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OPERATIONAL LIMITS & CONFIKEMENT IN JET

The JET Team *
{Presented by R J Bickerton)
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK

* See Appendix 1

ABSTRACT

0perat10na1 limits eon JET in terms of den51ty, current and plasma beta are described, The results
for varicus heating schemes are displayed in the o g T1 vs T; plane against the contours of
constant thermonuclear gain Q. The confinement data is compared with several scaling laws and the

eventual performance of JET predlcted Finally the likelihoed of ignition in the enhanced version
of NET is assessed.
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INTRODUCTICK

JET is a large tokamak with the parameters listed in Table 1. It has been operated with plasma
currents up to SMA in limiter bounded mode and 3MA with a single null magnetic separatrix. The
additional heating capability has been up to 10MW of neutral beam injection and 8MW of ion
cyclotron resonance heating (ICRH). The machine has recently been modified in such a way that the
above mumbers will be increased to 7MA (limiter), 4MA (single null}, 20MW (neutral beam) and 20MW
{ICRH) respectively. A further modification planned for 1990 is the addition of 10MW of lower
hybrid power for current drive studies.

In this paper we outline the operational limits already encountered together with the performance
levels achieved. The theoretical MHD stability limits on B are then discussed and the existing
experimental data presented. Several different scaling laws for the energy confinement time have
been proposed on the basis of JET and other tckamak data. These are compared and the eventual JET
performance is estimated. Scaling from the JET data the prospects for NET are considered.

JET PARAMETERS

MAJOR RADIUS, R, {(m) 3.0
MINOR RADIUS OF PLASHA, a{m) 1,2
ELONGATION OF PLASMA CROSS-SECTICON, X <1.8
TOROIDAL FIELD STRENGTH AT R, (T) 3.4
PLASMA CURRENT (MA)

(a) LIMITER BOUNDED 5.0(7.0)

(b) SINGLE NULL X-POINT 3.0(4.0)
NEUTRAL BEAM HEATING POWER({MW) 16{20)
ICRF HEATING POWER (MW) 8(20}

(Bracketted figures are the anticipated performance
levels for the 87/88 campaign.)
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Fig. 1. Plot of operating conditions in normelised current, normalised
density plane. Gy = 5AB/mRI where A ig the cross-sectional area of the
plasma (m?), B’I‘ the toroidal field strength (T), R the major radius (m}
and I the plasma current {MA). n is the average electron density (m~2}.

DENSITY AND CURRENT LIMITS

The density and current limits experienced on JET are presented in normalised form in Fig. 1.

Here qpyy, 13 defined as

= SAB
AcYl T mRI

where A is the cross-sectional area of the plasma, R the major radius, B the torcidal field
strength and I the plasma current. Units are m, T, MA. The Murakami parameter Y is defined as

where n is the average electron density in units of 10%*%m~3.

The data in figure 1 shows that the operating regime is bounded on three sides. There is a
working low density limit set approximately by M<(1/q). This limit is complex and depends on the
time histery of the discharge. During the current rise phase the neutral particle influx and
correspondingly the density must be above a minimum level to avoid MHD mode-locking and
disruptions (J. Snipes et al, 1987) or the creation of runaway electrons with £>1MeV. Once the
flat-top in total current is reached the density can be progressively reduced by switching off gas
input and moving the discharge on to a surface with a high particle pumping capacity such as the
carben tiles on the small major radius side of JET (referred to henceforth as the "inner wall").
In this way slide-away discharges can be created with densities down to 1.5x10!#m~? and with no
sign of a lower limit other than the time available for pumping. Note that in the normalised
plot, lines of constant ratio between (1/qpy;) and M are lines of constant electron drift
velocity, V3

= 61
vy = 1.6x10C (MqCYL) m/s

Ancther limiting line is the density limit above which the discharge disrupts. For norhal Ohmic



and RF-heated discharges this is a fairly well defined boundary given by

o) 20
n) =
e’y Icyr, R

while with neutral beam injection at powers up to 10MW the limit is considerably higher at

) - 221020 3

{n
e'g qcyL R

With ohmic heating aleme the limit {n_); can be significantly exceeded by the injection of a
single deuterium pellet.

