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Abstract.  The fusion plasma operations can be limited in standard scenarios at high β by resistive instabilities, 
called neoclassical tearing modes (NTMs), that degrade the plasma confinement leading to a loss of plasma energy 
and to disruption. It has been shown [1] that the onset of these modes, due to finite seed perturbations, shaped as 
magnetic islands, can be associated to the long sawteeth crashes. The control of the sawteeth periods (τST) is then a 
key physics issue for the plasma confinement in fusion devices: the τST shortening can reduce any triggered large 
seed island below the NTMs growth threshold allowing to achieve the maximum β values and high plasma 
performances. A powerful tool for the sawteeth control is the use of the high localized electron cyclotron heating 
(ECH) and current drive (ECCD), which are capable to modify the plasma current density changing the resisivity 
with effect on sawteeth period [1-3]. ECCD power pulses have been used [4,5] as trigger of sawtooth crashes to 
test conditions for an a-priori constant τST. In FTU high magnetic field compact tokamak (R0=0.93 m, a=0.3 m, 
B0=4-8 T) similar experiments have been performed with an ECRH system of 4 gyrotrons operating at 140 GHz 
and delivering 0.5 MW each [6]. EC power for 500 ms of repetitive pulses from 1 - 2 gyrotrons up to 0.8 MW 
have been used to investigate the sensitivity of sawteeth  periods during long and short EC switching  on and off 
phases in view of a real time EC control system working soon in FTU.  
 
1. Introduction 
 
 The fusion plasma operations can be limited in standard scenarios at high β by resistive 
instabilities, called neoclassical tearing modes (NTMs), that degrade the plasma confinement 
leading to a loss of plasma energy and to disruption. It has been shown [1] that the onset of 
these modes, due to finite seed perturbations, shaped as magnetic islands, can be associated to 
the long sawteeth crashes. The control of the sawteeth periods (τST) is then a key physics issue 
for the plasma confinement in fusion devices: the τST shortening can reduce any triggered large 
seed island below the NTMs growth threshold allowing to achieve the maximum β values and 
high plasma performances. A powerful tool for the sawteeth control is the use of the highly 
localized electron cyclotron heating (ECH) and current drive (ECCD), which are capable to 
modify the plasma current density changing the resisivity and, consequently, the safety factor q 
evolution with fast effect on sawteeth period [1-3], as, according to a widely accepted trigger 
mechanism [7], the ST crash happens if the magnetic shear s1 = r1 dq/dr at q =1 of minor 
radius r1 is larger than a critical value s1,cr at the same location. This latter parameter depends 
on the ion/electron temperature, on the ion/electron diamagnetic frequencies, on the ion Larmor 
radius and on the collisionality regime. ECH/ECCD power modulation has been used as trigger 
of ST crashes to test conditions for an a-priori constant τST [4,5].  In FTU high magnetic field 
compact tokamak (R0  = 0.93 m, a  = 0.3 m, B0  = 4-8 T) similar experiments have been 
performed with an ECRH system of 4 gyrotrons operating at 140 GHz and delivering 0.4 MW 
each [6]. EC power modulation from 1 - 2 gyrotrons with up to 0.8 MW total power have been 
used to investigate the variations of  sawteeth periods during long and short EC switching on 
and off phases in view of a real time EC system working soon in FTU. 
In this paper we focus our attention on the part of these experiments aimed at controlling 
sawteeth periods by acting inside the q = 1 surface, where the EC heating and the driven 
current in co-plasma current direction increase the magnetic shear s1, thus destabilizing the 
sawteeth and shortening τST. The aim of this work is to investigate in which experimental 
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conditions the ST crashes can be forced to a constant periodicity using the EC power 
modulation, trying to predict how a given ST period can be obtained. 
 
