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To distinguish between the beta effect and configuration effect due to an increment in beta on the gradual
degradation of the global confinement property in high-beta plasmas on the Large Helical Device (LHD), the
local transport characteristics in the high-beta plasmas are studied by considering the change in the major radius
of the magnetic flux surface with the beta value. First, the influence of the change in the magnetic configuration
on the local transport is studied in low-beta plasmas, and it is confirmed that the dependence of the local transport
properties on the magnetic configuration is almost the same as that proposed in the ISS04 scaling in the entire
plasma region. Next, the dependence of the local transport characteristics in high-beta plasmas on the major
radial position of a geometric center of the magnetic flux surface is studied in comparison with that in low-beta
plasmas. The dependence of the local transport in the peripheral region is correlated more with beta itself than
the magnetic configuration effect, whereas the core transport appears to be correlated more with the configuration
effect.
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1. Introduction
The operation area of the Large Helical Device (LHD)

has been expanded into the high-beta region, since almost
5% of the volume averaged beta 〈β〉 is required for he-
liotron type reactors. Recently, plasmas with a 〈β〉 value
close to 5% have been obtained in LHD [1]. Although the
low-order magnetic fluctuations that resonate with the ra-
tional surfaces in the peripheral region were observed in
such plasmas, the increment in the amplitude of fluctu-
ations with beta is gradual, and no disruptive increment
in magnetic fluctuations was observed. When the heating
power is increased, the obtained beta value also increases,
and no abrupt degradation of the confinement property is
observed. However, from the results of the global confine-
ment analysis, gradual confinement degradation was ob-
served in high-beta regimes. The purpose of this study is
to clarify the causes of this gradual degradation, and in-
vestigate the confinement property in the high-beta regime
corresponding to a fusion reactor.

Thus far, transport study of helical plasmas has been
conducted mainly for low-beta plasmas up to now. The
activity of the International Stellarator/Heliotron Scaling
(ISHS) has intensively progressed. Scaling laws of the
energy confinement time for helical plasmas have been
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proposed by this activity (ISS95: International Stellarator
Scaling 1995 [2], ISS04: International Stellarator Scaling
2004) [3]). The ISS04 scaling proposes a unified scaling
law for helical plasmas that have a wide variety of mag-
netic configurations by introducing a renormalization fac-
tor, which is considered to originate from the magnetic
configuration. According to the ISS04 scaling, although
the confinement property depends on the magnetic con-
figuration, its dependence on plasma parameters, such as
beta value, collisionality, and normalized Larmor radius is
considered to be similar to the gyro-reduced Bohm (GRB)
type model. For LHD, the more torus-inward shifted mag-
netic configurations have better confinement properties in
the configuration range of the magnetic axis position in
vacuum Rvac

ax ≥ 3.60 m, where the data of LHD are in-
cluded in the International Stellarator/Heliotron Confine-
ment Database (ISHCDB).

With respect to the transport study for the LHD
plasmas, transport analysis for plasmas in the high-
collisionality region near the density limit [4] and in the
high-beta region [5] is performed in addition to the above
ISHS activity. In such plasmas, it is seen that the depen-
dence on the plasma parameters is different from the ISS95
or ISS04 scalings.

From the results of the local transport analysis in the
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high-beta regime in Ref. [5], transport degradation with
beta increment was stronger in the peripheral region. It
was found that the beta dependence of the thermal trans-
port coefficient was similar to that of the resistive pressure-
gradient-driven (g-mode) transport [6]. On the other hand,
in the high-beta plasmas on LHD, the magnetic flux sur-
faces are shifted towards the outside of torus due to the
Shafranov shift. It may be possible that changes in the
magnetic configuration by beta affect the dependence of
the confinement property on beta in Ref. [5].

The main purpose of this study is to distinguish the
causes of the gradual confinement degradation with beta
from the following two effects: (1) the change in magnetic
configuration by the increment in beta, and (2) the effects
caused by beta other than above (1), i.e., the magnitude of
beta, or the gradient of beta in the minor radial direction.
The global confinement study is conducted by considering
the change in the magnetic configuration by the increment
in beta. Then, an analysis of the dependence of the local
transport properties on magnetic configuration or the beta
value is performed.

This paper consists of the following sections. In
Sec. 2, the experimental setup and the method of transport
analysis are described. The change in the magnetic flux
surface structure due to the increment in beta and its ef-
fect on the global confinement characteristics are shown in
Sec. 3. The dependence of the local transport on the mag-
netic configuration in the low-beta regime is investigated
in Sec. 4. In Sec. 5, the relation between the local transport
coefficients and the change in the geometric center posi-
tion of the magnetic flux surface by the increment in beta
is shown. Then, its effect on the confinement degradation
in the high-beta region is discussed and a summary is pro-
vided in Sec. 6.

