central ion and ¢l p both ding
11keV in a 3MA plasma for an input power of 33MW (2IMW NBI and 12MW ICRF heating).

Extensive studies have been performed in the ‘monster-sawtooth’ regime in which
sawteeth oscillations have been suppressed for up to 5s by central ICRF heating. Peaked
temperature profiles (with both central ion and electron temperatures above 10keV) were
maintained for several seconds, which, in the cquivalent D-T mixture, would result in a

inputin a

so far

significant enhancement in the time-averaged fusion reactivity over that obtained in a
sawtoothing discharge.

Thesc obscrvations indicate that electron thermal losses are anomalous, with electron
confi degrading ially with i ing input power. The ions, on the other hand,
behave quite differently; although ion thermal port is also
degrades linle with increasing input power. This suggests that the electrons are the fundamental
cause of anomalous transport. This is in-line with the critical electron temperature gradient

model for confinement [4].

1 ion confi

Energy Confinement: With either a carbon o beryllium first-wall, the encrgy confinement
time on JET improves with i with i
independent of the type of heating,

In the X-point configuration, H-modes (5] with high power heating (up to 25MW) have
been studied. In comparison with limiter plasmas, the confinement is about a factor of two
better, but the dependences on current and heating power are similar, Although the experiments
with a beryllium first-wall were conducted with carbon X-point target plates and the
confinement times were similar to those obtained with a carbon first-wall, better plasma purity

ing current and d ing heating power,



(central values of fucl concentration (np/n,) were in the range 0.7-0.9) allowed substantially
improved fusion performance.

With a carbon first-wall, H-modes with ICRF heating alone were not obtained; with a
beryllium first-wall, H-modes were successfully obtained with ICRF heating alone. This was
mainly possible because of beryllium evaporation onto the nickel antennae screens, which lead
10 a lower impurity production. With beryllium antennae screens, H-modes were achieved with
cither monopole or dipole phasing of the ICRF antennac The confinement in H-modes with
ICRF alone was similar to that with NBL.

In Y. the global confi time degraded with input power for both ICRF and
NBI heating in the range 4 - 25MW. The depend
power in both material and mag is shown in Figs.6(a) and (b),
respectively. Typically, H-mode confinement is about twice L-mode confinement.

of the confi

times on heating

limiter config

These observations indicate that the transport in the H- and L-regimes are similar, except
for an edge thermal barrier which is casier to establish with X-points and high shear.
Furthermore, energy confinement does not appear to be affected by the impurity mix (carbon or
beryllium in deuterium plasmas).

Beta Limits: Experiments have explored the plasma pressure (as represented by the B-value)
that can be din JET and i d the plasma behaviour near the expected B-limit in a
double-null H-mode configuration, at high density and temp and low magnetic field (B,
=1T). Values of B, up to ~ 5.5% were obtained. The f, limit is close to the Troyon limit [6)
Bi(%) =28 I,(MA)/B,(T)a(m), wherc L is the plasma current and a is the plastna minor radius,
as shown in Fig.7. Significantly, it is found that the limit in JET does not appear to be
disruptive. Rather, a range of magneto-hydrodynamic (MHD) instabilities occur and these limit
the maximum value of B without causing a disruption.

The behaviour near both the density and B-limits may be reconciled in terms of resonant
instabilities, which have the magnetic topology of islands.

Impurities: With a carbon first-wall, the main impuritics in JET were carbon (2-10%) and
oxygen (1-2%). With beryllium evaporation, oxygen was reduced by factors >20, and carbon
by >2. Although beryllium i d, carbon
With beryllium limiters, the concentration of carbon was reduced by a further factor of 10, but
beryllium levels increased by about a factor of 10, and became the dominant impurity. Due to
the virtual elimination of oxygen, and the replacement of carbon by beryllium, impurity influxes
were reduced significantly, in line with a model [7) which takes account of impurity self-
sputtering. As shown in Fig.3, it had not been possible to maintain (np/n.) much above 0.6
with carbon limiters even for moderate input powers, but values greater than 0.8 were routinely

d the dominant impurity for this phase.

achieved with beryllium limiters. Correspondingly, the effective ionic charge, Zegy. was
reduced significantly, already with the beryllium evaporation , and then more so with beryllium
limiters. Z.q as a function of line density for the three phases of operation is shown in Fig.8.

The improved plasma purity contributes significantly to improved fusion performance,
which otherwise could be achieved only with a sub ial i in energy conf

Fusion Performance: The use of beryllium resulted in the elimination of oxygen, the
reduction in the carbon influx and the increase in the plasma purity, with the fuel concetration

. H-modes of 1s duration were created with ICRF heating alone. Their confinement
characteristics were similar 1o those with NBI heating alone;

. P values up 10 the Troyon limit were obtained in low ficld double-null X-point plasmas;

*  the neutron yield doubled to 3.5x1016s™ and the equivalent fusion factor Qpy increased to

~0.8;
. the fusion product (nptgT;) increased to 8-9x102%m-3skeV for both high (>20keV) and
di p (9keV), hing near break conditions and was within a factor

of 8 of that required in a reactor.

However, the results were obtained only transiently and could not be sustained in a stcady
state. Ultimately, the influx of impuritics caused a degradation in plasma parameters.

3. IMPURITY CONTROL: A PLANNED NEW PHASE FOR JET

So far, JET has concentrated on passive methods of impurity control, reducing impurity
production by proper choice of plasma-facing components (such as beryllium or beryllium
carbide), across the target plates and benefitting from the
formation of a highly radiating zone in front of the target plates. Studics of active impurity
control rep a natural develop of the JET prog and gly, a New Phasc
for JET is planned t0 start in 1992 [3), with first results becoming available in 1993 and
continuing to the end of 1996,

The aim of the New Phasc is 10 demonstrate, prior 10 the introduction of tritium, effective
methods of impurity control in operating conditions close to those of a Next Step tokamak, with
a stationary plasma of ‘thermonuclear grade' in an axisymmetric pumped divertor
configuration. Successful impurity control would lead also to an increase in alpha-particle
power by more than a factor of two.

Specifically, the New Phase should demonstrate:

- the control of impurities generated at the divertor target plates;

- a decrease of the heat load on the target plates;

- the control of plasma density;

- the exhaust capability;

- a realistic model of particle transport.

ping the ic confi

Principal concepts of active impurity control
Since the sputtering of impurities at the target plates cannot be suppressed, such impurities must
be retained close to the target plates for effective impurity control. This may be achieved by
friction with a strong plasma flow directed along the divertor channel plasma (DCP) towards
the target plates [8). The plasma flow will be generated by a combination of gas puffing, the
injection of low speed pellets and the recirculation of some of the flow at the target plates
towards the X-point. The connection length along the magnetic field line between the X-point
and the target plates must be sufficiently long to allow effective screening of impurities.
Hypervapotron clements will be used for the high heat flux components of the target
plates, and these are expected to accommodate power fluxes up to 1SMWm-2 at the copper-
beryllium interface. Of course, rapid sweeping (4Hz) of the target plates to limit the localised
heat load, to limit crosion and to affect redeposition will be important. Methods of ensuring

(np/n,) increasing to 0.9. Since the X-point tiles remained as carbon, the carbon ph
was not affected significantly with a beryllium first-wall. However, the duration of the H-
mode was extended by up to 50% either by sweeping the X-point (both in the radial and vertical
directions) to reduce the X-point tile temperatures, or by using strong gas puffing in the
divertor region. Improved plasma purity and increased ion temperatures (T, (0) in the range 20
- 30keV) resulted, leading to improved plasma performance. In a particular case, the central jon
temperature reached 22keV, the energy confinement time, g, was 1.1s, with a record fusion
product (np(0)tgT,(0)) of 8-9x10?°m3skeV. The neutron yield for this discharge was also the
highest ever achicved on JET at 3.5 x 10'6 ns*!, with Qpp = 2.4 x 10°3. A full D-T simulation
of this pulse showed that 12MW of fusion power could have been obtained transiently with the
16MW of NBI, giving a fusion product value (nptgT,) within a factor of 8 of that required in a
reactor. The overall performance of the fusion product, as a function of ion temperature, T,, is
shown in Fig.9. for a number of tokamaks.

Summary of Scientific Achievements: Substantial progress has been made with

beryllium as a first-wall material, affecting impurity influxes such that:

. oxygen impuritics were essentially eliminated;

. the effective ionic charge, Zoy, was significantly reduced in ohmic plasmas (down to 1.2)
and with strong additional heating (down to <1.5);

. a severe carbon influx (carbon catastrophe’) persisted for inner wall and X-point

and rep a serious limi in H-mode studies.

Reduced impurity levels allowed prolonged

general JET performance, as follows:

. the pumping of deuterium with a beryllium first-wall was more efficient than with a
carbon first-wall and provided improved density control. This permitted low density and
high temperature (up to 30keV) operation for times >1s;

. the density limit increased, with a record peak density of 4x102°m"3 with pellet fuelling.
This limit is principally a fuelling limit and not a disruption limit, as found with carbon
limiters;

. sawtooth free periods

at higher densities and improved the

hieved, but the stabilisation mechanism

ding Ss were
remains unclear.

that a sub ial fraction of input power can be radiated in a conmrolled way in the DCP will be
key features.

In the vicinity of the target plates, a pumping chamber (with a cryo-pump) is introduced
to control the main plasma density by exhausting and pumnping a relatively large fraction ~10%
of the plasma flow created by fuelling. The fuelling and exhaust capability of a Next Step will
be dependent on whether deuterium and impurities (including helium ash) accumulate in the
plasma centre. The production and transport of helium ash towards the plasma edge (where it
must be exhausted) will depend on the relative importance of energy and particle confinement
(D/y ratios), the effect of sawteeth and the effect of an edge transport barrier forming in the H-
mode. To assess fully these issues requires detailed modelling of particle transport and while
this forms already an important part of present JET studies, a substantial experimental and
modelling effort is envisaged for the New Phase.