A third line bounding stable operation is given by l/qCYL " 0.6. Careful experiments have shown
that this "low gq" boundary is precisely given by qg=2, where q@ is the actual field line safety
factor at the plasma boundary. (Campbell et al, 1986)

Note that the achievable values of ¥ in JET have a maximum at 6-7 for low Ay, while the design
value for NET is 16 (Engelmann, 1986) and for an econemic reactor % 30. Thus it is important to
understand the mechanism of high density disruptions.
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Fig. 2. Plot of operating conditions in the normalised curremt, (1/ )
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normalised density (ﬁR/BT) plane for the 1986 disruptions which occurred

during the current flat-top.

Figure 2 shows the disruptiocn data in the density-current plane for the flat-tcp phase of the
plasma current waveform. Most of the points are well inside the so-called stable zone of Fig. 1.
For qpy;2.5 these disruptions are nearly all preceded by a rise in the radiated power Pp,p to
equal t%e input power. For gpy;<2.5 the majority of the disruptions are not preceded by such a
rise, These low g disruptions refliect the high sensitivity of discharges when the resonant
surface qw=2 approaches the plasma boundary. 1In fact detailed study shows that high density
disruptiocfis are preceded by a rise in the radiated fraction followed by a shrinking of the
temperaturs profile and of the current channel (Campbell et al, 1686). Thus some of the )
unpredictability of disruptions is related to varying contamination of the discharge. Increasing
the power input into the discharge increases the density limit unless as in the RF case the
increase in power is accompanied by an increase in the edge density. Deuterium pellet injection
taises the density but reduces Z,p: while increasing the Ohmic input.
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A simplified model (Campbell et a1, 1986) for low Z dominated discharges {ie valid for Z sp # 1)

based on the triggering of disruption as RAD/Pry = 1 gives
- B izeff—1§ a b iqCYL~237b5

where the units are m, MW and the term (chgnga b) is approximately the ratio of the total volume

to the volume outside the q@=2 surface,

This gives good agreement with JET data Fig. 3 and suggests that to achieve high M in future
machines will reguire a substantial increase in the power inmput per unit length and a reduction of
Z compared with JET. This latter improvement is required in any case to reduce the depletion
of the reacting fuel.

EQUIVALENT THERMONUCLEAR Q VALUES

P
Q is defined as, Q= thh——
input

vwhere Py} is the total thermemuclear’ output power for a D-T plasma.
Py = JAV npnp (ov) Y

where ov is the velocity cross—-section product averaged over a Maxwellian ion distributicn for
temperature T;(r} and Y = 17.6MeV is the energy yield per reaction.

. P
- ~ " _ -th
In steady state PINPUT = PLGSS Pa = PLOSS %

where PLOS is the total power loss from the system and Pa is the o-power input which is
assumed to be all depesited in the plasma,



W
3 =L
10ss T 15

where W is the total energy content in the plasma and 1y the global energy confinement time.

A

The JET results are plotted in the a %i Tp VS Ti plane in Figs. 4-7. In this plane are also

plotted the contours of constant Q assuming Te=Ti’ the density and temperature profiles typical of

the experiments and n =nT=%(nD) ¢ Where (nD) . is the experimental deuteron density
(determined from the measured Zeff and the assumption that the depletion is due to carbon and
oxygen).
The results for four éifferent heating scenarios are shown in Figs. 4-7, namely for ohmic heating
only, RF heating, neutral beam heating and combined RF and neutral beam heating. This-data is for
plasmas bounded on either the outer limiters or the inner wall. It is evident that the highest Q
values (close to 0.1) are reached with 3MA discharges on the inner wall with neutral beam heating.
The highest ion temperatures are reached in these same discharges where the strong pumping
action of the carbon tiles enables the density to be kept low (1-2x10'9m=?). In these plasmas
Ti/Te 4 2, giving the so-called hot ion mode.T This means that the Q values derived from the

(1+ e/Ti)

contours are underestimated by a factor of 3

depends on two conditions,

. The ability to increase the ratic Ti/TE

{1) the additional heating system must predominantly heat the ions directly.
{2) the equipartition time Tequ must be significantly longer than the global confinement time.

