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. ABSTRACT

A numerical study of the dynamics of L-H transition [1] and heat pulse propagation in JET [2] and TFTR
[3] was done using local and global models of anomalous transport. Comparison with experimental results
shows that the best agreementis achieved when using a global model in accordance with which [4] plasma
turbulence is linked due to toroidal effects so that even very localised perturbations of the plasma
parameters results in a practically instantaneous change of the anomalous transport coefficients
everywhere outside the q = 1 surface.

Il. LOCAL AND GLOBAL MODELS

Itis commonly believed that plasma turbulence and anomalous transport coefficients in particular depend
mainly on local plasma parameters (suchas T, n, s = (:T?]?). It means that if this turbulence is suppressed
by any means in a certain region of plasma column (say near plasma edge) turbulence in all other regions
will recognize it only through the evolution of the plasma parameters on the transport time scale. We will
refer to such a model of anomalous transport as to a local one. On the contrary, it has been shown by
theoretical [4] and by numerical simulations [5] that plasma turbulence in tokamaks could be linked due
to toroidal effects so that characteristic radial extension of such a turbulent convective cell would be much
bigger than the ion Larmor radius p; up to (Ar)? = Lp, where L is the characteristic length of density or
temperature inhomogeneity. In accordance with this model, a modification of plasma turbulence in a
certain region of plasma column will arlmost instantaneously propagate over the entire plasma volume
(instantaneously means within At = v where v, is the radial group velocity of the wave, usually At <<
1¢). This difference between local andggr;lobal models of anomalous transport manifests itself very clearly
in the dynamics of the L-H transition. In this case anomalous transport diffusivities are suddenly reduced
only near plasma edge in the local model, whilst in the global model the coefficients are instantaneously
reduced over almost the entire plasma volume.

The characteristic radial distributions of electron thermal diffusivity in L mode and H mode assuming local
and global model of anomalous transport are shown in Fig. 1. Acomparative study of the plasma response
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to either a local or global modification of the electron thermal diffusivity is the main goal of present work.
Two particular situations willbe analysed-the L-H transition 0 [1] and the so called “cold pulse” propagation
[2, 3] where trace impurity injection produces a rapid cooling of peripheral plasma, the perturbation of
electron temperature then propagates towards plasma centre.

We will use a simple model for electron thermal
diffusivity in the present work. This is because we
will not pay so much attention to the dependence of
Ye ON plasma parameters but try to find out the
difference in plasma response to the local or global
model for %, and then compare the results with the
experimental data. Specifically we will assume that
electron thermal diffusivity consists of two terms

10.01-

L=%1+ %2 (M

where x; ~ é is responsible for Ohmic confine-
ment and is not affected by L-H transition (see (5)
for details). The second term in (1) is responsible
for confinement degradation in L-mode (and im-
PP ‘ provement in confinement after L-H transition). We
assume that y, is reduced everywhere after L-H
transition in the global model (see Fig. 1) and y; is
reduced only near plasma edge in the local model.
A similar assumption about ¥, is made in the cold
pulse propagation study (see part 4).

© JG%3 s

Fig. 1: Radial distribution of electron thermal diffusivity for L-
mode (L), local model of H-mode (Lo) and global mode! of H-
mode (G).

Qualitatively the main difference between the global and local models can be seen by analysing the
following simplified situation. Let us assume that the electron temperature (we will speak about T,
evolution for simplicity) came to a steady state L mode profile. The L-H transition occurs attime t = 0 and
manifests itself in an instantaneous smail reduction of x, on Ay, <<y, either only near plasma edge (in focal
model) or everywhere (in global model). Strictly speaking, the strong inequality Ay, << y, usually can not
be applied for L-H transition, we will use it only for illustration. If Ax./x,<< 1 we can linearise equation for
8T, evolution (6T/T << 1):

T,
or

1P

, Ayp <0- 2
ar Xo < ()

9oTe ; (31 +x2)

14
X = +;'a—rrAX2

9
or
We assume for simplicity that neither the heat source P, nor nor heat sink Q (like radiation) depends on
oT,.
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In the local model, when Ay, differs from zero only near plasma edge, we can replace the second term
in the right hand side (2) by the appropriate boundary condition like 8T.(p = 1) = AT, where

Axol
AT z+—l———T p=1) (3)
¢ LA & ¢
This localized electron temperature perturbatiop will then propagate toward plasma centre in accordance
with (2) with a characteristic time t ~ 1 ~ (see Fig. 2a).
Xo*+ X2
s s
- >

Figs 2a, b: Temporal evolution of the electron temperature perturbation after L-H transition for local (a) and global (b) models.
Dashed lines in (b) correspond to temperature perturbation caused by change of y,, solid line by change of the boundary

condition.

