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The plasma density evolution in sawtooth regime on the Tore Supra tokamak is analyzed. The
density is measured using fast-sweeping X-mode reflectometry which allows tomographic
reconstructions. There is evidence that density is governed by the perpendicular electric flows, while
temperature evolution is dominated by parallel diffusion. Postcursor oscillations sometimes lead to
the formation of a density plateau, which is explained in terms of convection cells associated with
the kink mode. A crescent-shaped density structure located inside g1 is often visible just after the
crash and indicates that some part of the density withstands the crash. 3D full MHD nonlinear
simulations with the code XTOR-2F recover this structure and show that it arises from the
perpendicular flows emerging from the reconnection layer. The proportion of density reinjected
inside the q14 surface is determined, and the implications in terms of helium ash transport are
discussed. ¥ 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766893]

I. INTRODUCTION

The issue of sawteeth is of significant importance in the
physics of tokamaks, for several reasons. First, sawteeth pro-
vide a way of studying magnetic reconnection in laboratory
plasmas, and there still remains a lot to be discovered on this
topic. The theory of reconnection in tokamaks has generated
numerous developments, e.g.,*? but despite all this effort,
some features of the sawtooth instability remain mysterious,
such as the very short duration of the collapse phase. Hence,
sawteeth still deserve attention. Also, purely in terms of
tokamak operation, sawteeth are a double-edged sword. On
the one side, each sawtooth crash reduces the core tempera-
ture and density by typically 10%.%® Since the fusion power
scales as the square of the pressure of the deuterium-tritium
mixture, it is seen that a sawtooth crash can transiently
reduce the efficiency of the fusion reactions by up to 35%.
Furthermore, energetic particle populations like the 3.5 MeV
a-particles are found to stabilize sawteeth, making their pe-
riod longer.!* This can lead to a stronger crash (monster saw-
teeth), able to trigger secondary instabilities like neoclassical
tearing modes.'® Thus, sawteeth are a hindrance to good
plasma operation. On the other side, the inert a-particles con-
tinuously produced by the fusion reactions need to be evac-
uated before they choke the plasma by diluting it. For
instance, given the target fusion power in ITER, 500 MW,
and the expected sawtooth period, >10 s for monster saw-
teeth,’* the amount of mixture converted to a-particles
between two crashes reaches a few percents. The thermalized
fast particles build-up inside the q,1 surface, which acts
like a transport barrier, and are released only at the onset of
the crash. Here, q is the inverse of the twist number of mag-
netic field lines, called safety factor. Thus, sawteeth provide

a possible mechanism to wash the core from the helium
aSh.16'17

However, it appears that the issue of the particle trans-
port induced by the sawtooth has not been thoroughly stud-
ied. Most sawtooth observations in the past used X-ray8-2!
imaging, electron cyclotron emission (ECE) imaging,°?22
or Thomson scattering,>?4%° to study the impurity content
and the electron temperature, but there has not been much
focus on the electron density itself. The density and tempera-
ture profiles are most often assumed to be completely flat-
tened by the sawtooth crash.'* In this paper, we present new
elements based on recent experimental and numerical results
drawing a different picture. Experimental results are
obtained using fast-sweeping X-mode reflectometry?62” for
the density and ECE for the temperature, while numerical
simulations are carried out with the full MHD 3D non-linear
XTOR-2F%-30 code.

It is found that the transport of particles during the crash
itself is mainly governed by the poloidal perpendicular flows.
The density structures observed in the experiment are recov-
ered in the simulations. The XTOR-2F code has been used to
understand the mechanism of their formation. A significant
part of the core density in excess of the density at the o 1
surface is not expelled but instead is reinjected inside the
q14 surface. Following this mechanism, a crescent-shaped
density structure is obtained, which is clearly visible both in
the experiment and in the simulation.

The paper is organized as follows. In Sec. I, the experi-
mental methods and results are presented and discussed. In
Sec. I, the numerical methods are considered. In Sec. 1V,
the physical analysis of experiments and simulations is car-
ried out. Finally, the implications of the results are discussed
in Sec. V.
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II. EXPERIMENTAL RESULTS

Reflectometry has been used for decades to scan the
electron density of the plasma. It is based on the principle
that electromagnetic waves can only propagate if their fre-
quency is higher than a critical pulsation x.. Below xc, the
wave is evanescent. Thus, a wave with frequency x is
launched into the plasma. When the propagating wave
reaches the cut-off layer where xy;x, it is reflected. The
detection of the phase of the wave gives access to the time of
flight, then yielding the position of the cut-off layer re.
Whenever x. is a known function of the density ne, the posi-
tion of the cut-off layer yields the couple ge; rcp. If several
waves with different frequencies are launched in the plasma,

a density profile may be reconstructed. The critical pulsation
depends on the polarization of the wave. In the ordinary (O)

mode, itis equal to the plasma pulsation X, 14 pﬂmj@ﬁ@mnm@

The critical pulsation increases monotonically with ne, so
that peaked profiles can be scanned only on the low field
side of the tokamak, where the reflectometer is located.
In the extraordinary (X) mode, there are two cut-off
pulsations x6c, which have a dependence on the cyclotron
pulsation X}z eB=m . The upper X-mode is used,
qﬁmﬁmgﬁmﬁﬁmﬁmmmﬁﬁmﬁmmm
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Using X-mode instead of O-mode allows to reach the high
field side even for peaked profiles. Fig. 1 displays a peaked
density profile of the Tore Supra shot #44634, and the corre-
sponding cut-off frequencies. It is seen that in O-mode, the
plasma cannot be scanned for major radii smaller than 2.4 m,
whereas in X-mode, it can be scanned for radii in the range
[1.7 m, 3.1 m]. However, the frequencies needed are much
higher, in the range [100 GHz, 150 GHZz].

Fast-sweeping of the probe frequency yields a density
profile in 40 [s. There is a delay of 5 [s between two meas-
urements. The profile is iteratively reconstructed and the rel-
ative error on the measurement is below 1%. The radial
resolution is 1.2 cm. The structures observed using the reflec-
tometry technique are assumed to rotate in the poloidal
plane. In the experiments analyzed in this work, the fre-
quency of the sawtooth precursor, identified as an m/m, 1/1
internal kink, is observed to be close to 1 kHz. Here, m and n
are the poloidal and toroidal wave numbers. The measured
frequency X=2p is the sum of the rotation frequency of the
plasma.®! and of the internal kink frequency x=2p. The ratio
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FIG. 1. Typical peaked density profile (a) on Tore Supra shot #44634, and
corresponding cut-off frequency, in O-mode and X-mode (b).
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between the plasma period and the total sampling time of
45 [s is close to 22, so that tomographic inversion can be
carried out.?”
The technique used here to perform tomographic recon-
structions is similar to that used in Ref. 32. The poloidal
plane is described by a polar meshyr; fp . The experimental
profiles give the density on the line h1; 0. The pulsation xo
of the mode is first evaluated. Then, the density at ho at a
time to is the mean of the density at hi; 0;t1;, to— ho=Xo
with weight p__ho and of the density at hi, p;ti; to
hdP— hep=xo with weight ho, in order to reflect proximity
in time. In other words, the density is an interpolation
between what the density was ho=xo seconds before and
what it is known to be g hg =x0 seconds later.
An example of this technique applied to a Tore Supra
plasma is shown on Fig. 2. The plasma parameters are as fol-

