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Abstract. A set of transport equations is analyzed. including the bifurcation of the
radial electric field in toroidal helical systems. Calculations are made simulating CHS
experiments. Both hard and soft transitions are found in the profile of the radial electric
field. Whether the electric domain interface exists or not is examined. The electric
domain inierface is found to exist. depending on the ratio of the electron temperature to
the ion temperature. The structure of the clectric domain interface is also studied. The
steep gradient of the radial electric field is obtained and the width of the electric domain
interface is determined by the anomalous diffusivity of the electric field. The region
where the electron root and ion root co-exist is obtained when changing the density
or the heating power of electrons. The various types of the electrostatic potential
structures are found. The condition for the turbulence suppression is examined in the
parameter regime studied here.
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1. Introduction

Many types of the improved confinement states have been found in toroidal plasmas.
(See reviews, e.g., [1, 2, 3].) Among the variety of the improved confinement states, the
H-mode in tokamaks has been studied most intensively. The bifurcation models of the
electric field have been proposed to explain the physics of the H-mode transition and
the L/H transition. [4, 5] Through evolution of research, it is widely recognized that
the structure of the radial electric field influences on the various improved confinement
modes. Nevertheless, quantitative analysis of the generation and the structure of the
radial electric field in such plasmas is far from satisfactory. The investigation of the
confinement improvement mechanisms has also been done for the helical plasmas.[6]
The formation of the radial electric field in helical systems could be investigated more
quantitatively, because the neoclassical transport is found to play the dominant roles in
generating the radial electric field. (See, e.g., [7, 8])

Recently, the internal transport barrier has been found in the Electron Cyclotron
Resonance Heating (ECRH) plasma in CHS device. [9, 10, 11] The various types of the
potentials have been obtained. In W7-AS, the studies of the change of the electron
transport triggered by the neoclassical transport has been also done theoretically [12]
and experimentally [13, 14]. More recently, the change of the anomalous transport in
the central region has also been reported in W7-AS. [15] To study the existence of the
transport barrier in the experimental conditions of helical plasmas, the investigation
of the electric field bifurcation is needed. The interface of domains with different
electric field polarities has been pointed out theoretically for helical plasmas. [16] It
is well known that the neoclassical transport is dominant in the bipolar part of the
particle flux in helical plasmas and the multiple solutions of the ambipolar condition
are allowed. [8] In addition, there is the difference between the bifurcations under the
fixed-gradient condition and the fixed-flux condition.[7] Dynamics and structure of the
transport barrier have been examined by use of the analytical model. [17, 18, 19] The
internal transport barrier in heliotron plasmas, which is induced due to the electric field
bifurcation, was theoretically studied based on the zero-dimensional model. [20, 21]
To study the interface of neighboring domains with different electric polarity, the one-
dimensional transport analysis is needed. The possibility for the transport barriers (the
edge transport barrier and the internal transport barrier) has been discussed based on
the bifurcation model of the electric field; We have examined a set of one-dimensional
transport equations which constitute the temporal evolution of the temperature and the
diffusion equation the radial electric field in a slab plasma. [22] However, this study is
limited within the analysis in the edge region and the studies of the internal transport
barrier in the central region are needed.

In this article, we examine the four (one-dimensional) transport equations which
describe the temporal evolutions of the density, the electron and ion temperatures,
and the radial electric field in a cylindrical heliotron configuration to examine the
detailed structure and the dynamics of the electric domain quantitatively. A numerical
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formula {23] for the non-axisvmmetric part of the neoclassical flux is adapted. The
electric field domain is studied in helical plasmas. The anomalous transport process is
assumed to be ambipolar, because the electric field formation due to the neoclassical
transport 1s considered to be dominant compared to that due to the anomalous
transport [19, 24]. This is confirmed by the present observations in experiments. [11]
The impact of the possible bipolar part of the anomalous transport will be studied
in the future study. Various types of potentials are reproduced, depending on the
value of density and the ratio of the ion temperature to the electron temperature. We
study the radial profile of the electric field and examine the states in which the electric
domain exists. We also show the condition for the hard transition where the flux is the
continuous function of the plasma radius. The hard type transition is accompanied by
the temporal and/or spatial rapid change of the radial electric ficld when the multiple
solutions of the ambipolar condition exist. The states which associate with the internal
transport barrier are studied in the profile of the temperature. The soft transition occurs
with the temporal and/or spatial slow change of the radial electric field when only one
solution exists. The effect of the inertia with the temporal change of the heating power
on the location of the electric domain is examined. We compare the structures of the
potentials in the case of the soft and hard transitions. Finally, we discuss the condition
of the turbulence suppression.

