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Conference on Controlled Fusion and Plasma Heating,
Amsterdam, the Netherlands, 25th-29th June 1990

Fusion Relevant Performance in JET
The JET Teami
(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 lOOkW of fusion power
being generated in charged particles from the D-He^ 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)
(b)
(c)
(d)
(e)
(f)
(g)

Operation near the Density Limit
Operation near the ß Limit
The Production of High Temperatures
Confinement Times
Limitations due to Impurity Influxes
Fusion Product Confinement
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 Lo wry 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 1019 m 3 , m, T). There are clear improvements due to the Be
^See Appendix I
Paper 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 NBL 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 q v < 2 for all densities.
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Fig. 1 The operating density range for JE T shown as normalised current
<7,v', = KRIp /5ABV [m,MA,m2,T] versus normalised density nc R/B? [nr3, m, 77. 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 (O) and for Neutral
Beam heating (NBI (O). 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 ïïRqlv, / B, ~ 20 x 1019 nv2T_1. At
higher densities, typically when Prad/Pt ~ 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 B e limiters. Whereas
with C limiters the limit is marked by a radiative collapse and hard disruption. With B e
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 t 1 / 2 . Fig 2 shows this type of behaviour for
gas and pellet fuelled discharges with B eryllium 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
n e d g e R/B t = 2.37 P 1 ^ S ee Fig. 3.
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Operation near the density limit in JET can thus be summarised as follows :
(a)
(b)

M0

The density limit for additionally heated discharges in JET, with B eryllium
limiters in clean conditions, exceeds n R q ^ / B t = 33 x lO^m^T" 1 ;
The density limit in gas and pellet fuelled discharges increases with input power
approximately as P t " 2 and is determined by edge parameters, particularly the
edge density;

(c)
(d)

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;
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 ß limit in tokamaks for
reasonable profiles (Troyon et al, 1984) :
ß Troy = 2.8 x IO"2 Ip/Bq, a (MA, T, m)

(2.1)

Many experiments have shown steady state high ß 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)
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Fig. 4 The maximum toroidal beta (ßv = 2/i0 <p>IBt¡l2) as function of the normalised current
<7,(', = 7tRlp /SABy for fl// JET discharges from 1986-1989 with the poloidal beta ß^O.4. The
line is approximately the Troyon limit, ßTroyo„ = 0.028 ¡p/aBv ¡MA,m,T]. The highest ß of 5.5% is
obtained in a 2 MA, Double-Null H-mode 'discharge at 0.9T with Te(0)=3.7 keV, T,(0) =6.3 keV,
nc(0)=3xl019m-3, TE = 0.35 s, a cyl = 1.6, qv= 2.2, Pm = " MIV, 80 kV D-injection in a Hplasma.

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 ß obtained as a function of qc_1. 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 ß remained
close to the Troyon value limit as shown in Fig. 5. The discharge is already sawtoothing
before the ß limit is reached. NBI is switched on progressively from t = 13s, ß increases
All

progressively until Troyon limit is reached at t = 14.3s. The ß value then falls from the
limit value by -10% at each sawtooth crash and climbs back between the crashes.
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This discharge like other H-mode discharges in JET has TE ~ 2 x xG (Eq. 4.1). Fig. 5 also
shows the observed plasma energy WQIA and the energy WG calculated from the power
input and T E = 2XTG- When the ß limit is reached W DIA is close to or below W G t h i s
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 ßiroy 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 xE = W / ( P t - d W / d t ) , where P t 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 :
TE(G) = 3.7x \Q-2HIp{Pt -[dW I dt])~°-5Ru\a/ R)^31(b/ a)05

(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 xE(G) permits the inclusion on Fig. 6
of a number of data which have not reached steady state. However more than 90% of the
\\2

data have (dW/dt) < 0.5 P t and more than 60% have (dW/dt) < 0.3 P t . The term (dW/dt)
thus always has the nature of a correction but it does significantly improve the fit to the
scaling relation.
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Fig. 6 Energy confinement time rE as a function of the effective input power
Pen = (Pi„rdW/dt) for H-mode plasmas with currents of 23 and 4 MA. The smooth curves are twice
the Coldston 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 TE and the available power P t 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 xE ~ 0.5 s, the average temperature <T> would be around 6keV
at average densities around 3 x 10 19 m 3 . Consequently strong temperature profile peaking
of (T¡(0)/<T>) > 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 t /<n>, but also a large spread. Thus the highest
Tj(0) values are obtained for P t /<n> in the range 5 - 1 0 while for P t /<n> = 5, T¡(0) ranges
from 12 to 28keV. The quantity P t / < 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 t /<n> that have the
highest T¡(0) values (see Fig. 7(b)).
The slope of the increase of Tj(0) with P,/<n> represents a central confinement time and
the fact that T¡(0) increases roughly linearly with P t / < n > means that the energy
confinement of the ions in the plasma centre does not degrade with P t /<n>. The same is
not true for the electrons as can be seen in Fig. 7(c). There is a strong saturation at Te(0) of
around 8keV implying a strong decrease in the central electron confinement time as
P t /<n> increases.
A13

au

o T-4MA

T,(0)

°

OT-3MA

0

o

• 20981
o
0

20
0

>

0

CD

oo

ET

00

o

0 o o
OO
°

oo

10

< $ • 20222

<*, 0 *
$#>
<b°
0
n

(a)
i

1

i

4

,i...

6
P,/<n>

7

0°

A

6

-

5

-

12

10

0

0

4

S*
!-■ 3

¿ 0°
0

2

1

0
)0
ri 0°0

- 0 4ï

(b)

n

1

4

20

1

1

6
P./<rv>

8

10

12

o T -3MA
e

A T-4MA

>
-i 10

D

A*

TÍO)

gm
(c)
0

2

_J

4

l

6
P,/<n>

L_

8

10

12

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 <nt>. at the same time, for
(ü,0¡ and 4 MA (o,A) H-mode discharges with NB1 healing and gas fuelling.
(b) The temperature profile peaking factor T,(0)/<T¡> versus Ptl<ne> for the same disc
(c) The central electron temperature Te(0) versus P,l<ne> .

U4

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
Te(0) in going between the indicated Pulse Nos: 20222 and 20981, as shown in Table. I. Both
pulses have I p = 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 I
Parameters
P, (r<a/3)

Pulse No: 20222
(t = 9.9 s)
3.5

Pulse No: 20981
(t = 11.4 s)
4.5

0.6

1.1

10"19MW m 3

8
0.7

22
1.5

keV
MW

0.1

0.4

10-19MW m 3

8
6

9
4

P./n
Ti(0)
P e (r<a/3)
Pe/n
Te(0)
ne

Units
MW

keV

10 1 9 m-3

A change of a factor of about 2 in the ion input power per particle P t / < n > leads to a large
change in T¡(0) presumably because the ion losses do not increase with P t . 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 t /<n> changes appreciably
(estimated to be by about a factor of 4) without a significant change in Te(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 Te(0) ~ T¡(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 I C RF(0)/n e is increased above 2 x 1 0 1 9 M W 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) >28keV
Te(0) > 12 keV
Discharges have been produced in which T¡(0) and Te(0) are simultaneously in
excess of lOkeV.

(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. LIMITA TIONS 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 ~ Is or less by a large influx of
Carbon impurity released from local hot spots which form on the X-point d u m p plates
(carbon-carbon fibre composite). A similar behaviour occurs for discharges limited on the
inner wall of JET.

9

10
Time (s)

Fig. 8 E ffect 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 <ne> for the Pulse Nos: 19388,
19385, and 19401, it is marked by the vertical broken lines. The product P.t(onset) is about 10 Mj :
the higher the heating power the shorter the time delay for the carbon influx.
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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 e is given as
a function of time for 3 shots with different power levels. The sharp increase in n e 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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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 e as a function of time.
The triton confinement time can be determined more accurately in certain extreme
discharges with high Te (~ 7keV) and low n e (~10 19 nr 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_1 is
included, this is also modelled by an exponential loss time of x= 2 s.
Alpha-Particle Simulation
High energy (several MeV) minority ions (H and He 3 in D plasma) generated by ICRH in
JET provide a good simulation for the behaviour of cc-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 3 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 3 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 3 fusion power
from 60 to 100 kW reflects the improvement of n D / n e due to be Be walls.
A comparison of plasma and a-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 - p a r t i c l e s i m u l a t i o n
experiments in JET and those foreseen for the future lies in the large velocity space
anisotropy of the high energy He 3 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
U8
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•
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Fig. 12 The measured fusion production Pfus in a deuterium plasma with He° minority as
function of the ¡CRH power PRP. The solid symbols (M,+) are the fusion yields in a carbon
vacuum vessel. The higher points (*) are obtained after the introduction of Be and reflect the
improvement of nD/nefrom < 0.6 to > 0.8 and correspond to Q (D-He3) ~ 7 x 10'3 at the highest
powers.

Table II: Fast or Alpha-Particle Parameters
Parameter Achieved
Expected Values
JET Q=1
Ignited ITER
on JET

"..../ n «,
<E

tast>

<RM>

<Px/P//>

(1-3)%

0.1%

0.7%

(1-5)
MeV

2
MeV

2
MeV

0.8%

0.6%

2%

10-50

1

1

0.3
(2MA)

0.3
(5MA)

0.07
(20MA)

2-4±

2

2.8

=1

=1

0.2-1

(calculated)

>7
(measured)

P 9 /a
V

..../VA

*.A

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 Tioss<2s (equivalent to D~ a 2 /4x > 0.1 m^" 1 ), 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 D a ~ 0.1 m 2 s _1 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 2 s"'. The loss times of about
2s are adequately long enough for the cc-particles in a reactor plasma to give their energy to
the plasma.
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Fig. 13 Measured fast H-ion energy for D and He3 plasmas versus calculated fast ion energy
zero-orbit-width model (Fig. 13a) and for a finite orbit-width model (Fig. 13(b)), and wii
inclusion of Tf0„ = Is (Fig. 13(c)). The fit in Fig. 13(c) is noticeably worse than in Fig. 13(b). i
2 s implies that Dfast (=a2l4rioss) < 0.1 m2/s.
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8. FUSION PERFORMANCE IN JET
The fusion performance obtained in JET is shown in Fig. 14. The product (nD(0)T¡(0)xE) is
shown as a function of T¡(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 Pa/Pioss for a thermal 50:50 D-T plasma. The shaded bands represent
Deutron Density
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Fig. 14 The product of (ripT, (0)TÇ) as a function of T¡(0) for I„ between 2 and 6.5 MA in Hmodes (H), pellet (x), H-modes with pellets (P), and other discharges (*). The experimental points
are averaged over 0.2s. Also indicated in the graph are shaded bands of constant PaIPLoss for a
thermal 50:50 D-T plasma. In steady state these bands also correspond to the QDT shown. The
width of the bands covers a range of profiles ~ll-(r/a)2]a and dilutions in the case from a„ = 0.5, aT
= 1.5 with nDlnc= 1 to a„ = 0, aT= 1.3 with nr)/ne= 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/dD/P, > 0.3. For these points the
shaded bands represent the thermal component of PQ/P^,,,, but not of course the thermal Q.

the effect of reasonable profile and Zeff variation. The Q values 3 indicated are values which
would apply to a steady-state thermal plasma (50:50 D-T) with same (nDT¡xE), i.e. the value
to be expected if P t 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 (nDT¡xE) values plotted include fast injected particles and thus show what
(nDTjTE) the configuration could sustain. The thermal ((nDT¡TE), T) for the highest point is
roughly 40% lower than the total value. Note also, that the best discharges are 4MA Hmodes; (5MA 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
((nDT¡TE) , T) values : (2.5 x 10 2 0 , 4 keV) and (3 x 1020, 9 keV) respectively. The highest
(nDT¡xE) values of ~ 9 x 10 2 0 m 3 keVs approach those,that are required for Q=l in a steadystate 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.
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The actual fusion power measured in these D plasmas is shown in the form of the Q D D
versus volume averaged density in Fig. 15. The highest Q D D 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 Q D D values have similar contributions from
thermal and from beam-plasma processes.
0.0030

H H-mode
2-3MA
X Pellet
3-4MA
P Pellet +
H-mode
4-5MA
o HighT,
5-6.5MA
• Other

0.0026
0.0022
H
H H

0.0018

o

H
H

0.0014

H

m

0.0010

" .

1 .
H

H

H
H

HH»

H!
►

H
H

0.0006
0.0002

H

2

4
n (x10 ,9 nr 3 )

H

6

Fig. 15
Measured QDD values averaged over 0.2 s as function of the volume averaged electron
density <n¿> with the same designations as in Fig. 14.

Pulse No. 20981

Fig. 16
Time evolution of high fusion yield H-mode Pulse No: 20981. From top to bottom are
depicted the central ion temperature Tj(0), the total neutron yield Y„, the plasma diamagnetic
energy Wdia, the volume averaged electron density <ne> and Da intensity near the X-point, the
neutral beam power P^g and the radiated power losses Prad 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.

Ml

The time evolution of a discharge with such high Q DD 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, T n , Wdia/ <n e > in time,,
mark the point where the carbon influx becomes important shortly before 11.5 s. The Xpoint discharge is in a H-mode state over nearly 1 s, as can be seen from the D a 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 III: Double Null H-mode
PulseNo:2098l (t=ll.4s)
Plasma Parameters

T,(0) = 22keV

T, = 5.8keV

Te(0) = &.6keV

Tt=5.2keV
dWpldt = i.9MW

Wp = \0MJ
«o(0) = 3.7*10' m~
H O ( 0 ) / / I , ( 0 ) = I0.9

ñ D =3.2xlO"m" 3

Z tf (0) = 1.4

Z,# = '-9

Pm=l&MW

T£=1.1S

0 = 1.8%

0//W,=0-5

19

3

« „ / « , = 0.8

Neutron Rate == 3.5.rl0'W
D-D Observed Fusion Parameters

ö DD =2.0xlO- 3 (>1.4.ïlO" 3 for ~0.5s)
Pfus=43kW(D-D)
nD(0)TD(0)TE = 9xl010m-1keVs

(> 3*1020 for - 0.5J)

Table IV: Double Null H-mode
Pulse No. 20981
Equivalent D-T Parameters
Calculated (TRANSP Code) for 140kV injection of
D beams into a T target (leading to T:D=2:1 )
QDT = 0.7

(>0.5 for ~0.8s)

Q*™--0-13
Q
= 0.57
beam-plasma

P.

=12MW

fuse

(>8MW for ~0.8s)
*

Pa =2.4MW (>1.6MW for-0.8s)
P/P,
a

loss

=23%

(>15%for~0.8s)
*
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9. CONCLUSIONS
JET plasmas now display most of the characteristics to be expected from a reactor plasma:
•

Densities up to n Rq cy i / Bt = 33 m" T" with ñ = 1.4 x 1020 nv 3 are obtained and appear
to be limited by edge radiation loss processes.

•

ß values up to 5.5 % equal to the Troyon limit value at Bt = 0.9 T are obtained

•

Strongly peaked ion temperatures > 28 keV with Ti(0)/T¡~6 are obtained in low
density H-mode discharges.T¡(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 < Is 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(He 3 ) plasmas.
nD(0)Ti(0)TE values of 7 to 9 x 1020 m"3keVs with Q D D > 2 x 10"3 have been produced in
D-D plasmas. For the same plasma parameters in a D-T plasma this is equivalent to
Q D T ~ 0.7, P a ~ 2.4 MW, P fusion ~ 12 MW with P a /P Loss > 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 lOkeV 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, /?„,, and at the density limit, are reviewed.
KEYWORDS
Fusion, Tokamak, JET, Magnetic Confinement. H—mode, Plasma Transport, Mhd Stability
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 lOkeV in which energetic ions account for a
significant fraction of the plasma pressure (Gibson et ai, 1988; Thomas et ai, 1989; Lomas et ai,
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 ai 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 high—ß^ 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 et 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
(P t o t < 10—12MW) in which the H—mode was terminated by high levels of radiated power
(bulk-P ra ¿/Pt 0 t - 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 D° at 140keV/
12MW D° 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 - Is with peak values of Tj(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 Zeff
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 ai, 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
A29

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 Tj - 3keV
within several cm of the separatrix.

25

a) H-mode 18MW

20

S 15

b) H-mode 9MW

10
c)L-mode4MW
LCFS

Figure 2 illustrates the edge density profile
obtained by a swept multichannel reflectometer
during an H-mode (Prentice et at, 1990). This
profile, deduced entirely self—consistently from
reflectometer measurements, indicates the
existence of an extremely steep gradient,
although the minimum gradient consistent with
these results is » 4xl020m~4. The error bars are
determined by the uncertainty 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.

d)P0H-1.2MW

1.2
0.6
0.2
Distance to LCFS (m)

0

Fig. 1.
Ion temperature profiles obtained
from CXRS at different phases of X—point
discharges. Cases (b) and (c) were obtained by
sweeping the plasma position.
LCFS
40

Energy confinement in JET elm—free H—modes
Interferometer
Reflectometer
(Keilhacker et al, 1989b; Watkins et al. 1989)
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Lidar
can be described by either a power degradation
1
\
scaling, with r^ K P" 07 , in which rjj is a factor
\
of 2 to 3 above Goldston scaling (Goldston, ^ 24
\
\
1984), or by an offset linear law in which n
i
Tţnc(s) « 0.14Ip(MA). The most recent E
r
experiments have extended the power range to
l
over which this behaviour has been confirmed °c 16
\
V
by almost a factor of 2. As shown in Fig. 3.,
8
comparison of discharges before and after
beryllium evaporation indicates no significant
(b)
difference in confinement. Experiments at
3.6
3.8
4.0
4.2
Major Radius (m)
high-ßy (section 4.1) have, furthermore,
confirmed that no significant additional
degradation of confinement occurs at /?„, values Fig. 2.
Density profiles close to
commensurate with the limit predicted by separatrix of an H—mode plasma.
Troyon et al. (1984).
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with C and Be.
W Q is Goldston L—mode prediction.
2.2 H-modes with ICRH
Attainment of H—modes using only ICRH (Tubbing et al, 1989a; B hatnagar 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 a 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 - Is.
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 > lOMWs"1, more than double
that observed for NB I H—modes (- 4MVW1 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 -1 for similar powers and densities.
Figure 4 shows an overview of confinement in 3MA plasmas under different conditions,
incorporating only data from B e gettered discharges, but from both C and B e belt limiter phases
(Bhatnagar et al, 1990). A small group of NB I 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 7i n c » 0.34s. Data
from ICRH, ICRH+NB I and NB I H-modes lie in the same range with 1 . 7 W Q < W < 2 . 2 W Q ,
where W Q 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 (B hatnagar 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 B e 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,
JTM
8
therefore, to explore plasma performance at the
(MW) highest currents, the use of Be has facilitated the
(keV)
Ti(
development of a number of operating scenarios
20
4
which
can be extrapolated to 7MA at
RF
>■^
■ 10
approximately constant q-/, (> 3). B y exploiting
0
a fast current ramp (lMAs"1) at constant q-/,
(- 3.5) between 2.5 and 5MA, peaked
temperature and density profiles have been
4\
established in several ways (Attenberger et al,
1990). In particular, the density control provided
(MA)
by beryllium, combined with ICRH heating in

the current rise phase, has extended sawtooth
2
stabilization well into the flat—top at 5MA, as
0
illustrated
in
Fig. 5.
Peaked
electron
0
5
6
8
temperature profiles with T e (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) - 2.3xl0 20 m -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).
#20371
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The most significant improvement in plasmas limited on the inner wall or belt limiters consequent
on the introduction of B e 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 transport. 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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Electron energy vs prediction of
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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^ff a n ¿ X|ff may be deduced for ions and electrons from:
qe = -n e ^ ff VkT e

q^-niXeffykTi,

(1)

where qç ¡ 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, XeQ, may be
defined using the total conducted heat flux, Q con ¿:
*eff = Qcond/(neVkTe + n^kTj).

(2)
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Using the lj—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 17MW of neutral
beams into a low density DNX target plasma (4MA/ 2.8T) to create peaked density and ion
temperature profiles with ^ ( 0 ) = 4.8xl019m_3 and T¡(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
major part of the plasma, with equipartition
energy the second largest loss channel. The
input power to the electrons via equipartition
is twice the direct input power from NBL In
the plasma centre, Xj approaches the
neoclassical value and is significantly lower
than Xp (although convection is also
important), However, the two cross over at
mid—radius, so that in the outer half of the
plasma Xj > XQ} although the experimental
uncertainties are large. The central value of Xj
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
the improved particle control following Be
gettering allows a peaked density profile to be
maintained into the H—mode phase of the
more recent discharges.

Fig. 8
Profiles of ion and electron heat
diffusivities vs normalized minor radius for a
hot ion H—mode.

The results of similar analyses for several
standard JET discharge types are shown in
Fig. 9. No ion temperature profile data is
available for plasmas heated by ICRH alone,
so the thermal diffusivity has been cast in the
form of equation (2) to enable the effective
diffusivity from the different regimes to be
compared. In discharges with peaked density
and ion temperature profiles ('pellet + ICRH'
and 'hot ion H—mode') Xgff falls to low values
in the plasma centre and, in fact, Xj 1—3xXj n e o in these plasmas. In H—mode
discharges, *eff falls at the plasma edge. In
general, where X¡ and XQ can be separated
within experimental uncertainties, Xe > Xj in
Fig. 9
Profiles of effective heat diffusivity
the plasma centre and X¡ > Xe 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 Xj. 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).

1

q, (THEORY)
q.0, (EXP)

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.
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In the inner half of the plasma minor radius,
the values of jft 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 aí., 1989;
Balet et al, 1989), ITG theories fail to account
quantitatively for the observed variation of ion
thermal conductivity with plasma parameters.
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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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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 et 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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The relationship between central values of Xj and X^, the toroidal momentum diffusivity, as a
function of Tj(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 z /m D (for C or B e), but neglecting convection. It is found that
(Z/(Z+l-Zeff))<X >/<X¿> = 0.9 ± 0.3 for all plasmas with T¡(0) > 4keV, a result similar to
that reported for TFTR (Scott et al, 1989).
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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 Xjjp was generally a factor of 1—4 larger than the value deduced from conventional
analysis of the electron power balance. This has stimulated the development of a description of
Xjjp which identifies this quantity with an 'incremental' diffusivity, Xj nc , rather than the power
balance diffusivity, X^. A study of ^ p , both in ohmic and auxiliary heated discharges (Lopes
Cardozo and de Haas, 1990) found that, at mid—radius, X^ « Z e ff < T e > " , 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 X^p m ohmic, L and H—phases of the discharge, in agreement with calculations
of ^ n c deduced from analysis of global energy confinement.
Values of the particle diffusion coefficient D e 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, D¿p,
in the region 0.6 < r/a < 0.8. For a series of 3MA limiter discharges with 3 < P ^ < 12MW it was
found that 0.2 < D¿p < 0.5 m 2 s _l (±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 P t o t < 11MW, show that, over the region 0.6 < r/a < 0.8,
0.2 < D d p < 0.8 m2s-i (±25%)
and
3 < *hp <

9 m2s 1

'

(±25%).

This confirms the results of earlier, independent, analyses. In addition, this analysis suggests that
a term describing a VTe—driven particle pinch (or a diffusion coefficient which is a decreasing
function of VTe) is required to model the response of the density to the temperature perturbation.
4. MHD STABILITY
4.1 High-/L, 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 (Galvão et al, 1989),
global values of /?„, in JET have never previously exceeded 70% of the Troyon limit (Troyon et al,
1984). Recent experiments have studied a regime of high /L, 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 D° NBI into hydrogen target plasmas (for second harmonic ICRF heating) with a current
of 2MA and toroidal field in the region 0.9 < B ^ < 1.4T. As shown in Fig. 12, /?„, values of 5.5%
have been achieved, which are commensurate with the Troyon limit,
0r(%) = 2.8 I p (MA)/a(m)B^(T).
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(3)

The figure also shows that these values are close
to limiting values originally predicted for JET
(Stringer, 1981).

0.07

0.06-

0.05-

0.049ca

0.03-

0.02-

0.01-

0.5

1.0
1.5
l(MA)/B(T)a(m)

Virtually all high-/?„, 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
responsible for significant reductions in the
global (- 30%) and central (-70%) values of the
neutron emission (Marcus et al. 1990). Detailed
comparisons of sawteeth precursors and
'fishbone'
activity
using
soft
X-ray
measurements show that both have a main
m=n=l component, though with larger
amplitude higher—m components than is usual in
low—ßy plasmas. The displacement of the central
ş plasma associated with the sawtooth collapse is
i approximately double that resulting from the
25
'fishbone' instability.

Toroidal beta vs normalized
Kg. 12
current for high—beta discharges. The solid
line represents the Troyon limit and the
broken line a prediction derived from Stringer
(1981).

Magnetic activity at the plasma edge is generally
dominated by n=l modes, which are coupled to
the central activity, and by 'elms'. However,
continuous modes with higher n numbers can
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 B ø - 5G, following which /?„, decays, falling by 30% or more, as the mode continues to
grow following locking, and finally reaches values of Bø - 15G (Bø/Bø - 1%).
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 /3„, 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 et 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=l mode, which grew, locked and caused a major disruption.
The introduction of Be, firstly in the form of Be
gettering and, subsequently, as a limiter
material, has caused a fundamental change in
the nature of the the density 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 (<ne> - 3xl019m-3) the steady-state
level of radiation for B e bounded discharges
may be only 50% of that for equivalent
discharges bounded by carbon. Near to the
limiting density, the radiated power increases
rapidly. B olometric
and
spectroscopic
observations show that this phase is terminated
by the formation of a MARFE (Lipschultz
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 Tp at the
edge falls to 10 to 20eV.
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Formation of the MARFE leads to a fall in
edge electron density, though whether by
changes in recycling (the limiter interaction is
much reduced), screening, or a decrease in edge
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 11MW of input power. A m n ( j
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—rotating
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 monitor 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 B e. 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 B e 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 obtained in helium
discharges was explained by the differences in edge density profiles in heliu*
ieuterium
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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 attained with NBL At power levels of up to 20MW, the limiting density
was found to scale with Pt¿>t> * ne ^ 8 * ^t being obtained by the use of the edge density (Lowry
et al, 1990). Values of BgRqc/B^ - 35 were obtained with additional heating (compared to - 20
with graphite) and values above 40 were reached at high qc. 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 T e measurements obtained from ECE (Campbell et al., 1989b).
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Fig. 14 Comparison of simulated soft
X—ray analyses of two most common models
for the sawtooth collapse: full—reconnection
(Kadomtsev)
and
'quasi-interchange'
(convection).

Two-dimensional tomographic analysis based on
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
core is displaced along the major radius) the
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.
Much of the difficulty in understanding sawteeth
is associated with uncertainties in the
determination of the q—profile and, in particular,
of the way in which q(0) is modulated by
sawtooth activity. The accuracy of the
polarimetrie analysis used to derive q—profiles in
JET has recently been investigated in some
detail (O'Rourke and Lazzaro, 1990). In
particular, Faraday rotation measurements have
been incorporated self—consistently as additional
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constraints in the equilibrium identification code
IDENTC. A systematic check of the propagation
of experimental uncertainties in the analysis has
been performed which has confirmed the
previously reported results (O'Rourke et al.,
1988) that q(0) - 0.7 (±20%) in normal
sawtoothing discharges. In addition, by
Abel-inverting the difference in polarimetrie
signals before and after a sawtooth collapse, it
has been possible to study the variation of q(0)
during the sawtooth period. Figure 15 shows
that, for a range of ohmic and ICRF heated
discharges, Aq(0) increases with the sawtooth
period, r s , with a constant of proportionality
lying in the range 0.05 — 0.2s"1.

Fig. 15 Plot of change in central safety
factor, AÇIQ, VS sawtooth period, r s , 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
latter case, polarimetrie 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
q—profile and the distribution of the fast ions,
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).

Fig. 16 Analysis of a range of discharges
during sawtooth—free periods. T and H are
defined in the text. The solid curve encloses
the stable region and the dashed lines indicate
the trajectories of discharges as the q=l
surface expands.