lows: magnetic field on axis By ¥ 3:8T, minor radius
a% 0.72m, major radius Ro ¥4 2:4m, core density no ¥ 3:8
x10® m—3, core electronic temperature Teo ¥ 2:4 keV,
poloidal beta (for a parabolic pressure profile) by; [(;3Ro=
apnoTeo=B2 1,0:01, plasma current Ip 1,1:2 MA, ohmic
heating (no additional heating powers). The sequence can be
described as follows:

+ A: after a crash, the density is almost flat inside the q % 1
surface and a peaking is seen to appear in the deepest
core.

- B: a kink oscillation appears and the peaked core is
displaced.

= C: The kink does not lead to a sawtooth crash but is later
stabilized. Let us denote this a partial crash. The peak thus
continues to grow.

« D: The peak is highest just before new kink oscillations
appear in the core, this time leading to a sawtooth crash.

- E: After the sawtooth crash, a very distinct crescent-
shaped density structure can be observed inside the ¢ 1
surface. It must have formed during the reconnection
phase because it is present immediately after the crash.

- F: After a few milliseconds, the crescent-shaped structure
is seen to homogenize poloidally, while the peaking reap-
pears in the center of the image. The main ring (orange) is
encircled by a secondary ring (light blue).

Fig. 3 displays the core density profiles together with the
electron temperature measured using electron cyclotron emis-
sion, during the same shot, but 150 ms later (t14 5.15-5.17 ms).

These measurements deserve several comments. The
density behaviour may seem unusual, compared to typical
profiles obtained with interferometry. Recall, however, that
the discharge is ohmic, with no additional heating or non-
inductive current drive, hence there is a significant Ware
pinch effect® due to the significant inductive toroidal elec-
tric field, responsible for density peaking inside the qi;1
surface. The Ware pinch is an inward radial velocity linked
with the conservation of the canonical toroidal momentum

under the hypothesis of axisymmetry. After the sawtooth
crash, the density profile is flat, up to a few percents (cf. Fig.
3(c)), blue profile). The growth of the peaking can be
observed while the density rebuilds on Fig. 3(c)). It was
shown in Ref. 34 that indeed the measured pinch velocity
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essentially agrees with the neoclassical calculation, obtained
with the NCLASS code.®® Reference 34 simultaneously
measures the pinch velocity and diffusion coefficient inside

the q¥ 1 surface by locally measuring the radial electron
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FIG. 3. Density profiles temperature profiles versus major radius in TS #
44634, for tV5'15_5'17 ms, during the ramp phase of the sawtooth (a), cor-
responding électron temperature profiles obtained by ECE measurements

(b). Zoom on the core density inside the q %4 1 surface (c).

b

flux Cedrb = —1=r or'@nedribdr’ and plotting Ce=ne Vversus
—@rne=ne. When the particle source is negligible, this yields
a straight line with slope D, the particle diffusion coeffi-
cient, and intersect Vj, the radial velocity pinch. The radial
velocity is measured to be of the order of 0:1m s—*, and can
be considered as a constant except in the center where it
drops to zero, thus avoiding singularity. The diffusion coeffi-
cient is of the order of 0:05 m? s—1,

The shape of the building profile is remarkable: the pro-
file is significantly more peaked deep inside than close to the

q % 1 surface. Together with the steep gradients outside
rs 6 @ 14 ib yields the shape of a sombrero. This general
shape can readily be explained. To simplify the discussion,
we take a constant radial pinch velocity profile, which is re-
alistic for r > 0:05 m. The evolution of the electron density
ne is modeled with a convection diffusion equation:

@tne % _r ' bneVp - Drneb; (1)

where V, is the constant pinch velocity and D the constant
diffusion coefficient. Equilibrium yields the slope jrne=nej
4 jVp=Dj, which is constant. However, in cylindrical geome-
try, the evolution towards this equilibrium is not uniform.
Indeed volume effects yield an additional term —neVp=r, in
addition to advection —V,, . r ne, which enhances the effect
of the pinch close to the magnetic axis. As a result, the pro-
file is more peaked in the center. This can be very easily
verified numerically.
However, there is more to this than only radial convec-
tion. The previous simple model would be sufficient to
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FIG. 4. Time trace of the equatorial density in Tore Supra ohmic shot
#44634, obtained with fast-sweeping reflectometry (a), average spectral
power of density fluctuations inside inversion radius (b).

describe the evolution of the profile if the latter was already
flat immediately after the crash. However, the crash does not

flatten the density profile completely. Structures of amplitude
in the range of 1%—2% and of typical radial size equal to 0.2
m are obtained at the end of the reconnection phase, as seen
on the blue profile, Fig. 3(c)). The first steps of the profile

evolution are dominated by the obliteration of these struc-
tures, leading to the green ‘profile. This process lasts 10 ms,

pRobesadigtpiiffusing Ahieming. Furemyiskdorrasgifbisive

bulent process were responsible for such a rise in the perpen-
dicular particle diffusion coefficient (compared to the

aforementioned value of 0:05 m s—2), the temperature diffu-

sivity v, would also undergo a dramatic rise. As a result, the
temperature profile would flatten significantly. Fig. 3(b))

shows, however, that the smooth evolution of the tempera-
ture profile is not affected during this. Finally, it is important
to note that a magneto-hydrodynamic mode with mode num-
bers myn 1 is observed during the flattening. Fig. 4(a))
displays the time trace of the density, and Fig. 4(b)) the cor-
responding average power spectra, exhibiting the frequency
of the mode preceding and following the crash. It is observed
that the postcursor frequency (t15.146-5.150 s) is very
close to the precursor frequency (1,5.140-5.146 s). The pre-
cursor is a kink mode with frequency of the order of half the
diamagnetic frequency x’, according to Ref. 36. The fre-
quency of the plasma flows is also of the order of the dia-
magnetic frequency, so we can conjecture that both mode
frequency and Doppler shift play significant roles in the total
frequency in the laboratory frame. This conjecture will be
checked in Sec. IV. Since the frequency of the postcursor is
not different from that of the precursor, we can conclude that
it is not the result of the mere convection of a residual den-
sity perturbation by the plasma rotation, but really the signa-
ture of kink type MHD activity following the crash. Such

Phys. Plasmas 19, 112305 (2012)

MHD activity can for instance be due to incomplete recon-
nection. It is important to note this fact because the flows
affecting the density are very different in the presence or in
the absence of MHD activity, as we will see in Sec. IV.