Modelling Impurity Control
The plasma behaviour in the scrape-off-layer (SOL) and divertor channel plasma (DCP) can be
d d qualitatively by dering the basic steady state equations for the particle flux, F,
and the total plasma pressure, p, along the magnetic ficld line direction, x. Fig.10 shows
isothermals and isoflows in the pressure (p) versus impurity density (n,) plane. These curves
intersect at two points, above and below a p Pof2, corresponding to subsonic and
supersonic flows, respectively. For a given plasma temperature, the maximum isoflow
compatible with the steady state momentum equation is tangent to the isothermal at py/2.
Impurity retention in the divertor is determined from the steady state momenturn equation
for impurity ions, which for the simplest, realistic case gives the impurity density, nz, decaying
exponentially with distance from the target on a scale length, A, given by

R 4 adl . aq _ Mz a1 1dT
A= Ap - AL with A'F_'Ptz and "e‘“lex

The temperature gradient scale length is given by the heat transport equation with electron
heat conductivity parallel to the magnetic ficld (k=xoT5?) being dominant and is primarily
dependent on the input power. To ensure impurity control, the frictional force must exceed the

sum of the pressure and thermal forces, that is, A > A;'.

A high density, low temperature plasma in front of the target plates increases the friction
between the hydrogen and impurity flows and facilitates impurity control [8). Furthermore,
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such a plasma limits the surface crosion and thereby increases the lifetime of the target plates.
However, such operation will lead to high densitics at the separatrix and this will be
unfavourable for non-inductive current drive using neutral beams or lower hybrid waves.

To solve the full set of classical fluid equations for the conservation of particles,
momentum and energy in the SOL and DCP, a numerical 1-1/2 D transport model has been
developed. Monte Carto methods are used for neutral particles in the flux surface geometry of
the planned pumped divertor configuration. The mode! shows that impurities can be retained
near the target plates for plasma flows, typically ~1023s-1. The steady state distribution of
beryllium impurities, for conditions with and without flow, are shown in Fig.11.

The Pumped Divertor Configuration

The aims of the New Phase can be realised with the internal multi-coil configuration shown in
Fig.12. The design allows a large plasma volumec at 6MA and the operational flexibility 1o
modify the magnetic configuration in the vicinity of the X-point independent of the plasma
current and scparately on the high and low ficld sides. In contrast to the normal configuration
for a divertor, all divertor coils carry current flowing in the same direction as the plasma
current. With this configuration, single null X-point operation is possible for performance and
impurity control studies, including plasmas with 6MA for 10s, a volume ~93m-3 and a
connection length from the X-point to the target plates of 3m and with SMA for 10s, a volume
~80m-3 and a connection length ~10m. In addition, it should be possible to run 3MA double
null X-point plasmas for up to 20s at 3.4T and for up to 1 minute at 2.1T.

4. REQUIREMENTS FOR A DEMONSTRATION FUSION REACTOR

Fusion R h Progr are di d ulti ly to the construction of a Demonstration
Fusion Reactor - DEMO. From physics considerations and present technology constraints, the
size and performance of a thermonuclear reactor can be largely defined. The minor radius of the
plasma needs to be twice as large as the tritium breeding blanket thickness, so it must be ~3m
and the elongation can be as large as 2. Therefore, there is no need to operate at a toroidal field
greater than ST, in order to fulfil the plasma physics requirements. A practical aspect ratio of
2.5 scts the plasma major radius to 8m. Safe operation can be assumed for a cylindrical safety
factor 1.6-1.8. This defines a reactor with a plasma current of ~30MA. Such a DEMO would
produce power in the range 3-6GW thermal or 1-2GW electrical power.

The construction of a DEMO must be preceded by an extensive test of the concepts and
technologies needed for incorporation into a DEMO design. In particular, tests and
devclopments of plasma facing components and first-wall materials with a high resilience 10
14MeV neutron radiation at a power flux of 2-3MWm-2 must be carried out in parallel with tests
and developments of divertor target materials with high power handling capability and low
crosion (eg. low Z materials, beryllium, carbon and carbide fibres, silicon carbide). The
concept of a D-T fuelling system with a high speed pellet injector (v210kim/s) would need to be
demonstrated. In the areas of helium ash exhaust, pumping and the divertor configuration,
besides the forthcoming tests in the New Phasc of JET, pmgress is still needed to prove the

viability of present or emerging p breedil

Tritium g are requil
high temperatures and have not yet been tested. Furthermore, in the area of superconducting

d to operate at

technologies, viable high critical p g matcrials are destrable for
sufficient safety margins and these need thorough tcsung Fmally, a credible physics concept
still needs to emerge for current drive, to sustain continuous plasma operation. However, this

operation (~2 hours) has

last requirement may prove to be y when semi

been demonstrated, which maybe sufficient for a commercial reactor.
In view of the time needed to develop and i P ging technologies required for

a DEMO, a precisely defined or optimised engineering design cannot yet be proposed. A

reasonably broad strategy would be to develop, parily in parallel, the main components of a

fusion reactor. More than one DEMO seems desirable (as in the early development of fission).

The Next Step needs to address all the physics and technological issues of a DEMO device.

5. THE NEXT STEP

The Next Step will provide the bridge from present devices to the position from which DEMO
could be designed and constructed. As such, the aim of the Next Step is to demonstrate the
scientific feasibility of ig diti quired for a DEMO device: that is, high

power long pulse operation in fully ignited plasmas (Qpt = ==). It is also necessary to test hot
blanket modules and the resistance of highly sensitive materials (eg insulators, first-wall) to

under

high neutron fluences. Furthermore, semi-continuous or continuous operation and the viability
of a fully superconducting tokamak must be ated

The variety of issues that the Next Step must address are expected to mature on different
timescales. A single facility whose objectives cover all issues will have an unacceptable risk of

failure unless a large safety margin is allowed on cach component. In addition, it would not
allow cross comparison of results nor permit continuity of data flow. To incorporate all
innovations that are likely to reach maturity throughout the lifetime of a single facility requires a
design which lacks the precise definition offered by well targeted objectives. There would also
be an impact on the starting and construction times and on the consequential costs. A large
degree of ity would be introd
flexibility. A reactor strategy which would minimise risks and costs would be to address the
different Next Step issues in several complementary facilitics, each with separate objectives.
This strategy requires a clearly defined Next Step Programme rather than a single device.

d and this would place a practical limit on intended

In such an op d Next Step Pr the three main issues of long burn ignition,
p di g coil technology and material testing are separated and addressed in three
different facilities (P1, P2, P3) which are donat 1 with the
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maturities of the technologies. The engineering design for each facility can be defined precisely,
thereby allowing a high degree of confidence that objectives would be met.
The main details of such machines are the following:
. The primary objectives of P1 would be:
- tod ate
thermal power produced for up to 12hrs per day for periods up to 6 days at a time;
- to provide a testbed for the study and validation of tritium breeding blanket modules

d high power op of a fusion reactor core of 2-3GW

in full reactor conditions;

- to achieve a cost/unit thermal output relevant to the establishment of fusion as a
potential economic energy source (1ECU/thermal Watt).

The design philosophy of P1 would be:

- to make full use of the scientific and technical experience gained from JET and the
rest of the tokamak programme;

- 10 minimise the need for dev by using established techniq

- to reduce complexity and increase reliability at reasonable cost;

- 1o provide a high safety margin in g design specifications for the mag
field and plasma current.

Asa q conventional coil
carly start in 1994 once the results on impurity control become available from the New
Phase of JET. These objectives could be achicved in a tokamak with 30MA, 4-5T, major
radius 8m, minor radius 3m, and elongation of 2. Impurities would be controlled actively
by high density operation and a pumped divertor. The approach to ignition would utilise
ICRF heating with H-mode confi and in the sawtooth regime, while long
pulse ignition (> 30 mins) would be sustained with L-mode confinement at high powcr
and also with high fi y low amplitud h. With ined igniti di
blanket modules would be tested under neutron fluxes of up to 2MWm-2,

. The primary objectives of P2 would be:
- to demonstrate the viability of high power operation of a large tokamak with

logy could be used and this would allow an

superconducting magnets;
- 1o assess continuous operation at high density with current drive;
- 10 assess profile control;
- 10 assess advanced divertor concepts.

The design philosophy would be to test, at a ble cost, sup: d g and non-

inductive current drive technologics in a low activation environment, so that flexibility

ions for pt develop ghout the

hnalagical devel

could be built-in to incorporate i

P

d and th

lifetime of the device. Some are still
construction could start somewhat after P1, perhaps in 1998. The P2 objectives could be
realised with a large tokamak operating at high power typically 10-12MA, 6-7T, minor
radius 1.5m, major radius Sm, and clongation of 2. To control the density and
impurities, an advanced exhaust and diverior concept would be used. To minimise
activation, the tokamak would not operate in tritium and therefore would not ignite.

. The objective of P3 would be to test materials under very large neutron fluences. This
could be realised in a test bed operating continuously and providing high fluxes of
neutrons (2-10 MWm-2) over surfaces of 0.04-0.05m2. Its construction could start carly
in 1998, so that results should be available for the design of a DEMO in 2005.

A schedule for the design construction, and operation of Next Step and DEMO devices is
shown in Table II. The overall cost for such a minimum Next Step Programme is estimated at
7bnECU, not including operation costs. This is similar to the cost of a single ITER device.
However, for this cost, a single device would not cover all the issues of the Programme.
Furthermore, the programme offers flexibility in location of the different facilities and in their

q

starting dates.
6. CONCLUSIONS

. JET has successfully achicved or surpassed its original design aims and in doing so has

P and ined pl of ther lear grade.