2. Experimental results  
 
 Since well-localized EC power deposition and co/counter driven current generation can 
rapidly change the local magnetic shear, subsequent EC on/off phases can pilot the shear 
growth rate inducing the sawteeth crashes. In FTU a series of experiments have been 
performed injecting EC power for 500 ms of repetitive pulses from 1-2 gyrotrons up to 0.8 
MW to control the  sawteeth periods during long and short EC switching on and off phases. 
ECH and ECCD modulations at 20 Hz (20% and 80% duty cycle) and 125 Hz (50% d.c.) were 
used in a target plasma characterized by 500 kA plasma current, 0.6 1019 m-3 line average 
electron density and magnetic field ramp from 5.1 T to 5.9 T to move the EC absorption 
deposition from inside to outside the inversion (minor) radius rinv corresponding to the q = 1 
surface. 
The electron temperature profiles are measured at 12 different positions by the ECE 12-
channels diffraction grating polychromator with spatial resolution of about 2.5 cm and time 
resolution of 30 µs, while the ion temperature is obtained from neutron rate measurements. In 
these experimental conditions the typical values of Te ~ 1.6-2.2 keV in ohmic phase and Te ~ 3-
4 keV during EC injection are compared with lower values of  Ti ~ 0.9-1.2 keV. Pure heating 
injection and co/counter CD have been investigated for each modulation. In particular, in this 
work we focussed our interest to the destabilization of sawteeth, i.e. to shortening τST below the 
“natural” ohmic value inside the q = 1 surface, by using ECH and coECCD in order to 
investigate the conditions to keep at a constant imposed value the sawteeth periodicity. 
In Fig.1 (left) the effect of the three ECH 500 ms modulations on the electron temperature time 
traces is shown with respect the toroidal field ramp up. In Fig.1 (right) the time interval for EC 
deposition inside q = 1 at rdep~0.5 rinv is highlighted. A quite regular sawteeth frequency seems 
provided by the fastest modulation. The heating location remains inside q = 1 up to ~ 0.8 s and 
then it moves outside. The instantaneous EC effect on the ST periods has been investigated 
looking both at the time delay τST_ec between 2 crashes before and after the EC on and the EC 
off phases and at the crash dynamics during the EC on phase as well. Usually the EC switching 
on should accelerate the crash event, while the switching off should slow down it.  
Both kinds of EC 20 Hz pulses confirm the destabilization of the sawteeth driving irregular 
crashes with periods τST ~ 2.5-5 ms < 6 ms, the “natural” ohmic value (Fig.2, left) and it is very 
difficult to find the best magnetic field at which the EC could induce a regular crash frequency. 
Thus, only a real time control system can detect the sawteeth locking their periods [4]. A 
further reduction of sawteeth periods of ~ 25% occurs when co-ECCD is added to ECH. 
Conversely, the 125 Hz 50% d.c. modulation with the EC on phase of 4 ms, less than the ohmic 
sawtooth period, shows a new very interesting evidence: in this case the τST is lengthened up to 
the EC pulse period (= 8 ms) with unforeseen sawteeth stabilization and it remains quite 
constant until the deposition is inside the q = 1 surface, as shown in Fig.2 (right). This 
behaviour suggests an interesting strategy to set an a-priori constant sawtooth period using 
faster EC modulation. In TCV [5] the same feature was observed, but in different conditions: 
for EC deposition outside the q = 1 and for τST > τOH , while simulations of sawtooth period 
locking τST < τOH by modulated ECCD have been also performed with a simple model 
assuming constant s1,cr [8].  In Fig.2 sawteeth  periods at EC on/off  and inside EC on phase are 
indicated overplotted on the 0.8 MW EC power traces. The role of coECCD is shown in Fig.3: 
the sawteeth periods slightly decrease with respect the pure heating case for the 20 Hz 
modulation, while remain the same for the 125 Hz pulses train. 
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FIG. 1. Electron temperature evolution in pure EC heating cases for 20Hz/20%-80% d.c. (top and 
centre on the plots) and 125Hz, 50% d.c. (bottom). In the time interval 0.62-0.7 ms (0.4<rdep/rinv<0.6) 
the latter fast modulation induces regular crashes with period locked to the EC modulation + 8 ms 
(right). The time delay  τST_ec  before/after EC on/off  is also marked (right). 
 

  
FIG. 2. Sawteeth periods during BT ramps (deposition inside q=1 for t < 0.8 ms) in pure EC heating 
case for 20Hz/80% d.c. (left) and 125Hz, 50% d.c. (right). In the time interval 0.6-0.7 ms 
(0.4<rdep/rinv<0.6) the first modulation induces crashes reducing τST of ~ 38% ohmic value, while the 
second one increasing by τST ~25% τST_ohmic 
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FIG. 3.  As FIG. 2  for coECCD cases with 20Hz/20% d.c. (left) and 125Hz, 50% d.c. (right). Sawteeth 
periods are marked by black circles, while light blue triangles refer to ECH cases for comparison. 



