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The core plasma density in ohmic, sawtoothing regime in Tore Supra and JET tokamaks measured by fast-
sweeping reflectometry develops a central peak. This peak is surrounded by a density plateau, which extends up

to the ¢ = 1 reconnection surface. Such mexican hat like profiles differ from the smooth dome of the temperature

profile. Detailed tomographic reconstructions of the density in the poloidal plane show the development of
crescent and ring structures during the sawtooth cycle. 3D full MHD nonlinear simulations with the XTOR-2F
code recover these structures and show that they can be explained by the MHD activity related to the sawtooth
instability. They show also that the electron density evolution is dominated by the perpendicular MHD flows,
while the temperature, obtained with ECE measurements is dominated by parallel diffusion.
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1. Introduction

Sawteeth are relaxation oscillations affecting the core
density and temperature of the plasma, triggered by an
m/n = 1/1 MHD instabiliy, where m and n are the poloidal
and toroidal wave numbers. Since the fusion power Py is
proportional to the square of the pressure p = nT, this is-
sue is of central importance, both temperature and density
being reduced by typically 10% [1]. However, while the
temperature relaxation, diffusion and heat pulse propaga-
tion have been extensively analyzed, density evolution has
not been thoroughly studied. Complete homogenization is
usually assumed after the sawtooth crash with a flat density
profile inside the g = 1 surface [2]. Sawtooth relaxations
are also crucial for core impurity transport. For future toka-
maks, there must be an efficient way of evacuating the He-
lium produced by fusion reactions in the core, as well as
flushing out high-Z impurities like Tungsten. It was lately
reported in JET with the ITER-like wall that Tungsten ab-
lated from the divertor was liable to accumulate in the core
in H-mode, leading to back transitions to L-mode [3], and
sometimes to the collapse of the discharge.

In this contribution, we present new elements based
on recent experimental and numerical results regarding
the density evolution linked with MHD activity in saw-
tooth regime. Experimental results are obtained using fast-
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sweeping X-mode reflectometry on Tore Supra [4, 5] and
JET tokamaks while numerical simulations are carried out
with the 3D full MHD nonlinear XTOR-2F [6] code.

On both devices, in ohmic regime, the density exhibits
very characteristic structures, with amplitudes between 1%
and 10% of the central density. The structures can be re-
covered with XTOR-2F, which has been used to under-
stand the mechanism of their formation. In the experiment,
a significant fraction (typically 30%), of the core density is
not evacuated through the g = 1 surface, but is reorganized
in the form of a crescent-shaped structure, visible both in
the experiment and the simulation. The experimental re-
sults are described in section 2. In section 3, the numeri-
cal methods are presented. The numerical results are pre-
sented and compared with the experiment in section 4.

2. Experimental Results

Reflectometry is based on radar principle, measuring
the phase of a microwave reflected from a plasma cutoff
layer as a function of the probing frequency [7]. Depend-
ing on the polarization, the cutoff layer position depends on
the local plasma density (Ordinary mode) and local mag-
netic intensity (eXtraordinary mode). The measured phase
during a frequency sweep can be inverted to recover the
cutoff layer positions and hence the density profile. Fast
frequency sweeping increases the profile reliability like a
fast shutter photography, the density profile is frozen dur-

© 2013 The Japan Society of Plasma
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Fig. 1 Time trace of a series of sawtooth crashes, on the Tore
Supra tokamak, pulse #44634.

ing the measurement [8].

2.1 Tore Supra results

On Tore Supra, the density profile is reconstructed us-
ing three X-mode reflectometers covering the band 50 to
155 GHz [9]. The D-band reflectometer (100 - 155 GHz)
measures the density profile from the gradient zone on the
outer side to the inner side in 30 to 70 us [4]. The dwelt
time between two consecutive sweeps can be as short as
5 us and up to 10000 profiles can be stored in a shot. As the
lowest frequency (100 GHz) is always inside the plasma,
the profile inversion requires an initialization on an edge
density profile measured either by the edge reflectometer
or the interferometry diagnostic [10]. Uncertainty on cal-
ibration, equilibrium, magnetic field results on a global
uncertainty of the radial position of 1 to 2cm. However,
the relative radial uncertainty from profile to profile is al-
most one order of magnitude lower. The density profile
inside the ¢ = 1 surface in ohmic shots at moderate den-
sity exhibits a peak inside the ¢ = 1 surface surrounded
by a density plateau as shown on Fig. 1. In this example,
the plasma parameters are as follows : magnetic field on
axis By = 3.8T, minor radius a = 0.72m, major radius
Ry = 2.4 m, core density ny = 3.8 X 10" m~3, core electron
temperature Ty = 2.4keV, poloidal beta (for a parabolic
pressure profile) g, = ,U()(R()/a)znoTe()/Bé = 0.01, plasma
current /p = 1.2 MA, ohmic heating (no additional heating
powers). The density profile were measured in 40 pus with
a dwelt time 5 us between two measurements. 5000 pro-
files were measured in 225 ms covering several sawtooth
cycles. This peaking on axis has been shown to be due
to the neoclassical Ware pinch and a drop of the particle
diffusion [11]. The mexican hat like structure is not seen
on the temperature which presents a smooth dome near the
axis.

