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Abstract: Electron and impurity transport has been studiesiaiwtoothing plasmas in the Tore Supra tokamak.
High time and space resolution measurements ofldetron density reveal the existence of a flafilgroegion
encompassing thg = 1 surface, on which is superimposed a densigk gauilding up between sawtooth
relaxations. Transport of both nickel and electrbas been determine independently of the effestafeeth in
the central part of the plasma. In the core, ebactransport exceeds the neoclassical values aeslatd with

the NCLASS code, although the turbulence leveleis/\ow. In contrast, nickel transport is in goagteement
with the neoclassical calculations in the wholet@mregion. The neoclassical effect on trappedigas of a
persisting mode due to incomplete reconnectiom@fagnetic surfaces is consistent with these vhsens.

1. Introduction

The observed transport of charged particles inndes is usually attributed to the
effect of collisions [1, 2] and turbulence ([3] areferences therein) on trapped or passing
particles. Although the effect of a non-axisymnefreld has been investigated in momentum
transport studies [4, 5], the collisional transgangdictions for particles generally assume an
axisymmetric magnetic field. We report here a seofeobservations of electron and impurity
transport, the former exceeding and the latter hiadgc the axisymmetric neoclassical
expectations in ohmic, sawtoothing plasmas
[6]. The relationship between these
experimental results and the electron
density fluctuations measurements is &
discussed. The possible role of the magnetic = :
perturbation associated with the sawtooth
activity is discussed.
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2. Electron transport T :
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Measurements evidencing a narrowrigure 1: Sample of density profiles as measured by

; : : the reflectometer over a sawtooth period. (top) Full
central density peak are common in Ohmlégdial profile, (bottom) close-up on the central part

Tore-Supra discharges [7] In order toof the profile. Dashed line: interferometer
follow the temporal evolution of the plasmameasurement in the same time interval (discharge
core during the build-up phase of aTs#35035). Vertical dashed lines: q = 1 surface.
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sawtooth, we measure a few hundreds profiles aghD-band reflectometer [8, 9] at a high
repetition rate of 13 to 25 kHz. Figure 1 showsmgle of the profiles measured in an ohmic
discharge atp = 1 MA during a 30 ms sequence (approximatelywat@ath period). The
good space and time resolutions of the
reflectometer reveals that the density
peaking consists of a very local steepening
e of the profile close to the magnetic axis on
952958 9s s 94 997 988 98 48 top of a central plateau region. The central
=== T T 1 peak in the core region grows almost
S ] linearly during the sawtooth while the
density of the plateau and that in the
gradient area do not evolve. The growth of
the central peak is stopped by the sawtooth
crash (Fig. 2), which leads back to a flat

5 27 28 25 é core.
R (m)

Figure 2: (Top) time evolution of the measured central The densﬂg/ at the peak Car.]
temperature. Vertical lines indicate times of the represent up to 10% of the plateau density

profiles shown below and in figure 1. (Bottom) and it has a typical width of 15cm
electron temperature profile evolution. Dashed black  (Ar/a[10.2). As can be seen in Fig. 2
line: sawtooth inversion radius deduced from ECE. (bottom) no such peaking is observed for
the temperature This density peak cannot
be caused by particle source since there is nongldselling in the plasma core (see [10] and
next section).

Plasma current ) scan experiments have been performed to expgherérk between
the plateau and peak structure and the radiuseaf thl surface. The latter is determined in
the following way. The current diffusion equatios solved in CRONOS using the
neoclassical resistivityj) from the T profiles fitted from both ECE and Thomson scatigri
measurements(ii) assuming a flat & profile. This technique allows an accurate
reconstruction of the current profile in these otischarges.