2. Experimental Setup and the
Method of Transport Analysis
LHD is a heliotron-type device with a poloidal period

number as l = 2 and a toroidal period number as m = 10.
The major radius position of the magnetic axis in vacuum,
Rvac

ax = 3.5 - 4.1 m, and the average minor radius is approxi-
mately 0.6 m. The magnetic field strength at the toroidally
averaged magnetic axis in vacuum Bax

0 is up to approxi-
mately 3 T. High-beta (β) plasmas are produced by the
high-power neutral beam injection (NBI) heating of more
than 10 MW and in the condition of relatively low mag-
netic field strength. The discharges in the low magnetic
field are initiated by NBI heating alone.

The plasma stored energy obtained from diamagnetic
measurement Wdia

p is used for the evaluation of the global
energy confinement property. The value of the volume-
average beta 〈β dia〉 is also derived from the diamagnetic
measurement [7]. The profiles of the electron temperature
Te are measured by Thomson scattering with YAG lasers.
The Te profiles in the real coordinate are converted into the

profile in the magnetic coordinate using the optimum map-
ping data, which is selected from the equilibrium database
based on the symmetry of the profile in the torus-inside
and -outside regions of the magnetic axis. Profiles of the
electron density ne are estimated from Abel inversion of
the data measured using a far infrared (FIR) laser interfer-
ometer. In this inversion, the same mapping data of the
magnetic flux surface are used in the evaluation of the Te

profiles.
The power deposition profiles of NBI are calculated

by a three-dimensional Monte Carlo simulation code [8].
In this calculation, particles that go outside the outermost
magnetic flux surface during some rotations in the poloidal
direction are considered as the source of heat loss by di-
rect orbit loss mechanism. These NBI deposition profiles,
used in the local transport analysis include the broadening
from the birth profiles of the high-energy ions by NBI due
to the finite orbit effect. Here, the magnitude of the ion-
ized power of NBI in the calculation is set to be equal to
the experimentally estimated NBI absorbed power, which
is the port-through power minus the shine-through power,
and contains approximately 10% error [9].

The thermal transport coefficients of electrons χexp
e

and ions χexp
i are evaluated using a one-dimensional trans-

port code for helical plasmas, PROCTR [10]. Here, we as-
sume that Ti = Te and ni = f ne, where f is determined by
the following relation so that the kinetic energy becomes
equal to the measured stored energy:

Wdia
p =

∫
3
2

(
1 + f

)
neTedV, (1)

where the integral is the volume integral. In this paper,
the local transport is analyzed based on the measurements
of Te and ne. By assuming that Ti = Te, the equiparti-
tion power between electrons and ions Pei = 0 is assumed.
Therefore, the behavior of the effective transport coeffi-
cients, which are evaluated by

χeff = (χexp
e + fχexp

i )/(1 + f ) (2)

is studied.
The parameter region of the high-beta plasmas ana-

lyzed in this study is shown in Fig. 1. The ordinate de-
notes Te(0)/Bave 2

0 , where Te(0) is the central electron tem-
perature, and B ave

0 is the volume-averaged magnetic field
strength in vacuum. The abscissa denotes the central elec-
tron density ne(0). The dotted curves in the figure denote
the contour of the central beta value, β0. The symbols
are grouped according to the magnetic field strength at the
magnetic axis in vacuum B ax

0 .
The parameters of the magnetic configuration are as

follows. The major radius position of the magnetic axis
in vacuum Rvac

ax = 3.60 m, the parameter Bq, which repre-
sents the canceling ratio of the quadrupole component of
the helical magnetic field, is 100%. Bq is related with the
ellipticity of the shape of the poloidal cross section, which

022-2



Plasma and Fusion Research: Regular Articles Volume 3, 022 (2008)

Fig. 1 Parameter range of the experimental data. The relation
between Te(0)/Bave 2

0 and ne(0) is shown. Te(0) is the cen-
tral electron temperature and Bave

0 is the average magnetic
field strength in vacuum. ne(0) is the central electron den-
sity. The dotted curves denote the contour of the central
beta value β0.

