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Abstract:
In helical plasmas, two kinds of the oscillation for the plasma quantities are experimentally
observed. Firstly, the limit cycle phenomena in the temporal evolution of the electrostatic
potential, namely the electric pulsation, have been observed in the core region. The tem-
porally self-generated oscillation of the radial electric field is shown as a simulation result
in the core region. The dependence of the transition point for the radial electric field on
the source is examined. Secondly, the density limit oscillation in the helical device was
reported. To realize the oscillation phenomena at the density limit, the temporal evolution
of the density profile is newly included in a simulation when the radiative loss is calculated
in the edge region. Two stationary plasma states, where the transport loss or radiative loss
is dominant in the edge region, are obtained. The dynamics of the plasma quantity is found
to show the transition from the transport-dominated state to the radiation-dominated state.

1. Introduction

The formation mechanism of transport barriers is important issue to realize improved
confinement modes in toroidal plasmas. One possible mechanism to explain the trans-
port barriers is the spatial transition in the profile of the radial electric field Er and the
suppression of turbulence by its shear. In the nonaxisymmetric system, the radial elec-
tric field is determined by the ambipolar condition [1]. In tokamaks, the model of L/H
transition and the edge localized modes (ELMs) which is based on the bifurcation of the
radial electric field was presented [2]. In helical plasmas, two kinds of the oscillation for
the plasma quantities are experimentally observed. Firstly, the limit cycle phenomena in
the temporal evolution of the electrostatic potential, namely the electric pulsation, have
been observed in the core region [3, 4]. Related with the electric pulsation, the electron
internal transport barrier is observed in the electron temperature profile. Therefore, the
physical mechanism, which realizes the oscillatory plasma state, is critical for the study of
improved confinement modes. In our recent work, temporally oscillating solutions of the
radial electric field are obtained [5]. Secondly, the density limit oscillation in the W7-AS
experiments [6] was reported. The achievable limit of the density due to the radiation
collapse has been studied, because the strong degradation of the confinement occurs if the
radiation collapse happens. Dynamics of the radial structure for the plasma quantities are
important for the study of the density limit. The zero-dimensional dynamical model was
shown for the oscillation of the density near the density limit [7]. The oscillatory state
for the plasma dynamics has not been obtained yet by use of a one-dimensional transport
analysis, which includes the radiative loss.
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To theoretically predict the electric pulsation in the core region of helical plasmas,
the transport model for LHD-like plasmas is constituted by the one-dimensional diffu-
sion equations of the density, the electron and ion temperatures, and the radial electric
field. A neoclassical transport database DCOM/NNW for LHD (DGN/LHD) has been
constructed [8]. In order to estimate the neoclassical transport and the ambipolar radial
electric field for LHD in details, the DGN/LHD for the nonaxisymmetric part of the radial
flux is adopted in the diffusive equations. The DGN/LHD is used for the simulation to
reproduce the electric pulsation in the core region and to predict the parameter region for
the electric pulsation in the LHD experimental results. The dependence of the transition
point for the radial electric field on the particle source is studied. The variation of the
solution type (the stationary or oscillatory state) is also examined.

To examine the density limit oscillation in helical plasmas, we add the term of the
radiative loss due to the impurity ions to the temporal equation for the electron temper-
ature. The temporal evolution of the density profile is newly included in the transport
model equations. The result for two states, which are dominated by the transport or the
radiation, is shown. Dynamics of the plasma quantity is studied and the temporal tran-
sition from the transport-dominated state to the radiation-dominated state is examined.

