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Abstract

Model of the L-mode confinement in tokamaks is developed
based on the microscopic ballooning mode instability. The anoma-
lous transport coefficients determine the stability below the
critical beta against the ideal MHD ballooning imstability. The
current-diffusivity has strong destabilizing effect, while the
thermal transport 2 and ion viscosity tend to stabilize the mode.
The stability boundary for the least stable microscopic
ballooning mode determines the anomalous transport coefficients.
The obtained formula is compared with experimental observations
on the L-mode confinement. The predictions on (1)the radial
shape of 2, (2)the temperature-profile resilience, (3)the global
confinement characteristics, such as the power degradation and
the dependences on the plasma current, current profile and mass
nunber, and (4)the ratio of the perturbative x to the emergy
balance ¥ are consistent with experimental database.

81 Introduction

The L-mode confinement has been observed in all tokamaks
[1,2]. The microscopic fluctuations have been confirmed to play
important roles for the anomalous transport{8]. The power degra-
dation is modeled by the relation I~ T1'5/aBZ, which has been
derived for drift-wave theories{4]. However, this form of %
contradicts to the radial form of x. Ohkawa’s model, 1mﬁsz/qR
(8 is the collisionless skin depth, R is the major radius, g is
the safety factor and v, is the Alfven velocity), is one of the
fey which explains that t is large at high temperature and
becomes larger towards the edge as welll[5], but could not fully
explain the dependences of zp.

We here present a new model of the L-mode confinement based
on the transpori-¥HD analysis. The shear-stabilized plasma can
become unstable due to the existence of the fluctuation-driven
transport[6,7]. We analyze the ballooning ianstability by taking
into account of the anomalous cross-field transport. Below the
critical beta of the ideal MHD mode, the microscopic ballooning



mode has a large growth rate due tc the small but finite current-
diffusivity A. This mode is destabilized by A but is stabilized
by other transport coefficients, % and the ijon viscosity a. If
the anomalous transport is enhanced much by this mode, then the
node is stabilized. The marginal stability condition for the
least stable mode determines the transport coefficients. Results
on % are compared to the experimental observations and show
agreements,

§2 Stability Amalysis

We analyze the circular tokamak with the toroidal coordi-
nates (r, 8, %), The reduced set of equations is employed and we
keep the a-term in the Ohm’s law, E+VxB=J/6—V2AJ [8] where ¢ is
the conductivity. The ballooning transformation is employed and
the linearized equation is written as [9]

g_ F gg+ alktcosnt(sy-asinn)sinnle
dn 1+EF/t+AF2/T dn 1+XF/T

- T(T+HF)Fe =0 (1)

Notations are: E=n2q2/6, A=Zn4q4, X=2n2q2, H=nn2q2, T is the
grovth rate, F=1+(sv-asinn}2, k is the average well and g=-
(r/R)(I-I/qz), Bp=Br/qR, a=q25’/s, e-a/R, B is the pressure
divided by the magnetic pressure, and ' denctes the derivative
with respect to r/a. We use the normalizations: r/asr, t/tApet,
xrAp/azez, urAP/a2+n, rAp/podaqu/a, AzAp/y0a4ax, TAPERQ/VA,
TzApef. If we neglect &, 2 and @, the equation is reduced to the
resistive ballooning equation, and the ideal MHED mode equation is
recovered by further taking 1/8=0.

Equation (1) predicts that the current-diffusive ballooning
mode has a large growth rate even with very small value of 4. FWe
take 1/8=0 for simplicity. The growth rate of the short wave
length mode, driven by % term, is given analytically as T =~
xl/E(Bq)4/5a3/58_2/5 [9]. This large growth rate is confirmed by
the numerical calculation [10].

As the transport coefficients are increased much, the stabi-
lizing effects by ¢ and A overcome the destabilizing effect of &,




The stability boundary is derived by setting T=0 in Eq.{(1). For
the ballooning mode which is destabilized by the normal curva-
ture, not by the geodesic curvature, i.e., 1/2+ed>s, the stability
boundary for the least stable mode is obtained as [9]

o3/2% = £(s)/R23/2 (2)
where f(s)a/6s or 1.7 (s=0),

§3 Transport Coefficient

Based on the stability anmalysis, we derive the formula for
the anomalous transport coefficient. Vhen the mode amplitude and
the associated anomalous tramsport is small, Eq. (1) predicts the
instability. When the mode develops and the transport coeffi-
cient reaches the condition Eq.(2) for given pressure gradieat g,
the self-sustaining turbulent state is realized. This state is
thermodinamically stable: The excess growth of the mode and
enhanced transport coefficients lead to the damping of the mode,
¥hen the mode amplitude and tramsport coefficients are below
Eq. (2), the mode comtinues to grow.

