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2, ciasmas odcunded by iters on the outer eguatorial plane
3. plasmas obounced by the wall on the small mejor radius sice of the torus

L

the average plasma density s kept low {(2g 2-3 10 "m 7.

Tnis should e possible due Lo the remar«adle punping acticon of carton walls found in



Confinement and heating of plasmas in the JET Tokamak 1945
INTRODUCTION

The aims of the JET project remain those set out at the start of the design prnase in 1974,

namely to study,

1) the so ng ¢f plasma behaviour as plasma parameters approach the thermonuclear reactor
regime,
) Dplasma-wall interactions in these conditions,

2
3) plasma neating,

4) a-particle production, confinement and consequential plasma neating.

Item {4} requires that the machine operates eventually in a deuterium-tritium mixture. The

machine has therelore been cdesigned for remote maintenance and tritium compatitilicy.
T

design and construction of the m
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1946 R. J. BickerTton and the JET TEam

Poloidal Fiux Contours in the Plasma Poloidal Flux Plot
T Plasma current 2.0MA Elongation 1.8
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Fig.1 Poloidal flux contours for a representative Fig.2 Poloidal flux contours for a representative
discharge bounded by the outer limiters. discharge bounded by a magnetic separatrix with X-

points at the top and bottom of the plasma cross-
section. {Double-null configuration).

PLASMA HEATING

TwWwe tecnnigues have Deen used to neat tne plasma in addition to the inescapable cohmic

A

neating that results {rom the passage of current t I
radic freguency power (25-55MHz) is coupled throug

h loop antennae to fast waves prepagating

rom the low field side of the plasma. These waves are absorbed at the resonance
Ze 3,
layer for minority ions in the plasma, ie where Uzp T g . wnere 2

M, C <

=

i

mass of tnese minority lons and B, the toroidal field strengih. 3cth H arnd He” minorities
- 5

have been used in CJET deuterium pl

asmas with concentrations relative O the bulx ions ©
few percent., The minority ions are heated to hign equivalent temperatures (~30-80xeV) and
transfer their energy <¢ bulk ions and electrons oy normal (Coulcmb) collisicn processes.

-3

During the experimental campaign reported nere up <o SMW of RF power was injected into the
ulses were several seconds Iin duratiorn.

torus from 3 1oop antennas P
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unaffected anc enter tne plasma where they are ionised by collisions with lons and
electrons, The resulting trapped fast ions (energies 30-80keV) then transfer their energy
TO the bulx plasma by collisional processes. Tnus there is a tasic similarity between the

twO technique a5 ussd on JET. Minority species icon cyclctron heating being eguivalent to

n thne plasma. In the f{irst technicue
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internal neutral injection. During the campaign reported here 8 ion sources havs been used
to inject up to 8MW of deuterium beams at voltages of about 75kV. About 76% of the power
injected consists of neutral atoms with the full energy ie 75keV, tne remaining power is

carried by atoms with 1/2 and 1/3 of this energy.

OPERATING DIAGRAM
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Tigure 3 shows the JET operation in normalis

cases, ohmic heating only, chmic plus radio freguency neating, ancd onmic plus neutral beam

heating.

Normalised 05—

Plasma - X X x o x
Current - X X x
04 —
q - BRSOk Bea XX
o 03— BRI R X XX X
5 A R <
02 —
- x Neutral Beam Heating
01— . Ohmic Heating Qnly
z o Radio-frequency Heating
(o] _: Sast cet
0 1 2 3 4 5 6 7
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%= R

Fig.3 Operating diagram for JET in the normalised
current (1{Gpy, ) versus normalised density (7 RBy) plane.