2.2  JET results

A very similar structure has been observed in JET
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Fig. 2 Time trace of a series of sawtooth crashes, on the JET
tokamak, pulse #83090.

ohmic shots as shown on Fig.2. JET parameters are as
follows : magnetic field on axis By = 2.55 T, minor radius
a = 0.95m, major radius Ry = 2.9 m, core density ny =
3.0 x 10" m™3, core electron temperature Ty = 1.8 keV,
plasma current Ip = 2.25 MA, ohmic heating (ICRH heat-
ing phase start at t = 485s). The JET density profiles were
reconstructed using the X-mode reflectometers [12]. JET
reflectometers were swept simultaneously every 15 us, this
time covers the dwelt time between sweeps. 10000 profiles
lasting 150 ms were recorded in the ohmic phase before
ICRH heating phase.

2.3 2D tomography reconstruction

Using the mode rotation, 2-D reconstruction in a
poloidal plane can be performed from 1-D radial profile.
Such procedure was used for ECE temperature measure-
ments [13]. On the Tore supra example, the density struc-
tures are observed using the reflectometry technique to ro-
tate in the poloidal plane with a frequency F very close to
1kHz, corresponding to an m/n = 1/1 internal kink mode,
precursor or postcursor of the sawtooth. This frequency
being much lower than the profile repetion rate 1/45 us, a
tomographic inversion can be carried out [5]. The results
are seen on Fig. 3. The sequence can be described as fol-
lows:

e 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.

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

e 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.

e D : The peak is highest just before new kink oscilla-
tions appear in the core, this time leading to a saw-
tooth crash.

e E : After the sawtooth crash, a very distinct crescent-
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Fig. 3 Tore Supra pulse # 44634. Evolution of the central tem-
perature (a), Time trace of the reflectometry signal (b)
and tomographic reconstructions of the plasma electron
density during a sawtooth (c). Vertical lines indicate the
times at which snapshot are taken.

shaped density structure can be observed inside the
q = 1 surface. It formed during the reconnec-
tion phase because it is present immediately after the
crash.

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

Figure 4 displays the core density profiles together
with the electron temperature measured using electron cy-
clotron emission, during the same pulse, but 150 ms later
(t = 5.15 —5.17s). The peaking of the density profile
is explained in part by a Ware pinch [11]. The exper-
imental pinch velocity is of the order of 0.1 m.s™' and
can be considered as a constant for » > 0.05m, where
r is the minor radius. The overall sombrero shape of
the profile, as observed on Fig.4b), can readily be ex-
plained. The divergence of the pinch flux V - (aninch> can
be seen as a source term in the continuity equation, and
for a constant radial velocity, there is an additional term
in cylindrical geometry, compared to Cartesian geometry:
—71e|Vpinenl /7, which enhances the effect of the pinch in the
center. Hence, the evolution toward the equilibrium profile
Oine[ne = |Vpinenl/ D1, where D, is the transverse diffusion
coefficient, is not homothetic and the profile looks more
peaked in the center in the rise phase.

However, it is not sufficient to explain the observa-
tions. Closer examination of the blue, red and green pro-
files on Fig.4b) indicates strong flattening over a ring
0.2m wide in only 10ms. A diffusive process would re-

quire D, =~ 4m?2.s~!, while it was measured to be of the
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Fig. 4 Temperature profiles obtained by ECE measurements (a)
and corresponding density profiles (b) during the ramp
phase of the sawtooth. The magnetic axis (r = 0) is lo-
cated at R = 2.45 m. Indicated times are in seconds.

order of 0.05 m?.s™! in the deep core [11]. Also the flatten-
ing would most likely be seen on the temperature as well,
but as shown on Fig. 4 a), the temperature profile does not
exhibit such a flattening. Therefore, it is more likely ex-
plained by the MHD flows linked to the postcursor. Indeed
the postcursor mode is present during the sequence blue —
red — green, with same frequency and amplitude compa-
rable to that of the precursor.

In the following, this flattening as well as the other
structures observed on Fig. 3 are studied theoretically and
numerically.