is averaged in the toroidal direction. Bq = 100% corre-
sponds to almost unity ellipticity. The plasma aspect ratio
Ap, on which the achieved maximum beta value strongly
depends in LHD [7], is 5.8. The maximum 〈β dia〉 in the
plasmas with Ap = 5.8 is 3.2%. These Bq and Ap values
correspond to the standard in LHD experiments. The con-
dition of Ap = 5.8 is expressed by γ = 1.254 in the figures,
where γ is the pitch parameter of the helical coils. All
plasmas are heated by NBI only. The data are limited in
the parameter region of 1.5 × 1019 ≤ ne ≤ 4.3 × 1019 m−3,
Ip/B0 ≤ 30 kA/T, Wb/Wkin

p ≤ 0.5, where ne is the line av-
eraged electron density, Ip is the plasma current, Wb is the
calculated energy of the NBI beam component, and Wkin

p

is the estimated plasma stored energy based on the profiles
of electron temperature and density.

3. The Change in the Magnetic Flux
Surface Structure by the Increment
in Beta and its Effect on the Global
Confinement Characteristics

The ISHS activity has been investigating the global
confinement property of several stellarators and heliotrons
mainly for the low-beta plasmas. The energy confinement
time by the ISS04 scaling τISS04

E is expressed as follows:

τISS04
E = 0.134 · a2.28R0.64P−0.61n 0.54

e B0.84ι-0.41
2/3 , (3)

where a,R, P, ne, B, and ι-2/3 are the minor radius, major
radius, absorbed power, line average electron density, vol-
ume averaged strength of the magnetic field, and rotational
transform ι- = ι/2π at the normalized average minor radius
ρ = 2/3, respectively. This ρ is defined as ρ = (Φ/Φa)1/2,

Table 1 Relation among the positions of the magnetic axis in vac-
uum Rvac

ax the geometric center of the ρ = 2/3 magnetic
surface in vacuum Rvac

geo(2/3), and f ISS04
ren in the ISS04 scal-

ing for three magnetic configurations on LHD [3].

Device Rvac
ax [m] Rvac

geo(2/3) [m] f ISS04
ren

LHD 3.60 3.643 0.93 ± 0.15
LHD 3.75 3.740 0.67 ± 0.06
LHD 3.90 3.849 0.48 ± 0.05

where Φ is the toroidal magnetic flux, and the subscript
“a” indicates the value at the edge. For the finite β case,
the ρ = 1 surface is defined as a surface that includes the
ρ = 1 point of the vacuum magnetic flux surface at the
torus-outside of the midplane. In the ISS04 scaling, the ge-
ometrical parameters a,R, B, and ι- which were evaluated in
vacuum were used. The absorbed power of NBI, which is
evaluated as described in the previous section, is used for
P in this paper.

The advance from the previous ISS95 scaling to ISS04
is that the strong effect that depends on the devices or the
magnetic configurations is included, although the depen-
dence on the plasma parameters is similar. This effect is
expressed as the renormalization factor fren which repre-
sents the dependence on the device or the magnetic con-
figuration. Using this fren, the ISS04 scaling value, which
should be compared with the experimental energy confine-
ment time τexp

E is expressed as frenτ
ISS04
E . In the case of

LHD, fren strongly depends on the position of the mag-
netic axis in vacuum Rvac

ax and the shape of the outermost
magnetic flux surface. In Ref. [3], the dependence of fren

on Rvac
ax is analyzed in detail, and the derived fren values are

shown in Table 1. This fren is denoted as f ISS04
ren hereafter.

The f ISS04
ren values are evaluated in the low-beta discharges.

For LHD, the beta values of the plasmas are in the range of
〈β dia〉 ≤ 1.5%.

The results of the high-beta experiments suggest that
the global confinement time is degraded as the beta value
increases on LHD. The dependence of the global confine-
ment property on 〈β dia〉 is shown in Fig. 2. The ordinate
represents the ratio of τexp

E /( f ISS04
ren τISS04

E ). The value of
f ISS04
ren in the case of Rvac

ax = 3.60 m is used, since all the data
in Fig. 2 are obtained in the condition of Rvac

ax = 3.60 m.
The symbols are grouped according to the collisionality ν∗b
which is normalized by νb = ε

3/2
t · vthe ι-/R, where εt is the

inverse aspect ratio, and vthe is the thermal electron veloc-
ity.