The results of this analysis are shown in Fig. 16,
in which data from a number of pulses with
sawtooth-free periods are plotted in the (r, H)
plane, where

r=
r

H=

7mhd
max
"Dh

s

8QRQ

U)A
w

max </?ph>£
Dh

(4a)

(4b)

max the maximum fast ion precession frequency, wA the
7mhd ' s t n e ideal mhd growth rate, LJŢ)^
Alfvén frequency, s 0 the shear at the q=l radius, rs, and </? pn > a the poloidal beta associated
with the perpendicular fast ion energy (which, for central IC RH, is a reasonable measure of the
fast ion energy within the q=l 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=l radius expands
during the sawtooth-free period — it is predicted that, as the q=l radius expands, the m=l 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=l 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 5MA and, at 3MÁ, 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 /?„, values close to the Troyon limit exhibit substantial mhd activity which can
modulate or reduce ß^, but further experiments are required to clarify whether the values of /?„,
obtained are also limited by experimental constraints or whether a true limit has been reached.
The change in the nature of the density 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.
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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 (Moller 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.,
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1985; Hugon et. al.,

1989) and it was

expected that due to the lower nuclear charge of beryllium compared to graphite the
plasma should contain more deuterons for a given impurity concentration. Unless hot
spots become dominant, the beryllium concentration should be less than that for
carbon because in contrast to graphite, beryllium does not show chemical erosion
(hydride formation), radiation induced sputtering or for perpendicular incidence
self-sputtering yields above unity. Beryllium is a getter for oxygen and therefore
the oxygen content of the plasma and the sputtering by oxygen will be decreased.
This will lead to reduced impurity contents and, based on the model which relates
the maximum obtainable density to the radiation outside the q = 2 surface, to
increased density limits.
Areas of concern remain the angular dependence of the self-sputtering rate for
beryllium and the risk of thermally overloading the limiter surface. For the same
surface temperature beryllium can take about 1.7 times the load of graphite but
overloading, which never can be avoided, will inevitably result in surface melting
whereas graphite only experiences increased erosion. On the other hand the maximum
permitted surface temperatures for graphite and beryllium are similar. It was shown
by theoretical analysis (Hugon et. al.,
1989) that 1300 K should not be exceeded
for beryllium (evaporation limit) and for graphite the surface temperature should
remain below 1500 K to avoid the carbon bloom by enhanced self-sputtering. That was
confirmed for graphite surfaces during discharges in JET (Summers et. al.,
1990).
The apparent sputtering yield of graphite rises from 5% for temperatures of 1300 K
to unity for 1700 K. This can be understood in terms of self-sputtering and/or
radiation enhanced sublimation. This result excludes graphite as a material for
high heat flux components in case surface temperatures would exceed 1700 K.
EVALUATION OF BERYLLIUM AS WALL AND LIMITER MATERIAL
Preparation
In parallel to the experimental investigations into the properties of beryllium
with respect to its behaviour in the presence of tokamak plasmas, designs were
carried through to introduce into JET a beryllium limiter and at the same time to
cover the internal surfaces by a thin evaporated beryllium layer.
The switch of the limiter material from graphite to beryllium was planned to be
implemented in connection with the belt limiter which was designed to allow for an
easy exchange of materials (Celentano et. al.,
198 6). The limiter material is
inserted in form of tiles between cooling fins which are welded to the water-cooled
support structure. The tiles are 380 mm long and 75 mm deep, they have a width of
20 mm (beryllium) and 26 mm (graphite). They face the plasma with their narrow
side. Any two plates are assembled into one unit. Each unit is held by disk springs
which are located in slots in the fins. The tile pairs are aligned to each other to
an accuracy better than 0.3 mm before more serious misalignment may have occurred

Fig. 1.

The inside of the vacuum vessel
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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.
Operation with beryllium
Dilution of the JET plasma by low-Z 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 Â
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.
Impurity behaviour
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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moderate plasma currents and low densities ( 3 MA, 1 - 2 x 10 19 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 Zeff 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 Zeff 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 Z e f f 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 Zeff 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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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 e f 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 Zeff to values of about 1.5 and this even
with heating powers of up to 30 MW for several seconds.
The Z e f f 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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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
nD(0) as the number of deuterons and ne(0) the number of electrons on the axis the
dilution D becomes
D = n D( 0)/n e (0)

(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

Be -Phase
Limiter

Carbon

(%)

5

3

1.5

0.5

Oxygen

(%)

1

0.05

0.05

0.05

Beryllium

(%)

1

1

3

0.8

0.9

0.85

Dilution

.54

C/Be--Pha se
Limiter
X-Point

0.6

The dilution as well as the Zeff values depend strongly on the power per particle.
For heating powers in excess of 4 MW the Z e f f 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 e f f = 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 limit and disruptions
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.

Pulse No. 20844

10

Fig. 7.

12
Time (s)

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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limit which is by about a factor of two higher. This behaviour is 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 1 9 m - 2 T _ 1 was
obtained for the product of the Murakami parameter and the safety factor.
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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 10 2 0 m - 3 .

Wall pumping and tritium retention
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
10 2 õ 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). W ith beryllium surfaces it is now
possible for the first time to control the plasma density in such a way that
starting from 10 20 m -3 the density can be ramped down to 1019m"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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Power handling capability
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 n D /n e of 0.7 at the start of the additional heating
virtually no deuterium was retained in the plasma (nD/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 MWm -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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graphite limiter, the edges of the beryllium tiles are further apart and chamfered.M
Due to fieldlines penetrating deeper between two adjacent tiles and their steep
angle of incidence on the chamfers the beryllium tiles can receive loads of up to
100 MWnT2- In addition misalignment of tiles due to mechanical inaccuracy leads as
well to to increased heat loads as does the fieldripple which is about 2mm at the
position of the belt limiter.
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For the beryllium belt limiter during ohmic heating there was only moderate heating
observed and no hot spots developed. The beryllium influx remained negligible.
Discharges with additional heating, typically at I p = 3 MA with heating powers from
10 MW onwards, led to the appearance of localized hot spots within 0.5 s after
applying the power. This is consistent with the assessment of the power loads.
Large beryllium influxes were observed. By tailoring the gas feed rates, a new
operating regime was found which suppressed the build-up of the beryllium
concentration in the plasma and allowed us to to apply up to 180 MJ to the plasma
with Zeff values about 1.5 as shown in Fig. 11.

Fig. 12.

Surface damage of the béryllium limiter
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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 3 He - D reactions to 100 kW and the fusion
parameter for X-point discharges to 8 x 10 20 m _3 keV s.
Hot ion plasmas for belt limiter discharges
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 Q D D values of 5 x 10~ 4 were obtained.
With beryllium evaporated on the graphite belt limiter deuterium pumping becomes
sufficiently strong for operation at low electron densities (~ 10 1 9 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 n D /n e of about 0.6, the QDD values increased to ~ 6.5 x 10" 4 .
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 QDD~ 9 x IO -4 . 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 Q DD -values
for the operation with the belt limiter.
Table 2.

Dilution and QDD for limiter discharges
Power p e r p a r t i c l e
(10"19MW rtT3)

Dilution

QDD

(IO" 4 )

9

0.5

5.0

Graphite plus
Be evaporation

14

0.6

6.5

Beryllium
Gas or NI fuelled

20

0.6

7.7

Beryllium
Pellet fuelled

20

0.6

9.0

Graphite
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Alpha particle simulation
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
3
He + D -> 4He(3.6 MeV)+ p(14.7 MeV). That was made possible by heating 3 He
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 10 1 9 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 - 3 He 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 (no/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 a-particle heating will occur in DT-burning tokamaks.
The beta limit
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 D a and density traces.
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Fig. 13. Time traces for a RF only H-mode
Maximum fusion performance
Improvements in the fusion parameter nD XETÌ 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 10 19 m~3, the central electron temperature 8.6 keV at

11

12
Time (s)
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 ( TE~ 1.1 s) did not change compared with
previous operation with graphite. Neutron yields reached values of 3.5 x 10 16 s"1
corresponding to QDD ~ 2 X 10 -3 ; the fusion parameter is increased to values
exceeding 8 x 10 20 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 QDT-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=l
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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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
(nD(0)TET¡(0)) in the range S^xK^Om^skeV 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 21MW with both boxes
at80kV);
• 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 4MW 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.IMA and 4.SMA 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 hearing 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
exhibited 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 self-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^,. were
reduced significantly in ohmic plasmas and with strong additional heating. Fig.
1(a) shows the dilution factor, no/n«. as a function of input power per particle,
P,/<ne>. The corresponding values of 7,„ are shown in Fig. 1(b). With
moderate power, it was not possible to maintain nx>lnc 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 rimescale (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.
4.1.

JET PERFORMANCE
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 (nD(0)TET,(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, TE, was 1.1s, with a record fusion triple product
(nD(0)xET,(0)) of S^xlO^m-'skeV. The neutron yield for this discharge was
also amongst the highest achieved on JET at 3.5xlOl6ns-'. with QD D = 2.4x1o-3.
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 QDT ~ 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-Tj-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 >ls;
• the density limit increased [9], and a peak density of 4xl0 2 °m- 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 established with ICRH alone and for periods >ls. 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;
• ß-values up to the Troyon limit were obtained in double-null X-point
plasmas [9].
Thus, the parameters of a reactor plasma have been achieved individually in
JET.
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 4x1 O^m 3 was
achieved by strongly peaking the density profile using a sequence of 4mm solid
deuterium pellets injected at intervals throughout the current rise phase of an Xpoint 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 enhancement of JETs 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 q=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 Zj« 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 Is when ~8MW ICRH is applied. The global energy confinement
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 laserablated, 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 Hmodes. The temporal evolution of NiXXVI 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 electron 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
arc primarily responsible for confinement degradation.
At higher densities with combined NBI and ICRH, central ion and electron
temperatures were both above llkeV 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 Ss by
central ICRH. Peaked temperature profiles (with both central ion and electron
temperatures above lOkeV) 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 Fie. 9(a). This decay can be modelled with an heat pulse diffusivity,
X m ^ ^ m 2 ! - 1 , which should be compared with X e ~ l m 2 s ' , 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~2m2s-',
the same ZHP-3.2m2s-1 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.
The 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
resulting from the earlier interaction of the temperature pulse with the limiters)
[12].

Furthermore, simultaneous measurements of the temperature and density
perturbations indicate that the particle pulse diffusion coefficient, Dop-De^HP-

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, confinement is a factor - 2
better, but the dependences with current and heating power are similar (Fig.
10).
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 Xpoint 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 electron density ~8xl0"nr 3 , Zeff-1 and
central electron and ion temperatures -lOkeV, the fusion triple product was
-SxlO^m^skeV. The neutron yield was 1016s-!. 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 Hmode. 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 ß-value) that
can be sustained in JET and investigated the plasma behaviour near the expected
ß-limit in a double-null H-mode configuration, at high density and temperature
and low magnetic field (B,= IT). ß, values up to - 5.5% were obtained, close
to the Troyon limit ßt(%) = 2.8Ip(MA)/B,(T)a(m), where Ip 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 ß-value without causing a disruption.
The behaviour near both the density and ß-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 lMeV tritons, and 3 He 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 isotropic The mean energy of the
minority species was about lMeV, and the relative concentration of the 3 He
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 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-^He reaction
when minority 3 He 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 4 x l 0 1 6 s ' was achieved, which corresponded to lOOkW of fusion power
and Q=l% was reached. This was carried out with a beryllium first-wall and
benefitted from an improved fuel concentration nrVn« of up to 0.7. Comparison
of the measurements with theoretical predictions suggest nearly classical
trapping and thermalisation of the energetic particles.

6.
6.1.

PLASMA MODELLING
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:
• theresilienceof 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)c, 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:
Qc = -iieXeVTe = -rOan* (VT e - (VTe)c)
Qi3-niX¡VT¡ and Xi = 2Xe

JTÕãí VTi

D¡ - (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 Hmode and the behaviour of the
scrapeoff 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 Hregime (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 Lraode plasmas, where the effect of atomic physics on MHD might be
important. This is apparently easier to suppress in an Xpoint configuration
with high edge magnetic or rotational shear. Furthermore, an understanding of
the scrapeofflayer (SOL) plasma is also needed.

7.

IMPURITY CONTROL A ND THE NEW PHA SE
PLANNED FOR JET

Achieving control of the impurity influx into the plasma is a prerequisite 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 alphaparticle 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 programme 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 alphaparticle 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 impurities
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 Xpoint. 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 Xpoint The connection length along the magnetic field line
between the Xpoint 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
erosion 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 elements.

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, X¡, given by:
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The temperature gradient scale length is given by the heat transport
equation with electron heat conductivity parallel to the magnetic field
(K=KoT5'2) 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:

To increase the hydrogenimpurity 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 IV2 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 lO^s" 1 near
the Xpoint 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 lO 2 *^  3 at the target
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plates. A t target densities approaching 10 21 nr 3 , the reduction of erosion and
the plasma flow associated with high recycling 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 H a emission and power balance
considerations [7].

7.3. The pumped divertor configuration
The aims of the New Phase can be realised with the internal multicoil
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 Xpoint 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
Watercooled, 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 15MWnr2 at the
copperberyllium 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 cryopump to avoid excessive hydrogen retention and to be
compatible with the tritium phase.
With this configuration, single null Xpoint 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 Xpoint 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 Xpoint plasmas for up to 20s at 3.4T and for up to 1 minute at
2. IT.

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 alphaparticle 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
elements 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 (no(0)tET¡(0)) has reached 8
9xl0 2 0 m 3 skeV, for both medium (lOkeV) 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 . 5 x l 0 , 6 n s ' , corresponding to an equivalent
Q D T  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 electron 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 separatrix are
unfavourable for the methods of noninductive current drive envisaged at
present
A New Phase is planned for JET with an axisymmetric pumped divertor
configuration to operate with a stationary plasma (10slminute) 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.

9.
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Tablei
JET Parameters
Parameters

Design Values

Achieved values

Plasma Major Radius (R<j)
Plasma Minor Radius
horizontal (a)
Plasma Minor Radius
vertical (b)
Toroidal Field at Ro
Plasma Current:
Limiter mode
Single null X-point
Double null X-point
Neutral Beam (NB) Power
(80kV, D)
(140kV, D)

2.96m
1.25m

2.5-3.4m
0.8-1.2m

2.1m

0.8-2.1m

3.45T

3.45T

4.8MA
not foreseen
not foreseen

7.1MA
5.1MA
4.5MA

20MW
15MW

21MW
8MW
(one box converted, so far)

15MW

22MW

Ion Cyclotron Resonance
Heating (ICRH) Power
to Plasma

Table II : JET Development Programme
1989

1990

1991

Full Power Studies
in Present Configuration
mm

Pumped Divertor &
RF Modifications

1992

1993

1994

Pumped Divertor
Configuration & Next
Step Oriented Studies

1995

1996

Tritium Phase

Ï

Pumped Divertor Modifications
Other System Enhancements

• Final Modifications
for Tritium Operations
• 1 beam line to 160kV-T
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Appendix I
THE JET TEAM
JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, U.K.
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T. Bonicdli, S J. Booth. G. Bosia, M. Botman, D. Boucher. R Breien, H. Brinkschultc T. Brown. M. Brusati, T. Budd,
M. BuresX Busiriaro.P. Bulchcr.H. Butlgcreil,C CaldwcllNichol&DJ. Campbcll.P. CariG. Celcnlano,C.D. Challis,
D. Chiron, J. Christiansen, C Christodoulopoulos, P. Chuilon, R. Qaesen, S. dement21, E Clipsham, J.P. Coad,
M. Cbmiskcy.S. Gonroy12,M. CookcS. Cooper.J.G. Cordey, W. CorcG. Corrigan,S. Corli.AJE. CosÜey.G. Collrcll,
JP. Coulon16, M. Cbx7, P. Cripwdl, H. de Blank", G. Decker", H. de Esch, L. de Koek, E Deksnis, G.B. Dcnnc
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(a) Dilution factor, np/nţ, and (b) the effective charge, Zcff, as
functions of power per particle (P(7<ne>) for carbon limiter tiles,
beryllium gettering and beryllium limiter Dies.

Fig. 2

Overall performance of the fusion product (nD(0)rETj(0)) as a function of central
ion temperature (T,(0)), for a number of tokamak devices.
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(a) Nickel density profiles from X-ray tomography at times following laser
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IAEA-CN-53/A-6-2
OPTIMISATION OF PERFORMANCE IN J E T 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 T, ~\2keV,
ion
temperatures Ti~lSkeV,
central electron densities n¿¡~ 2.3 x 10 20 m _1
have been demonstrated in limiter plasmas with currents 3-5MA. A 7MA
discharge with q^ ~ 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 QDT ~ 0.5 - 0.8 might be
obtained at 7MA (including the beam driven yield). A more direct
extrapolation to DT operation of 4.5MA H mode plasmas already run in
Deuterium suggests [5] 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 qcu&2 [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
driven 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 3-5MA. The progess of experiments at 7MA currently underway is
briefly described.
2. Sawtooth suppression at 5MA
Sawtooth stabilisation during the current rise phase has already been
demonstrated [9]. By using a faster current ramp at constant q^ ~ 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 5MA
[10] as shown in fig I. An axial electron temperature TM ~ \2kev has been
obtained with a strongly peaked profile as shown in fig 2. The ion
temperature is only Ta ~ SkeVso 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
r/a~ 0.3. Faraday rotation measurements indicate qo = 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
(35-50% 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 5MA 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
5MA 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.

4. Density profile control in plasmas with strong ion heating
The use of Beryllium limiters has permitted operation with low Z ( / / <l.5
at
moderate
density
[II].
However
at
low
density,
PTOTIK>U> ^,5 x \0~'l'MiVm~',
the deuterium concentration n„\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 PSBMM 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 iual<n,> ~ 3 was obtained as a result of central
beam fuelling and low edge recylcling compared to ntal<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 n« ~ 7 x I 0 " m - 1 with a peaking factor « « / < « , > ~ 4 , but that the
central density decays during the heating though the profile shape remains
peaked. The ion temperature reaches Tn~ \ikev with a strongly peaked
profile Tnl<Ti> ~ 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 Q D o ~ 9 x 1 0 - 4 which was
slightly improved over previous inner wall plasmas at 3MA. Recently yet
higher gains, QDD~ I x I 0 - 3 , were obtained in inner wall plasmas at
4.7MA.
5. 7MA plasmas
Plasma currents of 7MA were demonstrated in 1988 [I]. These plasmas
were obtained using a simultaneous ramp of toroidal field and plasma
current with qty ~ 2.5. The flat top was only 2 seconds limited by volts
seconds. In order to pass q^ = 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
7MA. The flat top was 3 seconds long but 8 Volt-sec remain to extend
this further. By making the plasma more D shaped q^ was held at ~ 3.2
at 7MA. 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 7"« ~ 9/ce V was obtained in both
cases. Ion 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 Tg, ~ \2kev, the latter high
densities »ai ~ 2.3 x I0 1 0 m - J . 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 l8keV
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 goo ~ 1 x 10 '.
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 7MA D-T operation in JET
[4] might indeed be pessimistic.
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3. Peaked density profiles at 5 M A

The injection of a string of pellets during the current rise, as shown in fig
4, leads to high central densities nM ~ 2.3 x 10Mm~3 at 5MA. 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 polarimetrie
measurements show that qa is raised above unity. It is important to keep
q,¡i roughly constant during the current ramp and pellet injection since
disruptions invariably occur at qj, ~ 4 if q^ is allowed to fall. 6MW of
ICRF heating were applied at 5MA after the last pellet and, as shown in
fig 4, a transiently enhanced D-D rate is observed. 1.5 sec after the start
of ICRH, and after the peak D-D rate, the central density has decayed
to nM ~ 6 x I 0 " m - 1 . TM is much lower than in the experiment of section
2, but Ta ~ TM ~ SkeV and go» ~ 5 x 10 *. The global confinement time
is enhanced transiently by ~ 30% compared with gas fuelled discharges
as shown in fig 3.
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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 25 M W.
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 M ( =; 2.) and
improvement of n D /n t to 0.8-0.9, produced by routine B eryllium 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 B eryllium 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 ^ / T E > I ) [ l ] . 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 , £ 22keV, Q „ =
2.5x10 •»)• The values of Q 0T 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 (l e <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 achieved with NB at 80keV and
at I40keV 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 alone in dipolc with Hydrogen minority,
and ¡n 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
to 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 field 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 T -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 DIII-D [5] . Fig I. 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 de pend cc e 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, ís 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 T " ♦ " ' ). In operation at low values q^„
it appeared that there was not an abroupt deterioration of confinement in the
approach to q tfJ of 2, as shown in fig 3. [ 7 ] . The scaling of the global
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 PB X has been created, the scaling obtained by the analysis of the d a u
of all these tokamak is T£ = 0.07^-s/-w/>--«Ä'-72A:oa(Ä/i2)-,,-IJ , 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 C10].
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, [l i ] ; 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 temperature 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 collision a I ity. 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 C12] is much longer
than the energy confinement time, with typical values up to 4s. D,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 [11J - 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 B eryllium gettered 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 B eryllium gettered graphite tiles the
concentration of Oxygen was reduced to a negligible amount. The reducion of
Carbon concentration can be explained as due to the absence of Oxygen
sputtering generated Carbon impurities as in the case of B eryllium 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 B eryllium geared graphite dump plates the ratio of electron to deuteron
density was 0.8-0.9, whilst without B eryllium gettering it was 0.5-0.6.
6 Density limits
During the H-mode generally the plasma density increases continuosly until a
radiative collapse of the H-mode occurs, [ 11 ] , 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 experimental points with Z r f 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 is shown in fig 9 for discharges
with B eryllium gettering.The line qnR B t =20x10 » m J T ^ encompasses the
values for the dicharges with moderate additional heating ( < 10MW) and fuelled
bygas puffing. The lower limit qnR B , — 12x10 w m J T 4 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 infig.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 sawtooth 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 lO'Vn-1. 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, ( PRF = 2MW
and P.sa =6MW, < n > =2.5E19m-3). Polarimetrie 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
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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 pulses ara examined by considering the
standard nDz£T, diagram, shown in fig 13. Here the Q curves are for parabolic
profiles of density and temperature raised to the power I 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
deuterium injection in a Tritium plasma. The NB power was 17MW, the time
derivative of plasma stored energy was 8MW. With Q defined as follow Q =
P*-*i{P - dW\dt) + (Pi-tk+PtJiP, the peak value corresponds to Q = 0.77
[17].
9. Conclusions
a) The experiments at JET have shown that the ELM free H-mode ¡s a transient
plasma regime. The analysis of the results of impurities injection experiment and
of lhe 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 q? and q^.
H-mode has been achieved with qt larger or equal to 7-8 while q^ was 2-3.

l) Plot of power threshold for H-mode transition as a function of the gap
between the plasma and the inner wall protection tiles, for a series of NB heated
disharges. Plasma current was 3MA, Toroidal field 2.2T. The symbol H
represents the discharges which made the transition, the symbol L represents
those discharges which stayed in L-mode. In the H area there are some discharges
which did not make the transition.

c) 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 25MW.
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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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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 B eryllium gettering of graphite tiles.
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2) Global energy confinement time versus total loss power for all the 3MA and
4M A discharges with (d W/dt)/P < 0.3. The solid points refer to pellet fuelled
discharges.
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3) Global energy confinement time as a Function or the safety factor at 95% of
the flux surfaces. The data refer to a set of 3MA discharges in deuterium with
NB heating in a narrow power range around 9MW. The range of toroidal field
is betwwen 1.2 and 2.4T.
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6) Time evolution of the ratio of the Nickel intensities during an Hmode. the
Nickel is injected with laser blowoff tecnique at t = ll s. Form top to bottom
Volume average electron temperature, traces of density normalised NickelXXVI
and NickclXXV, volume average plasma density.
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7) Comparison of the values of Z,j from horizontal bremsstrahlung between
Carbon and Beryllium gettering for 3MA Hmodes.
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4) Global energy confinement time as measured, versus Hmode scaling derived
by combining data from JET, DII1D, PDX, PBX, JFT2M.
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8) Volume average electron density at the end of 3MA Hmode pulses versus
total input pover. The crosses refer to pulses with Ztff less than 3.0 , while the
squares refer to pulses with Z larger than 3.0. The line
is
n.(10»mJ) = 2.12 x P"(MW)
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9) Hugill plot for ohmic and additionally heated xpoint discharges. Symbols:
diamonds represent ohmtcally heated plasmas, crosses represent Neutral Beam
heated plasmas, asterisks represent combined ICRF and NB heated plasmas.

5) Comparison of long pulse Hmode (pulse 21022) with (a) added gas, and (b)
a discharge with same plasma and similar NB power with no added gas. The
early carbon influx in the no gas shot can be clearly seen.in (c) and (d) the
measured surface maximum temperature of the dump plate carbon tiles for the
discharges in (a) and (b) respectively.
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10) Time evolution of central electron temperature in Hmodes with suppressed
sawtooth: pulse no.l4834 NB heating, pulse no. 19796 NB/ICRF, pulses
no. 19995 and no.20231 1CRF heating.
13) nj,T£r, versus T, (0)
Pulse NO 20981
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11) LIDAR electron temperature profiles of Hmode with suppressed sawtooth,
1. pulse no. 20231, 3. pulse no. 19995, 4. pulse no. 19796, 2. limiter comparison
case pulse no. 12924
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14) Time evolution of high fusion yeld pulse no 20981. from top to bottom are
depicted the central ion temperature T, , the total neutron yeld Y, the plasma
diamagnetic energy Wt. , the volume average electron density n, , and £>,
intensity near the xpoint, the neutral beam power and the radiated power loss
as a function of time. The carbon influx at 11.5 s is followed by the loss of the
Hmode.
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12) Time evolution of ion and electron temperature for a sawtooth suppressed
Hmode with combined ICRF and NB heating
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15) TRANSP code simulation of a DT version of pulse no. 20981 obtained by
using the same set of the experimental measurements which are a good
representation of the DD case . The only changes are the species mix and the
injection energy. This figure shows total fusion power, thermal and beamthermal
contributions, assuming I5MW of D (at NOkcV) injection on a target Tritium
plasma. Only DT reactions have been considered.

IAEA-CN-53/A-2-1
INTERPRETATION AND MODELLING OF ENERGY AND
PARTICLE TRANSPORT IN JET

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 V T ^ such that the electron heat flow is given by:

Abstract
The study of energy and particle confinement in JET plasmas 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
Rebutetal.il].
1.

when IVT e l > IVTf I. The expressions for V T f and ¿ * L W can be found in ref.
[1]. Transport is assumed to be neoclassical when I v*Te I < IVT^1" I or Vq < 0, q
being the safety factor. Moreover:
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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 w e 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-LW 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.

0)

<!*=-neXe

D e is the electron diffusion coefficient, Z¡ and Zerr the ion charge and the plasma
effective charge.
If, in an interpretive analysis, the V T ^ term in Eq. (1) is not taken into
account explicitly, the resulting Xe must be compared to Xeb- On the other hand
RLW
Xe
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 I VTj 1 1 tends to exceed the
observed I v*Te I. 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 M H D instabilities might be important. An empirical
solution to this problem, adopted in the predictive I V 2 - D code JETTO, is to
reduce the anomalous transport gradually when I VT e I approaches and becomes
smaller than I V T ^ I. We also remark that a quantitative validation of the R-LW model in the central region of the plasma is subject to large uncertainties
owing to the dependence of Xe R L W 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 s t u d y 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:
ri=-DVni+ni(ym+vw)
(3)

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 NB I is used to d e t e r m i n e T¡ by charge
exchange recombination spectroscopy) a n d 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 I p = 4MA, toroidal field B T =
2.8T, neutral beam injected power PNB I = 17.9MW, peak electron density i\e(o) =
4 . 8 x l 0 1 9 n v 3 and peak electron and ion temperatures T c (o) = 8.8keV and T¡(o) =
22.3keV. The second is a monster sawtooth discharge with I p = 3MA, B T = 3T,
PNB] = 2.6MW, ICRH power 8.9MW, n e (o) - 4.5xl0 19 m"3, T c (o) = 8.8keV and T¡(o)
= ó.lkeV. The figure illustrates the spatial dependence of the electron and ion
heat diffusivities Xc and Xi» 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 Xi > Xc i n t n e 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 T ^
increases, Xc must become larger in the central plasma region; this is not so for
T i 0 and XiSeveral attempts to relate the observed heat transport to predictions of
models derived from the theory of electrostatic microinstabili ties 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 VTj-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 £ 1 is
a normalised radius) even when fully developed turbulence is taken into
account.
— all models predict a large Xi m the central and intermediate plasma region.
Hence one expects T¡ to be determined by nj = n i V T ¡ / T ¡ V n ¡ close to the
instability threshold r|j c r . Thus to reconcile theory with JET results a substantial
increase of rţj cr 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: I ■
3-5MA, average electron density R, -1.5-7.10 1 9 nr 3 , B -r- 2.2-3.4T, auxiliary power
(ICRH, NB I or combined) up lo 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

(2)

D = a¿,

vm=-aIH

v w and v a n are the neoclassical (Ware) [18] and anomalous inward pinch
velocities; a and a ¡ n are constants to be determined; a is the minor radius.
The impurity ion density profiles needed to compute the electron density n c
are not modelled but evaluated from Zpff (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 a = 0.3-0.5. There
are cases, in particular with RF heating alone and Zeff > 2.5, where an anomalous
inward term seems to be required in the region p > 0.3-0.4, and v a n / v w a r c > 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 Zeff discharges a n d with NB I
heated discharges where a high density is reached, developing a flat or even
hollow density profile. An example, corresponding to a relatively clean plasma
(Z c rr < 1.5) is illustrated in fig. 4b, where for comparison we also show the
peaked profile of rie 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 measured data and complements
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 typical case. Values of
the linearised particle and thermal diffusion coefficients D" and xt wûx Op/Zc <
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 z l ^ found in thesimulation of the same pulse (fig. 6). In fact a linearisation of such a model
shows that D and £ ç L W are dominant diagonal terms and can be compared to D p

and xlThe 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 m a x i m u m 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 VTC, 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 Xray profiles [23] and radiation profiles are compared.
The
conventional approach assumes the impurity flux T\ to be given by:

6-

r, = D,Vfl/ + M/V/
(4)
V; =-aiD[r

I a'.

