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Abstract

The dependence of global and local confinement upon plasma current and poloidal
field is studied in an analysis of JET data from a series of current ramp experiments. In
such experiments the current profile is transiently decorrelated from its steady state
shape over a period lasting more than ten confinement times. Global confinement is
shown to depend not only on total current but also on some measure of the current
distribution, e.g. the internal inductance. The origin of this dependence is found in the
local analysis to be the dependence of diffusivity upon the poloidal field. A weak shear
dependence of diffusivity is observed in the outer half of the plasma. Predictive
transport calculations are made in which the electron-ion thermal diffusivities are
based on a critical temperature gradient model; the calculations reproduce the
measured temperature profiles to within the measurement errors. Simple
mathematical expressions linking global to local confinement are used to demonstrate
that the results from the global and local analysis are fully consistent.

1. Introduction

The dependence of global confinement properties in a Tokamak, the confinement time
1g and stored plasma energy W, upon global plasma parameters, current Iy, power P,
average density n, has been well established empirically. A variety of scaling laws [1]
has been derived and it has recently been shown that these laws are essentially all
equivalent for L-mode plasmas to the ITER89P scaling law (2]

T = 0.048 a0.3 Rl.2 nO.l 1¢0.85 B¢0'2 P-O.S K'O'5 AO.S (1)

In Eq. (1) a, R, x, A and By refer to minor, major radius, plasma elongation, ion mass
number and toroidal field; g is the confinement time for total energy which includes
that of fast ions.

In this paper the dependence of confinement on the plasma current Iy is examined in
greater detail from both a global and a local point of view. In particular it will be shown

that the current profile shape also plays a role in the confinement as well as the
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absolute value of the total current. A simple measure of the width of the current
profile is the inductance ¢;. In steady state plasmas ¢; and Iy are correlated, e.g. a large
current is usually synonymous with low safety factor q, broad current profile and small
value of ¢. The current profile can be decorrelated from the total current by making a
rapid current ramp either up or down. Such current ramp experiments have been
carried out on TFTR (3], DIII-D, ASDEX [4], TUMAN-3 [5] and JET [6]. Section 2 describes
the scenario adopted in the JET experiments. In the JET experiments the density n, the
power P, the toroidal field By, the elongation x as well a, R, A have been kept constant
and only the current Iy is varied. The time evolution due to resistive diffusion of the
current profile during the current ramp is studied in section 3. Calculations with the
TRANSP code [7] are found to be consistent with JET diagnostic data such as that from
loop volts, diamagnetic energy, polarimeter, soft X-rays. In section 4 it is shown that
the global confinement time depends not only on Iy as in Eq. (1) but also on ¢;.

To examine the origin of the Iy and ¢; dependence of 1g we analyse in section 5 the
time-space dependence of local confinement. The local diffusivity j is inferred from
calculations with the TRANSP code using measured profiles of the electron
temperature Tg; ) is found to follow the evolution of the current profile.

The data from the JET current ramp experiments thus tells us that x changes in
response to changes in local parameters such as the poloidal field By, the safety factor q
or the magnetic shear s. % can therefore be described in terms of local parameters
without the need to invoke "action at a distance” principles [8]. Indeed we show in
section 5 that simple and dimensionally correct expressions for ¥ can adequately
describe the data.

In section 6 the data is compared with results from predictive calculations with the
JETTO code [9]. The transport model of Rebut, Lallia, Watkins [10] can predict the
measured global confinement time and the difference between measured and predicted
temperature profiles are within the experimental error bars.

In section 7 we summarize the results presented in this paper and discuss some
implications for global confinement scaling and local transport models.

