
PAPER

Determination of q during sawtooth from inverse
evolution of BAEs in Tore Supra
To cite this article: C.H.S. Amador et al 2018 Nucl. Fusion 58 016010

 

View the article online for updates and enhancements.

Related content
Characterization of Alfvén eigenmodes
using NBI during current ramp-up in the
ASDEX Upgrade tokamak
S da Graça, G D Conway, P Lauber et al.

-

Non-linear MHD simulations of sawteeth
and their control by current and power
depositions
O. Février, T. Nicolas, P. Maget et al.

-

Energetic particle physics in fusion
research in preparation for burning plasma
experiments
N.N. Gorelenkov, S.D. Pinches and K. Toi

-

Recent citations
A new explanation of the sawtooth
phenomena in tokamaks
S. C. Jardin et al

-

Characteristics of off-axis sawteeth with an
internal transport barrier in EAST
Ming Xu et al

-

Beta induced Alfvén eigenmode driven by
energetic ions on the HL-2A tokamak
P.W. Shi et al

-

This content was downloaded from IP address 143.107.252.216 on 10/07/2020 at 19:52

https://doi.org/10.1088/1741-4326/aa85a9
http://iopscience.iop.org/article/10.1088/0741-3335/54/9/095014
http://iopscience.iop.org/article/10.1088/0741-3335/54/9/095014
http://iopscience.iop.org/article/10.1088/0741-3335/54/9/095014
http://iopscience.iop.org/article/10.1088/1741-4326/aacbdd
http://iopscience.iop.org/article/10.1088/1741-4326/aacbdd
http://iopscience.iop.org/article/10.1088/1741-4326/aacbdd
http://iopscience.iop.org/article/10.1088/0029-5515/54/12/125001
http://iopscience.iop.org/article/10.1088/0029-5515/54/12/125001
http://iopscience.iop.org/article/10.1088/0029-5515/54/12/125001
http://dx.doi.org/10.1063/1.5140968
http://dx.doi.org/10.1063/1.5140968
http://iopscience.iop.org/0029-5515/59/8/084005
http://iopscience.iop.org/0029-5515/59/8/084005
http://iopscience.iop.org/0029-5515/59/6/066015
http://iopscience.iop.org/0029-5515/59/6/066015
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssvBDptQzEA5H3bL-HHfgvm0L5wb2509XaJLKAfpd-RZSLd18y1902KgpghBG1bGsk9Icl2spwd-__fa87uMk1irZPn8i9aJy4M8RusRSYvtrDvWsluHimHjYKo7QDRBHBlVGR7lZ5KNU6mZEZUnQOEdWHFrCsLME8uZEkfkhRuaaBCsNwGcC9_Aub_eSkHFOt5zvGfzOK6AO78qE_rC_rKjOCh2cuCEupb_eB9vYkyvOuQw12p&sig=Cg0ArKJSzN45vfA5-xKA&adurl=http://iopscience.org/books


1 © 2017 IAEA, Vienna  Printed in the UK

1.  Introduction

One of the key parameters for tokamak operation and plasma 
characterization is the safety factor. This factor measures the 
winding of the field lines around the torus, and it is given by [2]:

q =
�B · ∇ϕ

�B · ∇θ
� (1)

where �B  is the magnetic field, ϕ and θ are the toroidal and 
poloidal angles, respectively. The evolution of the safety 
factor radial profile, also known as the q profile, during a saw-
tooth cycle in tokamaks has been a subject of discussion since 
the first observation of sawteeth by von Goeler et al in 1974 
[3]. The first reconnection model proposed by Kadomtsev in 
1975 [4] describes a basic mechanism for the sawtooth insta-
bility as an internal kink mode with m = n = 1 (m and n are 
poloidal and toroidal numbers) which develops and grows in 
the plasma core. During this process, the central q value (q0) 
remains below 1, until a reconnection ends [5, 6]. Just after the 

reconnection, the q profile is flat, and q ≈ 1 from the magnetic 
axis up to the inversion radius. The crash also flattens the core 
temperature and density profiles. Subsequent developments 
taking account the role of fast particles [5, 7], as well as alter-
native models (see Hastie’s review [8]), have been proposed 
to explain the sawtooth instability. Prediction about the q pro-
file value and its time evolution could differ strongly—some 
models requiring an almost flat q = 1 profile, others predicting 
partial reconnection with q < 1 after the crash.