The symbols used to indicate the magnetic field
strength, major radius, effective minor radius, and rota-
tional transform hereafter are listed with detailed defini-
tions in Table 2. The major radius Rvac

geo(1) denotes the geo-
metric center position of the ρ = 1 magnetic flux surface in
vacuum. The minor radius avac

eff is derived from the volume
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Fig. 2 〈β dia〉 dependence of τexp
E /( f ISS04

ren τISS04
E ), where τexp

E is
the experimentally derived energy confinement time and
τISS04

E is the energy confinement time evaluated by ISS04
scaling. f ISS04

ren is the renormalization factor in ISS04.

of the ρ = 1 magnetic flux surface in vacuum. In Fig. 2,
Rvac

geo(1), avac
eff , Bave

0 , and ι-vac
2/3, where the superscript “vac” in-

dicates that these values are evaluated in vacuum, are used
as R, a, B, and ι-2/3 in Eq. (3). It should be noted that these
definitions are the same as those in Ref. [3]. When 〈β dia〉
increases from 1 to 3.2%, the confinement property de-
grades by about 30% on average. The quantity of MHD
equilibrium changes with the increment in the beta value.
The relationships between 〈β dia〉 and the geometric center
position of the ρ = 1 magnetic flux surface Rgeo(1) and
the plasma minor radius aWp99 [11] are shown in Fig. 3 (a)
and (b), respectively. The parameter aWp99 is evaluated
from the volume VWp99 which includes 99% of the inte-
grated electron pressure. The electron pressure is derived
as the product of the electron temperature and density. It is
found that Rgeo(1) moves torus-outward with the increment
in 〈β dia〉. The minor radius aWp99 gradually increases with
the beta value, where the change due to beta is about 10%.

Figure 4 shows the relation between 〈β dia〉 and the ge-
ometric center position of the ρ = 2/3 magnetic flux sur-
face Rgeo(2/3), which is used as a parameter that repre-
sents the property of a magnetic configuration. Rgeo(2/3)
changes steeply around 〈β dia〉 ∼ 3%, and increases to about
3.8 m, indicating that the fractional change due to beta is
about 5%. Figure 5 shows the dependence of ι-2/3 on 〈β dia〉.
The change in ι-2/3 due to beta is about 10%. Therefore,
the parameters that represent the structure of the magnetic
configuration vary with the change in MHD equilibrium
due to the increment in beta.

The dependence of the global energy confinement
time normalized by ISS04 on 〈β dia〉 is rewritten in Fig. 6
using Rgeo(1), aWp99, and ι-2/3 of the finite beta equilibrium,
as shown in Figs. 3 and 5. The ratio τexp

E /( frenτ
ISS04(β)
E )

seems to be slightly larger than unity in the low-beta

Table 2 Definitions of symbols of some parameters that are used
to derive the scaling values. The “equilibrium” column
denotes that the parameter is derived for the vacuum case
or the finite beta case.

parame-
ter

symbol definition equilib-
rium

Bax
0 at the magnetic axis vacuum

magnetic
field
strength Bave

0

volume averaged,
Φa = πavac 2

eff B ave
0

vacuum

Rvac
ax magnetic axis vacuum

major
radius

Rvac
geo(1)

geometric center of
the ρ = 1 magnetic
flux surface

vacuum

Rgeo(1)
geometric center of
the ρ = 1 magnetic
flux surface

finite
beta

Rgeo(2/3)
geometric center of
the ρ = 2/3 magnetic
flux surface

finite
beta

effective
minor
radius

avac
eff

derived from the vol-
ume in vacuum. avac

eff =

{Vvac/(2π2Rvac
geo(1))}1/2,

where Vvac is the vol-
ume enclosed by the
the vacuum magnetic
flux surface of ρ = 1.

vacuum

aWp99

derived from the
volume (VWp99) and
the major radius of
the geometric center
position (RWp99

geo ) of the
magnetic flux surface
which includes 99%
of the integrated elec-
tron pressure. aWp99 =

{VWp99/(2π2RWp99
geo )}1/2.

finite
beta

rotational ι-vac
2/3 ι- at ρ = 2/3 vacuum

transform ι-2/3 ι- at ρ = 2/3 finite
beta

regime, mainly because aWp99 in the low-beta region is
smaller than avac

eff (aWp99 	 0.61 m at 〈β dia〉 ∼ 0.5% and

avac
eff = 0.64 m). Here, τISS04(β)

E denotes the scaling value,
which is estimated based on the geometrical parameters in
finite beta. As shown in Fig. 6, the gradual confinement
degradation in the high-beta region is observed even when
the finite beta parameters are used.