. Individually, each of the parameters n, T and T; required for a fusion reactor have
been achieved; simultaneously, the fusion product of these parameters is within a
factor 8 of that required in a fusion reactor.

. However, these extremely good results were obtained only transiently, and were
limited by impurity influxes due to local overheating of protection tiles.

. A New Phasc is planned for JET, prior to the introduction of tritium, to demonstrate
effective methods of impurity control in operating conditions closc to those of a Next Step
tokamak, with a stationary plasma of 'thermonuclear grade’ in an axisymmetric pumped

Aiead

divertor configuration.

. Based on present progress, there is confidence that sufficient knowledge exists to begin
the construction of the “core” of a fusion reactor within the next 3-4 years.

. However, a single Next Step facility (ITER) is a high risk strategy in terms of physics,
technology and management, since it does not provide a sufficiently wide base
for a demonstration reactor.

. A Next Step Programme comprising several facilities:

- would make more cffective use of resources;

- is well within the capability of world research;

- would provide a wider and more comprehensive data base; and

- could even be accomplished without a significant increase in existing funding.

. With concerted effort and determined inter 1 collab such a prog
would provide sufficient results to allow the design of a DEMO to start in about 2005.
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TECHNICAL ASPECTS OF IMPURITY CONTROL AT JET:
STATUS AND FUTURE PLANS

M. Huguet and the JET Team
Joint European Torus - JET
Abingdon, Oxon 0X14 3EA, England

ABSTRACT

The salient feature of 1989-1990 operation at JET
has been the use of beryllium as a first wall
material. Technical and safety aspects of JET
operation with beryllium are described.

The use of beryllium has substantially improved
the plasma purity and as a consequence a record
fusion product (np T; tE) of 9 x 1020 m-3.keV.s has
been achieved. Impurity influxes however
prevent the achievement of higher plasma
parameters and reaching steady state conditions.

A new divertor configuration has been proposed
for JET with a view to study impurity control,
fuelling and exhaust, in conditions relevant for
the next generation of machines. The latest
design features a multi-coil configuration which
gives substantive operational flexibility. A
technical description of the major components of
the divertor including the internal coils, the target
plates the pumping and fuelling systems is given.

I INTRODUCTION

The Joint European Torus (JET) is the central and
largest project of the fusion programme of the
European Community. This programme is
coordinated by the European Atomic Energy
Community (EURATOM).

The JET objective as defined in 1973 is to obtain
and study a plasma in conditions and with
dimensions approaching those required in a
thermo-nuclear reactor [1). This objective implies
that deuterium-tritium (D-T) mixtures will be
used in JET to study the production and
confinement of alpha particles generated by fusion
reactions and the consequent heating of the
plasma by those alpha-particles. Technical
aspects of and progress towards D-T operation at
JET have already been reported (2. 3, 4].
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A major area of research which has been
identified since the beginning of the project is the
study of plasma-wall interactions, the control of
the plasma purity and the related requirements
for plasma fuelling and exhaust.

Since the start of JET operation in 1983, a
large and continuous effort has been made to
minimise the detrimental effect of plasma
impurities. Initially, the first wall facing the hot
plasma was metallic (inconel). From 1984 to 1988,
carbon was used as a first wall material.
Graphite tiles were used to clad the walls and
glow discharge techniques allowed to transform
the remaining metallic surfaces into metal

carbides or to coat them with hydrogenated carbon
films. Graphite tiles were also used for limiters
and X-point target plates(5],

Operation with a carbon first wall has been
successful. The plasma current was raised to the
record value of 7 MA. At lower plasma current (3
MA), quasi steady state conditions were achieved
with T; and T. above 5 keV for 20 seconds. The
plasma heating systems also performed up to
their design specifications and were able to
provide 35 MW of power to the plasma in combined
operation. Physics results established JET at the
forefront of fusion research and a fusion
parameter (np T; tg) of 2.5 x 1020 m-3 keV.s was
achieved in H-mode operation!6].

With an all carbon first wall, the
attainment of higher plasma parameters is
however limited by impurities, mostly carbon and
oxygen, coming from the walls. This effect can be
characterised by the dilution factor np/n. (np :
deuterium density; ne: electron density) which
cannot be maintained much above 0.6 even with
moderate heating power in the range of 5§ to 10
MW. Carbon impurities from the graphite tiles
simultaneously dilute the plasma, increase the
radiated power and decrease neutral beam
penetration. .






The decision to use these tiles as X-point
protections was taken in order to gain experience
with beryllium target plates prior to the
installation of much larger and specially designed
beryllium target plates by the end of 1990 (see
section V). The beryllium X-point protection tiles
can be seen in figure 1. There are a total of 32
radial rows of tiles distributed uniformly along the
torus. There is so far only limited operational
experience with these tiles. Some surface melting
has been observed with an energy deposition of
about 20 MJ per pulse. This surface melting
produces surface irregularities but did not seem to
affect operation. Melting was observed only at the
outboard (low field) side of the X-point indicating a
strong assymetry in power flow between the
.inboard and outboard sides. At these energy levels
a beryllium influx was observed within a few
hundred milliseconds after the start of X-point
operation.

When the machine is operated in the
limiter configuration, the plasma is leaning
against the belt limiter{11]l, The belt limiter
consists of two toroidal rings above and below the
equatorial plane of the machine, at the outboard
wall. It is designed so that the tiles are
radiatively cooled by a radiator structure which
can be water cooled. The tiles can be easily
exchanged. In 1989 and 1990, beryllium tiles have
been used rather than graphite tiles. The
beryllium employed is S-65B (Brush Wellman)
cold pressed and sintered. The front face of the
beryllium tiles is castellated in order to avoid the
deep propagation of surface cracks. Experiments
carried out at Sandia Laboratory USA, have
shown that thermally induced surface cracks do
not propagate when castellations are provided.

Although the belt limiter was designed with
a power handling capability of 40 MW during 10
seconds, its use has been limited by plasma
behaviour{12], The design value of the peak heat
flux was about 5SMW/m2 but the actual peak heat
flux in operation has reached much higher local
values due to uneven loading between the top and
bottom belts, scrape off thicknesses smaller than
expected and edge loading of the tiles.

Beryllium influxes from localised hot spots
at the limiter surface terminate low density high
performance pulses. The reason for these hot
spots is not clear even after a careful examination
of the tiles during the 1989-1990 shutdown. The
misalignments between adjacent tiles can be of
about 0.3mm and this could perhaps explain hot
spots at the exposed leading edge of some tiles.
Local melting at the leading edge can produce
irregularities or droplets on the tile surface, thus
increasing the flux deposition and the damage
can propagate from the edge across the tile
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surface. This scenario is supported by observation
of melting at tile edges and at the tessalation cuts.
About 10-15% of the tiles showed evidence of edge
heating. Surface melting which did not seem to
originate from the edge was also seen and was
often associated with surface cracks. Surface
cracks can only be initiated by large heat loads
and it has been suggested they could be the result
of disruptions. About 5% of the plasma facing
area showed this kind of damage.

Melting of beryllium tiles was only
superficial and did not affect the tile integrity or
operation although surface unevenness of about
+1 mm was observed in some areas. Tile melting
was not distributed uniformly along the toroidal
direction, instead there was a clear correlation
with the ripple of the toroidal field: most melt
marks were found between toroidal field coils.
This observation demonstrates that an accurate
alignment of tiles is essential. The radial
variation of plasma position due to field ripple is
only 1.5 mm at the face of the limiter.

The energy deposition on the belt limiter
has generally been kept well below the design
value of 400 MJ. With a careful selection of the
plasma .shape 8o as to maximise the plasma foot
print on the limiter, it has been possible to apply 90
MJ of heating energy with an acceptable
beryllium contamination Moreover, at high
plasma densities and by tailoring the gas feed
during the discharge, it has been possible to feed
into the plasma 30 MW of power for 6 seconds
while keeping Z.¢r at about 1.5 (dilution 0.83). This
should be compared with the graphite limiter
were a maximum of 50 MJ could be applied
without carbon catastrophe but with a plasma
dilution of about 0.5.

Evaporators
The evaporators are essential elements of
beryllium operation(13], Each evaporator consists
of a bell shaped beryllium head (3kg) which is
internally heated by a graphite resistor. During
plasma operation the head is retracted inside a
port but for evaporation it is pushed inside the

vessel and heated up to a temperature close to
1200°C.

Initial operation of the evaporator was
satisfactory but there was a sharp decrease in the
evaporation rate only a few hours after the start of
operation. This was attributed to a beryllium and
beryllium oxide dust layer which.was found on the
head. The dust may be due to oxidation by
residual gases in the vacuum vessel. Also the
impurities present in the sintered material tend to
accumulate on the surface when beryllium
evaporates. The dust layer acts as a cold shroud
which prevents evaporation. More recently,
beryllium heads made of cast material (rather



than sintered), which is purer, have been used.
There is still a small reduction of the evaporation
rate after a few hours but much less than with
sintered material. The beryllium heads have now
all been replaced with cast material.

There are four beryllium evaporators
equally spaced along the torus. The beryllium
coat on the vessel walls and graphite tiles is of
course not uniform but an average thickness of
20nm is achieved in one hour of evaporation. By
the end of 1989 the average coverage of the vessel
was about 0.8um.

The beryllium coat on the graphite X-point
tiles erodes within 1 to 5 discharges and then an
equilibrium tends to establish between erosion and
redeposition. The impurity reduction in the
plasma remains however unchanged over tens of
discharges. Evaporation sessions, typically 2 to 5
hours long have been carried out routinely, once
or twice a week in 1989 and 1990.

Beryllium evaporation has also been found
to be an extremely efficient and quick method to
recondition the vessel for plasma operation after a
vessel opening. The residual gas analyser shows
a dramatic reduction of gazous contaminants in
the vessel after a beryllium evaporation.

