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Compound sawtooth activity has been observed in ohmically heatad, high 

current, high density TFTR plasmas. Commonly called "double sawteeth," such 

sequences consist of a repetitive series of subordinate relaxations follov.'ed 

by a main relaxation with a different inversion radius. The period of such 

compound sawteeth can be as long as 100 msec. In other cases, however, no 

compound sawteeth or bursts oS them can be observed in discharges with 

essentially the same parameters. 
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1. INTRODUCTION 

The sawtooth oscillation wag first observed experimentally in the ST 

tokamak [1] and a theoretical model describing this oscillation was given by 

Kadomtsev [2]. Since then, sawtooth activity has been studied in many 

tokamaks and discussed in detail in relation to an unstable MHD mode and a 

thermal transport model 13), 

Simple sawtooth oscillations observed in tokantaks are a series of m = 0, 

n = 0 relaxations, each with an ra =• t, n = 1 precursor mode, where ra and n are 

poloidal and toroidal mode numbers, respectively. In contrast, compound 

sawtooth activity has been observed recently in large tokamaks [4-7], Each 

compound sawtooth consists of a series of subordinate relaxation followed by a 

large (up to 20%) main relaxation with a different inversion radius. These 

compound sawteeth are commonly called "doublp sawteeth" because of their 

approximate double period. Compound sawteeth appear frequently in ohmieally 

heated TFTR plasmas with high plasma current (I > 1.0 HA) and/or high density 
19 —5 (n^ > 2.0 x 10 m 5. Ho-.;verr compound sawtseth do not always appear in e 

these particular discharge regimes. Instead small sawteeth can he present. 

Figure 1 illustrates sawtooth activity observed for TFTR. Figure 1(a) shows 

simple sawteeth (Type 1) which are observed in TFTR plasmas with small minor 

radii (a < 60 cm}. The compound sawteeth (Type 2) shown in Fig. Kb) ue 

sometimes observed in bursts accompanied by small sawteeth (Type 3). 

Definitions in Fig. 1 are used for illustration purposes only. Table i 

illustrates the main features of the different types of sawteeth observed in 

TFTR. 

In JET, the compound sawteeth have been observed in high current and high 

density discharges as in TFTR [6]. m Doublet III, they appear in the limiter 

discharges during neutral beam injection [5] and in TEXT they are observed 
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during ramping up of I_ and n e [81 • It should be noted that for theae 

conditions, flat or somewhat hollow current profits are apt to be formes 

because of a long 3kin time in the central region of the plasraa and/or a 

center-accumulation of impurities. Therefore, the compound sawteeth may be 

associated with flat or hollow current profiles. 

At prasent, the compound sawtooth activity does not seem to detrimentally 

affect the global confinement in the TFTH plasmas. Actually, similar or 

slightly better confinement has been obtained for discharges where the 

compound sawteeth appear. Si.nce internal disruptions limit the temperature 

rise in the plasma center, the compound sawteeth have toe advantage of longer 

total period and a slightly higher Te(0) before the crash phase of the main 

relaxation. On the other hand, its large temperature variation and rapidly 

moving heat pulse can enhance the electron heat loss which could degrade the 

confinement. Indeed, at low q (< 4) the compound sawteeth in TFTR can affect 

the surface voltage and the total radiation power from the plasma (see Fief. 

2). These effects uay be an important issue in a reactor because they could 

cause a large perturbation of the power output. 

A soft X-ray imaging system consisting of a multidetector array of 

surface barrier detectors has been used to study compound sawteeth in TFTR 

plasmas [9]» Sixty-four horizontal chords can be viewed with 2.5 cm 

resolution in comparison with -.r.e minor radius of -:e plasma of up to 83 cm. 

The sampling frequency is up to SOO kH7,. 

Characteristics of the compound sawteeth observed in the experiment are 

described in Sec. 2. Section 3 is devoted to the scaling study on the 

sawtooth period. These results are discussed in Sec. 4. Section 5 is a 

summary. 
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2, CHARACTERISTICS OF COMPOUND SAWTEETH 

Although our investigations of compound sawteeth have utilized mainly the 

soft X-ray diagnostic, the slow ramp and rapid crash can be detected al30 by a 

variety of diagnostics. Figure 2 shows the typical compound sawtooth 

oscillations during the current flat-top phase. The amplitudes of the 

fluctuations of the ion temperature and the line-average electron density 

reach 5% and 2.5%, respectively. Fo^ the case of small sawteeth (Type 3), the 

fluctuations are half these values. The time from 1.5 sec to 2.0 sec is a 

transient phase as a current penetrates into the center. The q a 1 radius is 

small in thia phase and the observed sawteeth appear to be like Type 1, i.e., 

simple sawteeth. 

