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Theoretical Modeling of Transport Barriers in Helical Plasmas
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A unified transport model is proposed to study the physical mechanism for the formation of electron internal
transport barriers (e-ITB) in helical plasmas and internal diffusion barriers (IDB) observed in the Large Helical
Device (LHD). An e-ITB can be predicted with the effect of zonal flows (ZFs) in the low collisional regime when
the radial variation in particle turbulent diffusivity is included. The transport analysis in this article shows that
particle fueling induces IDB formation when the unified transport model is used in the high collisional regime.
After particle fueling, a steep density gradient forms. To examine the density limit for the IDB in helical toroidal
plasmas, the effect of radiation loss is included in a set of transport equations.
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1. Introduction

It is crucial to fusion research to understand
turbulence-driven transport and improved confinement
(transport barriers). Many kinds of improved confinement
modes in the core plasma of toroidal helical plasmas have
been reported, e.g., an electron internal transport barrier
(e-ITB) with a strong positive radial electric field E,. A
radial transition of E, was predicted to induce the e-ITB
due to the shear in the radial electric field in helical plas-
mas. The transition of E, was found in the Compact He-
lical System (CHS), and improved confinement was ob-
served inside the transition point for E, [1]. Observations
of the e-ITB in Wendelstein 7-AS [2], the Large Helical
Device (LHD) [3, 4], and other experiments followed [5].
In a previous study of the e-ITB [6], we have shown a re-
duction in heat diffusivity because of the effect of zonal
flows (ZFs), which qualitatively predicts the e-ITB experi-
mentally observed in the entire region of the strong positive
E,. However, in that study we excluded the radial and tem-
poral changes in the particle diffusivity due to the effect of
ZFs. On the other hand, an IDB in the LHD [7] was re-
cently discovered with a strong density gradient in a super
dense core (SDC) plasma when a series of pellets was in-
jected. In this article, we present a unified transport model
to explain the e-ITB and the IDB. First, we confirm the
reduction in turbulent diffusivities due to ZFs when we in-
clude radial and temporal variation in the particle turbulent
diffusivity in helical plasmas. Next, we show a theoretical
model for the IDB observed in the LHD. The mechanism,
which is based on transport reduction due to the shear in
the radial electric field, is newly examined in terms of IDB
formation. We study the temporal response of the density,
temperature and radial electric field to particle fueling by
pellets as an initial value problem. The steepness of the
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density profile is found to show self-generated evolution.
After pellet ablation, the shear of the radial electric field
increases, and an associated reduction in the particle diffu-
sivity is obtained. The jump in the particle diffusivity at the
radial transition point of the improved confinement region
steepens after pellet fueling.

Density limit phenomena control how plasma perfor-
mance can be achieved. In tokamaks, confinement and
density limit properties are dictated and the density limit is
approximated by the empirically derived Greenwald limit
scaling [8]. The importance of plasma dynamics and the
critical density near strong sources of impurities has been
discussed [9]. In helical plasmas, attention has been paid
to density limit phenomena, e.g., [10, 11]. Recently, the
dependence of the critical density on the edge plasma pa-
rameters has been examined in LHD plasmas [12]. Helical
plasmas have an additional freedom in magnetic geome-
try, which is utilized to investigate transport mechanisms.
Density limit phenomena in toroidal helical plasmas have
been examined with the analytic point model [13]. Since
the radial electric field determined by the ambipolar con-
dition in a non-axisymmetric system is known to affect the
confinement properties significantly, theoretical analysis of
the density limit is necessary, including radiation loss in
helical plasmas by considering the effect of the ambipo-
lar radial electric field in a set of transport equations. To
examine the density limit for thermal stability in helical
plasmas, we add the term for the radiation loss rate of the
energy to the temporal equation for the electron tempera-
ture in a set of one-dimensional transport equations. The
radiative loss of line emission from impurity ions has a
temperature dependence that the loss increases if the tem-
perature gets lower. The combined mechanism of transport
and radiation loss of the energy is discussed. The depen-
dence of the electron temperature profile on electron heat-
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ing is studied by including the radiative cooling rate in a
set of transport equations to examine the density limit in
helical plasmas. The parameter dependence of the criti-
cal density is derived when the effect of the radial electric
field is included. A sharp decrease in the electron temper-
ature is shown near the edge because the radiative loss rate
rapidly increases at the low temperature. Phenomena such
as a transition near the edge in the E, profile are obtained.
The value of the turbulent heat diffusivity is significantly
reduced because of the steep gradient in the radial electric
field near the edge.