Fig. 1
where ni is the impurity density. The diffusion coefficient D| and the convective
velocity vi 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 Di and ai 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 [211 and also in the central region of ohmic and RF heated discharges
[231.
The simple approach (4) with constant coefficients also fails for the analysis
of Hmode discharges: a rather low diffusion coefficient D|  0.1m/s, and a
spatial variation of V| which depends on the plasma temperature and density
profiles [221 is needed. Figure 7 shows the empirically determined spatial profile
of V| during the Hphase of a high density pulse (ft0 > 7xlO t 9 nv 3 , developing a
hollow profile, Z^ţţ  2, decreasing with time, I p = 3.IMA , BT = 2.2T, PNBI =
8MW). Before density steady state, in a phase lasting 3.5 seconds, the velocity v|
has to be outward in the region p < .8 in order to explain the nickel emissivity
lines and radiated power; the empirical convective velocity vj 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 Lmode plasmas as shown in
fig. 4b.
6.

Radial dependence of Xe and XI for a hot ion Hmode (case a, pulse 20981)
and a RF heated nonsawtoothing discharge (case b, pulse 19739).

0.2
0.3
P/n,„(MW)
Fig. 2

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, w e find that D/Xe as
ír m
normally defined in interpretive codes is larger than D9/xï
°
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. [11. This model, which has
been successfully tested in a variety of JET plasma conditions, is a good candidate
for predicting tokamak plasma performance.

0.2
0.3
0.4
P./n.„(MW)

0.4

Increase of the ion (case a) and electron temperature (case b) as a function
of P/n; A T, P and n refer to p < 1/3. Sawtoothfree L and Hmode
plasmas with 2 < P | 0 t < 25MW, 1 S n„ S 5x10''m3 and various
combinations of ICRF and NBI are considered.
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JET data (referring to sawtoothfree, Lmode, 3MA pulses) compared
with the predictions of one of the published versions of Tţimode theory
[13]: a) ratio of the measured T\ ■ Lne/Lr| to the theoryetical threshold
value as a function of Tj 0 /T r a ; b) ratio of the predicted ion heat flux to
the total measured heat flux at p « 0.4, as a function of peak ion
temperature.
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Fig. 4

0.4

0.6

0.8

Comparison of computed and experimental T f and n^ profiles for a
saw toot hin g RF discharge (case a, pulse 19617, BŢ ■ 3.1T, I « 3MA, PRF 
8MW) and a sawtoothing NBI discharge (case b, pulse 20334, Br  3.1T, I ■
3MA, PNB! " 8MW). In case b, the peaked density profile was computed
with the same v a n as in case a, the flat one was computed with v a n ■ 0.
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Measurements and simulations of the propagating perturbation of T e
(case a) and n e (case b); ATe is normalised to the central temperature
before the sawtooth crash, An e is given by the phase changes of the
reflectometer. Pulse 19617 is considered, as ín fig. 4a.
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Fig. 6

Radial variation of XeRL/ Xeb> Xi
and D¡ obtained from the
simulation of pulse 19617
(see figs. 4a and 5).

Fig. 7
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Radial dependence of the
empirical and neoclassical
vi found by simulating the
impurity behaviour in an
H-mode with a hollow density
profile (pulse 21022).
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High Density Regimes and Beta Limits in JET

2, or 3 modes appear, which can lead to a ß decline. A peaked and roughly triangular
p(r) profile develops from an initially broad profile. The internal inductance decreases
from-1 to0.7, which indicates a broadening ofj(r) towards those profiles used in the
ß-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

Abstract
4.
BETA SATURATION
Results are firstpresented on the density limitin JETdischargeswithgraphite(C),Be
Theevolution of ß for the discharge with the highest ß obtained so far is shown in Fig.4.
gettered graphite and Be limiters. There is a clear improvement in the case of Be
Also shown is the MHD activity, central ion temperature and volume-averaged
limiters. The Be gettered phase showed no increase in the gas fuelled density limit,
density as a function of time. The main ß-limiting mechanism in this discharge is the
except with Ion Cyclotron Resonance Heating (ICRH), but, the limit changed
high-ß sawtooth. Increased MHD (n=l and n=3) activity (around t=15 s) leads to a
character. During MARFE-formation, any further increase in density was prevented,
diminished rate ofrisein ß after thecrash and to a decline in the central ion temperature
leading to a soft density limit. The soft density limit was afunction of input power and
and so contributes to the ß saturation.
impurity content 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. The high-ß sawteeth differ from those at low ß in two ways :
In the second part, results are presented of high ß operation in low-B Double-Null 1. The associated heat pulse is very rapid with T^-l00lis instead of-10 ms.
(DN)X-point configurations withBe-gettered carbon target plates. TheTroyon limit 2. Dominant ( 1,1 ), (2,1 ) and higher m pre- and postcursors are seen, similar to highwas reachedduring H-mode discharges and toroidal ß valuesof5J% were obtained. ß 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
At high beta, the sawteeth were modified and characterised by very rapid heat-waves
by the X-rays. Similar to a normal sawtooth, a high-ß sawtooth causes a flattening
andfishbone-likepre- and post-cursors with strongly ballooning character.
of the pressure profile within theq=l radius.
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
either 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</BI = 12forOHand20xlO"m-2T1 with
NBI). There are clear improvements due to the Be limiteis 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 that nRq</Bl=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 (q-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
inX-point dischargesare obtained inH-modes with nRqt/B|=20xlO"m"yTl. Athigher
densities, typically when 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 différent 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
MARFE which, in gas fuelled discharges, is accompanied by a fall in recycling and
reduction in density. This typically leads to a softdensity limit with a relaxation
oscillation of density, radiation and MARFE near the limit The internal inductance
of theplasma during the MARFE generally did not increase, indicating that the plasma
was not contracting significantly, asinthe 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 Pt 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 approximately 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 :
- The density limit for additionally heated discharges in JET is now independent of
the heating method and exceeds nRq^/B t =33 x 1 0 ' W for Be limiteis and 20
x Wm^T' for the H-mode;
- The density 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 t ln 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.

BETA LIMITS

High ß operation has been achieved at low toroidalfields(B < 1.2T) where theTroyon
limit[6]isreached with additional heatingat power levels-lOMW below that at 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 ß as a function of q;1 obtained for all discharges
between 1986 and 1989. A steady state ß t of 5.5% has been reached for DNH-modes
in a hydrogen plasma. In these discharges with Be coated walls, ß saturation is generally observed without disruptions. The saturation isrelatedto MHD-modes, ELM ' s
and n=1 activity. Sawtooth andfishboneevents occur and sometimes continuous n=1,
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5.

HEAT LOSSES

Like other H-mode discharges in JET the high-ß discharge has a confinement time
twice that of the Goldston L-mode [9]. The observed plasma energy WMA lies close
to the energy WG calculated from the effective power input and \=2 x -za [10|. The
fraction of the losses due to high ß sawteeth is 10 to 15% and that due to the intermittently appearing MHD-modes 20 to 30% of the total energy losses. This is
sufficient to prevent further ßincrease since the heating power P is close to the critical
power required toreachtheTroyon limit. The fishbones and especially the sawtooth
events strongly affect the fast particledistribution as measured by theneutron emission
with consequences for future a-partiele 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 times 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 bytheneutralparticle
analyser with losses that are proportional to the MHD mode ampli tude. Measurements
with a multi-channel O-mode reflectometer indicate that high frequency density
fluctuations grow exponentially with ßN. The measurements are carried out between
3.9 and 4.1 m with frequencies -130 kHz well above the n=l MHD modes present;
perhaps, indicating high-n ballooning-mode activity.
6.

BETA COLLAPSE

In a few JET cases, high ß collapses occur triggered or preceded by large n=2 (or
sometimes n=l or 3) MHD activity with 8B-15 G at the edge, and differ from ßsaturation in various ways [7]:
- a dominant (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
ß-sawteeth,
- the central ion temperature and the fast ions are not affected at first
7.

PLASMA STABILITY

The stability of the high-ßdischarges has been examined with various stability codes
:ERATO[12],HBT[13],BALLOON[14]andFARcode[15].These stability studies
are discussed more fully in [16]. It is found that before a high-ß 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=l internal kink is also found to be strongly
unstable for ßN« 1 when q,. £1. This instability may be linked to the observed (1,1)
instabilities which seem to cause the ß-saturation. We have calculated the fast particle
effects on the internal kink. It is found that at the ß valuesreached,the fast particles can
no longer stabilise the internal kink. The operation is outside the Porcelli-Pegoraro
stable region in the (Yi^,,,, ü) v ß ) space with experimental values of ( 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 ß-collapse occurs internal modes of either n=2 or n=l structure, appear
to be responsible for the enhanced plasma losses. These modes have been simulated
by the FAR code where the q-profile has been tuned to match the measured X-ray
fluctuations over the plasma cross-section [16]. In the case where n=l 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 ß, saturation of the plasma energy is observed without
disruptions. Global n=l modes in the form of high-ß sawteeth and fishbones are
generally responsible for this saturation. Occasionally, ß-collapses occur which seem
to berelatedto large n=2 ( some-timesn=l or 3 ) MHD modes. Triangular temperature
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 panicle
distribution. This has important consequences for future a-partiele heating, bum 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 internal 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 arerequiredto see if the beta limitremains a soft limit even at much
higher input powers.
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Modelling Impurity Control b y 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 opposed 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 lO^nr3.
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 impose* 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 deuteriumimpurity 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, T(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, r t , is determined by the mid-plane SOL plasma density
and the power flow in the SOL. The form of r ( s ) , denoted
f ( s ) = r ( s ) / r t , 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, f (s) increases rapidly going
towards the plate, due to ionization 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.
It 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 f (s) distribution as shown in Case c, Fig. 2. Finally
it may be necessary in some cases, for impurity retention, to induce a
moderate f (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 targetproduced 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.
H.

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

dv

nVz(v¡_vz)

<ÍTe ,

„ dT¡

(1)

Here we have considered a single impurity species of charge
state Z, mass m z , density nz, temperature Tz, pressure p z , and flow
speed v z . The simplification to a single charge state is well justified,
because the most important forces acting on the impurity all scale
approximately as Z 2 , and thus their ratio is independent of Z. The
subscripts e and i refer to the electrons and the hydrogenic ions, and
Tzi 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 p z = n z T z , the electric field E, the frictional force, and the
thermal forces with coefficients o z for electrons and ß z for ions.
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 -¿- = 0 and T z = T¡, so
that Eq. (1) becomes.
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T¡

dnz_mz{v¡-vz
ds

+ (a2 _0.71Z)f +

(A-l)f

(9)

(2)

with otz = 0.71Z2, and ß z = 1.76Z2 for the case of Beryllium with Z = 3
[2].
For most cases of interest VT e « VTj, since they are both
determined by classical heat conduction and K||e » K||¡, so that we can
neglect the VT e term in Eq (2). In addition, we take v 2 = fvv¡ as a
further simplification, where fv = 0 everywhere except in a thin
impurity ionization zone near the target. Integrating the resulting
equation gives
(3)

with

_ , . _ _2 r(s)
Fñ(s) = CrZí
57-

(4)

and

ffc(s) = ( & - ! )

1 dT¡
T: ds

(5)

2K„

The target flux, I"t, is determined by specifying the mid-plane
or, more generally, the stagnation point separatrix plasma density nb,
and the parallel heat fluxes, q||e and qn¡, using a model similar to that
of Ref. [4]. For given power into the divertor and very high values of
nb, r t is sufficiently high that local plus distant recycling alone is
sufficient to satisfy relation (9) for the proposed divertor geometry.
As nb is decreased for a given power, T| decreases and Tji increases,
which tends to reduce the left hand side of relation (9). In order to
retain impurities, f(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

5/7

T,iNote that Ff¡ and Fri 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 Cf 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 r(s),
determined by the distribution of recirculated neutrals, becomes
small enough that Ff¡ < Fr¡. Beyond that point, n z (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 n z (L)/n z (0) be less than a certain value, say e -3 , the criterion for
retention of impurities becomes

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 approximation, by

* S)7/2 =

(7)

fe

where qeff = .6 q¡, the ion heat flow per unit area, for values of
recirculated T near the minimum required to entrench the
impurities [3], Tdi is the divertor ion temperature, and Ko,i is a
constant.
Combining equations (4), (5), and (7), shows that the ratio of the
ion friction and thermo-electric terms scales approximately as
Ffi(s)

r(s)(s+ S c ,) 2 / 7 ,

where s 0 = —

l?tf

(8)

?n

Consider the case I"(s) - constant over some interval,for
example Case c of Fig. 2. Because of the relatively weak variation of
Ffi/FTi with s, it can be shifted from less than one to greater than one
over most of the interval by a small change in f\ 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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7 2K„:

f(ft-l)ln( 1 + —

¿

C¡Z

+3

(10)

.in

The relation (10) assumes Tx is constant along s, and thus does
not include the contribution of the local high recycling region,
which is small for r x non-negligible compared with IV
Relation (10) implies that the minimum required flux can be
written
r x -qeff5/'7/(qeff, Tdi, Sx- U

(11)

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 Tdi 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 r x
depends primarily on the ion heat flow and somewhat less strongly
on the connection length. I~x scales as P¡ 5 / 7 • Sx"2/7 for s x 2 / 7 » s 0 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 r(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 s x , 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 s x and L
(external recirculation) reduces Tx by about 23%.
III. Code Calculations of Impurity Retention
a) The Model
To study the requirements for effective impurity control in more
detail a 1-1/2D model (EDGE1D) 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, Xj =
1.5 cm and X.n = 1 cm, respectively. The width, 8 = 3 Xj, 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 scrapeoff 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 (P e = 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 nb, P¡, P e and external recirculation fraction ÍR 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 r|(%). The two cases displayed in Fig. 4
differ mainly in the level of external recirculation, and only slightly
in the separatrix stagnation point density (nb = 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 T| 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 ÍR = 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 ÍR = 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
lO^m-V 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
T"t 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 f 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, f = r ( s ) / r t , 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 r(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, ÍR, of the target flux Tt which must be
externally recirculated in order to retain 90% of the impurities in the
DCP versus SOL density , nb, 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 Tt - nb 2 for Tj > 15 ev. Thus,
at high values of nb, 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, Tt decreases and an
increasingly large flow fraction ÍR must be externally recirculated.
The required recirculated flow itself, however, becomes relatively
independent of density for low and medium nb (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 selfconsistent 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 nb
= 1 x 10 20 m- 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 ÌR 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 ÌR are
required for a given SOL density, nt,. 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.
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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¡ 5 / 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 nb ~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.
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Divertor
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FIG. 1, Schematic Diagram of the ]ET Pumped Divertor

(a)
(b)
(c)
(d)

First steps towards validating these complex SOL models have
Ms)
been taken by establishing consistency with observed edge data in /n n 2 (o)
JET X-point operation [11]. In particular, the predicted conditions T¡ >
T e in the SOL, and divertor temperatures Ted in the range 10 - 20 eV
at high nb, have been observed.
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IAEA-CN-53/A-5-3
COMPARISON OF BERYLLIUM AND GRAPHITE FIRST-WALLS IN JET
Abstract
¡ET 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 1CRH 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
jompares 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.
2.2 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 Oil 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 nc/n D and n^/no as shown in
the lower halves of Figs. 1 and 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 ¿ n value can by
multi-valued at a given density. Interestingly, the relationship between the
effective yield and nB«/nD 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 frorn 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
MARFE 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 q, - 2.6 was obtained,
increased the density limit by a further 20%. The line average density was
O.6xl020m-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
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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.
5.

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 faUs off as - f"5101 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 2 and DH fractions, it is
concluded that the gas release is recombination dominated.
6.
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Figi: The effective yield flVrD), Z,« from visible Bremsstrahlung and
central ionic concentration ratio (rtc/no) against line average density for
Ohmic and additionally heated (10MW) discharges during the graphite
phase of operation.

CONCLUSIONS

JET has been successfully operated with beryllium evaporation onto
graphite surfaces and with beryllium limiters, ICRH Faraday shields and Xpoint 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.
7.
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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 lOOkW 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 lOOkW 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
fast wave current drive, central bulk ion heating and non-thermal D—T
fusion.
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 IP=3MA, Bt=2.8T is shown in fig.l. 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 oDtained from
magnetic analysis suggests that 1.3MJ of this is due to fast ions. The
confinement time of the thermal component alone is 0.7s which is twice
the Goldstone L-mode value and is similar to values obtained with
neutral beam injection (NBI) for the same power level. In fig 1 the central
electron temperature reached 9.5keVI9 at-3 the end of the H-mode when the
central density had risen to 3.7xlO m . Monopole phasing (PrfKlOMW)
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 (Re) 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 Re is reduced by a factor of
three during the H-mode causing generator trips and RF power lossjl].
3. 3He—D non—thermal fusion experiments
The fusion reaction 3He + D - <He(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 lOOkW as shown in fig 2a. The
maximum value of Q (=Pfus/Prf) was 1% (fig 2b). The later results were
obtained with I p = 3MA, B t = (3.0-3.4)T, ne(0)a4xl0'9m"3 and
Prr<14MW. As previously, the reaction rate was measured by detecting
the 16.6MeV 7-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
3
He 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 n d /n e = 0.4. To fit the data with Be
gettering this model requires n.j/ne^O.7 which is consistent with Zerr 2 2.5
compared with Zeii ? 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 o—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 Wfast 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 Prf is absorbed by the minority (as deduced from
modulation experiments) and c) that the fast ions form a Stix[3]
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 Wfast compared with the results of the basic
model only which generally overestimates Wfa£t. However, including orbit
effects gives excellent agreement (fig. 3b). A lower limit of 2s is placed on
any anomalous loss time which implies that o-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 screens
It is well known that impurity 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
threefold 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 be understood in terms of
sputtering due to RF field rectification in the sheaths formed where the
magnetic field intercepts the screen bars[4l. 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 Zeff is AZeff ~ 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 ß plasmas and with high RF frequency[5] such that the
absorption was mainly by electron Landau damping (ELD). The present
experiments were carried out in IP=2MA. Bt=1.3T, double-null X-point
hydrogen plasmas with the ICRF (48MHz) tuned to 2wçh on the high field
side of the magnetic axis. No mode conversion layers existed in the plasma
centre where direct electron heating could only occur through damping of
the fast wave by combined TTMP and ELD. The electron ß was 1.5% so
that TTMP was expected to contribute significantly. The electron heating
power density was obtained from the T e (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 2uici,. 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=l 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, nd/(n<i + n t ), is about 30% for which more than 50%
of Prf is damped on the deuterium ions. This high minority density also
restricts the fast ion tail temperature (Tt=150keV for Prr^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 (rh^rtg) 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
propagates. The maximum value of 7 (= <ne>IpR/Prf) is
0.3xl020A/W/m2 for antennae in the midplane as shown 20in fig 6. The
largest value of 7 for antennae above the midplane is 0.2x10 A/W/m2.
8. Summary

Substantially reduced impurity influx has allowed ICRH on JET to
produce high 3quality H-modes, an enhanced density limit and lOOkW of
non-thermal He-D fusion power. Alpha particle simulations using ICRF
accelerated minority ions imply efficient a-heating in reactors. TTMP
damping of the fast wave has been demonstrated in high ß plasmas. The
dual purpose ICRH system proposed for NET/ITER allows both central
bulk ¡on heating at 40 MHz for burn control, and fast wave current drive
at 17MHz with 7~ 0.3xl02°A/W/m2.
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SAWTEETH A ND THEIR STA BILIZA TION 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, (tø, rising above unity. However, in other cases, qj,
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 qo 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.

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 twodimensional reconstructions of local temperatures derived from
electron cyclotron emission (ECE) measurements obtained with a
12channel grating polychromator [9]. The method exploits the rotation of
mhd structures using assumptions about their helical symmetry (for
sawteeth, it is assumed that reconstructed 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
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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 nearignition 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
[24], their extension to reactor relevant plasmas is not assured in view of
the limited understanding of the mechanisms involved.
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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 qprofile; 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 = l mode.

2. The Sawtooth Instability
In JET, sawteeth are accompanied by a variety of mhd activity [1] which
may give rise to islandlike structures with poloidal and toroidal mode
numbers m = n = l . 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 = l , followed by a flattening of
temperature and density profiles across the central plasma, the entire
event having a ti mescale of 100/is. The topology of the sawtooth collapse
in JET, as first elucidated by tomographic analysis of soft Xray (SXR)

9 ")
T.

u^

FIG 1: Comparison of
simulated soft X-ray
analyses of the two most
common models for the
sawtooth collapse:
fall-reconnection
(Kadomtsev) and
'quasi- interchange '
(convection).

Major Radlui (m)

emission measurements made with orthogonal cameras [5], resembles the
convective flow of plasma suggested by the 'quasiinterchange' model [6]
rather than the behaviour proposed by fullreconnection 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 'quasiinterchange' and full
reconnection models were used to generate SXR emission profiles and the
lineintegrated measurements which would be obtained from the Xray
cameras. The 'observations' were analyzed to produce tomographically

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 crescent6haped, 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 = l 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 1cm and the
displacement rises out of this noise with a growth rate (25/js)~>.
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 100/JS. In contrast, existing models of
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q=l surface, as inferred from observations of the 'snake' [13] and of pellet
ablation [14], indicate that very low values of shear (dq/dr - 5»10-2)
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 q0 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 5s following the
injection of pellets, both in the current rise phase and during the flat—top.
As ÍB illustrated in figure 5, polarimetrie measurements of q0 indicate that
sawtooth suppression is due to a broadening of the current profile, leading
to q0 > 1> which results from the substantial changes in electron
Time
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
FIG 3: The displacement of the peak of the ¡oft X-ray emission, derived plasma core.
from two-dimensional tomographic reconstructions, during the fast
sawtooth collapse. Experimental results for three cases are illustrated. The
#19944
data shows that a growth rate of (25f¡s)~l is achieved even before the
displacement is large enough to be detected above the experimental noise.
the instability involve changes in quantities such as q or ß which would
require timescales -100ms to generate such large growth rates.

(MW)

(keV)

3. Current and Safety Factor Profiles
The determination of the q—profile or, perhaps more precisely, the way in
which the q-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 polarimetrie signals [12], which combines the
constraints imposed by polarimetrie 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.
10«

10
6
8
Time (s)
FIG 5: Suppression of sawtooth activity following pellet injection in JET.
Polarimetrie measurements indicate that the suppression is due to q0
remaining above unity.
4

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 ÍB 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 Bawtooth inversion radius. The results
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 energy in the fast particle
population is maximized.
Longest Sawtooth-free ,.s
Period
W
FIG 4: Plot of the change in the central safety factor, Aq0, vs the time
between sawtooth collapses, r,, derived from polarimetrie measurements.
By Abel-inverting the difference in polarimetrie signals before and after a
sawtooth collapse, it has been possible to study the variation of q0 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 Aq0
increases with r s , the time between sawtooth collapses, at a rate of
0.05 — 0.2s"1. Further confirmation of such modulation of the central
q-profile has been obtained by analysis of the expansion of the sawtooth
inversion radius with increasing sawtooth duration. The difference in the
inversion radii, Ar¡, of successive sawtooth collapses was deduced from
tomographically inverted SXR emission profiles and a relationship
Arj/Arg = 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 q0 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=l magnetic structures immediately
following the sawtooth collapse. In contrast, measurements of shear at the
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ICRH
Resonance
Position

3-

2.4

2.6

2.8 3.0 3.2 3.4
Major Radius (m)

3.6

FIG 6: Results of a scan of the ICRH resonance position. The longest
sawtooth-free period at each resonance position is plotted against the
resonance major radius. The sawtooth inversion radius (rtnv) is indicated
for each case, asis the inversion radius of the longest 'monster' sawtooth.
In 3MA discharges with qj, - 4, stable periods of up to 5s have been
obtained and previously reported observations [1] that q0 is significantly
below unity (q0 - 0.6-0.8±0.15) have been confirmed. In addition, long

sawtoothfree Hmodes 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
(qj, < 4). To extend the regime to higher current, therefore, auxiliary
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 = l surface at such times may also be a significant factor. This
approach has succeeded in extending stabilization to plasma currents of
56MA (see e.g. [15]).

sawtoothfree period. Closed circles represent discharges in a variety of
conditions ( 4 < q ^ , < 9 , 7 < P R J < 10MW, <ne> = 23«10 1B 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
( P R F  12MW) and the open symbol to one of the longest sawtooth free
periods (5s). Both pulses had qw,  4.5. A s 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.

5. Interaction of Sawteeth and Energetic Particles

In JET plasmas with ohmic and ICRF heating, neutron 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
nonthermal in nature and is due to beamplasma and beambeam
reactions. The modulation of the reactivity due to m = l activity and, in
particular, the way in which m = l instabilities affect energetic ions is,
therefore, central to the optimization of fusion reactivity. While
'fishbone'like bursts are observed in both NBI— and ICRFheated
plasmas [18], only at the highest ft 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].

Interactions between the sawtooth instability 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 energetic 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, E n , is such that
the bounceaveraged magnetic drift frequency of deeply trapped fast ions,
"Dh = Eh/Zh^tflHo 1 !' e * 0 8 ^ t h e mode frequency in the plasma rest
frame (Z n is the hot ion charge, B « the toroidal magnetic field, RQ the
plasma major radius and i\ the radius of the q = l surface).
A growing body of experimental evidence is now consistent with this
interpretation. Not only is it known that ICRF minority heating in JET
can accelerate minority ions to energies of order lMeV, 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 onaxis heating is consistent with the
requirement that the hot ion pressure profile be peaked. A s 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 qw, falls below values 4
can be associated with the prediction that the maximum stable values of
and /3ph scale as (rţ/a)  **, where a = 1.5 for Ä, and 2.0 < o < 2.5 for
, n . Moreover, this observation stimulated the development of the
current—rise heating scenario, which takes advantage of the smaller q = l
radius in the initial phase of plasma development to extend the
stabilization to higher currents and lower values of q^. Perhaps the most
direct evidence for the role played by fast ions is the observation that,
following switchoff 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 = l 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 qprofile 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 (f, H) plane, where,
_1

7mhd
= —max
"Dh

H =

'1

"A

max

"Dh

=0ph>a

(1)

7mhd i s t h e id e a l
growth rate, WTJI, the maximum fast ion precession
frequency as defined previously, u ¿ the A lfvén frequency, s 0 the shear at
the q = l radius and < A 3 h > a t h e 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 = l radius).
Results of this analysis are shown in figure 7, where the area enclosed by
the curve represents the stable region and the dashed Unes indicate the
trajectories followed by discharges as the q = l radius expands during a

FIG 7: Analysis of a
scries of sawtooth-free
discharges in terms of the
fast-particle
stabilization
theory [16,17]. T and H
are defined in the text.
The solid curve encloses
the region predicted to be
stable. The dashed tines
indicate the trajectories of
the discharges in the
stability diagram as the
q=l radius expands
during the sawtooth-free
period.
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FIG 8: Comparison of local neutron emission projües measured before and
after a sawtooth collapse. Although the global neutron emission falls by only
18%, the axial 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 hotion Hmode 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
1.9«10|>m"1s"1 to 23«10"m~ ] s 1 . Calculations show that, in this case, the
emission is almost entirely non—thermal and that the ratio of
beamplasma to beambeam reactions is 2:1. The fall in central emission
can be explained, therefore, by a substantial redistribution of the fast,
beaminjected 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 'quasiinterchange' model, has now
been observed in SXR and ECE reconstructions. However, the rapid
timescale of the collapse and, more fundamentally, the rapid switchon of
the instability, are not understood.
Measurements of the qprofile show that qo remains well below unity
throughout the sawtooth cycle. The persistence of a q = l surface is further
confirmed by observations of the 'snake' and of other longlived m = l
structures. However, the topology of the sawtooth collapse implies that
q 0 = 1, as does the observation, derived from pellet ablation measurements,
that a region of very low shear exists close to the q = l surface at all phases
of the Bawtooth. More precise measurements of the evolution of the
qprofile during sawteeth are required to resolve this basic inconsistency.
Sawtooth stabilization, lasting for up to 5s, is now routinely obtained in It
änd Hmode 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 0
to rise above unity. On the other hand, in the 'monster' sawtooth regime
(¡o is below unity and there is growing evidence that the stabilization is
due to an energetic particle population.
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surface, R is the major radius of the plasma and a

is the safety

factor at r = r . The rpoloidal wave number is k = m/r , where m is
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Self-Consistent Magnetic Chaos Induced by

the poloidal mode number.