In the global model the second term in the right hand side (2) is equivalent to a source of additional heating
distributed over those parts of the plasma volume where Ay, 0. Qualitatively the solution of equation (2)
in this case is a combination of the previous solution (i.e. heat wave propagation toward plasma centre
with characteristic time t ~ 1) and a volume heating term. This case is shown for the L-H transition in
Fig.2b. Two main differences can be seen between Figs. 2a and 2b. First, the electron temperature begins
to rise instantaneously everywhere in the global model. In the local model the wave of temperature rise
propagates toward the plasma centre from the edge with characteristic delay time t ~ 1¢ (This time can
be shortened if we assume that y, ~IVT,I" but the delay cannot be taken away completely). The second
difference concerns the dependence of the amplitude of the temperature perturbation with radius. It follows
from (2) that the amplitude of 3T, should decrease when approaching the plasma centre in local model,
whilst in global model 8T, can grow towards the plasma centre.
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i L-H TRANSITION

The main plasma parameters for a high power L-H transition on JET are shown in Fig. 3. Fig. 4 shows time
traces of T, for different radii at times close to time of the L-H transition. The most striking feature is the
fact that the electron temperature begins to increase everywhere outside q = 1 surface instantaneously
after the L-H transition (within experimental time error bar At <3ms). Inside the q = 1 surface the electron
temperature is practically unaffected by L-H transition. It increases continuously (together with a rising
density) even before transition. This may be due to the fact that transport is already very smallin this region
even in L-mode when MHD activity (sawteeth or m/n = 1/1) is suppressed. The numerical simufation of
such a plasma for both local and giobal models of anomalous electron diffusivity is shown in Fig. 5. The
density evolution was not computed in these calculations but taken from experiment.
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Fig. 3: Main plasma parameters for JET shot #26021: a) - Fig. 4: Temporal evolution of ECE signals (electron tempera-

average election density, b) - H, signal, c) - stored plasma ture) at different radii p/pmax during L-H transition for shot

energy and d) - NBI power. #26021.

The simplest form of the electron heat flow was used in simulations:

Qe = —NexeVTe (4)

In both local and global models of anomalous transport all transport coefficients depend on local plasma
characteristics (such as T,, n,, VT, etc.). We chose the following form for the transport coefficients:

‘o V(neTe) R

neo ( 8)1/2
/3=
) * NeqR 2 neBt

Xe = (Xi —Xi ©)
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where o, and a,are constants determined empiri-
cally from numerical simulations. It is worthwhile

mentioning that the second term on the right hand
side (5) with o, = 3.3 x 10+ (Sl units with T, in eV) 2.5r
was used in [6] to fit the L mode confinement on z:w
JET and corresponds to a model of the Bohm type. 3.0k
The first term in right hand side (5) with ; = 1.2 B
10™'° describes ohmic confinement (neo alcator _ ::Z:
scaling) and is of the gyro Bohm type. It seems ;9 S_OTAM
reasonable to use a linear combination of these E% ssr
two terms to fit ohmic, L and H modes. 6.5
s
It can be seen from Fig. 5 that local model leads to 7k
the usual picture of heat pulse propagation toward 6l — - . =iy
plasma centre triggered by sudden change of 1230 1234 1238 1242 1246 1250

electron thermal diffusivity near the plasma edge. Time (s)

It is worthwhile to recall that the electron thermal
diffusivity in both models contains a term which is
proportional o V(n.T,}/n.. It means that we have
already taken into account the non-linearity which
is usually used to explain the experimentally ob-
served factor of two increment in the thermal
diffusivity during heat pulse propagation.

Fig. 5: Temporal evolution of electron temperature at different
radii for shot #2602 1: solid line - experimental data, chain line

- local model, dashed line - global model.

The fact that such a non linearity fails to match the experimental results with computed ones implies that
a much larger non-linearity (like ¢ ~ T" or (VT)"with n>> 1) would be needed to explain the experimental
picture of L-H transition on JET. One should remember however that a stronger non-linearity in x, would
lead to a stronger degradation of energy confinement time 1 with the heating power than itis usually seen
experimentally.

On the other hand, the global model gives an electron temperature evolution which is very similar to the
experimental picture.

IV. COLD PULSE PROPAGATION

Numerical simulations of cold pulse propagation on JET and TFTR were done in a way similar to that used
for the simulation of the L-H transition and with similar expressions for electron thermal diffusivity ..
Namely x, was chosento fit the experimental T, profile prior to impurity blow off. The temperature evolution
near the plasma edge was used as a boundary condition for equation (2). It was assumed that the local
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model either is not modified by the cold pulse (if x, = const) or it is modified in accordance with the
dependence of y on the plasma parameters (x, ~ VT,). On the contrary, it was assumed that in the global
model the coefficienty, is influenced by the sputtering of impurities and edge cooling. Namely the following
expression for y, was used

AT sigel _
O 2 | edge)| ( t toj
= pe | 1+——" e | —= (6)
*2 X2 [ Tedge(to) T

where ATggge = Tegge(t) — Teage(ts), t,— time of impurity blow off, T — characteristic time of y, recovery, xg =
const. The resuit of numerical simulation for TFTR {3] and JET [2] are shown in Figs. 6-10.

a) TFTR

The experimentally measured time evolution of the electron temperature on different radii is shown in
Fig. 6. Fig. 7 shows the radial distribution of the peak value of electron temperature perturbation for same
shot. The results of this experiment were compared with numerical simulation done in [6] with assumption