2. One-dimensional Model for Trans-
port Equations

A one-dimensional transport model is employed.
Cylindrical coordinates are used and the r-axis is taken
in the radial direction in a cylindrical plasma in this arti-
cle. The region 0 < p < 1 is considered, where p = r/a
and a is the minor radius. The temporal equations for the
density (n), electron temperature (7,) and the hydrogen
ion temperature (7;) in this article are those given in [6].
The expression for the radial neoclassical flux associated
with helical-ripple trapped particles is denoted by the sym-
bol I” ‘J?a for species j. For e-ITB analysis, the form given
in [14] is used in this article. This form covers the region
from the v; regime to the 1/v; regime, where v; is the col-
lision frequency. When performing calculations about an
IDB in high density plasmas, we use the form for the ra-
dial neoclassical flux given in [15], which is available in
the Pfirsch-Schliiter regime, because the plasma state of
an IDB/SDC plasma corresponds to the high collisional
regime. In the temporal equation for the density, the term
S ., which represents the particle source, is used. The quan-
tity S, is the modeled particle source of pellet fueling in
the case of IDB analysis. (In e-ITB calculations, S, = 0.)
In the equations for the electron and ion temperatures, we
have terms that represent the absorbed power as a result of
electron cyclotron resonance heating (ECRH) and the ab-
sorbed power of ions. In the temporal equations for the
density and temperatures, we use the turbulent particle dif-
fusivity Dy and the turbulent heat diffusivity yr, respec-
tively. A theoretical model for the turbulent diffusivity is
adopted.

In calculations of the e-ITB including the effect of
ZFs, the temporal equation for the radial electric field in
a nonaxisymmetric system [16] is analyzed in system of
the temporal transport equations given in [6]. On the other
hand, in IDB analysis, we use the ambipolar condition
2iZ jf ‘I?a 0 to determine the radial profile of the elec-
tric field, where Z; is the charge number of species j.

The equations of the density, temperature, and elec-
tric field are solved under the appropriate boundary condi-
tions. We fix the boundary condition at the center of the
plasma (o = 0) such thatn’ = T, = T/ = E, = 0. For the
diffusion equation for the radial electric field, the bound-
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ary condition at the edge (o = 1) is set to };; Z,I“;?"‘ =0.
The boundary conditions for the density and temperature
at the edge (p = 1) are given by specifying the gradi-
ent scale lengths. We employ those that are reasonable in
the LHD: —n/n’ = -T./T; = -T;/T/ = 0.1 m. The ma-
chine parameters, which are similar to those of the LHD,
are set to be R = 3.6m, a 06m, B = 3T,¢ = 2
and m = 10. In this study, we set the safety factor and
the helical ripple coefficient to ¢ = 1/(0.4 + 1.2p2) and
& = 2 \/ 1 - (2/(mgq(0) — 1)I,(mr/R), respectively. Here,
q(0) is the value of the safety factor at p = 0 and I, is the
second-order modified Bessel function.

3. Model of Turbulent Transport Co-
efficients

We adopt a model for the anomalous heat diffu-
sivity y, based on the theory of self-sustained turbu-
lence due to the interchange mode[17] and the bal-
looning mode[18], both driven by the current diffu-
sivity. A reduction in anomalous transport due to
an inhomogeneous radial electric field was examined
in a toroidal helical system. The anomalous trans-
port coefficient for the temperatures is given as y, =
Xo/(1 + Gw%l) (xo = F(s, a/)oz3/zcsz/(w12)eqR)), where wp.
is the electron plasma frequency. The factor F(s,a) is a
function of the magnetic shear s and the normalized pres-
sure gradient o, defined by s = r¢’/q and @ = —¢°Rf'.
In the case of interchange mode turbulence for a system
of the magnetic hill [17], we adopt the anomalous thermal
conductivity y,m. Details of the coefficients F, G and
the factor wg;, which denotes the poloidal £ X B rotation
frequency, were given in [17] for the interchange mode.
For ballooning mode turbulence (in a system with a mag-
netic well), we employ the anomalous thermal conductiv-
ity yapm. Details of the coefficients F(s,a), G and the
factor wg; are given in [18] for ballooning mode turbu-
lence. The greater one of these two diffusivities is adopted
as Ya = Max(xaBM,XaM)-