From Eq.(2) we express t in terms of the Prandtl numbers
g/t and X/t (note that X is proportional to the electrom viscosi-
ty in the plasmea frame[8]) as t = oB3/2(x/2)/17a/£(s). The ratio
%/t and a/% are given to be constant. ¥e have R/!=62/a2 and A/
~ 1 for electrostatic perturbations{11]. The formula of ¥ is
finally obtained in an explicit form as

1 = £(s) 1q?(rp 713/ 2624, /7. (3)

The typical perpendicular wave number of the most unstable mode
satisfies kLﬁ =~ 1//o. The typical correlation time of the mode
is estimated as IC=I/T, Tm#u?GS(vA/qR).

§4 Comparison with Ezperiments
This form of x is consistent with experimental resulits known

for the L-mode. 1In the following, we show the predictions from



our theory and compare them with database, by choosing n;=0g and
Ti=Te for the simplicity.

(i) » has the dimensional dependence of {T]l'E/[a}[B]z.

Note that % is enhanced not by the local value of T but by the
gradient of the pressure,

(ii) The density and q profiles govern the radial profile of
1. Equation (8) indicates that 1 increases towards the edge for
the usual plasma profiles in the L-mode. Figure | shows a
typical example of the predicted 1 profile.

(iii) The dependence on the dimensionless quantities is
predicted as xmqZ/f(s)JK, wvhere A is the ion mass number., This
is consistent with the experimental study on the local % that
1me'ys'Z with [<y<2 and 0<z<1 [12], and with the favourzble mass
dependence.

(iv) The point model argument of the enmergy balance, tE=a2/x

2

and 2% aaneT=rEP. provides the scaling law

TE = C aU4R1ZIPOSP'O.GAOBf“D'i{neﬂ'p/ﬁ}OG’ (4)

where C is a numerical coefficient and lp is the gradient scale
length (aT)/|v(aT)|. This result is consistent with the L-mode
p’ P, A and

internal inductance[18]. Slight difference is seen in the the

scaling law, including the dependences on a2, R, I

final term in the parenthesis. We notice, however, the density
and the gradient scale length have a collinearity in database.
In L-mode plasmas, the density profile is much steeper thanm the |
temperature gradient near edge and L, in Eq. (4) would be replaced
by £n=]ni/Vni]. The high density plasma has more steeper edge
density; Tsuji has reported that L1, is an weak function of the
density[147. For some dataset of JT-60, Takizuka found the

0'5, suggesting that the

density dependence as rE(thermal)mne
careful classification of the database with respect to the
profile is necessary[15].

(v) Due to the dependence of % on VI, the temperature pro-
file weakly depends on the location of the peak of the power

deposition. The peaking factor, T(at q=1)/<T>, is predicted to




scale =~ q(a)o'ﬁ. These results explain the profile resilience.

(vi) Since 1~{¥(nT)/n)!-®, the thermal diffusion coefficient
deduced from the pulse propagation, Typ: is larger than that
evaluated by the power balamce 1. If [Vn;/n; |[<<|VI/T] holds. for
instance, we have xgp=2.5%.

(vii) The typical wavelength and correlation time of the
node are calculated. k p; is of the order of 0.1 or less. (e;
is the iom gyroradius.) It should be noted that, though the
dimensional relation k, = [B]/[/T] holds, k, does not scale with
the local gyroradius. The collisionless skin depth would be more
relevant length. The typical time scale 7z, depends on average

temperature, not explicitly on n, and B.

{viii) The estimation #/m » l/kLﬂp shows that the mode
amplitude is larger near edge and is larger for the high heating
power,

§5. Summary and Biscussion

The model of the L-mode in tokamaks was developed, The
stability of the microscopic ballooning mode is investigated
under the influence of the self-generated anomalous transport
coefficients %, x and p. The transport coefficient is determined
from the marginal stability condition for the least stable mode.
(We here note that the usual method for the estimation of 2 by
T/RE for the most unstable mode gives the same results as %~
a3/2(x/2).) The predictions as to % are compared with
experiments. Major part of the observations cn L-mode can be
gxplained by this model sisultaneously.

e here use simplifications for the analytic insight. The
study on the case where the geodesic curvature drives the insta-
bility gives the similar results[10]. The result Egq.(3) contains
uncertainty in the numerical factor. Nonlinear simulation would
give the numerical factor and would examine the assumption for
that the transport coefficients affecting the microscopic mode is
equated to that for the global quantity. Also necessary is the
study of the effects such as the diamagnetic drift for kimetic

corrections. These research are open for future study.
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Fig. 1 Predicted radial profile of 1 as a function of r/a.