We now turn our attention to the crescent-shaped struc-
ture observed on frame E of Fig. 2(c)). It is very common in
this kind of ohmic shot and is always observed immediately
after the crash. It is as such remarkable that a clearly visible
structure with definite shape is observed at the end of the
reconnection phase, which is traditionally said to completely
flatten the profiles. Frame F reveals that the crescent homog-
enizes poloidally to form a ring-shaped structure, in just a
few rotation times. The peaking of the density can be seen to
reappear in the deepest core on frame F.

We now review the numerical methods used to analyze
these experimental results.

I1l. NUMERICAL METHODS
A. The XTOR-2F code

The XTOR-2F code is a nonlinear and bi-fluid full
MHD code. It uses a fully implicit scheme to solve the fol-
lowing set of equations;?®

@nbv-rnbnr-vbm' B s br-d rn—V nb;
t e -rxg% n ? p
(2)
nmd@v b v rvbv? rvzP—JXBp rplur?ivp v
i ? i
3)

@ppv- - rppCpr-vpbCDPrp B
t ) en i._rxézn )

i X

bvor?pbr: BnﬁgB-rg b Sw;

B T kPe

t VarxdvxBbprx —rxgJ (5)

Here, vV4 5 bvig vi Y41=3eB?B X 1pidesignates the
ion diamagnetic velocity, i and e the ion and electron popula-
tions, Sy is a particle source that is vanishing in the core, Sy
is a heating source, C is the ratio of specific heats, vy and v,

are the parallel and perpendicular diffusivities, Dz and V,
are the particle diffusion coefficient and radial pinch veloc-

ity, g is the resistivity, u is the viscosity, and n n; g (quasi-
neutrality). The difference between electron and ion
temperatures is controlled by the parameter s1, Ti=T,, which
is assumed constant and uniform. All our simulations assume
s 1, 1. The fourth term in the Lh.s. of Eq. (2) is the diver-
gence of the diamagnetic flux. Diamagnetic effects account
for plasma rotation and for the real frequency of the kink
mode. They also play a crucial role in accelerating reconnec-
tion during a sawtooth crash, through the second term in the
I.h.s. of Eqg. (5).%% Halpern et al. demonstrated in Ref. 37
that two regimes of internal kink reconnection cycles are ac-
cessible with XTOR-2F, depending on the relative values of
the resistivity and the diamagnetic effects. Namely, at low
resistivity and with important diamagnetic effects, the sys-
tem jumps from Kadomtsev-like smooth reconnection to a
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regime of accelerated reconnection. The simulations pre-
sented here investigate this latter regime.

The code is spectral in poloidal and toroidal directions,
and finite differences in the radial direction. Our simulations
are carried out using 32 poloidal sections and 12 toroidal sec-
tions. Because of aliasing constraints, the number of modes
with such a resolution is restricted to 4 toroidal modes
(n%0, ..., 3) and 9 poloidal modes (m% 0, ..., 8) (for the
n1,1 component). The radial resolution is 200 grid points. It
is determined by the condition Dr  d, where d is the width
of the inertial layer in the reconnection region, and Dr is the
radial step. Since d , g when g ¢ 0, decreasing resistiv-
ity demands increasing the radial resolution. In XTOR-2F,
the parameter controlling resistivity is the Lundquist number
S 13:=5a, Where sg lpatsg is the resistive time and sa V4
3lonomip=?Ro=Bo is the Alfvén time. In Tore Supra ohmic
shots, Tol2:4 %0° keV and no B3 x10¥m— yield a
Lundquist number Std42 %08 Increasing S automatically
increases computing time, so that it is difficult to use
S > 10". In the following, the value Si; 107, 20 times too
small, is assumed. The amplitude of diamagnetic effects is
tuned by the parameter a ¥4 miRo=0ZeB as, b. The experi-
mental value in the Tore Supra shot #44634 is ars 14 0:08.
However, at S1207, the threshold in a needed to achieve
the regime of accelerated reconnection is slightly higher, so
we used a1f:10 in our simulations. Since S is smaller than
the experimental value, the dynamics of sawtooth cycles is
faster, and the transport coefficients must be rescaled accord-
ingly. However, realistic values of the pinch velocity and
particle diffusion coefficient in the core are numerically chal-
lenging, so the values D»a?=sp ¥4 2 X 10— and jVpj=Va Y4
6 x 10—® have been used. This values of D> and jV, flepart
significantly from the experimental ones, but the density pro-
file is still peaked enough to allow qualitative comparisons
with the experiment.

At this point, it is useful to note that there is no con-
straint in the code to restore the safety factor and pressure
profiles to their initial values. Thus, the code computes the
profiles self-consistently after each reconnection phase and
the initial profiles are never recovered. As a result, the first
reconnection phase, which features depend on the initial pro-
files, is irrelevant.

The density source is an edge-localized restoring source of
the form S, ¥4 —r - 0D2¥noP; no being the initial density.
Since the initial density profile is flat inside the q % 1 surface
and decreases monotonically to 70% of its core value at the
edge, the source is vanishing inside the qi4 1 surface during
the whole simulations. Only the inside of the g1 surface is
studied, so that the particle source is neglected in the following.
The input pinch velocity V, profile is defined such as to repro-
duce the experimental profile measured in Ref. 34. For practi-
cal reasons, it could be measured only in the region r < 0:1m,
with an approximately constant value for 0:05m < r < 0:1m.
The constant value was extrapolated for r > 0:1m.

B. 2D advection-diffusion code

In order to directly study the transport of the density in
the poloidal plane by the combination of flow advection and

Phys. Plasmas 19, 112305 (2012)

diffusion, a simple bi-dimensional cylindrical code has been
written. The convective flow is supposed to be the sum of a
potential velocity of the form v 14 2w - /, z being the sym-
metry direction of the system, and of a radial pinch velocity
Vp, designed in the same way as in XTOR-2F. The diffusion
coefficient Dz is assumed constant. Thus, the following
equation is solved:

enpd xr/b-rnpr - 6nvpb%D?r-§n: (6)

The code uses an implicit finite differences second order in
space Arakawa scheme on a cartesian mesh with Dirichlet
boundary conditions on a circle.

IV. NUMERICAL RESULTS
A. Introduction

As explained in Sec. Il, experimental results suggest
that the density and temperature behave differently. Namely,
the temperature evolves smoothly after the crash while the
density is found to exhibit very specific structures.®® This
fact can be surprising considering the typical assumption that
the temperature and the density are both flux functions in
ohmic plasmas: Te1fe v ;pn 10 @ pwhere W' is a flux
surface label, which will shortly be defined precisely. This
assumption generally holds in a steady-state fusion plasma.
However, it does not hold in the regions subject to important
MHD activity, for instance close to the g1, 1 surface during
a sawtooth precursor or postcursor kink, not to mention dur-
ing the crash itself.