Electron Temperature Gradient

The overlapping parameter y is the ratio of the virtual
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Two mechanisms for the self-sustainment of magnetic islands

poloidal mode numbers around m . For y < 0.75 the topology consists

are studied in cylindrical geometry. The first one Is based on the

in islands separated by nested magnetic surfaces, for 0.75 < f < 1.50

different

behaviour of electrons and ions in the presence of the

the islands are embedded in a chaotic zone and for y> 1.50 the system

islands as a result of their different Larmor radii. This mechanism

is fully chaotic [61. Fig.l-a shows part of a Poincaré map computed

could maintain magnetic turbulence resulting from a mixture between

by integrating the field line equations with r = 105. The island is

islands of the size of the ion Larmor radius and chaotic regions. The

defined by its poloidal extension 29 /k

second mechanism is a pseudo-gravity, used here as a simple analogue

2b s 2c. It is assumed to be thin, that is k b < 1.
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for pressure gradient/field curvature modes. It could sustain islands
much larger than the ion Larmor radius.

s 2n/k

and its radial width

A first integral does not exist in the chaotic zone shown in
Fig.l-a. However, the vector potential needs to be defined in this
region to calculate the effect of both mechanisms investigated here.

1. INTRODUCTION

This is done by modelling the region outside the island by nested

There is no agreed explanation of the observed particle and

surfaces
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energy losses in tokamaks. One possible cause for these losses is

magnetic flux A , which is only used to calculate the perturbed

magnetic turbulence, which allows transport along chaotic field" lines

electric potential imposed by the presence of the island:

linking

different

regions

of

the

plasma

[1,2],

The

magnetic

B'

A(x.y) = - —

¿,<x.y)

turbulence could result from a mixture of small islands and chaotic

*(x,y)

y

ID

regions [3].
This

paper

investigates

two

mechanisms

for

A(x.y)

A(x.y) = 2

the

self-sustainment of magnetic islands in a collisionless plasma in the
cylindrical case. The first one results from the different response

where B' = (r q' (r )/Rq )B is the shear factor, B being the
o
s^ s
^s z
2

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

toroidal field,

radii.

is

field. From symmetry, A(x,y) is an even function of y with a period

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

2«/k . It is independent of x and equal to aly) inside the island.

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

The last closed surface of the island is defined by A(x,y)

gradient/field

its radial coordinates are given by:

This

velocities,

effect

requires

curvature

a

minimum

modes.

The

threshold,

electron

associated with the pseudo-gravity,

since

and

it

ion

drift

and I

is the amplitude of

combine to produce

the perturbing

b(y) = b o / a ( y ) / 2

radial

= 0 and

(2)

the current sustaining the island. As this mechanism does not depend
on the existence of

magnetic chaos,

it

has no threshold. These

3. QUASI-NEUTRALITY CONDITION

effects have been also studied for non linear microtearing modes with
a transverse particle diffusion [5].
The

magnetic

topology

The particles have a charge q. (j = e,i) and are assumed to
experience a fictitious gravitational potential ^_.,

is

first

defined:

it

consists

of

by:

islands separated by nested magnetic surfaces or by a chaotic region.
Quasi-neutrality
determine

4 - . = - GJC
Gj
J

is imposed both inside and outside an island to

the perturbed

potential.

This

potential

which is given

For r

produces a net

with:

q.G. > 0
J J

(3)

> 0.75, quasi-neutrality is ensured in the chaotic

dlamagnetic current and the divergence of this current drives an

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

electron current along the field lines thus maintaining the island.

radial electric field E in the reference frame rotating with the
o

Finally, Ampere's law for the island leads to the self-sustainment

islands:

condition.

KT
o

2. MAGNETIC TOPOLOGY
The

calculation

q.

,n'

, T'

n'
, T \
Í^e re' -

(4)

K is the Boltzmann constant, n' and T' are the average gradients of
is

made

in

a

slab

geometry

with

the

coordinates x - r - r and y - r (6 - z/qR) " 8/k , where r, 8 and z
are the cylindrical coordinates, r

Is the radius of the resonant

electron density n and temperature T .
When the ion Larmor radius p. = /m.KT / q.Bz is or the
order of the island half-width b , the potential ^

experienced by
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Fig.2 in the case of y = 0, p./b Q = 1, n V n g -

the ions can be expressed as:

A. -  E x + b (E + G.)
l
o
0
0
Ì J
The

perturbed

containing

G(xx')

operator

is

perturbed
motion

potential
îs

derived

electric

of

a

î>(x,y)

the
by

finite

dimensionless

ion

averaging

field

single

is

over

ion

a

Larmor

the

gyroperiod

and

over

and

radius

Fourier

a

the

integral

operator.

components

and

the

phase

maxwellian

and G •= G. = 0.
e
i

(5)

G(xx') vtx'.yï dx'

4. CURRENT DENSITY SUSTAINING THE ISLAND
The perturbed current density sustaining the island

This

of

the

of

the

distribution

of

velocities.

electric potential 0

felt by the electrons i s given by:

E x + b

V

J

is

the

-(Jlle|

electron

v

the

electron

approximate

The

density

magnetic

n

flux

depends

A . A

is

on

*

an

+ $~.

even

and

function

of

on

the

x

(see

of

current

(9)

W o e '

density

contributes

to

the

current

sustaining

the

island

(see

leading term of

low

along

the

field

lines,

being

6. + * _ . .
i
Gi

ß,

V-(n.q.v .)

Taking

account

defined

island and positive

by Eq.(l).

outside,

n

A s

A (x,y)

is

is equal

velocity

and

V - I ^ e ) ¡s (-B^x/B)V S J ( ( x , y ) .
is

of

zero,

because

n,

quasi-neutrality

n

is

a

=
e

n.,
i

In

the

function

of

it

follows

'•'WDe^-^K^e^Ge')

(10)

Section 4). A

negative

inside

is assumed t o be independent

inside the island, but t o depend on the odd function ± J k

the

of

A

*

outside,

where the upper symbol r e f e r s t o x £ b(y) and the lower symbol

to

Vn,
i

"i " n' iV( *Ii +' r*CI
Gi ) '

function of A , odd with respect to x, is formed by taking the square
A (x,y)

ion drirt

the

that:

Eq.(D) and only the part of ■p(x.y), which is odd with respect t o x,

dn./d(*.
+ ¿_.) V(*. + * _ . )
r
l
l
Gi
l
Gi
the expressions

for

with

equal*

is

dn./d(*. + * _ , ) - -ni/(E_+G.).
l
i
Gi
i
o 1

the potentials given by Eqs.O),

From

(5) and (6),

it

can be shown that the right-hand side of Eq.(lO) depends on 7 î ( x , y ) .
Eq.(9) is integrated with respect t o y. The perturbed current

density

sustaining the island 5J..(x,y) is then given by:

x s b(y).
The

perturbed

quasineutrality n

-

potential

f>(x,y)

is

determined

0 . + ■£_.

respectively

quantities

by

to

their

two

by

n. inside and outside the island, n

expanded at f i r s t order as a function of ø

leads

+

WDÌ

, the electron drift velocity, is given by a similar expression.

(6)

(E + G.) y(x,y)

The ion density n. is a function of the potential ^. + ø C j

of

+

v , = [- V(*, + * „ , ) x B] / B 2 is the
Di
1
Oi

to B/B.

limit

root

6Jy(x,y)

is obtained from current conservation in steady state:

sum of the constant plasma current density and äJ (x.y). e
As the electron Larmor radius is much smaller than b Q , the

and

1 m , T^/Te = 2 m

in

the

definitions

integral

+ ■#_

vicinity
given

equations

of

by

satisfied

and n. are

- KT e(!r + i- r) H ]+ - \ w ] r i(x'y) ,u'

" ! « « • » > = B^

and ± / * ~ " and of

0.

Eqs.(l),

imposing

Replacing
(3),

by

(5)

these
and

£>(x,y). A

(6)
good

where an additive function of A
function

is determined by taking into account other

collisions:

the

resistivity

is

assumed

outside the island. Finally, 6J

approximation for the solution of these equations writes:

due to integration is omitted.

to

be

the

effects
same

This

such

inside

as
and

has been computed using the data of

-p(x,0) shown in Fig.2 and normalised values are plotted as a function
1
e
2 T
e

ytx.y) =

r'Johr
e*

'

e

of x / b
q
M

G + Mq.G.
e e
i i
KT
e

/

x
b
0

in Fig.2. 5J„(x,y) Is an even function of x.

b > ( í )

'"V

2x2
S. MAGNETIC ISLAND SELF-SUSTAINMENT
(7)

Ampere's law for thin islands (k

. y _ ƒ 0 for - b ( y ) í x rs b(y)
with;
M for x s - b ( y ) and x t£ b(y)
J

i s an

approximation

for- the

finite

ion Larmor

radius

operator,

r

o

°L

l

(8)

equal

t o 1 for

very

small

jump in the

associated

derivative

with

the

ÔJ..(x,y) with respect t o x.

°J

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

region

(12)
of

island

the
is

vector

equal

to

potential
the

across

Integral

of

-i

J2 = e-Vo» I f(p./b )21

J

The
the

, - *. ,2

€ 1) can be written as:

g

which i s defined by:
—

b

Larmor radii

(p. € b ) and

This leads t o an equation in y and 8 ,

which is solved by computing
potential

with

respect

the Fourier

t o y for

different

components of
values

of

8

the

vector

14]. Eq.(12)

tends
then becomes:

toward zero for very large p. (p. » b Ï.
Eq.(7)

shows

that

the

perturbed

potential

p(x,y)

is

a

function, which is odd with respect to x and which is independent of

T

e i ; - ; 1°.
2 2 T

y inside the island.
The
numerical

A108

system

iteration.

of

integral

equations

has

been

The result for <p(x,y) is plotted

solved

versus x / b

n

2T

a'

,

n

1
lI

e

Jl

•J

— ,

, T'

o 1

2T

'

e

'q
+ Mq.G.
M G
e e
l l
KT
e
q G + q,G.
M
e e
1 l
KT
e

1
k A
y

Fie.)

(13)

by
in

The

left-hand

side

of

Eq.(13)

is

proportional

to

the

poloidal

0

and

is

independent

of

the

sign

of

the

shear

q'.

The

In

the

of

electron

numerator of the large fraction contains two terms. The first one is

addition

due t o the finite ion Larmor radius e f f e c t and is maximum, when J i s
o

pseudo-gravity.

zero for island widths much smaller than p.. Note that J 2 Is close t o
1/2

for

an island width equal to 2p,.

because It is switched off,

This e f f e c t

has a threshold,

when n ' / n + (1/2) T'/T
is zero, that is
e e
e e

second

This

mechanism,

and

ion

effect

drift
has

the

current

velocities

no

results

from

the

associated

with

the

threshold

and

could

sustain

islands much larger than the ion Larmor radius. This result can be
also

directly

geometry

demonstrated

from

the

MHD

equations

in

cylindrical

171 and could be extended t o ballooning modes in

toroidal

geometry.

when islands are separated by nested magnetic surfaces for y < 0.75
(see Eq.(4)). The second term results from the pseudo-gravity

effect.
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6. CONCLUSION
Two mechanisms have been proposed for the
of

magnetic

islands.

self-sustainment

Both produce a net diamagnetic current in

the

region associated with the island.

electron
Larmor
islands

first

and

ion

drift

velocities

as

It

could

maintain

a

radii.
with

a

effect

width

of

is

Table I

The

the

due

to

order

the
a

difference

result

magnetic
of

the

ion

of

between

their

different

turbulence

in

Larmor

radius

embedded in a chaotic region. The turbulence is self-sustained,
the left-hand side of Eq.(13) is larger than 0.20.

the

Numerical

results

for

F(8 )
o

computation as a function of 6

obtained

from

the

Poincaré

and of the overlapping parameter

map
f.

which
are
when

7
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0
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Fig.l: (a) Poincaré map computed for an overlapping parameter y = 1.05 showing
magnetic islands in equilibrium in a chaotic region; the island is defined by its poloidal
extension 28o/ky £2jiky and its radial width 2bo; 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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Sawtooth Reconnection

For typical JET values (with (l-q 0 ) - 0.3) we find

J.A. Wesson
JET Joint Undertaking, Abingdon, Oxon., U.K.
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.

vj-ixlO^ms'1

(=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.

Introduction
It is well known that sawtooth oscillations are not understood. 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=l instability the core of the plasma is expected to
behave as perfectly conducting fluid. The core moves toward the
q=l 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 5, 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.

Electron at rest"
in core

Electron accelerated

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 velocity along the direction of the q = 1 field lines. But almost
immediately (in - us) 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 dear
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 = n, is given by
<b =

\(l-q)Bedr

For a parabolic q profile
* = W-<¡o)BB¡r¡

(1)

where Bei = Be (n).
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, T c , of the sawtooth
collapse. Then, since there is no electric field in the frame of the
core, we have
£-*
Figure 1. Diagram of reconnection model and
the associated current layer.
Helical Flux

(2)

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

*

The helical flux which is reconnected is given by the
magnetic field which crosses an imaginary sheet for which
de/d$ = 1, where 6 and $ are the poloidal and toroidal angles Such
a sheet is shown in Figure 2.

(3)

where 0" is the electrical conductivity.
Using equations (1) and (3) together with a = 2 ne 2 Te/m, where Te is
the electron colisión frequency, the corresponding electron drift
velocity is
Vd~(l-?o)^£-û>crl
K T,

q-1 field line

Figure 2. Helical sheet having d6/d<t> = 1.

AHI

In the resistive model S~(T¿/r„)*i¡,
where TÄ = c r ^ r , 2 , a n d
substitution in to relation (5) gives the Kadomtsev reconnection
time

-(W

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

B*

and equation (4) gives

*--£-

In the present 'model 8 - c/oip and the resulting reconnection time
is

that is the layer thickness of the order of the collisionless skin
depth.
Taking JET as an example of a large tokamak, TA - 1 us, TR - 10s,
c/û)p - 1 mm and ri - 0.3m. These values give the Kadomtsev
reconnection time
iK - 3ms
and the inerţial reconnection time
300/u

Reçonneçtipn Time
We use the same ' calculation of flow continuity and
momentum balance as the conventional model ">. This gives the
core velocity

The observed collapse time on JET is ■ 100 us and it is clear that the
new model is in closer agreement.
where TA = r1/[B*/jp0p)

Qualifications
The calculation given above indicates that the inerţial 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 <2>.
There are two other features which should also be borne in
mind. One is that it appears in some experiments <3' 4 ' that only a
fraction of the flux is reconnected, q0 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.

• Then, defining the reconnection time

we obtain
r-Ii

(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.

Inertia! response
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Current Drive Systems
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in Fig.l.

The performance of the elements of the beamline has improved

SOFT 1990 Invited Paper

substantially over the 10 years, however, and this has taken the technology from

NEUTRAL BEAM HEATING AND CURRENT DRIVE SYSTEMS

the plasma for 0.3 seconds, to the most powerful beamline unit of 1990, the JET

the most powerful beamline unit of 1980, the PLT injector delivering 0.75MW to
D. Stork

injector delivering up to 10.4MW to the plasma for 10 seconds.

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

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.

achieved routinely high reliability and system availability (Ï 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

2.

TECHNICAL OVERVIEW OF THE STATUS OF POSITIVE ION INfECTION
SYSTEMS

2.1 Ion Sources
Ion source development has been driven by the twin needs of trouble-free

and fast interlock mechanisms are presented, emphasising the considerable

source operation and high percentage yield of monatomic ions. The latter

progress in these areas.

requirement arises in order both to maximise the penetration of the neutral

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

atoms into the plasma (as shown in section 5) by maximising the full energy
component (Eb) of the beam; and to limit the complication of ion dumps
needed to cope with the ions of energy (Eb/2) and (Eb/3) produced by the
breakup of diatomic and triatomic ions accelerated from the source.

existing conceptual designs for ITER/NET it is shown that the main areas of

Most present generation systems have adopted the magnetic multipole

uncertainty exist in the source and accelerator stack designs. The beamlines

or 'bucket' source. An example of this (from the JT-60 injector [10)) is

themselves should be able to take advantage of the properties of negative ions to

shown in Fig.2(a). A permanent-magnet cusp field surrounds the source

lead to some marked simplifications.

body. The majority of the volume of the source has a low magnetic field

1.

source are its reliable and noise-free operation at high arc efficiency

(< 10-20 10-*T.). The characteristics motivating the choice of the bucket
INTRODUCTION

The past decade has seen significant advances in Neutral Beam Injection (NBI)

(- 0.5A/kW) at low gas pressure (- 0.25 Pa); the high volume with low

systems. There are now several systems (on JET [1], TFTR [2], JT-60 [3] and

magnetic-field which enables it to illuminate large extraction areas

DUID [4]) capable of injecting more than 20MW of fast neutral atoms into the

uniformly; the ease of obtaining a high monatomic species fraction (the

Tokamak plasma. The TFTR system has been operated successfully up to

JT-60 source gives - 92% H+ : 6% H2+: 2% H3+ at a current density of

30.5MW. These high power systems have developed into a flexible and useful

- 2.5x103 Am-!).

experimental 'tool' for the fusion physicists. They have demonstrated the

To obtain the best monatomic fraction yield, it is necessary to use a

capability of neutral beam heating in terms of its ability to couple easily to many

weak 'magnetic filter' (Ehlers and Leung [11]) to prevent the primary

plasma configurations and to provide simultaneously heating, fuelling and

electrons from the filaments approaching the region near the extraction

current drive for the plasma.
NBI has been in the forefront of demonstrating access to new improved

grids. This prevents the production of H2+ (or LV) in this region. As H2+
production is prevented, H3+ (resulting from H2* + H2 ->H3+ + H.) should

regimes of plasma performance such as the 'H' mode of Tokamak confinement,

also reduce. The low temperature electrons near the grids also result in

first seen in ASDEX [5] and subsequently in many other Tokamaks, and the

enhanced destruction of H2+(D2+) by disassociative recombination. The

'supershot' regime in TFTR[6]. The dominance of NBI over other heating

source is thus separated into a 'driver' region, where the ions are produced

schemes is demonstrated by the list of record plasma parameters achieved by its

and an 'extraction' region. Large volume sources operating successfully on

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

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

record peak ion temperature of 28-30 keV in TFTR with 13.5 MW NBI into a

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

low density plasma (Bitter et al. [6])
-

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

-

2.2 Accelerator Systems
The most significant development for accelerator systems has been the

record fusion product ryfOJTitOÍTE«))) - 9 102" m-3 keV sec achieved with

success of multi-aperture, water-cooled extraction systems capable of DC

17 MW NBI into a Double-Null, hot ion H-mode in JET. This latter

operation. These were realised in slot geometry during the US Common

performance would extrapolate to a predicted Q D T - 0.8 if the same

Long Pulse Source (CLPS) program [14J and also in multi-circular aperture

conditions were obtained in a 50:50 D:T plasma mixture (Keilhacker

form for the JET injectors [15]. In operational experience the JET grids have

et al. [8]).

accumulated an unrivalled performance. These grids, manufactured with

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

262 apertures over an extraction area - 0.45 x 0.18 m*), have accumulated

water cooling channels passing between the rows of circular apertures (with

same as those of a beamline of 10 years ago and are shown in block diagram form
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> IO5 (accelerator.pulse.seconds) since 1984. There have been no on-load or

to suppress the emission of secondary electrons caused by the ions hitting

off-load failures in the system. The grids are manufactured by a sandwich

the dump.

process involving copper electrod eposi tion onto an OHFC copper base into

potential parts of the system. The gain of the ERS is clearly higher if

which the apertures and water channels are machined. Beam pulses of up

neutralisation of the beam is low (at high positive ion energies), also since

to 17 sees pulse length (80 kV, 60 A, Hydrogen) have been extracted from

only the full-energy ions are recovered, a source with a high monatomic

these grids with the plasma-facing (80 kV) grid being capable of DC

fraction is required. The gains from an ERS of this type have been estimated

operation at 75 kW power loading ( - 1 % of extracted power + -20% arc

as a function of beam energy (Eţ,) and monatomic fraction (cti) and are

power).

shown in Fig.4(b). It can be seen that for the present deuterium injectors in

Other important development programs have contributed to the
improvements in terms of the optical quality of the beams accelerated by

Such electrons would be accelerated towards the ground

the 100-140keV range (TFTR, JET, JT-60) the system does not lead to
significant gains.

sources, especially the joint JET/C ulham Laboratory/C EA Fontenay-auxRoses 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

2.4 Beamline Pumping
The present large Tokamak NBI systems all use cryopumps for beamline
pumping.

Most designs feature conventional chevron-baffles.

The

resistant, remote handleable JET Positive Ion Neutral Injector (PINI)

requirements for low background pressure (-10*3 Pa) in the final drift

source/accelerator system is noteworthy. This all-ceramic/metal injector is

region of the JET beamline [11 in order to limit re-ionization of the neutral

shown in cutaway form in Fig.3.

beams (see 2.5), in the presence of high gas flows (- 26Pa.m3-s-1) were too
stringent for chevron-baffled cryopumps and stimulated the design of the

2.3 Deflection and Dumping of Un-Neutralized Ions

JET 'open structure' cryopumps [20]. The JET Open Structure design shown

On most of the large NBI systems, the residual ions are dumped by magnetic

in Fig.5 increased the transparency of the pump by having an unobstructed

means. The neutralisation of positive ions is a very inefficient process (the

opening, and by shielding the Liquid Helium (LHe) panels in a nested

equilibrium, or infinite gas target, fraction of neutrals for deuterium beams

fashion behind Liquid Nitrogen (LN2) panels to protect the LHe surfaces

at 140 keV is only - 30%) and a large amount of ion power with power

from line-of sight incidence of 'thermal* gas molecules. The oyopump thus

(perpendicular to the beam) is

achieved - 47% of the theoretical 'black hole' pumping speed, ie - 200 m 3

common in beamline designs. Inclination of dump elements yields only

s"Vm 2 , which is nearly twice the value achieved by chevron pumps. The

partial advantage due to space restrictions.

installed pumping capacity on the JET beamline could thus be increased to

densities in the range 30-100MW n r

2

The two successful solutions to which have been realised on
operational beamlines can be separated by their differing coolant water

8 IO3 m 3 s-1 (H2) for the 40 m2 area of pump.
Probably even more relevant to the 'Next step' injectors is the

The Low Pressure approach is represented by the

development of low-loss cryo transmission lines and large, continuously

'HYPERVAPOTRON' elements used in the JET Ion Dumps, calorimeter and

operational cryoplants. The overall system at JET gives a good example of

scrapers [1]. In these elements, a low pressure (0.6 MPa) water supply is

what can be achieved in this respect The system features - 60 m long low-

systems.

passed through channels internally-profiled to increase both the turbulence

loss coaxial cryo-transmission lines [21] in which the LHe supply is shielded

and surface area.

The elements can accept power densities up to

by successive vacuum; cold He boil-off gas; LN2 supply; cold N2 boil-off gas

~ 15MW nr 2 [16] with an overall coolant pressure drop of - 0.03 MPa. The

and vacuum layers. The measured losses are SlOmWnv 1 (LHe) and

High Pressure approach is represented by the High Heat Flux panels used on

S 150 mW m -1 (LN2)- The cryogenic plant has a LHe refrigerator for gas'boil

the ASDEX Long Pulse Neutral Injection (LPNI) system [17] and also on

off recovery [22] and is capable of supplying 800 W at 4.4°K and a LN2

TEXTOR NBL The panels, with their internally-finned tubes, are based on

storage system which delivers 1.5 m 3 h r 1 (equivalent to 65kW at 78°K). The

data from the US Neutral Beam Energy Test Facility (NBETF) at LBL [18].

plant supplies two JET beamlines and a pellet injector.

They require water at 1.2 MPa, with 0.6 MPa pressure drop, but are capable of

Developments such as these have allowed cryopumps to outstrip the

operation at 25MVV nv 2 (and have been to 45MW n r 2 without

performance of large-scale Titanium getter pumps even though there have

burnout). There is, of course, the accompanying drawback of the high

been significant developments in regenerable versions of these [23].

a DC

stresses in components such as bellows associated with a high pressure

Titanium getter pumps still retain the disadvantage that their pumping

system.

behaviour tends to depend on their previous history. Their capacity for

A notable development which may yield advantages on future systems

H2/D2 (and hence T2) retention before regeneration is also at least 2 orders

has been that of the Electrostatic Beam Dump (ESBD) pioneered by the NBI

of magnitude below that of the cryopump which typically can operate for

group at C EA C adarache.

two weeks between regeneration.

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

2.5 Drift Duct

expansion to deflect them onto the beam dump. The resulting small angle

The geometric access to the Tokamak plasma for NBI is generally very tight.

deflections lead to low power densities. The ESBD can be coupled with an

The beams have to pass between the toroidal field (TF) coils of the Tokamak

Energy Recovery System (ERS). This is planned for the TORE-SUPRA NBI

the distance between which must be kept small in order to minimise field

system and has been tested at 75keV for 0.5 sees [19]. A schematic of the

ripple and the resulting loss of fast ions from the plasma. Access is also

combined ESBD-ERS is shown in Fig.4. The system is unusual in having an

generally in a non-perpendicular direction in order to maximise beam

ion source at ground potential and a neutraliser at HV potential. The ions

deposition in the plasma and minimise shine-through onto the Tokamak

are accelerated from the source and after the neutraliser, are decelerated to

inner wall. This situation is likely to exist in the Next Step machines and

land on the recovery electrode at a potential (-Vr) around 5% of the beam

reactors where penetrations in the first- wall /blanket systems will be at a

energy. In this way only a fraction of the acceleration voltage is expended

premium and hence will be kept as small as possible.

on these ions and energy is recovered. The system also features an electrode
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This restricted access leads to severe challenges in the design of Drift

Low r / r c r i | can be achieved via a clean metal duct and a low Pg is

Ducts. In the drift region the beam neutrals are subject to reionisation

achieved by good differential pumping of the beamline such (with reference

reactions (Df° + D2 -> Df+ +...) and high powers can accumulate from this in

to Fig.7) the ratio (SL/CDD) is as high as possible, where SL is the pumping

the long drift ducts necessary to penetrate coils, blanket etc. Long, narrow

speed of the last beambox chamber and CDD is the drift duct conductance.

ducts have low vacuum conductance and are difficult to keep at low
2.6 Interface to Tokamak Operations

pressures to minimise reionisation.
The fringe field from the Tokamak has a strong spatial variation in the

In general, the 'coupling* of NBI power into a Tokamak plasma causes few

duct region and can act to focus the reionised power from the beams as is

physics problems and it is now easily understood how to design out a priori

shown in an example from JET in figure 6. Extensive work has been done

such effects as, eg, field ripple loss of fast ions. The 'Engineering Coupling'

on this problem at JET [24], [25] following earlier accidents where duct

problems which are encountered have been successfully overcome on the

protection was melted by the focussed power [24]. The recent work by

operational NBI systems. In addition to the Drift Duct already mentioned,

de Esch et al. [25] shows good agreement between the simulated trajectories

there have been significant developments in handling beam shine-through

and the profiles of reionised power measured by in situ thermal

and the adverse effect of the Tokamak stray magnetic field.

instrumentation. This allows confident prediction of the safe operating
conditions of the present (inertially cooled) duct protection which will
2

2.6.1

Beam Shine Through Protection

accept peak reionised power loadings of £ 4.4MW nv for pulse lengths of

Unattenuated beam powers impinging on the Tokamak Inner Wall can be

up to 10 seconds.

high in the absence of plasma (eg, up to 31 MW nr 2 in JET). The protection

Reionised beam particles hitting the duct protection will release gas

of the inner wall has been facilitated by the development of graphite

molecules. These form an increased gas target which will lead to enhanced

armour tiles . Progress here has often had a spin-off in the development of,

reionisation and the situation will spiral out of control unless the gas

eg. carbon fibre composite tiles for graphite bumper limiters or divertor

release is kept to a minimum.

targets.