2. One-dimensional Transport Model

The one-dimensional transport equations used here are shown in this section. In Section 3
where the self-generated oscillation is predicted in the core region, the DGN/LHD is used
for the nonaxisymmetric part of the radial neoclassical flux in the diffusion equations.
The diffusion coefficient in the DGN/LHD is given by the multi-helicity model [9]. The
DGN/LHD includes the detailed magnetic configuration properties. This database is
applicable to the wide collision regime from 1/νj regime to Pfirsh-Schlüter regime, where
νj is the collision frequency of species j. In the previous paper [5], the analytic formula [10]
was used for the neoclassical flux, which covers from the νj regime to the 1/νj regime.
This analytic formula assumes a model magnetic field with a single helicity, which strongly
limits its rigorous applicability for wide range equilibria in LHD. However, by employing
such an analytical formula, it is predicted that the self-generated oscillation takes place
from some physical mechanism related with the flux-gradient relation [5]. In Section 4
where the plasma dynamics is discussed including the effect of the radiative loss, we use the
analytic formula [11] for the neoclassical transport, which is available in Pfirsch-Schlüter
regime, to find the plasma parameter regime for the oscillatory state in the wide parameter
space. This is because the plasma state which is close to the density limit corresponds
to the high collisional state. The total particle flux Γt is written as Γt = Γna − Dan

′,
where Γna is the neoclassical flux and the prime denotes the radial derivative. Here, Da

is the anomalous particle diffusivity. The energy flux related with the neoclassical ripple
transport, Qna

j is obtained like the neoclassical particle flux. The total heat flux Qt
j for

the species j is written as Qt
j = Qna

j − nχaT
′
j − 3Dan

′Tj/2, where χa is the anomalous
heat diffusivity. A theoretical model for the anomalous heat conductivity is adopted and
is explained later. The neoclassical diffusion coefficient for the electric field is expressed
in [12]. The anomalous diffusion coefficient for the radial electric field is denoted by the
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parameter DEa. The temporal equation for the density is

∂n

∂t
= −1

r

∂

∂r
(rΓt) + Sn, (1)

where the term Sn is the particle source. The equation for the electron temperature is
given as

3

2

∂

∂t
(nTe) = −1

r

∂

∂r
(rQt

e)− eErΓ
t
e −

3me

mi

n

τe
(Te − Ti) + phe − pz − pb, (2)

where the term τe denotes the electron collision time. The second term represents the
energy exchange between the radial electric field Er and the plasma through the nonax-
isymmetric particle flux [13]. The third term in the right hand side is the heat exchange
between ions and electrons. Here, the term pz represents the radiative loss of the line
emission from the impurity ions and the term pb shows the bremsstrahlung loss. The
form for pz in the article [14] is used. In the case of the oscillation phenomena in the
core plasmas, we set pz = 0 and pb = 0, because we focus the limit cycle of the plasma
quantities in the core region. The term phe is the absorbed power. The temporal equation
for the ion temperature is

3

2

∂

∂t
(nTi) = −1

r

∂

∂r
(rQt

i) + eErΓ
t
e +

3me

mi

n

τe
(Te − Ti) + phi. (3)

The term phi is the absorbed power of ions. The radial electric field equation in a nonax-
isymmetric system is expressed by [15]

∂Er

∂t
= − e

ϵ⊥

∑
j

ZjΓ
na
j +

1

r

∂

∂r
(
∑
j

Zje(DEj +DEa)r
∂Er

∂r
), (4)

where ϵ⊥ is the perpendicular dielectric coefficient which equals to ϵ0(1 + c2/v2A)(1 +
q2/

√
ϵt). Here, ϵ0 is the dielectric constant in vacuum, vA is the velocity of the Alfvén wave,

ϵt is the toroidal ripple and q is a safety factor. We adopt the model for the anomalous heat
diffusivity χa based on the theory of the self-sustained turbulence due to the interchange
mode, driven by the current diffusivity [16] as a candidate. The anomalous transport coef-

ficient for the temperatures is given as χa = χ0/(1 +Gω2
E1)

(
χ0 = F (s, α)α

3
2 c2vA/(ω

2
peqR)

)
.