Let us briefly review the arguments leading to the con-
clusion that n and T, are flux functions. To clarify the nota-
tions, we use a reduced MHD model close to Strauss
model.® We take the magnetic field to be
B 4Bt p rWx Br, with Br 141 ru the toroidal field, and |
is constant up to order 2 in the inverse aspect ratio s. The
magnetic potential is A ¥4 wyrh b wBr, the poloidal flux is
W, ¥4 Iw, and the toroidal flux wy is independent of time.
The velocity is vi4 8 x f $B? pvkB=B, where / is the
electric potential. The projection of the ideal Ohm’s law on
By yields the following equation:

RZ
@tw%—l—ru-br/br/xrwbbobszb: @)

The equilibrium flux is denoted by wo, and perturbed
quantities are denoted by a tilde, and depend on wy and the

variable f ¥4 h — u — xt. When the equilibrium is perturbed,
w ¥4 wo b w, the flux surface label is the helical flux

0w,
w? ¥ 01— qdwbbdw b W:

Indeed the reader can check that B - rw? % 0, using the
relation J=* ¥4 ru - 0rh X rwyb % 1=0gR?b. Note that the
basis gyp; hyu js ipdirect.

The helical function allows to write the Ohm’s law in
the form of a Poisson bracket
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R? ? ?
@tw%Tru-‘/zrw xXr/l1=fw;/g: 8)

Equation (8) implies that the potential / is such that
/ Vi o b Fow b; (9)

where F is an arbitrary function and /o0wob is solution to
@Wpf /o;W g1 0. Using @w 14 @W and dwy 1 Brrdr=gap,
we find /¢ 14 —3 xBrr2.

Finally, the magnetic operator B . y can be written in
terms of the helical flux

|2
B-rfVa R_Zﬁ; wig: (10)

Now, let us apply this formalism to the temperature and
density evolution in the plasma. The argument for the tem-
perature is straightforward. The parallel diffusion coefficient
is large, so that Eq. (4), after expanding in terms of density
and temperature, and using Eqg. (2), the equation of evolution
of the temperature at first order reduces to

@Te V2 viriTe (12)

yielding Te jke w§ . Fhe other terms in the evolution of the
temperature are perpendicular transport terms that control
the details of the temperature profile across flux surfaces. To
be more precise, Eq. (11) holds because the parallel diffusion
time, sk ~ 4p?R3=vy, is very short compared with the other
time scales. Specifically, sk« must be large compared with the
period of the mode, to guarantee adiabatic alignment of Te
on w’. Typically, the ordering ks—l x=2p holds. The other
terms are either small curvature terms, either perpendicular
diffusion terms, with characteristic time sz ~ a?=v;, either
terms related to drift advection with time s.¢ ~ a=Ve. Since
Ve ~1kms=2 v ~108m?s—%; v, ~1m?s—%, we have
s2=Sk ~ 10% and Sag=sk ~ 102

The argument for the density is slightly more subtle,
because homogenization on flux surfaces can arise from two
processes: parallel homogenization by sound-waves or by
E 8 drift convection. To simplify the discussion, we
neglect curvature terms in a low inverse aspect ratio limit.
The source vanishes in the center. Then, Eq. (2) can be recast
at lowest order in s into

O
@n bB—-br/ X rnpbpvkrn b nriv Va r-Dzrn:
.

(12)

The advection by vk is usually negligible, the right hand side
corresponds to slow dynamics, so we are left with two terms,
the advection by the electric drift velocity and the parallel
compressibility.

If the latter is dominant, then coupling with the momen-
tum equation (3) yields the physics of soundﬂmmﬁmwith dis-
persion relation @?n s c3rin, with cs %  Te=mi the ion

speed of sound. In the case of non perturbed flux surfageg
C 1
S

the latter equation yields the dispersion relation x* V4 kk

wherek, 1 1=Rd1=q — 1pb. Thus, the density tends to become
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a flux function, if the wave is sufficiently fast compared to
the frequency of the mode. Any perturbation with non-
vanishing parallel wave-number is propagated along the field
line and homogenization on the flux surface occurs.

If, however, the advection by the electric drift velocity
dominates, then n will be constant on the streamlines of the

flow. Here, it is important to ngfe that the stream function is
not /, in the same sense that w was not the flux label. To

be an acceptable stream function, the potential /! involved
in the electric drift needs to be independent of time. Thus,
the stream function is obtained in the frame moving with
the perturbation at the pulsation x. This change of frame
introduces a Doppler shift in the potential: /0% /
b r’xBr=2. We have indeed with this definition, up to Qp%
terms

0B X r/'"=B% ¥4 0B X r/b=B% —rxey;

and /" is independent of time because the new poloidal vari-

able is h0Y4a h- xt. If ideal MHD is valid, Eq. (9) implies
that

IV | — 1o Vs FOW?D: (13)

Finally, when advection dominates, the density tends to

being a function of /!, which is a flux function, and the den-
sity ends up being a flux function. This expresses the frozen-
in-law.

However, when there is significant MHD activity in the
plasma, the previous arguments for the density break down
for different reasons. First, non-ideal MHD effects become
important in a narrow layer around the radius of the g, 1
surface, where the assumption /1, Fyw’y breaks down.
More importantly, it takes some time for a scalar to homoge-
nize on flux surfaces. If the time scales of evolution of the
MHD instability (which can be very short in the non-linear
phase of the sawtooth, for example) are faster than typical
homogenization time, then the final state of the scalar can be
significantly different from a flux function.

Let us now turn to the influence of these MHD effects
on the transport of particles in the poloidal plane.

B. Flattening by the postcursor mode

In this subsection, a standard non-ideal single fluid
MHD model is assumed, even if the mode is supposed to
have a frequency of the order of the diamagnetic frequency.
The nature and structure of the flow associated with a satu-
rated kink mode is described. The bifluid effects are impor-
tant only in the next subsection where the crescent-shaped
structure is studied with the XTOR-2F code.

As noted in Sec. 11, the strong flattening observed on the
density profile occurs simultaneously with a saturated kink

type m/nY 1/1 MHD mode. Let us first discuss the reasons
that may lead to saturation rather than crash. For a kink

mode, the linear drive depends on the details of the profiles
inside the q %4 1 surface, so that usually in the non-linear evo-

lution the growth rate does not vanish and a crash occurs.
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However, under certain condition, XTOR-2F exhibits a dis-
placed helical m/ny4/1 equilibrium, where the kinked pres-
sure is observed to rotate at almost constant frequency and a
permanent reconnection layer forms.®® This happens when
diamagnetic effects are small, for instance in the beginning
of the ramp phase, when the pressure gradient has not com-
pletely recovered its pre-crash value.

