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Abstract
Based on the electric field bifurcation model, a possibility to realize the internal

transport barrier in helical plasmas is discussed. Condition to relaize the electric domain
interface and reduction of turbulent transport is analyzed. Critical heat flux for inducing the
bifurcation and transport barrier is obtained for the Heliotron/torsatron plasmas.

1. Introduction
In the high temperature plasmas which are confined in present helical devices, the

anomalous energy transport dominates over the neoclassical energy transport. The improved
energy confinement, if it exists, could be realized when the anomalous transport is suppressed.
Based on the turbulent transport model, the improved confinement has been analyzed in the
geometry of the Heliotron configuration [1]. The possible formation of internal transport
barrier has been theoretically predicted [2]; the electric field domain interface [3] could be
established, and transport reduction at the interface takes place.  The electric field domain
interface has been identified in CHS plasma, and the internal transport barrier has been found
in the CHS plasma quite recently [4].  These developments of the confinement theory and
experiment strongly suggest to explore the possible formation of internal transport barrier of
the helical plasma.  In this article, we study the electric field bifurcation and establishment of
the internal transport barrier in helical plasmas.  The critical heat flux, above which the
interface and internal transport barrier appear, is obtained.

2. Flux and gradient
A theory of the strong turbulence in helical plasma has been developed based upon the

method of self-sustained turbulence [5].  A theoretical formula of the turbulent transport
coefficient is obtained as

where  is the normalized pressure gradient which drives turbulence,

,  and other notation is standard.  This expression explains
the L-mode transport in Heliotron plasmas.  (See [1] for details.)  The critical condition of the
gradient of  Er  to cause the transport barrier is written as .  This
condition can be satisfied in the core plasma at the electric field interface.

In this article, we are interested in the transport barrier formation in the case of ECH
plasma.  For this case, the energy flow in the ion channel is smaller than that in the electron
channel.  For the analytic simplicity, we do not take into account the ion energy balance nor the
ion temperature gradient.  Under this simplified circumstance, we study the electron energy
balance and particle balance.  The particle flux and electron energy flux are given as

(1)

(2)
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where the index NC indicates the neoclassical component, and  and  represent anomalous
transport coefficients.  In this article, off-diagonal elements in the anomalous transport matrix
are not kept for the simplicity of the argument.  In helical plasmas, the bipolar component of
particle flux is dominated by the neoclassical flux.  Radial electric field structure is governed
by the nonlinear diffusion equation for the normalized electric field  as

 . (3)

The structure of the radial electric field, which is a consistent solution of Eqs.(1)-(3), is given
as a function of the heat flux in this article.  Equation (3) is approximated as

(3')

except in the vicinity of the electric field interface.  We use Eq.(3') and determine the location
of the interface according to the Maxwell's construction [5].

The neoclassical flux associated with the helical-ripple trapped particles has been
discussed in [6] and is simplified as

   
qa

NC = n
aDeγeTe – an′

n – X – η 22
aTe

′

Te
(4)

   
Γe

NC = n
aDe – an′

n – X – η 12
aTe

′

Te
(5)

   
Γ i

NC = n
aDi

1

1 + CiX
2 – an′

n +
Te

Ti
X (6)

where coefficients ,  and  are numerical constants of order unity,
 and .

We employ the normalized variables which represent gradients; ,
 and .  By use of these normalized variables, Eqs. (1)-

(3') are simplified as

(8)

(9)

   1
1 + X2 N + τX = 1

ξ N – X + bY (10)

where , ,    Γ = Ci nDe

– 1
aΓe

NC ,

   Q = Ci nDeγeTe

– 1
aqe

NC , ,    ξ = Di/De ,  and

 .  Note that the ion energy balance is not taken into account.  This is also
because, for the parameter of interest, , (i.e., ), the ion energy flux is much
smaller than that of electrons.
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3. Critical flux for transition
For the transparency of the argument, one may take a limit of a strong electron

temperature gradient,

 . (11)

This approximation is suitable, e.g., the case of electron cyclotron heating [4]; density gradient
is often observed to be flat in such cases.

Gradient parameters,   N, X, Y , are solved as functions of the normalized heat flux  Qt .
When the heat flux is small, there is a solution with a weak radial electric field.  As the heating
power becomes stronger and  increases, transition to a stronger electric field takes place.
When the heat flux exceeds the critical heat flux,

  Qt > Qt, c  , (12)

the transition takes place.  One obtains the critical heat flux as

   
Qt, c =

ξτ
2 + 1

1 + χanom

b
– 1  . (13)

This transition is either hard or soft, depending on the parameters.  One sees that  is
a monotonous increasing function of , and the transition is a soft transition, if the condition

   1 – b
1 + χanom

>
ξτ
8 (14)

holds.  On the contrary, in the large  ξτ  limit,

   1 – b
1 + χanom

<
ξτ
8  , (15)

the derivative, , changes its sign in the region of intermediate values of .  The electric
field, as a function of the total heat flux, shows a hysteresis.  The hard transition takes place at
the critical condition.  Figure 1 illustrates the electric field as a function of the heat flux,
showing the soft and hard transitions.

As is discussed in §2, the turbulent transport could be suppressed at the interface,

Fig.1  Radial electric field as a function of the heat flux (for    χanom= 2  and   b = 0.5 ) .  At a critical heat flux,

the transition takes place.  The case of soft transition (  ξτ = 5 , left) and that of hard transition (  ξτ = 10 , right).
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where the condition  is satisfied.  Even in the region away from the interface, the
neoclassical heat flux is reduced improving the energy confinement.  The limiting relation
between the temperature gradient and heat flux is also derived as

   
Y ∼ 1 – b

ξτ + 1
+ χanom

– 1

Qt (small  limit) (16)

(large  limit) (17)

Compared to the low flux limit, the derivative  is higher in the high flux limit.  This
indicates that the energy confinement is improved in the high heat flux limit.

These analyses show that the transition of confinement takes place in the stellarator
plasma.  For a given flux, the electric field and temperature gradient could have multiple values
if Eqs.(12) and (15) are satisfied.  The transition from the lower electric branch to the higher
electric field branch takes place at a critical heat flux.  At the interface, , the turbulent
transport is suppressed.  The result implies that the internal transport barrier can be established
in helical plasmas.  In the case that the heat deposition profile is strongly localized in the
center.  In this case, the heat flux is a decreasing function of the radius, except a central region
where energy is absorbed.  Consider the case that the condition  is satisfied on one
magnetic surface, , the turbulent transport is suppressed at , and the transport
barrier is observed at .  Inside this surface, the neoclassical energy confinement is better
than outside.

4. Summary and Discussion
In this article, we study the gradient of plasma parameters and radial electric field.  It is

shown that there exists a critical power flux above which the transition to the strong positive
radial electric field is established.  This explains the fact that the internal transport barrier
appears if the heat flux exceeds a critical value.
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