For eachlp step, density and temperature profiles have beatysed. The measured
widths of the density peak and of the density platare shown in Figure 3 as a function of
the q=1 surface radius and of the plasma current. Aldew= 0.8 MA, the width of the
density peak saturates with increasing
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current. Atlp =500 kA, the central density P A
peaking is not observed. It may be explained .[ T T T T ]
by the fact that they=1 surface radius is | i T
then smaller than the usual peak width. There | |
is a clear correlation between the width of the —I—

plateau and the plasma current. The density | —— -7 |
plateau width increases with increasihg T - H%ﬁ i
and always extends beyond tipe 1 surface. » %% — ]
Such a density flattening could be due to an - ++ -
increased particle diffusion coefficient or to L~ S A

=1 radius (cm)

an OUtwarq turbU|en.t convective flux. Figure 3: Central plateau width (defined as shown
However, this plateau is not observed on the, i e 1) and density peak FWHM as a function
temperature profile, as can be seen on thgtheq= 1 surface radius during an I, scan.

radial temperature profiles measured by the

ECE radiometer (Figure 2) and the turbulence lewehsured by reflectometry remains low in
this region (Figure 4). An alternative explanatwould be the presence of convective cells
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around theg = 1 surface, due to low magnetic shear, as suggést [11]. At this stage, no
firm conclusion can be drawn.

2.2. Radial electron transport analysis

The density profile evolves spontaneously betwemmt@oth crashes. This feature,
together with the time resolution of the densityasw@ements by reflectometry, which is
much better than the typical time scale of a sathtomade possible the determination of the
experimental electron transport coefficients in

T T T

the core of an ohmic, sawtoothing plasma | [cegmEoms T
without any external perturbation of the | --—==ere=mememm Lo
plasma. No transport code is used and the U LN Y
only hypothesis is that the transport :" 2o aall T
coefficients are independent of time between o % o e 0 el
sawtooth crashes. e et T LR 1
Let us make the usual assumption that e O ]
the electron flux is the sum of a diffusive term 5= 2 =% =
and a convective term.This assumptioftigyre 4: Density fluctuations measured by
implies thatl ¢/ne is linear inCIng/ne : reflectometry in an ohmic discharge, compared
r/n =-D0On./n +V with ICRH and LHCD heated discharges. Dashed
e e e e e e

. ) lines: g = 1 surface location.
where D and V., are the electron diffusion

coefficient and convection velocity respectively.the electron transport coefficients are
constant in time, the evaluation Iof/ne as a function ofingdne at a given radius allows us to
obtain the transport coefficienB andVe, from the slope and intercept of the cufune =
f(-Ong/ne) respectively.

. The electron flux can be obtained
o through the continuity equation :
T an +0r, =S
T // where& is the external electron source. &s

2 cannot be measured, we have calculated it
with the one-dimensional code METIS [12]
/. m\ which assumes a diffusion coefficient
Fnm constructed from the neutral velocity and
Figure 5: /Jne as a function of 7hJn. at five ~Mean free path and takes into account electron
radii among the 20 used in the analysis. The impact ionisation of neutrals and charge

transport coefficients D and V are the slope and  exchange processes of neutrals with plasma

the intercept of the linear fits of the experimental ions. In the region we analyse here
points. Symbols: averages of the measured profile / < 0.1 h lculated is | b
over 1 ms (see section 2.4). Inset shows radii (r/a< 0.15), the calculated source is lower by

displayed on the main figure. at least four orders of magnitude than what
would be required to sustain the measured
central density (a more refined source calculatuith the 3-dimension code Eirene [13] in a
plasma at a slightly lower density led to the samoaclusion [10]). In other words, the
evolution of the central density profile can be sidered to be entirely governed by transport.
We can thus neglect the source term in the conyirgjuation :

an +0I, =0
and obtain the electron flux by integrating it ovadius in cylindrical geometry :
— 1 r 1 1
r.(r)= _FIO r'ondr'.

o 0z
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The density gradient is determined directly frone thensity profiles measured by
reflectometry after removal of the effect of a twtg mode (the uncertainty associated with
this procedure is evaluated in Section 2.3).

During a sawtooth period(r,t)/ne andIngne are determined at about 20 radial points, half
of which on the high field side and the other lualfthe low field side. In Figure 54/ne = -De
[ngne + Ve is represented as a function @fne/ne for the particular sawtooth analysed here
(only five radii are shown for clarity). At all radhe points deduced from the measurements
are well aligned on a straight line, which jussfi@ posteriori the hypothesis of constant
transport coefficients. The electron transport ioehts D, andV, are respectively the slope
and the intercept of the line fitted to the expenmal points at each radius. The good time
resolution compared to the time window width allovesy small uncertainties (less than 10
*m?/s and 10 m/s resp.) compared with the other sources of ésted in the next section.

