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Abstract

Theoretical analysis of the electric field bifurcation is made for the LHD plasma. For given shapes of
plasma profiles, a region of bifurcation is obtained in a space of the plasma parameters. In this region of plasma
parameters, the electric field domain interface is predicted to appear in the plasma column. The reduction of
turbulent transport is expected to occur in the vicinity of the interface, inducing a internal transport barrier.

Within this simple model, the plasma with internal barricrs is predicted to be realized for the parameters of
T{0}~ 2keV and n{0) = 10"*m-?.
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1. Introduction transport. The improved energy confinement, if it

In the last two decades, various types of exists, could be realized when the anomalous

improved confinement states have been identified in transport is suppressed. Based on the turbulent

tokamaks [1]. Among the variety of improved transport model, the improved confinement has

confinement modes, the H-mode [2] has been been analyzed in a geometry of Heliotron

studied most thoroughly. The ecleciric field configuration (6). A possibility of existence of

bifurcation model [3] has been proposed to explain internal transport barrier has been theoretically

the physics of the H-mode, and the role of radial predicted; the electric field domain interface could be

i 1 Vv 1 1 . . -
electric field structure on various improved established, and transport reduction at the interface

confinrement modes has been widely recognized (4,

51.

takes place {7]. The electric field domain interface

has been identified in CHS plasma [8], and the

[n high temperature plasmas which arc internal transport barrier has been found in the CHS

confined in CHS and LHD, anomalous energy plasma [9]. These developments of confinement

transport dominates over neoclassical energy theory and experiment strongly suggest the
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possibility of existence of internal transport barrier
in the LHD plasma.

In this article, we first study a condition
for the electric field domain interface to appear in
the LHD plasma. On the parameter space of
temperatures and density, the region is identified for
the presence of electric field domain interface. The
electric field gradient is estimated; it is strong

enough to cause the reduced turbulent transport.

2. Model
2.1 Electric domain interface and internal
transport barrier

For the transparency of an argument, we
take the following simplification: The radial current
is dominated by the neoclassical transport, while
the energy transport is governed by the anomalous
transport. Although progress has been made in the
theory of turbulence in helical systems [10], the
deductive theory has not been completed to predict
the profiles of plasma density and temperature.
Therefore the radial electric field is solved for a
given profiles of the density and temperature. This
simplification has been tested on CHS plasma, and
was shown . to be sufficient as a zeroth-order
estimate of the radial electric field [11].

The radial electric field in the stationary

state is governed by the charge neutrality equation

2el=0 (D

where e; is the charge and T’ is the radial flux of
the j-th particle. In this equation, T, consists of
two parts I and [ The former, I'™, is
expressed by the local plasma parameters alone,
while the latter, I"‘j’i“"*‘i""', depends on the curvature
of the radial electric field {4, 5]. As a result, Eq.{(1)

1s a nonlinear diffusion equation. Analyses of

equation {1} have been performed. The equation of
the balance of local current

2=z )

ta

can have three solutions for one set of plasma
parameters, two of which are stable solutions [12,
13]. More positive electric field solution is usually
catled ‘electron root', and the other, less positive
solution, is called ‘ion root’. It was shown that the
electric field interface appears in the plasma when
Eq.(2) has multiple solutions in some region, say
I, <r<r, [4,5]. There could exist a surfacer=r,
(r, <r.<r,) across which the domain of electron
root and that of ion root touches each other.