Empirically, it has been found that compound sawteeth t«nd to appear in 

the high current and high density discharges of TFTR. Sometimes, however, 

small sawteeth are only observed in a discharge that would normally have 

compound sawteeth. The compound sawteeth (Type 2) and the small sawteeth 

(Type 3) are sometimes observed in bursts during a steady phas'3 of a 

discharge, although global parameters such as averaged temperature, density, 

Z jf, and even the inversion radius of the sawtooth do not seem to change. 

These phenomena suggest that small or localized changes of plasma parameters 

affect the characteristics of sawtooth activity significantly. 

Figure 3 shows the profile evolution of soft X-ray emissions, UnliKe the 

discharge in Fig. 2, a steady-state current is achieved in the period shown 

due to a fast current rise. Bursts of compound sawteeth (Type 2) and small 

sawteeth (Type 3) Are seen. This figure indicates that the main relaxation 

(Example C) of Fig. 1 flattens the central temperature profile and that the 

subordinate relaxation (Example B) affects only the intermediate radii of the 

plasma. It suggests that the main relaxation (Example C) is caused by a full 
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reconnection, including the hot core at the center, while the subordinate 

relaxation (Example B) is associated with a partial reconnection which does 

not affect the hot cors. 

Expanded views of one compound sawtooth '{Type 2) are shown in Pig. 4. 

The m = 1, n = 1 precursor oscillation is found to be small. This may imply 

that the width of the m. = 1, n » 1 island is small, that the two m/n-1/l modes 

are present, or that the temperature profile is flat in the central re-jion. 

It should also be noted that the inversion radii of the subordinate and the 

main relaxations are different and that the subordinate relaxation is not 

observed near the center. ?he inversion radius for the main relaxation ig 

about 20 cm for this discharge, whereas for the subordinate relaxation, it is 

around 25 cm. The difference between these inversion radii is about 5 cm, 

although it is sometimes as large as 10 cm. The inversion radius of the 

subordinate relaxation is always larger than that of the main relaxation. The 

mode structure is different from that of the simple sawtooth (Type 1) observed 

in earlier tokamaks. The main relaxation is associated with a small amplitude 

m = odd precursor mode and the subordinate relaxation has an a = odd precursor 

with a larger amplitude m = odd successor (i.e., oscillations after the crash 

phase of the sawtooth). These three kinds of m = odd modes have approximately 

the same general frequency of 250 Hz for ohmically heated plasmas. The hea.t 

pulse due to the full reconnection has a ballistic-like effect up to 42 cm. 

It then spreads diffusively to the outer region. On the other hand, the heat 

pulse due to a partial reconnection is diffusive from a radius of 34 cm, 

perhaps because the released energy is small. 

Figure 5 shows the relative sawtooth amplitude flA/A measured during the 

steady-state phase of the discharge shown in Fig. 3. Although global 

parameters of the plasma do not change during the measurement, three kinds of 
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relaxation phenomena are observed. Both the main relaxation and the complete 

relaxation are similar to the conventional complete relaxation (Example A). 

However, the complete relaxation has half the amplitude of the main relaxation 

(see Fig. 5). On the other hand, the subordinate relaxation i3 found to be 

localized in the intermediate radii and has an inversion radius larger than 

the others. 

3. SCALING OF THE SAWTOOTH PERIOD 

Some theoretically motivated scaling laws for the sawtooth period have 

been proposed [3,101. These analyses assume that the relaxation period can be 

estimated from the growth of the resistive m = 1 tearing mode. Therefore, the 

sawtooth period is supposed to be dominated by the time the in = 1 magnetic 

island width grows to r s, where r s ia the q = 1 radius. In Pig. 6, the 

sawtooth period obtained from the experiment is compared with the analytical 

prediction of McGuire-Robinson scaling flO]. Type 1 agrees well with the 

scaling. However, Type 3 does not tend to follow the °.r->)±nq as the predicted 

value becomes larger, while Type 2 still lies on the predicted line. 