Figure 6 shows th®, and V. profiles obtained with this method. The radiakival
displayed on the figure is intentionally limiteal about 10 cmr(a [10.15) on both the high
and low field sides. Further from the magnetic akis density profile is almost flat and
constant in time. The flatness of the profile matkesnormalised density gradient difficult to
evaluate and the fact that it is constant
produces large uncertainties in the 10

particle flux.
Close to the magnetic axis, the -
values of both the normalised gradient =" " E

and the electron flux tend to 0. They are -

D [mPs)

thus affected by large uncertainties 0 :
which, in the present case, result in -0 ’*\
erroneous negative values of the z oo Ma
diffusion coefficient. In the gradient
region, the method gives larger values of 2%
De (up to 0.2 to 0.4 Afs around B R TR

— i)
f/a=0.5) andVe (around 0.2m/s) but Figure 6: Diffusion coefficient De (top) and convection

with spurious spikes probably due to thQ/elocity Ve (bottom). Solid line: experimental
faCt. Fhat the me_thOd has not l?eerboefh‘icients deduced from the preceding figure, dashed
optimised for this plasma region. line: corresponding neoclassical coefficients calculated

Nevertheless, the global picture is that oby the NCLASS code [20] included in the CRONOS
reduced electron transport in the plasm&ackage[23]. The shaded areas represent the error bars
. . __.asevaluated in section 2.3.

centre compared with the gradient
region. These results are compared with theordtiaasport predictions in Section 4.

VE [mi's]

-0.06F

2.3. Uncertainties

Various error sources have been investigated. ddreesponding uncertainties are
summarised in the table below. First, in the sdenaf the present experiment, the density
measurements as a function of the major radiastke distance from the measurement point
to the symmetry axis of the machine) commonly reaeffuctuation of the maximum density
position with an amplitude of about 4-5 cm. It tfriButed to a rotating mode of odd parity,
most probably ani= 1, n = 1) mode. Another source of error is the smallhrasetry of the
experimental values oD and V on either side of the magnetic axis. The mosthjike
explanation is the uncertainty in the magnetic opium reconstruction together with the
sensitivity of the flux-gradient method. The bounes of the time window over which the
analysis is performed also has an influence omedbelts, maybe due to residual MHD modes
after the sawtooth relaxations.
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Error source 3D, (M?/9) d3Ve( mls)
Rotating mode (evaluated at f7d).08) 0.02 5x10°
HFS/LFS asymmetry 7x10° 2.5¢10°
Time window boundaries -0.02, +0.030.015, +0.007
Sawtooth variability 0.01 5x10°3
Error on minor radius of measurement points negligible

The various error sources can roughly be considaseiddependent from each other.
The total uncertainties on the diffusion coeffitciemd the convection velocity can thus be
calculated as follows :

Dy =y (Do) + (s ) + Dy ) + (D),

K = (M + (s + (i )+ (V)
They have been calculated at each radial poinhgakito account the radial dependence of
the various error sources. They are of the ord8xd6? m?/s and 1.810% m/s.

Transport coefficient profiles have been generawethin these uncertainties to
reconstruct the density profile evolution. The camgon with the measured profiles shows
that the error bar ob. represents fairly well the domain compatible whle measurements
while that onV, is slightly overestimated. A value &%, /V. [110% is more consistent with
the measurements.

2.4. Theoretical transport calculations

Neoclassical and turbulent transport calculatioasehbeen performed by running
NCLASS [14] and the quasilinear gyrokinetic modelaQiKiz [15, 16] respectively, with an
integrated modelling of the plasma by CRONOS [TTHe neoclassical transport coefficients
are shown in Fig. 6 with error bars calculated bgying the electron density and temperature
by the measurement uncertainty (5%) around theasoed values. According to QuaLiKiz,
turbulent micro-instabilities are expected to depeloutside a central region defined
approximately by theg = 1 surface but not inside this region, becausegtiadients are below
the calculated thresholds. This prediction is irreaghent with the measured density
fluctuation level (shown in Fig. 4) which is velgw (about 0.2%) within the = 1 surface,
with a sharp transition to substantially higherues outside this surface. The calculated
transport coefficients are thus in contrast with &xperimental electron diffusion coefficient
(and, to a lesser extent, the convection velocitypich is unambiguously higher than
predicted by NCLASS in most of the central regi@mly very close to the magnetic axis do
the experimental results meet the NCLASS calcutati(within a rather large error bar for
diffusion). This is further discussed in Section 4.