The current s nermalised as

1 _ 27A .
‘Irea s’ "t T
T
- R
and the density as n_ — Here the
e 3

T
is the toxamak safsety factor delined

safety factor is the numbder of times

there (s

Sreak Qown,
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suddenly terminated by a disruptive instability,
to zero in a few tens of milliseconds. From
radio frequency power
value. By contr
increase in density. From this evidence it would
the limit but the combination of power and internal
particle beams does increase the limiting density.
diagram 1s thne quest

If

disruption.

the

Figure 3 it can be seen that

cn of terminating a neutral Deam heated discharge without having a

R. J. BickerTox and the JET TeAMm

lzsma current falling uncontrollably

the addition of

does not significantly increase the density limit above the onmic

ast neutral beam heating at a similar power level permits up to an 80%

seem that power alone does not increase
fuelling corresponding L0 injected

An important point related to thnis

the beams are simply switched off with the density above the critical value

ic neating alcone then a disruption can be confiderntly predicted. 4 remarkable feature
is that if the discharge is moved to the inner wail [(20m carbon tiles) before the neams are
curned off then the unexpectedly strong pumping action ¢f the inner wall can 2e used to

reduce tne

density below the ohmic limit and so permitting beam switchr-off

without

disruption. This is extremely important for sale repetitive machine operation although the
onysical and possidbly chemical processes involvecd in this pumping actica are not understocd.
PULSE PROPERTIES
Tigures 4 & 5 show the time history of several xey parameters during a typical pulse. ne
discharge 1s flirst establisned ohmically on the cuter znc the current {s ramged up
Shot 8105 Shot 8105
0 T T T T T3
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Fig.4 Time traces of plasma current,
neutral beam power and radiofrequency
power for shot §105.

clectron density
temperature 7, peak

Fig.5 Time traces of line-average ¢
A volume average electron
electron and ion temperature 7., 7; for shot 8108.
Arrows on timebase show succ us' vely the switch-
on of neutral beams switch-on of RF, switch-off of
RF and switch-off of beams.
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to the flat-top value of 3.0MA. With the pulse established the neutral beams are turned on
at 7 & 38s into the pulse. At about 9s an additional 5Mw of RF is injected. AL 12 seconds
the plasma is moved to the inner wall and the density which had been rising due to beam
fueiling starts te fall, Between 1 & iis the acdditional heating power is progressively
reduced to zero without a plasma disruption. The density rises oy ~2 during neating, the
centra. ion temperature more than the increases 1n botn central :;e* znd volume
average {%e) electron temperatures ars much more mocest. The principal 27fect of the RF
heating in this pulse 1s to increase the sawtootlh amplitude on Zotn elzctron and ion
temperatures in the centre.

ENERGY CONFINEMENT
The energy confinement time T is defined as,

T o= X )

H P o= CW/ ., Y

-

Energy confinement time v Scaling law

09~ Chmic heating oniy
08~

07-

04~

x Separainx
(Double Nuli

03~

e Limiter

Energy confinement
ges

Fig.6
dischar

o

Fq R?a(x 10" differentiated.

p.ortcd against the
A ¢ R* a. Double null and outer Limi

times for ohmic
scaling combination
data are

er
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Figure 7 shows the energy content of the plasma against the total power input. The highest
power level 1s achieved with combined ohmic, neutral beam and RF heating. The results de not
depend significantly on plasma density. At high powers they follow closely the values

T _ where

predicted by the L-mode scaling (Goldston 1984), that is W = PTOTAL' .

. - 3‘7“0-2 Ip P-% R1.75 a-0.37 K‘/z

€

seconds (3)

where the units are MA, MW, m and X is the plasma elongation. This form derived on the basis
of resulis in much smaller machines predicts with surprising accuracy the JET performance at

1-5MA provided that the additional heating power is several times the ohmic contribution.