Here, we also use the MHD displacement n, which
characterizes the mode. It is of the form n x )
Va Ny e0X-MbUe - together with the condition r.n 14 0.
The notations and assumptions are the same as in the intro-
duction of this section. Thus, in the frame where n is defined,
the equilibrium radial electric field vanishes, at least locally,
and the flow associated with the mode has a velocity
v Y4 dn=dt ¥4 @i ¥4 —ixny,1e-Xt-hbub \where x is the fre-
quency of the mode. Let us note that the toroidal component
of the displacement is Odsb and contributes in r - n only at
order O0s?b. Thus, it is neglected. Again, we use the electric
potential / V4 /.,0rbe—1xt=hbub associated with this flow, in
a low inverse aspect ratio limit. Up to O8sb curvature terms,
vVa1=B B X r/ V4 i=drBrb/e, p 1=Br@,/ep, 0 that /,.,0rp
14, TxBrn; B pConsistency is ensured by the vanishing diver-
gence conditions for both v and n. Thus, the flow is entirely
determined by the shape of the MHD radial displacement.
The possible shapes for the radial displacement n, have been
thoroughly studied and are well-known in many configura-
tions. They stem from the minimization of a MHD energy
functional with respect to the displacement n. Ideal MHD

YURRoR! IQNESInPRE A A ASHRRRME ThNAL 15, andiR

S S
tion of inertial effects in a narrow layer around the ¢,1 sur-
face results in smoothing this step function. For instance,

mere inertial effects yield a tan— function with characteristic
width d ~ rdcsaP=s, where s is the magnetic shear at
rs; s V4 rql=qj..° Other authors studied the form of the dis-
placement for a variety of current and pressure profiles, with
addition of different non-ideal effects. More details can be
found in Refs. 36, 41, and 42.

With the previously described shapes for n; / has the
structure of two vortices in the poloidal plane, as seen on
Fig. 5(a)), which represents the m/n,1/1 electric potential
structure obtained with XTOR-2F in linear single fluid re-
gime. However, Fig. 5(a)) is misleading because, as noted in
the introduction of this section, @/ 0. The stream function
is obtained by moving to the frame where the perturbation is
stationary, and adding the corresponding Doppler shift
r’xBr=2. The streamlines are represented on Fig. 5(b)).
They have indeed the same structure as the perturbed mag-
netic surfaces, confirming the results of the introductory
subsection.

The amplitude of the flow is of the order of xn.. Recall
that here x is the frequency of the mode and not its measured
frequency X which is the sum of x and of the Doppler shift
due to the equilibrium £ x B drift velocity. However, only
the frequency in the laboratory frame X is measured. There
are some measurements of the equilibrium radial electric
field in Tore Supra using Doppler-shift measurements but
they do not provide information below r < 0:6 m. Since we

are interested in the electric field at the q' 1 surface, here
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Rotating vortices In the frame where v, =0 Static streamlines in the rotating frame
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FIG. 5. Potential structure in the frame where vg;eq14 0 (2) and correspond-
ing static streamlines of the flow in the rotating frame (b). The streamlines
describe rotation around the displaced core, accelerated in the region of the

q Y% 1 surface.

r ~0:3 m, this is of no practical use. We could also estimate
x using the formula provided in Ref. 36, giving an expres-
sion, or at least a numerical resolution, for x as a function of
x% and x’, However, these quantities are also difficult to
evaluate on the g4 surface because this corresponds to the
radius where the profile turns flat, coming from the outside
of the resonant surface. Thus, the computation of the gradi-
ent of the pressure profile involved in the evaluation of the
diamagnetic frequencies is very imprecise.

Nonetheless, there is a way to get round this difficulty.
First note that in the shot we are interested in, the density at

the q14 1 surface is much flatter than the temperature, thus
? ? B (T, .5 8B 2plheoretical neoclass-
Xr b|;eb5 Th

Xbi;eb 7 X:I';bi;eD% 0
ical results can be used to predict the value of the electric
field as a function of the temperature gradient. Neoclassical
theory in axisymmetric configurations does not allow to dis-
sociate the electric field from the toroidal velocity in the
force balance equation. In other words, only the quantity
Er — v,By can be computed, because the ambipolarity of the
radial particle fluxes is automatically verified in this formal-
ism. Neoclassical theory with magnetic ripple effects (the
ripple is high in Tore Supra) removes this degeneracy and
leads to the computation of the factor ke of proportionality
between the radial electric field and the ion temperature gra-
dient: Er Va ke@(Ti. In other words, the Doppler shift
k . vey — kex'. This factor of proportionality is determined
by the competition between turbulence effects and ripple
effects. The ripple plays an important role because it breaks
axisymmetry and because it is responsible for local particle
trapping leading to radial non-ambipolar particle fluxes. The
electric field adjusts to compensate for this non-
ambipolarity. In Tore Supra, it was found that ripple domi-
nates, so that ke1,1:5 (ripple plateau regime).*3#* This
result was checked experimentally in Ref. 45. Second, Ref.
36 allows straightforward evaluation of the kink pulsation in
the case where csigsr=sip™™ 1, with sy 1454=s: In this
case, X 1x’=2. For the situation under consideration,
csa=S'"% 1, and since we expect the shear to be small, the
condition is marginally satisfied. Finally, we can write
Kjva }'72 —kex’,jso ke 11:5 yields Xy X and
Xx 1)X=2. Thus, the kink pulsation is expressed without
explicitly referring to the diamagnetic pulsation. This shows
that the Doppler shift and the frequency of the mode play
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comparable roles in the measured pulsation X of the mode.
The Doppler shift and the mode frequency have opposite
signs, and the existence of the mode reduces the pulsation to
2/3 of its value without kink activity. This shows that the
1 kHz frequency of the postcursor cannot be attributed to
plasma rotation only, but that the mode’s own frequency is
of the order of 0.5 kHz, while the plasma rotates in the oppo-
site direction at a frequency of the order of 1.5 kHz.

There is also some difficulty in estimating experimen-
tally the amplitude of the radial displacement. It is straight-
forward only when the profiles are peaked since n; is directly
measurable as the displacement of the core. A typical core
displacement for the saturated kink oscillation in Tore Supra
ohmic shots is 0.1 m. At the onset of the crash, the core is
displaced up to the q ¥4 1 surface. The position of this surface
rs depends mainly on Ip. In the Tore Supra shot #44634,
which characteristics are studied here, lp ¥4 1:2 MA, result-
ing in the g 141 surface located at rs > 0:3m. For the post-
cursor mode, there is usually no peaking in the core allowing
to trace back the amplitude of the displacement. However, in
our case, the peaking is seen to reappear while the kink oscil-
lations are still present, so that its amplitude can be eval-
uated. It is of the order of 0.1 m, making the typical velocity
of the order of 300 ms—1.