4  EX/P4-20 

 
3. JETTO simulations  
 
 Transport calculations have been carried out by using the JETTO [9] code where the 
crash condition is described by the model based on the change of the magnetic shear [7]. The 
instability condition for the sawtooth crash, triggered by a m=1/n=1 internal kink mode, is 
expressed in terms of a critical shear s1,cr depending on electron/ion diamagnetic frequency and 
temperatures, ion Larmor radius, electron-ion collision, electron skin depth and the resistive 
kink layer. Since both the internal kink and the resistive growth rates include the magnetic 
shear s1, the triggering condition, written as s1 > s1,cr,  refers to the specific regime governing the 
internal kink stability [7,10]. In FTU this condition is given for the ion-kinetic regime, where 
the critical shear, determined by the pressure gradient, reads as:  
 
                              s1,cr = c*

-7/6 [π Ti/ 2(Te +Ti)]1/3 τA
7/6 (ω*e ω*i)7/12 (r1/ρi)2/3 S1/6 

 
 
with the plasma parameters calculated at the q = 1 surface. In this expression τA is the Alfven 
time, ρi the ion Larmor radius, S the magnetic Reynolds number = τη/τA and τη the local 
resistive diffusion time. The numerical factor c* of order of unity has to be adjusted to fit the 
experimental sawteeth periods. At the crash appearance for s1 > s1,cr  ,  complete reconnection is 
assumed following the Kadomtsev model [11]. The q profile is relaxed as a function of the pre-
crash profile and the density and temperature profiles are flattened to a value corresponding to 
particle and energy conservation. To simulate the experimental crashes and to predict them we 
have taken the factor c* and the electron heat diffusivity χe as free parameters. In particular, we 
consider constant value of χe inside the q = 1, ranged between 0.3 and 1 m2/s. The role of the 
EC modulation on the sawtooth crash time is investigated both for recovering the experimental 
behaviours and for predicting the role of other different fast modulations > 125 Hz as well. 
Our scope is to investigate the effect of the EC pulses on the sawteeth crashes and, mainly, the 
role of the faster 125 Hz modulation, used in the experiments to simulate the sawteeth periods 
locked to this EC period of 8 ms. A first example of simulation of sawteeth behaviour by 
JETTO code is given for the shot #34286 with EC modulated at 20 Hz and d.c. 80%. In Fig. 4 
(left) the experimental central Te time trace is shown during the 40 ms of EC phase on for 
heating location at ~ 0.5 rinv. The corresponding measured τST and EC power used are plotted as 
well. The irregular shortening of ohmic periods clearly confirms the ST destabilizing role of 
the heating inside the q = 1 surface, but highlights the difficulty to find a way to lock the 
crashes periodicity at a given frequency. The Fig. 4 (right) shows the results of the simulation 
by JETTO: the magnetic and critical shear are plotted and the calculated Te well recovers the 
experimental evolution. To best fit this data we have used χe = 1.09 m2/sec, constant inside the 
q=1, and the factor c* = 0.86. The local confinement time  = r1

2/χe = 2.6 ms  is less than the 
resistive time τη = 260 ms.  
A second example of simulation using JETTO is given for the shot #34285. The transport 
calculations have been performed for the three pulses of the train between 0.648 sec and 0.72 
sec for EC absorbed layer still inside the q=1, corresponding to the EC pulses in Fig.5 (left). In 
figure 5 (right) the sketch of the FTU poloidal cross section is shown. The q=1 surface for the 
equilibria between 0.603 s and 0.684 sec is characterized by a minor radius r1 ~ 7 cm. In this 
time interval the magnetic field slightly ramps up moving the EC power deposition of width ~ 
3 cm  from  the 25% r1  to  50% r1. The experimental electron temperature profiles at the 
plasma centre and near the q=1 surface are plotted in Fig.6 (left): the EC heating increases of 
about 1.5 keV the temperature at the crash. In figure 6 (right) the experimental profiles and the 
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calculated ones at 0.64s-0.65s are compared before and after the sawtooth crash showing a 
satisfactory agreement indicating the good modelling performed by JETTO . 
 

  
FIG.4: central experimental Te (green solid line), EC power trace (black continous line) and measured 
τST (red points) for #34285 (left). Comparison between the experimental and simulated Te for the same 
shot and time interval ranged here from the initial time taken =0 (right). The time evolution of s1 and 
s1,cr are also shown (in red) with the EC power trace (in black).  
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FIG.5: EC pulses and central Te for #34285 in a limited time interval (left); sketch of the FTU poloidal 
cross section with the highlighted q=1 surface and the EC power density profiles (right). 
 