Total Energy Versus Power
35+ A
I =3MA 'y
W(MJ) P " A
30 A
o° %
80 ] o] °
25 s o SRS ®
o io N Q%
HRD © e
20+ 090 %ooc: °
b £ aa
151 x " x 00 [+] OO
X [} fe)
oy
10+ X% ﬁ x Ohmic
x X% o High n (2-4.10"m"3)
05+ 4 Low n. (1-2.10¥m=-9)
L 1 L 1 { L 1 !
0 2 4 g 8 10 12 14 16
P(MW) casesens

Fig.7 Plasma energy content versus input power for the
full range of operation with and without additional
heating at 3MA. High and low density ranges are
differentiated showing that the density dependence is

weak,
Tne degradation of confinement time with power describec in (3) is seen equally with neutral
beam Or RF heating separately or combined. This result is of sasic importance sinee it gives

a severe limitation Lo the JET performance when extrapolated to the power and current levels

presently planned for the later stages of the experiment.
THERMONUCLEAR REACTICNS

Tne thermonuciear fusion power in a D-T mixture due to nuclear reactions hetween thermal ions

where ?”‘\I is the power per unit volunme, ni the ion density, {0

) the fusion cross-section ion
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velucity product averaged over the distribution function and Y the energy yield per

reaction.
The product ov depends on the ion temperature,

—_— Y
oV = T,
1

where Y is an index which reduces progressively with rising ion temperature to ~2 in the

g
themonuclear range of interest, ie TxeV < Ti < 20keV. 3Since the Local energy censity nT is
t

proportional to Pt where P is the input power, the impor
o

ant ratic Q”V tetween the

thermonuclear output and the power input has the dependence

P.. omin e
o - .1 {2=4) (v
™

i I3

~
In the neighbtourncod of T, ~ 5keV, wnich is tne case for JIT resuls resorted here, ¥ = 3, sO
that

Q x n-.w 52 -

™ e

. . . =%

Jsing the L-mode scaling discussed earlier in wnich 7t = ? we find

- B -

Qe P

with centrzl 1on temperatures -15«eV then & = 2

Thus once th2 lon

ircreases 1n neating power.
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energy yield per reaction. For a case with only neutral beam heating the fast ion density nb

is

where T is the slowing down time for fast lons. Under present JET conditions with
relatively low volume average electron temperatures (2-3keV) the initial slowing down is

oredominantly on the electrons so that

leading to the ratio of beam plasma fusion power to the input of the form

or for the L-mode scaling,

3o once again for present JET parameters we find advantage in operating at the highest

OVERALL FUSION POWZR

The totzl fusion yield will then be the sum

ch s
“o-p © STv

With present JET parameters the dominant contribution is Q

. - 15
neutron yields of ~ 3x12 "n/s glives

by operation at present levels In a 53/50 I mi nan the present

the present level by maximist

or

rom tnese considerations it is evicent that the performance of JiIT will be increased over

3

This optimum path is determined by the L-moce confinement scaling.
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Ip = TMA Limiter, L-mode confinement

1~ 0.34s giving for D-T
o

- - ~ v ( = g- ic Y
QTN 0.25, Qb-p 0.6, QTOTAL 0.85, PQ BMW \Pm a-particle power)
Ip = UMA, Separatrix, 2 x L-mode confinement
1= 0.4s
=
- 0.4 Q ~ 0.6 -1 ~ 8MW.
QTN 0.4, Qb-p 0.6, QTOTAL 1.0, Pu MW
Thus in both cases Q*OTAY -~ 1 and "scientific breakdown" is achieved. To improve on this and

to achieve Q“j ~ 1.0 will require some imprcovement in the confinement scaling and/or in the
radial profiles. Measures designed to effect such improvements are in hand. They are all in

£ ;e

the research class and will require several years to be implemented and fully tested.
SUMMARY

a) With ohmic heating alone record energy confinement times up to 0.8s have been reached.
Ion and electron temperatures are 3-5keV.

b) With additional neating the confinement time is rapidly degraded independently of the
heating method.

¢) Central ion temperatures up tc 10xeV are reached at low density with neutral deanm

heating.

jo%

) Conditions equivalent to a QTOTAL ~ 0.1 in D-7 heve been reached,

ith the presently observed scaling further progress requires operation at leow censity anc

@
=
-
<
-y

maximum nezting zCwer.

>

e ey
¢l Lhe

o)

To achieve truly thermonuclear ¢ values of unity or more reguires brez

oresent scaling. Measures to do this are in hand but they are of a speculative research

nature and will require time for full expioitation.
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