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Abstract 

A new ref ined model of the L-mode and H-mode t r a n s i t i o n in 

tokamaks i s pres ?nted based on the b i fu rca t ion of the r a d i a l 

e l e c t r i c f i e l d , E r , near edge. The r a d i a l g rad ien t of E r i s 

newly introduced to expla in the sudden change of f l u c t u a t i o n s as 

well as plasma fluxes a t the onset of t r a n s i t i o n . This model 

p r e d i c t s t ha t the L-to H-mode t r a n s i t i o n i s assoc ia ted with the 

decrease of dE r / d r causing reduct ion of p a r t i c l e and energy 

fluxes a t c r i t i c a l g r a d i e n t . 

i . ,words : H-mode T r a n s i t i o n , Tokamaks, Anomalous Transport , Reduced F luc tua t ions , 
Radial E l e c t r i c F i e l d , M i c r o i n s t a b i l i t y 
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Recently, the knowledge on H-mode ' in tokamaks has 
strongly incresed. The research on H-mode is motivated by the 
requirement of the improvement of the energy confinement time. 
The transition phenomena, which are the key to understand the 
basic physics of the H-mode, however, still remain unresolved. 

In previous articles 1^ _ 1 ', we have presented a model of the 
L- to H-mode and H- to L-mode transitions, in which the 
bifurcation of the radial electric field plays the key role. In 
an old model, the electron particle flux and ion particle flux 
can be bipolar near edge so that the radial electric field piles 
up to keep the charge neutrality. The electron flux is assumed 
to be anomalous and we have assumed that the anomaly is not 
affected by the change of the radial electric field, E . By this 
simplification, the model has predicted the transition of flux, 
but the explanation of the reduced fluctuations are left 
unanswered. The effect of the radial derivative of E r, Er',is 
neglected in the framework of zero-dimensional analysis. The 
model has been examined by experiments. D-III-D experiments have 
confirmed the sudden change of E r at the transition, but the sign 
of the change of E r is opposite to the prediction. 1 2' JFT-2M has 
also observed the change of the plasma rotation due to E r, but 
the direction is not conclusive. ' The extension and refinement 
of the model are necessary to cope with these experimental 
progresses. 

Actually, the radial derivative of E r is not negligiblly 
small, because E r is generated within a narrow region near the 
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edge, in which the loss cone loss of ions exist. The characteristic 
thickness of the transition layer was predicted to be the 
banana width. Therefore the effects of E ' on the ion orbit and 
electron flux can be larger than those of E itself. In this 
article, we extend the previous theory of H-mode transition 
taking into account the effect of E r'. By this extension, not 
only the bifurcation of convective flux but also that of 
conductive flux are predicted at the critical gradient near edge. 
Simultaneously, the reduction of microscopic fluctuation near the 
edge is also explained. The sudden change of E r takes place so 
as to reduce E r' . 

We consider the edge plasma (inside of the surface) of a 
circular tokamak, which is defined by the limiter located at 
0 = 6 m. Toroidal coordinates (r, 8, <t>) are introduced and axial 
symmetry, 3/3iJ> = 0, is employed. For the poloidal divertor 
configuration, the poloidal angle of X-point corresponds to 6 m. 
The particle loss of j-th species (j=i,e) is written as T.= F". 
+ 1 ".. , where the superscripts A and NA stand for the ambipolar 
and nonambipolar parts, respectively. As is discussed in 
P.ef s . (1 0-11 ) , particle flux can be bipolar near edge, so that the 
relation r N A

e = T N A
i determines the ambipolar electric field, E r. 

This field also affects the ambipolar part. For simplicity, we 
in this article treat a single-ion-species plasma and neutral 
particle effects are discussed in other article. 