 

  
FIG.6: central (green) and near q=1 (red) experimental Te on the left; comparison between measured 
and calculated Te profiles before and after the crash on the right.  
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Both the ohmic and heating phases for the shot #34285 have been simulated by JETTO code. 
This discharge is a very interesting because the feasibility of locking of sawteeth period is 
experimentally demonstrated. The fast modulation used is also a starting point to investigate 
how the EC pulsed ECH/ECCD can couple the sawteeth frequency.  In Fig.7 (left) the initial 
ohmic phase is simulated for 3 subsequent crashes and the initial time refers to the initial zero 
time of simulation. In Fig.7 (right) similar time evolution of the critical shear, of the magnetic 
shear at q=1 and of the experimental and calculated electron temperature are shown during the 
125 Hz EC modulation. The time trace of EC repetitive regular pulses is shown as well. A good 
agreement is found between the experimental and simulated electron temperature evolutions. In 
this case c* = 1.33 and the electron heat diffusivity χe = 0.38 m2/s.  Both s1,cr and s1 seem to 
evolve rapidly during the EC on phase, depending on the Te gradients. 
 

  
FIG.7: Comparison between the experimental (green solid line) and simulated (green dashed line) Te 
for #34285 in time intervals ranged from the initial times taken =0 for ohmic phase (left) and ECH 
phase (right). The time evolution of s1 and s1,cr are also shown with the EC power trace for ECH phase 
 
 
 
The observed stabilizing effect on sawteeth of the fast EC modulation in the region inside q=1 
surface with consequent τST locking to EC pulses frequency has suggested to investigate faster 
EC modulation to further reduce the ST periods, if their locking to the externally applied power  
modulation could still hold. For this purpose, we have simulated two faster power modulations: 
167 Hz /50% d.c. and 250 Hz/50% d.c., as shown in figure 8. Predictions of reduction of ST 
periods to 6ms (left) and to 4ms (right) are sketched: the s1,cr, s1 and  Te evolutions are shown, 
as in previous cases. It is shown that it could be possible to control and lock the sawteeth 
periods to a constant value below the ohmic one. In order to obtain τST locking in the two cases, 
the electron heat diffusivity has been changed and increased to 0.48 m2/s for 167 Hz 
modulation and to 0.78 m2/s for the 250 Hz pulses.  
Looking at the characteristic times of the last 3 cases with fast EC modulation, the local 
confinement time r1

2/χe = 7.1 ms for the reference shot #34285, = 5.7 ms for the simulation 
with 167 Hz  and  = 3.5 ms for modulation with 250 Hz, while the resistive  time   µ0 r1

2/η  = 
360  ms, = 267 ms and = 260 ms , respectively .  
These predictive results seem to indicate that for EC deposition inside the q=1 radius the 
minimum allowed τST is of order of local confinement time for the same level of injected power, 
power density profile width and location.  
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FIG.8: simulations of  locking of sawteeth periods by EC modulations at 167 Hz/50% d.c. (left) and 250 
Hz /50% d.c. (right). The predicted  time evolution of s1 and s1,cr and of the electron temperature are 
shown. . For the fastest EC modulation (right) 3 Te evolutions are shown corresponding to 3 different 
locations inside q=1: central (red line), 25% r1 (green line) 80% r1 (red dashed line). 
 
 
 
 
 
4. Conclusions  
 
 Transport calculations by using the JETTO code have been carried out to simulate the 
evolution of sawteeth periods with a focus on discharges where fast 125 Hz EC modulation 
was applied and sawteeth periodicity was locked to the EC power frequency. A good 
agreement with the experimental evidences has been found. 
A predictive analysis to investigate the role of faster modulations (> 125 Hz) has been also 
performed indicating the possibility of obtaining constant sawteeth periods locked to the 
periods of the EC pulses.  
Cases of locking have been observed in TCV for EC deposition outside the q=1 radius and for 
τST > τOH , and simulations of sawtooth period locking by modulated ECCD have been already 
performed  but considering constant s1,cr .    
Our new experimental evidence inside q = 1 of sawteeth destabilization by ECH/ECCD with 
periods lock to EC modulation has suggested to investigate how an a-priori sawteeth period can 
be predicted by using faster modulation inside the q = 1. 
We have performed transport calculations using JETTO code taking into account 2 different 
EC modulations: 167 Hz/d.c. 50% and 250 Hz/d.c. 50% . These predictive results seem to 
indicate that, for EC deposition inside the q = 1, the minimum allowed sawteeth period is of 
order of local confinement time for the same level of injected power, power density profile 
width and location.  
However, key questions to address in future work arise from the obtained results. First if this 
locking can be found also for machines in collisionless regime and high β like ITER; second, 
how much it is important the ratio between the resistive and local confinement time and finally 
how the results can change in presence of fast particles. In this latter case the sawteeth 
periodicity control should be easier because of small dependence of the critical shear on the 
gradients. 
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