JET-P(99)41

J G Cordey et al

Isotope ldentity Experiments
in JET






JET-P(99)41

Isotope Identity Experiments
in JET

J G Cordey, B Alper, R BudhyJ P Christiansen, | Coffey,
K Erents, P Harbour, L D Horton, K Lawson, G F Matthews,
G Saibene, R Sartori, J Strachan, K Thomsen.

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA,
'PPPL Princeton University, Princeton, NJ, USA.

Preprint of a Paper to be submitted for publication in the proceeding of the
H-mode Workshop, Wadham College, Oxford, UK, 27-29 September 1999

November 1999



“This document is intended for publication in the open literature. It is made
available on the understanding that it may not be further circulated and
extracts may not be published prior to publication of the original, without the
consent of the Publications Officer, JET Joint Undertaking, Abingdon, Oxon,
OX14 3EA, UK".

“Enquiries about Copyright and reproduction should be addressed to the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA".




ABSTRACT

ELMy H-mode pulses have been obtained with different hydrogenic isotopes (H and D) but
having the same profiles of the dimensionless paramgtefs v* and q, to test whether the
confinement scale invariance principle is valid in a tokamak. The fact that the confinement
times, the ELM and sawtooth frequencies in the two pulses all scale as expected suggests that
the invariance principle is satisfied through the plasma radial extent, in spite of the differing
physical processes taking place in the plasma centre, core and edge regions. An application of
this “isotope windtunnel technique” to predicting D-T performance of next step devices is dis-
cussed.

I. INTRODUCTION

In tokamak discharges, such as the steady state ELMy H-mode, the physical processes change
dramatically as one moves out in minor radius. In the central region the temperature gradient is
controlled by MHD modes (sawteeth), whilst outside in what is known as the core confinement
region the transport is thought to be due to small scale Larmor ragisgé turbulence, such

as that caused by the ion temperature gradient instability. Finally in the edge region the transport
is almost neoclassical with intermittent MHD events (ELMs) controlling the steepness of the
gradients in this region.

From theoretical analysis, in particular the confinement scale invariance pfiriiple
should be possible to describe the transport properties in all three regions in terms of the profiles
of the basic dimensionless plasma physics paran@ter§MT)*%/aB), B(C nT/B?), v* (O na/

T% and q UBk/R}j). The thermal diffusivity should have the form

Ba2 aN
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where the values afy and the form of the functionFare different in each of the three regions.
There are of course several other dimensionless physics parameters that might be important
such as the Mach number, the ion temperature gradient parametand E<xB flow
terms.Unfortunately for many of these parameters no accurate measurement ia available and we
only have very crude methods of controlling them.

One method of checking whether the invariance principle is correct and tigav* and
g are the only important parameters is to complete identity or wind tunnel experiments on differ-
ent tokamaks. This involves setting up discharges on different tokamaks with the same profiles
of p*, B, v* and g and then inspecting whether the thermal diffusivity scales’4d.Behese
type of experiments have been completed on DIII-D and™J&md the thermal diffusivities in
the core confinement region do indeed scale as expected.



An alternative technique to intermachine experiments is to compare plasmas with differ-

entisotopes in the same machine. The isotope mass M enters only through the ion Larmor radius
in the parametep*. Thus by changing the toroidal field one can in principle if the invariance
principle is correct obtain discharges with different isotopes and the same profi&soi*

and g. The confinement time and ELM and sawtooth frequencies will then scgale 8B,

feum O B/M and &aw [0 B/M respectively if the invariance principle is correct in the three
regions. An initial experimental investigation of this technique was reported pre\[ﬂbLknly

the profile matches were not very good.

In this paper, in section Il, a series of experiments in hydrogen and deuterium are de-
scribed in which good matches to the profiles of the dimensionless parameters are obtained. The
technique used was to first complete a fuelling scan at constant power with deuterium NBI into
deuterium at a toroidal field B = 1.68T and current | = 1.68MA. A power scan with hydrogen
NBI into hydrogen was then completed at 1T and 1MA%B.3). For the pair of discharges in
H and D that had the best profile match in the dimensionless variables it was found that the
thermal confinement times, thermal diffusivities, ELM frequency and sawtooth period all scaled
as expected with M and B confirming that the invariance principle holds in all three regions.

The structure of the paper is as follows, in section Il the basic conditions necessary for
identity discharges are determined and the experimental procedure to obtain them is described.
The local analysis of the matched pulses by the TRANSPtimden described in section Il.
Finally in section IV we summarise the paper and propose how this wind- tunnel approach could
be applied in predicting the plasma performance in the next step devices.

[I. THE EXPERIMENTAL PROCEDURE TO OBTAIN IDENTITY PULSES

To keep the profiles of the four basic parameparé- M2 TV¥aB), B(~ nT/B), v*(~ na/T?)
and q (~ B/R)) fixed means that the following scalings for the dimensional parameters must
hold

B 00 M¥ g% (2a)
nOM a> (2c)
TOMY2 g2 (2d)

To match the profiles of B and j in a deuterium plasma to those of a hydrogen plasma, such
that they scale in the manner given by equation (2a) and 2b) is quite straight forward. The field
B and current in the deuterium plasma have to b )1.68 times those of the hydrogen
plasma. Inthe experiments described below we chose the field and the current in the hydrogen
plasmato be 1T and 1MA respectively and hence these same quantities in the deuterium plasma
are chosen to be 1.68T and 1.68MA.