In the ISS04 scaling, the renormalization factor f ISS04
ren

is included to represent the dependence of devices or mag-
netic configurations. The value of f ISS04

ren for LHD depends
on the vertical magnetic field produced by the poloidal
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Fig. 3 (a) 〈β dia〉 dependence of the major radius of the geomet-
ric center of the outermost magnetic flux surface Rgeo(1).
(b) 〈β dia〉 dependence of the plasma minor radius aWp99,
evaluated based on the volume involving 99% of the in-
tegrated electron pressure.

coils and the quadrupole component of the helical field.
With respect to the change in the magnetic field by the fi-
nite beta effect, the effect of the vertical field by the Pfirsh-
Schluter current is stronger than that of the quadrupole
component. The major radial position of the magnetic
axis or the geometric center of the magnetic flux surface
is shifted by the vertical magnetic field. Therefore, it is as-
sumed that fren is expressed as a function of the geometric
center of the magnetic flux surface at ρ = 2/3, denoted by
Rgeo(2/3), which is considered to be a parameter represent-
ing a magnetic configuration in this paper. The relationship
between Rgeo(2/3) and f ISS04

ren is shown in Fig. 7. The dot-
ted curve shows an interpolation by a quadratic function
of Rgeo(2/3). To evaluate the global scaling value, which

Fig. 4 Dependence of the radial position of the center of the ρ =
2/3 magnetic flux surface Rgeo(2/3) on 〈β dia〉.

Fig. 5 Dependence of ι- at the ρ = 2/3 magnetic flux surface on
〈β dia〉.

includes the effects of the change in the magnetic configu-
ration, an interpolated value of the renormalization factor
f int
ren is used.

The dependence of the global energy confinement
time normalized by ISS04 on 〈β dia〉 is rewritten in Fig. 8
using f int

ren instead of f ISS04
ren at Rvac

ax = 3.60 m in addition
to the finite beta effect as shown in Fig. 6. The degrada-
tion due to the increment in beta seems to disappear. In
contrast to Fig. 6 where only the parameters in the finite
beta case are included in the scaling, the interpolation of
f ISS04
ren needs to be considered to compensate for the appar-

ent degradation. This suggests that the global confinement
degradation may seemingly be caused by the change in the
magnetic configuration by finite beta. However, it is not
obvious that this result of the global confinement coincides
with the property of the local transport. The local transport
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Fig. 6 〈β dia〉 dependence of τexp
E /( f ISS04

ren τ
ISS04(β)
E ). Here, the pa-

rameters in the finite beta case are used for evaluation of
τ

ISS04(β)
E .

Fig. 7 Relation between fren and Rgeo(2/3). fren is interpolated
by a quadratic function of Rgeo(2/3) (dotted curve).

Fig. 8 〈β dia〉 dependence of τexp
E /( f int

renτ
ISS04
E ). where f int

ren is the
interpolated renormalization factor for Rgeo(2/3).

is analyzed in the following sections.

4. Dependence of the Local Transport
on the Magnetic Configuration in
the Low-Beta Regime

In this section, the dependence of local transport on
magnetic configurations is investigated in the low-beta re-
gion to clarify the causes of the degradation of the local
transport property in the high beta region.

Using the non-dimensional parameters, such as the
normalized Larmor radius ρ∗, the normalized collisional-
ity ν∗b, β, Ap, and ι-2/3, τISS04

E is expressed as follows:

τISS04
E = Cτ · τBohm · ρ∗−0.79β−0.19ν∗0.00

b A0.07
p ι-

1.06
2/3 , (4)

where τBohm is the global confinement time based on the
Bohm-type scaling and Cτ is a constant. Then, a mod-
eled transport coefficient χISS04 which has the same non-
dimensional parameter dependence as ISS04, is introduced
for use as a reference for the local transport coefficient,

χISS04 = Cχ · χBohm · ρ∗0.79β0.19ν∗0.00
b A−0.07

p ι-−1.06
2/3 . (5)

By comparing χeff/χISS04 in different magnetic configura-
tions, the dependence of the local transport on the effects
except the above non-dimensional parameters can be eval-
uated. Here, for using χeff/χISS04 of the Rvac

ax = 3.60 m con-
figuration as the reference in the comparison among the
different configurations, Cχ is determined such that the av-
erage of the values of χeff/χISS04 becomes unity in the low-
beta region (〈β dia〉 < 1%) in the data set of Rvac

ax = 3.60 m.
The coefficient Cχ has different values at different ρ po-
sitions (Table 3). Therefore, the magnitude of χeff/χISS04

represents the ratio of the normalized transport coefficients
to the value in the configuration of Rvac

ax = 3.6 m at each
minor radial position.