3. Impurity transport
3.1. Experiment and radial impurity transport analysis

The scenario chosen to study impurity transpothepresence of sawteeth is similar
to that used in [18], the novelty being in the wsawteeth are taken into account in the
analysis, as explained below (and originally in]]J19races of Nickel were injected by laser
blow-off. Contrary to the electron transport anaysresented in Section 2, which could not
be performed on a time scale larger than the sdtwioeriod, the impurity analysis can be and
is always performed on a time interval of a fewtigl confinement times in order to
minimise the error bars. In order to distinguisle tedistributing effects of the sawtooth
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relaxations, which are not the object of this wadilkom the 'pure transport' effects, it is
necessary to process in two steps.

First, the background plasma soft-X ray emissiosuistracted from the measurements
using its strong relationship with the plasma terapee. The remaining signal represents the
emission of the injected species only. It is alfecked by sawteeth and is thus processed
using the model of [20]. The relaxations are asslioeflatten the impurity density profile
instantaneously inside tlig= 1 surface radiug,=1. Outside a minor radiusix slightly larger
thanry=1, sawteeth are assumed to be ineffective. The nuoflgarticles being invariant, the
only parameter of this model is the mixing radigs. Its value is of the order of x;-;.

Between the sawtooth
relaxations, the standard iterative "
procedure based on the continuity &
equation resolution [21] was applied. =
This first step revealed a strong ="
contrast between a weak transport
region around the magnetic axis and ol
the outer plasma characterised byZ o
strong transport diffusion. Instead of = -vost
the automatic optimisation algorithm T ol
[22], the step-by-step optimisation % ST o e oz e
algorithm [23] designed for impurity Figure 7. Experimental and neoclassical (NCLASS

transport determinatio_n has been usegtusion coefficient (top) and convection velocity (bottom)
in the present case, since we wanted t@r the discharge with a Ni injection (TS#36782). Solid

control every step of the process. Theines: experimental results, dashed line: neoclassical
drawback of this method is that it wasc@/culations of NCLASS. Coloured bands: uncertainties
not possible to determine the O" the experimental electron coefficients due to the

. ; sawtooth variability. Vertical dashed line:  sawtooth
uncertainties on the experimental;,yersion radius.

transport coefficients.

The transport coefficient profiles can be seenig F. The analysed region extends
further than for electrons but with a poorer radggesdolution, because of the relative lack of
localised measurements but also of the analysihaodetThe profiles show a very sharp
transition atr [10.25 m, which coincides with the sawtooth invensiadius observed on the
ECE measurements. Further outside, the diffusicefficeent is more than two orders of
magnitude higher than the NCLASS prediction, witlsubstantial inward convective flux.
The contrast with the results of Section 2.2 camogr electron transport makes a detailed
comparison necessary.

3.3. Comparison with electron transport

As the reader may have noticed, the scenario usethé impurity study is at higher
density than that for electrons. We have thus peréd again the electron transport analysis
on the impurity-seeded discharge. We have usednigthod described in Section 2.2, the
poorer reflectometry time sampling (4 ms instead 76fus in Section 2) being partly
compensated by the possibility of analysing fivevtegth (thanks to the longer acquisition
time interval) instead of only one as in Sectiah 2.

The resultingD. andV, profiles are shown in Fig. 7. The coloured bardicates the
error bars defined by the extreme values of thdficants found at each radius. Thg and
Ve profiles have a shape very similar to those obthiwith the detailed analysis in Section
2.2 but with somewhat higher values. Note that hieeeexperimental values are above the
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NCLASS predictions, even close to the magnetic.aate also that, despite the rather large
error bars, we obseni2; > Dy; inside theg = 1 surface.

