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Absiract

Steady state operation of tokamaks which is sustained by the
DC helicity current drive near edge is studied. The necessary
value of the current diffusivity 1s obtained. Relation betiween
the curreat diffusivity and the thermal diffusivity, which are
governed by the microscopic turbulence, indicates that this
requires too large thermal transport for ihe parameters in

present day experiments.
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The research on the efficient noninductive method to
drive the toroidal current in tokemaks has been one of the key
issues of the magnetic fusion researchl[{-3]. 4s the perspectives
of the conventional scheme of the non-inductive current drive
(such as rf momentus injection and neutral! bean injection) in
applying to reactor-grade plasmas has become clearer[4-86], the
research on the innovative current drive method is thought to be
nore and more important,

One trend in the investigations to find the break through 1is
to utilize the concept of the helicity injection[7-10]. Recent
theoretical progress has shown that the rf wave helicity can
drive the electro-motive force on plasma, with the expense of
little wave momentum{11]. Taking the A1fven wave or the wave of
the ion cyclotron range of frequencies as the example, the
current drive efficiency has been discussed[11-14].

The other concept of the helicity current drive has also
been developed, namely DC helicity injectionl[9,10]. In such a
scheme, the current which is driven (by helicity injection) near
edge is thought to be transported to lhe core plasma. We in this
article study the steady state of the plasma in which the.
resistive dissipation of the currenl is sustained by the cross
field transport of the current. In order to satisfy the MHD
stability, the internal inductance cannoti be too low. Relation
between the current diffusivity and the lherpal diffusivity is
discussed. The requirement on the current profile imposes Loo
large thermal transport for the parameters ;n present day

experiments.



We study a cylindrical tokamak model for the simplicity.
The cylindrical coordinates (r,8.z) are used, where r=0

corresponds to the magnetic axis. The Oho' s law is written as

E + V¥xB = 7] - a4] (1>

where E is the electric field, B is the magnetic field, V is the
flow velocity, J is the current, % 1s the resistivity, and A is
the current diffusivity. i is the coefficient for the transport
process of the longitudinal current across the equilibrium
magnetic surface. We consider the stationary state without

eguilibrium flow, and have

n] - aa] = 0. (2)

In this expression, J represents the stationary and global
current, and the fluctuating current, which can exist in station-
ary states, are included through the contribution to the irans-
port coefficients. This relation (2) indicates that the dissi-
pated helicity is sustained by the radial transport of the
helicity. Figure ! 1llustrates the schematic drawing. The
current is driven externally near the edge (such as the parallel
current in the scrape-off layer or injection of energetic elec-
trons, etc.. and the current diffuses into the core region.
Egquation (2) yields the current prof:le 1n the stationary

state. For the simplicity, we look for the solution with the



cylindrical symmetry. {[Extension to asymmetric states is
straightforward and does not change the conclusion in the
following. ] For the purpose to obtain the analytic insight of the
problem, we assume that coefficient A/% Is constant in space.

The solution is given as
J(r)y = JC0)Ig(/n/ar), (3)

where J{0) is the current density at the axis, and Iy is the zero-
th order modified Bessel function of the first kind. The shape

of the current is dictated by the parameler

o = a/n/a, (4)

where a is the minor radius of the plasma. Figure 2 illustrates
the internal inductance ii as a function of &«  Here the internal

inductance is defined by

Zfoa Be(r)2 rdr
a“By(a)

For the actual application, the current density cannot be too
large at the edge to avoid the violenl ¥HD activity. The
internal inductance must be of the order vi !/2. This condition,
Li~l, requires that o has to be of the order of unity as is seen

from Fig. 2. For the conventional operation regime where the

safety factor is around 3§, Ei pust be larger than 0.4. {See, for




instance, Fig.8 of Ref.[15].) This condition requires
o < 2. (6)