Early work on this problem [26], [27]

The large-Tokamak NBI systems have shine-through detector

recognised the exponentially-deteriorating situation termed 'BEAM

interlock systems to terminate the beams if excessive temperatures are

BLOCKING'. This occurs if the gas re-emission coefficient T (molecules per

detected on the Tokamak inner wall. These systems have employed a

incident ion) exceeds a critical value Tcrii and results in loss of the entire

variety of technologies including pyrometers on DIIID [4] and TFTR [30],

beam in reionisation.

infra-red diodes on JET [31] and CCD cameras on JT-60 [29].

rCrit can be written in terms of beam and duct

parameters as:
(1)

lent ="CT01
- L 0B

where C is the duct conductance; L the duct length; $B is the beam flux
through the duct and 001 is the reionisation cross-section.
For long pulse systems where low reionisation power is required,
r «

r c r it 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 T - 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 5 x ) and the de-conditioning by H2 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 (Tcrii) is plotted against the percentage duct reionised
power loss (WR) for a conditioned system and the peak neutral power
transmitted through the duct (Po). Since low r c r ¡t is a measure of
minimum disturbance to the Tokamak system, success can be defined as
simultaneous achievement of low Tcrit/ low WR and high P(j. The achievement 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 r/fcrit

2.6.2

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 1(H 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 beamlines, 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 IO"4 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 largevolume 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 neutralisere at
plasma currents (Ip) above the original JET extended performance figure
(Ip = 4.8 MA). At Ip = 7MA, the stray field measured at the JET PINI sources
reached - 17 IO*4 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 ß.

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

UI6

JET system (allowed deflection - 1 mr horizontally). This can result in

(subsequently adopted by TEXTOR and ASDEX-upgrade) and the US

excessive power being intercepted by the beam scrapers. The problem has

Common Long Pulse Source (CLPS) for TFTR, DIIID and MFTF-B [40].

been solved by the successful development of a feedback controlled active

These have had the worthwhile spin-offs of involvement of industry,

field compensation system (AFCS) [33]. The JET AFCS is capable of backing-

improved QA and the (often unmentioned) necessity of having to share

off up to 20 IO"4 T over a volume of -40 m3. The magnetic field in rapidly

with others (and hence really understand) the database for an injector.

changing plasma situations can now be maintained constant to an accuracy

Improvements in injector conditioning have followed the deployment

-±0.2 10-* T [33].

of core snubber assemblies [41] which dissipate the stored energy in the long
injector HV transmission lines and prevent it damaging the accelerator

2.6.3

grids in the event of breakdown.

Control, Diagnostics and Interlock

There are now completely computerised control and diagnostic systems on
the beamlines of JET [34], JT-60 [3J and TFTR [35] with considerable
operational experience.

2.8 Technical Spin-offs

More interestingly, for future reactor-like

The data accumulating on the mechanical engineering aspects of the large,

operations, the large beamline systems on these machines and on DUID

high-power beamlines is providing valuable materials information across

have extensive interlock systems which terminate the beams in the event of

the Fusion Technology field. The 'multiple-unit' nature of most beamline

out-of-normal conditions.

systems and the large number of elements per beamline allow the

An example of the complexity of problems which can now be

possibility of meaningful statistical analyses. The power densities handled

considered as solved in this area would be provided by the JET NBI system.

are also in the reactor-relevant regime and this leads to the use of beamline

This has a two-level basic-interlock network with a fast-response (10-20 ms)

data as evidence of the pulsed capability of Next Step Tokamak designs (see

Fast Beam Interlock System (FBIS) backed up by a slower timescale

e.g: the review by Watson 142]).

(125 + ms) subsystem of the JET Central Interlock and Safety System (CISS)

comprehensive information on the behaviour of high heat flux structures

which is devoted to NBI. FBIS is a hardwired system which operates by

under pulsed loads in addition to their associated components such as

gating sustaining pulsetrains (1 kHz) through to the NBI power supplies

bellows [43]. Structures such as the JET NBI Test Bed beam dump [1] have

[36]. In the event of an out-of-normal event (eg, a pressure excursion in the

now accumulated > 3.5 104 pulses without problem.

Ion beam dumps give the most

beamline or disappearance of the Tokamak plasma) the pulsetrain is

There has also been a valuable study by Papastergiou [441 of the

terminated which switches off the power supplies. This is an inherently

Reliability Growth experienced on a beamline design (the JET line) after

failsafe concept and all parts of the system will be upgraded to provide

design changes were made to rectify early failures in the bellows and

redundancy and failsafe action prior to the start of D-T operations on JET.

neutraliser cooling systems. The study involved the use of the 'Duane

The CISS network is Programmable Logic Controller (PLC) based and acts

model', a curve fitting model for the time evolution of fault occurrences.

both to backup FBIS and to Pulse Inhibit the injectors when dangerous

Reliability improvements can be statistically quantified in this way.

conditions (eg, lack of water cooling) occur out-of-pulse [34]. Operationally,

Regarding specific technical spin-offs, the extensive operational

the FBIS has been called upon to act mainly on disappearance or

experience of the JET 'Hypervapotron' dump element design (section 2.3)

malfunction of the Tokamak plasma itself (> 95% of trips) . The system has

has provided sufficient confidence in the design for it to be chosen for the

not failed to act correctly since its commissioning in January 1986.

actively-cooled target elements of the JET pumped divertor [45], [46].
Cardella [47] has also performed optimisation studies of the Hypervapotron

Reliability and Availability

design for Next Step divertor applications.

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 (PSHOT>
[39] is essentially the ratio
NBI Energy delivered to the plasma
PSHOT s NBI Energy requested for the shot

3.

HEUUM INTECnON 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 4 He beams can provide an accurately known, centrally deposited
source of 4 He ions which can be used to simulate the centrally produced aparticles in a reactor.

(2)

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), 4 He beams at the 0.4 MW level in studies of

Using the measure indicated in (2) the TFTR performance gave p S H O T 0.83-0.98 for 1988 operations at 95-110kV, whilst JET achieved p SHO T= °- 82
for 1989 operations with 10 80keV PINIs and 6 140keV PINls.

divertor 'enrichment factors' for helium. TEXTOR have a working long-pulse
4

He injection system (45keV, 1.1MW, 2 sec.) [49] which is producing initial

results. DIIID has also injected 75keV, 0.5 sec 4 He beams in studies of the Isotope

Most of the unavailability in these large systems is still dominated by
the Power Supplies (over 50% of causes on DIIID, JET and TFTR).

effect in H-mode confinement [50].
Plans are now well-advanced for the injection of long pulse (£5 sees.)

Considerable effort has been put into removing specific causes of

helium beams on JET, with a demonstration expected in October 1990. Due to

unreliability which is proving to be successful.

constraints imposed by the beam deflection magnet designed for D + , 4 He is

The improved availability and reliability owes much to the improved

limited to 120kV. 'He operation is limited to 155keV by the 30A limit of the

quality of the injectors themselves and to the improved techniques of

accelerator power supply. Whilst the 4 He will be used in the thermal helium

accelerator conditioning. Improved quality has benefited from the adoption

transport studies prciously mentioned, the 3 He beams are expected to provide

of the common development programs of the 1980s.

The two most

interesting physics in several areas. These include the efficient central heating of

successful of these were the European PINI joint development for JET

plasma ions using the monoenergetic, highly penetrating 3 He beams (ion
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temperatures of 50-60keV might be possible with 10MW of 3 He neutrals); the

4.2

Tritium Inventory

realisation of high fusion yield experiments using the D-3He reaction. The

The tritium gas will be supplied to the injectors from Uranium beds. For

acceleration of injected 3He ions by the JET Ion Cyclotron Radio Frequency (ICRF)

each experiment there are site-inventory limits for tritium with a fraction

could further increase the 3 He energy towards the maximum in the D-3He cross

of typically % to Kof these limits being allowed for in the injection systems.

section (at nearly 300keV 3 He energy), and would enhance the fusion yield still

The beamline inventory accumulating on the cryopumps will be recovered

further.

daily by regeneration of the LHe panels. On JET the 9 gr. (~ 85 103 Curie) T2
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

3.1 Pumping of Helium

Curie allowed out of the Tritium vault [57].

Injection of helium neutrals has been made possible by the development of
Helium gas is

The TFTR Ion Sources require interpulse conditioning (unlike on JET)

pumped in the NBI lines by its cryosorption onto a layer of gas previously

and much work has gone into optimising this conditioning scenario to

condensed onto the LHe cooled panels. The gases which can be used for this

investigate isotope exchange in the Ion Sources to enable tritium-less

effect have been found to be Argon (491, [51], 52]; SF6 [53] and N 2 [49].

conditioning scenarios [84].

'cryosorption' techniques for the pumping of helium.

Pumping speeds - 20-30% of that obtained for H2 have been achieved for He

Tritium trapped in the ion dumps from ion beam 'drive-in' effects will

in these systems. The ice layer typically needs to be renewed between shots

form a non-regenerable component of this inventory. Tests done for TFTR

in order maximise the pumping speed for He. The optimum quantity of

with lOkeV molecular deuteron beams [58] show that the trapping

cryosorbing gas which must be pre-condensed onto the LHe panels is about

efficiency in copper exceeds that estimated from diffusion models by - 2

20-50 times the total quantity of helium to be pumped during the injection

orders of magnitude. The excess has been attributed to lattice damage by

shot.

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

4.

scenarios. The 'pumping' due to trapping of beam ions in the dumps is

TRrnUM INTECTORS

The Tokamaks with planned D-T operation phases (JET and TFTR) have firm

illustrated by the drop in tank pressure when a beam is extracted in the JET

plans to upgrade their NBI systems to provide injection of tritium beams. On

Neutral Beam Test Bed (see Fig.9).

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

4.3

dates are 1993-4 [55].

have been tested in a tritium atmosphere at Sandia Laboratories and found

The injection of tritium beams provides a method of controlling the central

to pose no problem [60].

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/SR - 0.3.

4.4

Some of the design issues on the upgraded tritium beamlines such as

cooling channels appears to cause no problem. Falter [61] has estimated
only - 1 mg ( - 1 0 Curie) of tritium permeating into the water in this

were already being tackled as part of NBI designs for the planned D-T Tokamaks.

manner. This estimate is based on diffusion models for hydrogen in solids

Other design issues specific to the operation of T" beams are:

however, and in view of the high surface concentrations expected due to

tritium gas supply to the Ion Sources and neutralises, including gas

lattice damage (section 4.2) it appears to be wise to test the permeation

efficiency
-

tritium inventory (especially stringent for TFTR)

-

breakdown of HV insulators in the presence of a ß-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.

behaviour at high concentration gradients.
4.5

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

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 T2 cycle and concomitant poisoning of the T2
recovery catalysts. To avoid this an efficient single gas feed has been
developed for the sources which introduces gas at ground potential into enclosure where it can access the accelerator grid interspace [56] and keep the
plasma source from gas starvation.

Tritium Permeation
The tritium permeation through the beam dump structures into the water

integrity of interlocks and reliability of equipment inside the biological shield,

4.1

Breakdown of HV Insulators
The breakdown characteristics of the TFTR and JET gridstack insulators

The replacement of the HV gas feed

should lead to at least a 30% reduction in the Tritium inventory for a shot.

have been identified and their integrity is being discussed with the
appropriate regulatory authorities.
An ín vacuo water leak in a beamline with tritium-loaded cryopumps
would risk the production of large quantities of triti a ted 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
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physics [25] designs. Similar experiences have occurred on TFTR. Never-

Fig.lO(c)). The neutralisation efficiency for negative ions in ordinary gas targets

theless, design studies are now in progress at JET on methods for early

remains high at - 60% for energies above lMeV (Fig.lO(c)). Thus it is clear that

water-leak detection. Because the water resulting from small or even

injectors on the Next Step devices must feature negative ion beamlines. The

modest leaks is deposited as ice/snow inside the beamline, fast

exact energy of injection has quite a wide margin of uncertainty at the moment

regeneration scenarios of the cryopumps are being studied which would

as simulation of current drive efficiencies for typical ITER conditions show that

enable condensed T2 be recovered and hence minimise the production of

the predicted current drive efficiency varies by <±5% from a value of over the

tritiated water.

beam energy 800keV to 3MeV [72].

Upgrades to the TET Beamline for T° Operation
Operation with T* beams at 160keV should yield - 12MW of neutral power

6.

to the JET plasma with f(E):f(E/2):f(E/3) - 0.7:0.18:0.12. Upgraded designs for

Studies of Next Step injectors show that in order for the dimensions of the

NEGATIVE ION SOURCE AND BEAMLINE DEVELOPMENT

the beamline deflection magnet [56] and the drift duct protection [28] have

plasma ion source to be kept to a reasonable size, sources capable of supplying

been necessary to safely transport this power. The JET deflection magnet

negative ion current densities - 200-500 A nr 2 are required. Such sources are

(designed for 160kV D+) will have to operate at high currents to deflect

being realised, at least in small-scale experiments. Two basic lines of source

160 keV T + '

This would have resulted in excessive stray field in the

development are evident; the 'surface conversion' source where negative ions

neutraliser region due to saturation of the magnet iron yoke. This has been

are produced by double-charge exchange of positive ions incident onto a surface

successfully solved by shimming the magnets and beam tests with 120keV

having low work function and 'volume production' source where the negative

4

ions are produced within a low density plasma.

He 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

This paper will not review in detail the development of negative ion

power profiles do not exactly match code predictions however, indicating

sources. For this the reader is referred to the review by Alessi [73J for surface

that the beams have undergone space charge expansion [63].

conversion sources and by Green [74] for volume production sources. Below we

The upgraded duct protection is designed with integral scrapers as a

give only a brief overview of the present status.

more robust unit with less in vacuo bellows and pipes. Although not

Surface conversion sources for many years relied upon the introduction of

designed for continuous operabon, it will be capable of accepting peak

Caesium vapour to produce the low work function surface. This produces

reionisation power loadings - 5MW nv 2 for pulse lengths of up to 14

problems with voltage holdoff in accelerator stacks, and because of the general

seconds. The duct will be instrumented with a full array of thermocouples

undesirability of Caesium impurities in a system attached to a Tokamak, the

which will allow accurate validation of the reionisation power profiles

sources declined in status when the negative ion content of volume sources was

calculated from the measured stray magnetic field [25].

identified. Recently, successful experiments with a Barium cathode conversion
surface [75] have revived the prospects for such sources although the sputtering

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].

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.

There is also an increasing body of experimental evidence to support the view

Volume production sources became serious contenders for production of

that the 'effectiveness' of additional heating, in terms of the achievement of

negative ions with the observation by Bacai et al [76] of significant H~ densities in

higher central plasma parameters, is improved if the power is deposited centrally

the low pressure discharges in magnetic multipole sources. The fact that these

[66]. Since it can be shown that in the plasma ion temperature range from 7 to

sources were becoming the standard for positive ion beams (see section 2.1)

25 keV, the fusion yield (Q) of an ignited plasma increases with - YnYr where yr

stimulated development [74]. The negative ions are thought [77], [78] to be

is the temperature profile peaking factor (T¡(o)/<Ti>) [67], ignited plasmas would

produced in a 2-step process via an intermediate highly-excited molecular

clearly be more easily achieved by the application of central ion heating. Highly

vibrational state viz:

penetrating NBI systems seem prime candidates for the task of 'starting up' an

e- + H, -> H;(6 S v S14) + e-

(3)

ignited machine.

e- + H; -> H* + H" + e

(4)

For DC operation of a Tokamak, non-inductively driven currt.it is

since electron energies > lOeV are most favourable for reaction (3) but low energy

necessary with a profile peaked towards the axis. For the high plasma densities

electrons (~leV) are needed for reaction (4) to proceed we are thus faced with the

(n c - 10 nr ) foreseen for a Next Step machine. Lower Hybrid Current Drive

familiar '2 temperature region' situation as in the positive ion sources (section

(LHCD) would be effectively excluded from the plasma centre [68]. Penetrating

2.1) and indeed the insertion of a magnetic filter into the bucket source was

NBI remains as the only experimentally-validated method of axial non-

shown to enhance the negative ion yield in the extraction region [79]. Recently

inductive current drive. Current drive studies on present generation Tokamaks

the observation by Leung et al [801 that a 'one-off puff of Cs vapour into a

have experimentally validated the theoretical efficiencies of NBI current drive

volume production source enhances the negative ion yield has been adopted by

20

3

[69], [70] even though present NBI systems were not optimised to drive current.

the Japanese JAERI group to enable extraction of 10A of H" from a multi-aperture

On DIIID, a plasma has also been sustained entirely non-inductively by NBI [71].

source (209 holes), corresponding to -360 A nr 2 [81]. Volume sources still have

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.lO(a)). In order to obtain a beam with a mean
penetration distance similar to the minor radius of the ITER machine (2.15m) in
20

3

a 10 m* spatially-constant plasma (X 20) one must have deuterium neutral
beams with energy - IMeV (see Fig.l0(b)). At such energies, the neutralisation

the poorly-understood problem that the yield in deuterium (L>) 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].

efficiency for positive ions has dropped to infinitesimal values (<0.5%, see
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for practical systems f cannot be lower than - 0.05 to 0.1 and thus the initial

6.1 Advantages of Negative Ion Beamlines
In addition to the high neutralisation efficiency (r\0) per se, negative ion

filter needs to ensure 5 S1, This has been achieved on a working system

beamlines have other advantages.

[86].

Arising from the high "n0, the gas flow required for negative ion
beamlines are lower. This enables more conventional 'chevron-baffled'

6.3 Large Scale Negative Ion Beamline Demonstrations

cryopumps to be envisaged and also reduces the power loading from neutral

Clearly, large scale demonstrations of working negative ion beamlines are

beam reionisation (D'f + Dj -> D*f ) which must be handled from devious

desirable before proceeding to a Next Step device. In the next 5 years, two

particles in the beamline. The spacecharge in a negative ion system, with its

demonstrations are currently funded.

reduced current densities, is lower than in the equivalent positive ion

i) Within the European Community's (CEC) fusion program the

system. This leads to reduced space charge expansion near the ion dumps

'DRAGON' facility at AEA Culham will come into operation at the

and also to less heating of the gas in the neutraliser. This latter effect, which

beginning of 1991 [87]. This will have a 4A D" volume production

reduced the effective neutralisation target in positive ion systems and

source, coupled to a 200kV pre-accelera tor stack (4 grids). The design

increased gas loads, was first identified by Pamela [82]. It has been seen in

aims to produce 2.4 A equivalent of D° atoms (110A nv 2 equivalent)

reduced neutralisation efficiency measurements found on many positive

from a 288 aperture system.

ion systems, eg. [83], [84]. As an effect which is directly related to beam

DRAGON will represent the first demonstration of D" extraction

current density, it should not play a significant role in negative ion systems.

and will demonstrate the following aspects of the CEC's ITER NBI

Negative ion systems are also intrinsically resistant to space charge

proposal (see below)

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

operation of a grounded plasma source
operation of a neutraliser at high voltage with segmented
construction

equivalent positive ion beam where it must be achieved by confinement of

-

operation of an electrostatic beam dump

the highly mobile electrons which are similarly produced. Negative ion

-

operation of the 200kV pre-accelera tor

beamlines with very low divergence are hence possible and 3mr. at

-

the predicted stripping losses for the CEC D* accelerator.

90keV/nucleon energy has been achieved. [85].

ii) Within the Japanese fusion program, the negative ion development is

Negative ion beamlines can thus, if required, be very long. This has

aimed at the realisation of a negative ion injector for JT-60U. This

the advantages of;
-

system will culminate in a 500keV accelerator feeding a 10MW

remote positioning from the Tokamak, reduction of the neutron and

(neutrals), 10 second pulselength beamline [88], shown in Fig. 12.

tritium problems;

Notable features are the cryopumps at the accelerator stack position and

long regions of beamline are available for the dumping of residual ions

the extremely long (-10m) gas neutraliser.

at low power densities;

conservative, using a source at HV potential and magnetic deflection

long pumping regions are available, increasing further

The beamline is

for the ions. The dumping field is feedback-controlled in strength

the

depending on the Tokamak stray field but the source and neutraliser

conservative aspects of the pump designs.

are shielded passively. The system aims to demonstrate 2MA NBI
current drive.

6.2 Disadvantages of Negative Ion Beamlines
The disadvantages depend upon the type of source adopted.

This system will test many of the features of the Japanese ITER

Surface conversion sources have the disadvantages associated with the

NBI proposal (see below). In its original conception it does not rely on

effect of the sputtered/condensed low work-function material (caesium or

the enhancement in negative ion yield coming trom caesium vapour

barium) on the voltage hold-off of the accelerator stacks.

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

Volume production sources tend to operate at relatively high pressure
(~1.3Pa) when compared to positive ion equivalents. Stripping losses of the

due to come into operation at the end of 1991. The full JT-60U negative

D"beam (DJ + D2 -* D^+....) can occur with high probability in the long

ion system is foreseen for 1995 operation.

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.

7.

NBI PROPOSALS FOR ITER

For all negative ion sources, electrons would be extracted in copious

Within the context of the ITER proposals [89], the Technology phase foresees a

quantities unless suppressed (ne/n(H-)ä40 in a volume source). This

steady state Tokamak with a 2 week burn period. This machine would have a

would severely limit beamline efficiency. Fortunately electron suppression

plasma current up to 11 MA and an installed current drive capability of up to

techniques have been developed, pioneered by Holmes et al [86]. Their

150MW. Approximately 50% of the current drive capability would come from

system is shown in Fig.ll. Electrons are first suppressed by a magnetic filter

NBI.

field using magnets inserted in the extraction electrode. Electrons which

The common parameters for the NBI system for ITER are given in Table 1.

still leak through are trapped at low potential by an electron trap in the

Of particular note are the requirements for the system to operate at 50% and 75%

second grid. Thus only a fraction (0 of the full accelerating voltage is wasted

of full energy during the start-up phase of the plasma, and the ambitious

on their acceleration. If the current of electrons leaking through le is given

requirement to have a vertical power profile control at the plasma so that control

by 5 x I" (I' is the negative ion current) then the beamline efficiency is

of the current profile in the Tokamak could be achieved.

reduced by a factor

On the basis of this parameter choice, 4 design proposals for the NBI system
f=[l-5f]

(5)

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.
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7.1 Issues in the ITER NBI proposals

The USSR concept [93] proposes a 'ring-extraction' hollow-cathode Cs-

In general, most of the contentious issues in the proposals involve the

assisted source. Source uniformity and its effects on optics are the key issues

source/extraction and accelerator stack section of the beamline. A reflection

here in addition to all the usual problems associated with caesium.

of the uncertainties is given by the fact that the 4 proposals differ radically in
this area and each has unproven features.

7.2 General Comments on the ITER Beamline Pesien

All designs feature electrostatic d.c. accelerators and the problems of

In many aspects the ITER beamline designs are all conservative and this

avoiding electrical breakdowns in these structures must be addressed. A

gives confidence in the practicability of realisation.

particular problem for negative ion systems is, as already indicated, the

In comparison to the equivalent '10MW module' of the JET NBI

acceleration of larger quantities of electrons than in the positive ion case.

system, a lower quantity of gas (about %) is required leading to a lower

The impact of these electrons on grid structures and the resultant X-ray and

installed pumping requirement (-1 - 1.2 103 m' s«r') and the adoption of

UV production with its impact on further ionisation in the grid volume

conventional chevron baffled cryopumps. The ion dump power densities

poses severe challenges. The designs are probably approximately 2 orders of

are also much lower. A quantity of ion power - 45% of that dumped on the

magnitude from previous successful demonstration in terms of their

80keV JET beamline is spread over a much larger area. This increases the

specific X-ray and U.V. production.

safety margins against burnout and reduces the erosion and surface damage

For the CEC concept [90] which proposes a high pressure (0.9 Pa)

problems on these dumps which will help to offset the problems inherent

volume production filter source, the stripping losses and electron

in the long pulse operation. The drift duct problems also appear to be less

acceleration problems are postulated to be minimised by the operation of

severe. On the JET beamline 10.8 MW of neutral power is transmitted

the source at ground potential, with the accelerator stack and neutraliser

through a 0.22 m2 aperture. On ITER the equivalent figures are - 32.4MW

being at increasingly positive voltages. Operating a source at ground will

transmitted through 2.72 m2.. An approximate evaluation of the beamline

enable stronger pumping in this area as pumping access can be achieved up

parameters shows r cr ¡i - 13 -14 for ITER compared to - 4 for JET.

at relatively high pressures without the risk of long path breakdowns. The

Reionisation power loading and duct conditioning should therefore be less

operation of the source at ground potential also simplifies source

of a problem.

replacement enormously. (The source is identified in all the proposals as

Reionisation focussing studies similar to those carried out on JET by

the item for most frequent replacement). As already stated, the DRAGON

de Esch et al [25], have not yet been performed for the ITER design. This

facility will test the source/extraction to 200kV and the concept of the HV

seems an important and timely topic now that the design is more firm.

potential neutraliser including the 'onion skin' type shielding around this

The Tokamak stray field from the 22MA, air cored ITER will be very

to prevent acceleration of field-emission electrons from the beamline walls

high at the sources/neutralisers (70-120 10-*T) and has been recognised as a

towards the neutraliser [87].

problem. Heavy double-layer passive magnetic shielding is foreseen in all

The Japanese concept [91] proposes a 'Cs-seeded' volume production

the design proposals. In view of the success of feedback-controlled active

source operating at HV potential with a gas neutraliser at ground potential.

compensation on JT-60 and JET (section 2.6.2) it seems advisable to review

The Cs is proposed to enable source operation at lower pressures (-0.5 Pa)

its use in the ITER beamline. Savings in weight, cost and radioactive

and hence reduce the gas load stripping and x-ray production problems. The

material inventory can be identified and the active compensation systems

voltage hold-off in the presence of caesium and the long term behaviour of

are more easily upgradable and changeable to meet parameter extensions of

the caesium D" enhancement are the major issues. Unlike the EC concept,

the system.

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

8.

beam and increase the space charge effects with deterioration of beam optics

Two developments which lack comprehensive funding programs but which

[94]. As already stated, a successful demonstration of the JT-60U negative

appear to offer significant technical advantages are those of the plasma

ion system would answer many of the uncertainties about this concept.

neutraliser and the RF excited multipole source.

FURTHER DEVELOPMENTS FOR NEXT STEP INJECTORS

The US concept [92] proposes to use a Barium converter, surface
conversion source based on the work at FOM [75] now being pursued

8.1 Plasma Neutralisere

further at LBL. The accelerator in the US concept differs from the others in

It is well known that the charge stripping interaction between negative

being an Electrostatic Quadrupole (ESQ) accelerator [95]. The long term

hydrogen and positive ions (A+i in a plasma (H" + A n+ -> H* + A*"-1^)

behaviour of the Barium in the converter and the handling of the large

proceeds with a high probability. Recent measurements [97] have shown

quantities of sputtered barium (over 1 kg. in the 2 week pulse) and its effects

that the cross-section enhancement coming from having multiple-charged

on the extraction system voltage holdoff are clearly issues here. The optics

ions from high-Z elements is not as high as previously thought, scaling

problems arising from the initial high transverse negative ion temperatures

approximately as Z'-3 instead of Z2. Thus it now appears that plasma

(section 6) also need to be overcome. The ESQ is claimed to have strong

neutraliser cells which concentrate on the efficient production of dense

advantages in preventing breakdowns. The ESQ transverse focussing fields

hydrogenic ions are competitive with the previous heavier gas designs.

offer the possibility of steering electrons born in the accelerating stack off to

Hydrogenic neutralisers are also more compatible with Tokamak NBI

the side of the assembly. X-ray production and breakdown problems should

systems.

thus be reduced. The transverse focussing enables longer acceleration stacks

Plasma neutralisers using deuterium can result in a substantial

thus reducing the voltage gradient and the probability of breakdown. It is

increase in the conversion probability of D - to D° above the gas-neutraliser

essential for this concept that a demonstration of ESQ acceleration of

case from - 60% to about 85% as shown in Fig.14. The gas load is also

currents -1A is performed. At present 45mA of H" has been accelerated to

substantially reduced in these devices.