3. Numerical Methods
3.1 XTOR-2F
The XTOR-2F code is a nonlinear and bi-fluid full
MHD code. It uses a fully-implicit scheme to solve the
following set of equations [6] (assuming p; = p. = p/2):
B

\Y
atn+v-Vn+nV~v+—p-V><—:
2e B2

Sy + V- (D Vn— aninch)s (D

nmi(atv+v~Vv+vi*~Vvl)—J><B+Vp=
WA+, (2)
op+v-Vp+ITpV- +F Vp-Vx — B
4 _— =
92 p+Ip 2en P VX

pX
X Vip+V- B(B—,Z”B : v;)} + Sh, 3)
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Here v = (E X B)/B? + v, v = 1/(neB*)B x Vp;
designates the ion diamagnetic velocity, L and || refer to
directions perpendicular and parallel to the magnetic field,
i and e to ion and electron populations, S, is a particle
source that is vanishing in the core, Sy is a heating source,
I' is the ratio of specific heats, n the resistivity and n =
n; = ne (quasi-neutrality). The resistivity is tuned by the
Lundquist number S = Tr/7a, Where g = /,toa2 /n is the
resistive time and 74 = (ﬂonomi)l/zRo/Bo is the Alfvén
time. In the experiment, Sts = 2 X 108, while in XTOR-
2F, S >107 leads to prohibitive simulation times. Here,
S =107 is used.

#B=Vx@wxB)+Vx ~Vxnl. 4)

3.2 Advection-diffusion 2D code

Even if XTOR-2F can produce kink instability lead-
ing to sawtooth collapse, it has not been found to exhibit
the same fast flattening behaviour observed on Fig.4b).
Indeed, reconnection is usually complete in XTOR-2F, so
there is no free energy remaining for a postcursor mode,
whereas a postcursor mode is usually observed in the ex-
periment. However the flattening can be explained using
what is known about the kink flow, without complex 3D
nonlinear simulations. A simple bidimensional advection
diffusion code has been written, solving for the density un-
der the influence of a fixed potential velocity v = Z X V¢
and diffusion:

dn+(EZxVe)-Vn=D,Vin. (5)

The results are presented in the next section.

4. Analysis of Numerical Results

The flow linked with kink-type instability has been
known for many years (see for example Ref. [14] for an
extensive study of the kink structure). In the poloidal
plane, the electric potential ¢, which is the stream function,
has typically the shape of two D-shaped vortices. How-
ever this holds only if there is no rotation of the mode in
the poloidal plane, indeed in the rotating case, the elec-
tric potential is not the stream function anymore, since
a stream function @ must theoretically have the property
0@ = 0, while here d¢p « w¢. Hence we have to
move to the frame rotating at the frequency of the per-
turbation, which adds a Doppler contribution to the po-
tential: ¢(r,0,1) — @(r,0,1) = ¢(r,0 — wt, f) — ¢o, where
¢o = —1/2wBr? [15]. Instead of two D-shaped vortices,
Fig.5 a), the potential now looks like the perturbed mag-
netic flux surfaces, as seen on Fig.5b). It is seen that the
flow is significantly accelerated next to the ¢ = 1 sur-
face. Thus we propose the following flattening mecha-
nism: starting after the sawtooth collapse with density gra-
dients, the density is driven in the thin region close to the
resonant surface where acceleration leads to the formation
of filaments, rapidly smoothed by even a small diffusion.

Potential structure in the lab frame Static streamines in the rotating frame
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Fig. 5 Potential structure in the lab frame, obtained with XTOR-
2F in the single fluid case (a) and corresponding station-
ary streamlines in the rotating frame (b).
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Fig. 6 The streamlines in Fig.5 are used for an advection dif-

fusion simulation with r, = 0.25m, D = 0.05m?.s7!,

f =400Hz, &(r = 0) = 0.1 m. Homogenization occurs
in less than 10 ms.

We checked this mechanism with the advection code, us-
ing a postcursor amplitude and frequency, and an initial
profile consistent with the experiment. The results are pre-
sented on Fig. 6, it is seen that indeed, flattening occurs
very rapidly, in less than 10 ms.

Figure 7 displays the result of an XTOR-2F sawtooth
crash simulation. The similarity of Fig.7 with Fig.3 is
striking. In particular, the crescent-shaped structure ob-
served in the experiment is recovered in the simulation
(frame D’). As in the experiment, the crescent is encir-
cled by a secondary ring (light blue on frames E and F of
Fig.3). The secondary ring represents the density which
crossed the X-point during the reconnection process, and
was mapped around the separatrix.

In more details, the sequence can be detailed as fol-
lows:
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Fig. 7 Colour plots of the density in an XTOR-2F sawtooth
crash simulation. The crescent-shaped structure is re-
covered and forms during the crash. Mode rotation is
counter-clockwise. The dotted black circle figures the
position of the initial ¢ = 1 surface. It should not be
confused with the separatrix which moves outward dur-
ing reconnection.

e A’: The peaked density is displayed prior to the kink
destabilization.

e B’: The dense core is driven toward the separatrix.
Density starts crossing the X-point and is seen as a
filament of density outside the ¢ = 1 surface. First
stages of reconnection are Kadomtsev-like.

e C’: Reconnection accelerates because of diamagnetic
effects.

e D’: Reconnection stopped before all the particles
crossed the separatrix. The dominant structure inside
the ¢ = 1 surface is crescent-shaped. The external
structure homogenizes to form a ring outside the ini-
tial ¢ = 1 surface.