Matching the density and temperature profiles of the hydrogen and deuterium discharges
is less straightforward, although is in principle possible since we can control the temperature
profile using the two different energy neutral beam boxes and the density profile can be control-
led to some extent by the edge gas source. One major difficulty though is the lack of a really
accurate measurements of the edge profile. The Lidar diagnostic gives accurate measurements
to within about 10cm from the separatrix and there is also a vertical line integral density meas-
urement located at R = 3.75m from a far infrared Interferometer system. Thus in the edge region
we essentially only have pedestal values for both the density and temperature. Matching these
edge pedestals does seem to be sufficient though to give a good ELM frequency match as will be
seen later.
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Fig. 1. Diamagnetic stored energy, density, Eentral Fig. 2.Diamagnetic stored energy, density?, a
soft X-ray channel and total input power versus time farentral soft X-ray channel and total input power versus
deuterium pulse 48272. time for hydrogen pulse 48338.

Turning to the experimental procedure we first completed a gas fuelling scan at fixed
power with deuterium injection into deuterium. The time traces for a typical pulse with moder-
ate gas input are shown in Fig.1. Then switching to hydrogen NBI into a hydrogen plasma we
adjusted the power level until the scaled temperature profile matched that of the deuterium pulse
of Fig.1. The time dependent traces for this particular pulse 48338 are shown in Fig.2. The
dependence of the scaled ELM frequency, sawtooth frequency and thermal confinement time
versus the scaled power is shown for the complete hydrogen and deuterium datasets in Figs.3a-
c. From these figures it can be clearly seen that all the frequencies and confinement times are
very well matched for the deuterium pulse 48272 and the hydrogen pulse 48338. The sawtooth
inversion radii in the two pulses, obtained from the soft X-ray camera, were also found to be
well matched. The full parameter sets for these pulses are given in Table I.
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i [ll. LOCAL ANALYSIS
' The only temperature measurement that was
available in these pulses were that of the Lidar
diagnostic. The Lidar density profile is also
used in the analysis. Unfortunately no ion tem-
10 . . .
2 48270 perature measurements were available in these
100 3 . .
©) & plasmas due to the unavailability of one of the
” neutral beam injector boxes. Inspection of simi-
o lar pulses in which ion temperatures measure-
I 48333 ments were available reveals that the ion tem-
M fsaw

(170659 perature is very close to the electron tempera-
ture, so the assumption ¥ T, was made
throughout these TRANSP ruils For both the
deuterium (#48272) and the hydrogen pulse
(#48338) the diamagnetic measurement of the
7 stored energy were accuratly reproduced by the
PIBSS (MWIT™S) TRANSP code, from which it can be concluded
Fig. 3a) Dimensionless confinement ti%;é versusthe thatthe input data is reasonably self consistent.

scaled power PR b) Dimensionless ELM frequency The profiles of the dimensionless param-
versus the scaled power P/B c) Dimensionless etersp*, B andv* for the two pulses are shown
sawtooth frequency versus the scaled powet®/B . .

in fig.4a-c. The matches of the hydrogen and
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deuterium profiles are very good the 3 dimensionless variables right out to the edge region. The
profiles of the non-dimensional effectixeare shown in Fig.5. These profiles are very similar

right out to the edge region ‘r'/a = 0.9, the difference in the central region being within experi-
mental errors.
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Fig. 5.Dimensionless effective thermal diffusivity
M X/B (nf/S/T) versus the radial variable ‘r/a’.

The difference in the core region around r/a
~0.4 could also be due to some other
dimensionless parameter, that we have not
measured, being not well matched (One possi-
ble candidate could be the Mach number).
oL : : : : Hence it is with the above reservation that onc
can make the claim that the invariance princi-
v pal is satisfied and it appears that the only sig-
/ nificant variables arp*, v*, 3 and g.
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vk 2k IV. APPLICATION OF THE ISOTOPE
IDENTITY TECHNIQUE TO THE
PREDICTION OF THE

il o g PERFORMANCE IN A NEXT STEP
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02 04 06 08 Having established that the invariance
ra principle is approximately satisfied across the
Fig. 4 a) The normalised Larmor radiug*(= pi/a) . . . . . )
(arbitrary units) versus the radial variable ‘r/a’. b) The r_adlal pr_oflle we now mv¢_ast|gate how the iden
plasmag (arbitrary units) versus the radial variable tity or wind tunnel technique could be used to

‘r/a’. c) The plasma collisionality* ([J na/T’) versus predict the performance of future devices.
the radial variable ‘r/a’.



From eq. (2a) which can be rewritten in the form

a O MYBY (3)
we see that one can use a hydrogen plasma in a smaller device to predict the D-T, performance
of a larger device. Possible examples are to use hydrogen plasmas in JET to predict the perform-
ance of a D-T plasmas in RC-ITER and then to use hydrogen plasmas in RC-ITER to predict the

D-T performance of a reactor scale device. The main parameters of these examples are given in
Table 1.

Table 1l
: JET RC-ITER Reactor
Mach . ) . RC-ITER . .
achine (Full size) (identity) (identity)
Isotope H D—T H D—T
a 1.2 1.7 1.7 2.8 X
B 4 5.16 5.16 5.7

For the JET machine it is assumed that the full size device capability is recovered, that is
the minor radius is increased from a = 0.9 to a = 1.2, and also that there is a major upgrade in the
injected power to the order of 50MW so that a reactor relg/é&nt2.5) is obtained at full field
(B =4T. The RC-ITER parameters are assumed to be those of the EU-I option, other options will
give a similar result. The parameters of the reactor are taken to be similar to those of the ITER
FDR.
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