In Fig. 9, χeff/χISS04 at the peripheral region of ρ = 0.9
in the low-beta regime (〈β dia〉 ≤ 1%) are shown for three
different Rvac

ax positions ((a) Rvac
ax = 3.60 m, (b) Rvac

ax =

3.75 m, and (c) Rvac
ax = 3.90 m). The abscissa is the lo-

cal beta value in these figures. Although the data are scat-
tered, χeff/χISS04 increases as Rvac

ax moves torus-outward.
This tendency of the local transport coefficients seems to
agree qualitatively with the global confinement property.
The broken line in each figure, which denotes the average

Table 3 The normalized average minor radius ρ, and the coeffi-
cient in the χISS04 expression Cχ.

ρ Cχ
0.5 0.104
0.7 0.133
0.9 0.294
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Fig. 9 Dependence of χeff/χISS04 on local β at ρ = 0.9. (a) Rvac
ax =

3.60 m, (b) Rvac
ax = 3.75 m, and (c) Rvac

ax = 3.90 m.

value of the experimental results, is defined as the renor-
malization factor for the local transport coefficients grenχ

at this local position. The parameter grenχ represents the
change in the local transport coefficients in different mag-
netic configurations, as fren denotes the change in the con-
finement time. The behavior of χeff/χISS04 is also investi-

Fig. 10 Dependence of grenχ on the geometric center position of
the vacuum magnetic flux surface Rgeo(ρ).

gated at ρ = 0.7 and 0.5. The more Rvac
ax moves outward,

the more the value of χeff/χISS04 increases at both local po-
sitions. This characteristic is the same as that in the periph-
eral region shown in Fig. 9.

The factor grenχ is derived for various magnetic con-
figurations and radial positions. The relation between grenχ

and the geometric center position of each magnetic flux
surface Rgeo(ρ) in vacuum is shown in Fig. 10. The sym-
bols ©, 
 and� correspond to the values at ρ = 0.9, 0.7
and 0.5, respectively. The data in Rgeo(ρ) = 3.6 - 3.7 m,
Rgeo(ρ) = 3.7 - 3.8 m, and Rgeo(ρ) = 3.8 - 3.9 m are for
the configurations of Rvac

ax = 3.60 m, Rvac
ax = 3.75 m, and

Rvac
ax = 3.90 m, respectively. As the geometric center of

the magnetic flux surface is shifted torus-outward, grenχ in-
creases at all minor radial positions.

The closed circles (•) in Fig. 10 represent the renor-
malization factor for transport coefficients gISS04

renχ , which is
derived from ISS04. gISS04

renχ is related with f ISS04
ren , and it

is compared with the renormalization factor for the local
transport coefficients grenχ. The parameter gISS04

renχ is derived
as follows. By assuming a spatially uniform thermal trans-
port coefficient 〈χ〉, the relation between the energy con-
finement time τE and 〈χ〉 is expressed as τE ∝ a2/〈χ〉 with
the minor radius a. When a global scaling law is expressed
as

τE = frennαn PαP BαBaαa RαR , (6)

where n is the density and αn, αP, αB, αa, and αR are the
exponents for each parameter, 〈χ〉 has the following de-
pendence:

〈χ〉 =
(
C1 frennαn PαP BαBaαa−2RαR

)−1
, (7)

where C1 is a constant. From the relation of τE ∝ nTV/P ,
where T is the temperature, and V ∼ 2π2a2R is the volume,

P ∝ nTV〈χ〉/a2 = 2π2nTR〈χ〉 (8)
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Table 4 The renormalization factor for the ISS04 scaling f ISS04
ren ,

the renormalization factor for the local transport coef-
ficients gISS04

renχ , and the geometric center position of the
ρ = 2/3 magnetic flux surface Rvac

geo(2/3), in three mag-
netic configurations on LHD (Rvac

ax = 3.60, 3.75, and
3.90 m).

Rvac
ax [m] Rvac

geo(2/3) [m] f ISS04
ren gISS04

renχ

3.60 3.643 0.93 1.00
3.75 3.740 0.67 2.33
3.90 3.849 0.48 5.48

is derived. Then, a scaling for 〈χ〉 is expressed as

〈χ〉 =
(
〈χ〉αPC2 frennαn+αP BαBaαa−2RαR+αP TαP

)−1
(9)

=
(
C2 frennαn+αP BαBaαa−2RαR+αP TαP

)−1/(αP+1)

= f −1/(αP+1)
ren C−1/(αP+1)