Ciassically

0.084 7,32 (kev)
equ Da1g

T

if we define Ti/Te>1.5 as a hot-ion mode then in the B fi T, VS Ti plane the line
A P o= 17 5/2
g T = 45x10 By

divides the regime where the hot ion mode is possible from that in which equipartion ensures

T Ty This line is shown on Figs. 4-7 where we see that the neutral beam results at high ion
temperature are all in the hot ion regime. Note that the hot ion mode criterion intersects the
ignition requirement at T;»50keV. Thus it is not the optimum route all the way to ignition but it
is certainly a promising approach to Q1.

Figure 8 shows the X-point results in the same plane. Evidently Q ~ 0.1 conditions are reached in
the H-mode single null discharges even at 2MA (A Tanga, Kyoto, Nuclear Fusion etc.). These
results were obtained with neutral beam heating only.

fipT T (keV) m—3s)
)

-
(=]
]
&

10"

coar T

Ty (ke V)

¥ig, 8, Data for separatrix beunded plasmas, all heating schemes, X -
Double null results (2Ma}, O Single mmll results {2&3MA). Upper single
null results are H-modes all with only neutral beam heazing, Contours of

constant Q as in figures 4-7,
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LIMITATIONS ON ADDITICNAL HEATING SYSTEMS

Neutral Beam Iniection

The main limitatione are on the plasma density. The density must be high enough tec aveid
excessive shine through and low enocugh to maintain a power deposition profile peaked in the
central ccre of the plasma,

For JET with 120kV deuterium beams these limits are

019 ems™3

1.10%m™3 ¢ n ¢ 4x1

Other factors notably limitations on confinement time mean that this is a fully acceptable
operating range.

Ion Cyclotron Resonance Heating (ICRH)

ICRH has the proven advantage of very localised power deposition depending primarily on the choice
of magnetic field, frequency and minority species. However there is a serious limitation due to
the need to have the plasma boundary sufficiently close to the antenna screen in order to achieve
good coupling. Figure & shows the theoretical and experimental variation of coupling resistance
with plasma distence for the antermnae used in the past. There is quite good agreement. Also
shown are the thecretical values for the new design of antenna, eight of which are nov installed
on the machine. It is clear that it should be possible to couple significant power to the plasma
in the promising scenario of X-point operation. In this case it is important that the
plasma-antenna distance exceeds some critical value, at present unknown but probably 25cms., The
importance of increasing the voltage hold-off capability of the antenna-feeder combination is also
evident.
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Fig. 9. Variation of coupling resistance Rc with antenna - plasma
AD1M and A02Q are the antennae used in the 1%85/1986 campaign

AlM and AlD are the newly

distance.
in the monopole and guadrupole configurations,
installied antermmae of different design operating in the monopole and
dipole configurations. Coupled power is proportional ta V’Rc where ¥ is
the voltage on the antenna. AlD should have the same favourable
properties as A02Q in that it has no component with K” =0. At the same

time it should have a higher coupling resistance.
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8 - Limits

The theory of limiting P due to MHD instabilities {Troyon et al, 1984) has been remarkably
successful in predicting the operating limits which are cbserved experimentally. The Troyon limit
is, :

B =2.8 %E % (B is the value of B averaged over the plasma volume)}

and is derived by optimising the pressure profile. Hender et al (1987) have studied the MHD
stability of a wider range of pressure prefiles. For JET at 7MA and full field 3.5T they find the
limits on B and So vs po/<p> shown in Fig. 10 for a given profile with g,=3.6 at the boundary.
Evidently the more peaked the pressure profile the lower the permissible va?ues of both Bo and B
in this case. The thermonuciear Q depfnfs very weakly on this profile provided 7<Ti<20kev but
depends linearly on central vaiues of n Ti T ieon B - For JET with B=3,5T a thermonuclear
Q=1 requires B t_=9%s. Taking the maximum B_ from Hender et al (=15%) gives a simple requirement
on Tg, TE>0.GS for a profile in which po/<p> =1,

Bo

0 H i !
3 4 5 6 7

Po/<P>

CAB7. 1329

Fig. 10. Variation of idezl MHP stable values of 5 and Bo with the
pressure peaking factor pD/(p>. Calculation is for q@ ranging frem 1.2
on the axis to 3.6 at the boundary corresponding to 7MA in JET with

BT=3.5T.