IIT TECHNICAL AND SAFETY ASPECTS OF
BERYLLIUM HANDLING

Since the introduction of beryllium in the
JET vessel in July 1989, there have been several
interventions requiring personnel access inside
the beryllium contaminated vessel, and one major
shutdown during which one eighth (octant) of the
machine was dismantled for the replacement of a
faulty toroidal field coill14], This shutdown
involved work in two shifts during 6 months and a
total of 8,000 man-hours have been spent inside
the vessel. There has been so far no safety
incident involving beryllium on the JET site.

There is considerable experience available
at JET on how to tackle work inside the
contaminated vessel, and how to handle
contaminated components, tools and protective
clothing outside the vessel. It should be noted that
the techniques developed for beryllium handling
may also become useful in the future to protect
workers against, and avoid the spread of
contamination by activated dust from the vessel.

The central piece of equipment for work
inside the vacuum vessel is the Torus Access
Cabin (TAC) which includes all the facilities for
the safe access of personnel inside the vacuum
vessell15]. The TAC can support 5 men working
with full protective suits with an external air

supply. Air locks are also provided for the
transfer of small tools and components. During
the 1989-1990 shutdown, the TAC operation has
been generally satisfactory but many improve-
ments were found necessary and implemented to
the breathing air supply, ventilation plant and
water wash system. Also extra cabins were
docked onto the TAC to accommodate the flow of
personnel, provide additional space for change
facilities and additional storage space for
components protection tiles taken -out of the
vacuum vessel.

Plasma operation produces significant
quantities of fine beryllium dust which becomes
easily airborne and would in the absence of
respiratory protection be inhaled by workers
inside the vacuum vessel. At the beginning of the
October 1989 shutdown, the vessel was water
washed to reduce the beryllium airborne and
surface contamination. Following the wash, the
airborne contamination was generally well below
the statutory level (2ug/m3) above which
respiratory protection is mandatory. It was
found, however, that sudden large rises in
airborne contamination would occur when
components inside the vessel were disturbed or
dismantled. This was attributed to pockets of
beryllium dust which may have escaped the water
wash, or possibly dust which may have been
collected by water during the wash and may have
accumulated in certain areas. For this reason
respiratory protection was worn at all times inside
the vessel. Depending on potential contamination,
full suits with external air supply or face masks
with filters have been used. For grinding work,
protective helmets with a powered filtered air
supply have been worn. It was found that
wearing suits did not affect the efficiency and
speed of work of the personnel.

For work requiring an opening of the
vacuum vessel but no access inside, bagging
techniques have been developed to avoid the spread
of any beryllium dust. A dedicated workshop with
specialist equipment for welding PVC has been set
up to manufacture tailor made isolators able to
bag the components, mostly diagnostics, which
have to be disconnected from vessel ports.

Large pieces of equipment cannot be
introduced into the vacuum vessel through the
TAC. Access is provided at another horizontal
port, where the remote handling Articulated
Boom is routinely used to introduce and
accurately position heavy components inside the
vessell4), The Articulated Boom is itself enclosed
in an air tight PVC tent attached onto the vessel
port. Components are transferred in and out of
the tent through an air lock and a slight under
pressure i8 maintained inside to ensure that
contamination is well contained.
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Beryllium related work on contaminated
tools or components is carried out in a beryllium
facility which has been erected inside the JET
Assembly Hall. The facility has a working area of
72m2 and includes an access system, a component
transfer air lock, a filtered ventilation plant and a
waste water collection system.

Suits used for in-vessel work have to be
decontaminated, cleaned and checked for damage
before re-use. This work is done in a dedicated
guit cleaning facility. During the shutdown 90
suits/week were used from a complement of 300
suits. After each working session the suits were
double-bagged and transferred to the cleaning
facility. Suits were cleaned with water and
detergent inside and outside and then checked for
residual beryllium contamination. Following an
acceptable analysis result, the suits were then
transferred to another area for repair and final
inspection before re-use.

A beryllium analysis laboratory has been
set up for the analysis of beryllium samples.
Airborne contamination or surface contamination
must be collected on filter paper which is then
analysed by the Atomic Absorption Spectrometric
Technique. During the shutdown, more than a
hundred samples were analysed every day. The
samples originated from in-vessel work where
each man carries a personal air sampler, from
fixed air monitors in various areas, from smear
samples on protective suits after cleaning, and
other smear samples required to clear
decontaminated tools or components or entire
work areas.

All solid and liquid beryllium contaminated
wastes are carefully monitored and disposed of in
accordance to strict procedures complying with
regulations .

IV SUMMARY OF RESULTS ACHIEVED
WITH A BERYLLIUM FIRST WALL

The chief effect of beryllium as a first wall
material has been to reduce the plasma dilution.
This effect is illustrated in Table 1 which gives the
average impurity concentrations and dilution
factor for various operating phases(16-17),

The gettering properties of beryllium
removes oxygen from the plasma. The elimina-
tion of carbon sputtering by oxygen also results in
a strong reduction of the carbon concentration.

Another beneficial effect of beryllium is that
it pumps deuterium very strongly during the
discharge. A recycling coefficient as low as 0.9
has been observed with the beryllium belt limiter,
whereas values of 0.99 were obtained with an
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unconditioned graphite limiter. At the same
time, beryllium retains after the discharge only a
small proportion, about 10 to 20% (60% for
graphite) of the deuterium injected in the vessel
during the pulse.

Table 1. Average impurity concentrations
(%) and dilution factor for the various
operating phases

C Be/C Be Phase
Phase | Phase
Limiter| X-point

Oxygen 1 0.05 0.05 0.05
Carbon 5 3 0.5 1.5
Beryllium - 1 K] 1
ng4(o)/ne(o) 0.6 0.8 0.85 0.9
C phase = carbon first wall
Be/C phase = beryllium evaporation only
Be phase limiter = beryllium evaporation and

solid beryllium tiles

on the limiter
Be phase X-point = beryllium evaporation and

graphite X-point tiles

It should be stressed that in contrast to
beryllium, graphite behaves as a reservoir of
hydrogenic atoms which are released by plasma
contact. For this reason, graphite walls become
an uncontrollable source of particles during the
discharge. Graphite walls can only be depleted
from the stored atoms by frequent and time
consuming conditioning sessions with helium
(glow discharge or tokamak discharges).

The properties of beryllium have a great
impact on operation since density control is much
easier, operation at low density becomes possible
(hot-ion mode), and the wall is no longer
deconditioned by disruptions.

From the improved plasma purity, an
improvement of nearly all plasma parameters
ensues. Details are given in(16-17) and the results
can be summarised by the record values achieved
in pulse No. 20981.

Table 2.
(nD, ne and Tj are values at the plasma centre)
X-point double null configuration. H-mode

Ip = 4MA PNB =16 MW

nD =3.7x1019m3 .

T, = 22keV nD.Tj.tE = 9x1020m-3 keV.s
T = 1.1 sec

nD/ne = 0.92

D-D fusion power: PD.D =40 kW

Computed equivalent D-T fusion power

PDT = 13 MW* (for 0.1 second)

*Total power (thermal + beam/plasma) for
injection of 140 kV D beams in a tritium plasma.



A\ THE PUMPED DIVERTOR: AN
IMPURITY CONTROL CONCEPT
RELEVANT FOR THE NEXT STEP

Although impressive, the results des-
cribed in section IV were achieved in transient
conditions, The high quality period of a plasma
pulse lasts only for a second or less, and the D-D
neutron count, which is a true measurement of
fusion performance decays rapidly as impurities
penetrate the plasma.

There is scope to improve the situation and
lengthen the duration of the useful part of a pulse.
X-point target plates carrying beryllium tiles will
be installed in JET at the lower X-point position by
the end of 1990. These dump plates have a much
larger surface than the existing X-point tiles and
will follow very closely the theoretical shape of the
torus in both the toroidal and poloidal directions.
Sweeping of the X-point position will also be
performed as already explained in section II.
This will result in a very substantial increase of
the strike area and it is expected that useful X-
point discharges will be sustained at higher power
and for longer duration.

This approach may improve JET's perfor-
mance but is however not relevant for the
machines of the next generation which will
operate for long pulses, a few 100 to a few 1000
seconds, and therefore require steady state
conditions for the plasma.

It is also necessary to obtain more data on
the opération of the divertor systems required by
the next step devices. The problems of controlling
the back-flow of impurities from the divertor
target to the plasma, and of the target plate
erosion have never been studied with plasma
parameters and pulse durations which are of
some relevance for next step machines.

Due to its size, plasma performance and
long pulse capability, JET is in a unique position
to carry out such studies.

The objectives of the new JET impurity
control programme are "to demonstrate effective
methods of impurity control in operating
conditions close to those of the next step tokamak;
that is a stationary plasma of thermonuclear
grade in an axi-symmetric pumped divertor
configuration”.

V1 TECHNICAL DESCRIPTION OF THE JET
PUMPED DIVERTOR

The key concepts of the pumped divertor
have already been explained(7:18],

The impurities generated at the divertor
target plates should be confined there by a flow of
plasma particles directed towards the target
plates. This confinement relies on friction forces
between impurities and plasma particles, and to
be effective requires a strong plasma flow which
should be enhanced by recycling of neutrals from
the target plates. The connection length along
magnetic field lines and between the target plate
and the X-point region should also be long
enough, that is of the order of 3 to 10 metres!7).

A low temperature, high density target
plasma should form in front of the target plate.
This target plasma should:

a) Radiate some of the incident power and
somewhat decrease the peak heat load on the
target plates.

b) Screen the target plates from the plasma
particles and reduce the impurity production.

¢) Screen the plasma from the target plate
impurities.

