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Compound sawteeth in experiments 

 

 

XTOR-2F simulations of compound sawteeth 

 

Internal kink mode stability during the sawtooth ramp phase 
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Hot core expelled out of the 𝑞 = 1 surface  
during sawtooth crash 

Radial displacement of hot core due to the internal kink mode 

Flattened temperature profile after sawtooth crashes 

Reconnection of magnetic surfaces near the 𝒒 = 𝟏 surface 

 

Ongoing efforts to model and understand sawtooth physics 
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Partial crashes during sawtooth ramp phase  
observed in experiments 

Compound sawtooth : “partial crash” visible on measurements (e.g. 𝑇𝑒,𝑛𝑒,SXR) 

Otherwise, “ordinary sawtooth” 

 

Compound sawteeth are  

      frequently observed in experiments, 
  
 

 The dynamics of partial crashes  

 differs from ordinary crashes 

 

Validation of MHD models 

      Effects on plasma confinement ?  
Impurity accumulation ? etc.. 
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Hot core is preserved and rotates poloidally 
during partial crashes 
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2D SXR tomographies in TdeV and EAST show that the hot core is radially  

      displaced & rotates poloidally, but not fully expelled out of the 𝑞 = 1 surface 

C. Janicki et al., Nucl. Fus. 30 950 (1990) 
L.-Q. Xu et al., Chin. Phys. B 23 085201 (2014) 
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Hot core is preserved and rotates poloidally 
during partial crashes 
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2D SXR tomographies in TdeV and EAST show that the hot core is radially  

      displaced & rotates poloidally, but not fully expelled out of the 𝑞 = 1 surface 

Also observed in reflectometry  
measurements in Tore Supra  
#44634 
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Possible explanation for partial crashes with  
multiple 𝑞 = 1 surfaces 

Considering multiple 𝑞 = 1 surfaces, partial reconnection located off the 

magnetic axis 

Need more explanation about the onset conditions for compound sawtooth 
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Compound sawteeth in experiments 

 

Internal kink mode stability during the sawtooth ramp phase 

 

 

XTOR-2F simulations of compound sawteeth 
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MHD model in the XTOR-2F code 

The XTOR-2F code models nonlinear and two-fluid full 3D MHD 

𝜕𝑡𝑁 + 𝛁. 𝑁𝐕 +
𝛁𝑃𝑖
𝑒

. 𝛁 ×
𝐁

𝐵𝟐
= 𝛁. (𝐷𝛁𝑁 − 𝐕𝑝𝑁) + 𝑆𝑁 

𝑁𝑚𝑖 𝜕𝑡𝐕 + (𝐕. 𝛁)𝐕 + (𝐕𝑖
∗. 𝛁)𝐕⊥ = 𝐉 × 𝐁 − 𝛁𝑃 + 𝜇𝛁2(𝐕 + 𝐕𝑖

∗) 

𝜕𝑡𝑃 + 𝐕. 𝛁𝑃 + 𝛾𝑃𝛁. 𝐕 +
𝛾

𝑒
𝑇𝛁𝑃𝑖 + 𝑃𝑖𝛁𝑇𝑖 + 𝑃𝑒𝛁𝑇𝑒 . 𝚵  

 = (𝛾 − 1) 𝛁. 𝑁𝑖𝜒⊥𝛁⊥𝑇 + 𝛁. 𝑁𝑖𝜒∥𝛻∥𝑇𝐛 + 𝑆𝐻 

𝜕𝑡𝐁 = 𝛁 × 𝐕 × 𝐁 + 𝛁 ×
𝛻∥𝑃𝑒
𝑁𝑒

𝐛 − 𝛁 × 𝜂𝐉 

 
 with 𝐕 = 𝐕∥,𝑖 + 𝐕𝐸 fluid velocity, 𝐕𝑖

∗ = 𝐁 × 𝛁𝑃𝑖 /𝑁𝑒𝐵
2 ion diamagnetic velocity 

          𝑁 = 𝑁𝑖 = 𝑁𝑒, 𝑃 = 𝑃𝑒 + 𝑃𝑖, 𝜇 plasma viscosity 

Resolution of the system with a Newton-Krylov solver, fully implicit scheme 
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Density equation 

Pressure equation 

Momentum equation 

Ohm’s law & Faraday’s law 
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𝒒-profile flattened after sawtooth crash and remains flat during ramp phase  

The internal kink mode is unstable for low-sheared 𝑞-profiles, even when 𝒒 ≳ 𝟏 

 (shear 𝑠 = 𝑟/𝑞 × 𝑑𝑞/𝑑𝑟) 

Numerical study on linear stability in accordance with analytical predictions 

However, no partial crash (i.e. “ordinary sawtooth”) 

 

 

 

 

 

 

 

 

 

 

 

Flat 𝑞-profile during sawtooth ramp phase :  
the internal kink mode is unstable 
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Flat 𝑞-profile during sawtooth ramp phase :  
the internal kink mode is unstable 
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Poincaré plots : track field lines and allow to access magnetic topology 