However, the effective convection velocity can be much

larger. The velocity along the line h%40 is given by the
expression

jvi¥a jvpj¥a xjne — r p r@inyj;

so that the velocity is dominated by the term @(n near the
14 1 surface where the radial variations of n (and /) are
fast. This originates from the condition .n 14 0. Thiscan
be seen on Figs. 5(a) and 5(b) where on the edges the stream-
lines are very close to each other, meaning significant accel-
eration of the flow. Fig. 6 represents the functions n, versus
gr r_r@qr . It appears that the velocity is enhanced by a
actor of 10 next to the q 15 1 surface, compared with the
rough estimate v xnr.

Now, let us use the advection-diffusion code described
in Sec. 1l B to study the effects of this flow during 10 ms on
the poloidal density profile. The stream function / is
obtained from XTOR-2F as the dominant m/,1/1 compo-
nent of the potential in linear regime and without bifluid
effects. The pinch velocity is set to zero in the 2D code
because it does not play a role in the process, and / is
rescaled to be consistent with the measured MHD displace-
ment. We take rs ¥4 0:25m; D ¥4 0:05m? s—*; f V4 400 Hz;
ndrs @1, 0:1m, the time step is 1 [s and the computation
is done on a 256 x 256 cartesian grid. In order to reproduce
the experimental results, we simply take an initial perturba-
tion defined analytically by a smooth function of the form

1 0h — hob
ndr; hb% 1p Pbrb%;
with Parp146 1§ —2r* pr? pThe precise expression of the
initial perturbation is unimportant. The experimental pertur-
bation could have been interpolated on the numerical mesh,
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FIG. 6. Comparison between the radial displacement n, and jv=xj%
jne —r pr@nj on the line h° % 0.

but it would not have changed the discussion. Only a pertur-
bation which is not a function of the potential is needed. The
same simulation was done with other profiles and the results
were similar.

The results of the advection simulation are presented in
Fig. 7. It is seen that a frequency of 400 Hz and a MHD dis-
placement of 0.1 m is sufficient to homogenize the density in
the poloidal plane in 10 ms. The reason is that the velocity
pattern enforces the density to enter the very thin zone where
@,/ is large, stretching the density profile. The characteristic
width of the density “wall” generated by this process is small
enough to be erased even by a small diffusion coefficient. By
comparison, the purely diffusive evolution would have
required a time of the order of 1 s to reach the same level of
flatness.

C. The emergence of the crescent-shaped structure

In this subsection, the nature and the origin of the
crescent-shaped structure observed after a sawtooth crash
and described in Sec. Il are investigated, using XTOR-2F
sawtooth crash simulations. The results of the simulation are
presented on Fig. 8. The time interval displayed spans a time
of 8410%s,, longer than the reconnection time itself,
approximately 3.10%. The crash presented here is the
third one in a series of four (not mentioning the first irrele-
vant one), which display quite regular behaviour. The saw-
tooth period sst is sst »4 s 10%a, which translates to
almost 10 ms, close to the experimental value in Tore Supra
ohmic discharges, 20-40ms, with s’ 2 X 10—"s. How-
ever, one should not forget that ssr increases with the Lund-
quist number S, almost linearly for smaller S. Recall that S in
XTOR-2F is 20 times smaller than the experimental value,
so that our sawtooth period may actually be overestimated
compared to the experimental one. The similarity of Fig. 8
with Fig. 2 is striking. The same crescent-shaped structure is
obtained at the end of the reconnection phase. As in the
experiment, it is encircled by a secondary ring-shaped struc-
ture. Namely, frame I' of Fig. 8 looks much like frame E of
Fig. 2. It is possible to trace back the apparition of the den-
sity structures using the outputs of the code.
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FIG. 7. Advection diffusion simulation with rs ¥4 0:25m; D ¥4 0:05 m? s—;
f Y4 400 Hz; n,dr ¥4 0b% 0:1m. Homogenization occurs in less than 10 ms.

Al The density poloidal profile before kink destabilization.

- B Initial core displacement pushing the core toward the
q141 surface. A thin density structure is already distin-
guishable in the right part of the image.

- C! and D': Formation of circular structures is clearly visi-
ble while the dense core shrinks at the reconnection layer.

+ E": Reconnection rate is enhanced due to diamagnetic
effects and leads to a gap (dark blue) and bump (dark red
on the right edge of the image) structure.

* P and G The process continues and finally reconnection
stops. The result is that the core density has been
remapped on a circular zone close to the separatrix.

« H: The density structure homogenizes poloidally to
form a ring and feeds a more internal crescent-shaped
structure.

= 1" While the external ring structure slowly diffuses, the
remaining dominant density structure is crescent-shaped.

The origin of this density redistribution can be under-
stood using the same kind of arguments as in the previous
subsection. Indeed, the poloidal perpendicular flows are,
again, the key to understand this phenomenon. The sequence
displayed on Fig. 8 corresponds to one magnetic reconnec-
tion event. As noted before, the kink displacement is accom-
panied by rapid flows emerging from the reconnection layer,
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located at rs. When reconnection occurs, these flows are
Alfvénic. However, the corresponding Alfvén speed is com-
posed using the reduced helical field, B’ = B,01 — qb;

jB j’ rBrd1 — qb=0Rgb. The maximum value of jB j=Br
inside the q % 1 surface is of the order of 3 x 10—%, given
that gl —_qop’ 0:1 and rs=Ro > 0:1. Actually, the velocity

of the jet generated at the separatrix reaches the value of
0:01Va when reconnection is at its maximum rate. It is a

very fast velocity, considering that the Alfvén velocity is of

the order of 10’ m s—L. To understand how the density is
transported by the flows, it is necessary to evaluate the dif-
ferent terms in Eq. (2) during the simulation, while the struc-
ture develops. However, this must be done in the rotating
frame, because in the laboratory frame a significant part of
the time derivative of the density is due to the term
rxey, nywhich overrides important information. Since the
simulations presented here have bifluid effects included, we

must take into account the total velocity vi ¥ ve b vii p Vf.
Here, ve V4 ve— rxey, but we will further remove the tilde
notation for clarity. Recall that in a cylindrical plasma, the
diamagnetic flux does not advect the density at all,
Av’y Ik a toroidal plasma, however, the compressi-
bility of the diamagnetic velocity does not totally compen-
sate the advection, r. ynvipls 1=erpi.r xdB=B%p 0.
This term actually turns out to be dominant in the continuity
equation, especially in the singular layer, where the pressure
gradient is significantly enhanced. It is mainly compensated
by the divergence of the electric drift velocity, that is, we
have

1=erp; - r x 0B=B°P’ —nr/ - r X 8B=B?b, (14)
except in the resonant layer. Equation (14) is an expression
of the fact that ion confinement is electrostatic.