The first measurements of the core q profile during saw-
tooth phenomena were performed on TEXTOR with Faraday 
rotation diagnostic [9]. Soltwisch et  al reported a q0 value 
well below q = 1 over the full sawtooth periods. These meas-
urements were confirmed on DIII-D [10] and TFTR [11] 
using motional Stark effect (MSE) diagnostic and then on 
JET [12]. In each case q0 remains around 0.75 and increase 
slightly (around 5%) at each crash before slowly declining. 
Observation of snakes [13], ie a high density closed tube of 
plasma that survives several sawtooth crashes, were seen as 
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another clue contradicting Kadomtsev’s full reconnection 
model.

In opposition with these results, q profile evolution above 
and below q = 1 were also reported. Using MSE measure-
ments with radial electric field correction, Rice et  al [14] 
reported that q0 remains close to one on DIII-D, dropping to 
0.9 − 0.95 before a sawtooth crash and returning to near unity 
after the crash.

High velocity pellet injections were also used to get infor-
mation on the q profile [15]. The large dip in the pellet light 
emission when crossing the q = 1 surface was interpreted as 
evidence of a local flattening of the q profile [16, 17], with a 
local shear value at least one order of magnitude lower than 
the expected value assuming a parabolic q profile. Because 
of these contradictory results, the evolution of the q profile 
during sawteeth is still debated.

Information on the q profile can also be retrieved 
from the detection and evolution of MHD modes. 
Magnetohydrodynamics (MHD) spectroscopy relies on the q 
dependence of Alfvén eigenmodes (AEs) excited by external 
antennas or by energetic particles to improve q profile recon-
struction from magnetic equilibrium [18]. In reverse shear 
discharges, the q-profile is hollow, and exhibits a minimum 
value, qmin, larger than 1. In discharges with supra-thermal ion 
populations, frequency sweeping AEs can be excited. Dubbed 
Alfvén cascades, or reversed shear AEs (RSAEs), they exhibit 
upward frequency sweeping more commonly [19, 20]. Each 
cascade consists of several modes. From the dynamic of the 
Alfvén cascades, the time when qmin crosses a low rational 
surface such as q = 3/2 or q = 2 can be recovered.

In this work we will show that the set of downward 
chirping modes observed just after the sawtooth crash in Tore 
Supra ICRH discharges follow the Alfvén cascades equation. 
Applying MHD spectroscopy techniques, the q profile evo
lution just after a sawtooth crash will thus be recovered from 
MHD mode observation for the first time in Tore Supra. In 
the next section, the MHD spectroscopy method is described. 
In section 3, previous observations of modes in the acoustic 
frequency range in ICRH sawtooth discharges are recalled. In 
section 4, observations in low and high current discharges are 
presented. The modes detected just after the crash are identi-
fied in section 5, and the q-profile evolution is presented. In 
section 6, the q profile evolution from non-linear MHD simu-
lations with the XTOR-2F code [1] is shown to support the 
observation both for low and high current discharges.

2.  Alfvén cascades

Reversed shear shots can be created when additional heating 
produces fast ions, for example when there is the presence of 
NBI or ICRH. Reversed q profiles exhibit a minimum value, 
qmin, larger than 1 (for example q = 3/2 or q = 2), which can 
be evaluated through its relation with the frequency of AE that 
grow in the plasma. The modes that appear in this situation are 
called the Reversed Shear AEs, and, in the case that the shear 
is low (q close to 1), we can have Alfvén cascades [21], as 
observed in JET [20, 22], driven by energetic ions. The mode 
frequency is given by the following equation:

fAC =

∣∣∣∣n − m
qmin

∣∣∣∣ fA + δf� (2)

where δf  is a shift frequency, related to the plasma rotation, 
and fA is the Alfvén frequency:

fA =
B

R
√
µ0nimi

� (3)

where µ0 is the vacuum magnetic permeability, ni and mi are 
the ionic density and mass, respectively, and B is the total 
magnetic field in the cutoff position. The values of m and n 
are measured with magnetic diagnostics, so if the frequency 
evolution of the measured modes is fitted with this equation, 
qmin can be found, which consists in the technique of MHD 
spectroscopy. This technique was also applied on ASDEX 
Upgrade [23, 24], with a NBI heated plasma. The equation (2) 
had to be modified, because these MHD modes occurred in 
the acoustic wave range [25]:

fAC =

√
fS2 +

(∣∣∣∣n − m
qmin

∣∣∣∣ fA

)2

+ δf� (4)

where fS is an acoustic frequency, and δf  was considered to be 
the toroidal rotation frequency times n, to account for Doppler 
shift from plasma to laboratory frame. This equation turns to 

equation (2) when fS �
∣∣∣n − m

qmin

∣∣∣ fA.