We introduce the effect of ZFs to the turbulent diffu-
sivities, because ZFs are predicted to be excited because of
the strong positive electric field in the parameter regime
where the e-ITB is observed. ZFs (at nearly zero fre-
quency) are generated by fluctuations and strongly influ-
ence turbulent transport. The damping rate of ZFs, vgamp,
controls turbulent transport. The damping of ZFs is caused
by a collisional process and by the self-nonlinearity of
ZFs [19]. Whether ZFs are excited is judged by comparing
Xa (which is given in the absence of ZFs) with the quantity
Xdamp = kiq;zkgzvdamp, where ¢, is the wave number of
ZFs, kg is the poloidal wave number of microscopic fluctu-
ations, and k, is the perpendicular wave number of micro-
scopic fluctuations. To determine the value of the turbulent
diffusivity y1 with the effect of ZFs included in the trans-
port codes, the procedure in [6,20,21] is used.

Because vgamp depends on E,, it is small in the elec-
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tron root branch of the e-ITB (i.e., at the strong posi-
tive E,). The turbulent transport coefficient decreases if
a strong positive radial electric field is established in cal-
culations [21]. The value for the turbulent diffusivities of
particles is set to Dt = yr to include radial variation in the
density profile. We also set Dgr = yT to examine the typi-
cal length of the electric field shear at the transition point,
where Dgr is the diffusion coefficient in the diffusion tem-
poral equation for the radial electric field.

Since a strong positive electric field cannot be ob-
tained in the parameter regime of IDB/SDC plasmas, no
significant reduction in the diffusivities is predicted due to
the effect of ZFs. The value for the turbulent particle dif-
fusivity is set to Dy = yr to examine the radial variation
in the profile of the particle diffusivity Dy, where a steep
radial gradient in the density profile can be obtained by
calculation.

4. Model of Particle and Heat Sources

In analysis of e-ITB plasmas, the particle source S, is
setto S, = Soexpl(r — a)/L,]. This profile represents the
peaking at the plasma edge of the particle source due to the
ionization effect. A value of 3 x 10> m~3s~! is chosen for
So and L, is set to 0.1 m. The intensity Sy governs the av-
erage density and is taken as a control parameter to specify
the density in this article. The absorbed power of electrons
is set to 1 MW, and the absorbed power of ions is taken as
0MW. The radial profiles of the electron and ion heating
terms are assumed to be proportional to exp {—[r/ (O.2a)]2}
for the sake of analytical insight.

In calculations for IDB/SDC plasmas, we introduce
the term §,, representing an additional particle source,
to the temporal density equation to examine the effect of
pellet injection, in addition to the particle source S, ex-
plained above. This parameter S, has the distribution
Sp = Spo exp[—(r/rp)z] and is set to have a value from
the initial time + = O to 1 ms. In other words, we set
Spo=1x 102 m=3s~! for0 < t < 1 ms and Spo = Om3s~!
for ¢t > 1ms. We set the half width of the S, profile
to 7, = 0.2a. To establish the target plasma, the parti-
cle source term S, is also set to S, = Soexp[(r — a)/L,].
Here, the coefficient S is taken as 7 x 10*> m—3s~! and
L, is set to 0.1 m. This particle source is chosen to ob-
tain a self-consistent steady plasma that is used as the ini-
tial condition of the next calculation including the effect of
particle fueling (pellet injection). The absorbed power of
electrons is set to 1 MW and the absorbed power of ions is
taken as 0 MW. The radial profiles of the electron and ion
terms of the absorbed powers are set to be proportional to

exp {—[r/(O.Sa)]z}.