The main components of the pumped
divertor are:

- The divertor coils which produce the
required magnetic configuration.

- The target plates.

- The cryopump which will help in control-
ling the main plasma density.
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Figure 2: The JET pumped divertor components

. The configuration features four divertor
coils which allow many different configurations to
be obtained (Figure 2)19), It should be noted that
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all four coils carry currents in the same direction.
The two bottom central coils produce the X-point
and have been made as flat as possible to increase
the volume available to the plasma. The two side
coils allow a reduction of the poloidal field in the
region between the X-point and the target plate,
thus changing the pitch of the magnetic field lines
and consequently increasing the connection
length.

Since all four coils will have independent
electrical supplies, a great flexibility can be
achieved in the type of magnetic configuration.
This is illustrated in Figures 3 and 4 and Table 3
which show two typical cases, the so called "fat"
and "slim" plasma configurations.

Table 3: Parameters of X-point plasmas
Configuration Fat Slim

Plasma current (MA) 6 5
Plasma volume (m3) 8 75
Connection length (m) 3.1 8.2
Safety factory qgs 2.2 24
Growth rate (s-1)* 270 800
Sum of divertor coil 0.74 1.5
currents (MAt)

*Growth rate of plasma vertical instabilities in the
absence of vertical position feed-back control.
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Figure 3: Fat plasma configuration at SMA
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Figure 4: Slim plasma configuration at SMA

The side coils also allow the connection
length to be adjusted independently of the plasma
current and separately on the inboard and out-
board sides of the X-point.

Sweeping of the strike region on the target
plates can be easily achieved by shifting radially
the barycentre of the divertor coil currents. A total
sweep amplitude of 20 em is possible without
significant changes of the connection lengths
inboard or outboard.

Table 3 also shows the growth rate of
vertical instabilities which is larger than the
present values of 150 to 280 s-1. The stabilisation of
divertor plasmas requires a fast vertical position
control system which is under development.

The coils are conventional and use water
cooled copper conductors with epoxy glass and
kapton insulation. They are enclosed in thin
vacuum tight inconel cases and will have to be
cooled continuously when the vessel is at its
operating temperature of 350°C. The coils will be
assembled inside the vessel from preformed one-
third turn segments. After assembly of the coil in
the case and completion of the final welds on the
case, vacuum impregnation with epoxy resin will
take place.

The coils include 15 to 21 turns and carry
typically 0.6 MA.t. The forces acting on the coils



can be large during vertical instabilities of the
plasma when flux variations increase the coil
currents. The vertical force can reach 400 tonnes
on the outermost coil and the total net vertical
force transmitted to the vessel is 900 tonnes.
These forces are restrained by hinged supports
which allow differential expansion between the
vessel and the coils.

The target plates are made up of three
parts. The horizontal plates intersect the heat
flux conducted along field lines while the vertical
side plates receive the radiated power from the
divertor target plasma. The horizontal and
vertical plates are split into 384 segments grouped
in 48 modules of 8 segments.

The target plates are designed for a total
steady state conducted power of 40 MW which
gives a maximum power flux density of 10-12
MW.m-2 when sweeping of the X-point is taken
into account(20), The side plates may receive up to
65 MW.m-2 in case the full power is radiated by the
divertor plasma. These power density levels
require the use of highly efficient heat sinks.
Hypervapotrons have been used extensively for the
JET Neutral Beam systems and can cope safely
with steady state heat fluxes up to 15 MW.m-2.
Figure 2 shows the layout of the hypervapotrons
and the cooling water pipework.

The surfaces facing the plasma will be clad
with a 2 mm thick beryllium layer. The choice of
beryllium is supported by the results achieved
with a beryllium first wall in JET but is not ideal
since beryllium impurities in the divertor plasma
will only radiate a negligible fraction of the
incident power. The choice of any other, higher Z,
material would however entail the risk of
impurities migrating back to the vacuum vessel
am;l jeopardizing the benefits of a beryllium first
wall.

The strength of the bond between the
beryllium cladding and the copper-chromium of
the hypervapotron is critical. Silver brazing at
about 650°C is the preferred method of fabrication
but the strength of the joint is strongly reduced
when the temperature exceeds 350-400°C. In the
longer term, other cladding techniques such as
explosion bonding, or plasma spraying which has
potential for in-situ repair, may be preferable.

Analytical studies have shown that an
average flux density of 12 MW.m-2 and a sweeping
frequency of 2 Hz give acceptable temperature
excursions (Figure 5) for both the beryllium
surface and the beryllium copper interface. Hot
spots, particularly at the edge of each segment
must be avoided and, to this end, each segment is
tilted so that the edge is shadowed by the adjacent

segment. All segments will have to be aligned
with an accuracy of 0.2-0.3 mm. The beryllium
layer should be castellated to minimise the plastic
strain, This will be achieved by brazing small
tiles with dimensions of 6-10 mm.
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Large forces can act on the hypervapotrons
due to currents flowing during disruptions. Some
eddy current paths have been eliminated by a
careful design of the mechanical attachments.
However during vertical instabilities it is believed
that currents flow in the poloidal direction and
these currents can be shared between the vessel
and the hypervapotrons. Forces of 2 tonnes per
metre could be produced on each of the 384
segments. The hypervapotrons are firmly
clamped onto steel beams which are themselves
attached to the lower divertor coils.

The cryopump
For pumping, a cryopump has been
selected because it has no tritium inventory after
regeneration, it is reliable and there is experience
and cryogenic systems available at JET.

The pump includes a chevron type liquid
nitrogen cooled radiation screen and helium
cooled pipes which cryo-condense the incoming
gases. This pump is completely surrounded by
water cooled structures which intersect the
radiated power from the hot vessel and from the
divertor plasmal21],

During plasma pulses the most severe heat
load on the helium cooled pipes is expected to
come from the neutrons and gamma rays
produced during D-T operation. In the case of
operation at Q ~ 1 with a neutron production rate
of 1019 -1, a power of 4.5 kW would be absorbed by
the helium and the stainless steel conduits. For
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this reason, the helium tubes have thin walls and
are slightly corrugated for increased strength.
The heat capacity of the helium content (40 litres)
is about 50 kJ for a 1°K temperature rise and may
therefore limit the pulse duration but only if
operation close to Q = 1 is achieved.

The cryopump itself has a nominal
pumping speed for deuterium at 300°K of
500,000¢.8°1 but what really matters is the
probability for neutrals emitted at the target plate
to reach the pump. This has been estimated using
a code provided by KFA-Jiilich(22), Neutrals can
reach the cryopump through gaps between the
hypervapotrons. The pumped fraction depends
crucially on the target plasma temperature and
varies from 0.5% to 3% for electronic temperatures
between 70 and 10 eV.

The pump is split into quadrants in the
toroidal direction and there will be two cryo-
supplies common for two quadrants. The liquid
nitrogen shield consists of blackened copper alloy
baffles brazed onto stainless steel tubes for the
forced flow of liquid nitrogen. The helium loop is

supplied with a forced flow of supercritical helium
and includes six thin-walled stainless steel tubes
connected in series. The tubes are mounted in
brackets which are plasma coated to reduce eddy
currents. The brackets are supported from the
radiation shield by thin stainless steel wires.

Fuelling

Pellet fuelling is expected to play a key role
in controlling the plasma density profile, plasma
flow and impurity and alpha-particle concentra-
tions in the plasma. In order to provide
operational flexibility and keep all options open a
wide range of pellet velocities is foreseen.

Fast pellets at velocities of about 4km.s-1
should be used to fuel the plasma centre and flush
impurities and alpha-particles towards the
plasma edge. The development of fast guns at JET
has now reached an encouraging state and such
guns should be available for divertor operation(23],

Medium velocity (1.5 km.s-1) pellets should
fuel intermediate layers inside the plasma and
help control the density profile and establish the
plasma flow towards the target plate. Discussions
are underway between JET and the US-DOE for
the supply of adequate guns.

Low velocity (up to 500 m.s1) pellets should
finally fuel the outermost plasma layers and
enhance the flow of plasma particles towards the
target plates.

In addition to pellet injection, gas injection
nozzles are foreseen to increase if required the
plasma flow towards the target plates. Gas
nozzles are also foreseen inside the triangular
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region formed by the magnetic separatrix and the
target plate so as to enhance the local flow of
particles towards the target.

The Ion Cyclotron Resonance Heating
(ICRH) system will include 8 antenna modules in
4 groups of two. As shown in figure 3 the
antennae feature a deep housing to bring the RF
conductor close to the plasma boundary for good
power coupling. For the slim plasma
configuration shown in figure 4, the antennae will
be pushed forward and tilted. The housing
supports and the RF conductor are designed to
make this displacement. a relatively simple
operation requiring only a short access inside the
vacuum vessel.

In view of the experimental nature of the
pumped divertor experiment, an extensive range
of diagnostics are being designed to obtain data on
the target plasma temperature and density
(langmuir probes, microwave interferometer,
microwave reflectometer, electron cyclotron
absorption, Thomson scattering), the impurities
in this plasma (XUV/VUV spectroscopy, visible
spectroscopy), the radiated power (bolometers), the
neutral gas pressure (pressure probes), and the
magnetic configuration at the target plates (flux
loops and magnetic probes). Thermocouples at
the target plates and cooling water pipes will yield
data on temperature distributions and total
incident power.,

VIII CONCLUSIONS

Impurity control at JET has so far
concentrated on the development and use of
passive elements such as low Z materials for wall
protection, limiter tiles and X-point target plates.
Graphite and more recently beryllium have been
used with great success but impurity influxes
prevent the attainment of higher performances
and steady state conditions.