The equations (4) and (6) implies that the current diffusivi-
ty must be larger than a critical value. The enhancement of the
current diffusivity usually 1s associazted by the increment of the
other cross field transport coefficient, such as the thermal
diffusivity % and ion viscosity. The current diffusivity A has a

relation between the electron shear viscosity B, as [16,17]

P (1

where ¢ 1s the speed of light and . 1s the plasma oscillaticn

P
frequency. The electron shear viscosity and thermal transport
coefficient can be of the same order of magnitude. It is often
argued that the current, which is driven near edge by dc helicity
current drive, is transferred into the core region by the
magnetic braiding. We here study the case that the current
diffusion is due to the magnetic braiding

¥hen the cross field transport coefficient i1s driven by the

magnetic braiding, X and % are estimated as{17]

ng/x = n/6, (8)

AL o= Hpoczfﬁmpz, (9



and
A= [ﬁc2/2mp2]uovteﬂu, (16)

where v, is the electron thermal velocity and Dy is the dif-
fusion coefficient of the magnetic field line(18]. From the
upper bound of the parameter o« and the relation (4) and (8), the
electron thermal tramsport coefficient must be larger than some
critical value. [This implies of cause the upper bound for the

confinement time. ] Using Eq.{(4), Eq.(9) is rewritten as

6wp2827? 1
X =‘“_?r‘_ — (11)
nc }10 o
The condition (6} then requires
SmPZaz‘q
1 >-——?;——‘. (12)
2RC }10

We take the classical parallel resistivity 7. In the MKSA
unit 7 1s estimated as % n 3x10_8 Tkev'g/z faor the pure hydrogen
plasma, where Tkev is the electron tempcrature measured in the

unit of keV. The relation (11) can be rewritten as

T o Za‘zamzngoTkeVV3/2 XIOS [mz/s] (13)




where ag is the minor radius meazsured in m and 1o is the demnsity
measured in 1020273 From this relation we see that the condi-
tion on &« i.e., w < 2, requires the thermal fransport coeffi-
cient of the order of 103 n2/s for the paraneters of T=10keV,
a=im, 0=1020/0%, Eq.(12) given the lower bound of x(min) ~ 1600
mZ/s for these parameters. This necessary value of the energy
transport coefficient is too large for the experimental
applications.

In summary, we studied the steady state toroidal plasma
where the toroidal current is generated near edge and transferred
to the core region by the cross field transport of the plasma
current., If the current diffusivity is high, such a scheme for
the DC helicity current drive allows enough plasma current at the
axis. However, the quantitative estimate on the required value
for the current diffusivity shows that the energy transport
coefficient must also be high, so that lhe actual application to
high temperature plasmas would be difficult, This indicates the

importance of the method to transport the current, for which the

rf helicity current drive was shown Lo workll}
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Figure Caption

Figure 1|

Figure 2

Schematic illustration of the current profile. The
toroidal current is driven near edge (or in the scrape-
off layer) and diffuses into the core plasma, In the
core plasma, the diffusion and the resistive decay
balance to establish stationary solution., The current
drive by DC helicity injection 1s applied in the

hatched area.

Internal inductance 1, as a function of the parameter

.




Figure 1

J(r)

J (0)

CORE @ Sol.

A




2

0.5

Figure 2



NIFS-68

NIFS-69

NIFS-70

NIFS-71

NIFS-72

NIFS-73

NIFS-74

NIFS-75

NIFS-76

NIFS-77

NIFS-78

NIFS-79

NiFS-80

NIFS-81

NIFS-82

Recent Issues of NIFS Series

K.Itoh and S.-i.ltoh,On Relation between Local Transport
Coefficient and Global Confinement Scaling Law; Jan. 1991

T.Kato, K.Masai, T.Fujimoto,F.Koike, E_Kaline, E.S.Marmar and
J.E.Rice,He-like Spectra Through Charge Exchange Processes in
Tokamak Plasmas; Jan.1991

K. Ida, H. Yamada, H. lguchi, K. lich and CHS Group, Gbservation of
Parallel Viscosity in the CHS Heliotron/Torsatron ; Jan.19%1