No partial crash, but instability visible in the 
Poincaré plots 
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𝑞 = 1 surface 
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Poincaré plots : track field lines and allow to access magnetic topology 

No partial crash, but instability visible in the 
Poincaré plots 
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𝑞 = 1 surface 
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However, no radial displacement of the hot core 𝑠 (𝜓) → 0 
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Compound sawteeth in experiments 

 

Internal kink mode stability during the sawtooth ramp phase 

 

 

XTOR-2F simulations of compound sawteeth 
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Simulation of compound sawteeth in an elliptic cross section  

Scan on parameters (𝜅, 𝑟𝑠/𝑎) destabilizing the 

      internal kink mode 
 
 
 

 

 

 

Compound ST simulations with XTOR-2F  
by destabilizing the internal kink mode 
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Simulation of compound sawteeth in an elliptic cross section  

Scan on parameters (𝜅, 𝑟𝑠/𝑎) destabilizing the 

      internal kink mode 
 
 
 

 

 

 

Compound ST simulations with XTOR-2F  
by destabilizing the internal kink mode 
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Ordinary Sawteeth 
Compound Sawteeth 

The scan of two parameters gives the effects  

      on the internal kink mode as expected 

 

 

 



Hot core preserved during partial crash 
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𝑞 = 1 surface 

Displaced hot core remains and rotates during partial crash 
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The partial crash and the ordinary ST crash  
are of a different nature 

 

 

 

 

Restart from new equilibria reconstructed at times of interest 
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Before full crash 
Before partial crash (x5) 
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Typical behaviour of an ordinary sawtooth crash 

Non-linear saturation of kinetic energy : 
 Signature of a saturated helical state 

Growth rate : 𝜸𝒐𝒓𝒅𝒊𝒏𝒂𝒓𝒚 > 𝜸𝒑𝒂𝒓𝒕𝒊𝒂𝒍 



Competition between destabilizing parameters 
and diamagnetic stabilization 

Saturated helical state obtained for 

      weak diamagnetic effect 
 

Internal kink mode is shown to be  

      unstable due to flat 𝑞-profiles 
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Lundquist number 𝑆 

𝑑
𝑖/
𝑎

 

G. Ara et al., Ann. Phys. 112 443 (1978) 

Destabilizing 
parameters 
(e.g. 𝜅, 𝑟𝑠) 

Diamagnetic 
stabilization 

Ordinary or 
Compound 
sawtooth 

Partial crash ? 



Summary and prospect 

 The partial crash is characterized by the internal kink mode with a displaced  

     hot core, which is not fully expelled out of the 𝑞 = 1 surface. 

 The internal kink mode during sawtooth ramp phase is unstable, due to  

     low-sheared 𝑞-profiles 

 Depending on the internal kink mode growth rate during the ramp phase,  

     ordinary or compound sawtooth is obtained 

 

 So far, no compound sawtooth simulations in circular geometry, 𝛽𝑝 scan 

 Threshold in 𝜅, 𝑟𝑠/𝑎 ? Fraction of compound ST among ordinary ST ? 

 Competition between unstable internal kink mode and diamagnetic  

 stabilization during sawtooth ramp phase ? 
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Toroidal MHD equilibrium computed by the CHEASE code 

 

Finite difference method in radial direction and pseudo-spectral method in 

poloidal and toroidal directions 

 

 

Features of the XTOR-2F code 
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Automatically adjusted  
timesteps 

Figure from PhD thesis of T. Nicolas (2014) 



Pressure contours during partial crash 
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Displaced hot core remains and rotates during partial crash 
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Evolution of 𝑞-profile during partial crash 
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Multiple 𝑞 = 1 surfaces during partial crash 
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Compound sawteeth in experiments 

Fast Soft X-Ray integration often used to diagnose sawtooth crashes in tokamaks 

Compound sawteeth observed with 2D Soft X-Ray tomographies in Tokamak de 

Varennes (discharge #6059, Ohmic heating) 

 

 

 

 

 

 

 

Similar observations with SXR diagnostic in other tokamaks (e.g. EAST) 
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Hot core is preserved and rotates poloidally 
during partial crashes 
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C. Janicki et al., NF Letters 30 950 (1990) 
During partial crash (blue), hot core is preserved 
in central region and rotates 
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𝒏 = 𝟏 mode stability before and after a partial crash :  

      internal kink mode is unstable 

 core displacement 

Even for the case without partial crash,  

      unstable (𝟏, 𝟏) mode during ramp phase 

 

𝑞-profile remains flat during ramp phase  

  internal kink mode unstable 

 

 

Non-linear saturation of 𝑛 = 1 mode kinetic energy 

 Signature of saturated helical state 

 

 

 

 

 

 

 

 

 

The internal kink mode is unstable during  
sawtooth ramp phase 
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Below solver noise level 
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Evolution of the kinetic energy during  
compound sawteeth 
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Sawtooth crash of ‘2nd kind’ 
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