When the electric field interface exist in
the plasma, the transport barrier could be realized.
The turbulent transport coefficient ¥ for the

Heliotron plasma has been derived as [6]

-
x=(l+ “’E) X 3)

where @g = E;tAr,/B is the normalized gradient of
electric feld, Tap is the poloidal-Alfven-transit
time, and G, is the normalized pressure gradiem
multiplied by the magnetic field gradient. ¥, is the
transport coefficient in the absence of the electric
field gradient, and the explicit formula is given in
[10]. One sees that the electric field gradient
E. = 10°Vm-2 is the level of gradient which causes
the reduction of transport for the parameters of
interest. The difference of radial electric field across
the domain interface is a few times of |VTJe|.
The fayer thickness of the interface is dictated by
the anomalous viscosity and coliisional viscosity,

and can be of the order of cm or less. The gradient



at the mterface can exceed the critical level of
gradient to drive the turbulence suppression [7]
Based on these theoretical analyses, it has
been predicted that the internal transport barner can
exist at the electric domain interface, i.e., under the
circumstance that Eq.(2) has muluple solutions.
This theoretical prediction has been tested on CHS
plasmas [9]. It has been confirmed by experiments
that the internal transport barrier is established at
the electric domain interface. Figure 1 1llustrates
the parameter space in which the multiple solutions
of Eq.(2) exist in the plasma [7]. The region
depends on the ratio of the electron and ion
temperatures. The experimental region of electric
domain interface 1s also shown by the hatched
region. Plasma discharge with internal transport
barrier exists in this hatched region [9]. One can
conclude that the theoretical prediction for the
existence of the internal transport barrier has been

semi-quantitatively confirmed.

2.2 Analytic Model

The analysis of [7, 11} is extended to the
LHD plasma. The objective of the present study 1s
to provide an analytic nsight, i.e., the level of
comparison with CHS plasmas, so that a
simplified theoretical model is used. The model
Heliotron/torsatron configuration is employed, 1n
which the magnetic field 1s characterized by the

helical ripple and toroidal npple as

B =B(,(l —£.c0s0 - E,CO8 (mB—Q(p)). (4

In this expression, quasi-toroidal coordinates

(r, 8, (p] are used (r is the minor radius, 6 is the
poloidal angle, @ 1s the toroidal angle), €, =1/R is
the toroidal ripple, €, is the helical ripple, € s the

polarity of the field, and m is the toroidal pitch

number. Limit of high aspect ratio, Rla>> 1, is
employed (R and a bemng the major and minor

radius, respectively}. The radial profile of the
ripple 1s approximated as Eh(r] = 28(,12(mr/R) with

En=\/1 - [ZL(D)Im— 1)h , where I, is the second

order modified Bessel function and 40} is the
central rotational transform divided by 2m.

The local radial current due to the
neoclassical diffusion is calculated by use of the

formula
1 s as
I“J‘“] = FJ + I“J (3]

where T} is the particle flux associated with transit
or toroidally trapped particles, corresponding to the
one in axisymmetric systems, and [} indicates the
flux due to helically trapped particles. The explicit
expresstons for I} and I'? are Eqs.(6)-(13) of
Ref.[12]. This formula is stmple, but was useful

in understanding the Heliotron experiments.

3. Parameter Region of Domain Interface
Equation (2) with Eq.(5) is solved for a
given plasma profiles. We choose the profiles as

parabolic,

n/n(0} =T, /Mf0)=T,/T{0} =1 -1%a®  (6)

Within this choice, the plasma profiles are

characterized by a set of parameters
n(O], TL_(O], TI(O]. Other parameters are chosen as

R=375m,a=057m,and B,=3.0T.

The region of muluple solutions for
Eq.(2) is searched for in the parameter space of
(n(O), TC(OJ, T‘(O)). Figure 2 illustrates regions of
radial electric field structures There are three
characteristic regions 1n this diagram; the regions of

electron root, multiple solutions, and ion root.
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The electron root dominates over the whole plasma
column, if the temperature is high enough. In the
high density region, the ion root dominates. In
between these two regions, the region of multiple
solutions exists. The region of multiple solution

is shown on the (n([}), TC(O)) plane for various

values of the ratio of electron temperature to ion
temperature. For the ratio of TC(O)IT,(O) =1, the
multiple solutions are possible in the temperature

region
1keV < T.{0) < 2keV )]

at the low plasma density n,(0) = 10*m=>. The
condition for the interface to exist in the LHD
plasma is that the plasma parameter lies in the
hatched region, which is bounded like Eq.(7).
When the temperature is in this region and high
(for fixed density), the interface exists near the
plasma boundary. When the temperature is lower,
the interface appears near the center. For the fixed
temperature, the interface approaches to the edge
when the density is lower.