2. Current ramp experiments

The experimental scenario adopted for JET is indicated schematically in Figure 1. This
Figure shows the plasma current Iy (t) for four types of pulses: two reference pulses at a
steady 1.5 and 3 MA respectively and two pulses in which I4 is either ramped up from
1.5 to 3 MA or ramped down from 3 to 1.5 MA; in both pulses the ramp time is 2 sec.
The ramp up of Iy is produced by changing the surface voltage V¢ as indicated by two
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solid curves in Figure 2. The current ramp takes place during an 8 sec ICRF heating
pulse at a constant level of 8 MW. Optimum programming of the poloidal field coil
currents maintains nearly constant plasma shape during the ramp. Consequently the
plasma density and Zg¢s are approximately constant during 4 ramp-up, 4 ramp-down
and 2 reference pulses.

The ramping (up-or-down) of the current arises from changes to the electric field E at
the plasma edge. The changes to E and B propagate inwards from the edge due to
resistive diffusion. During the ramp and for some period after the end of the ramp the
spatial profiles of Bp, q and s will evolve towards a new steady state. In the TRANSP
calculations Ohm's law and Maxwell's equations are solved with a neoclassical
resistivity profile determined from the measured Te profiles. In the JETTO calculations
the neoclassical resistivity is determined from the predicted T, profiles. Both sets of
calculations employ the same definitions of q, s, 4;; letting x denote a dimensionless
flux surface label (0 < x < 1) we have

RB, » 4t 1 dg 4 B2
— ¢ - 14 { = 24 2
at) = o= R’B, G =2 5 0 wRAE 2, @)

where R, is the magnetic axis.

Relevant parameters for the JET current ramp experiments are summarized in Table I
together with the corresponding values from TFIR and DIII-D. It can be seen that the
ratio TRAMP/ Ty ~ 0.5 in all 3 Tokamaks although this ratio has been made smaller in
some TFITR experiments. TRAMP is the current ramp time and Tn represents a measure

of the resistive diffusion time Ty, = C a2 T3/2; C is a constant determined by matching Ty
to the time at which a steady state has been reached.

3. Evolution of current distribution

The inferences drawn about the role of the current distribution in confinement are
based upon field diffusion calculations with the TRANSP code [7]. It is therefore
important to verify that the results from such calculations are consistent with available
diagnostic data. The curves in Figure 2 representing the calculated surface voltage V
(dashed curves) for the ramp up-down pulses agree very well with the measured Vy
ones (solid curves). Figure 3 shows for the same two pulses the evolution of the
internal inductance ¢;; the full curves are based on MHD fits by the IDENTD code [11]
and the dashed curves are from TRANSP. From the time evolution of ¢; in Figure 3
we notice that a steady state, i.e. V X E = 0, is approached faster for a ramp-up pulse than



for a ramp down pulse; the ramp up pulse has initially a lower Te and hence higher
resistivity in the outside region than the ramp down pulse.

All pulses considered are sawtoothing throughout the ICRF heating phase; Figure 4
shows the agreement between the positions of the q = 1 inversion surfaces derived
from soft x-ray tomography and that predicted by TRANSP from a Kadomtsev model.
The most direct measure on JET of the current distribution is provided by polarimetric
data. From Abel-inverted q profiles we have extracted q (t) at the radial positions

R =3.5,3.75 and 4 m. Figures 5a (ramp down pulse) and 5b (ramp up pulse) both show
that the solid lines representing q(t) from polarimetric data compare well with the
dashed curves obtained from TRANSP.

We thus conclude that the TRANSP calculations represent a good description of local
resistive diffusion in the current ramp experiments. The role of the current
distribution in confinement can therefore be assessed from the TRANSP results
(section 5).

4. Global confinement

The total stored plasma energy W is estimated from JET data in several ways: ) WyHD
from MHD fits, i) Wqja from diamagnetic measurements, il Wy, from
interferometer data, ECE profile data, X-ray crystal spectrometer data and visible
bremsstrahlung data (W = We + Wj). All three estimates of W are found to be
consistent with each other when the energy content of the fast minority ions (ICRH) is
taken into account. This energy content has been evaluated by a reduced-order full-
wave code SPRUCE [12] which is part of TRANSP.