The factor F (s, α) is the function of the magnetic shear s and the normalized pressure
gradient α, defined by s = rq′/q and α = −q2Rβ′. The value of χa is reduced by the shear
of Er. The value for the anomalous diffusivities of the particle is chosen Da = 1m2s−1,
which is set to be constant spatially and temporally. The value of the diffusion coefficient
for the radial electric field DEa is set as DEa = 1m2/s. The heating source of electrons
and ions is set to be proportional to the relation exp(−(r/(rwa))

2). The values of rw
are set to be 0.2 in Section 3 and 0.5 in Section 4. The particle source Sn is set to be
Sn = S0 exp((r−a)/L0), where L0 is set to be 0.03m in Section 3 and 0.05m in Section 4.
The equations of density, temperature and electric field (1)-(4) are solved, with the pre-
scribed source profiles, under the appropriate boundary conditions. We fix the boundary
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condition at the center of the plasma (ρ = 0) such that n′ = T ′
e = T ′

i = Er = 0, where
ρ = r/a. For the diffusion equation of the radial electric field, the boundary condition at
the edge (ρ = 1) is chosen as

∑
j

ZjΓ
na
j = 0. The boundary conditions at the edge (ρ = 1),

with respect to the density and temperature, are given by specifying the gradient scale
lengths. We employ those expected in LHD: −n/n′ = 0.05m, −Te/T

′
e = −Ti/T

′
i = 0.02m

in this article. The machine parameters which are similar to those of LHD are set to be
R = 3.6m, a = 0.6m, B = 2.85T, ℓ = 2 and m = 10. In this case, we set the safety factor
as q = 1/(1 + ρ2).

3. Analysis on the Self-Generated Oscillation of the Radial Electric Field in
the Core Region

FIG. 1. The self-generated oscilla-
tion for the radial electric field in the
core region.

The one-dimensional transport analysis for the LHD-
like plasma has been performed and the profiles of n,
Te, Ti and Er are solved as the initial value problem.
The self-generated oscillation in a limited region of the
parameter space is examined near the radial transition
layer due to the multiple ambipolar Er in the core
plasma region. The absorbed power of electrons is
set to be 1MW and the coefficient S0 is taken as 9 ×
1021m−3s−1 to set the line-averaged values as T̄e =
1.6keV and n̄ = 1.8 × 1019m−3, where the quantity
with the bar represents the line-averaged value. The
absorbed power of ions is taken as 100kW to set T̄i =
0.72keV. The temporal evolution in the time interval
0.96s ≤ t ≤ 1.00s of the radial electric field, Er is
plotted in FIG.1. The lines labeled by ρ = 0.1, ρ =
0.2, ρ = 0.3, ρ = 0.5 and ρ = 1.0 show the temporal
evolutions of Er, respectively. The state A at t = 0.9642s indicates the one at ρ = 0.1
just after the transition from the negative Er to the positive Er in FIG.1. From the
state A, the plasma profile changes with the transport time scale and reaches the state
B at t = 0.9682s. Just after the transition from the state B, the state changes to the
one C at t = 0.9683s. From the state C, the plasma state changes to the state D at
t = 0.9705s with the transport time scale. Just after the state D, the transition from the
negative Er to the positive Er takes place at ρ = 0.1 and the state comes back to the
one A at t = 0.9706s. The temporal evolutions in the core region (at ρ = 0.1, ρ = 0.2
and ρ = 0.3) are confirmed to clearly show the characteristic of the limit cycle, when
the DGN/LHD database is used for the neoclassical transport. The time period of the
limit cycle is about 6ms, which is determined by the typical transport time scale. The
temporal change of the Er profile causes the temporal change of the radial profile of
the neoclassical and anomalous diffusivities. Owing to the influence of Er on transport
coefficients, the temporal evolution of the radial Te, Ti and n profiles takes place as
the limit cycle in the core region. When the positive Er is shown in the core region
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(e.g., the plasma state between A and B), the radial transition takes place at the radial
point ρT , where the parameter ρT is the radial location of the transition point from the
positive Er to the negative Er. Because of the shear of the radial electric field at ρT , the
reduction of the anomalous heat diffusivity is found around ρ = ρT . The reduction of
the neoclassical transport is also shown in the wide region ρ < ρT due to the positive Er.