5. Results of the Analysis of e-ITB
Plasmas

The bifurcation of E, itself induces the transition of
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the turbulent transport in the bulk of the plasma column as
well as that of the shear in the electric field. The depen-
dence of y1 on the damping rate of ZFs explains the im-
proved confinement in the e-ITB region of toroidal helical
plasmas. Reduced turbulent transport in the entire region
of strong positive E, is demonstrated. The calculation re-
sults here include the reduction in particle diffusivity due to
the strong E, shear at the transition point and ZFs in the re-
gion inside the transition point. One-dimensional transport
analysis for an LHD-like plasma has been performed, and
the radial profiles of E,, Te, T; and n are obtained. In this
analysis, the total thermal diffusivity is given as the sum of
xr and the neoclassical transport diffusivity. An example
is taken from a plasma sustained by ECRH. To set the line-
averaged temperature of electrons to around T, = 1.1keV
[T, at the center, 7.(0) = 2.6keV] and the line-averaged
density to around 7 = 2 x 10" m™3 for anomalous trans-
port coefficients chosen above, the line-averaged ion tem-
perature is chosen to be about T; = 0.6keV [T;(0) =
0.9keV]. When we evaluate xdamp, Wwe employ an estimate
of kiq;zkgzpi’z ~ 50[21]. In the parameter regime exam-
ined here, we obtain strong positive E, in the core region:
E, ~15kV/m.

Figure 1(a) shows self-consistent stationary radial
profiles of the electric field without (dashed line) and with
(solid line) the effect of ZFs. In both cases with and with-
out ZFs, a radial transition of E, from the positive one to
the negative one can be seen. A steep E, gradient is ob-
tained with the radial transition. The radial point for the
steepest E, gradient is defined by the parameter p. Fig-
ure 1(b) shows a self-consistent stationary profile of the
turbulent heat diffusivity in the presence of the ZF effect
(solid line). The turbulent diffusivity is clearly reduced in
the core region in the presence of ZF effects compared with
that in their absence. In the calculation here, we consider
the radial variation of the turbulent particle diffusivity. The
density increases because of the reduction in particle dif-
fusivity in the presence of ZFs compared with that in their
absence when we take the same value for Sy. Therefore,
the value of the radial point for the E, transition, pr in the
presence of ZF effects differs from that in their absence.
The radial point of pr moves inside if the effect of ZFs
is included in this calculation. The value of the reduced
transport coefficient is close to that reported from LHD ex-
periments [22]. The damping rate of ZFs is small in the
electron root branch. The turbulent transport coefficient
decreases when a strong positive radial electric field has
formed. Outside the transition point pr, where the ion root
branch appears, the damping rate increases and strong ZFs
are not excited. Thus, a reduction in turbulent transport is
not expected for the region p > pr in this example. Fig-
ure 1 (c) shows the radial profiles of the sum of the turbu-
lent heat diffusivity and the neoclassical heat diffusivity of
electrons with (solid line) and without (dashed line) ZFs. A
reduction of the same level as that in the turbulent transport
profile appears with the effect of ZFs, because neoclassical
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Fig. 1 (a) Profiles of the radial electric field without (dashed line) and with (solid line) zonal flows (ZFs). (b) Radial profiles of the heat
diffusivities without ZFs, y, (dashed line), and with ZFs, yr (solid line). (c) Radial profiles of the total heat diffusivities without

(dashed line) and with (solid line) ZFs.

transport is suppressed as the results of the strong positive
E, in the core region of the e-ITB.

The excitation of ZFs depends strongly on the wave
numbers of the microscopic fluctuations and the radial
wave number of ZFs because the ZF excitation is de-
termined by comparing y, with the quantity Ygump =
k% g7 %k;*Vgamp, Where g, is the wave number of ZFs, and
kg and k, are the poloidal and perpendicular wave numbers
of the microscopic fluctuations, respectively. The value of
kiq;zkgzpi’z ~ 50 (K2 q;* ~ 6, kgpi ~ 1/3) is chosen in
this calculation. If the value of k4p; increases, the value of
the criterion Y amp for the excitation of ZFs decreases if the
value of kg, is fixed. In this case, ZFs tend to be excited,
and the turbulent transport will be reduced further.

6. Results of the Analysis of IDB/SDC
Plasmas

The temporal response of the plasma to an addi-
tional particle source (particle fueling) is studied. One-
dimensional transport analysis for an LHD-like plasma is
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performed using the modeled particle and heating sources
described in Sec.4. Figure 2 shows the dynamics of the
plasma radial profiles for the density (a) and radial electric
field (b) at the times 0, 1, and 12 ms. The profiles at O ms
(dotted line) represent the initial state used in the calcula-
tion. Dashed lines in Fig. 2 show the profiles at 1 ms, when
the pulse of the additional particle source S, is switched
off. Solid lines in Fig.2 show the profiles at 12 ms, illus-
trating self-generated dynamics. A temporal increase in
the density at 1 ms after the initial conditions in the core
region caused by the additional particle source S , is shown
in Fig. 2 (a). After 1 ms, the density in the core region con-
tinues to increase slightly because an inward neoclassical
transport occurs as a result of the positive gradient of the
temperature profiles. At the end of the additional particle
fueling (1 ms), the gradient of E, is steeper owing to the
effect of the additional particle source §,. We emphasize
that a much steeper gradient in E, at the transition point pr
is generated at 12 ms after particle fueling. The parameter
pr represents the radial location of the steepest gradient of
E, at 12ms. The E, gradient is strong enough to suppress
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Fig. 2 Dynamics of the radial profiles of the density (a) and the radial electric field (b). Dotted, dashed, and solid lines show the states at