In Figure 6 we show the time variation of WypHD for the same 4 pulses used in

Figure 1. The two dashed lines in Figure 6 representing the 1.5 and 3 MA steady state
pulses demonstrate the impact of current scaling in steady state. The evolutions of W
for the current ramp pulses show that W eventually approaches the steady state values
some 4-5 seconds (or 10-20 confinement times) after the end of the ramp. The global
confinement at constant power, density and plasma shape does therefore not depend
on the current I alone, but also on the current distribution.

We have combined data from the 10 JET pulses which all have P(ICRH) = 8 MW with
data from 4 pulses which have PICRH) = 5 MW; in these 4 pulses from 1990 [6] the
current has been ramped up from 2 to 3 MA and down from 3 to 2 MA. The combined
data is separated into two groups as follows: 1) steady state data includes that of the two
reference pulses plus data up to t = 48 sec. when the ramp starts; il) non-steady state
data includes that after t = 48 sec for the ramp pulses. Because several of the global
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parameters of Eq. (1) remain fixed in the JET experiments we can fit the data of two
groups to the following expressions (ss ~ steady state, ns ~ non steady state)
W,, = Cy n™ I§ P” (3a)

S5
W, = Cu 1™ I P £} (3b)

The values of the constants Cgs and the exponents zy, zj etc. are given in Table II
together with the r-m.s. error. The steady state data can be well represented by either
Wss or Wps. The non-steady state data can however not be represented by Wgs. Plots of
fits of all the data to Eqs. (3a) and (3b) are shown respectively in Figures 7a and 7b. The
best fit (Figure 7b) can be approximated by

W o~ 1P 2P (4)

Global confinement thus depends on the current distribution; a measure of the latter,
such as ¢j, should hence be included in scaling law expressions like Eq. (1). The analysis
and the result just described apply to the data on WyMHD. The same analysis has been
performed on the data of Wdia and Wyin and the same scaling expressed by (4) is
established but with different values for the coefficients in zy, zp because of the
contribution from the fast ion energy content.

5. Local transport. Interpretative analysis

From the evolution of the measured T, profiles TRANSP evaluates an effective
diffusivity defined as

_ P(x)
eV’ <IVxi> (neTe' + niTi')

(5)

V and P(x) are the total volume and power inside a flux surface x and the prime
denotes a derivative w.r.t. x. In the current ramp experiments insufficient ion
temperature data is available to permit an evaluation of i and ye separately. In the
TRANSP calculations the T; profile is calculated by assuming that ) is proportional the
neoclassical value; the constant of proportionality is fixed by matching the axial value
Tjo to data from the X-ray crystal spectrometer. At t = 9.6s the calculated T; profile
agrees well with the only T; profile available from charge exchange spectroscopy. The
estimate of i given by Eq. (5) has associated error bars which are discussed in more
detail in [13]. In the central region the uncertainties arise from the sawtooth model

used (Kadomtsev) as well as from the ICRH deposition model. In the outside region
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the uncertainties on ¥ increase because the measurement errors on ne and Te and thus
VT, all increase.

In order to demonstrate how changes to the plasma profiles propagate inwards from
the edge by resistive diffusion we show in Figures 8 and 9 ABp/(ABp) max and

Ay /(Ax) max; ABp = Bp(t) - Bp(t = 8s) and similarly for x. These ratios shown for x = 0.55,
0.65, 0.75 in Figures 8 and 9, start from 0 at the onset of the current ramp and approach
+ 1 or-1 as a new steady state is reached. From Figure 8 we can see that the current
diffusion proceeds faster for the ramp up pulse than it does for the ramp down pulse.
The difference is due to the difference in the Te profiles at t = 8 seconds. For both pulses
the evolution of Bp at x = 0.75 is lagging that at x = 0.55 by approximately 2 seconds.
Figure 9 emphasizes in a similar way how the changes to ) proceed at a faster rate for
the ramp up pulse than for the ramp down pulse. For the latter pulse Figure 9 shows
clearly how y at x = 0.75 responds some 2 seconds before a change occurs at x = 0.55; we
also notice that Ay, < 0 during the ramp down period. The time evolution of  as
illustrated by the changes of Figure 9 emphasizes that the "TRANSP data" on ) can be
described in terms of local values of the plasma profiles for T, n, Bp, g, s etc.