2. One-dimensional Model Equations

In this section, the model equations used here are shown. The cylindrical coordinate
is used and r-axis is taken in the radial cylindrical plasma in this article. The region
0 < r < a is considered, where a is the minor radius. The expression for the radial
neoclassical flux associated with helical-rippled trapped particle is given as [23]

na o0 8 e~ ‘4'(2:7 ET)
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Here, the relations wg = —E,./(rB), wp; = -Tie,x/(Z;erB) and vy = =T1;/(Z;erB)
are used. The quantities m;, nj, Tj, v4s; are the mass, the density, the temperature, the
collision frequency using the thermal velocity for the species j and the parameters ¢, and
¢, are the toroidal and helical ripple, respectively. The prime denotes the derivative with
respect to the radial direction. This expression for the particle flux is the connection
formula and is applicable to both the collisionless and collisional regimes. The total
particle flux [t is written as

[t =rme — Dag—”. (2)
T
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Here, D, is the anomalous component of the particle diffusivity. The energy flux related
with neoclassical ripple transport is given as [23]
5 o - .:4'(1;: Er)
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The total heat flux Q; of the species 7 is written as

aT
Q% = Q7 ~ nxa; “5;1 (4)

Here, x,; is the anomalous part of the heat conductivity for the species 3. The
neoclassical component of the diffusion coefficient for the electric field is expressed by [25]
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where zy = [vm;/(en (| Er| + |T}/(Zje)e}1|))]2/3. The parameter used later Dpg, is the
anomalous component of the diffusion coefficient for the radial electric field. In this
article, the coefficients for the anomalous transport are set to be constant. This
simplification is introduced because the structure of the electric domain interface is
the primary interest of this article. As is shown in the following analysis, the domain
interface has much shorter scale length than the global scale length. The interactions
between the anomalous transport and the inhomogeneity of the electric field are not
subject of this article.
The equation for the density is

%?———:_—g—(rl")+5' (6)
The term S, represents the particle source such as the ionization effect. The equation
for the electron temperature is given as

P (0T = =220t - 221, - T) + P, )
where, the term 7, denotes the electron collision time and the second term in the right
hand side represents the heat exchange between ions and electrons. The parameter Py,
represents the absorbed power due to the ECRH heating and its profile is assumed to be
proportional to exp(—(r/(0.2a))?) for simplicity. The equation for the ion temperature
18

35y 0T =~ 50 Q) + (T~ T) + ®)
The parameter Py; represents the absorbed power of ions and its profile is also assumed
to be proportional to exp(—(r/(0.2a))?).

The radial electric field equation in a nonaxisymmetric system is expressed by [25]

OE, 8E

o = ZZF’“‘+——ZZ (Ds, ), ©)
where ¢,_is the perpendlcular dieleciric coefﬁment ase) = eo((cz/vA) +1)(1+2¢?%). Here,
€g 15 the dielectric constant in the vacuum, c is the speed of light, v, is the velocity of

_4_..
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Alfvén wave and ¢ is the safety factor. The parameter Z; is a charge number of the
species 7. The factor {1+2¢?) is introduced from the toroidal effect.[19, 24} Equation (9)
is solved together with the density and the temperature (ion and electron) equations (6},
(7) and (8).

