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ABSTRACT

The evolution of the current and temperature profiles in JET has been
analysed using current profiles derived from advanced equilibrium analysis
codes, and temperature profiles obtained from absclutely calibrated ECE
measurenents. It is found that current evolution during the discharge
'flat-top' 1is well described by neoclassical, rather than Spitzer,
resistivity. During the currenf rise phase however, current penetration is
substantially more rapid than expected. The mhd processes influencing the
rapid penetration are discussed, and a new analysis of this mhd activity

based on the trajectories of discharges in the (qo,qa) plane is presented.

1. INTRODUCTION

The identification of processes influencing the formatibn, of the
current profile in a tokamak is important both at the practical operational
level, and at the fundamental 1level of understanding basic transport
mechanisms and regimes. Here an analysis of tokamak temperature and current
profiles is presented in which the temporal evolution of these profiles is
studied for a large number of plasma discharges in JET (RO = 2.96m, a <
1.25m, b/a < 1.6, Ip < 5MA, B¢
the equilibrium identification codes IDENTC and FAST [1-2], which make use
of external magnetic measurements to calculate parametrised current density
profiles, and an absolutely calibrated ECE diagnostic which provides

< 3.45T). The principal diagnostics used are

temperature profiles {3].

The process of current penetration in tokamaks has been examined in
detail by many authors [&-10], and it has invariably been found that current
penetration occurs faster than expected classically. it is generally
concluded that the anomalous penetration 1s due to instablilities which
reconnect field lines across the plasma, redistributing current and energy.
In LT-3 [5] for example, the rapid peaking of the originally hollow current
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profile was associated with the occurrence of an m=4 mode, and was
accompanied by a rapid radial diffusion of runaway electrons. A study on
Alcator A [6] alsc observed the occurrence of mhd activity during the
 current rise phase. An analytic model of the current profile was used to
deduce a criterion .for‘ a marginally hollow current profile in terms of the
central electron temperature. The authors concluded that the disruptive
activity observed arose from the formation of hollow current profiles, which
occurred in spite of the fact that the temperature profile was always peaked
during the discharge rise phase. More recently it has been found in ASDEX
[9J and PDX [10] that the level and type of mhd activity observed could be
influenced by the rate of current rise. An investigation of current
diffusion in Doublet III {8], in which the current was ramped from one
steady-state value to' a second steady—state; concluded that current
diffusion occurred classically for values of the current ramp rate ip up to
TMAs™', although disruptions occurred during the transition to the second
steady state for values of ip above Z2MAs™!, ] |

The picture which emerges from these experimental investigations is
broadly in agreement with theoretical expectations [31—13], in which a
hollow current profile can be unstable to 'double-tearing' modes, while a
peaked current profile may be unstable to resistive kink modes.

In this paper we present the results of an investigation of current
diffusion during several phases of the JET discharge: the current rise
phase, the current flat top, and a current ramp between 'steady-state'
values. The evolution of the current profile is investigated using the
equilibrium identification codes IDENTC and FAST, which provide information
on the profiles of current density and plasma resistivity from external
magnetic measurements. Resistivity profiles obtained in this way are
compar‘ed with profiles of Spitzer and necclassical r'resistivity calculated
from electron temperature profiles deduced from ECE measurements, density
pr'of‘ilegs from microwave and far-~infrared interferometry, and'Zef.f values
calculated from visible bremsstrahlung emission.

We find that the ECE temperature profile measurements obtained dufing
the discharge flat-top are fully consistent with current profiles deduced
independently from magnetic signals by the equilibrium codes. We conclude
that the plasma resistivity is in general neoclassical during the flat-top.
In addition,_ we find that current diffusion during a current ramp between

two steady-states is neoclassical for the ramp rates used (ip < 0.5MAs™1).




During the current rise phase, however, curreni penetration occurs on a
timescale which is much shorter than the neoclassical skin time, from which
we deduce that the effective plasma resistivity is enhanced during this
pericd. Furthermore, during the early stage of the discharge substantial
mhd activity is observed. The association between this activity and the
process of current penetfation is investigated by analysing the trajectory
of typical discharges in the (qo,qa) plane, where qd, is the central value of
the field-line q, and q, the edge value. Superimposing the boundaries of
various mhd stability regions, as obtained from the model of [13], in this
plane' yields an interpretation of the processes accompanyihg current

penetration during the-early stage of the discharge.