Since the JET current ramp experiments have been carried out at constant density and
power we are unable to determine the n and T dependence of ); data from different
experiments in which the current is ramped at other constant levels of P and n would
be required. This limitation restricts us to consider only simple, but dimensionally
correct expressions for . We have chosen to represent x at each radius x by

2
Xmodel = Xo Cx st qQy (6)
A fit of the data on { to Xmodel Serves to determine the dimensionless parameters

Cy, k and A at each radius. The diffusivity X, is chosen as either the Bohm or gyro-
Bohm forms

1/2

12 ‘“ele
— o— ——— N g — pred 7
Xo = XB = B, Xo = XGB = XpPs = ZB(Tfea Bp] (7)

Both scalings Eq. (7) result approximately in the experimentally observed Iy and P
dependence of 1E in steady state.

The result of the data fitting is illustrated in Figure 10 which shows the variations with
x of the exponents p of Eq. (6) for both scalings (7). The variation with x of the
normalising constant Cy (not shown) exhibits the "bowl shape", characteristic of L-
mode confinement profiles for . This variation is not described by the data from the
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ramp experiments as already explained and it may involve some additional
dependencies of x upon Te, Tj, n etc. We notice however from Figure 10 that both the
Bohm and gyro-Bohm scalings, when assumed, imply some shear dependence, weaker
in the centre where the shear is low and stronger in the outside region. However, the
major changes to X as shown in Figure 9 arise from those of the local poloidal field Bp.
Since qy = € By /Bp we see from Egs. (6 - 7) and Figure 10 that the overall scaling of

X with Bp becomes

X~B) , -17<y<-13 (8)

6. Local transport. Predictive calculations

As a further test of the local nature of the energy transport in these experiments,
simulations have been carried out by means of the predictive 115 D transport code

JETTO [9]. Only the evolutions of temperature and current density profiles have been
computed. The evolution of density profiles has been taken from the experimental
results. The transport model used is the Rebut-Lallia-Watkins model [10] for the
electron heat flux, with the assumption of equal electron and ion thermal
conductivities. Neoclassical resistivity has been assumed as in the interpretative
analysis.

The results of the simulations of both global and local quantities, including the
magnetic ones, are compatible with the experimental observations both for the current
ramp down and ramp up experiments. As an example of the results obtained, fig. 11
compares the computed and the experimental time evolution of the thermal electron
energy content in the case of a current ramp down pulse. For the same discharge fig. 12
compares the experimental (ECE) and computed electron temperature profiles in the
middle and at the end of the current ramp. Fig. 13 shows the time evolution of the
total heat flux Q = V'q at x = 0.8 calculated for the ramp down pulse as follows: the solid
curve is Q(t) calculated from the expression for xe using experimental profile data; the
dot-dashed curve is Q(t) predicted by the JETTO code while the dashed curve represents
the experimentally determined Q(t). We see from Figures 12 and 13 that the predicted
Q can match the experimental Q via slight changes to the T, profiles. Because the
model of [10] is strongly non-linear i.e.

Qmodel ~ —€N X (VT—(VT)crit) ’

any slight change to T, (Figures 12a and 12b) yields a large change to q and Q. This
explains the significant discrepancy between the solid and dashed curves of Figure 13.

The predictive calculations do therefore not validate the complete prescription for
7



dmodel, the main ingredient of the model which has been tested is the dependence
X ~ Qy/s which is found to be compatible with the results from the interpretative
analysis of section 5.