3. Results of Analysis

3.1. Boundary conditions and Parameters

The density, temperature and electric field equations (6), (7), (8) and (9) are solved
under the appropriate boundary conditions. For the initial condition, we choose E,.(r) =
0 and the plasma profiles evolve to the steady state. We fix the boundary condition at
the center of plasma (r = 0) such as dn/dr = 07T, /0r = 0T;/0r = E, (= —0¢/0r) = 0,
where ¢ is the electrostatic potential of the radial electric field. For the diffusion equation
of the radial electric field, equation (9), the boundary condition at the edge (r = a) is
chosen as 3, Z;I'; = 0. This implies that there is no divergence of the flux at the plasma
surface. This simplified assumption is employved because the electric field bifurcation in
the core plasma is the main subject of this article. The boundary conditions at the edge
(r = a) with respect to the density and the temperature are those expected in Compact
Helical System (CHS): —n/n’ = 0.05{m) and —7,/T; = —T;/T] = 0.02(m). The
machine parameters are those of the CHS device, such as the major radius R = 1(m),
a = 0.2(m), the toroidal magnetic field B = 1(T), toroidal mode number m = 8,
poloidal mode number [ = 2 and helical ripple ex(r) = ICI(mr/R), where [; is the
modified Bessel function of the first kind and the typical value of C is chosen according
to the experimental condition.

The particle source term S, is assumed to be S, = Spexp({r — a)/ L), where Lg 1s
set to be 100(m) and the value of Sy is strongly influenced by the particle confinement
time. If these parameters are used, we can study the case 7 ~ 10'®(m™"), when the
value of Sp is set to be Sy = 10%*(m~3s~!). Here, 71 is the averaged density. For
simplicity, the enhancement factor of flow inertia owing to the toroidal effect is chosen
as (1 + 2¢°} = 10. The values for the anomalous parts of the diffusion coefficients
are chosen as D, = 1{m?/s), Yee = 5{m?/s) and x = 1(m?/s). The value of Dg,
is Dg, = 10(m?/s). They do not necessarily coincide those in experiments. This
simplification is employed to illustrate the existence of the electric field interface in
CHS plasmas. These values are set to be constant spatially and temporally. In order to
set averaged temperature of electrons to be around T, = 200(¢V') and the density to be
around 7i = 10'{m~3), the absorbed power of electrons is around 1051, for this choice
of Yae. The averaged ion temperature T, is chosen as about T; = 400(eV), where the
absorbed power of ions is fixed as 6.25(kW). These values of the absorbed power are
determined by the values of the anomalous diffusivities.
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3.2 Solutions with the Hard Transition

Using these parameters and the boundary conditions, we analyze equations (6), (7). (8)
and (9). The stationary solutions of the radial electric field are shown in figure 1(a) for
the case of T, = 130(eV), T; = 400(eV) and 2 = 1.4 x 10"®¥(m=3). The density profile
and the temperature profile of ithe ion and the electron are shown in figures 1{b) and (c),
respectively. In figure 1(c), the dashed line represents the case of the ion temperature and
the solid line shows the profile the electron temperature. At the point r = r+( 0.08(m)),
the transition of the radial electric field is found. The circles in figure 1(a) show the
values of the electric field which satisfy the local ambipolar condition (I'z* = I'?) for
the calculated profiles of the density and the temperatures of figures 1(b) and (c). The
multiple solutions are allowed from the local ambipolar condition. The electron root
and ion root are defined in this article as follows: We call the solution the electron root
if it is in the region of 9I'?*/JE, < 0 and the ion root if 3T'T*/JE, > 0, respectively.
In the case of figure 1(a), the electron root {r < rr) for E, is sharply connected to the
ion toot (r > 7r), with the thin layer between them. At the transition point (r = rr),
the maximum value of the electric field shear |El| is found to appear. In figure 2, the
profile of the derivative of the radial electric field is shown. The peak of dE, /dr at the
transition point r = 77 is found. In the present model, the effect of the anomalous
transport does not play any role in generating the radial electric field, because it is
assumed to be ambipolar. However, the anomalous transport influences the width of
the domain interface. The half width of the peak in the profile of the radial electric
field shear is proportional to «/Dg, and the value of the peak of the electric field shear
is proportional to Dgl/ ?. The transition points should be determined by the Maxwell

a

construction.[19] The function
Es
AV = f (C79(E,) ~ [7%(E,))dE, (10)
E .

is introduced, where E, and F; are the stable solutions of the local ambipolar condition.
The integral AW is a function of the radius. The relation AY = 0 at the domain interface
r = r7 represents the Maxwell construction. We confirm that the Maxwell construction
is satisfied in the case of figure 1. It is found that there is the difference between the
half widths at the half maximum of the inner side (r < r¢) and the outer side (r > rr)
in the profile of the electric field shear. The half width of the inner side is wider than
that of the outer side due to the dependence of the current on the radial electric field.
The origin of this asymmetry is discussed in the reference [26].