The sum of these two terms is curvature terms. The next
dominant term in the continuity equation is the electric drift
advection ve .ng In the following, the contributions of the
curvature terms and of the electric drift advection during the
reconnection phase are compared. The different dominant
terms in the continuity equation are plotted in Fig. 9 across
one minor radius, for one given angle, here h 1, p=4 at
t V4 126914 sa, corresponding to frame E! in the region of the
growing perturbation (h 14 0 is on the equatorial plane). In
Fig. 9(b), the sum of the two terms from Fig. 9(a) is plotted
in blue. The electric advection term is also represented in
green, while the red curve represents the sum of the blue and
green curves, representing the dominant term in the time de-
rivative of the density in the rotating frame.

It can be concluded from Fig. 9(b) that in the reconnec-
tion region, the density evolution is driven by the electric ve-
locity, which is not surprising given the amplitude of the
flow. Indeed the main contribution to the red curve is the
green curve, and it adds positively in the I.h.s. of Eq. (2), that
is, it is a density sink, at the origin of the deep gap observed
on frame E'. The same curves can be plotted for any angle h.
Fig. 10 is at the angle h 14 0, which corresponds to the right
end of the reconnection layer. Here, it is seen that the domi-
nant term is made from curvature, or compressibility effects,
and adds negatively to the density balance equation. It is a
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FIG. 8. Colour plots of the density in an XTOR-2F sawtooth crash simulation. The crescent-shaped structure is recovered and forms during the crash. Rotation
is counter-clockwise. The dotted black circle figures the position of the initial g41 surface. It should not be confused with the separatrix which moves outward

during reconnection.

source of density and leads to the formation of the bump together with the separatrix at t14126914 s, when the

observed on frame E.

reconnection flows are the largest, and it is compared with a

Fig. 11 helps summarize the process described using Poincaré plot of the magnetic surfaces. The stream function
Figs. 9 and 10. The stream function of the flow is displayed adopts the same general structure as the magnetic flux
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Stream function and magnetic separatrix
0.4/ ' '

Poincare plot of the magnetic field
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FIG. 11. Contours of the potential function in the rotating frame during the
crash, with the magnetic separatrix shown in red at time t 1, 126914 s, (a).
It is compared with the magnetic surfaces obtained as Poincaré plots (b).
The stream function and the flux label display similar structures.

surfaces, a bubble-shaped old core and a wide island encir-
cling it, with a few secondary islands denoting m/n 2/ 1,
2 and m/ny, 3/3 activity. It is clearly seen on Fig. 11(a)
how advection lets the density cross the separatrix to map
the dense core on a circular zone outside the q 14 surface.

The analysis of Figs. 9-11 leads to the following
conclusions:

+ The particles are mainly advected by the fast electric drift
velocity jets generated at the reconnection layer.

- After crossing the separatrix, finite compressibility leads
to a density build-up producing the observed ring-shaped
structure.

It is more difficult to understand how the more central
crescent-shaped structure is generated. A first guess would be
that it corresponds merely to an myl perturbation of the den-
sity profile, thus uninteresting when looking at the radial trans-
port properties linked with the sawtooth crash. However, the
structure remains visible on the poloidally averaged profiles
(as seen on Fig. 12), so this possibility is ruled out. Instead, the

structure really seems to be fed by the outer ring (frame HY).
Following the end of the reconnection phase, the magnetic
island occupying the volume inside the separatrix must become
a new magnetic core. Thus, magnetic surfaces must recenter,
carrying with them the plasma in a radial motion.

Fig. 11 reveals that during reconnection, the structure
and position of the magnetic island approximately corre-
spond to the structure seen on the stream function. Following
the arguments of Sec. IV B, one could expect to see flatten-
ing occur on the magnetic island, resulting in a final flat den-
sity profile, in accordance with the most common sawtooth
model (see, for example, Ref. 14). However, there is a major
difference between the situation studied presently and Sec.
IV B: while the flattening process was due to the existence of
a long-lasting potential structure, giving the density enough
time to whirl several times around the vortex, now the whole
process lasts only one reconnection time. The most signifi-
cant part of the reconnection phase happens in less than
2 « 10® sa, with a typical period of rotation around the vor-
tex of 10° sa (only immediately in the reconnection layer
and for a short time does the velocity reach the value
0:01Va), so homogenization does not have time to occur.
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FIG. 12. Safety factor and density on the line h,p at t 14130442 s, The
dotted vertical lines show the radial location of the two structures. Safety
factor and normalized density have same units on the y-axis.

V. DISCUSSION

It is meaningful to compare XTOR-2F results and
the experimental results displayed in Sec. Il. Frames E and F
of Fig. 2 show that the crescent-shaped structure homoge-
nizes in a few milliseconds. The external structure also
homogenizes, and two rings remain. This is consistent with
sound-wave homogenization, occurring on a time scale
ss ¥4 dkkcsb—1. Given the post-crash temperature of 2.2 keV,
a homogenization time of a few milliseconds is consistent
with a dq= i —1 jin the range 30—2; 10—1]. In the experi-
ment, the safety factor is not known with a sufficient preci-
sion to conclude definitively, even if such values correspond
to commonly observed magnetic shearing rates. In XTOR-
2F, reconnection is complete, so that the safety factor is
above 1 in all the plasma after the crash. Fig. 12 shows the
safety factor and the flux surface averaged density at the
time t ¥4 130442 sa, frame I' of Fig. 8. It is seen that q — 1,
and hence kg, is approximately 5 times bigger on the external
structure than on the crescent. Hence, it homogenizes poloi-
dally 5 times faster, in a few ss;.Ss 0:5,10%a. Thus, the
transition from crescent to ring is not observed for the more
central structure because since the Lundquist number is
lower than in the experiment, the sawtooth cycle dynamics is
faster and the next crash occurs before homogenization is
complete.

A difference with the experiment is the amplitude of the
final structures. In the experiment, the crescent’s amplitude
is of the order of 2% of the total density, while the amplitude
of the circular structure is less than 1%. In XTOR-2F, these
amplitudes are both slightly below 1% (after flux surface av-
erage). In both cases, the circular structure in the final state
is located very close to the q 1}, surface.