7. Interpretation and implications of results

The JET current ramp experiments have produced data in which all the parameters,
except Iy, entering the ITER89P scaling law (Eq. 1) are held approximately constant. In
this data the values of Iy are decorrelated from those of £; on a timescale tq >> 1g (see
Table I). The analysis demonstrates that tg depends on both the total plasma current Iy
and its distribution Jy; the best characterization of the global data is expressed by Eq. (4)
i.e. in terms of Iy and 4. The local transport analysis shows that the origin of the ¢;
scaling is the dependence of the effective diffusivity x upon the local poloidal field Bp.
The results from the local and global analyses are thus fully consistent and this can be
explained by the following simple argument. From the study of Callen et al. {14] the
global confinement time tg can be calculated as

W + ljlé_ N(x) P(x) dx

T = 9
EZp 7 pl? n(x)V’ <|Vxf* > x ®)

3
where W1 =5 e N(x =1 T(x = 1) and N(x) is the total particle inventory up to radius x

with n(x) = ne(x) + nj(x). It is obvious that y must include some dependence upon n
and T for (9) to explain the experimental scalings, e.g. n0-2 P-05 (say). As already
emphasized, the present data does not describe the n and T scalings of x. It is however
evident from Eq. (9) that since the local analysis shows x ~ BPY (Eq. 8) then tg must
depend on some integral of Bp. With a simple model of constant n, P(x) = P, 8(x) and ¥
independent on n and T Eq. (9) gives T ~ h; Iy or ¢ Iy2 for y = - 1 or -2 respectively (h; is
flux inductance); some more complex model with x =y (n, T, Bp, ..... ) will not only
produce the experimentally observed n and P scaling but it will also yield the scaling of
Eq. (4) which is somewhere between the limits y = - 1 and - 2 mentioned above.

The results obtained from our analysis show that theoretical models which predict a
scaling y ~ BpY sk with-2 <y <-1,-1 < <o, are compatible with the data; one such
model with y = -2, p = -1 [10] has been tested against the data. The implication of this
scaling is that scaling expressions for 1g should therefore in general explicitly include
some measure of the current distribution, e.g. the plasma internal inductance ¢;.
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Parameter DIII-D TFTR JET
TE (sec) at 1 0.04 0.07 0.2
TraMP (sec,1 — 21) 0.1- 0.2-1 2
™ (a2T3/2, sec) 0.2-0.25 1.3-1.7 4-5
Heating period 0.5 2 8
THEAT (sec)

Power (MW) 15 NBI 11 NBI 8 ICRH
Current 1 (MA) 04 1 1.5
Elongation x 1+ 1 1.3
Qy Or Qgg 6 6 7
ne (1019m-3) 5 3481 2.5
Te (keV) 2.3 5 8

Table I. Relevant parameters for current ramp experiments on DIII-D, TFTR and JET.

C Zn Z] Zp Ze o
Steady state 0.56 0.16 0.71 0.43 - 11.5
Non-steady state 0.30 0.14 1.31 0.36 0.68 6.5

Table II. Values of the exponents and constants in Egs. (4-5). The units used are
WM])), n(1019m-3) P(IMW). & denotes the r.m.s. error in % from the fit.
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Figure 1. Plasma current I in JET current ramp scenarios at constant ICRH power of
8 MW. The two dashed curves are for reference pulses #25360 and #25367.
The solid curves plus triangles pointing down-up are for the ramp down-
up pulses #25350 and #25365 respectively.
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Figure 2. Evolution of loop voltage Vg at the plasma edge for ramp down-up pulses
from TRANSP calculations (dashed curves) follows the measured values

(solid curves).
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Figure 5a. Comparison between TRANSP values (dashed curves) and results from
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Figure 7b.  The fit to Wps (Eq. 5) of WMHD shows that ¢; needs to be included as an

independent variable. Thereby the r.m.s. error ¢ is halved (compare with
Figure 7a).
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Figure 9. The responses in the diffusivity x (Eq. 5) due to changes in B, are
illustrated by the time evolution of the ratio Ax/(Ay)max. Ay = x(t)
- x(t = 8s). Notice the difference between the ramp up and down pulses.
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