METHOD OF ANALYSIS
2.1 Magnetic Equilibrium Analysis

The "generalised" Ohm's law for an isotropic plasma is:
1
E=—Xx§+ntr£1r+n|£1+'ﬁ'é'[§T“‘_P]s (1)

where the last term containing the thermal drag force

_ _3 nk B
Ry = -0.71 nk V,T_ Zo T B 9,7,

is of the order of the inertial term in the momentum balance equation.
Irrespective of the convective term the parallel resistivity is defined

from:

n, = E-B/J«B . (2)

Introducing the radial variable p =¥ ﬁ%—-related to the toroidal flux ¢, in
o}

conditions of steady toroidal field Bo’ we may define an effective parallel
resistivity from the equation for the evolution of the poloida% fiux W,
obtaining from the surface averages <E-B> and <J-B>
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I' being the plasma contour, and Bp the poloidal field.

The plasma configuration (y(R,z), I',V) is obtained by solving a time
sequence of inverse Grad-Shafranov equilibrium problems which fit the flux
and tangential magnetic field measurements on the tokamak vessel resulting

Trom a toroidal current density J,, found suitable for JET:
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In (Y4) a,b,a are free parameters which are determined by a fit to the
measurements. The fit is based on the search for a minimum {least squares

fit} of the y® functional for the tangential magnetic field on the vessel
'l2
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X* =

subject to the constraint that the flux function (R,z) satisfies the
equilibrium problem {1]

R2V . [Eﬂ] = - R{RP'(¢,a,0) + Eglﬁfigiﬁl]w

. R _ | R
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derivative of ¥ on the vessel surface.

and B®*P are the experimental measurements and %% is the normal
While one of the parameters (a) is chosen to be compatible with other
measurements (i.e. diamagnetic loop measurements), the other two parameters
a,b are identified via (5) and allow for the separétion of the pressure and
paramagnetic flux term in expression (6). The safety factor profile is then
obtained as '

g=--+12__ 1 Vs ryba . (T
27 Y 4n2 3p R®

The effective resistivity given by (3) includes effects of collisional
origin as well as effects caused by instabilities. Values of Napp CAN then
be compared with the vresistivity derived from the ECE temperature
diagnostics.

The penetration time asscclated with Napf is also influenced by the

geometry of the plasma and it is of order

‘- a2 Ho F2

(=), (8)
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where a,E,A are the minor radius, elongation ratio and magnetic axis shift
of the plasma; 1 can be significantly shorter than the neoclassical estimate
{several seconds for JET) whenever instabilities are present.

2.2 Plasma Registivity

Profiles of ‘'plasma' resistivity are derived from local parameters
obtained by diagnositic measurements. The principal input data are Te(r)
from ECE [3], n (r) from microwave or far-infrared interferometry, and Zeff
from visible Bremsstrahlung measurements. 'Spitzer' paraliel resistivity is
calculated from:

/2

3
ng = 1.034x10™ Zeff Q (Zeff) n Ae/Te (9)



and neoclassical resistivity from:
Nx = gng where g = {1—fT/(1+gv*))‘1(1*CRfT/(1+gv*))‘1. (10)

Explicit forms of the coefficients u(zeff)’ £, CR’ the electron
trapping factor fT, and the collisionality vy are given in [14]. The
principal sources of error in these calculations arise from the measurement

Te(r) (£10%), and Zopp (the profile is assumed to be rlat).

The evolution of the principal parameters of a pulse selected for
analysis is shown in figure fTa, while the evolution of the temperature
profile, measured by ECE; during the first 5s of this discharge is shown in
figure 1b. The hollow temperature profiles occurring during the first 1.5s
are commonly, though not invariably, observed in JET. Note that the plaéma
is 'grown' from the limiter (at R = 4.2m), so that during the current ramp
phase the plasma centre moves from R ~ 3.3m to R ~ 3m. As will be discussed
later, during the period in which thel temperature profile evolves f'rom
hollow to peaked, the current profiles calculated from magnetic equilibrium
analysis evolve in the same way. However, it is found that the two profiles
are not related by Spitzer or neoclassical resistivity during this time.

This is illustrated in figure 2 which shows a comparison of radial
profiles of Nepr (crosses), Ng (full iine) and ny (dashed line) at several
times during the rise phase and flat top of this discharge. During the
First 2s of the plasma there are significant differences between the values
of 1 of £ and ng, and particularly during the first O. 7s, where 7 eff is
81gn1fioant1y higher than ny.  Thus, the current penetration OCCurs more
rapidly than can be explained by neoclassical resistivity. This might be
explained by magnetic relaxation, .as discussed in section 3. Once the
plasma current has reached its equilibrium value however, the profiles of
resistivity derived frqm magnetic analysis (neff) and from temperature
measurements (ny) are in very good agreement. This point is further
emphasised in figure 3, where profiles of n eff? Ng? and ny, are compared for
a wide range of conditions in JET with plasma current ranging from 1 to 4M4,
and average density from 1 to 2.7x10*°m™®. Note that the plasma is centred
about a major radius Ro~3.0m, and the major radius of the limiter is at
R=4.17m. , These profiles have been truncated at R=4m (R=3.9m for the 1MA
case) beoause of the large uncertainties in diagnostic measurements in the
plasma edge region. In general, the effective resistivity derived from
equilibrium analysis is in better agreement with the neoclassical value than
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the Spitzer value derived from temperature profiles. However, the
diagnostic uncertainties are such that OSpitzer resistivity cannot. be
conclusively eliminated (particularly in view of the uncertainty in the
profile of Zeff)' Nevertheless, this conclusion is consistent with the
results of a global analysis of resistivity [15], which obtained good
agreement between the volume average value of plasma resistivity derived
from an analysis of current and loop-voltage measurements and the
neoclassical value (rather than the Spitzer value).