3.  Observation of BAEs in Tore Supra

In Tore Supra, ion cyclotron resonance heating (ICRH) was the 
main heating source accelerating ions. In ICRH discharges, 
AEs were routinely detected [26]. Modes in the acoustic fre-
quency range were identified as the so-called Beta-induced 
AEs (BAEs) [21, 27–31]. The physics of BAEs has been 
studied extensively [26], [32–35]. In pure ICRH discharges, 
the condition for BAE observation agreed well with the pre-
dicted ICRH power threshold (as shown in figure 12 of [32]). 
The mode frequency also followed the prediction:

fBAE =
1
R

√
2Ti

mi

(
7
4
+

Te

Ti

)
� (5)

where mi is the ion mass, Ti and Te are the ion and electron 
temperatures.

In ICRH discharges with sawteeth, several modes in the 
acoustic frequency range could be observed after the sawtooth 
crash, before merging in a single mode toward the end of the 
sawtooth cycle (figure 3 from [35]). Guimarães-Filho showed 
that these modes exhibit different poloidal numbers, as shown 
by the opposite poloidal parity for adjacent modes. Their 
radial position was also studied. The position of the temper
ature fluctuation of the strongest mode was shown to slowly 
drift inwards during the sawtooth cycle. Assuming the mode 
to remain on the same rational surface, this inward drift would 
be incompatible with a monotonic q profile. q profile evolution 
according to the Kadomtsev model would produce an outward 
drift of resonant surfaces during the sawtooth ramp. A very 
flat or a reverse q profile would, rather, be consistent with an 
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inward mode drift during the sawtooth rise. It was then sug-
gested that the observation of RSAE would be an indication 
confirming this hypothesis [35].

4.  Observations of modes for different plasma 
currents

To investigate the nature of the modes reported by Guimarães-
Filho et al ICRH discharges with BAE activity were analyzed. 
ICRH can produce fast ions in localized regions, so not all 
shots with this heating system are suitable. We selected dis-
charges where the reflectometry diagnostic probed the core at 
fixed frequency for at least 1 full sawtooth cycle (in between 
two crashes, usually from 10 to 20 ms). The fluctuation reflec-
tometry diagnostic has two channels (two different frequen-
cies at the same time), with a 1 MHz acquisition rate, and 
heterodyne detection [36]. Triggers can be set at different 
moments of the discharge, so that more plasma environments 
can be studied during the same discharge [36].

The signal from these two reflectometry channels can be 
cross-correlated, and also correlated with the fast interferom-
etry diagnostic signals (1 MHz of acquisition rate as well) 
[37]. More specifically, we used the lines that cross the core, 
to be able to distinguish between modes with different spatial 
structures. The fast electron cyclotron emission (ECE) diag
nostic was not used because in these discharges it could not 
discriminate the fine details of each mode above 20 kHz [35].

Two discharges were analyzed in details, with their param
eters detailed in table 1. High plasma current can lower the 
values for the q profile at the edge, which increases the area 
of q = 1. This can be observed via the value of the inversion 
radius for each case.

The spectrograms from the reflectometry signals, for both 
channels in these discharges, are shown in figures  1 and 2. 
The phase shift between each mode was evaluated by cross-
correlating the fast interferometry and the reflectometry sig-
nals, as in figure 3 for shot #47413. This technique allows 
one to compare the phase of the detected modes by two dif-
ferent diagnostics (more details in [38]). The phase variation 
between modes shows that they are not in phase; hence, their 
spatial structure (the poloidal, m, and the toroidal, n, mode 
numbers) must be different.

The pattern in the spectrograms can be divided in two 
stages, delimited by the time of the modes frequency crossover. 

The first stage, with a chirping before the crossover, is only 
observed in shot #47413. An evaluation of the frequency dif-
ference between adjacent modes shows that it is not constant 
for all modes, in time. So the frequencies cannot have a linear 
dependence on m ( f = f0 + mf1, with both f0 and f1 being time 
dependent). Also, it is possible to observe that the frequency 
modes do not cross each other at the same time, which could 
only happen if there was a time that f = f0, for any given f1, 
another indication that the modes are not linear with m. As 
figure 1 shows, the stage before the crossover is not always 
observed—an indication that it may be very sensitive to saw-
tooth reconnection dynamic or radial position.