2

×
(
nαn+αP BαBaαa−2RαR+αP TαP

)−1/(αP+1)
, (10)

where C2 is another constant. The local renormalization
factor based on the global scaling ISS04, gISS04

renχ is derived

by normalizing f −1/(αP+1)
ren with the value at Rvac

ax = 3.60 m
as the following,

gISS04
renχ ≡ f −1/(αP+1)

ren / f −1/(αP+1)
ren (Rvac

ax = 3.6 m), (11)

where αP = −0.61. The values of gISS04
renχ at the Rvac

ax =

3.60, 3.75, and 3.90 m configurations are shown in Table 4.
It should be noted that 〈χ〉 in the Rvac

ax = 3.90 m con-
figuration is about five times larger than that in the Rvac

ax =

3.60 m configuration when its evaluation is based on
ISS04. The values of gISS04

renχ represent the predicted change
in the mean local transport coefficients, when the confine-
ment time changes by the factor of f ISS04

ren / f ISS04
ren (Rvac

ax =

3.6 m). They almost agree with the values of grenχ, which
are evaluated from the local transport analysis from the re-
sults in Fig. 10. Here, the ρ = 2/3 surface is selected as
the flux surface corresponding to gISS04

renχ , because it is as-
sumed that Rgeo(2/3) represents the property of a magnetic
configuration.

5. Local Transport Property in the
High-Beta Regime, and its Depen-
dence on the Magnetic Configura-
tion

In Sec. 3, it is suggested that the degradation of the
global confinement property may be explained by the
change in the magnetic flux surface, which corresponds
to the torus-outward shift of the geometric center of the
ρ = 2/3 magnetic flux surface, due to the increment in
beta. On the other hand, it is not clear that the same expla-
nation can be valid from the viewpoint of the local trans-

Fig. 11 Examples of modeled (a) Te and (b) ne profiles (solid
curves: Bax

0 = 0.5 T, 〈β dia〉 = 2.7% and broken curves:
Bax

0 = 2.8 T, 〈β dia〉 = 0.52%).

port. In this section, the behavior of local transport coeffi-
cients in high-beta plasmas is studied by referencing χISS04.

Two typical examples of Te and ne profiles in the
LHD experiments are shown in Fig. 11 (a) and (b), re-
spectively. These profiles are derived by fitting the ex-
perimental data with certain functions. The solid curves
represent the plasma produced in B ax

0 = 0.5 T and with
〈β dia〉 = 2.7%. The broken curves represent the plasma
produced in B ax

0 = 2.8 T with 〈β dia〉 = 0.52%. These
plasmas were obtained with the same preset magnetic axis
position, which corresponds to the magnetic axis position
in vacuum Rvac

ax . Examples of profiles of χeff/χGRB
e are

shown in Fig. 12, where the transport coefficient by the
GRB model, χGRB = Te/eB · ρs/a, and ρs is the ion gyro-
radius measured using Te. Here, the values of B ax

0 are used
for B. The coefficient χGRB is used since χISS04 includes
a factor Cχ, which has different values depending on the
ρ positions. The distinction of the curves is the same in
Fig. 11. Although the magnitude of χeff differs between
B ax

0 = 0.5 and 2.8 T, the ratio χeff/χGRB
e has a similar mag-

022-8



Plasma and Fusion Research: Regular Articles Volume 3, 022 (2008)

Fig. 12 Examples of experimentally derived χeff/χGRB
e profiles

(solid curve: B ax
0 = 0.5 T, 〈β dia〉 = 2.7% and broken

curve: B ax
0 = 2.8 T, 〈β dia〉 = 0.52%).

nitude in the high-beta and low-beta cases except at the
peripheral region of ρ > 0.7.

Figure 13 (a), (b), and (c) shows the dependence of
χeff/χISS04 on 〈β dia〉 of the Rvac

ax = 3.6 m plasmas at ρ =
0.5, 0.7, and 0.9, respectively. Degradation of χeff/χISS04

is observed in the 〈β dia〉 > 1% region at all these minor
radial positions. To distinguish the direct effects of β from
those in the change in the magnetic configuration by the
increment in beta as the causes of this degradation, the de-
pendence of χeff/χISS04 on the geometric center position of
the magnetic flux surface Rgeo(ρ) in high-beta plasmas is
studied. The results is compared with the dependence of
χeff/χISS04 on the magnetic configuration in the low-beta
region, which is evaluated from the results in different Rvac

ax

plasmas in the previous section.
From the relation between Rgeo(ρ) and 〈β dia〉 at ρ =

0.5, 0.7, and 0.9, the outside shift of the geometric center of
the magnetic flux surface becomes large in the 〈β dia〉 > 1%
region at all these minor radial positions. It is found that
the magnitude of the shift is larger in the core region than
that in the peripheral region.