It is also noted that in this steady state the radial fluxes for the particles and
the energy are continuous across the domain interface r = 75- The continuity of
flux leads to the steep change of the gradients. Note that the change of the radial
electric field is obtained in spite of using the large value for the anomalous diffusivity,
i.e., Dg, = 10(m?2/s), which is a typical value of the plasmas in CHS plasmas. In
figures 1(b) and 1(c), the gradients of the density and the temperatures rapidly changes
at the transition point (r = ry). Therefore, the profile of the local ambipolar solution
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of the electric field (figure 1(a)) is also sharply modulated near the transition point
(r = r7). This calculation in the flux-fixed case is the difference with the calculation in
the case of the fixed gradients.

The internal transport barrier is obtained for the channel of the neoclassical energy
transport, being observed in the both the ion and electron temperature profiles in
figure 1(c). In figure 3, the variations of the neoclassical part x7* of the heat conductivity
for the species j are shown. At the transition point, the rapid change of both x}* and
x** 1s obtained. Within the radius of r < rr, the neoclassical transport is reduced and
the transport barrier is obtained. This corresponds to the rapid change of VI, and VT;
at r = rp in figure 1{c). The steeper gradient is observed in the ion temperature profile
than in the electron temperature profile in this case. This is because the value of x,.
larger than the value of x,; 1s chosen.

The existence and the location of the electric domain interface depend on the plasma
parameters. Figure 4 shows the change of the regions of the electron root and the ion
root as a function of the electron temperature. The series of the stationary state is
calculated when the averaged temperature of the electrons takes the value from 50(eV’)
to 600(eV), by changing P, Other parameters are same as the previous analysis.
The electric domain exists at the solid line in figure 4. The electron root and the ion
root are neighboring where the solid line exists. The heating power F; of ions is fixed
and the averaged ion temperature 7; is set to be around 400(el’). When the averaged
temperature of electrons is low, solutions in the whole plasma column are ion roots.
On the other hand, all solutions become electron roots if the averaged temperature of
electrons increases up to 600(eV). The parameter regime (300{eV) < T, < 600(eV)) is
found where the electron root exists in the inner region and the ion root exists in the
outer region. In the region of 80(eV) < T, < 600(eV'), the central and edge plasmas
are associated with the ion root solution and two domain interfaces exist in a plasma
simultaneously.

The region of the electron root expands when the electron density becomes lower.
Figure 5 shows the relation between the values of the density and the temperature of
electron at r/a = 0.5 in the stationary state. The averaged value of the density changes
by changing the value of particle source Sp. We fix the ion heating power 6.25(kW) and
the averaged ion temperature 7; is set to be around 400(eV'). The averaged value of the
electron temperature T, takes the value from 100{eV) to 400(eV). Other parameters
are same as the previous analyses. If the density takes the larger value, the E, solution
changes from the electron root and the ion root and the electric domain passes through
at some value of the density. The discontinuity in the relation between n(r/a = 0.5)
and Te(rfa = 0.5) due to the hard transition is seen around the parameter regime
n{r/a = 0.5) = 1.32 x 10'¥(m3) as shown by the arrow in figure 5. It is found that
the electric domain interface moves from the outer region to the inner region when the
density increases, and the electric domain interface moves across the point r/a = 0.5
when the value of the density becomes n{r/a = 0.5) = 1.32 x 10¥(m3).
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3.5. Dynamical (Inertia} Effect

When the plasma parameter changes in time, the radial electric field shows the temporal
evolution. If the temporal change is fast, the inertial term in equation (9) influences
the radial profile of the electric field. The change of the location of the electric domain
interface is studied when the heating power of electrons increases or decreases.