In Fig. 11 the present experimental results on B are pletted vs I/Ba' The line represents the
Treyen limit. Evidently we have achieved ~ 0.6 x the limit in H-modes at currents of 2-3MA. A4s
we will see later the combination of available input power and confinement time degradation is
iikely to be more limiting to JET performance than MHD modes.
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Fig. 12a. Confinement time Ty Versus input power for plasmas bounded on
the inner wall or cuter limiters. Lines are the predictions of the

Geldston L-mode formula for an elongation of 1.4,
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Confinement time versus input power for H-mode discharges with

single null magnetic separatrix boundary. Lines are 2 x the predictions

of Galdston L-mode scaling with the appropriate elongatien. (=1.7}

ENERGY CONFINEMENT TIME

Figure 12a shows the confinement time vs power for all JET data excepting that for X-point
operation. The lines plotted correspond to the scaling developed by Goldston (1984) namely,

tp(s) = 3.7x1072 1, % p1-75 470-37 g

It is remarkable that this expression with unchanged constants fits JET data so well since it was
derived from tokamaks smaller in physical scale by & factor 3 and smaller in maximum current by a
factor 10.

The H-mode results (Tanga et al) show a similar degradation with power but an important
improvement over the L-mode by just over a factor 2 as shown in Fig., 12b.

deposited in the outer regions.

Conseguently the degradation of confinement time may not be an
intrinsic feature of JET H-modes. (Keilhacker - this conference)

These discharges do not
reach a steady state, the density rises continucusly so that the beam power is progressively

P. Thomas (1987) has used Connor-Taylor variables to derive a power law scaling fitting the JET
data, for limiter discharges he finds
tgls) = 3.4 (v 107 87

where T, is the resistive penetration time, T the poleidal Alfven transit time and
2
BI=(1§Z ).Z;E;W where W is the plasma energy content. (MJ).

Guided by a model in which a critical electron temperature gradient exists for the development of

magnetic jislands embedded in regions of stochastic fieid Rebut et al (1987} have derived an
expression for the electron energy content of the plasma W,

¥ %
I N S s B M7y
W, = a; Z% n ™ B? 179 {itay —g—a75")
i 20 5 74 30372
with @y = 2.3x1072, ay = 3, ¢ = (abR)Y/3 and units M3, WA, MW, T, m, 101973

These three formuliations show rExP*% at high power, they differ mainly in the dependence on n and
I. Callen et al (1987) have analysed JET data in detail ceonsidering a balance between an inward
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heat pinch and cutward thermsl conduction. They find an offset linear variation for the plasma
stored energy versus input power. For high input power this leads to,

where 1 is a heating effectiveness which is a defined functien of the power deposition and thermal
diffusivity prefiles. For typical present JET cases n=0.45 giving

g = 0.05 I
For the expected JET parameters Ip=7MA, B=3.4T, a=1.2m, b=1.9m, P=40MW, n=5x101°m-? the
predicticons for g aTe,
Goldston L - mode 0.33s
Thomas model 0.43s
Rebut st 21 mocdel 0.37s
Callen et al 0.32s

As might be expacted for the relatively small extrapolation from present experiments the results
do not differ very much. However since Q = P 1p?* the predicted Q values will show more
variation.

PERFORMANCE AND DEVICE EXTRAPOLATION

For the purpose of extrapolation we use the L-mode expression andﬁcharacterzse Tg as g = Yg TEL
where tgp is the L-mode value. The central fusion parameter X=n T 1ty is then given by

y YnYTYgz 1.26 0.5 2 g2
X = 3.33 x 10 y (m™3, kev,s)
g

=Tl=H
1 )

Yn ¥ s Y7 T

This expression shows that X is a fixed characteristic of the device with the only possible
variations through the y values.

If we combine the L-mede scaling with the Troyén B limit then there is & condition on the heating
power required,

10.5 a?-7% ¢ B2 g2

P, = M
1 v R

where B =K. I/B, is used as the Troyon limit.