200keV. [96].

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 neutralises

10.4MW) from being such a beamline. The 'engineering-coupling' problems of

attaining ne - 5 IO19 m"3 over a 0.5m length in a 50kW discharge. There is

interfacing such beamlines to Tokamak operations are also now solved in

now growing evidence that r.f. excited multipole sources can obtain very

essence.

high efficiencies (see section 8.2). Using this Holmes et al [901 have proposed

The upgrade of NBI systems to inject helium and tritium beams is well

an r.f. driven plasma neutraliser with a cusp containment field.

advanced maintaining the importance of the fuelling aspects of current systems.

A schematic of this proposal is shown in Fig.15. The containment is nearly

Helium pumping by cryosorption has been successfully realised on large systems

completely 6-sided as the D-/D° beams are able to pass through the rows of

for long pulses. The design issues for tritium beams have been addressed, in the

containment magnets at the neutraliser entrance and exit. Using the figures

main, and solutions established.

from the RF buckets. Holmes et al calculate only - 0.2MW is needed to drive
such a neutraliser at nearly 95% fractional ionisation.

The success of positive ion beamline realisation gives confidence in
proceeding to the Next Step where negative ion systems will be required because

Such a neutraliser inserted in the EC ITER concept would increase the

of the high beam energies needed to penetrate large Tokamak plasmas. With

overall beamline efficiency from an estimated 45% to 66%. The increased

their high neutralisation efficiency, low spacecharge and inherent resistance to

efficiency could either be used to decrease cost (omit one of the beamlines)

spacecharge expansion, negative ion systems can be remote from the Tokamak.

or increase safety margins and decrease power supply provision and would

This gives advantages in radioactive inventory and also allows dumped power

be more than enough to compensate the lost current drive efficiency if the

densities to be low. Pumping requirements are also lower than for the positive

accelerator voltage had to drop below (say) 1MV because of breakdown

ion beamlines.

considerations.

prospects of success.

Such conservative tendencies in the design enhance the

Negative ion sources are being developed to the stage where they can yield
current densities in the range 200-500 A nv2, suitable for the Next Step device.

8.2 RF Excited Plasma Sources
One major problem in long-pulse injectors would be filament lifetime and

Demonstration of large scale extraction system remains to be performed however

it would clearly be disadvantageous to keep replacing ion sources regularly

and stripping losses in extraction systems could be high.

in the remote-handleable conditions of the ITER beamline. Also the de-

The most serious design issues to be resolved in the 4 proposals for the ITER

excitation reactions which are thought to destroy negative ions in volume

NBI system are all in the area of the ion source/ ex traction system/accelerator

production sources are enhanced [77], [78], by the presence of dissociated

stack. All 4 proposals have potential major problems here. Demonstrations on a

atomic neutrals which produce associative detachment of the negative ions:

large scale are in prospect for most of the crucial design concepts in the CEC and

H- + H -» 2H + e

(6)

the Japanese proposals.

Wall materials which enhance the recombination of neutrals to

A considerable upgrade in the overall efficiency of a negative ion beamline

molecules are hence desirable. Production of the vibrationally excited

(from -45% to -66%) could be achieved by the successful realisation of large

molecules from which negative ions can be formed (reaction (3)) are also

plasma neutralisers.

thought to be enhanced by differing wall materials. The problem with the

instigated to develop r.f. excited multipole sources for negative ion production.

A similar comprehensive program should also be

conventional rungsten-filamented volume source is that after a period of

Finally, one should observe that, in the space of a review article, it is not

operation the walls are covered with Tungsten and surface optimisation

possible to indicate all the pitfalls which have been overcome on the route to the

cannot be pursued.

success of the positive ion systems. In all cases, in retrospect it has been shown

These problems would be overcome by the successful large-scale

that the building of Test Bed units, of the maximum possible realism, is

development of r.f.-excited multipole sources. Successful r.f.-excited, multi-

invaluable. In this way the 'surprises' of the positive ion physics program (e.g.

pole containment sources have been run with very high efficiencies

spacecharge effects in multiple beams, neutraliser gas heating effects) have been

obtaining positive ion values as high as -4 A/kW in the case of Di Vergilio

identified and accommodated. The engineering coupling problems (e.g. stray

et al [99] using a multipole source with internal r.f. antenna. Successful

field on JT-60) have also been solved. It would be very unwise to economise in

positive ion rf sources have also been developed at D?P Garching [100] where

the provision of a full beamline Test Bed unit for ITER, in spite of confidence in

recently a JET PINI source has been converted to r.f. excitation and a factor 4

the outcome!

efficiency enhancement over the filamented version has been achieved
[101].
With this background a clear case exists for substantial funding being
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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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Table 1

[31] D Cooper, A Staebler and D Stork, ibid [16] 1483.

Common parameters for the 1990 ITER NBI system.
INJECTED POWER (DO

:

ENERGY (MAXIMUM)

75MW
1.3MeV

PULSE LENGTH (MAXIMUM)

350 hr!

OVERALL SYSTEM EFFICIENCY

>40%

ENERGY OPERATION POINTS

:

50%, 75%, 100% FULLENERGY

ENERGY STEP CHANGE RATE

:

10 sees.

POWER PROFILE CONTROL AT PLASMA'
POWER STEPS IN PROFILE CONTROL
POWER CHANCE RATE

HOLLOW, FLAT or PEAKED
:
:

10%
10MW S"'

AIMING TANGENCY RADIUS

63m (ef. Ro - 6.0m)

PORT DIMENSIONS

0.8m(W) x 3 Jm(H)

TRITIUM ACCUMULATION (TOTAL)

< 10 Krams

NO. OF PORTS

3

BEAMLINES MODULES/PORT . 3

INJECTED POWER/MODULE
BEAMLINE DIMENSIONS

10 MW e 1J MeV
4M (OD) x 15M (L)

[32] S Matsuoka et al., ibid [16] 1153.
[33] D Cooper et al.. Proc. 16th SOFT London (1990), to be published.
[34] D Stork et al., ibid [17], Vol. 2,1451.
[35] T O'Connor et al., ibid [16], Vol.1, 306.
[36] D Cooper et al., ibid [16], Vol.2,1096
[37] E Thompson et al., JET 1989 Progress Report, Vol I, p.26, (EUR 12800 EN
(EUR-JET-PR7))
[38] M Kuriyama et al., IAEA Tripartite Workshop on Reliability and
Availability of Large Tokamaks, Culham (1988).
[39] T Stevenson et al., ibid [28], Vol. 1, 292.
[40] W Lindquist and S Staten, ibid [16], Vol 2,1130.
[41] T H Fink, W R Baker and H M Owen, IEEE Trans. Plas. Sci. 8 (1) (1980,
33.
[42] R D Watson, Proc. 9th Plasma Surface Interactions Conf., Bournemouth
(1990), to be published in Journal of Nuclear Materials.
[43] K H Berkner et al., ibid [20], Vol. 1, 685.
[44] S Papastergiou, ibid [28], Vol 1,416.

REFERENCES

[45] E Deksnis et al.. Proc. 16th SOFT, London (1990), to be published.

11]

G Duesing et al., Fusion Technology 11 ,(1) (19870,163.

[46] H D Falter et al. Proc 16th SOFT, London (1990), to be published.

[21

LR Grisham et al.. Nucl. Instr. and Methods BIO/11 (1985), 478.

[47] M Cardella, Proc. 16th SOFT, London (1990), to be published.

13]

S Matsuda et al.. Fusion Eng. and Design 5 (1987), 85.

[481 H Nakamura et al., contrib. paper, IAEA Technical Committee Meeting on

[4J

A P Colleraine et al., Proc. 11th Symp. on Fusion Engineering (SOFE),

Alpha particle confinement and heating, Kiev (1989).

vol.2, (IEEE, New York, 1985), 1278.

[49] R Uhlemann et al.. Proc. 16th SOFT, London (1990), to be published.

[51

F Wagner et al., Phys. Rev. Letts. 49 (1982) 1408

[50] D P Schissel et al, Nucl. Fusion (1989).

[61

M Bitter et al.. Plasma Phys. and Contr. Fusion 29 (10A), (1987), 1235.

[51] J Kimet al., General Atomics Report GA-A 19792 (1989).

[7]

R D Stambaugh et al., contrib. paper 13th IAEA Conf. on Plasma Physics and

[52] P Massmann et al.. Proc. 16th SOFT, London (1990), to be published.

Controlled Nuclear Fusion Res., Washington (1990) IAEA-CN-53/A1-1-5.

[53] M Kuriyama et al., ibid [28], Vol. 2,996.

[8]

M Keilhacker and the JET Team, Phys. Fluids B2(6), (1990), 1291.

[54] P H Rebut, Proc. 16th SOFT, London (1990), to be published in Fusion

[9]

G Schilling et al.. Proc. 11th Symp on Fusion Technology, (SOFT), Oxford
(1980). In 'Fusion Technology 1980' vol. 2, (Pergamon, 1980), 967.

Engineering and Design.
[55] M D Williams, ibid [28], Vol. 1,1.

[101 Y Okumura et al., Rev.Sci.Instr. 55 (1984), 1.

[56] H.D. Falter et al, Bull Am Phy Soc 33 (9) (1988), 2032

[11] K W Ehlers and K N Leung, Rev.Sd. Instr. 5J (1982), 1423

[57] L.R. Grisham, private communication.

[12] T S Green et al.. Proc. lOth IAEA Conf. on Contr.Fus. and Plasma Phys.,
London (1984), 1AEA-CN-44/H1-I-5.
[13] S Tanaka et al., Rev.Sci.Instr. 57 (2) (1986), 145.

[58] K.L. Wilson et al., J. Vac. Sci. and Tech. A5 (1987), 2319
[59] H.D. Falter et al., Proceedings 9th PSI Conference, Bournemouth (1990), to
be published in J. Nuclear Matls.

[14] J A Paterson et al., ibid.[4], Vol.1,153.

[60] L.R. Grisham et al., JET-P(90)07, submitted to Rev. Sci. Instr.

[15] A.P.C, de Vere et al., Proc. 12th SOFT, Jülich (1982), in 'Fusion Technology

[61] H.D. Falter et al, private communication

1982' (Pergamon 1982), Vol. 2,1534.
[16] R B Tivey et al.. Proc. 12th SOFE, Vol. 2 (IEEE, Monterey, 1987), 1122.
[17] J H Feist et al.. Proc. 14th SOFT, Avignon (1986) in 'Fusion Technology
1986' Vol 1, (Pergamon 1986), 115.
[18] J A Paterson et al.. Proc. 9th SOFE, Vol. 2, (IEEE, Chicago 1981), 1666.
[19] M Fumelli, F Jequier and J Pamela, Plasma Phys. and Contr.Fus. 31 (1990),
495.
[20] W Obert et al., Proc. 13th SOFT Varese (1984), In 'Fusion Technology 1984'
Vol. 1 (Pergamon 1984), 311.
[21] W Obert et al.. Proc. 9th Int. Cryogenic Eng.Conf., Kobe (1982), 100.

[62] . A.H. Dombra et al.. Proceedings 15th SOFT, Utrecht (1988) in 'Fusion
Technology 1988', vol 2 (North-HoUand 1988) 1301.
[63] R.S. Hemsworth, private communication.
[64] see eg: R. Goldston, Plasma Physics and Contributed Fusion 26 (1984), 87.
[65] D.P. Schissel et al.
[66] see eg: J.D. Callen et al., Nucl. Fusion 27 (1987), 1857.
[67] eg: A. Gibson and the JET Team, Plasma Physics and Controlled Fusion
30 (1988), 1375.
[68] C. Gormezano, Proceedings 16th SOFT, London (1990), to be published in
Fusion Engineering and Design.

[22] R Roberts et al., JET-P(85)14 (1985).

[69] C D . Challis et al., Nucl. Fusion 29 (4) (1989), 563.

[23] Z Sledziewski et al., ibid [20], Vol 1, 343-346.

[70] M. Zamstorff et al., Phys. Rev. Lett 60 (1988), 1306.

[24] APHGoedeetal.,ibid[16],1115.

[71] T. Simonen et al, Phys. Rev. Lett. 60 (1988), 1720.

[25] H P L de Esch, T T C Jones and D Stork, Proc. 16th SOFT London (1990), to

[72] C D . Challis, private communication.

be published.
[26] A C Riviere and J Sheffield, Nucl. Fusion 15 (1975), 944.

[73] J.G. Alessi, Proceedings 4th International Symposium on Production and
Neutralisation of Negative Ions and Beams, Brookhaven (1987), 208.

[27] R S Hemsworth, CLM-R162, UKAEA Culham Laboratory (1977).

[74] TS. Green, Plasma Phys and Contri Fusion 30 (11) (1988), 1505.

[28] A J Bickley et al.. Proc. 13th SOFE, Vol. 2, (IEEE, Knoxville 1989) 1438.

[75] CF. Van Os et al, ibid [62], vol. 1,598.

[29] M. Mizuno et al., ibid [16], Vol 1,281.

[76] M. Bacai, E. Nicolopoulu and H.J. Doucet, Proceedings Symposium on the

130] S S Medley et al., Rev.Sci.Instr. 57.(8) (1986), 2063.

Production and Neutralisation of Negative Ions and Beams (Brookhaven,
NY) (1977), 26.

A123

(77] M. Bacal, Physica Scripta T2/Z, (1982), 467.

[90]

[78] J R . Hiskes, Comments on A tomic and Molecular Physics 19 (1987)

EC ITER NBI Proposal, A .J.T. Holmes et al, Report 3/73/895/FUUK/NET
(Culham Laboratory) (1990)

[79] K.N. Leung, K.W. Ehlers and R.V. Pyle, Rev. Sci. Instr. 56 (1985) 366

[91]

Japanese ITER NBI Proposal, Y. Ohara et al, ITERILHD40 11, (JA ERI)

[81] Y. Okumura et al.. Proceedings 16th SOFT London (1990), to be published.

[92]

USA

[82] J Paméla, Rev. Sci. Instr. 57 (6), (1986), 10661068.

[93]

USSR ITER Proposal, ITERILHD4013 (1990).

[83] R.S. Hemsworth et al.. Contributed paper 13th European Conference on

[94]

J.H. Whealton et al., 3rd European Conf.

[80] K.N. Leung et al., Rev. Sci. Instr. 60 (4) (1989), 531.

(1990)

Controlled Fusion and Plasma Heating, Schliersee (1986), Europhysics

ITER Proposal, ITERILHD4016 (1990).

on the Production and

Application of Negative Ions (A mersfoort, Netherlands) (1988).

Conference A bstracts IOC, II, 297300

[95]

O.A . A nderson et al., Lawrence Berkeley Report LBL25339 (1988)

[84] J.H. Kamperschroer et al., J. Vac. Sci. Techn M ( 1 )(1989), 83.

[96]

J.W. Kwan et al., Bull. A m. Phys. Society 34 (9) (1989) 2066.

[85] A .J.T. Holmes et al, ibid [73] (1987)

[97]

[86] A .J.T. Holmes, R. McA dams, proc. IA EA Technical Committee Meeting on
Negative Ion Beam Heating, Culham (1987) (Culham Laboratory Report).

E. Salzborn, Proceedings 5th Symposium on Negative Ions and Beams,
Brookhaven (1989), p.40 (A IP Conf. Proc. N° 40).

[98]

K.G. Moses and J.R. Trow, ibid [94], (1988).

[87] A .J.T. Holmes et al. Proceedings 16th SOFT, London (1990), to be published.

[99]

W.F. DiVergilio, H. Goede and V.V. Fosnight, Rev. Sci. Instr 57 (1986) 1254.

[88] Y. Ohara et al, ibid [28], Vol 1, 284.

[100] W. Kraus and M. Kaufmann, ibid [62], Vol 1, 495

[89] 'ITER Conceptual Design Report', IA EA , Vienna (1990)

[101] J.H. Feist, private communication.
[102] A .J.T. Holmes, R. McA dams, private communication.

Pumping

Accelerator
stack

Plasma
source
_i_

j _

Plasma
source

Accelerator
stack

Neutralizer

Deflection
&

Dumping

Neutralizer

Fig.l B lock Diagram of the Elements of a Neutral Injector.
Surge absorber
Back plat«î

1

Ds

DN DS
N

□

50G

S

Backstream
electron beam
dump
External field
coil

Supercusp ""
(approximate)

|

'ÍJ0

1

- Side wall

□
N

: i.

%>
I

l

□

^

N

□

S
Plasma grid

\

Gradient grid
Insulator
(AI.OJ

|

20 cm

Fig.2 (a) Engineering drawing of the Magnetic Multipole source and extraction
system for JT60 NBI. The source illuminates an extraction area
0.12x0.27 m 2 and the accelerator unit is capable of delivery 70A at 75keV
when operating in hydrogen (from ref [10]).
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(b) Magnetic field distribution plot in a plane of the JT60 magnetic
multipole source, measured without
the filaments energised (taken
from ref.[13]). A lso shown is the approximate position of the
'supercusp' field relative to the filaments.
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Cutaway view of the JET Positive Ion Neutra] Injector (PINT) in its 4 grid
80kV form.
This 4 grid unit is capable of operation at currents of 60A (Hydrogen) or
42A (Deuterium) from an extraction area of 0.18x0.45 m 2 . The higher
voltage version has a revised 3 grid accelerator stack and has currently
been operated up to 160kV, 37A in deuterium.
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Fig,4(a)

Schematic of the TORE-SUPRA injector including the Electrostatic
Energy Recovery Electrode.
Also s h o w n is the distribution of
potentials along the beamline (taken from ref.[19[).

(b)

Calculated gain in energy efficiency using the Energy Recovery
Electrode for a positive ion-derived neutral deuterium beam. The
efficiency is plotted for different monatomic beam fractions ( a i ) from
the ion source assuming a neutraliser gas target of 10 20 nv 2 .

Fig-5

Detail of the JET Open Structure Cryopump module. The JET beamline
has 10 such modules lining each side wall of the Neutral Injector Box.
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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]).
(b) As Fig.8(a) but indicating the ion beam transport envelopes and their
relationship to the cancelled field volume.
(c) Waveforms showing the cancelled field (Bcc) and the current in the
cancellation coils (Icc) during a JT-60 discharge with NBI. The stray
field in the absence of cancellation (Bs) is also shown.

• 20051 5MA Limiter
.19660 3MA limiter
• 20269 2MA Limiter

x10-

4p Gas

100

160

220

Pulse

280

Distance from datum 0 along duclcentre line (m)

Fig.6(a)

Reionised partide trajectories from 1 PINI simulated in the JET drift
duct (plan view). The simulation has been done for field maps for 2,3
and 5MA JET plasmas (Fields as in 6(b))

(b) 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 ±1020% of the given value. Duct conductances used in the determination of
rCnt (via equation (1) of the text) are multipled 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 (SO to the duct conductance (CDD)-
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Fig.lO(a) Cross sections for charge exchange (o c n ) and ionisation (o,) ot
deuterium beam neutrals by plasma ions and the effective cross section
<rjcju> for ionisation by electron impact in a Maxwellian plasma ot
varying temperatures (Tc).
1
r a
neutral in a
(b) Mean penetration distance (X. = (atotttc)" ) fo deuterium
spatially constant plasma with density (nc) = 10-" ni"-1 .and Maxwellian
average electron temperature = lOkeV. aitrR indicates the miner
radius of the proposed ITER Tokamak.
+
(c) Neutral fractions for positive (D ) and negative til ) beams as a
function of ion beam energy emerging from:
- an infinite gas target (D+)
- the finite optimum gas target IP )
Note the optimum gas target for D varies trom -0 -I 111-'11111 • .11 IhtlkeV
20
to - 2 10 nr 2 at IMeV.

Suppressor allows le~8l~
100kV

Potential = fx total
voltage along stack
85kV

46
Electron
trap region

33
. 50% Ionized

EH

100% Ionised j

NN
15

Source
plasma

axis of symmetry
Figli

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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Fig.H Neutral fraction obtained from a D* beam at 13MeV as a function of
equivalent gas target of a plasma neutraliser. The curves are drawn for
each value of the percentage ionisation in the neutraliser (0%
corresponds to a conventional gas neutraliser). A t high equivalent gas
targets for high ionisation percentages the neutral fraction falls rapidly
due to D° reionisation to form D+.
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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, DUI)
ionisation and start-up of stellarator discharge (ECRH on Heliotron E, W VU, ATF)

Additional heating is a necessary requirement on all tokamaks and stellarators. All the major
devices are now equipped with large additional RF heating systems and lhe actual dala base both on
the physics aspects and on the technical aspects is large and still expanding /1//2A
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 one or more of their
potential applications: heating, profile control, bulk current drive, non-inductive current ramp up
and plasma initiation and are planned to be used on the next step facility.
Although other RF methods are being developed, such as Ion Bernstein wave hearing and current
drive and Alfven wave heating, we will restrict the discussion to the most promising and well
documented methods. The corresponding main results to date and some of the relevant physics
basis will be discussed first. The technical status of coupling structures, transmission lines and
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 consequemly 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 seconds 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 for about one second in D m
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 minority heating ßl

mode control through local heating (ECRH on CLEO, DITE, TFR)
ECR current drive is demonstrated (CLEO, DITE, DUI, WVII) but with a rather low
efficiency
bootstrap current compensation in stellarator (W VU-AS)
ICR current drive is observed in small size tokamaks. The basic physics elements for
current drive in large machines has been demonstrated in JET
LH current drive is observed in all LH experiments. Efficiencies close to those needed
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 T c values)
substantial volt second saving with LHCD during current ramp-up (JT-60)
2 COUPLING STRUCTURES
Antennae 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 need 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 tuning device is needed due to the achieved good coupling efficiency (> 90%)
ICRH antenna impedance is very sensitive to the density of the scrape-otT plasma which might vary
with many parameters such as: distance antenna-plasma, MHD activity, plasma density and Hmode transition. Tuning devices are needed to take into account the substantialreflectedpower.

the largest electron temperature: 12 keV in JET with ICRH til
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- IM, both with LHCD 151.
The bask relevant physics is given as follows.
1.1 Electron Cyclotron Range of Frequencies
The resonance occurs along the layer
o> = (Dec = e B/me
which corresponds in today's experiments to a very high frequency range: 6 0 - 1 4 0 GHz. It is to
be noted that strong absorption occurs in a localised heating zone and thatrelauvisricand Doppler
shifts allow the possibility of power absorption at values of the magnetic field different from
resonance (up-shifted and down-shifted resonances).
Electron Cyclotron Current Driveresultsfrom the asymmetric coffisionality generated by a selective
absorption of EC waves, preferentially on fast electrons for a good efficiency. Wave injection at an
oblique angle is preferred.
1.2 Ion Cyclotron Range of Frequencies
Theresonanceoccurs along the layer
CD = tuci = e B/mj
corresponding to a very low frequency range: 20 -120 MHz. The absorption is weak for a pure
plasma at CO = Ofci. 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 in a
deuterium plasma or deuterium minority in a tritium plasma.
Ion Cyclotron Current Drive might result either from asymmetric heating of minority ions, with a
low efficiency but capable of producing highly localised current, or trom direct interaction between
fast wave and electrons (Electron Landau Damping or Transit Time Magnetic Pumping ) for which
predicted efficiency 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.

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 penetration port and to transform the
incident radiation pattern. Rotaiable mirrors and polarization control are in use in the W-VII as
stellarator.
For high power operation and/or long pulse operation, active cooling might be needed. In Tore
Supra, losses for a 400 kW incident RF power at 110 GHz have been estimated to be of the order
of 1 kW.
2.2 LHCD Antennae
They are made from a phased array of open-ended waveguides located in the scrape-off plasma
(grill). The parallel wave spectrum is determined by the width of the waveguide and the phase
between adjacent waveguides.
To date antennae use a large number of waveguides per antenna:
JT-60
ASDEX
Tore Supra
JET
JET
JT-60U
FT-U

96 waveguides at 2 GHz
48 waveguides at 2.45 GHz
128 waveguides at 3.7 GHz
128 waveguides at 3.7 GHz
384 waveguides at 3.7 GHz (in preparation)
192 waveguides at 2 GHz (in preparation)
48 waveguides at 8 GHz (in preparation)

An important practical problem is the RF breakdown which might occur in open-ended evacuated
waveguides due to:
multipactor (resonance of secondary electrons trajectories which is a severe problem
at cuce, (Dee/2, o>ct/3,...
impact ionisation of residual gas (if p> 10-5 torr)
The usualremediesare the following:

13 Lower Hybrid Range of Frequencies

coatings: Carbon, Ti pulverisation, rough gold

LH waves represent the skr» wave branch of the plasma dispersion relation in the frequency range:

glow discharge cleaning

luci < 0 ) < l u c e

Contrary to the other RF methods, there is not a magnetic resonance but a kinetic
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 ofrefractionwhich is determined by antenna geometry.
There is a density threshold (proportional to f2) above which damping occurs on fast ions and
below which occurs on fast electrons.
Lower Hybrid Current Drive results from the creation and the damping of the wave on fast
electrons. High efficiency driven currents are obtained when a unidirectional wave is launched.
Efficiency is direcüy proportional to the velocity of LH induced fast electrons, ie can be very high
at low values of the parallel wave index.
For current drive application, 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 dala base on heating
and current drive:
high grade H-modes have been obtained with RF techniques alone:
-ICRH on JET
- ECRH on D m
-LHCD on JT-60
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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/cm2 at 1 GHz to
10kW/cm 2 atlOGHz.
The trend to operate at high frequency is favourable for power density capability, but the
correspondingreductionin dimensions impose the use of very large number of waveguides.
In order to reduce the number of associated vacuum windows, the power can be split by passive
elements into small waveguides in the evacuated section of the antenna. With lhe "multijunction"
technique (Perula, Tore Supra, JT-60, JET) the power has been split in up to 8 waveguides per
window. It 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 to minimize resistive losses. Disruption induced forces
are very high due to the proximity of the grill mouth lo lhe plasma. In Tore Supra, Zirconium
copper (good mechanical qualities) and electrical insulation between waveguides has been used. In
JET and JT-60, copper coated stainless steel and strong shielding 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 system
against disruption induced forces and the safety aspects. Programmed movement during a plasma
shot is needed with eventually a feedback control (in preparation in JET).

The main problem for their design is the limit in voltage capability. Special attention has to be
devoted to the shape and the design of the ceramic windows in order to withstand the required large
voltage. To day, currents up to 1 kA and voltages up to 50 kV have been achieved.
3.2 Pressurized Transmission Lines

2.3 ICRH Antennae
To date they are made from inductive loop antennae carrying poloidal RF current. A Faraday shield
is required to impose wave polarisation, to avoid parasitic loading into other wave modes and
prevent direct streaming of particles into antenna.