The solid line shows Eq.(3) and the dashed line is 5xEq. (3).
Parameters are: B=4T, R=3m, R/a=4, a(r)=1+2(r/2)%, T(0)-
10ke¥, pCr)=p(0)b(r), n(r)=n(0)/E(TY, h(r)=(1-(r/2)2+a},
A=0.01, and A=1.



NIFS-145

NiFS-148

NIFS-147

NIFS-148

NIFS-149

NIFS-150

NIFS-151

NIFS-152

NIFS-153

NIFS-154

NIFS-155

NIFS-156

NIFS-157

NiFS-158

Recent Issues of NIFS Series

K. Ohkubo and K. Matsumoto, Coupling to the Lower Hybrid Waves
with the Multijunction Grill, May 1992

K. ltoh, S. -LItoh, A. Fukuyama, S. Tsuji and Allan J. Lichtenberg, A
Model of Major Disruption in Tokamaks; May 1992

S. Sasaki, S. Takarura, M. Ueda, H. lguchi, J. Fujita and K. Kadota,
Edge Plasma Density Reconstruction for Fast Monoenergetic
Lithium Beam Probing; May 1992

N. Nakajima, C. Z. Cheng and M. Okamoto, High-n Helicity-induced
Shear Alfvén Eigenmodes; May 1992

A. Ando, Y. Takeiri, O. Kaneke, Y. Oka, M. Wada, and T. Kuroda,
Production of Negative Hydrogen Ions in a Large Multicusp lon
Source with Double-Magnetic Filter Configuration; May 1992

N. Nakajima and M. Okamoto, Effects of Fast lons and an External
Inductive Electric Field on the Neoclassical Parallel Flow, Current,
and Rotation in General Toroidal Systems; May 1992

Y. Takeiri, A. Ando, O. Kaneko, Y. Oka and T. Kurcda, Negative Ion
Extraction Characteristics of a Large Negative Ion Source with
Double-Magnetic Filter Configuration; May 1892

T. Tanabe, N. Noda and H. Nakamura, Review of High Z Materials for
PSI Applications ; Jun, 1992

Sergey V. Bazdenkov and T. Sato, On a Ballistic Method for Double
Layer Regeneration in a Vlasov-Poisson Plasma; Jun. 1992

J. Todoroki, On the Lagrangian of the Linearized MHD Equations;
Jun. 1992

K. Sate, H. Katayama and F. Miyawaki, Electrostatic Potential in a
Coliisionless Plasma Flow Along Open Magnetic Field Lines; Jun.
1992

O.J.W.F Kardaun, J.W.P.F.Kardaun, S.-I. ltoh and K. ltoh,
Discriminant Analysis of Plasma Fusion Data; Jun. 1992

K. Itoh, S.-I. ltoh, A. Fukuyama and S. Tsuiji, Critical Issues and
Experimental Examination on Sawtooth and Disruption Physics;

Jun. 1892

K. ltoh and S.-I. ltoh, Transition to H-Mode by Energetic Electrons;



NIFS-159

NIFS-160

NIFS-181

NIFS-162

NIFS-163

NIFS-164

NiFS-165

NIFS-166

NIFS-167

NIFS-168

NIFS-169

July 1992

K. ltoh, S.-i. lioh and A. Fukuyama, Steady State Tokamak Sustained
by Bootstrap Current Without Seed Current; July 1992

H. Sanuki, K. Itoh and S.-1. ltoh, Effects of Nonclassical Ion Losses
on Radial Electric Field in CHS Torsatron/Heliotron; July 1992

O. Motojima, K. Akaishi, K. Fujil, S. Fujiwaka, S. Imagawa, H. Ji,

H. Kaneko, S. Kitagawa, Y. Kubota, K. Matsuoka, T. Mito, S. Morimoto,
A. Nishimura, K. Nishimura, N. Noda, |. Ohtake, N. Ohyabu,

S. Okamura, A. Sagara, M. Sakamoto, S. Satoh, T. Satow, K. Takahata,
H. Tamura, S. Tanahashi, T. Tsuzuki, S. Yamada, H. Yamada,

K. Yamazaki, N. Yanagi, H. Yonezu, J. Yamamoto, M. Fujiwara and

A. liyoshi, Physics and Engineering Design Studies on Large
Helical Device; Aug. 1992

V. D. Pustovitov, Refined Theory of Diamagnetic Effect in
Stellarators; Aug. 1992

K. ltoh, A Review on Application of MHD Theory to Plasma
Boundary Problems in Tokamaks; Aug. 1992

Y.Kondoh and T.Sato, Thought Analysis on Self-Organization Theories
of MHD Plasma; Aug. 1992