4. Interpretation

In order to recover consistency between the theatetnodels and the experimental
results, we suggest two processes which could camphe axisymmetric neoclassical and
turbulent transport models. Both processes are dbase the effect of the magnetic
perturbation of the rotating mode (see descripitio8ection 2.3) on trapped particles and can
be deduced from the calculations in [24] and refees therein. The radial displaceméruf
the magnetic surfaces is related to the paralleipmment of the magnetic field perturbation
(the only component relevant for transport) infilllowing way:

o= ﬂi ,
LP
whered = 8B,/B, L, is the pressure gradient length ghd the kinetic pressure to magnetic
pressure ratio. With common valuesoéndLp, we obtain approximately<20° < & < 102,

The first possible effect which we have calculatedhat of particles trapped in the
magnetic perturbation. The relevant collisionapgrameten ippie & = 55/ wrs (Wherevs
is the collision frequency anayr s = (1-16)vr /R the trapped particle transit frequency for a
speciess) is larger than one for electrons, which means tihay are in the plateau regime.
The diffusion coefficient associated with thesadadlly trapped patrticles is of the form :

{25
Dips =| = | 7o
€) 1-qv;g

where e =r/R is the inverse aspect ratio angsvthe particle vertical drift velocity. With
central values ofie 0 3.5x10"° m® and T, 02.5 keV, we obtain b .(10-50x8* m?/s, i.e.
between 19 and %10° m?/s. These values are of the order of (or slighthaker than) the
NCLASS diffusion coefficient of electrons (a few3lf?%s, as can be seen in Fig 6). This
effect can thus contribute substantially the obseémiffusion coefficient.

Assuming a charge of 26 for nickel around the magraxis, the same effect for the
nickel ions has been evaluated. Nickel is alsohi@ plateau regime and using the same
formula as for electrons, we firdhp ni 00.2<Dpp e < 10° m?/s, which is small compared to
the NCLASS prediction and the observed value (sge7¥.

The second effect comes from the contribution & turvature drift due to the
magnetic perturbation on the particles trappedh@ main magnetic field. The relevant
electron collisionality parameterg/s, indicates that our situation corresponds to theadled
banana-drift regime, for which the diffusion coeiint is given by :

_ 3% Vi,

Je vy
In the present case, we habgp . 130xd* m%s. It is of the same order of magnitudeDas e
and thus can also contribute substantially the wleslevalue.

The same effect calculated for the nickel ions shoimat Nickel is in the so-called
'ripple-plateau’ regime, for which the diffusioretficient is :

2 2
qo) 9R Vo 2
Dy, =| 39| I "0z cq2p
RP,Z (fj 1-q v, 4 Dypz

In the central part of the plasma, whageis close to 1, it is thus close ©ypz and
significantly smaller than the NCLASS predictiordahe observed value.

DBD,e
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In summary, the non-axisymmetrical neoclassicatafbf the magnetic perturbation
associated with the rotating mode is a good catelida explain the experimental
observations. It has a substantial effect on eectransport which indeed is observed to be
stronger than predicted by NCLASS, whereas it hasall effect on Nickel transport which
is ibserved to be in good agreement with the NCLASSlictions.

5. Conclusion

Investigation of electron and Nickel transport wesformed in plasmas affected by
sawteeth. For the first time in this regime, thelentying transport of electrons and impurities
was determined independently of the effect of sathteelaxations. Thanks to the existence
of a central density peak evolving between the gathitrelaxations, electron transport could
be deduced in the central plasma regida £ 0.2) from the linear relationship between the
electron flux normalised to density and the invesleetron density gradient length, without
the help of a modelling code. Nickel transport hasn determined by solving the system of
coupled continuity equations of all the nickel mation stages, with a heuristic model of
particle redistribution due to the sawtooth crashes

The radial transport analysis performed on the cansity profiles between sawtooth
crashes shows that the electron diffusion coefiiced convection velocity within thee= 1
surface are larger than the NCLASS predictionssThiin contrast both with the very low
measured fluctuation level in the same region aitkl te gyrokinetic linear stability analysis
indicating that the core plasma gradients are bét@ithresholds. In contrast, nickel transport
is in very good agreement with the NCLASS preditsin this volume.

The non-axisymmetric, neoclassical effect of an pddty, probably fhi=1,n=1),
rotating mode between the sawtooth relaxations igoad candidate to explain these
observations. It is shown to be significant andststent with the observations for electrons

while it is estimated to have little effect on raetk
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