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I. Introduction 

The electron-cyclotron current drive (ECCD) is a promising method to control sawtooth 

activities by modifying the q-profile5, 6. Different to the sawtooth control mechanism of the 

ECCD, NBIs can affect the change in the potential energy of the internal kink mode directly6, 7. 

What’s more, NBIs may also drive local plasma current under proper conditions8, and hence 

controlling the sawtooth like ECCD. NBIs generates energetic ions and supply substantial 

torque resources for toroidal plasma rotation, both of which affect the sawtooth period and 

amplitude10. Up to date, systematical studies of sawtooth activities during NBIs have not been 

carried out on EAST. Overwhelming evidences that sawtooth periods can be effectively 

modulated by NBIs in EAST are given by FIG. 1. The specific layout of neutral beam injectors 

in EAST is shown in FIG. 1(a) in11. The analysis of sawtooth activities in EAST NBIs heated 

plasma is presented in this paper, organized as follows: the experimental setup is described in 

section II. The behaviors of the sawtooth oscillation frequency, the magnitude of the sawtooth 

crash and the sawtooth periods in EAST NBIs heated plasma are presented in section III. In 

section IV. the sawtooth activities in NBIs plasma is discussed. Section V concludes this work.   

II. Experimental setup 

All of the sawtooth data used in this work are taken from the flat-top phase of plasma 

current (Ip) only. The considered plasma discharges have the following parameters: upper 

single null magnetic configuration (USN), Ip = 400 kA & 450 kA & 500 kA, and toroidal 

magnetic field strength (B0), B0 = 1.8 T & 2.2 T. Simulations on the current drive from the 

beams have been performed by TRANSP. The total current density profile and the beams driven 

current profile of shot 71694 (400 kA, 2.2 T) are given by FIG. 2 and FIG. 3. The portion of the 

beams driven current is weak, less than 3% of the total current. This indicates that the effect of 

NBIs on sawtooth activities is irrelevant to the local current driven by NBIs. 

III. Experimental observations of sawtooth activities 

A. Sawtooth periods in NBI plasma 
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Sawtooth periods are plotted with respect to the NBIs power in FIG. 4. From here it is 

evident that the sawtooth period increases with increasing co-NBI power, whereas increasing 

counter-NBI power  relates to first a decrease in sawtooth period to a minimum value followed 

by a sawtooth period increase. A similar trend was observed that when comparing sawtooth 

periods with the plasma toroidal rotation measured by Tangential X-ray Crystal Spectrometer 

(TXRS) diagnostics in EAST12 as shown in FIG. 5. The results show a significant asymmetry of 

sawtooth periods with respect to toroidal rotation. In section IV, explanations of this asymmetry 

will be given. 

B. Sawtooth crash amplitude in NBI plasma 

The secondary concern for sawtooth activities is the amplitude of sawteeth. The 

magnitude of sawtooth crashes is calculated using δ= (I2 - I1)/I1, where I1 and I2 are shown in 

FIG. 6. FIG. 7 shows that counter-NBI results in a slight decrease of the amplitude of sawtooth 

first, and then the amplitude of sawtooth crash increases almost 2 times compared to the 

no-NBI phase as the counter-NBI power increases. With the increase of co-NBI power, the 

amplitude of the sawtooth crash increases monotonically. A minimum sawtooth amplitude 

appears in the positive velocity direction as shown in FIG. 8. Experimental traces of shot 70524 

(500 kA, 2.2 T) in EAST demonstrate sawtooth destabilization in the presence of either co-NBI 

or counter-NBI. With the same toroidal velocity, sawtooth crash amplitude is significantly 

larger when the counter-NBI is used instead of the co-NBI heating as shown in FIG. 9. 