The bipolar flux of ions comes from the loss cone loss. In 
the presence of E r, the minimum energy to enter the loss cone is 
given as W m=W m 05om i(S r/B ) 2/2, where o=2e(1-cos6m), e is the 
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inverse aspect ratio, B is the poloidal magnetic field. ' The 

energy is evaluated in the rotating frame with the rotation frequency 
W

E =E r/RB . R is the major radius of the torus. This shift of 

minimum energy is due to the centrifugal force. In the presence 

of E r ' , the banana width changes by the factor 1/ vll-u ql+C£ (u is 

defined as P E '/v T^B , P is the poloidal gyroradius. The 

correction of the order of £ dominates in the limit of a + 1 , 

and the. banana width is limited to a certain value. The numerical 

coefficient '..' represents this correction.) ' ' ' . The minimum 

energy w ;•• given as I l ~ u
a ' w m 0 including the u correction. 

Taking those u corrections to the formula of T N A . in Ref.(11), 

we have 

n • '•-' • P r P eE i 2 
r N A = _F . _ i ^ _ E _ exp{-«|l-u | - E ^ l } (1 ) 

q I 

where V ir i irunerical coefficient of the order of unity. 

The r.:dic:~: gradient of E„ affects the microscopic mode 

stabiiil . . Tl •:'.•: has been studied and shown for the fluid 

turbulr-T.' •• .':».' :J th* Keivin-Helmholtz instability of the edge 

plasm.; '. •".: ; s is also true tor the coll isionless cases. For 

ex u: i'!e, w>- •i-:riy the cc] I isionless limit of trapped particle 

ivi'.': ;.T 'iti'i'v. This instability is driven by the toroidal 

•1) I : ' '-'. '.:•...,.(•;: p.uticlns ''. In the presence of E r ' , the 

ti :•". i d . i i : •:- •• -ion '' i equenry changes as u>M = u Mg/( I 1-u I+Cc ) 

'••;•- i'. • .'"l .:"">."•c..'. !-'JJ wit.!' '.'.w i-hanqe of banana width. For 

•'i'. '••'. ... r r. " ( ' ! , : he toroidal drift of trapped ions 

. , . , i I or inct'r-si.'d ( u •* 0 ) . Effect is not seen for 
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electrons. The local dispersion relation is given as 

rw-w. /"|l-u |+Ce(u)+n>,) , ,,, 
2 = /2l- + a I l ' 

where w* is the drift frequency, (!)=*>-N») u> is the angular 
frequency of the mode, N is the toroidal mode number, the ionic 
charge is unity and T e=T^ is assumed. The change of the 
population of trapped ions and the real frequency shift by the 
rigid rotation due to E r are also included in Eq.(2). By this 
effect, the mode is stabilized if E r' is negative and the 
condition u <-uc is satisfied. The critical parameter u c 

satisfies the relation u c = 8 > /TE( 4-uc) and is around 3 for 
standard parameters. We employ the model growth rate, y = Im(a)), 

such that Y "" YQ ^ I + U _ / U C , where YQ is the growth rate in the 
absence of E '. The anomalous transport coefficient, which is 
evaluated by the relation D =Y/k from the mixing length theory, 
is written as D e=* 1+u / u c D e 0 . D e n is the coefficient that is 
given in the absence of E r'. The bipoloar flux of electrons near 
edge, which is originated from the convection of excited 

eO g c n T e
 m

e e 

'n Fq.(3), the third term of right hand side comes from the 
uniform rotation effect cr, the mode and M is the poloidal 
vioden'inlifr. The cof-fficient a depends on the variety of 
'l'jctiwt ion mode, hut stays of the order unity. 



Equating Eqs.(l) and (3), we have the refined equation to 
determine the ambipolar electric field as 

d/l+u /u K= - exp{-a|l-u lx 2) (4) 
g C /[1-u |+CE ^ 

g' 
where d = /^D e/\' iFP p

2 , X=P peE r/T i, * = - (Te/T± ) P p( n e ' / n e + " T e ' /T e ) . 
This flux is given in the frame rotating with frequency U