the times 0, 1, and 12 ms, respectively.

turbulent transport E/ ~ 10° V/m? at p = pr. Therefore, an
improvement is induced near the transition point. The dy-
namics of the profiles for the electron and ion temperature
are also examined. The temperatures in the core region de-
crease from the initial condition because the density in this
region increases owing to the additional particle source and
the pressure is constant at this time scale (~ 12 ms), which
is shorter than the confinement time (~ 1s). The tempera-
ture gradient changes from negative values to less negative
or positive values in the effective region of the additional
particle fueling .

The mechanism why the gradient of E, steepens after
the additional particle fueling is switched off is as follows.
The value of E, given by the solution of the ambipolar con-
dition is approximately written as

E, =Ti(n'/In+ GT]/T))]e, 6]

where C; ~ 3 in the parameter region of n > 1 x 10* m™3

and T, = Tj. Note that the contributions to E, from the gra-
dient of 7j are stronger than those from the gradient of n by
the factor C;. Because of the additional particle source S p,
the value of E; changes. At 1 ms, a steep E, gradient is ob-
tained because the value of 7/ increases in the effective re-
gion of the additional particle fueling S,. Next, we exam-
ine the self-generated dynamics of E;. Even after particle
fueling stops, the E, gradient continues to steepen. From
1 ms to 12 ms in the region p < pr, the density gradient de-
creases slightly and the ion temperature gradient increases.
Because the contribution of the the ion temperature gradi-
ent to the ambipolar equation dominates the contribution
of the density gradient, the value of E, becomes larger at
12 ms than at 1 ms in the region p < pr. Between 1 ms and
12 ms in the region p > pr, the density gradient increases
slightly and the ion temperature gradient decreases. The
value of E, is smaller at 12 ms than at 1 ms in the region
p > pr. That is, even after the additional particle fueling
ends, the value of E, in the region p < pt evolves to in-
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Fig. 3 Radial profiles of turbulent particle diffusivity Dr in the
region 0 < p < 0.5 at Oms (dotted line), 1 ms (dashed
line), and 12 ms (solid line).

crease, whereas that outside (o > pr) decreases because
of the factor Cij(~ 3) in Eq. (1), which determines the am-
bipolar radial electric field. Thus, the strong shear of the
radial electric field is self-organized at the transition point
p = pr, after the additional particle source is switched off.
When strong shear appears in E,, the turbulent particle dif-
fusivity is reduced, and the temperature gradient steepens.
As a result, the radial electric field gradient is found to be
much steeper due to the self-generated change.

Figure 3 shows a profile of the turbulent transport dif-
fusivity at 12 ms (solid line) together with those at 0 and
1 ms. The turbulent particle diffusivity is clearly reduced
at the transition point pr compared with that in the region
p > pr because of the strong E, gradient at 12 ms. We
confirm that the value of the turbulent particle diffusivity
is much larger than that of the neoclassical particle diffu-
sivity for p < 0.4 in the parameter region examined here.
At 12 ms, the value of the turbulent particle diffusivity de-
creases for p < pr and increases for p > py compared with
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Fig. 4 Temporal evolution of the smallest value of E in the re-

gion 0.15 < p < 0.25 for S pp = 2 x 102 m—s™" (dashed
line) and S0 = 1 x 102 m~s™! (solid line).

its value at 1 ms. We clearly find a self-generated barrier
at 12ms in the radial profile of the turbulent particle dif-
fusivity. A sharp change in the density gradient at 12 ms
is observed. Therefore, a barrier with respect to particle
transport in the density profile was obtained in Fig.2 at
12 ms.