FIG. 2. The dependence of the tran-
sition point ρT location on the line-
averaged density n̄

We examine the dependence of the transition point
ρT on the particle source S0. The values of other pa-
rameters except the particle source are same as the
analysis done before in this study. When the particle
source is S0 = 3.0×1021m−3s−1 (n̄ = 0.56×1019m−3),
the multiple solutions of Er for the ambipolar con-
dition are found. The positive Er in the core re-
gion, the negative Er in the edge region and the
radial transition of Er at ρT = 0.875 are shown
in a stationary state. If the value of the particle
source S0 increases, the transition point ρT moves
inside shown in FIG.2. In FIG.2, the closed cir-
cles show the location of the transition point ρT ,
which shows in the stationary state. In the case
of n̄ = 1.3 × 1019m−3, the plasma state becomes
oscillatory at ρ = 0.5. The oscillatory phenomena move radially inside when the
value of n̄ becomes larger as shown in FIG.1. When the line-averaged density n̄ in-
creases further and becomes larger than 1.9 × 1019m−3, the radial electric field takes
the negative value in the radial entire region and the plasma state becomes stationary.

FIG. 3. The hatched region shows
the parameter region for the self-
generated oscillation on T̄e/T̄i − n̄
plane

We study the conditions in the parameter space,
where the self-generated oscillation occurs. When the
intensity of source is varied, the temporal evolution of
calculations reaches either the stationary state or the
self-generated oscillation. At first, stationary electric
fields in all radial region become positive in the region
labeled ‘e root’ in FIG. 3 on T̄e/T̄i − n̄ plane. Sec-
ondly, if the density gets larger, the electric field in
the core region takes the positive value and the elec-
tric field in the outer region takes the negative value
labeled ‘e-i root’. At all points in the e-i root region
of FIG. 3, the multiple solutions of the ambipolar Er

at a radial point are examined. The region for the
self-generated oscillation is shown: 2 < T̄e/T̄i < 3 and
n̄ ≈ 1 × 1019m−3, using the DGN/LHD database for
the neoclassical diffusion coefficient. The region for
the self-generated oscillation is inside the region for the multiple Er of the ambipolar
condition. When the value of the density increases further : n̄ ≈ 2 × 1019m−3, all radial
stationary electric fields change to negative in the parameter region labeled ‘i -root’. The
physical mechanism to realize a self-generated oscillation was studied, which relates the
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flux-gradient relation with the hysteresis characteristic [5]. In the previous study where
the analytic formula [10] was used, the region for the self-generated oscillation was shown:
1 < T̄e/T̄i < 2 and n̄ ≈ 1 × 1019m−3[5]. The larger value of T̄e/T̄i is predicted for the
self-generated oscillation when the DGN/LHD is used compared with the analysis when
the analytic formula is adopted.

4. Analysis on the Plasma Dynamics with the Effect of the Radiative Loss
in the Edge Region

4.1 Radial Structure of the Radiative Loss

FIG. 4. Two states of the radiative loss (a) and the electron
temperature (b) profiles, which are dominated by transport
loss (solid line) and the radiative loss (dashed line)

To examine the density limit
oscillation in helical plasmas,
we add the term of the radia-
tive loss to the temporal equa-
tion for the electron tempera-
ture. The transport model con-
sists of the temporal equations
for the density, the electron and
ion temperatures, and the ra-
dial electric field. We choose a
carbon as impurity ions. We set
ncarbon = 0.01n, where ncarbon is
the density of the carbon. If the
electron temperature gets lower as 4eV < Te < 10eV, the radiative loss rapidly increases.
The strong dependence of the radiative loss on the electron temperature significantly
changes the plasma state because of the difference in the electron heating power. We set
S0 = 5.0× 1022m−3s−1 and the ion heating power value is zero. An example of the result
for two states, which are dominated by the transport or the radiation, is shown below.
Stationary plasma profiles are obtained with electron heating power values of 3MW (solid
lines) and 2MW (dashed lines) for 0.7 < ρ < 1.0 in FIG.4. FIG.4(a) shows the radial
profiles of the radiative loss pz in the region 0.7 < ρ < 1.0. The radiative loss has a strong
peak at low temperature near ρ ≃ 0.8 and shows the fully-detached plasma state in the
case of 2MW. We obtain the temporally stable profiles of the radiative loss in the cases of
3MW and 2MW. The radiative loss rate takes a peak at around Te = 7eV. The profiles
of the electron temperature are also shown in FIG.4(b) with two cases of the electron
heating in the region 0.7 < ρ < 1.0. In the case that the electron heating is 2MW, the
sharp decrease of the electron temperature is shown and the rapid change of the electron
temperature gradient is obtained, because there is a strong peak in the radial profile of
pz at ρ = 0.8. The characteristic of the transport barrier is studied. In the case that
the electron heating is 3MW, the strong change of the electron temperature gradient is
not obtained. The radial profiles of the radial electric field are obtained in two cases the
electron heating are 3MW and 2MW. The radial electric field takes a large negative value
in the region ρ < 0.8 because of the steep temperature gradient in the case of 2MW. In
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the region ρ = 0.8, the value of Er radially changes to the value which is close to zero
near the edge because of the weak gradient of the temperature, when the radial electric
field is almost determined by the ambipolar condition. The value of the anomalous heat
diffusivity is significantly reduced due to the change of the electron temperature gradient
in the edge region (ρ > 0.8) in FIG.4(b), when the electron heating power is 2MW. The
transport characteristic is studied in the edge region 0.7 < ρ < 1.0 from the rapid increase
of the radiative loss at the low electron temperature. If the radiative loss increases (Te