A new pumped divertor configuration is
proposed for JET which would address the
problem of impurity control in operational
conditions close to those of the next generation of
machines. The construction and operation of the
JET pumped divertor requires an extension to the
JET Experimental Phase. It is planned that
installation would take place in 1992 and operation
with the pumped divertor would start in 1993.
This extension if approved will allow essential
data to be obtained on the operational domain of
next step machines, the physics of the divertor
and technological aspects such as the choice of
materials facing the plasma.
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A Programme towards a Fusion Reactor

ABSTRACT
Near break ditions have been d in the JET toki k, with beryllium as the first
wall material. A ﬁmon triple product (npteT.) of 8-9x10%mIskeV has been reached (within a
factor of 8 of that required in a fusion reacior). However, this has only been achieved
transiently. At high heating powers, an influx of impurities still limits the achievement of
better performance and steady state operalwn

In parallel, an improved under ding of fusion pl has emerged from the
development of a particular plasma model. Good quantitative agreemeni is obiained berween
the model and JET data. The main predictions are also consisient with satistical scaling laws.
With such a model, we begin to have a predictive capability to define the parameters and
operating conditions of a DEMO, including impurity levels. Present experimental resuits and
model predictions suggest that impurity dilution is a major threat to a reactor. A divertor
concept must be developed further to ensure impurity control, before a DEMO can be
constructed.

A New Phase for JET is planned in which an axi-symmetric pumped divertor configuration
will be used to address the problems of impurity control, plasma fuelling and helium ash

h It should d. ate a concept of impurity control and demonstrate the operational
domain for such a device.

A single Next Step facility (ITER) is @ high risk strategy in terms of physics, technology
and management, since it does not provide a ly sound fc ion for a DEMO. A
Next Step Programme is proposed, which could comprise several complementary facilities,
each optimised with respect to specific clear objectives. In a minimum programme, there could
be two Next Step 1okamaks, and a Materials Test Facilily. Such a programme would allow
division of effort and sharing of risk across the various scientific and technical problems,
permit cross comparison and ensure continuity of results. It could even be accomplished
without a significant increase in world funding.

1. INTRODUCTION
Present Fusion Research Programmes are dirccted ultimately to the construction of a
Demonstration Fusion Reactor - DEMO, which should be a full ignition, high power device.

Moderate extrapolation of latest results and iderations of model predictions, taken togeth
with the of present technology, allow the size and perf of ath 1
reactor to be largely defined.

JET has successfully achicved and d pl of ther lear grade, and has

reached near breakeven conditions in single discharges. JET is well placed to oversee the route
to a DEMO. Sections 2 and 3 of the paper set out the main results achieved in JET.
Furthermore, a clearer picture of energy and particle transport begins to emerge. The

and within a factor of 8 of that required by a reactor. Similar results with ICRF were also
at medi p with Te~Ti~10keV.

However, the best fusion performance was obtained only transiently and could not be
sustained in steady state. Ultimately, the influx of impurities caused a degradation in plasma

parameters. In fact, density and impurity control hnve been the main obstacles limiting JET

performance.

2.2. General plasma performance

As a result of reduced impurity levels with a beryllium first-wall, the general JET performance
proved and op at higher densities was prol d. In particul

the pumping of deuterium with beryllium was more efficient than with carbon walls and

provided improved density control, This permitted low density and high temperature (up to

30ke V) operation for times >1s;

the density limit increased (6], and a record peak density of 4x102m-? was achieved with

pellet fuelling. The density is limited principally by fuelling and not by disruptions, as was

found with carbon limiters;

 sawteeth were stabilized for periods exceeding 8s;

+ in the absence of sawteeth, the central clectron temperature appears (o saturate at ~12keV,
even though the central power to the electrons can exceed that to the ions;

 with beryllium antennac screens, H-modes were obtained for periods >1s using ICRH
alone. The confinement characteristics were similar to those with NBI alone;

+  [B-values up to the Troyon limit were obtained in double-null X-point plasmas [6].

Thus, in JET, the parameters of a reactor plasma have been reached individually, and near

breakeven conditions have been achieved in single discharges,

3. QUANTITATIVE UNDERSTANDING OF FUSION PLASMAS
The underlying JET results are presented with particular emphasis on their significance for the
formulation of a model of transient and steady state plasmas that can be used for moderate
cxwrapolation to a Next Step tokamak.

3.1. Density limit
With a beryllium first-wall, the maximum operating density increased significantly by a
factor 1.6 - 2 compared with a carbon first-wall. Furthermare, the nature of the density limit
hanged and the freq; y of disruptions at the density limit were much reduced. Disruptions

did not usually occur, and the limit was associated rather with the formation of a poloidally

critical el p gradient model is a particular model consistent with JET results.
The implications of this model are considered in Section 4 and predictions are pared with
JET results.

All aspects of plasma behaviour, impurity control and plasma exhaust must be included in

the model used to define the size, toroidal ficld, plasma current and operating conditions of a
DEMO reactor (see section 4). Such a reactor would produce power in the range 3-6GW
thermal or 1-2GW electrical power. Most critical is the contral of impurities and the exhaust of
helium ash at high power. An acceptable solution is most likely to be achieved with a divertor
at high densities.

To consolidate the model for density and impurity control, a New Phasc is planned for JET
with an axi-sy ic pumped divertor config; to operate with a stationary plasma (10s-
Iminute) of thermonuclear grade. This is described briefly in Section 5.

The Next Step must bridge the gap from present knowledge to that required to construct a
DEMO. This demands significant technological and scientific developments (sce Section 6).
these developments are expected (o maure on varying timescales. Attempting to cover them all
in a single device will limit the domain of investigation and lead to unacceptable risk of failure,
unless a large safety margin is allowed on cach component. This would impact on the start-
time and construction time, with consequential effect on costs.

A Next Step Prog is needed to add these issues. It seems prudent to cnvisage
international collaboration. The programme could comprisc several complementary

components, each optimised with respect to specific clear objectives. There could be two Next
Step tokamaks, and a Materials Test Facility, each constructed in different locations with
differing start dates. This theme is developed further in Section 7, where further details are
presented of such a programme, and its timescale and cost.

2. JET PERFORMANCE RELEVANT TO A DEMO
JET is a high current, high power tokamak with a low-Z first wall [1-3]. Furthermore, JET
operates with the configuration forescen for a Next Step tokamak. The plasma current of 7MA
in the limiter configuration [4] and the current duration of up to 30s at 3MA are world records
and are over twice the values achieved in any other fusion experiment. 5.1MA and 4.5MA are
also the highest currents achicved in the single-null and double-null divertor configurations,
respectively [5]). NBI heating has been brought up to full power (~21MW) and ICRH power
has been increased to ~22MW in the plasma. In combination, these systems have delivered
35MW to the plasma.

The overall fusion triple product as a fi
for JET and a number of other tokamaks.

of central ion is shown in Fig. 1

2.1. Fusion performance
Better plasma purity was achieved in JET with a beryllium first-wall, by sweeping the X-point
and by using strong gas-puffing in the divertar region. This lted in high ion
(T, (0) in the range 20-30keV) and improved plasma performance, with the fusion triple product
(np(0)1eT(0)) increasing significandy. Such improved fusion performance could otherwisc
have been achicved only with a in energy confi

In the hot-ion H-mode regime, the central ion temperature reached 22keV, the encrgy
confinement time, Tg, was 1.1s, with a record fusion triple product (np(0)TeT,(0)) of 8-
9x107°m"%keVs. The neutron yield for this discharge was also amongst the highest achicved on
JET at 3.5x10 ns™!, with Qpp = 2.4x10"2. A full D-T simulation of the pulse showed that
12MW of fusion power would have been obtained transiendy with 16MW of NBI powcr
giving an equivalent fusion amplification factor Qpr ~ 0.8, reachi

hreak
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(a "MARFE"), which limits the plasma

v ic, but toroidally sy i cadine:
density to within the stable operating domain.

Heating and plasma fuclling were varied systematically, using both gas and pellet fuelling.
With decp pellet fuelling and either NBI or ICRH, peaked profiles were obtained (Fig. 2). Just
before a density limit MARFE occurred, pellet fuclled discharges reached the same edge density
as gas fuelled discharges, but the central densities were considerably higher. The central
density depends, therefore, on the fuelling method used. The profiles arc similar near the edge,
but are remarkably flat with gas fuelling.

These obscrvations suggest that the edge density may be correlated with the density limit
and is found to increase approximately as the square root of power (Fig. 3). This endorses the
vicw that the density limit is determined by a power balance at the plasma edge and the cause of
disruptions is related to radiation and charge exchange near the q=2 surface. Thus, where
beryllium is the only impurity and when the radiation is low, and confined to the outermost
edge, density limit disruptions are not observed.

3.2. Density profiles and transport

Density profiles obtained with edge fuelling tend to be flatter with the lower Zegachieved with
beryllium, in contrast to those obtained with carbon, which tend to be mare peaked, cven with
edge fuclling. The occurrence of flat density profiles suggest that there is no need for an
anomalous inward particle pinch, except, perhaps, on impuritics.

The relaxation of the peaked density profiles achicved with pellet injection allows an
estimate of particle transport. For a 4mm pellet injected into 3MA/3.1T plasma, the decay of
the central clectron density is shown in Fig. 4. Following inj the decay are
1.8s for the ohmically heated discharge and 1s when ~8MW ICRH is applied, The global
encrgy confinement times are in a similar rato. Therefore, it is reasonable 1o assume that
particle and energy transport are linked. The measurement of emissivity profiles by the soft X-
ray camcras following the inj of laser-ablated, high-Z impurities provides evidence of
better impurity confinement in H-modes. The temporal evolution of NiXX VI emission is
shown in Fig. 5 for the L- and H-phases of two similar discharges with ~9MW of additional
heating. In contrast to the decaying signal of the L-phase, the signal rises rapidly to a steady
value which persists to the end of the H-phase. This shows that impurities have considerably

longer confinement times in the H-phase and endorses the vicw that an edge transport barrier
exists, which could be destroyed (for example, by Edge Localised Modes) and on transition
from the H- to the L-phase.