We emphasize that the barrier formation continues af-
ter the additional particle source is switched off. The re-
duction in turbulent transport is much clearer in the re-
gion p < pr after the additional particle source is switched
off (12 ms) than at 1 ms. Whether we can obtain a strong
shear in the radial electric field depends on the value of
Sp, i.e., the amount of the additional particle source. We
can examine the impact of the additional particle source
on the self-generated shear of the radial electric field in
the plasma dynamics. The temporal evolution of E! for
0.15 < p < 0.25 is shown in Fig. 4. We show the cases of
the large pellet fueling, S0 = 1 X 10> m3s7! (solid line),
and the small pellet fueling, S ;0 = 2X 10?2 m3s~! (dashed
line) in Fig. 4. When S0 = 1 X 102 m3s7!, the strong E,
gradient that reduces turbulent transport evolves as self-
organized, and we show that the typical time scale to ob-
tain a strong E, gradient is around 10 ms in the parameter
regime examined here. If we set a much smaller value for
Spos Spo = 2% 102 m™3s7!, the E, gradient increases with
the additional particle source at # = 1 ms. However, the E,
gradient then smoothly decreases and returns to the initial
state. This suggests a threshold value of S that affects
the behavior of the shear of the radial electric field. The
nature of the bifurcation in the plasma dynamics is stud-
ied. The dependence of E, on the magnitude of the parti-
cle fueling S0 is shown in Fig. 5 at 1 ms (open triangles)
and 10 ms (closed circles). A continuous change in E. is
shown at 1 ms in Fig.5. At 10ms, a sharp change in E;
due to the additional particle source appears clearly around
Spo = 5.0 x 102 m~3s™!, marking the threshold value for
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Fig. 5 Dependence of the radial electric field shear in the region
0.15 < p < 0.25 on particle fueling S, at 1 ms (open
triangles) and 10 ms (closed circles).

Spo, Spin- In the case Spo < Spm, the conditions return to
the initial state, which shows no improvement in transport
after the additional particle source is switched off. If the
value of S,y becomes larger and the relation S0 > Spm
is satisfied, we can find the self-generated shear of the ra-
dial electric field in the plasma dynamics after the addi-
tional particle source is switched off. At 10ms, the shear
of the radial electric field steepens, following the relation
E/(S p0) = EL(S pin) o =(Spo — S pn) =10 for Spo > S pin-
This sharp change in E; depending on the additional parti-
cle source demonstrates the bifurcation of the plasma dy-
namics.

7. Study of the Density Limit for the
IDB

To examine the density limit for thermal stability in
the case of the IDB, we add a term for the radiation loss
rate of the energy to the temporal equation for the elec-
tron temperature. Our study of the density limit considers
only the case of the IDB, because the density limit will
be a more critical issue in the case of the IDB than in
the case of the e-ITB. The combined mechanism of the
transport and the radiation loss of the energy is discussed.
The form of the radiative loss rate was given in [23]. As
an example, we take an oxygen as an impurity ions with
Noxygen = 0.017, Where ngxygen is the density of an oxygen.
For simplicity, the density profile from [7] is used as the
temporally fixed density profile for the IDB plasma in the
calculation here. This density profile is approximated as
n(E)pp = 4.49x10%°+3.77x10?! p? -2.64x 10**p> +3.90x
10?2p* +4.05x 10> p° = 4.28 x 10%2p° +2.08 x 10?>p” m .
We examine the temporal evolution of the electron and ion
temperatures and the profile of the radial electric field from
the ambipolar condition during the typical confinement
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Fig. 6 Radial profiles in the region 0.8 < p < 1.0 for an electron heating power of 3.7 MW (solid lines) and 3.71 MW (dashed lines). (a)
Radial profiles of the radiative cooling rate. (b) Radial profiles of the electron temperature with the effect of the radiative cooling
rate. (c) Radial profiles of the electric field. (d) Radial profiles of the turbulent heat diffusivity xr.