decreases), the total loss has a minimum Pmin at the upper bound nc of the density to
realize the stationary plasma state [7]. The minimum heating power Pmin is approximated
by the value 1.9MW for the electron heating power.

4.2 Plasma Dynamics as the Transition from the Transport-dominated State
to the Radiation-dominated State

FIG. 5. Temporal evolutions of (a) Er and (b) Te at ρ = 0.8
(solid line) and ρ = 0.5 (dashed line)

We examine the dynamics of
the plasma quantity when we
calculate the temporal equa-
tions of the radial electric field,
the density and the electron and
ion temperatures. We set S0 =
6.0 × 1022m−3s−1, the electron
heating power value is 4MW
and the ion heating power value
is zero. We simulate the tem-
poral evolutions of the plasma
when we use the transport-
dominated state as an initial
state. The temporal evolutions of Er (a) and Te (b) are shown in FIG.5 by the lines
at two radial points labeled by ρ = 0.5 and ρ = 0.8. In the temporal evolution, the tran-
sition occurs from the the transport-dominated state to the radiation-dominated state
at the time t = 0.6s at ρ = 0.8. After this transition, the plasma state at ρ = 0.8 be-
comes stationary and is dominated by the radiative loss. At the radial point ρ = 0.5,
the transition does not occur and the transport-dominated state becomes stationary. In
the parameter region examined here, the fixed point derived from the energy balance is
considered to be linearly stable [7]. Furthermore, in this stationary state, the single am-
bipolar radial electric field is obtained at a radial point. Therefore, the stable oscillatory
state of the plasma is not obtained here.

5. Summary

We examine the two kinds of the oscillation of the plasma observed in helical plasmas,
namely the electric pulsation and the density limit oscillation. At first, the self-generated
oscillation of the radial electric field is shown, using DGN/LHD database for the diffusion
coefficient of the neoclassical transport, for the modeling of the electric pulsation in the
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core region. The dependence of the location of the radial transition point for the electric
field on the particle source is studied, when the plasma state changes from the stationary
state to the oscillatory state. The parameter regime for the self-generated oscillation is
shown: 2 < T̄e/T̄i < 3 and n̄ ≈ 1− 2× 1019m−3 on T̄e/T̄i − n̄ plane, when the DGN/LHD
database is used for the neoclassical transport coefficients. This result agrees with the
experimental result that the electric field pulsation is observed in the low density (n̄ ≈
0.5 × 1019m−3) and the high electron temperature (1 < T̄e/T̄i < 3) in LHD plasmas [4].
Secondly, two stationary states, which are dominated by the transport loss or the radiative
loss, are shown for the density limit oscillation. The transition is found to occur from
the transport-dominated state to the radiation-dominated state. In the parameter region
examined here, the fixed point becomes stable. Furthermore, the single ambipolar radial
electric field is obtained. The stationary solution of the plasma quantity is shown so
far. Further analysis is needed for the density limit oscillation near the edge in the other
parameter region where the multiple solutions of the radial electric field exist at a radial
point.
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