H. Kaneko, Spectral Analysis of the Heliotron Field with the
Toroidal Harmonic Function in a Study of the Structure of Built-in
Divertor ; Jan. 1991

S. -l. Itoh, H. Sanuki and K. ltoh, Effect of Electric Field
Inhomogeneities on Drift Wave Instabilities and Anomalous
Transport ; Jan. 1991

Y.Nomura, Yoshi.H.ichikawa and W.Horion, Stabilities of Regular
Motion in the Relativistic Standard Map; Feb. 1991

T.Yamagishi, Electrostatic Drift Mode in Toroidal Plasma with
Minority Energetic Particles, Feb. 1991

T.Yamagishi, Effect of Energetic Particle Distribution on Bounce
Resonance Excitation of the Ideal Ballooning Mode, Feb. 1991

T Hayashi, A.Tadei, N.Ohyabu and T.Sato, Suppression of Magnetic
Surface Breading by Simple Extra Coils in Finite Beta Equilibrium
of Helical System; Feb. 1991

N. Ohyabu, High Temperature Divertor Plasma Operation; Feb.
1891

K.Kusano, T. Tamano and T. Sate, Simulation Study of Toroidal
Phase-Locking Mechanism in Reversed-Field Pinch Plasma; Feb.
1991

K. Nagasaki, K. Itoh and S. -. ltoh, Model of Divertor Biasing and
Control of Scrape-off Layer and Divertor Plasmas; Feb. 1991

K. Nagasaki and K. ltoh, Decay Process of a Magnetic Island by
Forced Reconnection; Mar. 1991

K. Takahata, N. Yanagi, T. Mito, J. Yamamote, O.Motojima and
LHDDesign Group, K. Nakamoto, S. Mizukami, K. Kitamura, Y. Wachi,
H. Shinohara, K. Yamamoto, M. Shibui, T. Uchida and K. Nakayama,
Design and Fabrication of Forced-Flow Coils as R&D Program for
Large Helical Device;, Mar. 1891

T. Acki and T. Yabe, Multi-dimensional Cubic Interpolation for ICF
Hydrodynamics Simulation; Apr. 1991



NIFS-83

NIFS-84

NIFS-85

NIFS-88

NIFS-87

NiFS-88

NIFS-89

NIFS-90

NIFS-91

NiFS-82

NIFS-93

NIFS-94

NIFS-95

NIFS-96

K. Ida, S.-l. itoh, K. lioh, S. Hidekuma, Y. Miura, H. Kawashima, M.
Mori, T. Matsuda, N. Suzuki, H. Tamai, T.Yamauchi and JFT-2M
Group, Density Peaking in the JFT-2M Tokamak Plasma with
Counter Neutral Beam Injection ; May 1991

A. liyoshi, Development of the Stellarator/Heliotron Research; May
1991

Y. Okabe, M. Sasao, H. Yamaoka, M. Wada and J. Fujita, Dependence

of Au~ Production upon the Target Work Function in a Plasma-
Sputter-Type Negative Ion Source; May 1991

N. Nakajima and M. Okamoto, Geometrical Effects of the Magnetic
Field on the Neoclassical Flow, Current and Rotation in General
Toroidal Systems; May 1991

S. -1 Itoh, K. ltoh, A. Fukuyama, Y. Miura and JFT-2M Group,
ELMy-H mode as Limit Cycle and Chaotic Oscillations in Tokamak
Plasmas; May 1981

N.Matsunami and K Kitoh, High Resolution Spectroscopy of H*
Energy Loss in Thin Carbon Film; May 1991

H. Sugama, N. Nakajima and M.Wakatani, Nonlinear Behavior of
Multiple-Helicity Resistive Interchange Modes near Marginally
Stable States; May 1991

H. Hojo and T.Hatori, Radial Transport Induced by Rotating RF
Fields and Breakdown of Intrinsic Ambipolarity in a Magnetic
Mirror; May 1991