In Fig. 14, the dependence of χeff/χISS04 on Rgeo(ρ)
in the high-beta regime is compared with the dependence
of χeff/χISS04 on Rgeo(ρ) in the low-beta regime with var-
ious magnetic axis positions. Figures 14 (a), (b), and (c)
show the results for ρ = 0.5, 0.7, and 0.9, respectively. The
closed circles (•) represent the relation between χeff/χISS04

and Rgeo(ρ). Although Rgeo(ρ) depends on the pressure
profile of the plasma, the data at the larger Rgeo(ρ) posi-
tion have higher β values in general. These experimen-
tal data are same as used in Fig. 13. At all positions of
ρ = 0.5, 0.7, and 0.9, the magnitude of χeff/χISS04 increases
with the torus-outward shift of Rgeo(ρ) of the each mag-
netic flux surface. The dependence of the increment in the
ratio χeff/χISS04 on Rgeo(ρ) is steeper at the larger ρ posi-

Fig. 13 Dependence of χeff/χISS04 on 〈β dia〉 in the magnetic con-
figuration of Rvac

ax = 3.60 m. (a) ρ = 0.5 (b) ρ = 0.7, and
(c) ρ = 0.9.
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Fig. 14 Dependence of the local transport coefficients χeff/χISS04

on Rgeo(ρ). (a) ρ = 0.5, (b) ρ = 0.7, and (c) ρ = 0.9.

tion. One reason of observed is that the magnitude of the
shift of Rgeo(ρ) is smaller at larger ρ. At ρ = 0.9, an abrupt
increment in χeff/χISS04 is found around Rgeo(ρ) 	 3.70 m,
where 〈β dia〉 is about 1.0 ∼ 2.5%. The symbols�,
, and
© in Fig. 14 are the same as in Fig. 10. They represent

the dependence of the normalized thermal transport coeffi-
cients at the geometric center position of the magnetic flux
surfaces which is evaluated from the local transport analy-
sis.

The degradation of the local transport with the incre-
ment in 〈β dia〉 seems to be comparable with the degradation
by the torus-outward shift of the magnetic flux surface at
ρ = 0.7. Moreover, the degradation at ρ = 0.5 seems to be
comparable with or slightly smaller than the degradation
by the torus-outward shift. On the other hand, particularly
at the peripheral region of ρ = 0.9 as shown in Fig. 14 (c),
it is observed that the degradation of the local transport is
larger than that predicted from the torus-outward shift of
the magnetic flux surface. This results shows that some
effects caused directly by beta may exist in the peripheral
region.

6. Discussion and Summary
The following results are obtained by comparing the

dependence of the local transport coefficients on beta val-
ues and the geometric center positions of the magnetic flux
surfaces with the relations between the local transport co-
efficients and the geometric center positions of the mag-
netic flux surfaces in the low-beta region. The degradation
of the local transport with the increment in 〈β〉 seems to be
comparable with or is slightly smaller than the degradation
by the torus-outward shift of the magnetic flux surface at
ρ = 0.7 or 0.5. On the other hand, at the peripheral region
of ρ = 0.9, degradation of transport coefficients larger than
that predicted from the torus-outward shift is observed. It
is considered that some effects that are directly caused by
the beta value or the gradient of beta may exist.

From the results of the local transport analysis, al-
though the degradation due to 〈β〉 seems to be explained by
the change in the magnetic configuration from the global
confinement analysis, local transport degradation by some
effects directly caused by the increment in beta other than
the change in the magnetic configuration may exist in the
peripheral region. One possible explanation for this differ-
ence is as follows. In the peripheral region near ρ = 0.9,
effects other than the change in the magnetic configuration
may dominate. On the other hand, in the inner region near
ρ = 0.5, the transport degradation directly due to beta is
smaller than that by the configuration effect. The degra-
dation of global confinement property by 〈β〉 seems to be
similar to the configuration effect, since these effects are
balanced. As one of the causes of the transport degradation
in the peripheral region, the resistive g-mode turbulence is
considered, since the heliotron-type magnetic configura-
tion has a magnetic hill at the peripheral region. Analysis
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of this effect is shown in Ref. [5]. Although the effect of
increment in ergodicity at the edge exists as another candi-
date for the causes of the transport degradation, it is shown
that well-closed magnetic flux surfaces are still found at
ρ = 0.9 from the calculation results of HINT2 [12], which
is a 3-dimensional MHD equilibrium code [13].
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