The second part, after the chirping, is present in both shots 
shown here. In this stage, the frequency shifts between adja-
cent modes are almost constant, implying a possible frequency 
given by f = f0 + mf1.

5.  Identification of the modes

The modes described in the previous section seem to be related 
to a profile with reverse shear, because the mode frequencies 
decrease right after the crash, and then start to increase, which 
could be related with a qmin changing from a value larger than 
1 to 1. So in this case we are in the limit of low shear of the q 
profile, and we can expect to find Alfvén cascades [21], and we 
can use the RSAE equation (4) to fit the mode frequencies. We 
assumed δf  to be the toroidal rotation times the toroidal mode 
number, plus the diamagnetic frequency times the poloidal 
number, to account for the mode rotation, changing the equa-
tion  frame of reference to the laboratory frame. From saw-
tooth models, n = m is expected [8], so the equation becomes:

f =

√
fBAE

2 +

(
m
∣∣∣∣1 − 1

qmin

∣∣∣∣ fA

)2

+ m( fTor + fdia).� (6)

The measurement uncertainties in the various terms pre-
vent direct comparison with the frequency measurements. In 
addition to the uncertainty on the cutoff position, the discrete 
nature of the measurements of both temperature and density 
profiles lead to uncertainties of several percent leading to sev-
eral kHz for the BAE (equation (5)) and Alfvén frequencies. 
The same uncertainty level affects the diamagnetic frequency. 
Moreover, in this shot, toroidal rotation frequency was not 
measured, although for similar Tore Supra discharges x-ray 

Table 1.  Shot parameters.

Shot Ip (MA)a ICRH(MW) R (m)b r (m)c
Shaf. 
shift (m)d εe Inv. rad./rf

#47413 g 1.25 2.09 2.32 0.69 0.06 1.05 0.3
#41926 0.95 3.41 2.39 0.72 0.08 1 0.24

a Plasma current.
b Major radius.
c Minor radius.
d Shafranov shift.
e Plasma ellipticity.
f Normalized inversion radius with minor radius, considering the Shafranov shift.
g First reflectometer trigger, during high current.
h First reflectometer trigger, during low current.

Nucl. Fusion 58 (2018) 016010
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crystal spectrometry estimates the toroidal rotation frequency 
close to 2 kHz [39]. Also, it is possible to estimate the rotation 
by the fast ECE data.

Because of these inaccuracies, equation (6) was fitted with 
a three parameter formula:

f =

√
f02 + (mf1)

2
+ mf2

� (7)

where:

f0 = fS� (8)

f1 =

∣∣∣∣1 − 1
qmin

∣∣∣∣ fA
�

(9)

f2 = fTor + fdia.� (10)

We can consider that the plasma rotation, in what concerns 
the frame of reference, has a slow change compared with one 
sawtooth, so we considered the parameter f2 to be constant 
in time, with a value that can be estimated from fast ECE 
data, and also the aforementioned x-ray crystal spectrometry, 
to be f2 = −2.8 kHz. The minus sign come from the modes 

Figure 1.  Spectrograms from both fixed frequency reflectometry diagnostic channels, for different positions, on adjacent sawteeth crashes, 
for discharge #47413.

Nucl. Fusion 58 (2018) 016010
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observed in the spectrograms considered here, so we can sup-
pose that the m value increases as the frequency of the mode 
decreases. Any deviation of the real rotation frequency from 
this estimated value will affect mainly the absolute value of 
parameter f0, without changing its behavior in time.

The other restrained parameters are the m = n values, 
which, in Tore Supra, cannot be evaluated from other diag
nostics. We know, from figure  3, that it increases in odd 
numbers for each line. For simplicity, we choose it to be 
m = 1, 2, 3, ..., which adds an uncertainty in the absolute 
value of the fitted parameters, especially f0, but it also does 
not change its temporal evolution behavior. Denoting the dif-
ference of the first m value from the real value as ∆m, the 
value of f0 should increase approximately by ∆m| f2|, if ∆m is 
small. For example, if m = 3, 4, 5...—in other words, if there 
is a ∆m = 2 for the first value—f0 should increase by 5.6 kHz.