E . The 
solution of (X,ua) is calculated for various values of the 
gradient parameter, ^. Figure 1 shows the solution on u -X plane 
for various values of ^. In Fig. 2, the solutions of of E r', 
relative growth rate of instability, and resultant flux are 
shown. In obtaining the results in Fig.2, we assume the linear 
relation between E r and E e'P as X=Hu q. It is shown that at the 
threshold value of X, ĉ-| , the radial derivative E r' changes from 
positive to negative. Associated with this, the anomalous 
transport coefficient and the cross field flux shows transition. 
The quantities u , D and F have multiple values simultaneously. 
The state with large flux is to be attributed to L-mode and that 
with low flux is interpreted as H-mode. It should be noted that 
the qualitative nature of the solution is not affected by the 
choice of 0. Depending on the sign of n, the jump of E r 

associated with transition changes the direction, while the 
change of E r' is always negative for L to H transition. In the 
case of Fig.2, E r changes from the positive value to the negative 
one. The reduction of instability growth rate and those of 
fluxes are obtained independent of the sign of 1. By this 
extention, we recover the critical value of A, X for the 
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transition. The absulute value of A c is close to that obtained 
in the previous model. 

This model predicts that the improvement of microscopic 
stability just inside of the plasma surface occurs at the onset 
of transition. The change of y takes place at the same time as 
that of r does. Intrinsic ambipolar component of particle flux 
also reduces due to the reduction of D. By this change of y, the 
conductive energy loss of electrons also jumps to the lower state 
at the onset of L to H transition. The background profile, which 
is characterized by the parameter A, starts to change as a result 
of the bifurcation of conductive and convective fluxes. With 
respect to the ion conductive loss, we need more analysis. 

In summary, we proposed a new refined model for the L to H-
mode transition. In this new model, the effect of radial 
gradient of E r is taken into account. When E r' is more negative, 
the banana width of ions is squeezed, and the electron anomalous 
flux is also reduced by the improved micro-stability. Due to 
this mechanism, the state with negative E ' is characterized by 
the small fluctuations and reduced edge loss. On the contrary, 
the state with positive E ' has larger loss and worse stability. 
This model attributes the states of negative and positive E r' to 
H- and L-phase, respectively, and predicts that the transition 
between them can takes place at particlular values of gradient, 
A As in the old model, the phase curve of A-T has the form of 
Riemann-Hugoniot catastrophe. The critical value A for L to H 
transition, A c l, is larger than that for H- to L transition, A 2-
New model also explains the sudden reduction of fluctuation 
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inside the plasma surface, which is consistent with observations 
in D-III-D tokamak. "' On the direction of the radial electric-
field, this model concludes that jump of E r depends on the sign 
of n which relates to the boundary condition. The relation 
between E r and E r' must be determined through the edge condition, 
which depends on the machine conditions. The existence of E ' is 
associated with the shear of rotational velocity. In this regard, 
model of n needs further theoretical and experimental analyses. 

This new model gives the critical value of A which is close to 
that in the previous model. This leads to that the evaluation of 
the critical heating power i u- is not affected much. The location 
of the 1imiter/X-point has effect on the transition through o. 
The smaller value of o, i.e., loss point located in the lower 
field side, gives the larger critical value. In the present 
model, however, the transition is possible even for the case of 
6 m=0. This result is consistent with that the H-mode transition 
has been observed in JT-60 with outside divertor2 '. The role of 
neutral particles is to prevent the transition from L to H-mode. 
The effect of neutral particles can be introduced by straight­
forward extension as is discussed in Refs.(11,22,23). Also 
reguired is the more thorough calculation on u -dependence of Y 
for the realistic parameter of experiments. The quantitative 
estimation of the threshold condition will be given by using the 
explicit form of Y(u ). 

This paper is dedicated to the memory of Masako Inoue. 
Authors wish to thank Dr. F. Hinton for elucidating and creative 

8 



comments. They are gratefu] to discussions on experiments with 
Dr. F. Wagner and ASDEX group, Drs. M. Shimada, S. Tsuji, K. Toi, 
K. Ida, Y. Miura and members of JFT-2M group. Continuous 
encouragement by Dr. A. Iiyoshi is also acknowledged. This work 
is partly supported by the Grant-in-Aid for Scientific Research 
and Grant-in-Aid for Fusion Research of MoE, Japan. 

9 



References 

(I] Wagner, F., Becker, G. , Behringer, K., et al, Phys. Rev. 
I,ett., 49 (1982) 1408. 

[2) Burrel, K.H., in Controlled Fusion and Plasma Physics 
(Proc. 11th European Conf. Aachen) Vol.7, Part I, European 
Physical Society (1983) 11. 