The dominant term in the continuity equation dur-
ing the reconnection process is the advection by the fast
flows developed at the reconnection layer. The flow en-
ters through the X-point (located on the top right region on
frame C’) and is accelerated to velocities of the order of the
reduced poloidal Alfvén velocity VI’{H = By(1-q)/ \pop =
0.01V4, where Vy is the Alfvén velocity, Vo = B/ /liop.
The process stops before all the particles contained inside
the initial g = 1 surface have crossed the separatrix. This
is obviously an evidence of break-down of the frozen-in-
law. Indeed reconnection is complete, so all the helical
flux inside the ¢ = 1 surface is reconnected at the X-point,
contrary to the particles. This discrepancy with the frozen-
in-law comes from all the non-ideal processes allowed in
XTOR-2F in Ohm’s law, namely resistivity and bifluid ef-
fects, here the V X (V| p./en) in Eq. (4). The latter term

probably is the more crucial, since the aforementioned ac-
celeration of the reconnection was attributed to this term
being dominant over the resistivity (see [16]), and because
poloidal pressure gradients are responsible for radial dia-
magnetic velocities, which change the magnetic field ra-
dial advection velocity compared to the particles advection
velocity.

To explain the final crescent shape of the structure, let
us note that after the crash, the safety factor is close to 1 ev-
erywhere inside the separatrix. There is no MHD activity
remaining and the dominant homogenization process for
the density is sound waves propagation linked with paral-
lel gradients along the magnetic field. Such gradients are
proportional to m/n — g, where m and n are the poloidal
and toroidal wave numbers of the structure. Thus only
mode numbers such that m/n — g is very small are slowly
damped, that is, only 1/1, 2/2, 3/3 and so on remain on
long time scales. Eventually, the crescent-shaped structure
homogenizes poloidally because ¢ is not rigorously equal
to 1, but in our simulation, this does not happen before the
next crash occurs.

In the experiment, contrary to the XTOR-2F simula-
tion, the different time scales: sawtooth period and post-
crash profile relaxation time are distinct enough so that it
is meaningful to compare the density content of the g = 1
surface before and after the sawtooth crash. Precisely, we
compare the quantity N,,(¢) = ﬂori"v (ns(r, ) =g (riny, to)) dr
at two times #y and #; before and after the crash, which de-
fines the reinjection ratio f, = Np(t1)/Np(to). Here riyy is
the inversion radius of the sawtooth. The quantity N, is
determined with one poloidal reconstruction assuming he-
lical m/n = 1/1 symmetry. A flat profile inside the g = 1
surface would mean f, = 0. However, in the experiment,
because of the crescent-shaped structure, this quantity is
found to be of the order of 0.3 (+0.2) in the 5 consecu-
tive tomographically reconstructed sawtooth crashes. This
means that a significant part of the density in excess of
n(riny) are not evacuated from the core, but stay inside, or,
as suggested by the XTOR-2F simulations, are reinjected
inside before the external density ring is flattened by diffu-
sion.

This experimental result may have strong implications
regarding impurity transport. Indeed in first approxima-
tion, the density of impurities can be considered as a pas-
sive scalar evolving in the plasma velocity field (but with
their own diffusion coefficient). Since the density appears
to be completely governed by the flows, it is likely that im-
purities would exhibit the same behaviour as the electron
density. Thus our results imply that the sawtooth “flush-
ing” mechanism to evacuate impurities such as fusion a-
particles or high-Z impurities could be much less efficient
than previously foreseen. XTOR-2F simulations taking
impurities into account will be shortly undertaken.
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5. Conclusion

Recent experimental results obtained with a novel
fast-sweeping X-mode reflectometry technique give access
to fine density structures in ohmic plasmas. These struc-
tures are tightly linked to the sawtooth dynamics. A sig-
nificant density flattening has been shown to be consis-
tent with the characteristics of the kink observed during
postcursor oscillations.

The density is found to be redistributed inside the
poloidal plane, with a reinjection ratio of the order of 0.3.
After the crash, it is characterized by very specific ring and
crescent-shaped structures. The XTOR-2F non-linear and
bifluid full MHD code recovers the observed structures and
helps understanding their dynamics. The E x B flows gen-
erated at the reconnection layer play the dominant role in
the mechanism of their formation. These results have im-
portant implications regarding impurity transport.
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