It is crucial to note that our sawtooth crash model
implies that a significant part of the density in excess of the
density at the ¢ 14, 1 surface is not expelled, contrary to what
is usually assumed.'* The crescent-shaped structure is the
trace of a reinjection mechanism. It does not matter much for
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the electron density because the structure represents a very
small part of the total density. However, one is tempted to
apply this model to impurities like tungsten or helium, which
have different profiles. A typical helium profile almost van-
ishes at the qi1 surface, if one assumes efficient pump out,
while the helium produced by fusion reactions in the deepest
core builds up inside the g/l surface. If a significant part of
the particles is not expelled but reinjected by the flows inside
the g1} surface, it could lead to insufficient helium (and/or
tungsten) exhaust. The following simplistic model clarifies
this point. In theory, one can measure the reinjection ratio of
a species s, fs, defined by the ratio

Ng'sbrinv; tlb .

fs Va )
’ Np;s0riny ; tob

where

por

Np.sOr; thY4 Oénsér; tb— nrin; toPP Jdrdhdu;

@Valtrr-0rhx rub]_l) is the number of particles inside
the surface of radius r, in excess of nsgrin; top; to and t; are
two instants immediately before and after the crash. Here,
nsOriny; tob designates the density of the species s at the inver-
sion radius of the sawtooth at to. Actually, reinjection may be
an inappropriate term since it is not completely clear whether
the density is reinjected at the end of the reconnection phase or
if simply some part of it does not cross the separatrix. None-
theless, we will stick to this terminology. In general,
0 < fs < 1, since O corresponds to full flattening, and 1 corre-
sponds to no net particle flux through the inversion radius
between the beginning and the end of the crash. If one assumes
similar density redistribution mechanisms for electrons and
minority ions, then the ratios fe and fue are the same. A num-
ber NP, of a particles are produced during two sawtooth

crashes. If we denote by Np.OnP the number of a particles
inside the q % 1 surface immediately after the nth sawtooth
crash, then Nuedn p 1b% fuedNwdnbp N Belt follows that

Nidnb 1 —He— ¢

Nple nt1 1 —fhe e
Hence, for non-negligible ratio fue, the density inside the
14 1 surface can be significantly enhanced by the 1=31 __fuep
factor.

The most important caveat to this model is that the rein-
jection ratio fs is not a well-defined quantity. Indeed, it is
very sensitive to the choice of to and t;, and to the measure-
ment of the position of the inversion radius. In particular, it
is difficult to define a density inversion radius in our simula-
tions. Indeed, the concept is most easily defined if the profile
following the crash is flat in the region of the ¢, 1 surface,
however, in our case, the circular structure ends up in the
region of the q% 1 surface, as seen on frame I' of Fig. 8, and
has the same amplitude as the crescent. Thus, it is meaning-
less to compute fe in this case. However, in the experiment,
the crescent largely dominates over the ring, which is con-
sistent with the experimental results of Ref. 34 showing that

the fluctuation level dn=n is reduced inside the q %4 1 surface.
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Remembering that the ring originates from the density circu-
lar pulse following the separatrix, it is more affected by dif-
fusion, which explains its diminished size. Also, the
inversion radius is easier to define and the time scales of
sawtooth global dynamics and sawtooth crash are well sepa-
rated, allowing a reasonable choice of to and t; for each
crash. The measured ratio f. depends on the crash. The
sequence in Fig. 2 is part of a sequence of 5 tomographically
analyzed crashes. The ratios fo measured for this subse-
quence are plotted in Fig. 13. It is seen that typically,
0:2 < fe < 0:5. Given that the redistribution mechanism is
dominated by the flows coupled to diffusion, the ratios of the
different species are likely to be similar, except if the turbu-
lent diffusion coefficients are very different. Even if a more
precise study is beyond the scope of this article, our results
imply that impurity transport in sawtooth regime is a serious

issue which deserves closer investigations.
The previous sections allow to reconstruct a full story of

the evolution of the density, and how it is coupled to the saw-
tooth evolution. The experimental results, confirmed by non-

linear MHD simulations, lead to the following conclusions:

- At the onset of the sawtooth crash, the hot and dense core
is driven toward the gy surface, where it is advected by
fast electric drift velocity jets on the separatrix. The tem-
perature is also advected by the electric drift, however, its
evolution is dominated by a large diffusivity, so that it
remains constant on the magnetic surfaces.

- After the crash, about one third of the particles have been
reinjected inside the initial qijl surface in the form of a
crescent-shaped structure. Depending on the amplitude of
the remaining MHD activity, two evolutions are possible:

(1) When there is low activity after the crash, there is a
smooth evolution dominated by sound waves, which
homogenize the density in the poloidal direction and
lead to a double ring-shaped density structure, on top
of which the pinch term builds a peaking of the profile.

(2) When a long-lived MHD mode with frequency com-
parable to the kink frequency persists after the crash,

Experimental reinjection fraction in 5 subsequent crashes

0.8

0.6

0.4+

5.04 506 508 51 512 514 516 5.18
time (s)

FIG. 13. Reinjection ratios in the experiment for 5 subsequent sawtooth
crashes. They are plotted at the time of the corresponding crash.
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the potential pattern drives a rapid flattening of the
profiles because of the existence of a strong velocity
shear zone next to the g4l surface. This flattening
occurs because initially the density is not a flux func-
tion. Thus, the flows, which are tangent to the poten-
tial and magnetic surfaces, redistribute the density to
make it a flux function, and at the end of this convec-
tion process the density ends up to be flat. However,
the temperature, which is already a flux function, is
not significantly affected by these flows.

As a final remark, note that the structure described in
this paper should not be mixed up with the crescent-shaped
structure observed in Ref. 19 using soft X-ray tomography.
In this paper, the structure is described as a relic of the old
core, diffused on time scales longer than the electron temper-
ature time scale, located across the separatrix and attributed
to metallic impurities. Here instead, the crescent is observed
directly on the electron density clearly inside the ¢ 151 ra-
dius, and results from the dynamic redistribution of the den-
sity profile during the sawtooth collapse, due to the strong
reconnection flows.

VI. CONCLUSION

The results of this paper can be summarized as follows.

Recent experimental results obtained with a novel fast-
sweeping X-mode reflectometry technique give access to
fine density structures in ohmic plasmas. These structures
are tightly linked to the sawtooth dynamics. The electron
density and temperature are found to evolve differently:
whereas the time scales of the sawtooth (0.1-1 ms) are long
compared to the temperature parallel diffusivity time scale
(.JO ls), they are of the same order of magnitude as the
time scales ruling the density inside the q 1}, surface.

The differences in temperature and density behavior are
not due to a decoupling between the electric potential and
the magnetic flux function. In the simulation, the potential
tends to be a flux function, in accordance with the theoretical
structure of the kink flow.

A significant density flattening has been shown to be
consistent with the kink expected during postcursor oscilla-
tions. The ratio between the frequency of the postcursor and
the frequency measured in the laboratory frame was deter-
mined using neoclassical theory.

The density is found to be redistributed inside the poloi-
dal plane, with a reinjection ratio of the order of 0.3. The
XTOR-2F non-linear and bifluid full MHD code recovers the
observed structures.
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