S—TI-e— << 1 and local model of electron thermal conductivity.
e

JG90.535/4 70
MWWWM r=0.80m |
e A g WWO.M s 60} Experiment
i gt iyippdoni4 WA B g ¥ 0.67 g
o i Y Sk hy 2 S0
Lo o T NPT w rmamrporisr A 0 60 ‘é /‘\
—_ " - N g \J
ver NPy ) st 0.52 E 401 g
o MMt {0.45 4
Wﬂ~ S a0k
WWW 0.38 32
4+ o- ,
WMW 0.31 :>=) 20r -
1 © ///
WW 0.25 § 10F /'/Local
To.18 | i :
| - ,.,]'N....L1. 0 I | I 1 it L —L_ g

3.95 4.00 4.05 4.10 50 60 70 8
Time (s) Minor radius (cm)

)
=]
N
S
w
S
£
S

Fig. 6: Temporal evolution of ECE signals at different radii Fig. 7: Radial distribution of the peak value of electron
during cold puise propagation on TFTR. temperature perturbation on TFTR during cold pulse propa-

gation.
The main conclusion of such a comparison were formulated as follows:

1. Cold puise propagation can be described by a diffusive model only for the region far from periphery
(p<0.5). In outer half of plasma column the amplitude of maximum perturbation 8T ..., grows toward
plasma centre.

2. The transient electron thermal diffusivity in the region p < 0.5 is four times larger than the ¥, which
was found from energy balance.
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8T,
Our numerical analysis (which does not impose any limitation on —) confirms these conclusions if the
local model of i is used. The dependence of the calculated tlme-to-peak delay time on effective electron
thermal diffusivity is shown on Fig.8 and the “cold pulse” magnitude - on Fig.7.

The same characteristics were calculated with the global model. It is seen (see Fig. 7, 8) that both time-
to-peak delay time and radial profile of “cold pulse” magnitude can be easily reproduced by the global

model with 2%2 < 0.05.
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Fig. 8: Calculated time-to-peak delay time for TFTR as a Fig. 9: Characteristic time evolution of measured AT.(p)
function of effective thermal diffusivity (for local model) and during cold pulse propagation for JET shot #27401 compared
Axe (for global mode). to those with the local and the global model for anomalous

electron thermal diffusivity.

b) JET

Detailed information about JET blow off experiment will be presented at this Conference by J.J. O'Rourke.
The characteristic time evolution of the experimentally measured T, profile for Ohmic discharge # 27401
is shown in Fig. 9. Result of numerical calculations with local and global modeis are shown at the same
figure and allow us to conclude that in this case, similar to TFTR, both fast cold pulse propagation and
growth of its amplitude in the intermediate part of plasma column can be easily reproduced by the global
model of electron thermal diffusivity.

V. SUMMARY
A numerical analysis of the dynamics of the L-H transition and “cold pulse” propagation was done using
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a local and a global model of anomalous transport. The results of this study lead us to conclude that the
L-H transition in JET cannot be explained as a sudden reduction in transport coefficients (formation of
transport barrier) limited to the plasma edge only. Much better agreement with the experimental
observations is obtained by using the global model, in the frame of which the L-H transition is followed by
a sudden reduction of transport coefficients everywhere outside the g =1 surface. It was shown also that
the dynamics of “cold pulse” propagation both on JET and TFTR could be explained in a much more easy
and natural way by employing a global model of electron thermal diffusivity. These results support recent
theoretical ideas in which the plasma turbulence in a tokamak forms large linked convective cells with a
characteristic correlation length of the order of plasma minor radius. The results indicate also that
confinement in L and H modes could be of a different nature and that in the usually used expression
tHe =Hx 1t the enhancement factor H should be not a number but rather function of the plasma
parameters [1]

REFERENCES

{1} S.V.Neudatchin, J.G. Cordey, and D.G. Muir, 20th EPS Conference on Controlled Fusion and Plasma
Physics, Lisboa, 1993 p.2. p.83.

[2] J.J O'Rourke This Conference

[3] M.W. Kissick et al., Bulletin of the American Physical Society N37, 1992, P. 1483.

[4] B.B. Kadomtsev, Plasma Physics and Controlled Fusion, 34, (1992), 1931.

[6] M.J. LeBrun, et al., Phys. Fluids B, 5 (1993), 752.

[6] A. Taroni, M. Erba, E. Springman and F. Tibone 20th EPS Conference on Controlled Fusion and
Plasma Physics, Lisboa, 1993.

[71 H-mode Database Working Group, 20th EPS Conference on Controlled Fusion and Plasma Physics,
Lisboa, 1993. p1. p103.

ACKNOWLEDGEMENTS

The authors wish to acknowledge D. Campbell, A. Colton, A.E. Costley, N.C. Hawkes, D.G. Muir, S.V.
Neudatchin, J.J. O’'Rourke, A.C.C. Sips, K. Thomsen and G. Vayakis for numerous fruitful discussions.

80