Therefore, sawteeth can also be classified by comparing their period with the 

scaling. This tendency is observed clearly in the case of large plasmas. The 

relaxation is apt to take place earlier than the predicted time for the large 

plasma discharges. This implies that the full reconnection may occur before 

the m = 1 island is predicted to grow to r g [11], A similar type of 

discrepancy between the experimental results and the scaling line has also 

been observed in the JET data {61. 

The characteristics of the m = 1» n = 1 precursor mode of a sawtooth 

depends on whether their period follows the scaling (Pig. 6). Waveforms (a) 

and (b) correspond to Type 1 and Type 3, respectively. Case (a) is a 
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discharge with a relatively small minor radius, a_ = 0.55 m, and I_ «• 0.58 MA 
P " 

and T (0) = 1.76 keV. In thi9 case, the sawtooth oscillations seem to he of 

the conventional type, like those observed in earlier tolcamaks. Case (b) is a 

larger plasma discharge with a_ » 0.68 m. The plasma current and the central 

electron temperature are also higher, I„ » 1.2 MA and T_(0) = 2.73 kev. The 
P e 

toroidal field and electron density are almost the same for these cases. 

Since the radius of the q = 1 surface for case (b) is larger than for case (a) 

and the temperature is also higher, the resistive skin time [within the q = 1 

radius) for case (b) is twice that for case (a) [0.88 sac for case (a) and 1.9 

sec for case (b)l. The sawtooth mechanism for these two cases appears to be 

different. The precursor mode causing the relaxation is found to be very 

small for Case (b) and the relative amplitude ot 2tA/A is 2.5* at the maximum, 

while that for Case (a) is up to 8%. 

Another scaling from the sawtooth period (Type 1 and Type 3> has been 

obtained from TFTR. There appears to be a correlation between the sawtooth 

period and the total energy confinement time (shown ill Fig. 7). It is found 

that the periods of Type 1 and Type 3 are approximately five times the energy 

confinement time. Better agreement is found if q is considered in the 

scaling. This scaling is quite empirical, but good agreement has been found 

in the ohmically heated plasmas of TFTR. 

4. D1SCUSSIOH 

The small amplitude of the m = 1 precursor, the subordinate relaxation, 

and the scaling study of sawtooth periods indicate that compound sa-'teeth 

(Type 2) aa well as small sawteeth (Type 3) cannot be explained by a simple 

Kadomtsev model [2]. Possible explanations include the double tearing mode 

[12] or partial reconnection theory [5,13], A more detailed discussion of the 

modeling can be found in Ref. [14]. 
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Although the mechanism of the compound sawtooth has not been understood 

theoretically, it is possible that this compound sawtooth activity ic 

associated with the current profile. Because of the large volume and the 

relatively high electron temperature, the resistive skin time in the central 

region is considerably longer for TFTR than for earlier tokamaks. This 

suggests the existence of a flat or slightly hollow current profile even 

during a steady state, especially in high current and/or high density 

operation [7]. However, even if hollow current profiles were common in 

earlier tokamaks [15], no compound sawteeth were observed. The reason could 

be that the skin time was relatively shorter compared with the growth time of 

the m = 1 tearing mode. 

Neglecting the effect of diamagnetic drifts, the m = 1 tearing mode 

growth rate y can be represented as follows [161, 

2/3 ,, 1/3 2/3, ,,, 

where 

r s 

Here a is a minor radius of the plasma, T R and x A are the resistive skin time 

and the Aifven transit time, respectively. If a is assumed to be constant, 

the ratio of T R to 1/Y is estimated in terms of the magnetic Reynolds number 

S, 

2/3 -2/3 2/3 
T R ^ " T R T A = S (3) 
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The ratio of the measured Type 1 or Type 3 sawtooth period (t 3a w) t o t h * 

predicted value (T g c a l eJ is shown in Fig. 8 AH a function of S 2' 3. The 

sawtooth period measured in the experiment does not follow the predicted value 

with increasing 5. This tendency may mean that the characteristics of the 

relaxation change a3 S increases, or that the growth rate depends more 

strongly on S than predicted by Eq. (1). 