C. Frequency of sawtooth precursor in NBI plasmas 

FIG. 10 shows the sawtooth precursor frequency with respect to NBIs power. There is a 

rotation saturation point, where a further increase in co-NBI power does not result in an 

increase in mode oscillation frequency. FIG. 4 shows the sawtooth period reached a minimum 

when a neutral beam with PNBI about 0.7 MW was injected in the counter-Ip direction, and the 

zero rotation point occurs with PNBI about 0.2 MW is shown in FIG. 10. Considering 

experimental inaccuracy as well as the absorption efficiency of NBIs, the experimental results 

here can be considered consistent with the result in TEXTOR15. Sawtooth behavior is 

determined by a helical stabilization mechanism as well as the effects of energetic particles. 

There is no torque stabilization effect on the precursor mode at the zero rotation point. Coupled 

with a low counter-NBI power, energetic particles have a feeble stabilizing effect, so the mode 

is most unstable at zero rotation point characterized by the shortest sawtooth period16. In FIG. 

11, as the beam injected in the counter-Ip direction increases, the sawtooth precursor frequency 

is always larger than the toroidal rotation frequency for the same reason. 

IV. Discussion of sawtooth activities in NBI plasma 
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During the continuous counter-NBI heating, sharp sawtooth crashes and longer sawtooth 

periods arose with the toroidal velocity change caused by the inclusion of the co-NBI shown in 

FIG. 12. It is worth noting that the sawteeth did not return to the original state until the toroidal 

velocity reverts to the same as before, which confirms toroidal rotation plays a vital role in 

modulating sawteeth.  

In addition to supplying momentum resource, NBIs also generates a group of energetic 

particles as the red line shown in FIG. 12(b), and FIG. 13 shows a linear correlation between the 

sawtooth period and the neutron flux, which implies that energetic particles might additionally 

contribute to the sawtooth period and amplitude. 

V. Summary 

NBIs have been proved to be useful for understanding the mechanisms of sawteeth. As the 

co-NBI power increases, the effect on the sawtooth periods is enhanced. And an asymmetry is 

caused by the balance between the rotation arising from momentum input from the counter-NBI 

and the intrinsic plasma rotation. The precursor mode stopped rotating when a neutral beam 

with PNBI about 0.2 MW was injected in counter-Ip direction，since the MHD rotation is 

balanced by the rotation arising from the beams momentum input. It is believed that the 

minimum in sawtooth period arises when the precursor mode stops rotating. Experimental 

results obtained in EAST are consistent with this hypothesis.  

1 S. Vongoeler, W. Stodiek, and N. Sauthoff, in Physical Review Letters (1974), Vol. 33, pp. 1201. 
2 G. P. Canal, B. P. Duval, F. Felici, T. P. Goodman, J. P. Graves, A. Pochelon, H. Reimerdes, O. 

Sauter, D. Testa, and T. C. V. Team,  Nuclear Fusion 53 (11), 11 (2013). 
3 M. J. Mantsinen, M. L. Mayoral, V. G. Kiptily, S. E. Sharapov, B. Alper, A. Bickley, M. de Baar, 

L. G. Eriksson, A. Gondhalekar, T. Hellsten, K. Lawson, F. Nguyen, J. M. Noterdaeme, E. Righi, A. A. 

Tuccillo, and M. Zerbini,  Physical Review Letters 88 (10), 4 (2002). 
4 F Porcelli, D Boucher, and MN Rosenbluth,  Plasma Physics and Controlled Fusion 38 (12), 

2163 (1996). 
5 C Angioni, TP Goodman, MA Henderson, and O Sauter,  Nuclear Fusion 43 (6), 455 (2003). 
6 IT Chapman,  Plasma Physics and Controlled Fusion 53 (1), 013001 (2010). 
7 Russell Kulsrud,  The Physics of Fluids 5 (2), 192 (1962). 
8 LI Hao, WU Bin, WANG Jinfang, WANG Ji, and Hu Chundong,  Plasma Science and 

Technology 17 (1), 10 (2015). 
9 I. T. Chapman, T. C. Hender, S. Saarelma, S. E. Sharapov, R. J. Akers, N. J. Conway, and Mast 