At first, the case of the ramp-down of the electron heating is examined. The change
of the location of the electric domain interface is shown when the averaged temperature
of electrons becomes lower from 500(eV’) to 50(eV) with the dashed line in figure 6.
Other parameters are same as the analysis in the previous subsection. The time during
which T, temporally changes from 500(eV’) to 50{eV) is 0.5(s). This time is about one
hundred times longer than the typical confinement time {a?/Dg, = 4{ms)). Note that
the profile of the physical quantity is not stationary in the case of figure 6, when we judge
whether the solution is the electron root or the ion root. The so-called inertia effect
(the time derivative of the physical quantities) is included. The location of the radial
electric domain interface is found to be altered due to the inertia effect when, e.g., the
heating power changes. If the averaged temperature of electrons temporally decreases,
the region of the electron root gets wider compared to the case of the stationary state.
Under this slow change in time, the electric domain interface is influenced little except
in the central region (r/a < 0.2). .

Secondly, we study the case of the ramp-up of the electron heating power. The
change of the location of the electric domain interface is shown when the averaged
temperature of electrons becomes higher from 500(eV) to 50(eV) with the dotted line
in figure 6. The time during during which T, temporally changes from 150(eV) to
600(eV) is also 0.5(s). If the averaged temperature of electrons temporally becomes
higher, the electric domain interface moves to the higher region of the averaged electron
temperature compared to the stationary state.

There is the difference of the location of the transition point between the two
cases when the heating power increases and decreases. The hysteresis characteristic is
predicted in the case when the heating power increases after it decreases. 'In fact, the
experimental results show the hysteresis characteristic in the relation the heat flux and
the gradient of the electron temperature when the heating power is ramped down and
ramped back up again. [15]

3.4. Solutions with the soft transition

We next study the case where the soft transition between the ion and electron roots
takes place. We choose the case that the ion heating vanishes; i.e., P, = 0 in order to
study the case when the electron temperature in much higher than the ion temperature.
We set the electron heating is 100(kW) and the particle source term Sy = 9 x 103, The
averaged density is set to be around 1.4 x 10'%(m™=%). The other parameters are same as
the previous case in which the hard transition is seen in figure 1. The obtained profiles
of the density, the temperature and the radial electric field are shown in figure 7. In
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figure 7(c). the solid line represents the case of the electron temperature and the dashed
line shows the profile the ion temperature. In figure 7(a). the radial profile of the electric
field is shown. obtaining the soft transition without the multiple solutions. The electron
root and the ion root connect smoothiv and the electric domain interface does not exist
in this case of the soft transition. The arrow in figure 7(a) shows the radial point
(r = 0.078(m)) across which the solution changes from the electron root {r < 0.078(m))
to the ton root (r > 0.078(im}) in the radial direction. The type of the transition (hard or
soft) is determined by the ratio T,/7,. and does not depend on the diffusion coefficient
D, of the radial electric field. The gradient of E. at the transition point is much
weaker than the case of figure 1. The gradient is in the range of |E!| < 10° near r = rr,
where the maximum value of |E/i takes at r = ry. In the parameter region examined
here. the slow change of the temperature is found and the state which corresponds to
the internal transport barrier is not obtained in figure 7(c). In figure 8, the relation
between the values of the density and the temperature of the electrons at r/a = 0.5 is
illustrated. The solutions are obtained in the stationary state with the electron heating
100kT1". no ion heating and the particle source S; takes various values so as to change
the averaged value of the density n. The smooth connection from electron root to the
ion root is obtained. when the averaged density increases due to the characteristic of
the soft transition. The value for the averaged density where the solution changes from
the electron root to ion root is dictated by the arrow and is about 1.23 x 10'%(m~3) in
the parameter regime examined here.

4. Varieties of Potential Profiles

In experiments in CHS. the various types of electrostatic potentials are observed. These
potential are classified to many shapes, ¢.g., bell-shape, dome-shape, hill-shape, Mexican
hat-shape and well-shape. {11] In the previous section. we show the cases where the hard
and soft transition take place. We show the each profile of the potential in the case of
the hard or soft transition. The values of the anomalous transport coefficients are same
as the previous section.

At first. in the case of the hard transition. the particle source S5y is set as
Sy = 1 x 10% (averaged density is around 10'¥(m™3)) and the ion heating power is
6.25(k117). If the averaged temperature of electrons is low (80{¢l") in figure 9), the
shape of the potential has a single minimun at r = 0 and looks like well-shape. When
the averaged temperature of electrons increases (130(el’) as is discussed in the previous
section in figure 9), the electric domain interface appears at r = rr. The potential
looks like Mexican hat-shape in figure 9. The steep change of E, or the large £ shear
is obtained at v = ry{=~ 0.08(m)), because the hard transition occurs at this point.
The corner of the curve of the potential at r = rr is very sharp. In this case, the
eiectric domain is found to exist. If the averaged temperature of elecirons increases up
to 600{eV). the potential has a single maximum at r = 0 and looks like hill.

