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                                      Abstract 

   The linear analysis of the drift tearing mode based on four-field reduced two fluid model is performed to 

investigate thermal transport effects on the growth rate. It is found that thermal transport along magnetic 

field line destabilizes the drift-tearing mode and this effect is due to the interaction between the perturbed 

vector potential and the perturbed temperature. The result indicates that the equilibrium temperature 

gradient coupled with the vector potential in the parallel heat transport term might be an additional 
instability source for the drift-tearing mode in colliSiOnal limit.

Key words : thermal transport, drift-tearing mode, neoclassical tearing mode, colliSiOnal transport, four-
           field reduced two-fluid equations

1. Introduction 

   The magnetic island, which is caused by reconnec-
tion of magnetic field lines, is often observed in high 
beta tokamak plasmas and is considered to be driven 
by fluctuating bootstrap current. This is called as the 
neoclassical tearing mode(NTM). For the achievement 
of high performance in fuSiOn plasma, the control of the 
NTM is one of the key issue since once it appears, con-
finement degradation occurs. 

   There have been numerous analyses of tearing mode 
stability, originated from the classic work of Furth, 
Kileen, and Rosenbluth1) . Much works on the NTM are 
also performed2' 3) and it is found that the predicted 
width of saturated island determined by the balance 
between the fluctuating bootstrap current and the cur-
rent of free energy source is consistent with experimen-
tal observations. However, trigger condition of sudden 

growth of perturbation related with the magnetic island 
is still unclear from the view point of the conventional 
approach. Recently the drift-tearing mode (DTM) is 

paid attention to, which has the characteristics of non-
linear bifurcation for the solution4) , therefore it might 

give some hints for the trigger mechanism of the NTM4) .

  In the previous studies on the NTM, the linear and 
nonlinear analysis of the NTM is performed using a 
four-field model5' 6) . However, the temperature evolu-
tion equation is not solved simultaneously, therefore, the 
thermal transport effect is not taken into account. This 
effect is important for the evaluation of threshold for the 
subcritical excitation of the NTM7) . In order to under-
stand the characteristics of this effect, the analysis of 
the model which includes transport effect is necessary. 

  In this thesis, linear analysis of the DTM based on 
four-field reduced two fluid model is performed and ther-
mal transport effect on the DTM is investigated. The 
organization of this thesis is as follows: In section 2, we 
review the NTM and the DTM. In addition, the hierar-
chical interaction between transport, MHD and turbu-
lence is also reviewed. In section 3, the model equations 
are explained, then the results of linear analysis of the 
DTM is shown in section 4. Finally, summary and dis-
cusSiOns are given in section 5. 

2. Review 

2.1' Experimental Obsevation of the NTM 

   One of the key issues for achievement of high perfor-
mance in fuSiOn plasmas is control of magnetic island. 
Once magnetic island appears, plasma confinement is 
degraded or some times discharges become disruptive. 
The NTM could be a serious problem in experimental re-
actors such as ITER (International Thermonuclear Ex-

perimental Reactor), where most of the plasma current
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Fig. 1 The onset value of poloidal beta  /37, = 

op/Bp for the neoclassical tearing mode 
      in JT-60U. Crosses, open squares and 

     open circles denote the tearing modes with 
     the troidal mode numbers of n = 1, 2 and 

3. respectively. (quoted from 8) )

Fig. 2 The time evolutions of the normalized 
     beta value ON and the power of beam in-

      jection PNB for the neoclassical tearing 
      mode. The onset value of ON is about 1.6 

     (figure (a)), but the disappearance value 
     is about 0.8 (figure (b)). (quoted from 8))

Fig. 3 The radial profiles of the pressure gradient 
     and the safety factor. (quoted from 8) )

Fig. 4 The time evolutions of (a) plasma cur-
     rent 4, (b) normalized beta ON and (c) 
      newtron injection rate Sin for 2/1 neoclas-

     sical tearing mode. The solid and dashed 
      line correspond to the cases in Figure 2.3. 

      There is no neoclassical tearing mode in 
      the low pressure gradient case. (quoted 

     from 8) )

supposed to be driven by the bootstrap current. 

  In this subsection, the characteristics of the mag-

netic island observed in JT-60U is explained8) . First, 

the onset conditions for the tearing mode is investi-

gated using macroscopic parameters in JT-60U. Figure 
1 shows the onset value of poloidal beta Op = µop/Bp 
in many cases. Crosses, open squares and open circles 
denote the tearing modes with the toroidal mode num-
bers of n = 1, 2 and 3, respectively. It is shown that 

(m, n) = (2, 1) mode has a serious effect on plasma per-
formance. It appears in the wide range of parameter 
space which implies that the magnetic island does not

have a clear stability boundary and have a probabilistic 

excitation. 

   Next, the hysteresis characteristics in the beta value 

at which the NTM appears and at which the NTM dis-

appears is investigated. The time evolution of ON, which 

is normalized plasma beta, is shown in Figure 2. It is 

indicated that the onset value is larger than the termi-

nated value. It is also shown in JT-60U experiments 

that there is difference between the NTM onset and ter-

minated values of pressure gradient. These facts in-

dicate that the hysteresis curve exists in the magnetic 

island excitation and termination. 

   Finally, the dependence of pressure gradient on the 

onset condition of the tearing mode is investigated. Fig-

ure 3 shows two different radial profiles of the pres-



sure gradient and the safety factor, where E036715 and 
E036706 indicate the shot numbers and NNB is a kind of 
beam heating. The rational surface is located in p = 0.6. 
These cases correspond to the time evolution of param-
eters in two cases in Figure 4. In shot E036706, 2/1 
mode appears at t  = 5.7s. In shot E36715, no NTM 
is observed even though the beta value is higher than 
that in shot E36706. This result shows that reduction of 

pressure gradient, therefore the reduction of fluctuating 
bootstrap current at the mode rational surface suppress 
the NTM. 