Team,  Nuclear Fusion 46 (12), 1009 (2006). 
10 C. Angioni, A. Pochelon, N. N. Gorelenkov, K. G. McClements, O. Sauter, R. V. Budny, P. C. de 

Vries, D. F. Howell, M. Mantsinen, M. F. F. Nave, S. E. Sharapov, and Efda-Jet Workprogramme,  Plasma 

Physics and Controlled Fusion 44 (2), 205 (2002). 
11 C. D. Hu and N. Team,  Plasma Sci Technol 14 (6) (2012). 
12 Jun CHEN, Bo LYU, and Fudi WANG,  Nuclear Techniques 38 (11), 110403 (2015). 
13 HQ Liu, YX Jie, WX Ding, David Lyn Brower, ZY Zou, WM Li, ZX Wang, JP Qian, Y Yang, 

and L Zeng,  Review of Scientific Instruments 85 (11), 11D405 (2014). 
14 Z. L. Zhao, J. L. Xie, C. M. Qu, W. Liao, H. Li, T. Lan, A. Liu, G. Zhuang, and W. D. Liu,  

Radiation Effects and Defects in Solids 172 (9-10), 760 (2017). 
15 HR Koslowski,  Fusion science and technology 47 (2), 260 (2005). 
16 I. T. Chapman, S. D. Pinches, H. R. Koslowski, Y. Liang, A. Kramer-Flecken, M. de Bock, and 

TEXTOR Team,  Nucl. Fusion 48 (3) (2008). 

46th EPS Conference on Plasma Physics P1.1033



 

 

 

FIG. 1. Sawtooth activities in EAST NBIs heated plasma. The upper panel gives the evolution of soft x-ray (SXR) 

emission intensity in the core; the bottom panel gives the evolution of the sawtooth period. 

FIG. 2. The total current density profile. The co-NBI and counter-NBI do not have a significantly different effects 

on the current profile. 

FIG. 3. Simulations from TRANSP on the current driven from the beams. It is clear that the portion of the beams 

driven current is weak especially in the core. 

FIG. 4. Sawtooth periods with respect to NBIs power. The negative beam power indicates a beams injection 

direction opposite to the plasma current (Ip), while the positive power means the beams inject in the Ip direction. 

FIG. 5. Dependence of the sawtooth period upon plasma toroidal rotation velocity. Clear asymmetry is observed. 

Negative toroidal velocity means beams injected in the counter-Ip direction whereas positive toroidal velocity is 

injected in the co-Ip direction. 

FIG. 6. The intensity of Soft x-ray (SXR) in EAST plasma exhibiting sawtooth oscillations. I2 and I1 notate the 

intensity of the SXR just before and after a sawtooth crash, respectively. 

FIG. 7. The sawtooth crash amplitude as a function of NBIs power in EAST. The trend is similar to the dependence 

of sawtooth period upon NBIs power shown in FIG. 4. 

FIG. 8. Sawtooth crash amplitude with respect to toroidal velocity. 

FIG. 9. Sawtooth activities during EAST discharge 70524: (a) co-NBI and counter-NBI;(b) Soft-X ray radiation 

(black line) and neutron flux (red line) at the plasma center; (c) Toroidal rotation velocity of plasma. 

FIG. 10. Sawtooth precursor frequency as a function of NBIs power. The negative precursor frequency means that 

the mode rotates in the counter-Ip direction. The plasma rotation balanced by the rotation caused by momentum 

input leads to the stop of the MHD rotation. 

FIG. 11. The precursor frequency with respect to the toroidal rotation frequency.  

FIG. 12. Sawtooth activities during EAST discharge 71694: (a) NBIs power, co-NBI  and counter-NBI; (b) Soft-X 

ray radiation (black line) and neutron flux (red line) at the plasma center; (c) Toroidal velocity of the plasma. 

FIG. 13. Relationship between neutron flux and NBIs power, roughly as a linear function. The trend show that as 

the NBIs power is increased, the neutron flux is enhanced. 
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