As the density increases, the region of
interests moves to the higher temperature region.
In this region, the electric domain interface is
predicted to appear. On the boundary between these
regions, the bifurcation occurs from one radial
structure to the other.

The appearance of the multiple solution,
i.e., the electric domain interface, is influenced by
the ion temperature. Figure 3 shows the electric
field structure on the ( TC(O], Tl(O]) plane for the
fixed density, n{0)=5x10"m=*. The lower

boundary of the region of our interests weakly
depends on the ion temperature. An empirical fit of

the lower boundary of the electron temperature for

transition, TM[O), is observed as

Teeeev)(0) ~ 2 T 0) ®)

for this density. On the other hand, the upper
boundary is modified by ion temperature more
strongly. In the low ion temperature limit,
TL[O]fl'e(O) < 1/5, or in the high ion temperature
limit, T{0)/T,{0) > 7/3, the upper boundary merges
to the lower boundary: When two boundaries
merge, the whole plasma column is dominated by
either the electron root or ien root solutions, so
that the electric domain interface is difficult to
appear.

From these analyses, one can conclude
that, when the electron temperature reaches as

T

&

(O]:2keV, the electric domain interface is
sustained in the plasma column. If the domain
interface appears in the plasma column, the gradient
of the electric field at the domain is possible to
reach the level of E.~ 10°Vm-2. Therefore, the
internal transport barrier is predicted to appear under
such circumstance, based or the study of the
turbulent transport and comparison with CHS

experiments.

4. Summary and discussion

In this article, we studied the region of
plasma parameters for which the electric field
domain interface appears in the LHD plasma. If the
domain interface exists, the gradient of the field at
this interface is so strong as to cause the reduction
of turbulent transpori. Based on this theoretical
hypothests, which has been successfully tested on
CHS plasma, the possibility to sustain the internal
transport barrier is examined. By employing a
model of profiles, the parameter survey is
performed. The condition for the possible existence

of internal transport barrier is identified.
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Within this stmple modcl, the plasma
with electric domarin interface could be reahized for
the of T(0)~ 2keV

parameters and

n{0) = 10"*m~?. Thus parameter range is not far

from the experimentally-accessible parameters.
More quantitative analysis must be performed by
employing profiles which are observed in
experiments. The objective of this article is to
point out the possible existence of the internal
transport barrier; more quantitative estimate shall
be reported in future.

Before closing this article, a role of
energetic electron is discussed. In the presence of
intense electron heating by ECH, considerable
amount of energetic electrons is confined in
plasmas The radial flux of such energetic
electrons, which is not included in Eq.(2), could
influence the radial electric field [14, 15]. There are
two ways in influencing the electric field. One is
the quantitative modification of the transition
condition. An additional loss of energetic electrons
modifies the boundaries in Fig.2 to a higher-density
region. This is the quanutative shift, and 1t does
not change the conclusion of this article. The
second way of the influence of the energetic
electrons is a possibility to induce a strong positive
electric field in the edge region. The analysis has
been developed in [15, 16], and recent qualitative
computation is seen 1n {17]. This induced electron
root was observed in the higher density region [18]
in the CHS plasma. The improved confinement
assoctated wiih the electric field mterface has been
observed expenimentally under the circumstance that
the stronger radial electric field 1s observed in the
ceniral region of the plasma The electric interface,
which is sustained without the contribution of

energetic electrons, has been verified to provide an

improved confinement.

Acknowledgements

This work is partly supported by the
Grant-in-Aid for Scientific Research and the Grant-
in-Aid for International Scientific Research of
Minstry of Education, Science, Sports and Culture
of Japan. Authors wish to thank the collaboration
programme of National Institute for Fusion Science
and the collaboration programme of Advanced
Fusion Research Center, RIAM of Kyushu

University.



