
SAWTOOTH INSTABILITY

● Periodic appearance of internal kink mode vanishing during subsequent magnetic reconnection [1]
● Observed as sawtooth pattern on several diagnostics (electron temperature, soft X-rays)
● Routinely observed on COMPASS soft X-ray diagnostics [2] where

SXR signal ~                       + radiation of heavy impurities (complex dependence on Te) 
● Longer sawteeth period shown to trigger neoclassical tearing modes below the threshold for NTMs [3] → 

degradation of confinement
● Limits gradient of pressure and current profiles in plasma core
● Helps to remove impurities from plasma core
● Sawtooth instability changes temperature profile and magnetic topology in significant volume of plasma, and 

therefore affects various plasma processes

● A sawtooth cycle can be divided into four phases:  
ramp-up phase 

- gradual increase of temperature and its gradient in plasma core
- → high conductivity → higher j in plasma core → higher BΘ → q < 1

pre-cursor phase 
- necessary condition: q < 1
- development of internal kink instability (m=1, n=1 mode) 
- displacement of plasma core - can be treated by energy principle:
- there is also critical pressure leading to the instability of kink mode

fast collapse, resp. sawtooth crash
- magnetic reconnection (typically less than 100us in tokamaks)
- start of the reconnection often treated as Sweet-Parker, later more complex
- heat pulse from plasma core to the edge
- widely accepted model for sawtooth crash trigger: Porcelli model [5]

post-cursor phase 
- oscillations indicating incomplete reconnection
- sometimes observed during NBI heating at COMPASS
- diamagnetic effects halting reconnection [6, 7]
- vanishes during relaxation processes
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Horizontal profile of SXR: kink mode during 
the sawtooth crash (#6071). Example of 
pre-cursor and post-cursor oscillations 
(rarely observed at COMPASS).
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EFFECT OF SAWTOOTH ON EDGE PROCESSES

● At COMPASS typically 2 ms
● Changes with plasma density (up to 3.5 ms)
● Can increase up to 10 ms during 

neutral beam injection (NBI)

Effect of NBI: besides plasma heating, NBI also 
affects stability of internal kink by changing 
plasma rotation (gyroscopic stabilization) and 
distribution of fast particles. All these effects 
have impact on stability (resp. potential energy) 
of internal kink mode and sawtooth period [5, 8].

Evolution of core SXR (top), applied 
NBI power with observed period 
(middle) and spectrogram (bottom).  

Response function of the sawtooth 
period to the NBI power (top), kink 
frequency with respect to the sawtooth 
period (bottom) and inversion radius 

Effect of applied NBI power to the sawtooth period

Effect of electron density and applied NBI power to 
the sawtooth period

Example of L-H transitions represented by drops of Hα line 
radiation (representing decreased plasma-wall interaction) 
synchronised with  sawtooth  crashes. Peaks  after 1070 
ms correspond to edge localised modes (ELMs). 

SAWTOOTH PERIOD

● L-H transition (transition to a regime with high energy confinement) exhibits high correlation with the sawtooth crash 
at COMPASS4. It is probably due to the fast transport of the core energy to the edge, which supplies free energy 
contributing to the formation of shear flows tearing turbulences and allowing formation of the edge transport barrier. 

● The L-H transition mostly appears within the first 20% of the sawtooth period (about 0.4ms after the L-H transition)

INVERSION RADIUS

INTERNAL KINK MODE SAWTOOTH VS ELMS

Histogram of the occurrence of L-H transition with respect to the 
sawtooth phase (left) and to the time delay after the sawtooth crash 
(right). Statistics covers > 300 experiments ● Effect of the sawtooth on H-L transition is also observed (in contrast to the previous investigations2) 

● H-L transition is mostly avoided within the first 30% of the sawtooth phase
● Shorter H-modes (duration comparable to the sawtooth period):

- occur close to the thresholds for the H-mode
- strongly modulated by sawtooth (more peaked probability of occurrence)
- triggered shortly after the sawtooth crash and ending usually at ~ 40% of sawtooth phase or ~ 1.3 ms after sawtooth  
crash when the effect of the heat pulse and conditions at plasma edge are not sustainable for the H-mode
- histograms more similar for time delays (middle plot) than for sawtooth phase (right plot) - negligible effect of 
sawtooth period

Histogram of the occurrence of H-L 
transition with respect to the sawtooth phase 

Occurrences of the H-L transitions after sawtooth crash (left) and with respect to the sawtooth 
phase (right) for shorter (less than 3 ms) H-modes and for longer (more than 3 ms) H-modes

● Transition to ELM-free H-mode coinciding 
with saw-tooth crashes (top) and applied NBI 
power with βN (normalised ratio of kinetic and 
magnetic pressure) from EFIT (bottom)

Occurrence of last ELMs before ELM-free H-mode 
phases with respect to the sawtooth phase

● Transition to ELM-free H-mode is not 
so strongly correlated with the 
sawtooth crashes as in the case of the 
L-H transition, but still clearly visible.

● Group of last ELMs before ELM-free 
H-mode occurring in the middle of 
sawtooth phase (indicating lower 
plasma edge stability)

SUMMARY
● Sawtooth period increases with NBI and decreases with temperature, i.e. resistive time (effects like pressure gradient or 

magnetic shear may play a role)
● Change of inversion radius during NBI below spatial resolution of SXR detectors
● Sawtooth crash triggers L-H transition, avoids H-L transition (especially for shorter H-modes) and suppress occurence of ELMs

Histogram of ELMs with respect to the 
sawtooth phase (top) and to the time delay 
after sawtooth crash (bottom)

Histograms of ELMs for different limits of power losses through separatrix (power 
losses of confined plasma except radiation) PSEP, electron density ne, NBI heating 
PNBI, central electron temperature Te0, and ratio of kinetic pressure and pressure of  
poloidal magnetic field βP. 