3. ROLE OF MHD INSTABILITIES IN CURRENT PENETRATION
3.1 Type of Instabilities Predicted for the Current Rise

_ To investigate the relationship between the observed mhd activity and
the processes‘affecting current penetration, we have analysed the evolution
of typical discharges in the parameter plane (qo, qa) [16]. By drawing the
boundaries of various mhd instability regions, obtained from the model of
[13}, in this plane, it is possible to interpret current penetration
processes. Briefly, this is a cylindrical model in circular geometry which

uses a simplified current profile of the fom
i) = 3, (0 - (r/ay2)¥ (12)

where v = qa/qO - 1, to deduce a number of simple criteria necessary for the
occurrence of certain classes of mhd instabilities. While the model, and
the criteria derived from it, contain significant simplifications, there is
remarkable agreement between the behaviour of discharges which one might
expect on the basis of this analysis, and our experimental observations
(as will be discussed in succeeding sections). In particular, if the
trajectory of a discharge is plotted in the (qo,qa) plane, one can identify
regions of this plane where the conditions necessary for the appearance of
certain instabilities are fulfilled. This is done in figure 4, where
several time points from the trajectories followed by a sample of JET pulses
are plotted. One remarkable aspect of this plot is the fact that relatively
few points lie in the 'stable' region.

For clarity we discuss the trajectory of a particular pulse (2214)
which, as shown in figure 5, passed through all regions of the plane.

Identification of the times of interest which are labelled in the figure can




be obtained from the plasma current trace in figure 1. Detailed magnetic
equilibrium calculations show that the current profile initially exhibits a
significant skin effect, and that it becomes gradually more peaked as the

trajectory reaches the equilibrium state. It 1s also found that the

trajectory reaches qo~‘1 at approximately the same time as sawteeth appear,
and that it remains in this condition during a substantial period of the
current decay. Thus, there is qualitative agreement between the form of the
J (and q) profiles at various times and the region in which the trajectory
lies.

This relationship between the j profiles and the regions of the (q s
a4, ) plane is further illustrated by the two other cases shown in figure 5.
l‘hese trajectories show very distinct patterns of evolution. Pulse 2442
starts in the 'double tearing' seotor’(qa< qo) and then remains entirely in
the 'kink'’ seotor‘(qo< qa< 2qo) before disrupting during the flat top. The
current density profile starts hollow and peaks 3s after breakdown, the
trajectory then being in the 'kink' region. This is in contrast to pulse
2214 which has a similar slow rise, but entei’s the 'kink! regior; earlier and
also becomes fully peaked earlier (after 2s), terminating within the
"tearing-internal' band(1 < 9< 3). The third example (.shot 2044) is rather
unusual, but interesting, because it always has a peaked current profile
and, as expected, it crosses only the 'tearing' region. Figure 6 summarises
the evolution of the current j(r) and q(r) profiles for the pulses 2214,
2442 and 2044, obtained from the equilibrium codes.

3.2 Current Redist{ribution by Magnetic Relaxafion

The "c,r'ajeotories described here show a significant correlation with the
spectra of mhd activity observed. Figure 7 shows the magnetic activity,
signal plotted as a function of the safety factor s for the three pulses
shown in flgur'e 5. A study of the current rise phase for many pulses
reveals. thal trajectories lying in the 'double-tearing' or 'kink' regions
exhibit mhd actvity spectra of thé form seen for pulse 2442, i.e. with
distinct peaks close to r'ationél.‘values of qa, that is qa = m/n w'ith n =1
or, sometimes, n = 2. Evidence for the redistribution of j for pulses such
as 2442 and 2431 with similar trajectories, is shown in the plot of Sai
Versus q (figures 8a,b), where discontinuous changes in %, at integral
values of qa-are seenf

On the other hand, trajectories which have crossed into the 'tearing'

region have mhd spectra which generally show less structure, with peaks of
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the signal often uncorrelated to integral values of d (for example pulse
2044 which remains for the most part in the 'tearing'region, has a broad mhd

spectrum). The same is true for the evolution of Ri.