As mentioned in Sec. 2. the partial relaxation during ' the compound 

sawtooth has a large m = odd successor (e.g., Fig. 3 ). This successor 

oscillation ig enhanced or triggered by a subordinate relaxation and then 

damps rapidly. This m = odd burst is sometimes observed without a subordinate 

relaxation and loofcs similar to a Eishbone oscillation due to high power 

neutral beam injection [17]. This m = odd mode can thus stabilize itself 

without any rapid relaxation. although a saturated m = 1 mode under 

particular conditions [18] and an m = 1 successor after an internal disruption 

[19] have been observed before, the exact mechanism for these phenomena is 

still under study. 

Another unusual phenomenon for Type 2 and Type 3 is that its m = odd 

precursor is very small and sometimes difficult to observe. One possible 

reason is that the temperature gradient around the m = odd perturbation could 

be very small, since the temperature profile of TFTR plasmas is found to be 

flat or slightly hollow [7]; this would then give a very small perturbation on 

the soft X-ray signals. Another possibility is that if two in = 1 

perturbations were present and 180" apart from each other, the effect of these 

perturbations could cancel each other somewhat and this would give small 

oscillations on the soft X-ray signal. 
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5. SUMMARY 

Compound sawteeth, which cannot be explained by the standard Kadontaev 

model, are observed in ohmically heated TFTR plasmas. They are a combination 

of a main and a subordinate relaxation and are sometimes interspersed amcng 

small sawteeth. A subordinate relaxation has an m = odd precursor with a 

larger m = odd successor.. The compound sawtooth period follows McGuire-

Robinson scaling, whereas the small sawteeth saturate against the 

theoretically predicted value in the high-magnatic-Reynolds-number regime. A 

correlation between the sawtooth period and the energy confinement time for 

Type 1 and Type 3 in TFTR plasmas has been found. 
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Table ', 

Sawtooth Type Simole (Type 1) Small (Type 3) Compound (Type 2) 

Relaxation Type Complete 

(Example A) 

Complete 

{Example D) 

Subordinate 

(Example 3] 

Main 

(Example C) 

m/n = 1/1 

Precursor 

Oscillation 

Large Small Small Very Small 

m/n=1/1 

Successor 

Oscillation 

very Small Medium-Large Large Medi an 

Mixing 

Zone ~ 1.4 r, > 1.4 r, ~ 2 r. > 2 r1 



IS 

FIGURE CAPTIONS 

Fig. J Classification of sawtooth activities for TFTR plasmas. It should be noted 

that (a) and (b) are observed in different shots, during the current flat 

top. 

Pig. ?. Compound sawtooth activity detected by a variety of diagnostics during 

current flat-top phase. The time evolution of the surface voltage, the 

neutron flux, the total radiation power, the electron density along an 

integrated central chord, and the soft x-ray emission along a central chord 

are shown. 

Fig. 3 Time evolution of soft X-ray amission profile. 

Fig. 4 Soft x-ray traces from a horizontal diode array on expanded time scale. 

Noteworthy variations activities which are especially distinguished around 

the inversion area (r ~ ±20 cm) are observed. The discharge parameters of 

this shot are I p = 1.4 MA, Bfc = 2.8 T, n e = 2 X 10 1 9 ra~3, R = 2.55 m, and a 

= 0.83 m. 

Fig. 5 Radial profile of relative sawtooth amplitude M A . Three kinds of 

internal relaxation measured in ths same discharge (shown in Pig. 2) are 

plotted. 

Pig. 6 Comparison of predicted and measured sawtooth period. Predicted values are 

calculated according to McGuire-Robinson scaling. 



16 

- 3 T 3 ' 7 T W T 2 / 1 

Tscale TR TA Th 

where -tR is the re9istive skin tim«, T» is the Alfven transit time, and t n 

ia the heating time. Open symbols are sawtooth periods of Type J or Type 3 

and closed gynbols are Type 2. Thosa for earlier to'tamaks (PLT, T-'.O, TFR, 

and DITE) are also shown by crosses (Ref. [101). Soft X-ray traces for two 

discharges labelled in th« graph are also illustrated. 

Pig. 7 Comparison of measured sawtooth period and total energy confinement time. 

Sawtooth periods are those of normal ones (Type 1). 

Fig. 8 Relation between the ratio of measured sawtooth periods (Type 1 and Type 3) 

to predicted ones and that of resistive skin tima to m =» 1 tearing-node 

growth time (which is proportional to S 2' 3>. Earlier tokamafcs are PLT, T-

10, TFR, and DITE (Ref. C10J). 
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