● ELM distribution drops at  ~ 20% of  sawtooth  phase, resp. 0.4  ms  after  the  sawtooth  crash,  increases  towards  
the  middle of sawtooth cycle and remains roughly constant in the second half of sawtooth period

● ELMs more evenly distributed (resp. apparently less affected by sawtooth) under higher power losses PSEP, lower 
plasma densities and for higher NBI heating, central electron temperature and βP (ratio of kinetic pressure and pressure 
of  poloidal magnetic field) 

Displacement of hot plasma core 
during internal kink mode [4]

Safety factor (windines, resp. 
pitch of magnetic field):
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Sawtooth period (TSAW) with respect to the central temperature (Te0), energy 
confinement time (τE), resistive time (τR), electron density (ne) and ratio of 
kinetic pressure and pressure of poloidal magnetic field (βP). 

Modulation of plasma edge temperature by sawtooth 
measured by horizontal reciprocating probe: change of 
edge Te after sawtooth crash can be tens of %

Edge plasma

Core plasma

pre-cursor
oscillations

post-cursor
oscillations

inversion radius (with q = 1)

[ms]

Most of the last ELMs during H-mode 
appears just before sawtooth crash 
(apparently triggering ELM-free phase)Sawtooth period rises for faster diffusion times of plasma current (effects like 

pressure gradient or magnetic shear may play a role).

Density scan

Effect of NBI

H-mode vs L-mode

● Sawtooth period - time required to reach the criteria for 
sawtooth crash, i.e. kink instability.

● When diffusion of current into plasma core is dominant 
mechanism (typically large sawtooth):
TSAW ~ resistive time = μσr1~ Te

3/2

● When pressure gradient and other effects play a role [5]:
TSAW ~ τE

Dependence of sawtooth period on electron density during 
L-mode and H-mode. For higher densities, sawtooth period starts 
to decrease.

Sawtooth period (TSAW) with respect to the electron density (ne), central temperature 
(Te0), energy confinement time (τE), ratio of kinetic pressure and pressure of poloidal 
magnetic field (βP) and plasma energy (from EFIT). Colors represent electron density.

Sawtooth period (TSAW) with respect to the electron density (ne), central temperature 
(Te0), energy confinement time (τE), ratio of kinetic pressure and pressure of poloidal 
magnetic field (βP) and plasma energy (from EFIT). Colors represent electron density.

● L-H transition mostly appears within the first 20% of the sawtooth 
period (about 0.4ms after the L-H transition)

● H-L transition is mostly avoided within the first 
30% of the sawtooth phase

Shorter H-modes (duration comparable to the sawtooth period) strongly 
modulated by sawtooth (more peaked probability of occurrence, 
triggered shortly after the sawtooth crash and ending usually at ~ 40% 
of sawtooth phase (when the effect of the heat pulse and conditions at 
plasma edge are not sustainable for the H-mode}.

Exponential growth of plasma core displacement (seen 
by SXR tomography) during internal kink mode

Helical magnetic flux and q-profiles before and after magnetic reconnection with respect 
to the radial profile normalised by minor radius according to the Kadomtsev model for 
shot #7690. The initial profiles were given by METIS simulation.

Histograms of ELMs for different limits of power losses through 
separatrix (power losses of confined plasma except radiation) 
PSEP, electron density ne

● ELM distribution drops at  ~ 20% of  sawtooth  
phase, resp. 0.4  ms  after  the  sawtooth  crash

SVD applied on reconstructed SXR profiles during sawtooth crash neighbourhood in pulse #5751. 
Top row show modes whereas the bottom row shows their weight in time. First column correspond to 
the basic mode showing increase in core radiation followed by fast drop during sawtooth crash. 
Second column illustrates redistribution of radiation near inversion radius.Third and fourth columns 
correspond to oscillations caused by internal mode.

Reconstructed SXR profile (top-left), Variance of profiles (bottom-left), signals and 
retrofit (top-right) and its variation (bottom-right)

Difference of inversion radii obtained by SVD and by 
SXR profila variations

Inversion radius normalised to minor radius (left) and as normalised poloidal flux (right) before (red) and after 
(blue) NBI heating (with 10-12 A and 40 kV). Change of inversion radius below resolution of SXR tomography

NBI influences plasma rotation (gyroscopic 
stabilization) and distribution of fast particles 
changing potential energy of kink mode and its 
stability

Sawtooth period during scan over plasma density and applied NBI heating is proportional to energy confinement time (τE)  

TSAW,sc = 0.4⋅ P*
NBI

0.3ne
0.4-0.4Sawtooth period with respect to applied NBI power 

reaches minimum at low level of counter-NBI. Higner 
counter-NBI induced other MHD instabilities avoiding 
sawteeth. 

Scalings of sawtooth period during NBI 
scan as a function of plasma density and 
NBI power (right)

Internal kink mode frequency with respect to 
applied NBI and sawtooth period (right) 
indicating increase of toroidal plasma 
rotation.

Sawtooth and elm period. 
Colors represent different PSEP

δW

Note: At JET and MAST - minimum of sawtooth period 
at applied small counter-NBI due to competition of 
stabilising effects of trapped fast particles and flow 
shear [8]
At TEXTOR -  minimum at low level of co-NBI due to 
gyroscopic stabilisation of the kink mode and the 
destabilisation arising in the presence of 
counter-passing fast ions [8]