13] Kaye, S.M., Bell, M., Bol,K., et al., ibid., pl9. 
[4] McGuire, K., Beiersdorf er, P., Bell, M., et al., in Plasma 

Physics and Controlled Nuclear Fusion Research 1984, Vol.1, 
IAEA, Vienna (1985) 117. 

[5] Tanga, A., Bartlett, D.V., Behringer, K.,et al., in Plasma 
Physics and Controlled Nuclear Fusion Research 1986, Vol.1, 
IAEA, Vienna (1987) 65. 

[61 Luxon, J., Anderson, P., Batty, F., et al., ibid., p!59. 
[7] Odajima, K., and JFT-2M group, ibid., pl51. 
[8) JT-60 Team, Plasma Phys. Controll. Fusion 30 (1988) 1405. 
[9] Toi, K, Adati, K., Akiyama, R., et al., in Controlled 

Fusion and Plasma Physics (Proc. 16th European Conf. 
Venice) Vol.13B, Part I, European Physical Society (1989) 
221 . 

[10] Itoh, S.-I., Itoh, K., Phys. Rev. Lett. 60 (1988) 2276. 
[II] Itoh, S.-I., Itoh, K., Nucl . Fusion 29 (1989) 1031. 
(12) Groebner, R.J., Gohil, P., Burrel, K.H., Osborne, T.H., 

Seraydarian, R.P., St. John, H., in Controlled Fusion and 
Plasma Physics (Proc. 16th European Conf. Venice) Vol.l3B, 
Parti, Eurooean Physical Society (1989) 245. 

10 



[13] Shoji, A., and JFT-2M group, presented Japan Physical 
Society Meeting (Hiroshima, 1988) paper 4pE6-8. 

[14] Hinton, F. L., "Ion-electron energy transfer near 
separatrix in diverted tokamaks", paper presented at 
Sherwood Theory Meeting, Oak Ridge, TN, 1987. 

[15] Hazeltine, R.D., in Bull American Phys. Soc. 33 (1988) 
2107. 

[16] Chiueh, T., Terry, P., Diamond, P. H., and Seddak, J.E., 
Phys. Fluids 29 (1986) 231. 

[17] Kadomtsev, B.B., Pogutse, O.P, in Review of Plasma Physics 
(ed. M. A. Leontovich, Consultants Bureau, New York, 1970) 
Vol.5, p249. 

[18] Hazeltine, R.D., Mahajan, S.M. and Hichcock, D. A., Phys. 
Fluids 24 (1981) 1164. 

[19] Matsumoto, H., and D-III-D team, presented in H-mode 
workshop (Gut-Ising, Federal Republic of Germany, 1989). 

[20] Itoh, K. and Itoh, S.-I., Plasma Phys. Controll. Fusion 31 
(1989) 487. 

[21] Nakamura, H., and JT-60 group, "H-mode experiments with 
outer and lower divertors in JT-60", (1989) Nucl. Fusion 
in press. 

[22] Shaing, K. C , Houlberg, W. A., Crume, E.C., Comments 
Plasma Phys. Controll. Fusion 12 (1988) 69. 

[23] Itoh, S-I., Itoh, K., Ohkawa, T., Ueda, N., in Plasma 
Physics and Controlled Nuclear Fusion Research 1988 (Proc. 
12th Int. Conf. Nice, 1988) paper IAEA-CN-50/D-I-3, Vol.2, 
IAEA, Vienna (to be published). 

1 1 



Figure Captions 

Figure 1 The solution of Eq.(4) on u -X plane is drawn for 
various values of X. The dashed line corresponds to 
Er-nE,.'pp. Depending on the coefficient n., the 
appearance of the transition slightly changes. 
Parameters are d=1.0, o=0.5, u c=3.0, C=2.0 and E=0.3. 

Figure 2 Gradient of E , instability growth rate y, and 
particle flux as a function of the gradient parameter 
A. Multiple solutions simultaneously exist for X, and 
transition takes place at particular value of X. n=0.25 
and other parameters are the same as in Fig.1. 
Normalized value TQ is given as Fn^v^pp//E. 
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