References

(1]

(2]

(3]

4]

151

(6]

(7]

(81

{9

(10}

[11]

A review of improved confinement is
given in S.-I. Itoh, K. Iioh, A.
Fukuyarna; Journal of Nuclear Materials
220-222 (1995), pp.117-131,

Wagner F et al 1982 Phys. Rev. Lett. 49
1408.

Itoh S-I, Itoh K 1988 Phys. Rev.
60 2276.

5. -L Iioh, et al., Phys. Rev. Lett. 67,
2485 (1991). See areview, e.g., K. Itoh,

Letr.

S.-1. Itoh, Plasma Phys. Contr. Fusion 38
(1996) 1.

Itoh K, Ttoh S-I, Fukuyama A; Transport
and Structural Formation in Plasmas
(IoP, Bristol, England, 1999),

K. Itoh, S_-I. Itoh, A. Fukuyama, H.
Sanuki and M. Yagi.; Plasma Physics and
Controlled Fusion 36 (1994), pp.123-
129.

K. Itoh, et al.; J. Plasma Fusion research
Suppl. 74 (1998) 282. [In Japanese]

A Fujisawa, H. Iguchi, H. Sanuki, K.
Ioh, et al.; Phys. Rev. Lett. 79 (1997)
1054-1057

A. Fujisawa, H. Iguchi, T. Minami, Y.
Yoshimura, H. Sanuki, K. Itoh, et al.;
Phys. Rev. Lett. 82 (1999) 2669

Itoh K, Itoh S-I, Fukuyama A, Yagi M,
Azumi M; Plasma Phys. Cont. Fusion
36 (1994) 1501.

H. Sanuki, K. Itoh, K. Ida and S.-I. Itoh;
J. Phys. Soc. Japan 60 (1991), pp.3698-
3705. See also H. Sanuki; in Frontier of
Physics in Fusion-Relevant Plasmas (ed.,
M. Fujiwara, Y. X. Wan, World
Scientific, Singapore 1998) 199,

{12] L. M. Kovrizhnykh; Nucl. Fusion 24
(1984) 435.

D. E. Hastings and T. Kamimura; J.
Computational Physics 61 (1985) 286.
H. Sanuki, K. Itoh and S.-L Itoh; J.
Phys. Soc. Jpn. 62 (1993), pp.123-139.
H. Sanuki, K. Itoh, J. Todoroki, et al.;
Physica Scripta 52 (1995) 461. See also

H. Sanuki, K. Itoh, M. Yokoyama, et al;

[13]

[14]

{15]

to be published in Chinese Physics Letters
(1999).

H. Idei, K. Ida, H. Sanuki, et al.; Phys.
Plasmas 1 {1994} 3400.

S. Murakami, N. Nakajima, U,

[16]

(17]
Gasparino, M. Okamoto; Plasma Physics
Report 23 (1997) 556.

H. Idei, K. Ida, H. Sanuki et al., Phys.
Rev. Lett. 71 2220 (1993).

[18]

Figure Captions

Fig.1 Boundary in the plasma parameter space
for the positive radial electric field and negative
one. Hatched region indicates the possibility of
muttiple solutions. Computations are made for the
case of CHS plasma with B=1T. Bifurcation is
experimentally observed in the area which is
denoted by a shaded ellipse. This comparison
suggests that the present theoretical method

provides a rough and qualitative expianation of

radial electric field.

Fig.2 Regions of the multiple electric solutions.
electron root, and ior root are shown on the
(n{O], Te[())) plane. In the shaded area, the
multiple solution is possible and the electric

domair interface could be sustained in the plasma



column  The cases of TL_[O)ITL(O) =1 (a} and
T,(0O)/T(0) = 3 (b) are shown.

Fig.3 Regions of the multiple electric solutions,
electron root, and 10n root are shown on the
(TC(O), T,{O)) plane for the parameter of
n(0}=5%10"m=. In the shaded area, the
multiple solution is possible and the electric
domain interface could be sustained in the plasma

column.
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