M. Tanaka, S. Murakami, H. Takamaru and T.Sato, Macroscale
Implicit, Electromagnetic Particle Simulation of Inhomogeneous
and Magnetized Plasmas in Multi-Dimensions; May 1991

S. - I. ltoh, H-mode Physics, -Experimental Observations and
Model Theories-, Lecture Notes, Spring College on Plasma Physics,
May 27 - June 21 1991 at International Centre for Theoretical
Physics ( IAEA UNESCO ) Trieste, Italy ; Jun. 1991

Y. Miura, K. ltoh, S. - I. ltoh, T. Takizuka, H. Tamai, T. Matsuda,

N. Suzuki, M. Mori, H. Maeda and O. Kardaun, Geometric
Dependence of the Scaling Law on the Energy Confinement Time in
H-mode Discharges; Jun. 1991

H. Sanuki, K. lioh, K. Ida and S. - I. itoh, On Radial Electric Field
Structure in CHS Torsatron [ Heliotron; Jun. 1991

K. ltoh, H. Sanuki and S. - 1. Itoh, Influence of Fast Ion Loss on
Radial Electric Field in Wendelstein VII-A Stellarator; Jun. 1991

S. - L. Itoh, K. ltoh, A, Fukuyama, ELMy-H mode as Limit Cycle and
Chaotic Oscillations in Tokamak Plasmas; Jun. 1991



NIFS-97

NiFS-98

NIFS-99

NIFS-100

NIFS-101

NIFS-102

NIFS-103

NIFS-104

NIFS-105

NIFS-106

NIFS-107

NIFS-108

NIFS-10%

NIFS-110

NIFS-111

K. itoh, S. - |. lioh, H. Sanuki, A. Fukuyama, An H-mode-Like
Bifurcation in Core Plasma of Stellarators, Jun. 1991

H. Hojo, T. Watanabe, M. Inutake, M. Ichimura and S. Miyoshi, Axial
Pressure Profile Effects on Flute Interchange Stability in the
Tandem Mirror GAMMA 10; Jun. 1991

A. Usadi, A. Kageyama, K. Watanabe and T. Sato, A Global Simulation
of the Magnerosphere with a Long Tail : Southward and Northward
IMF; Jun. 1991

H. Hojo, T. Ogawa and M. Kono, Fluid Description of Ponderomotive
Force Compatible with the Kinetic One in a Warm Plasma ; July
1991

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

K. Yoshikawa, K. Sato, L. C. Steinhauer, Y. Tomita and M. Tuszewski
Conceptual Design of D-3He FRC Reactor "ARTEMIS" ; July
1991

N. Nakajima and M. Okamoto, Rotations of Bulk Ions and Impurities
in Non-Axisymmetric Toroidal Systems ; July 1991

A_ ). Lichtenberg, K. ftoh, S. - I. Itoh and A. Fukuyama, The Role of
Stochasticity in Sawtooth Oscillation ; Aug. 1991

K. Yamazaki and T. Amano, Plasma Transport Simulation Modeling
for Helical Confinement Systems; Aug. 1991

T. Sato, T. Hayashi, K. Watanabe, R. Horiuchi, M. Tanaka, N. Sawairi
and K. Kusano, Role of Compressibility on Driven Magnetic
Recornection ; Aug. 1991

Qian Wen - Jia, Duan Yun - Bo, Wang Rong - Long and H. Narumi,
Electron Impact Excitation of Positive Ions - Partial Wave
Approach in Coulomb - Eikonal Approximation ; Sep. 1991

S. Murakami and T. Sato, Macroscale Particle Simulation of
Externally Driven Magnetic Reconnection; Sep. 1991

Y. Ogawa, T. Amanoc, N. Nakajima, Y. Ohyabu, K. Yamazaki,

S. P. Hirshman, W. |. van Rij and K. C. Shaing, Neoclassical
Transport Analysis in the Banana Regime on Large Helical Device
(LHD) with the DKES Code; Sep. 1991