Considering f2 fixed, it is possible to find the frequencies 
f0 and f1 in time, through a least square minimization, from 
the available data of the detected modes, for each sawtooth. 
No regularization constraints were applied, which explain 
the small oscillations in time, and here we see their abso-
lute values, because equation  (7) does not make it possible 
to determine their sign. To compare the fitted parameters 
between each sawtooth, we consider their mechanics to be 
approximately the same, so it is possible to map the time to a 
relative scale, where trel = 0 and trel = 1 represent the times 
of the previous and the next crash, respectively. For the shot 
#47413, there are two sawteeth probed for each position 
(figure 1), and we can retrieve the modes from sawtooth 3 to 8. 
We can compare these results with the discharge with the low 
plasma current case (#41926). The reflectometer channels in 
shot #41926 have 6 sawteeth for the same probed position. 
The results are in figure 4), and their dispersion shows that, 
although we can have variations for each crash, the general 
behavior is the same for the sawteeth in each discharge.

The first parameter, | f0|, is related to the BAE acoustic 
frequency from equation  (5). The values are close to the 

estimated BAE frequency: on average, fBAE should be 
around 60 kHz in Tore Supra. However, for both shots, | f0| 
decreases in time, whereas from the BAE equation a fre-
quency rise is expected, since the temperature increases 
after the crash. This deviation may be interrelated with 
the role of fast ions after the crash, since equation  (5) is 
a first order approximation that does not take into account 
higher order corrections [32, 40]. These results were also 
observed in [41], which discuss in detail the effects of fast 
ions on the BAE frequency, showing results from LIGKA 
software simulations, that exhibits a decrease in BAE fre-
quency in time.

qmin can be evaluated from the second parameter, | f1|, since 
| f1|/fA = 1 − (1/qmin), fA being the alfvénic frequency. As 
discussed before, the absolute value can change depending 
on the chosen m values, but, nevertheless, we can follow and 
compare the evolution of qmin in time, shown in figure 5.

The evolution of qmin depends on the sign of | f1|, consid-
ered here to be positive, since this will lead to a decrease in 
qmin during the recovery phase in between crashes. This is 
related to the increase in temperature, which causes a decrease 
in resistivity, which leads to an increase of the current density, 
and therefore a decrease of qmin.

The evolution of qmin indicates that after the crash, it is 
higher than 1, and it decreases until reaching q = 1. For the 
discharge #41926, this parameter goes faster to unity if com-
pared with shot #47413, which also has a higher post-crash 
value. This behavior is consistent through all sawteeth studied. 
When qmin = 1, equation (11) turns into:

f = fS + m( fTor + fdia)� (11)

which would represent equally displaced modes, as it is 
observed at the end period of all the modes shown in this 
work. A similar expression was proposed in [38], based on the 
behavior of the mode evolution.

Figure 2.  Spectrograms from both fixed frequency reflectometry 
diagnostic channels, for different positions, on adjacent sawteeth 
crashes, for discharge #41926.

Figure 3.  Phase spectrogram from cross-correlation between 
reflectometry and interferometry signals. Each mode shows a 
different phase shift, indicating different spatial structures (mainly 
poloidal and toroidal mode numbers). The yellow color corresponds 
to frequency regions with low spectral power.

Nucl. Fusion 58 (2018) 016010
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6.  Reversed q profiles in XTOR-2F sawtooth 
simulations

The occurrence of a qmin indicates a non-monotonic q profile, 
like in JET reversed shear discharges. The appearance of such 
q profiles after a sawtooth crash was recently reported and 
studied by [42], in sawtooth simulations of Ohmic plasmas 
using the XTOR-2F code [1]. Hence, the evolution of post-
crash q profiles depending on the values of the total current 
in XTOR-2F simulations can be used to examine Tore Supra 

measurements described in the previous section, even if fast 
ions are not included in the simulation.

Sustained sawtooth cycles are simulated with the XTOR-2F 
code in a circular poloidal cross-section. A rescaled Lundquist 
number S = 107, which is about an order of magnitude smaller 
than experimental values in tokamaks, is used to avoid exces-
sive numerical cost. The initial equilibrium used in the simu-
lations is identical to the one described in [43]. In order to 
model different total current values, the position of the q = 1 
radius is varied.

Figure 4.  Evolution of fitted parameters from equation (7), in time, for shots #47413 and #41926. trel is a temporal scale relative to the 
time between two consecutive sawtooth crashes, where trel = 0 and trel = 1 represent the previous and the next crash, respectively.

Figure 5.  Evolution of qmin in time, evaluated from parameter f1.