T. Seki, R. Kumazawa, T. Watari, M. Ono, Y. Yasaka, F. Shimpo,

A. Ando, O. Kaneko, Y. Oka, K. Adati, R. Akiyama, Y. Hamada,

S. Hidekuma, S. Hirokura, K. Ida, A. Karita, K. Kawahata,

Y. Kawasumi, Y. Kitoh, T. Kohmoto, M. Kojima, K. Masai, S. Morita,
K. Narihara, Y. Ogawa, K. Ohkubo, S. Ckajima, T. Qzaki, M. Sakamoto,
M. Sasao, K. Sato, K. N. Sato, H. Takahashi, Y. Taniguchi, K. Toi and
T. Tsuzuki, High Frequency Ion Bernstein Wave Heating
Experiment on JIPP T-11U Tokamak; Aug. 1992

Vo Hong Anh and Nguyen Tien Dung, A Synergetic Treatment of the
Vortices Behaviour of a Plasma with Viscosity, Sep. 1992

K. Watanabe and T. Sato, A Triggering Mechanism of Fast Crash in
Sawtooth Oscillation; Sep. 1992

T. Hayashi, T. Sato, W. Lotz, P. Merkel, J. Nihrenberg, U. Schwenn
and E. Strumberger, 3D MHD Study of Helias and Heliotron, Sep.
1992

N. Nakajima, K. Ichiguchi, K. Watanabe, H. Sugama, M. Okamoto,

M. Wakatani, Y. Nakamura and C. Z. Gheng, Neoclassical Current and
Related MHD Stability, Gap Modes, and Radial Electric Field
Effects in Heliotron and Torsatron Plasmas; Sep. 1992



NIF3-170

NIFS-171

NIFS-172

NIFS-173

NiFS-174

NIFS-175

NIFS-176

NIFS-177

NIFS-178

NIFS-179

NIFS-180

NIFS-181

H. Sugama, M. Okamoto and M. Wakatani, K- ¢ Model of Anomalous
Transport in Resistive Interchange Turbulence ; Sep, 1992

H. Sugama, M. Okamoto and M. Wakatant, Viasov Equation in the
Stochastic Magnetic Field ; Sep. 1992

N. Nakajima, M. Okamoto and M. Fujiwara, Physical Mechanism of
E ¢—Driven Current in Asymmetric Toroidal Systems ; Sep.1992

N. Nakajima, J. Todoroki and M. Okamoto, On Relation between
Hamada and Boozer Magnetic Coordinate System ; Sep. 1992

K. Ichiguchi, N. Nakajima, M. Okamoto, Y. Nakamura and
M. Wakatani, Effects of Net Toroidal Current on Mercier Criterion
in the Large Helical Device ; Sep. 1992

S. -L. Itoh, K. itoh and A. Fukuyama, Modelling of ELMs and
Dynamic Responses of the H-Mode ; Sep. 1992

K. ltoh, S.-i. ltoh, A. Fukuyama, H. Sanuki, K. Ichiguchi and
J. Todoroki, Improved Models of 8-Limit, Anomalous Transport
and Radial Electric Field with Loss Cone Loss in Heiiotron

Toursairon | Sep. 1552

N, Ohyabu, K. Yamazaki, |. Katanuma, H. Ji, T. Watanabe,

K. Watanabe, H. Akao, K. Akaishi, T. Ono, H. Kaneko, T. Kawamura,
Y. Kubota, N. Noda, A. Sagara, O. Motojima, M. Fujiwara and

A. liyoshi, Design Study of LHD Helical Divertor and High
Temperature Divertor Plasma Operation ; Sep. 1992

H. Sanuki, K. Itoh and S.-1. ltoh, Selfconsistent Analysis of Radial
Electric Field and Fast Ion Losses in CHS Torsatron / Heliotron ;
Sep. 1992

K. Toi, S. Morita, K. Kawahata, K. Ida, T. Watari, B. Kumazawa,

A. Ando, Y. Oka, K. Ohkubo, Y. Hamada, K. Adati, R. Akiyama,

S. Hidskuma, S. Hirokura, O. Kangko, T. Kawamoto, Y. Kawasumi,
M. Kojima, T. Kuroda, K. Masai, K. Narihara, Y. Ogawa, S. Okajima,
M. Sakamoto, M. Sasao, K. Sato, K. N. Sato, T. Seki, F. Shimpo,