As the second case. we examine the case of the no ion heating F, = 0 and T, >> T,
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holds. The heating power of electrons is chosen as 100(AW). In this study, we study
the change of the radial electric field structure which is induced by the variation of the
density. In figure 10, we choose the various values for the particle source term. In the
case when the averaged density is high (e.g., 3.2 x 10®(m~%) in figure 10), the shape
of the potential looks like well-shape. When the averaged density is the intermediate
value, 1.6 x 10'(m™3), the potential looks like Mexican hat-shape. The polarity of the
radial electric field changes at r == 0.08(m). The slow change of the radial electric field
is obtained and the electric domain does not exist. If the averaged density decreases up
to 1.5 x 108(m™3), the potential shape looks like hill. If the ion is not heated and T; is
much lower than T, the type of the transition becomes soft. In this case, the multiple
solutions are not seen and the change from the electron root to the ion root becomes
smooth. Therefore, the large E, shear is not obtained when the ion is not heated like
the case in figure 10. Compared with the both cases of the Mexican hat-shape in figure 9
and figure 10, whether the electric domain exists or not is the main difference. Only in
the case of the hard transition, the sharp change of the electric field is obtained.

5. Condition for Turbulence Suppression

A important model for reducing turbulent transport, e.q., in the H-mode transport
barrier in tokamaks is based on the sheared radial electric field. A nonlinear current
diffusive interchange instability can be stabilized when [£]/B| > (WR)SCS /a, where
C, is the sound speed and s is the magnetic shear. [6] At the transition point r = rp in
figure 1, this condition is marginal. Therefore, the anomalous diffusivities are suppressed
if the turbulent model is used for the anomalous diffusivities. The self-consistent
analysis, in which the change of the anomalous transport by the electric field shear
E! is included, is necessary and is left for the future study.

6. Summary and Discussions

In summary, the model equation of the radial electric field bifurcation is analyzed. We
studied the temporal and spatial evolutions of the plasma density, the temperatures
and the radial electric field. The numerical formula of the neoclassical components of
particle and heat fluxes in helical systems is employed.

The stationary structure of the radial electric field is examined and the hard-
type transition with hysteresis characteristic is newly found in heliotron plasmas. The
structure of the electric domain is studied. The state which corresponds to the internal
transport barrier is obtained in the radial structures of the temperatures and the heat
conductivities. The profiles of the physical quantities are also shown in the case of
the soft transition from the electron root to the ion root in the radial direction. The
classification whether the solution in the stationary state is the electron root or the ion
root is done based on the sign of 91'7¢/0F,. It is found that the electron root and ion
root can co-exist in a plasma column. The states where the hard and soft transitions
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oceur are compared and obtained. depending on the ratio 7, /T, The relation between
the density and the temperature in the stationary state is studied 1n both cases when
the hard transition or soft transition takes place. In the case when the hard transition
happens. the electric domain interface appears. across which the steep gradients of
the density, the temperature and the electric field appear. The effect of the temporal
change of the heating power on the location of the electric domain is also examined.
The electrostatic potential profiles are also shown in the both cases when the hard or
soft transition occurs. At last. the condition for the turbulence suppression is studied
at the point where the hard transition occurs.

In this article. we set the anomalous diffusivities (Dy. x,; and Dg,) to be constant.
temporally and spatially. To compare the experimental results In details, the calculation
by use of the turbulent model with respect to the anomalous diffusivities is needed. The
results of the calculations using the turbulence suppression model are not shown in this
article. These are left for future studies.
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Figure 1. (&) Radial dependence of the electric field (Solid line). Circle marks show
the electric feld derived from the ambipolar condition. Radial profile of the density
(b) and the profiles of the temperature of ions and electrons (c) are shown. Parameters

are D, = 1{m?/38), Xae = 5(m?/8), xai = 1{m?/s) and Dg, = 10(m?/s).
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