3.2.1 One of the main achievement in the design of ECRH transmission lines has been to
produce a low loss system (Stuttgart, Culham). Such systems consist of a large number of
components, including:
overmoded waveguides

Optically closed screens made of Nickel or Titanium Carbide have been used in ATC. PLT. TFR,
JET, ASDEX, TFTR. The corresponding RF losses entail 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.

mode converters to use low loss propagating modes (0.3dB/km for the HE11 mode and
0.43 dB/km for the TE01 mode)

For long time, application of large ICRF power induced metallic impurities. Coating techniques
(carbonisation, boronisation) have beneficial effects. 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 agreement with theoretical predictions /6A

mode filters

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). In such a way, a small area of the tokamak is used, in
competition with other port requirements, and large RF fields can be produced in front of the
antenna.
The other possibility is to move the plasma-antenna distance as in JET. Antennae can then be
located between main ports allowing to use a substantial part of the outer wall (8 antennae in JET)
and to 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 constant impedance 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 voltage 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.
It is to be noted that the new A2 antennae which are being prepared for JET will allow improved
coupling properties by making use of the space created by the new pumped divertor configuration.
More-over they will incorporate ICR current drive features such as a septum to decouple adjacent
conductors (to 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 transmission line. The following material are used:
alumina
beryllium oxide
boron nitrate
quartz
sapphire

bends and tapera required by the geometry
As an example, the 50m long transmission line for COMPASS at 50 GHz has a 10 to 15%
transmission loss. C02 gas purging is sufficient for reliable operation.
It is to be noted that quasi-optical transmission lines (quasi-gaussian beams and focusing minors)
will have to be used for frequencies above 140 GHz.
3.2.2 LHCD transmission lines are more conventional since they are made from standard
waveguides which are pressurised with SF6 in order to reach their maximum capability, which is
in the range of 1MW 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 loss has been achieved on Tore Supra with
a 30m long transmission Une at 3.7 GHz.
Low losses andrealiablecomponents such as DC break, hybrid junctions and flexible waveguides
to accommodate launcher movement have been developed in several experiments. Remote
handling flanges and HF connectors have been developed in JET.
323 ICRH transmission lines are made of large diameter coaxial transmission lines in order to
withstand the large RF voltages. These coaxial transmission tines have very low losses when they
are matched.
The significant amount of power which is reflected back to the generator 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 to be obtained in a large range of plasma conditions.
In the ORNL design for TFTR and Tore Supra antennae, variable vacuum capacitors are pan of the
antenna itself.
4 GENERATORS
Requirements for RF sources 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 meet these specifications at high frequencies.
4.1 Development of high power ECRH sources is very challenging and still on-going. Today,
high power sources available for pulse operation duration longer than one second are limited to
frequencies up to 60 to 84 GHz.

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
therequiredpattern.

The preferred source in almost all fusion experiments is the gyrotron. The radiation is produced
through the interaction of an electron beam (with a large proportion of transverse energy) with an
r.f.electric field in an overmoded cavity operating at high order mode. The electron beam is shaped
to conform to the desirable mode structure, usually azimuthally symmetric modes.
Steady state gyrotrons have been operated at 60GHz on DIU (Varían) and 70 GHz on W VU AS
(Varían) 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 higherfrequency,the following gyrotrons have been developed:

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 6 to 8 kW/cm^ but the dielectric losses are
high and cooling is a problem.
For short pulse operation, 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
(fiuorinated hydrocarbon) flowing between disks. The associated thermo-mechanical stresses 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 energy handling
capability. 200 kW of power for a few seconds at 60 GHz have been achieved during tokamak
operation. Higher power handling is obtained on sources:
60 GHz
140 GHz
140 GHz

mode converters to launch the required mode structure

CW
CW

200 kW
100 kW
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 problems, this technique has been successfully
applied to several 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 foreseen in future machines. Distance between the antenna mouth and the vacuum interface
can then reach 6 to 8 metres: JT-60, Tore Supra, JET. Power handling capability of 300kW to
1MW for long duration time have been achieved, depending upon the frequency and upon the
degree of reliability which is needed.
It is to be noted that techniques relevant for future machines such as double containment and remote
handling installation have been tested in JET.
3.1 J ICRH windows are made of a coaxial transmission line and their power handling capability
has been found to be very large: 1 to 2 MW for long duration time.

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 (Varían)
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 (Varían), all at power level of about 400
kW. Their efficiency is rather low: 30 to 34%. A Gyrotron concept with special separation of RF
and e-bcam might allow energy recovery resulting in shifting efficiencies up to 40 - 50% (under
investigation).
To be noted is the use of superconducting magnets to provide therequiredmagnetic field: up to 6
Tesla.
Another possible microwave source is the free electron laser. Radiation is produced by the
interaction of a relativistic electron beam with a spatially periodic magnetic "wiggler" field and an
electromagnetic wave that is propagating as a waveguide mode in a drift tube. It is to be noted that
they can be tuneable in frequency which can be advantageous for several possible applications.
Using a relativistic e-beam at 6 MeV. an RF power pulse of 200 MW for lONs has been launched
in the MTX experiment at Livermore through an evacuated transmission line.
It is to be noted that the progress of ECRH studies is closely linked to the development of sources.
The following generators are:

running
in preparation

WVTIAS
T-10
COMPASS

Dm

T-15
in development
proposed

1MW
4MW
2MW
2MW
12 MW

70 GHz
81 GHz
60 GHz
60 GHz
81 GHz

3 sec
5sec
S sec
0.5 sec

Tore Supra
FT-U

2MW
2MW

110 GHz 30 sec
140 GHz
1 sec

ASDEX U

2MW
5MW
10 MW

140 GHz
110 GHz
140 GHz

Dm

wvnx
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for the plasma current, plasma densities exceeding 1()20 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 estimated power for non-inductive current drive ranges from 100 to 150 MW, depending upon
the density, for time duration ranging from 200 sec to steady state.
Requirements for steady-state operation are very demanding. For all the methods which are
possible candidates, including neutral beam current drive, a substantial part of the plasma current
(25% to 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:
a large "technical" efficiency, ie including power supply, source, transmission line and
antenna efficiencies, is required to minimise the power from the grid which can be
considered as recirculating power from the fusion output:
a large "physics" efficiency, ie the ratio between the amount of produced driven current
to the power effectively coupled to the plasma minimises power requirements. The
required "physics efficiency" value has to be in the range of:
n R1/P = 0.4 1020 mz-2 MA/MW

4.2 LHCD sources are more conventional. Klystrons have been used at frequencies up to 4.6
GHz. They are robust, reliable with good efficiencies: 45% to 65% and can easily 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 prepared for FT-U at a power
level of 1 MW (Thomson), 500 kW (Varían). The control in phase is more difficult since
gyrotrons are not amplifier tubes such as klystrons.
4 3 ICRH sources are high power tetrodes which are 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)
and 2.5 to 3 MW units are in preparation. They can be tuneable in frequency. For instance, the
following range has been achieved:

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 efficiencies are shown in fig. 2 /8/. The gap between required and actual
efficiencies is quite small for LHCD, especially at relatively low density, larger for ICR driven
methods, coming experiments on 1CRD are aimed at bridging this gap, and quite large for all other
methods. To be noted that experiments with MeV-beams are prepared (JT-60 U) allowing NBI
current drive and efficiencies to be assessed in conditions closer to Next Step conditions than actual
NBI current drive experiments.
4.1

23 - 57 MHz in JET
30-114MHzinASDEX
A plant made of 16 units of 2 MW is routinely in operation in JET.
5

RF METHODS FOR NEXT STEP

The current drive and heating system for the Next Step has to be a multi-function system /7/. A list
of the envisaged functions is as follows:
heat the plasma to ignition with enough flexibility for
bum control

ICRH for Next Step

ICRH is prime candidate for heating plasma to ignition and for bum control. ICR current drive is a
promising method whose predicted efficiency is slightly smaller than for LHCD and for Neutral
Beam current drive, but can be balanced by a high "technical efficiency".

drive all, or a portion of the plasma current for
steady state or very long pulse operation

The main advantage of the method is its independence to the density of the plasma and to its
flexibility associated with the tuneability of the generator.
Required frequencies are the following:
plasma heating to ignition: 44 MHz for minority heating on 3 He and for harmonic
heating on tritium

ICRH
(ECRH)
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

33 MHz for bum control at 0) = cotd
17 MHz for current drive (frequency below all main species resonances and highest
efficiency range)
A 17 to 60 MHz tuneable system is proposed 191 and no specific problems on generator and
transmission line are anticipated, even if the frequency has to be varied during a plasma pulse in
order to be tuned to different heating schemes. "Technical efficiencies" ranging between 50% and
60% are envisaged.

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

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:

large pumping in the range of 100 0001/s

to use a large array of antennae: 30 to 60 if they can be mounted above port location, as
sketched in fig. 3,18 if they have to cross port location.

4.2

a 20 cm stroke, the weight of the launcher being in the range of 40 to 80 tonnes.

the Faraday shield is made of water cooled tubes, avoiding welds

5.1 ECRH for Next Step

the first ceramic insulator is placed after the first bend avoid neutron damages.

The main role for ECRH is to provide:
preiomsabon

LHCD for the Next Step

assistance in ramp-up

The main role for the LHCD system is:
to provide off-axis current drive
to assist the ramp-up of the plasma current
to provide some control of the plasma current profile

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 frequencies arc more
effective for current drive.

The proposed frequency of 5 GHz is a compromise between conflicting requirements. A higher
frequency would avoid coupling to alpha particles and to have a good wave penetration 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.

It is proposed to use a large number of channels from sources at 140 GHz delivering 1 MW with
mode conveners integrated in the source, via a 50 m long corrugated waveguide transmission line.
As shown in fig. 5, focusing mirrors are used as well as moveable mirrors to keep track of mode
surfaces.

For this frequency. Klystrons are a preferred source because they are robust and can easily 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:

The main critical issues for the procurement of such a system are the windows and the sources.

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 parts 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 from 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 composed of 3000 waveguides 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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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 are under study in many laboratories. The main difficulties is to obtain long duration pulses
and good efficiencies, as a consequence 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 emission
from an electron beam which decreases 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 electron 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 obtained main achievements in fusion oriented
experiments. They are flexible systems with synergistic and complementary actions between
different methods. The good theoretical understanding together with the large data base allow a
good level of confidence in the extrapolation of the existing RF systems to the systems required for
the Next Step. In particular operation on JET with powerful system at parameters 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

very effective
heating

very effective
current drive

very effective
heating

technical
efficiency:
50% to 60%

technical
efficiency:
45% to 51%

technical
efficiency:
30%

Phf up tol8

Phf up to 8 MW

Phf up tol.5 MW

promising
current dnve
method
localisation
independent
on density

actual physics
efficiency
close to
required value
for next step

localisation of
heating

MW

launcher close
to plasma
surface

high power
sources and
windows to be
developed

50 MW 5 GHz
for off-axis
current drive,
ramp-up,
pronie control

20MW140GHZ
for plasma
start-up and
mode control
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Domain of efficiencies for current drive methods:
Lower Hybrid Current Drive (LHCD), Ion Cyclotron Current
Drive (ICCD), Electron Cyclotron Current Drive (ECCD),
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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SCHEMATIC OF AN ION CYCLOTRON RESONANCE ANTENNA OH ITER

SCHEMATIC OF AN ELECTRON CYCLOTRON HEATING SYSTEM ON ITER
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F u t u r e P r o s p e c t s for J E T and N e x t S t e p

Tokamaks

by
PH Rebut
JET Joint Undertaking, Abingdon, Oxon. OX 14 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 (nDTETJ of 8-9x1 O^m-'skeV to be
reached (within a factor of 8 of that required in a fusion reactor), albeit only transiently.
Even so, at high heating powers, an influx of impurities sdii 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
tokamak; allow a choice of suitable plasma facing components; and demonstrate the operational
domain for such a device. With an efficient axi-symmetric pumped divertor, ignition should
occur in a tokamak reactor ofabout2to3 times the size of JET.
It seems prudent to envisage international collaboration on a Next Step Programme,
which could comprise several complementary facilities, 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 facilities,
expected costs and timescales are discussed.
1. 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 Programme is designed to lead ultimately to the construction of an energy
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
medium sized specialized tokamaks.
The objective of JET is to obtain and study a plasma in conditions and dimensions
approaching those needed in a thermonuclear reactor [1,2] involving four main areas of study:
(i)

various methods of heating plasmas to the thermonuclear regime;

(ii)

the scaling of plasma behaviour as parameters approach the reactor range;

withstand the power loads encountered. However, the interaction of the plasma with these
components, even under quiescent conditions, caused unacceptable dilution of the plasma . In
addition, imperfections in the positioning of the components led to localised heating during high
power which caused enhanced impurity influxes. These influxes produced a condition called
the 'carbon catastrophe', in which the plasma concentration, plasma temperature and neutron
yield collapsed.
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 lO^nr 3 was achieved by strongly peaking the
density profile using a sequence of 4mm frozen deuterium pellets injected at intervals
throughout the current rise phase of an X-point discharge. Moreover, 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
associated rather with the formation of a poloidally asymmetric, but toroidally symmetric
radiating structure (a "MARFE"), which clamped the plasma density. These results constitute a
substantial enhancement of the operating 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 fuelling profile is
remarkably flat. These flat profiles are difficult to reconcile with an anomalous particle pinch
and pose important questions related to particle transport, and in particular, the transport and
exhaust of helium ash products. With deep pellet fuelling and additional heating, peaked
profiles are obtained (cases (a) and (c)). These studies suggest that the edge density may be
correlated with the density limit which, under beryllium conditions, may be considered as a
limitation of edge fuelling. 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 near 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 (due to high wall
pumping). A beryllium first-wall offered the additional advantages of improved plasma purity
and reduced radiation. These factors allowed higher input powers, greater fuel concentrations
( i c / n j (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.

(Hi) the interaction of plasma with the walls and methods of fuelling and exhausting the
plasma;
(iv)

the production of alpha-particles generated in the fusion of deuterium and tritium

and the consequent hearing 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 parameters and exceeded in several cases (see
Table I). The plasma current of 7MA and the current duration of up to 30 seconds are world
records and are more than twice the values achieved in any other fusion experiment. The
neutral beam injection (NBI) heating system has been brought up to full power (-21MW) and
the ion 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 achievement of better performance and prevents
the attainment of steady state. A planned New Phase for JET [3] is presented: an axi-symmetric
pumped divertor configuration would 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. FinaUy, the requirements for a
Demonstration Fusion Reactor are set out and proposals are made on how international
collaboration on a Next Step programme could be envisaged. This should comprise several
complementary facilities, each optimised with respect to specific clear objectives.
2. J E T SCIENTIFIC RESULTS AND ACHIEVEMENTS
The performance of JET, as indicated by the fusion triple product (noT,^), has increased
significamly 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 operation on each 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 towards a reactor.
Recently, it became apparent mat impurities and density control were the main obstacles
to improved JET performance. Graphite components had been developed to mechanically
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Temperature: High ion temperatures have been obtained at the low densities 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 lo 17MW. A typical
example is shown in Fig.4 in which the central ion temperature reached 28keV for about 15MW
input in a magnetic limiter configuration. 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 is shown in Fig.5 to increase linearly with power per particle up to the
highest temperatures so far achieved; the central electron temperature, on the other hand, is seen
to saturate at about 12keV. At higher densities (ne(0)>2xl0'»m-'), experiments with combined
neutral beam and ICRF heating result in central ion and electron temperatures both exceeding
1 IkeV in a 3MA plasma for an input power of 33MW (21MW NBI and 12MW ICRF healing).
Extensive studies have been performed in the 'monster-sawtooth' regime in which
sawteeth oscillations have been suppressed for up to 5s by central ICRF healing. Peaked
temperature profiles (with both central ion and electron temperatures above lOkeV) were
maintained for several seconds, which, in the equivalent D-T mixture, would result in a
significant enhancement in the lime-averaged fusion reactivity over thai obtained in a
sawtoollung discharge.
These observations indicale that electron thermal losses are anomalous, with electron
confinement degrading substantially with increasing input power. The ions, on the other hand,
behave quite differently; although ion thermal transport is also anomalous, ion confinement
degrades little with increasing input power. This suggests thai lhe electrons are the fundamental
cause of anomalous transport This is in-line with lhe critical electron temperature gradient
model for confinement [4].
Energy Confinement: Wilh either a carbon or beryllium first-wall, lhe energy confinement
time on JET improves with increasing current and decreases with increasing heating power,
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, lhe confinement is about a factor of two
bener, bul 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

(central values of fuel concentration (np/nj were in lhe range 0.7-0.9) allowed substantially
improved fusion performance.

H-modes of Is duration were created with ICRF heating alone. Their confinement
characteristics were similar to those with NBI heating alone;

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
to a lower impurity production. With beryllium antennae screens, H-modes were achieved with
either monopole or dipole phasing of the ICRF antennae The confinement in H-modes with
ICRF alone was similar to that with NBI.

ß values up to the Troyon limit were obtained in low field double-null X-point plasmas;

In summary, the global confinement time degraded with input power for both ICRF and
NBI heating in the range 4 - 2SMW. The dependence of the confinement times on heating
power in both material and magnetic limiter configurations is shown in Figs.6(a) and (b),
respectively. Typically, H-mode confinement is about twice L-mode confinement.
These observations indicate that the transport in the H- and L-regimes are similar, except
for an edge thermal barrier which is easier 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 ß-value)
that can be sustained in JET and investigated the plasma behaviour near the expected ß-limit in a
double-null H-mode configuration, at high density and temperature and low magnetic field (B,
= 1 T). Values of ß, up to - 5.5% were obtained. The ß, limit is close to the Troyon limit [6]
ßt(%) = 2.8 Ip(MAVB,(T)a(m), where l p is the plasma current and a is the plasma 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-hydrodynainic (MHD) instabilities occur and these limit
the maximum value of ß without causing a disruption.
The behaviour near both the density and ß-limits may be reconciled in terms of resonant
instabilities, which have the magnetic topology of islands.

the neutron yield doubled to 3.5xlO,6s"' and the equivalent fusion factor Quj- increased to
-0.8;
the fusion product (nDTET¡) increased to S^xlO^m^skeV for both high (>20keV) and
medium temperatures (9keV), reaching near breakeven 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 steady
state. Ultimately, the influx of impurities 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), sweeping the magnetic configuration across the target plates and benefitting from the
formation of a highly radiating zone in front of the target plates. Studies of active impurity
control represent a natural development of the JET programme and accordingly, a New Phase
for JET is planned to start in 1992 [3], 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 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;

Impurities: With a carbon first-wall, the main impurities in JET were carbon (2-10%) and
by >2. Although beryllium increased, carbon remained the dominant impurity for this phase.

a decrease of the heat load on the target plates;
the control of plasma density;
the exhaust capability,

With beryllium limiters, the concentration of carbon was reduced by a further factor of 10, but

a realistic model of particle transport.

oxygen (1-2%). With beryllium evaporation, oxygen was reduced by factors >20, and carbon

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

Principal concepts of active impurity control

were reduced significantly, in line with a model [7] which takes account of impurity self-

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.

sputtering. As shown in Fig.3, it had not been possible to maintain ( n ^ n j much above 0.6
with carbon limiters even for moderate input powers, but values greater than 0.8 were routinely
achieved with beryllium limiters. Correspondingly, the effective ionic charge, Z ^ . was
reduced significantly, already with the beryllium evaporation , and then more so with beryllium
limiters. Z ^ 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 substantial increase in energy confinement.
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
(nrj/ne) increasing to 0.9. Since the X-point tiles remained as carbon, the carbon catastrophe
was not affected significantly with a beryllium first-wall. However, the duration of the Hmode 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 ion
temperature reached 22keV, the energy confinement time, tg, was 1.1s, with a record fusion
product (nD(0)xET,(0)) of 8-9x103Om~3skeV. The neutron yield for this discharge was also the
highest ever achieved on JET at 3.5 x 10l* ns"1. with QDD ■ 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 (nDTB T,) 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 lokamaks.

Hypervapotron elements will be used for the high heat flux components of the target
plates, and these are expected to accommodate power fluxes up to 15MWnv2 at the copperberyllium interface. Of course, rapid sweeping (4Hz) of the target plates to limit the localised
heat load, to limit erosion and to affect redeposition will be important Methods of ensuring
that a substantial fraction of input power can be radiated in a controlled 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 pumping 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/x ratios), the effect of sawteeth and the effect of an edge transport barrier forming in the Hmode. To assess fully these issues requires detailed modelling of particle transpon 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

Summary of Scientific A chievements: Substantial progress has been made with
beryllium as a first-wall material, affecting impurity influxes such that:
*
•

oxygen impurities were essentially eliminated;
the effective ionic charge, Z^, was significantly reduced in ohmic plasmas (down to 1.2)
and with strong additional heating (down to <1.5);
a severe carbon influx Ccarbon catastrophe') persisted for inner wall and X-point
plasmas, and represents a serious limitation in H-mode studies.

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 >ls;
the density limit increased, with a record peak density of 4xl0 2O nr 3 with pellet fuelling.
This limit is principally a fuelling limit and not a disruption limit, as found with carbon
limiters;

*

sawtooth free periods exceeding 5s were achieved, but the stabilisation mechanism
remains unclear.

The plasma behaviour in the scrape-off-layer (SOL) and divertor channel plasma (DCP) can be
understood qualitatively by considering the basic steady state equations for the particle flux, F,
and the total plasma pressure, p, along the magnetic field line direction, x. Fig. 10 shows
isothermals and isoflows in the pressure (p) versus impurity density ( n j plane. These curves
intersect at two points, above and below a pressure po/2, 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 po/2.
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, X¿t given by
A4 = Xp - \ ,

with

!-i _ mzVz
** ~ Tx z

and

X'1 =

1 dT

The temperature gradient scale length is given by the heat transport equation with electron
heat conductivity parallel to the magnetic field O^KQT 5 / 2 ) 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, X^ > X, .
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 (he surface erosion and thereby increases (he lifetime of the target plates.
However, such operation will lead to high densities 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 iransport model has been
developed. Monte Carlo methods are used for neutral particles in the flux surface geometry of
the planned pumped divertor configuration. The model shows that impurities can be retained
near the target plates for plasma flows, typically -lO^V 1 . The steady state distribution of
beryllium impurities, for conditions with and without flow, are shown in Fig. 11.

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 PI would be:
to demonstrate sustained high power operation of a fusion reactor core of 2-3GW
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
in full reactor conditions;
to achieve a cost/unit thermal output relevant to the establishment of fusion as a
potential economic energy source (lECU/thermal Watt).
The design philosophy of PI would be:
to make full use of the scientific and technical experience gained from JET and the

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 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 With this configuration, single null X-point operation is possible for performance and
impurity control studies, including plasmas with 6MA for 10s, a volume ~93nr 3 and a
connection length from the X-point to the target plates of 3m and with 5MA for 10s, a volume
~80nv3 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.IT.

rest of the tokamak programme;
to minimise the need for developments by using established techniques;
to reduce complexity and increase reliability at reasonable cost;
to provide a high safety margin in achieving design specifications for the magnetic
field and plasma current.
As a consequence, conventional coil technology could be used and this would allow an
early start in 1994 once the results on impurity control become available from the New
Phase of JET. These objectives could be achieved 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 confinement and in the monster sawtooth regime, while long
pulse ignition (> 30 mins) would be sustained with L-mode confinement at high power
and also with high frequency low amplitude sawteeth. With sustained ignition conditions,
blanket modules would be tested under neutron fluxes of up to 2MWnr2.

4. REQUIREMENTS FOR A DEMONSTRATION FUSION REACTOR
Fusion Research Programmes are directed ultimately 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 sets 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
developments of plasma facing components and first-wall materials with a high resilience to
14MeV neutron radiation at a power flux of2-3MWnr2 must be carried out in parallel with tests
and developments of divertor target materials with high power handling capability and low
erosion (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 (v¿10km/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 Phase of JET, progress is still needed to prove the
viability of present or emerging concepts. Tritium breeding blankets are required to operate at
high temperatures and have not yet been tested. Furthermore, in the area of superconducting
technologies, viable high critical temperature superconducting materials arc desirable for
sufficient safety margins and these need thorough testing. Finally, a credible physics concept
still needs to emerge for current drive, to sustain continuous plasma operation. However, this
last requirement may prove to be unnecessary when semi-continuous operation (~2 hours) has
been demonstrated, which maybe 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 engineering design cannot yet be proposed. A
reasonably broad strategy would be to develop, partly 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.

•

The primary objectives of P2 would be:
to demonstrate the viability of high power operation of a large tokamak with
superconducting magnets;
to assess continuous operation at high density with current drive;
to assess profile control;
to assess advanced divertor concepts.
The design philosophy would be to test, at areasonablecost, superconducting and noninductive current drive technologies in a low activation environment, so that flexibility
could be built-in to incorporate innovations for concept development throughout the
lifetime of the device. Some technological developments are still required and therefore,
construction could start somewhat after PI, 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 5m, and elongation of 2. To control the density and
impurities, an advanced exhaust and divertor 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 MWnr2) over surfaces of 0.04-0.05m2. Its construction could start early
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
starting dates.
6. CONCLUSIONS
•

JET has successfully achieved or surpassed its original design aims and in doing so has

5. THE NEXT STEP

produced and contained plasmas of thermonuclear grade.

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 ignition under conditions required for a DEMO device: that is, high
power long pulse operation in fully ignited plasmas (QDT = °°)-I' iS also necessary io test hot
blanket modules and the resistance of highly sensitive materials (eg insulators, first-wall) to
high neutron fluences. Furthermore, semi-continuous or continuous operation and the viability
of a fully superconducting tokamak must be demonstrated.

been achieved; simultaneously, the fusion product of these parameters is within a

Individually, each of the parameters n, XE and Tj required for a fusion reactor have

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 each 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 complexity would be introduced and this would place a practical limit on intended
flexibility. A reactor strategy which would minimise risks and costs would be to address the
different Next Step issues in several complementary facilities, each with separate objectives.
This strategy requires a clearly defined Next Step Programme rather than a single device.
In such an optimised Next Step Programme, the three main issues of long bum ignition,
superconducting coil technology and material testing are separated and addressed in three
different facilities (PI, P2, P3) which are constructed on a rimescale commensurate with the
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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 Phase is planned for JET, prior to the introduction of tritium, to demonstrate
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.

•

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 effective 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 international collaboration, such a programme
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 (nn Ti TE) of 9 X 10 20 nr 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 M. 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 &>3» 41-
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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^.
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 Ti and T e 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 (no T¡ TE) of 2.5 x 10 20 nr 3 .keV.s was
achieved in H-mode operation^.
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 nD/n e (no :
deuterium density; n e : 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.

Although p l a s m a dilution is observed
during long pulses at low plasma input power, the
carbon influx is very strong at higher power when
t h e surfa ce t e m p e r a t u r e of the carbon tiles
reaches temperatures of 1200-1300°C . In the latter
case the carbon influx is t h o u g h t to be due
essentially to radiation enhanced sublimation and
self sputtering. Self sputtering can increase the
carbon influx in an avalanche like process when
t h e self s p u t t e r i n g coefficient increases with
temperature and reaches a critical v a l u e d . At
J E T this effect called the "carbon catastrophe"
results in a sharp decay of all plasma parameters
and a fa ll of fusion performance measured by the
neutron yield from deuterium-deuterium (D-D)
reactions.
For these reasons, beryllium was proposed
as a first wall material as it was expected t h a t it
could provide superior performance because of its
lower atomic number and its gettering properties
for oxygen. A full comparison between carbon
and beryllium a s first wa ll ma teria ls a nd the
rationale in fa vour of beryllium ha s been given
i n ^ . Also preparatory experiments conducted in
the ISX.Bt 9 ! and UNITORU^ tokamaks indicated
t h a t beryllium was a viable limiter material.
Beryllium was first introduced into J E T in 1989
and has been used with great success during the
1989 and 1990 experimental campaigns.
II

STATUS OF FIRST WALL DURING THE
1989-1990 EXPERIMENTAL CAMPAIGN

Inboard Wall
The vessel configuration is shown on
figure 1. The inboard wall is covered with
graphite protection tile6. In the vicinity of the
equatorial plane where the heat load is highest
during normal operation and plasma disruptions,
the tiles are fibre reinforced graphite and have a
very much higher resistance to thermal shock
than normal fine grain graphite tiles. The tiles
have been aligned and can act as an inner bumper
limiter with a power handling capability of 400
MJ. It should be remarked however that useful
plasma discharges with an acceptable plasma
dilution can only be sustained at much lower
energy levels. Observations of the tiles showed
t h a t even t h o u g h most tiles r e m a i n e d a t
t e m p e r a t u r e s below 600°C , some were heated
sometimes up to 3000°C . C arbon sublimation
often leads to plasma disruptions. Plasma energy
inputs of about 20 MJ were able to produce this
effect.
Figure 1 shows a discontinuity in the wall
protection above and below the equatorial plane.
This is due to the fact that internal saddle coils for
the stabilisation of plasma disruptions have not
been installed yetf5!. Installation of these coils is
planned for 1992.