Combining the L-mode scaling with the Murakami parameter M gives a different condition on the
power required,

2 ,0.74 2 7 2
P ______q_30M 5" mw
2z .5 10

Yg Rl

where T is the average temperature (keV)

From these formulae with P for JET fixed at 40MW, o~1.8, vy y¢=3, T=5keV, we find

X = 2x107%9 y 2
KT = 0.8y

M =3.4vy

Q =40.2 y:’

Since KT<<2.8 we see that JET is confinement rather than B limited, that for y_ =1, X ~ 2x102°¢
correspend to @ * 0.2 and that to reach this performance the tokamak must be oferated with a
relatively low value of M corresponding to Ee " 4x101%m~3. For the K-mede with yg=2 the
predictions for 40MW input are

-j2-



P P
X 2.6x1072° 6 x 102°
Kp 1.6 1.6
M 3.4 5.0
Q 0.26 0.6

Since Kp<2.8 it is clear that the normal critical 8 is not exceeded.

If we apply these expressions tc the parameters of 'enhanced NET' {(Engelmann, 1986) we find for
the parameters, R=5.4m, a=1.7m, e=2.2, B=4,8T, I=14,8MA a consistent set for ignition with
X=5x10%1m~3 keV secconds, P=100MW, t1g5=1.8s, p/§=3, Yg=2‘2 (requiring H-mode) n=7x10%%m-3(M=8).
These figures are all plausible on the basis of the“present JET data. The Rebut-Tallia scaling is
more pessimistic and requires an H-mode type improvement of ~ 2.5 in the confinement time for
ignition. Callen-Cordey scaling, assuming a (size)? dependence is more optimistic and predicts

ignition without an H-mode improvement.

NON THERMAL CONTRIBUTIONS TC Q

With neutral beam heating we can expect contributions to Q due to reacting collisions between the
fast beam ions themselves be and between beam and background 'plasma'’ ions, Qb . The

contribution due to Qpy is dominant at low plasma densities and high input power since

Py E 1
b b
Qp = n? . volume
while Qb~p o« ab% where g, is the energy of the injected beam ions.

This is for the case where g,<g, the critical energy (w20T,) below which the fast ions slow down
by collisions with background icns, Figure 13 shows the predicted Q values with 20MW of RF, 20MW
of NBI and confinement times in the range extrapolated from present experiments. Evidently the
maximum total Q is achieved at low density and contains a significant non-thermal contributicn.

Taking into account the earlier evidence on confinement time we see that it should be possible to

achieve a total Q ~ 1 in 7MA iimiter or 4MA X-point operation. With 6MA X-point operation total @
" 1.5 should be possible.

1.5

1 T,=15keV

Qor

05+

CROT 1321)

fle{Xx10%°Mm"3)

Fig, 13. Predicted Q values fer various values of confinement time.
Power input is 20MW ICRH and 20MW neutrzl beam injecticn. Dashed lines
show thermonuclear Q, Continucus lines show total Q values including beam

slasma comtributions, (1.1 D-T mixture withoutr depletion)
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CONCLUSIONS

(8) JET operation is limited in the normalised density vs normalised current plane in much the
same way as all other tokamsks but with a maximum Murakami parameter ~ & at 1/g v, v 0.6. High

density disruptions are due to current charmel shrinkage as the radiated power 1n the periphery
rises. ’

(b) Conditions have been achieved in deuterium corresponding to a thermonuclear Q » 0,07 in a D-T
mixture,

(c) JET performance has been well below the B-limit so far. It is likely to remain so with
limiter operation but with higher current H-modes the Troyon limit may be approached.

(d) ALl JET operation shows severe confinement degradation as the heating power is increased.

(e) Different interpretations of the existing data lead to much the same predictions for operation
at the extended parameters of current and power that will be used in the future.

(£} To achieve thermonuclear Q & 1 requires Tp>0.6s due to the MHD stability limitations on Beoe

(g) A total Q ~ 1.0 is a realistie prediction when thermonuclear and beam-plasma centributions are
inciuded.

{h) The presently accessible values of M are fully adequate. Indeed with 40MW of input power the
average density must be kept below 4x101%m-? in order to get a high enough average temperature.

(1) On the basis of present JET data a machine with the parameters of 'enhanced NET' should ignite
provided H-mede type confinement is achieved, '
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