Nucl. Fusion 58 (2018) 016010
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Indeed, the increase of the total current flattens the q profile 
and increases the q = 1 radius, since the safety factor value 
at the edge qa is inversely proportional to the total current. 
Figure 6 shows the evolution of the q profiles after a sawtooth 
crash for the two cases with the q = 1 radii before the crash 
located at ρpol � 0.27 and ρpol � 0.35 respectively. Time units 
are normalized to the Alfvén time τA in the XTOR-2F code. 
The sawtooth period is approximatively τST � 3.5 × 104τA 
for both cases (figures 6(a) and (b). Note that these sawtooth 
periods are much smaller than experimental values, due to a 
rescaled Lundquist number used in XTOR-2F simulations.

For the case with a pre-crash q = 1 radius located at 
ρpol � 0.27, a flattening of the q profile in the core region 
due to sawtooth crash occurs at t � 9.0 × 104τA (figure 
6(c)). Note also that the q profile turns monotonic in less 
than 2 × 103τA during the following sawtooth ramp phase. 
However, for the case with a larger pre-crash q = 1 radius 
(ρpol � 0.35), the q profile remains non-monotonic for more 
than 7 × 103τA after a sawtooth crash at t � 1.2 × 105τA 
(figure 6(d)). Therefore, XTOR-2F simulations suggest that 
a reversed shear profile is preserved for a longer time in the 
case of a larger q = 1 radius, which corresponds to the larger 
total current case. These features are in agreement with the 
observations described in the previous section, where q pro-
files remain reversed or flat during a longer time when the 
plasma current is higher.

The analysis of the measurements with the theoretical 
model developed in section 5 reveals that the time evolution 
of qmin shown in figure 5 is closely related to the existence of 

Alfvén modes, since they disappear, in both Tore Supra dis-
charges soon after the value of qmin reaches 1.

7.  Conclusion and final remarks

The observations in Tore Supra show that with the presence 
of ICRH heating, MHD modes can appear after sawtooth 
crashes, in the core region. These modes are in the range of the 
BAE frequency, shifted by the plasma rotation and modified 
by the safety factor (q). These modes were not related to other 
types of Alfvénic modes, like fishbones, because they follow 
the oscillation of the core temperature, and in Tore Supra usu-
ally have lower frequency [40].

This work extends previous works on Tore Supra BAEs that 
were mainly focused on BAE observations in the last stage of 
the sawtooth cycle. The observation of an Alfvén cascade is 
an indication that in these discharges, with a fast ion popu-
lation generated by ICRH, the q profile is reversed after the 
crash. This reverse q profile is in agreement with inward radial 
movement of these Alfvén cascades as previously reported by 
Guimarães-Filho et al [35].

The hypothesis of a reverse q profile with qmin slightly larger 
than 1 in the high current discharge is corroborated by sawtooth 
simulations with a large q = 1 radius, where a reversed q pro-
file develops. This observation also agrees with a very recent 
publication of q profile measurements in the KSTAR tokamak, 
with a carefully calibrated MSE diagnostic. They reported that 
q0 falls below unity before the crash, and increases up to a 
value slightly above unity after the crash [44].

Figure 6.  XTOR-2F simulations of sawtooth cycles with the pre-crash q = 1 radius located at ρpol � 0.27 (left panel) and ρpol � 0.35  
(right panel). Above: time evolution of central pressure (ρpol = 0). Below: evolution of q profiles during sawtooth crash. Each color 
corresponds to a specific time in the pressure plot above. (a) Pressure at plasma center (small core). (b) Pressure at plasma center  
(large core). (c) q profile (small core). (d) q profile (large core).
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XTOR-2F simulations agree that larger plasma current 
cases can lead to q profiles that stay hollow for a longer period 
than the lower plasma current cases. Nevertheless, the model 
used for BAE gives a value of qmin constant in time as soon 
as it reaches unity (figure 5), whereas XTOR-2F simulations 
show that qmin decreases below unity during the recovery 
phase (figure 6), regardless of the value of the plasma current. 
This is another indication that the model as used is unable 
to explain the behavior of the modes as qmin reaches unity. 
Nevertheless, it should be noted that the XTOR-2F code ver-
sion that was used for this work simulated Ohmic plasmas 
without the effects of fast ions. Another possible factor is the 
limitation of the model itself (equation (4)), which cannot 
describe what happens if qmin is negative—for example—
because it evaluates only absolute values.

There are few recorded cases with high current, and the 
number which were probed with fixed reflectometry for at least 
the duration of one sawtooth are even smaller. Because Tore 
Supra was shut down to be upgraded to WEST, we could only 
work with the existing database, so the required configuration 
was found in four shots, all showing similar behavior. We expect 
to perform the same analysis on WEST and other tokamaks.
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