3.3. Temperature

High ion temperaturcs have been obtained at the low densitics possible with a beryllium first-
wall and with the better penetration affi or?ed by NBI at 140kV. Record ion temperatures were
achieved of up to 18keV in limiter plasmas and up to 30keV in X-point plasmas (with powers
up to 17MW). In this mode, the ion temperature profile is sharply peaked and the electron
temperature is significantly lower than the ion temperature, by a factor of 2-3. The central ion
temperature (as shown in Fig. 6) increases approximately linearly with power per particle up to
the highest temp , indi g that ion thermal losses are
degrades little with input power. On the other hand, the central clectron temperature saturates at
~12keV, even though with ICRH the central heating power to the ¢lectrons can apparcntly be
higher than that to the ions. Electron thermal transport is also anomalous and electron

but ion confi




confinement degrades strongly with increased heating power. This suggests that electrons are
primarily responsible for confinement degradation. However, this docs mean that ion losses
are necessarily small.

3.4. Electron heat and d y pulse propag
The propagation of temperature and density perturbations following the collapse of a sawtooth
provide good measurements of energy and particle transport. The decay of the iemperature
perturbation at different radii in a 3MA/3.1T ohmically heated discharge is shown in 7(a). This
can be modelled with an heat pulse diffusivity, xup~3.2m2s-1, compared with .~1m2s-1,
btained from power The results in an L-mode plasma, heated with
9.5MW of ICRH, are shown in Fig. 7(b) and indicate that, although x,~2m2s-1, the same
X_Hr'3.2mzi'l can be used in the simulation to fit the data. Within experimental uncertainties,
the same yip can be used also for H-regime plasmas and does not depend on heating power.
Simul of the temp and density perturbations indicate that the
particle pulse diffusion coefficient, Dpp~D«xup [7). This general behaviour must be
reproduced by the model.

hal .1

3.5. Global energy conflnement
With a carbon first-wall, the energy confi time impr with i g current and
degrades with increasing heating power, independent of the heating method and similar at high
power. With a beryllium first-wall, energy confinement times and their dependences are
cffectvely d: energy confi does not appear to be affected by the impurity mix
(carbon or beryllium in deuterium plasmas).

In the X-point configuration, high power H-modes (up to 25MW) have been studied. In
comparison with limiter plasmas, confinement is a factor ~2 better, but the dependences with
current and heating power are similar (Fig. 8). These obscrvations are consistent with the same
basic mechanism applying over most of the radius, cxcept perhaps ncar the very edge.

h

3.6. Plasma beta

Experiments have explored the plasma p (indicated by the B-value) that can be sustained
in JET and in gated the plasma behaviour near the expected B-limit in the double-null H-
mode configuration, at high density and p and low magnetic field (B,= 1T). B,
values up to ~ 5.5% were obtained, close 1o the Troyon limit fy(%) = 2.81,(MA)/ByT)a(m),
where L is the plasma current and a is the plasma minor radius [6]. These results are consistent
with the highest values obtained on D-III(D) (8]). In JET, the limit does not appear to be
disruptive at present power levels. Rather, a range of MHD instabilitics occur, limiting the
maximum B-value without causing a disruption. The behaviour near both the density and B-
limits may be interpreted in terms of resonant instabilities which have the magnetic topology of
an island. Ignition will therefore not be limited by B. Fusion power will be limited rather by
the capability of the first wall and the divertor.

3.7, Alpha-particle simulations
The beh of alpha-particles has been simuiated in JET by studying encrgetic particles such
as IMeV witons, and 3He and H minority ions accelerated to a few MeV by ICRH [9]. Triton
burn-up studies show that the experimental measurements of the 14MeV neutron rate is in good
g with that calculated from the 2.5MeV neutron (and hence the IMeV triton) source
rate and classical thermalization. The energetic minority ion population with ICRH has up to
50% of the stored energy of the plasma and possesses all the characteristics of alpha-particles in
an ignited plasma, except that in the JET experiments, the ratio of the perpendicular to parallel
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This model features:

- alimitation in the el p

- el heat pulse propagation with Xup ~ Yae, >es

- no intrinsic degradation of ion confi with jon heating power;

- density decay following pellet inj and its depend on heating power;

- similar behaviour of particle and heat transport;

- density pulse propagation as observed with Dpp ~ D; « Xpp,

Furthermore, in the plasma i mlcnor. the same model applies to the L- and H-regimes and
particle and encrgy confi P her. H , at the edge of an H-mode, an
edge transport barrier forms and the nnspon might be classical over a short distance (~few
cms). In fact, the H-mode may be the 'natural’ consequence of the transport model, since Yan e
depends on shear, reducing 1o zero near the separatrix. Furthermore, MHD activity reduces on
making the transition from L — H phase. This may imply the siabilisation of some other
instability at the edge, where the effect of impurity radiation and neutral influxes on MHD might
be important in destroying, at least partially, the cdge confinement barricr. This instability is
apparently easier to suppress in an X-point configuration with high edge magnetic or rotational
shear.

To complete the plasma model requires a description of the scrape-off layer (SOL), for
which a rudimentary model is also included (see also Section 5.3). For example, the

P p in edge conft has yet to be

4.2. Application of the model to JET
Scveral examples arc shown to illustrate the applicability of this plasma model to JET
experimental results.

A comparison between experimental and computed density and temp profiles for a
3MA/3T discharge heated with 8MW NBI is shown in Fig. 9. It is to be noted that the
temperature profiles are well represented and that the electron density profiles are flat. The Zegy
of this discharge is low. No anomalous particle "pinch” is needed to describe adequately the
density evolution.

The density and temperature profiles are also well represented for a 3MA/3T discharge
heated with 8MW ICRF (Fig. 10). However, it should be noted that the electron density
profile is morc pcaked. The Zg of this discharge is also higher. An anomalous particle
"pinch” is required and in the model this may be aributed to impurities.

The model has also been applied to the propagation of heat and density pulses following the
collapse of a sawtooth in JET. As shown in Fig. 11, the computed changes in T, and n. at
various radii and times agree well with experiment.

The characteristics of an H-mode can also be near
the scparatrix. As shown in Fig. 12, this leads to higher density and Zgy, reduced edge flow
(Dg signal simulated), higher stored energy and tg, lower X, and X;, as observed
experimentally.

Thus, we have established good quantitative agr b the model and JET data.
Furthermore, the main predictions of the model are also consistent with statistical scaling laws
{9]). With such a model we begin to have the predictive capability needed to define the
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pressure was above three, while in a reactor plasma the distribution will be approxi ly
isotropic. The mean energy of the minority species was about 1MeV, and the relative
concentration of the 3He ions to the electron density was 1-2%, which is comparable to the
relative concentration of alpha-particles in a reactor (7%). Under conditions with litle MHD
activity, no evidence of non-classical loss or delcterious behaviour of minority ions was
observed, even though the ratio of fast ion slowing down time to cnergy confinement time in
JET is greater than that expected in a reactor. The prospects for alpha heating in DEMO should
therefore be good.

4. A TRANSPORT MODEL

4.1, Formulation of a p
Any model used to predict the performance of a Next Step tokamak must be consistent with the
foregoing JET data and with physics constraints. Experimental observations support a model
for anomalous transport based on a single phenomenon and MHD limits. This Critical
Electron Temperature Gradient model of anomalous heat and particle transport features

- ¢electrons which determine the degree of confinement degradation;

- ion anomalous transport with heat diffusivity X; linked to electron heat diffusivity X

dal

- lous particle diffusivities, D, for ions and electrons, proportional to X;

- anomalous particle "pinch” for impurities alone.

Specifically, above a critical threshold, (VTe)., in the el p gradient, the
transport is anomalous and greater than the underlying lassical port. The el are
primarily responsible for the I port, but ion heat and particle transport arc also
anomalous. The general exp for the ! d heat fluxes are:

Qe m-ne XeVTe = -n¢ Xang (VTe - (VTe))
Qi=-n; XiVT;
Xi = 2 Xe NTJT; x (2 V(1+Zerr))
D;=0.6X;
The cridcal el p gradient model of Rebut et al [10] specifies possible

dependences for Xene and D and this is explored further in [7].

and ditions of a DEMO, including impurity levels.

4.3. Application of the model to a First DEMO
The parameters of a first DEMO are defined by technology and physics predictions. The minor
radius of a DEMO plasma needs to be twice the thickness of the tritium breeding blanket
thickness, which makes it ~3m and the elongation can be up w 2. A practical aspect ratio of
~2.5 sets the plasma major radius to 8m. Safe operation can be assumed for a cylindrical safety
factor 1.6-1.8. Plasma physics requirements can be fulfilled by operating at a toroidal field no
greater than 5T. This defines a reactor with a plasma current of ~30MA.

The operating conditions will be such that:

- Ti~Ta

- confinement is L - mode;

- D-T mixture, including helium ash;

- sawteeth (minimum internal control from outside);

- high density, flat density profile;

- full impurity control.

We now model DEMO plasmas using the L-mode transport model which has been tested
against JET results, together with a model for sawteeth, B-limit instabilities and the divertor. A

of D-Tis d and includes helium ash Iation and pumping. A ing the

provision of adequate impurity control, ignition is maintained in DEMO (Rpyp0r=8m, a=3m,
4.5T, 30MA, x=2) after switching off SOMW of ICRH (Fig. 13). At ignition, the slightly
hollow density profiles (Fig. 14) with edge fuelling are sufficient to fuel the centre. However,
helium poisoning alone can quench the ignition with deq pumping. To exh
sufficient helium and pumping of about Ikg of D-T per hour.
Exhaust and impurity control are essential. In fact, while the H-mode has short term
benefits for approaching i lgmunn, the long term deficiencies due to helium poisoning are evident
(see Fig.15). Steady ig diti hieved with a specific level of helium ash.