3.3 Influence of Current and Density Ramp Rates

Experimentally it is found that the trajectory of the initial phase
depends on the operating conditions. For example, 2214 and 2442 have the
same slow current ramp rates, but pulse 2442 has higher current and density
ramp rates during the fast rise phase (figures 9a,b). A ‘oonvenient
representation of the input conditions 1is given by the Hugill diagram
(1/qeyl’ ﬁR/BT). Figure 9c shows the Hugill trajectories for shots 2214 and
2442, The fact that pulse 2214 crosses into the 'tearing' region may be
associated with the lower ramp rate in the Hugill diagram. The Hugill
trajectories for a larger set of pulses shown in figure 10 indicate that
above a certain Murakami parameter value for the fast current rise and below
a certain ramp rate for the slow current rise the (qo,qa) trajectories tend
to separate into the 'kink' and 'tearing' types. Most disruptions during
the current rise occur in the 'kink' region.

Although the different regions in the (qo,qa) plane seem to defermine
the type of mhd instabilities observed, it should be stressed that being in
a particular region is not a sufficient condition for such activity to
occur. It is found experimentally that the level of mhd activity is also
determined by operating conditions. Favourable conditions for occurrence of
the 'kink' type instabilities during the fast current rise are produced by
the increase of the current ramp rate (the dependence on other parameters is
discussed in [17] and [18]). Figure 11 shows a sequence of shots in which
the current and density famp rates during the fast current rise were varied.
Note that in pulse 2445, the current ramp rate was significantly lower
during the period 0.2-1.0s than for the other pulses shown. This appears to
have significantly reduced the mhd activity during this phase, in spite of
the fact that all four pulses shown have very similar trajectories in the
(qo,qa) plane up to 1s.

y, SUPERPOSITION OF A CURRENT RAMP DURING THE FLAT TOP

A series of experiments was performed in which the plasma current was



prograﬁmed to rise from one flat top level of TMA to a second flat top level
of ZMA [%5]. During this current rise phase, lasting 2 seconds, the plasma

shape waé approximately constant. Parallel resistivity was studied both
- during the current rise and during the subsequent penetration phase at 2MA.
The internal inductance Ri calculated for these equilibria falls from 1.6 tb
1.05 "during the current rise as shown for shot #4896 in figure 12a.
Approximately 1.4 seconds after the end of the rise phase the current is
fully penetrated and zi has increased to its final value of 1.25. The
period of 1.4 seconds is marked in figure 12b as the time taken for the loop
voltage on the plasma surface to approach the loop voltage on axis. Figure
13 shows the ratios neff/né and neff/n* against major radius at a pér'ticular'
time (t=7s) during the current rise. The vertical bars indicate the spread
of values in time at a particular major radius.

The resistivity inferred from ECE or determined from mhd equilibria is,
within a factor 0.85-1.15, equal to the neoclassical value given by [14] and
higher, by a factor 1'.11—2.6, than the Spitzer value given by [19]. ‘This
strengthens the conolusion-that resistivity in JET is close to‘neooiassical
even during the ramp. This result should be compared with a Doublet III
study [8] in which trapping was found to be far less doninant.

5. CONCLUSIONS

A detailed study of plasma resistivity in JET has shown that during the
plasma 'flat-top', and at times when the current profile is changing slowly,
the resistivity is well described by neoclassical theory. As a result,
current penetration occurs onr a timescale consistent with neoclassical
diffusion rates, This applies equally to plasmas in quasi-steady state
'conditions, and plasmas with applied external electric fields.  Note that
although the neoclassical rather than Spitzer values appear to be a better
description of plasma resistivity in JET, experimental errors ai’e guch that
Spitzer résiétivity cannot be completely excluded. -

During the current risé phase, however, current penetration is
substantially more rapid than expected from a resistive diffusion
calculation. It appears, therefore, that the rate at which current
penetrates is enhanced by the experimentally observed mhd activity (as has
been observed in earlier experiments). We have therefore attempted to
analyse the formation of the current ahd temperature profiles in terms of
the mhd stability properties of the plasma. Our conclusion is that the
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evolution of current and temperature profiles in JET may be understood in
terms of the trajectory of the discharge in the (qo, qa) plane. It is found
that the plasma evolves through regions in this plane which are predicted to
be mhd unstable. While substantial mhd activity is observed, which 1s
correlated with rapid current penetration, the occurrence of such mhd
instabilities generally has no deleterious effect on the flat-top
performance. As the mhd activity decays, current penetration approaches the
neoclassical value, and becomes neoclassical as the current plateau value is
reached. Generally the plasma current flat-top is reached with q ~1, and
this state is maintained into the decay phase.
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Fig.6 Evolution of current j(r) and safety factor q(r) profiles for pulses 2214, 2442 and 2044, obtained
from the magnetic equilibrium codes.
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Fig.13 The ratios n.s/ns and ne/v* plotted versus R at t="Tsec.
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