time (~ 1s). Stationary profiles are obtained with elec-
tron heating power values of 3.7 MW (solid lines in Fig. 6)
and 3.71 MW (dashed lines in Fig.6) for 0.8 < p < 1.0.
Figure 6 (a) shows the radial profiles of the radiative cool-
ing rate Pz. The profiles of the electron temperature are
shown in Fig. 6 (b). When the electron heating is 3.7 MW,
the electron temperature decreases sharply near the edge.
This is because the radiative loss rate rapidly increases at
low temperatures (7. < 50eV). The effect of the ambipo-
lar radial electric field is included in this calculation. The
profiles of the ambipolar radial electric field are shown in
Fig. 6 (c). Even with this small difference in the electron
heating power, the phenomena such as the transition near
the edge in the E, profile appear only at an electron heat-
ing power of 3.7MW. The value of E, changes from a
negative value to close to zero near the edge. Therefore,
the value of the turbulent heat diffusivity is significantly
reduced because of the steep E, gradient near the edge
in Fig. 6 (d) when the electron heating power is 3.7 MW.
If we choose a smaller value than 3.7 MW for the elec-
tron heating power, we cannot obtain stationary profiles
because of radiative loss near the edge. Next, we deter-
mine the minimum heating power needed to obtain a sta-
tionary solution in the presence of radiative loss and trans-
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port loss using a set of temporal transport equations for
the electron and ion temperatures and the ambipolar ra-
dial electric field. We use temporally fixed density pro-
files, where n(p) = yn(p)pp, and the parameter y takes the
value 0.3 <y < 1.0 in this calculation. The value P, of
the electron heating power necessary to obtain a stationary
state of plasmas is a function of the line-averaged density
fic. The condition P, > Py, can be shown as 7 < 7., where
P. is the electron heating power. The minimum value P,
is also a function of the line-averaged electron tempera-
ture 7., and the condition P. > P, can be shown as
T, > T... The dependence of the critical density i, on the
critical electron temperature T is shown in Fig. 7 (a). Fig-
ure 7 (b) represents the dependence of the minimum elec-
tron heating power P, on T, and Fig.7 (c) shows the
dependence of the critical density 7i, on Pp,;,. The solid
line in Fig. 7 (c) shows the critical density 7. as a function
of Puin, fe &< P?ﬁ?f}“io'om. The Sudo scaling of the density
limit from experimental results is shown in helical plasmas
as nd o P%, where P is the absorbed power[10]. The
dependence of the critical density on the minimum elec-
tron heating power derived here in the case of the IDB is
slightly stronger than the case of the Sudo scaling of the
density limit.
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Fig. 7 (a) Dependence of the critical density (line-averaged) i on the critical electron temperature (line-averaged) To.. (b) Change in
the minimum electron heating power P,;, with the critical electron temperature Te.. (c) Dependence of the line-averaged critical
density 71, on P, in logarithmic scales on both the horizontal and vertical axes. Solid line approximately follows the relation
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8. Summary

Unified transport modeling was conducted with re-
spect to the dynamics and radial structure of the density,
temperature, and the electric field profiles in toroidal heli-
cal plasmas. The analysis is performed by use of the one-
dimensional transport equations. First, we studied the role
of zonal flows in e-ITB formation in toroidal helical plas-
mas with radial variation in particle diffusivity. The small
value of the damping rate of zonal flows suppresses turbu-
lent transport. The results of transport code analysis show
that the total heat diffusivity in the entire inner region is re-
duced. The effect of zonal flows on turbulent transport was
investigated. A transport reduction was obtained in a wide
region in conjunction with the e-ITB. This demonstrated
that a change in the collisional damping of zonal flows can
cause a transition in the turbulent transport. Next, we stud-
ied the temporal response of plasma to additional particle
fueling in terms of IDB plasmas observed in the LHD. Af-
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ter particle ablation, the gradient of the radial electric field
shows self-generated steepening due to plasma transport.
The particle transport continues to decrease after particle
fueling in the region p < pr due to the shear in the electric
field. Thus, the reduction in the turbulent particle diffusiv-
ity across the transition point pr at 12 ms becomes clearer
than that at the end of the particle fueling (1 ms). The typ-
ical time scale to obtain the reduction in turbulent particle
diffusivity was shown. This prediction explains theoreti-
cally the IDB plasmas in the LHD [7]. The sensitive de-
pendence of the edge temperature profile on the electron
heating was studied in the case of the IDB/SDC plasmas
with radiative loss. The parameter dependence of the crit-
ical density on the electron temperature and the electron
heating power was shown. To study the threshold value of
Spo for obtaining a barrier with respect to particle trans-
port, parameter survey of the calculation results is neces-
sary. The investigation of other durations of particle fu-
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eling is planned. The parameter dependence of the critical
density changes according to the impurity species and must
be compared with the experimental results in detail. This
will also be studied in the future.
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