Y. Kondoh, Thought Analysis on Relaxation and General Principle 1o
Find Relaxed State; Sep. 1991

H. Yamada, K. Ida, H. iguchi, K. Hanatani, S. Morita, C. Kaneko,
H. C. Howe, S. P. Hirshman, D. K. Lee, H. Arimoto, M. Hosokawa,
H. Idei, S. Kubo, K. Matsuoka, K. Nishimura, S. Okamura,

Y. Takeiri, Y. Takita and C. Takahashi, Shafranov Shift in Low-
Aspect-Ratic Heliotron | Torsatron CHS ; Sep 1991

R. Horiuchi, M. Uchida and T. Sato, Simulation Study of Stepwise
Relaxation in a Spheromak Plasma ; Oct. 1991



NIFS-112

NEFS-113

NIFS-114

NIFS-115

NIFS-116

NIFS-117

NiFS-118

NIFS-119

NIFS-120

NIFS-121

NIFS-122

NIFS-123

NiFS-124

NIFS-125

NIFS-126

M. Sasao, Y. Okabe, A. Fujisawa, H. Iguchi, J. Fuijita, H. Yamaoka
and M. Wada, Development of Negative Heavy Ion Sources for

Plasma Potential Measurement ;| Oct. 1591

S. Kawata and H. Nakashima, Tritium Content of a DT Pellet in
Inertial Confinement Fusion ; Oct. 1991

M. Okamoto, N. Nakajima and H. Sugama, Plasma Parameter
Estimations for the Large Helical Device Based on the Gyro-
Reduced Bohm Scaling ; Oct. 1991

Y. Ckabe, Study of Aw Production in a Plasma-Sputter Type
Negarive Ion Source ; Oct. 1991

M. Sakamoto, K. N. Sato, Y. Ogawa, K. Kawahata, S. Hirokura,

S. Okajima, K. Adati, Y. Hamada, S. Hidekuma, K. Ida, Y. Kawasumi,

M. Kojima, K. Masai, S. Morita, H. Takahashi, Y. Taniguchi, K. Toi and
T. Tsuzuki, Fast Cooling Phenomena with Ice Pellet Injection in
the JIPP T-1IU Tokamak, Oct. 1991

K. ltoh, H. Sanuki and S. -l. ltoh, Fast lon Loss and Radial Electric
Field in Wendelstein VII{-A Stellarator; Qct. 1991

Y. Kondoh and Y. Hosaka, Kernel Optimum Nearly-analytical
Discretization (KOND) Method Applied to Parabolic Equations
<<KOND-P Scheme>>; Nov. 1991

T. Yabe and T. Ishikawa, Two- and Three-Dimensional Simulation
Code for Radiation-Hydrodynamics in ICF; Nov. 1991

S. Kawala, M. Shiromoto and T. Teramoto, Density-Carrying Particle
Method for Fluid ; Nov. 1991

T. Ishikawa, P. Y. Wang, K. Wakui and T. Yabe, A Method for the
High-speed Generation of Random Numbers with Arbitrary
Distributions; Nov. 1981

K. Yamazaki, H. Kaneko, Y. Taniguchi, O. Motojima and LHD Design
Group, Status of LHD Control System Design ; Dec. 1981

Y. Kondoh, Relaxed State of Energy in Incompressible Fluid and
Incompressible MHD Fluid ; Dec. 1991

K. Ida, S. Hidekuma, M. Kojima, Y. Miura, S. Tsuiji, K. Hoshino, M.
Mori, N. Suzuki, T. Yamauchi and JFT-2M Group, Edge Poloidal
Rotation Profiles of H-Mode Plasmas in the JFT-2M Tokamak :
Dec. 1991

H. Sugama and M. Wakatani, Statistical Analysis of Anomalous
Transport in Resistive Interchange Turbulence :Dec. 1991

K. Narihara, A Steady State Tokamak Operation by Use of
Magnetic Monopoles ; Dec. 1991