It is fundamental to control dilution in a reactor. There are two primary sources
of dilution: target plate impurities and helium ash. With impurity control, ignition is achicved
with edge fuelling and high pumping; high density and flat profile; sawteeth and L-mode

in ignition requires the

canbe
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confi and recirculation of a kg of D - T per hour. The H-mode does not improve steady
state ignsticn due to the better confinement of ashes. At present, impurity control is envisaged
to require high density operation. Under these conditions, the use of current drive scems
precluded. However, one hour steady state requires only 50Vs (~10% of inductive Vs) and

thorough testing. A credible physics concept still needs to emerge for current drive, to sustain

plasma op However, this last requircment may prove to be unnccessary

when semi-continuous operation (2hrs or so) has been demonstrated, since this wouid b3
sufficient for a commercial reactor.

In view of the time needed to develop and incorporate emerging technologies required for a

DEMO, a precisely defined or optimised cngineering design cannot yei be proposed. A

this can easily be provided.
A divertor concept for impurity control must be developed further. The
fuelling, impurity contrel and exhaust capability of a Next Step will be d dent on wheth

tndi

deuterium and impuritics (i g helium) late in the plasma centre. The production
and transport of helicm ash towards the plasma edge (where it must be exhausted) will depend
on the relative importance of energy and particle confinement, the effect of sawteeth, the effect
of the edge transport barrier in the H-mode and the behaviour of the scrape-off layer plasma.

5. SOLUTION OF OUTSTANDING ISSUES

5.1. Impurity control and the New Phase planned for JET
Plasma dilution is a major threat to a reactor. Active impurity control represcnts a solution to
this problem, and this will be tested in JET in a New Phase planned to start in 1992 [3]. First
results should become available in 1993 and the Project should continue to the end of 1996.

The aim of the New Phase is to d ate, prior to the introd
methods of impurity control in operating conditions close to those of a Next Step tokamak, with
a stationary plasma of ‘thermonuclear grade' in an axisymmetric pumped divertor
configuration. Specifically, the New Phase should demonstrate:

- the control of impurities gencrared at the divertor target plates;

- a decrease of the heat load on the target plates;

- the control of plasma density;

- the exhaust capability;

- a realistic model of particle transport,

of tritium, cffective

5.2. Key concepts of the JET pumped divertor

Sputtering of impurities at the target plates presents a major difficulty and such impurities must
be retained close 1o the target plates for effective impurity control. This retention may be
accomplished by friction with a strong plasma flow directed along the divertor channel plasma
(DCP) towards the target plates [11, 12, 13). The plasma flow will be generated by a
combination of gas puffing, injection of low speed pellets and recirculation of a fraction of the
flow at the target plates towards the X-point. The connection length along the magnetic field
linc between the X-point and the target plates must be sufficiently long to allow effective
screening of impurities.

5.3. Modelling the edge plasma

Calculations for JET New Phase [13) show that impurities can be retained near the target plates
for plasma flows, typically ~1023s-1 near the X-point. The stcady state distributions of Z.q
(with beryllium impurities), for conditions in the SOL and DCP, with and without flow, are
shown in Fig. 16(). These results are obtained for an clectron density ~1020m-3 at the target
plates. At target densitics approaching 102!m-3, the reduction of erosion and the plasma flow
associated with high recycling at the target plates ensures impurity control. In addition, the
calculations show that the ion temperature in the SOL can be substantially larger than the
electron emperature (Fig. 16(b)). In present JET discharges, probe measurements indicate,
that at low density, the electron temperature at the target plates is lower than the ion temperature
d incd from broadening of Hy and power balance considerations [14].

5.4. JET programme in the New Phase

The New Phase of JET should demonstrate a concept of impurity control; determine the size
and geometry needed to realise this concept in a Next-Step tokamak; allow a choice of suitable
plasma facing p and d the op I domain for such a device.

A schedule for the JET programme incorporating the New Phase is shown in [12]. The
carliest dawe 1o have a pumped divertor in JET is 1993. By the end of 1994, all information on

particle transport, exhaust and fuelling, first wall requi and enh d confi
gimes needed 10 a Next Step tokamak, should be available. This pt could be
developed further ds lower temp higher density, eg cold radiating plasma or gas

target. Such concepts would have to be proven further for the inclusion in a Next Step
tokamak.

6. TECHNOLOGY OF A DEMO

DEMO is a large and complex device. It would include a magnetic system (with
superconducting coils), a divertor with high power handling capability and low erosion, an
exhaust system for impurities and helium "ash” products, a first wall that is highly resilient to
14MeV neutrons, a hot blanket to breed tritium, a plasma control system and a D-T fuelling
system. Auxiliary heating syswems arc required for start-up. DEMO would operate cither semi-
continuously with long pulses (2hrs or s0) or conti ly with ind current drive. It
must achieve high reliability, high duty cycle and high safety lcvel. Activation and tritium
inventory must be minimised. A full remote handling maingenance capability is required.

The construction of a DEMO must be preceded by an test of the pts and
technologies required. Plasmra facing components and first-wall materials with a high resilience
to 14McV neutror: radistion at a power flux of 2-3MWm-2 must be developed and tested.
Divertor target materials with high power handling capability and low crosion (eg. low Z
materials, berylliura, carbon and carbide fibres, silicon carbide) must be developed and tested.

bly broad strategy would be to develop, partly in parallel, the main components of a
fusion reactor. In addition, it is clear that more than onc DEMO will be sequired (as in the carly
development of fission). All the physics and technological issues for a DEMO must be
addressed, so that it can be constructed from proven elements. A wcll defined Programme
towards DEMO is essential.

7. A PROGRAMME TOWARDS DEMO

The scientific feasibility of ignition under conditions required for a DEMO device must first be
demonstrated: that is, high power long pulse operation in fully ignited plasmas (QpT = =).
Tritium breeding in hot blanket modules should also be tested. Advanced divertors and concept
develoy aimed at improved efficiency must also be pursued.

Technology must still emerge on such items as pumping and helium extraction; the use of
low-Z plasma facing materials (eg. beryllium, silicon carbide, carbon fibres, carbide fibres);
the nature of breeding materials and coolant and structural materials for tritium breeding
blankets. The resistance of highly sensitive materials (eg insulators, first-wall, etc.) to high
neutron fluences should be evaluated. Industrial develop is also required for
superconducting coils which can withstand neutrons and AC losses. It is expected that the
remaining technology can be scaled up from existing knowledge.

Many of these issues arc expected to mature on differing i A single
addressing all these issues would be close to a DEMO. Even with a large safety margin on each
component, the risk of failure would be unacceptable. To incorporate all innovations that are
likely to reach maturity throughout the lifetime of a single facility requires a design which lacks
the precise definition offered by well targeted objectives. There would also be an impact on the
starting and construction times and on the consequential costs. A large degree of complexity
would be introduced and this would place a practical limit on intended flexibility. We are not
ddress all issues on a

yet in a position to take such a large step. Itis not p to
single device.
An ITER programme is the way to address the different Next Step issucs. Several

complementary facilities, each with separate, clearly defined objectives, would

- reduce scientific and technological risks;

- allow flexibility to accommodate new concepts;

- allow cross-checking of results;

- be more practical in managerial and industrial terms;

- offer flexibility in location and time scheduling.

This programme towards DEMO would minimise the risks and overall costs and would
ensure an efficient usc of world resources.

In such an optimised Programme, the three main issuves of long bum ignition, concept
optimisation and materials testing would be separated and addressed in different facilitics which
would be d as technologies mature. The ing design for cach facility can be
defined precisely, thereby allowing a high degree of confidence that objectives would be met.
A minimum ITER Programme should comprise:

P1 - A thermonuclear fumace: the care of a first reactor;
P2 -Anad d ol k for concept optimisati
P3 - A materials test facility.

In support of this ITER Progr “National Progr 3 parable in size will be
needed.

The main details of such machines are set out below.

7.1 P1 - A Thermonuclear Furnace: the core of a first reactor

The primary objectives of P1 would be:

- tod d high power op of a fusion reactor care of 2-3GW thermal
power produced for up to 12hrs per day for periods of several days at a time (~2000 hrs
total);

- to provide a testbed for the study and validati
full reactar conditions;

- to achicve a cost/unit thermal output relevant to the establishment of fusion as a potential
economic cnergy source (1ECUAhermal Wait; 1IECU = 1.48);

- to achicve a high level of safety.

The design philosophy of P1 would be:

- to make full use of the scientific and technical experience gained from JET and other

of tritium breeding blanket modules in

tokamaks;
- o the need for develog by using established tech
- to reduce plexity and i reliability at ble cost;

- to provide a high safety margin in achicving design specifications for the magnetic field
and plasma current.

The objectives could be achieved in a tokamak with 30MA, 4-ST, major radius 8m, minor
radius 3m, and clongation of 2. The main parameters of P1 arc shown in Table [. Impurities
would be controlled actively by high density operation and a pumped divertor. The approach to
would utilise ICRF heating with H-mode confinement and in the monster sawtooth

An efficient, high flow D-T fuelling system with pellet injection needs to be d ated. The
viability of present or emerging concepts for helium ash exhaust, pumping and energy exhaust
stiil nceds to be proved. Tritium breeding blankcts must operate at high temperatures but have
not yet been tested. Furthermore, in the area of sup g
temperaiure superconducting materials are desirable for sufficient safety margin and these need

Aner; hoal

viable high
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regime, while long pulse ignition (0.5 - 1 hr) would be sustained with X-goint L-mode
confinement at