2.2 Theoretical Analysis of the NTM 

  In this subsection, the dynamics of the magnetic is-
land affected by the microscopic turbulence is analyzed 
using the renormalized reduced MHD equations with 
the cold ion approximation9) .

The evolution equations of the island width w(t) and 
rotation frequency w(t) are derived according to the 
Rutherford approach. The island evolution equation is 

given by

And the evolution equation for the rotation frequency 

is given by

The symbol of dot (f) indicates the time derivative. The 
numerical coefficients are given by G1 0.41, C1 N 2.1, 
C2 N 0.78, G2 0.77 and K1  33.7, K2 5.45, K4 
26.0,K7ti2.44,K9 1.03, K10 67.4,K11N22.5. 

  Using Eqs.(5) and (6), a stability analysis is per-
formed. Figure 5 (a) shows the stability of w in the 

(w, w) plane. The solid curve indicates w = 0. The grey 
arrow shows the rough direction of magnetic island evo-
lution. In the shaded portion 0 < w < cv* + cay, Eq.(6) 
does not have a solution which satisfies the boundary 
condition. It is found that the steady state solution of 
island width w, is stable against the perturbation of is-
land width 8w. Figure 5 (b) shows the stability analysis 
of rotation frequency cv in the (w, w) plane. In con-
trast to the island width, the rotation frequency Co has 
an only unstable solution to the perturbation of rota-
tion frequency 6w. If the rotation frequency exceeds the 
value of steady state solution, the rotation is acceler-
ated. This leads to a disruption of the frequency in the 
end. Rutherford equation derived from four-field model 
has no steady state solution and the linear stability in 
four-field model is different from one in conventional 
three-field model. For these reasons, to investigate the 
onset condition and the mechanism of the island forma-
tion', the direct simulation of the NTM by using four-
field model is inevitable. 

2.3 Drift-Tearing Mode 

   In the pioneering work by Furth, Kileen, and Rosen-
bluth, based on the resistive MHD description, it was 
shown that tearing instabilities occur when the param-
eter A', which characterizes the available magnetic free 
energy for the growth of tearing modes, is positive.

Fig. 5 The stabilities of w(a) and w(b) are shown 
     in the (w, w) plane. The solid curves indi-

     cate iv = 0 in (a) and cv = 0 in (b) respec-
     tively. The grey arrow the direction of the 

     island evolution. (quoted from 9) )



Fig. 6 The five regimes in the  (B, v*) plane of the 
      nonlinear drift-tearing mode. /3 and v. are 
     the plasma beta and the diamagnetic drift 

     velocity. (quoted from 4) )

Fig. 8 Skech of the bifurcation diagram above the 
     critical value of 0. (quoted from 4) )

Fig. 7 Skech of the bifurcation diagram below the 
     critical value of 0. (quoted from 4) )

  Additional kinetic and geometrical effects on the sta-

bility of these modes, that become important in high-

temperature tokamak plasmas, were considered in sev-

eral follow-up investigations. One such extenSiOn is the 

drift-tearing mode. In particular, when electron pres-

sure gradient effects are taken into account, the tear-

ing mode changes its character. In the linear regime, 

it acquires an oscillation frequency determined by the 

electron diamagnetic frequency and the growth rate is 

significantly reduced. If we neglect the perturbation of 

temperature, the disperSiOn relation of the drift-tearing 

mode is given bylo) :

where co is complex number and imaginary part of co in-

dicates the growth rate of drift-tearig mode. co. and 'yo 

are the electron diamagnetic frequency and the growth 

rate of pure tearing mode. The most drastic change, 

however, concerns the mode structure. In the drift-

tearing regime, the unstable mode structure is not spa-

W2(W -*)3 = vro (7)

tially localized and shows the characteristics of outgoing 
wave. 
  Recently, the drift-tearing mode is paid attention 
to in terms of nonlinear instability. Nonlinear instabil-
ity implies that only initial perturbations which asso-
ciate with magnetic island of the proper spatial struc-
ture can grow to large amplitude if it's width exceeds a 
certain threshold. The crucial question is that whether 
the stabilizing effect of pressure gradients survives in 
the nonlinear regime or not. Indeed, a sufficiently large 
magnetic island is characterized by enhanced transport 
across the island region. As a consequence, the gradi-
ents are reduced and so is the electron drift-frequency. 
In the limit of strong profile flattening, the stabilizing 
effect of pressure gradients can become ineffective and 
an island of finite size can be self-sustained, even when 
the drift-tearing mode is linearly stable" 

   It is shown that the drift-tearing mode has the bi-
furcation of the solution which has three state: A) a 
state characterized by a magnetic island, of size compa-
rable to the usual saturated tearing mode island, that 
rotates very slowly; B) a state with a much smaller is-
land that rotates at approximately the diamagnetic fre-

quency; and C) the trivial state of stable symmetric 
equilibrium when plasma beta /3 is above the stability 
boundary4) . 

   In some regions of the parameter space, two different 
states can be accessed by starting from different bound-
ary conditions. The situation is summarized in Figure 6 
and there are five states corresponding to values of the 
beta and the safety factor. The solid line represents the 
theoretical stability boundary, above which the symmet-
ric equilibrium is linearly stable. The two dashed lines 
represent approximately the location of the boundaries 
between regions of different dynamics. Region I occurs 
when /3 and co. are sufficiently small, here only a solu-
tion of type A) (large island) is found. By increasing


