S. Tanahashi, Y. Taniguchi, T. Tsuzuki, New Features of L-H
Transition in Limiter H-Modes of JIPP T-1iU ; Sep. 1992

H. Momota, Y. Tomita, A. Ishida, Y. Kohzaki, M. Ohnishi, S. Ohi,

Y. Nakao and M. Nishikawa, D-3 He Fueled FRC Reactor "Artemis-L”
; Sep. 1992

T. Watari, R. Kumazawa, T. Seki, Y. Yasaka, A. Ando, Y. Oka,



NIFS-182

NIFS-183

NiFS-184

NIFS-185

NIFS-186

0. Kaneko, K. Adati, R. Akiyama, Y. Hamada, S. Hidekuma,

S. Hirokura, K. lda, K. Kawahata, T. Kawamoto, Y. Kawasumi,

S. Kitagawa, M. Kojima, T. Kuroda, K. Masai, S. Morita, K. Narihara,
Y. Ogawa, K. Ohkubo, S. Okajima, T. Ozaki, M. Sakamoto, M. Sasao,
K. Sato, K. N. Sato, F. Shimpo, H. Takahashi, S. Tanahasi,

Y. Taniguchi, K. Toi, T. Tsuzuki and M. Ono, The New Features of
Ion Bernstein Wave Heating in JIPP T-IIU Tokamak; Sep, 1992

K. Itoh, H. Sanuki and S.-1. Itoh, Effect of Alpha Particles on Radial
Electric Field Structure in Torsatron [ Heliotron Reactor; Sep. 1992

S. Merimoto, M. Sato, H. Yamada, H. Ji, S. Okamura, S. Kubo,

O. Motojima, M. Murakami, T. C. Jernigan, T. S. Bigelow,

A. C.England, R. S. Isler, J. F. Lyon, C. H. Ma, D. A. Rasmussen,

C. R. Schaich, J. B. Wilgen and J. L. Yarber, Long Puise Discharges
Sustained by Second Harmonic Electron Cyclotron Heating Using a
35GHz Gyrotron in the Advanced Toroidal Facility; Sep. 1992

8. Okamura, K. Hanatani, K. Nishimura, R. Akiyama, T. Amano,

H. Arimoto, M. Fujiwara, M. Hosokawa, K. Ida, H. Idei, H. Iguchi,

O. Kaneko, T. Kawamoto, S. Kubo, R. Kumazawa, K. Matsuoka,

S. Morita, O. Motojima, T. Mutoh, N. Nakajima, N. Noda, M. Okamoto,
T. Ozaki, A. Sagara, S. Sakakibara, H. Sanuki, T. Saki, T. Shoji,

F. Shimbo, C. Takahashi, Y. Takeiri, Y. Takita, K. Toi, K. Tsumori,
M. Ueda, T. Watari, H. Yamada and |. Yamada, Heating Experiments
Using Neutral Beams with Variable Injection Angle and ICRF
Waves in CHS ; Sep. 1992

H. Yamada, S. Morita, K. Ida, S. Okamura, H. Iguchi, S. Sakakibara,

K. Nishimura, R. Akiyama, H. Arimoto, M. Fujiwara, K. Hanatani,

8. P. Hirshman, K. Ichiguchi, H. Idei, O. Kaneko, T. Kawamoto,

8. Kubo, D. K. Lee, K. Matsucka, O, Motojima, T. Ozaki,

V. D. Pustovitov, A. Sagara, H. Sanuki, T. Shoji, C. Takahashi,

Y. Takeiri, Y. Takita, S. Tanahashi, J. Todoroki, K. Toi, K. Tsumori,
M. Ueda and |. Yamada, MHD and Confinement Characteristics in the
High-f Regime on the CHS Low-Aspect-Ratio Heliotron [ Torsatron
; Sep. 1992

8. Morita, H. Yamada, H. Iguchi, K. Adati, R. Akiyama, H. Arimoto,
M. Fujiwara, Y. Hamada, K. Idg, H. Idei, Q. Kaneko, K. Kawahata,
T. Kawamoto, S. Kubg, R. Kumazawa, K. Matsuocka, T. Morisaki,

K. Nishimura, S. Okamura, T. Ozaki, T. Seki, M. Sakurai,

S, Sakakibara, A. Sagara, C. Takahashi, Y. Takeiri, H. Takenaga,
Y. Takita, K. Toi, K. Tsumori, K. Uchino, M. Ueda, T. Watari,

|. Yamada, A Role of Neutral Hydrogen in CHS Plasmas with
Reheat and Collapse and Comparison with JIPP T-IIU Tokamak
Plasmas ; Sep. 1992