Figure 1:

Present status of the JET vessel

X-Doint tiles
When the machine is operated in the Xpoinţ configuration, wall protections are also
required where the ma gnetic eepa ra trix intersects
the vessel wall. It should be noted that J E T can
operate in a single-null configuration with the Xpoint at top or bottom, and also in a double-null
configuration. The wall protections near the top
X-point are fibre reinforced graphite tiles which
have been carefully shaped and aligned to
minimise local hot spots on the tiles.
In
p a r t i c u l a r the leading edge of each tile is
shadowed by the adjacent tile. In addition,
sweeping of the X-point position has been carried
out in order to increase the effective strike area
and reduce the surface temperature of the tiles.
Sweeping in the radial direction (frequency -1Hz,
amplitude - 5 cm) was clearly effective at delaying
the onset of carbon influx into the plasma. In the
double-null configuration, vertical sweeping
produced the same effect bv alternatively loading
the top and bottom tiles. A further improvement
was achieved by injecting gas in the X-point
region. This delayed the carbon influx and
allowed the substainment of 5.3 seconds long Hmode discharges. With these precautions it has
been possible to achieve an energy deposition of 3040 MJ per pulse on these tiles before the onset of
the "carbon catastrophe".
The wall protections near the bottom Xpoint consisted also of graphite tiles during the
1989 campaign. In 1990, these tiles have been
replaced by beryllium tiles. The beryllium tiles
which have been used for this purpose were
designed to be protection tiles for the Ion C yclotron
Resonance Heating (IC RH) a n t e n n a e and are
therefore not an optimum design for an X-point
target plate. Because of the curvature of the tile
profiles and shadowing effects, the useful total
strike length in the toroidal direction is only about
1.6m, whereas the toroidal circumference is 17m.
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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 flow 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.
Limiter
When the machine is operated in the
limiter configuration, the plasma is leaning
against the belt limitert m . 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 5MW/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 so 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 Zeff 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.
Evaporatori;
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.
Ill

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 coiH14!. 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 Bhould 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
vessel! 15 ]. 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 improvements 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/m 3 ) 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
vessel!4]. 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 is 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
72m 2 and includes an access system, a component
transfer air lock, a filtered ventilation plant and a
waste water collection system.
Suits used for invessel work have to be
decontaminated, cleaned and checked for damage
before reuse. This work is done in a dedicated
suit cleaning facility. During the shutdown 90
suits/week were used from a complement of 300
suits. A fter each working session the suits were
doublebagged 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 reuse.
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 A tomic A bsorption Spectrometric
Technique. During the shutdown, more than a
hundred samples were analysed every day. The
samples originated from invessel 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

SUMM
A RY OF RESULTS ACHIEVED
WITH A BERYLIJUM 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^1617!.
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. A t 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. A verage impurity concentrations
(%) and dilution factor for the various
operating phases
C
Phase

Be/C
Phase

1
5
.
0.6

0.05
3
1
0.8

Oxygen
Carbon
Beryllium
nd(o)/ne(o)

Be Phase
Limiter Xpoint
0.05
0.05
1.5
0.5
1
3
0.9
0.85

carbon first wall
beryllium evaporation only
beryllium evaporation and
solid beryllium tiles
on the limiter
Be phase Xpoint = beryllium evaporation and
graphite Xpoint 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 ÜIÍB reason, graphite walls become
an uncontrollable 6ource 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).
C phase
Be/C phase
Be phase limiter

The properties of beryllium have a great
impact on operation since density control is much
easier, operation at low density becomes possible
(hotion 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^1617! and the results
can be summarised by the record values achieved
in pulse No. 20981.
Table 2.
Pulse No. 20981
(nD, ne and Ti are values at the plasma centre)
Xpoint double null configuration. Hmode
Ip = 4MA
PNB = 16 MW
nD = 3.7 x IO19 m3
Ti = 22 keV
nDTi.XE = 9xl020m3.keV.s
TE = 1.1 sec
nD/ne = 0.92
DD fusion power: PDD = 40kW
Computed equivalent DT 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.

V

THE PUMPED DIVERTOR: AN
IMPURITY CONTROL CONCEPT
RELEVANT FOR THE NEXT STEP

Although impressive, the results described 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 Xpoint discharges will be sustained at higher power
and for longer duration.
This approach may improve JET's performance 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.

The impurities generated at the divertor
target plates should be confined there by a flow of
plasma particles directed towards the target
plateB. 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^.
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.
c) 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 controlling the main plasma density.
The magnetic configuration

It is also necessary to obtain more data on
the operation 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".
VI

TECHNICAL DESCRIPTION OF THE JET
PUMPED DIVERTOR

Basic principles and main components
The key concepts of the pumped divertor
have already been explained^7'18!.

Figure 2:

The JET pumped divertor components

The configuration features four divertor
coils which allow many different configurations to
be obtained (Figure 2$l*\ 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
Plasma current (MA)
Plasma volume (m3)
Connection length (m)
Safety factory q95
Growth rate (s"1)*
Sum of divertor coil
currents (MAt)

Fat

Slim

6
88
3.1
2.2
270
0.74

5
75
8.2
2.4
800
1.5

*Growth rate of plasma vertical instabilities in the
absence of vertical position feed-back control.

Figure 4: Slim plasma configuration at 5MA
The side coils also allow the connection
length to be adjusted independently of the plasma
current and separately on the inboard and outboard sides of the X-point.
Sweeping of the strike region on the target
plates can be easily achieved by shining radially
the barycentre of the divertor coil currents. A total
sweep amplitude of 20 cm 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 divertor coils
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 350CC. The coils will be
assembled inside the vessel from preformed onethird 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.

Figure 3: Fat plasma configuration at 5MA
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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
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 accountf2°l. The side plates may receive up to
5 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
and 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.
900

P

600-
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2
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E.
E

300

Time (s)

Temperature evolutions at the beryllium surface
and copper-beryllium interface.
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 crvopump
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 plasma^21!.
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 10 19 s -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-Julicht22J. 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 cryosupplies 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 concentrations 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^.
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.s"1) 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.
Ion cyclotron resonance heating
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.
Diagnostics

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 (XUWVUV 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.
Á 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

and within a factor of 8 of that required by a reactor. Similar results with ICRF were also
obtained at medium temperatures, with Tc~Ti~10kcV.

ABSTRACT

Near breakeven conditions have been attained in the JET tokamak, with beryllium as the first
wall material. A fusion triple product (noT¿T¿ of8-9xlOi0m-3skeV has been reached (within a
factor of 8 of that required in a fusion reactor). 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 operation.
In parallel, an improved quantitative understanding of fusion plasmas has emergedfromthe
development of a particular plasma model. Good quantitative agreement is obtained between
the model and JET data. The main predictions are also consistent with statistical 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 results and
model predictions suggest that impurity dilution is a major threat to a reactor. A dtvertor
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
exhaust. It should demonstrate a concept of impurity control and demonstrate the operational
domain for such a device.
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 sound foundation 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 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. It could even be accomplished
without a significant increase in world funding.

1.

INTRODUCTION

Present Fusion Research Programmes are directed ultimately to the construction of a
Demonstration Fusion Reactor - DEMO, which should be a full ignition, high power device.
Moderate extrapolation of latestresultsand considerations of model predictions, taken together
with the constraints of present technology, allow the size and performance of a thermonuclear
reactor to be largely defined.
JET has successfully achieved and contained plasmas of thermonuclear 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 mainresultsachieved in JET.

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 have 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
improved and operation at higher densities was prolonged In partieulan
• 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
30keV) operation for times >ls;
• the density limit increased [6], and a record peak density of 4xl020m~3 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 electron temperature appears to saturate at ~12keV,
even though the central power to the electrons can exceed that to the ions;
• with beryllium antennae screens, H-modes were obtained for periods >ls using ICRH
alone. The confinement characteristics were similar to those with NBI alone;
• ß-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 JETresultsare 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
extrapolation to a Next Step tokamak.

3.1. Density limit

Furthermore, a clearer picture of energy and particle transport begins to emerge. The

With a beryllium first-wall, the maximum operating density increased significantly by a

critical electron temperature gradient model is a particular model consistent with JET results.

factor 1.6-2 compared with a carbon fint-wall. Furthermore, the nature of the density limit

The implications of this model are considered in Section 4 and predictions are compared with

changed and the frequency of disruptions at the density limit were much reduced. Disruptions

JET results.

did not usually occur, and the limit was associated rather with the formation of a poloidally

All aspects of plasma behaviour, impurity control and plasma exhaust must be included in
the model used to define the size, toroidal field, plasma current and operating conditions of a

asymmetric, but toroidally symmetric radiating structure (a "MARFE"), which limits the plasma
density to within the stable operating domain.

DEMO reactor (see section 4). Such a reactor would produce power in the range 3-6GW

Heating and plasma fuelling were varied systematically, using both gas and pellet fuelling.

thermal ar 1-2GW electrical power. Most critical is the control of impurities and the exhaust of

With deep pellet fuelling and either NBI or ICRH, peaked profiles were obtained (Fig. 2). Just

helium ash at high power. An acceptable solution is most likely to be achieved with a divertor

before a density limit MARFE occurred, pellet fuelled discharges reached the same edge density

at high densities.

as gas fuelled discharges, but the central densities were considerably higher. The central

To consolidate the model for density and impurity control, a New Phase is planned for JET
with an axi-symmetric pumped divertor configuration to operate with a stationary plasma (10s1 minute) of thermonuclear grade. This is described briefly in Section 5.

density depends, therefore, on the fuelling method used. The profiles are similar near the edge,

The Next Step must bridge the gap from present knowledge to that required to construct a
DEMO. This demands significant technological and scientific developments (sec Section 6).
these developments are expected to mature on varying timcscales. 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 each component. This would impact on the starttime and construction time, with consequential effect on costs.

and is found to increase approximately as the square root of power (Fig. 3). This endorses the

but are remarkably flat with gas fuelling.
These observations suggest that the edge density may be correlated with the density limit
view 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

A Next Step Programme is needed to address these issues. It seems prudent to envisage
international collaboration. The programme could comprise 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

Density profiles obtained with edge fuelling tend to be flatter with the lower Z ^ achieved with

2. JET PERFORMANCE RELEVANT TO A DEMO

the central electron density is shown in Fig. 4. Following injection, the decay constants are

JET is a high current, high power tokamak with a low-Z first wall [1-3]. Furthermore, JET
operates with the configuration foreseen 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. IMA and 4.5MA arc
also the highest currents achieved 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 function of central ion temperature is shown in Fig. 1
for JET and a number of other tokamaks.

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 divertor region. This resulted in high ion temperatures
(T, (0) in the range 20-30keV) and improved plasma performance, with the fusion triple product
(ID(0)TET,(0)) increasing significantly. Such improved fusion performance could otherwise
have been achieved only with a substantial increase in energy confinement
In the hot-ion H-mode regime, the central ion temperature reached 22keV, the energy
confinement time, xE, was 1.1s, with a record fusion triple product (nD(0)xET,(0)) of 89xl0Mnr3kcVs. The neutron yield for this discharge was also amongst the highest achieved on
JET at 3.5xl0 16 ns"'. with QD D = 2.4X10"3. A full D-T simulation of the pulse showed that
12MW of fusion power would have been obtained transienüy with 16MW of NBI power,
giving an equivalent fusion amplification factor Qm- - 0.8, reaching near breakeven conditions
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beryllium, in contrast to those obtained with carbon, which tend 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.
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
1.8s for the ohmically heated discharge and Is when ~8MW ICRH is applied. The global
energy confinement times are in a similar ratio. Therefore, it is reasonable to assume thai
particle and energy transport are linked. The measurement of emissivity profiles by the soft Xray cameras following the injection of laser-ablated, high-Z impurities provides evidence of
better impurity confinement in H-modes. The temporal evolution of NiXXVI emission is
shown in Fig. 5 for the L- and H-phascs of two similar discharges wit1! -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 Edge Localised Modes) and on transition
from the H- to the L-phase.

3.3. Temperature
High ion temperatures have been obtained at the low densities possible with a beryllium firstwall 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 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 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 apparently 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

*-iW?^)sb¡WÉ

primarily responsible for confinement degradation. However, this does mean that ion losses
are necessarily small.

nm

3.4. Electron heat and density pulse propagation
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 temperature
perturbation at different radii in a 3MA/3. IT ohmically heated discharge is shown in 7(a). This
can be modelled with an heat pulse diffusivity, XHP~3.2m2s', compared with Xe~lm 2 s'',
obtained from power balance considerations. The results in an Lmode plasma, heated with
9.5MW of ICRH, are shown in Fig. 7(b) and indicate that, although X c  î m V 1 , the same
XHP~3.2m2s~' can be used in the simulation to fit the data. Within experimental uncertainties,
the same XHP can be used also for Hregime plasmas and does not depend on heating power.

V/v«? q\n,(i¿r,¥
This model features:


a limitation in the electron temperature;



electron heat pulse propagation with XHP ~ Xm* >%t,

-

no intrinsic degradation of ion confinement with ion heating power;



density decay following pellet injection and its dependence on heating power,



similar behaviour of particle and heat transport;



density pulse propagation as observed with DQP  D¡ « Xrø.

Furthermore, in the plasma interior, the same model applies to the L and Hregimes and

Simultaneous measurements of the temperature and density perturbations indicate that the
particle pulse diffusion coefficient, Dop~De«XHP [71* This general behaviour must be
reproduced by the model.

particle and energy confinement improve together. However, at the edge of an Hmode, an

3.5. Global energy confinement

depends on shear, reducing to zero near the separatrix. Furthermore, MHD activity reduces on

With a carbon firstwall, the energy confinement time improves with increasing current and

making the transition from L  » H phase. This may imply the stabilisation of some other

degrades with increasing heating power, independent of the heating method and similar at high

instability at the edge, where the effect of impurity radiation and neutral influxes on MHD might

power. With a beryllium firstwall, energy confinement times and their dependences arc

be important in destroying, at least partially, the edge confinement barrier. This instability is

effectively unchanged: energy confinement does not appear to be affected by the impurity mix

apparently easier to suppress in an Xpoint configuration with high edge magnetic or rotational

(carbon or beryllium in deuterium plasmas).

shear.

edge transpon barrier forms and the transport might be classical over a short distance (few
cms). In fact, the Hmode may be the 'natural' consequence of the transport model, since Xanx

In the Xpoint configuration, high power Hmodes (up to 25 MW) have been studied. In

To complete the plasma model requires a description of die scrapeoff layer (SOL), for

comparison with limiter plasmas, confinement is a factor  2 better, but the dependences with

which a rudimentary model is also included (see also Section 5.3). For example, the

current and heating power are similar (Fig. 8). These observations are consistent with the same

spontaneous improvement in edge confinement has yet to be modelled.

basic mechanism applying over most of the radius, except perhaps near the very edge.

4.2. A pplication of the model to JET

3.6. Plasma beta

Several examples are shown to illustrate the applicability of this plasma model to JET

Experiments have explored the plasma pressure (indicated by the ßvalue) that can be sustained

experimental results.

in JET and investigated the plasma behaviour near the expected ßlimit in the doublenull H

A comparison between experimental and computed density and temperature profiles for a

mode configuration, at high density and temperature and low magnetic field (B,= IT), ß,

3MA/3T discharge heated with 8MW NBI is shown in Fig. 9. It is to be noted that the

values up to  5.5% were obtained, close to the Troyon limit p\(%) = 2.8Ip(MA )/B,<T)a(m),

temperature profiles are well represented and that the electron density profiles are flat The Z^r

where Ip is the plasma current and a is the plasma minor radius [6]. These results are consistent

of this discharge is low. No anomalous particle "pinch" is needed to describe adequately the

with the highest values obtained on DIII(D) [8]. In JET, the limit does not appear to be

density evolution.

disruptive at present power levels. Rather, a range of MHD instabilities occur, limiting the

The density and temperature profiles are also well represented for a 3MA/3T discharge

maximum ßvalue without causing a disruption. The behaviour near both the density and ß

heated with 8MW ICRF (Fig. 10). However, it should be noted that the electron density

limits may be interpreted in terms of resonant instabilities which have the magnetic topology of

profile is more peaked. The Z ^ of this discharge is also higher. A n anomalous particle

an island. Ignition will therefore not be limited by ß. Fusion power will be limited rather by

"pinch" is required and in the model this may be attributed to impurities.

the capability of thefirstwall and the divcrtor.

The model has also been applied to the propagation of heat and density pulses following the
collapse of a sawtooth in JET. A s shown in Fig. 11, the computed changes in Te and n« at
various radii andtimesagree well with experiment.

3.7. A lpha-particle simulations
The behaviour of alphaparticles has been simulated in JET by studying energetic particles such
as lMeV tritons, and 3He and H minority ions accelerated to a few MeV by ICRH [9]. Triton
bumup studies show that the experimental measurements of the 14MeV neutron rate is in good
agreement with that calculated from the 2.5MeV neutron (and hence the IMeV triton) source
rate and classical thermalization. The energetic minority km population with ICRH has up to
50% of the stored energy of the plasma and possesses all the characteristics of alphaparticles 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
isotropic. The mean energy of the minority species was about IMeV, and the relative
concentration of the 3He ions to the electron density was 12%, which is comparable to the
relative concentration of alphaparticles in a reactor (7%). Under conditions with little MHD
activity, no evidence of nonclassical loss or deleterious behaviour of minority ions was
observed, even though the ratio of fast ion slowing down time to energy 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

Thus, we have established good quantitative agreement between 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
parameters and operating conditions of a DEMO, including impurity levels.

4.3. A pplication of the model to a First DEMO
The parameters of afirstDEMO arc 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 to 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 1.61.8. Plasma physics requirements can be fulfilled by operating at a toroidal field no
greater man 5T. This defines a reactor with a plasma current of 30MA.

TRA NSPORT MODEL

4.1. Formulation of a plasma model
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


The characteristics of an Hmode can also be modelled, assuming classical transport near
the separatrix. A s shown in Fig. 12, this leads to higher density and Z^, reduced edge flow
( D a signal simulated), higher stored energy and Tg, lower %« and Xi. as observed
experimentally.

electrons which determine the degree of confinement degradation;



ion anomalous transport with heat diffusivity X¡ linked to electron heat diffusivity X¿



anomalous particle diffusivities, D, for ions and electrons, proportional to X;



anomalous particle "pinch" for impurities alone.

Specifically, above a critical threshold, ( V T ^ , 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 anomalous conductive heat fluxes are:
Qe ■nc XeVTe nc X«,^ (VTe  (VTeW
Qi«n¡X¡VTi
XilXeVTTfixtZi/Va+Zefr))
Di  0.6 X¡
The critical electron temperature gradient model of Rebut et al [10] specifies possible
dependences for Xmje and Dand this is explored further in [7].

The operating conditions will be such that:

 TiTe;


confinement is L  mode;



DT 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 Lmode transport model which has been tested
against JET results, together with a model for sawteeth, ßlimit instabilities and the divertor. A
mixture of DT is assumed and includes helium ash accumulation and pumping. A ssuming the
provision of adequate impurity control, ignition is maintained in DEMO (Rmmjar^m, a=3m,
4.5T, 30MA , K=2) after switching off 50MW of ICRH (Fig. 13). A t 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 without adequate pumping. To exhaust
sufficient helium and maintain ignition requires the pumping of about 1kg of DT per hour.
Exhaust and impurity control are essential. In fact, while the Hmode has short term
benefits for approaching ignition, the long term deficiencies due to helium poisoning arc evident
(see Fig.15). Steady ignition conditions can beachieved 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 achieved
with edge fuelling and high pumping; high density and flat profile; sawteeth and Lmode
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confinement; and recirculation of a kg of D - T per hour. The H-mode does not improve steady
state ignition due to the better confinement of ashes. At present, impurity control ís envisaged
to require high density operation. Under these conditions, the use of current drive seems
precluded. However, one hour steady state requires only 50Vs (-10% of inductive Vs) and
this can easily be provided.
A divcrtor concept for impurity control must be developed further. T h e
fuelling, impurity control and exhaust capability of a Next Step 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.

5.

SOLUTION OF OUTSTANDING ISSUES

5.1. Impurity c ontrol and the New Phase planned for JET

thorough testing. A credible physics concept still needs to emerge for current drive, to sustain
continuous plasma operation. However, this last requirement may prove to be unnecessary
when semi-continuous operation (2hrs or so) has been demonstrated, since this would tv;
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 engineering design cannot ycl be proposed. A
reasonably broad strategy would be to develop, partly in parallel, the main components of a
fusion reactor. I n addition, it is clear that more than one DEMO will be required (as in the early
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 well 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

Plasma dilution is a major threat to a reactor. Active impurity control represents a solution to

demonstrated: that is, high power long pulse operation in fully ignited plasmas (QDT ■ "*)•

this problem, and this will be tested in JET in a New Phase planned to start in 1992 [3], First

Tritium breeding in hot blanket modules should also be tested. Advanced divertors and concept

results should become available in 1993 and the Project should continue to the end of 1996.

development aimed at improved efficiency must also be pursued.

The aim of the New Phase is to demonstrate, prior to the introduction of tritium, effective

Technology must still emerge on such items as pumping and helium extraction; the use of

methods of impurity control in operating conditions close to those of a Next Step tokamak, with

low-Z plasma facing materials (eg. beryllium, silicon carbide, carbon fibres, carbide fibres);

a stationary plasma of 'thermonuclear grade' in an axisymmetric pumped dìvertor

the nature of breeding materials and coolant and structural materials for tritium breeding

configuration. Specifically, the New Phase should demonstrate:

blankets. The resistance of highly sensitive materials (eg insulators, first-wall, etc.) to high

the control of impurities generated at the divcrtor target plates;

neutron fluences should be evaluated. I ndustrial development is also required for

a decrease of the heat load on the target plates;

superconducting coils which can withstand neutrons and AC losses. I t is expected that the

the control of plasma density;

remaining technology can be scaled up from existing knowledge.

the exhaust capability;
a realistic model of particle transport

5.2. Key c onc epts of the JET pumped dlvertor
Sputtering of impurities at die target plates presents a major difficulty and such impurities must
be retained close to the target plates for effective impurity control. This retention may be
accomplished by friction with a strong plasma flow directed along the divcrtor 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
line between the X-point and the target plates must be sufficiently long to allow effective
screening of impurities.

Many of these issues are expected to mature on differing timescales. A single tokamak
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
yet in a position to take such a large step. I t is therefore not possible to address all issues on a
single device.
An I TER programme is the way to address the different Next Step issues. Several
complementary facilities, each with separate, clearly defined objectives, would
reduce scientific and technological risks;

5.3. Modelling the edge plasma

allow flexibility to accommodate new concepts;

Calculations for JET New Phase [13] show that impurities can be retained near the target plates

allow cross-checking of results;

for plasma flows, typically - l O ^ s ' 1 near the X-poinL The steady state distributions of Z ^

be more practical in managerial and industrial terms;

(with beryllium impurities), for conditions in the SOL and DCP, with and without flow, are

offer flexibility in location and time scheduling.

shown in Fig. 16(a). These results are obtained for an electron density ~l<fl°m-3 at the target
plates. At target densities approaching lO^nv 3 , the reduction of erosion and the plasma flow

This programme towards DEMO would minimise the risks and overall costs and would
ensure an efficient use of world resources.

associated with high recycling at the target plates ensures impurity control. I n addition, the

In such an optimised Programme, the three main issues of long burn ignition, concept

calculations show that the ion temperature in the SOL can be substantially larger than the

optimisation and materials testing would be separated and addressed in different facilities which

electron temperature (Fig. 16(b)). I n present JET discharges, probe measurements indicate,

would be constructed as technologies mature. The engineering design for each facility can be

that at low density, the electron temperature at the target plates is lower than the ion temperature

defined precisely, thereby allowing a high degree of confidence that objectives would be met

determined from broadening of Ha emission and power balance considerations [14],

A minimum ITER Programme should comprise:

5.4. JET programme in the New Phase

PI

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 components; and demonstrate the operational domain for such a device.

P2

- An advanced tokamak for concept optimisation;

P3

- A materials test facility.

A schedule for the JET programme incorporating the New Phase is shown in [12]. The
earliest dale to have a pumped divertor in JET is 1993. 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. This concept could be
developed further towards lower temperature, 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.

- A thermonuclear furnace: the core of a first reactor,

In support of this I TER Programme, "National Programmes" comparable 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 PI would be:
to demonstrate sustained high power operation of a fusion reactor core 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 validation of tritium breeding blanket modules in

6.

TECHNOLOGY OF A DEMO

full reactor conditions;

DEMO is a large and complex device. I t would include a magnetic system (with

to achieve a cost/unit thermal output relevant to the establishment of fusion as a potential

superconducting coils), a divertor with high power handling capability and low erosion, an

economic energy source (lECU/thermal Watt; 1ECU - 1.4$);

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

to achieve a high level of safety.
The design philosophy of PI would be:

system. Auxiliary heating systems are required for start-up. DEMO would operate either semi-

to make full use of the scientific and technical experience gained from JET and other

contínuously with long pulses (2hrs or so) or continuously with non-inductive current drive. I t

tokamaks;

must achieve high reliability, high duty cycle and high safety level. Activation and tritium

to minimise the need for developments by using established techniques;

inventory must be minimised. A full remote handling maintenance capability is required.

to reduce complexity and increase reliability at reasonable cost;

The construction of a DEMO must be preceded by an extensive test of the concepts and
technologies required. Plasma facing components and first-wall materials with a high resilience

to provide a high safety margin in achieving design specifications for the magnetic field
and plasma current

to 14MeV neutron radiation at a power flux of 2-3MWm*2 must be developed and tested.

The objectives could be achieved in a tokamak with 30MA, 4-5T, major radius 8m, minor

Divertor target materials with high power handling capability and low erosion (eg. low Z

radius 3m, and elongation of 2. The main parameters of PI are shown in Table I. I mpurities

materials, beryllium, carbon and carbide fibres, silicon carbide) must be developed and tested.

would be controlled actively by high density operation and a pumped divertor. The approach to

An efficient, high flow D-T fuelling system with pellet injection needs to be demonstrated. The

ignition would utilise I CRF heating with H-mode confinement and in the monster sawtooth

viability of present or emerging concepts for helium ash exhaust, pumping and energy exhaust

regime, while long pulse ignition (0.5 - 1 hr) would be sustained with X-point L-mode

still needs to be proved. Tritium breeding blankets must operate at high temperatures but have

confinement at high power and also with high frequency low amplitude sawteeth. With

not yet been tested. Furthermore, in the area of superconducting technologies, viable high

sustained ignition conditions, blanket modules would be tested under neutron fluxes of up to

temperature superconducting materials are desirable for sufficient safety margin and these need
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2MWnr 2 . Conventional coil technology should be used. An early start in 1994 would be
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Individually, each of the plasma parameters n, T¡ and tg required for a fusion reactor
have been achieved in JET; in single discharges, the fusion product of these

Table I
Parameters of P1

parameters has reached near break-even conditions and is within a factor 8 of that
required in a fusion reactor,
However, these good results were obtained only transiently, and were limited by
impurity influxes due to local overheating of protection tiles;
The quantitative understanding of fusion plasmas has improved with the development of a
specific plasma model, which is in good quantitative agreement with JET data The main
predictions arc also consistent with statistical 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 results and predictions of the model suggest the importance of
controlling dilution in a reactor. The divertor concept must be developed further to
provide sufficient impurity control;
A New Phase is planned for JET, to demonstrate effective methods of impurity control in

Parameters
Plasma Major Radius (Ro)
Plasma Minor Radius (horizontal)
Plasma Minor Radius (vertical)
Toroidal Field Strength at Ro

8m
3m
6m
4.5T
30MA

Plasma Current
Flat Top Pulse Length

10004000s

Volt Seconds

425VS

Additional Heating Power (ICRF)

50MW
0.5-4GW

Fusion Power

an axisymmetric pumped divertor configuration;
Based on present progress, there is confidence that sufficient knowledge will exist to

Table II
Parameters of P2

begin the construction of the "core" of a fusion reactor within the next 3-4 years;
A single Next Step facility (ITER) is a high risk strategy in terms of physics, technology
and management, and it does not provide a sufficiently sound foundation for a
demonstration reactor,
A Next Step Programme comprising several facilities:
would make more effective use of world 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 world
funding;
With concerted effort and determined international collaboration, we have the resources to
proceed with such a programme, towards a DEMO starting operation in -2015.

Parameters
Plasma Major Radius (Ro)

5m

Plasma Minor Radius (horizontal)

1.5m

Plasma Minor Radius (vertical)

3m

Plasma Aspect Ratio

1.8-2

Toroidal Field Strength at Ro
Plasma Current
Flat Top Pulse Length
Current Drive/Additional Heating Power

6-7T
12MA
u p to continuous
200MW
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Table III: A Time Schedule for an ITER Programme
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1995

New Phase
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2005
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Fig. 2: Election density profiles for different fuelling and heating methods. Profiles (a), (b)
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