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The confinement characteristics of large net-current-free plasmas heated by neutral-beam injection
have been investigated in the Large Helical Device (LHD). A systematic enhancement in energy-
confinement times from the scaling derived from the medium-sized heliotron/torsatron experiments have
been observed, which is attributed to the edge pedestal. The core confinement is scaled with the Bohm
term divided by the square root of the gyro radii. The comparative analysis using a dimensionally
similar discharge in the Compact Helical System indicates gyro-Bohm dependence in the core and
transport improvement in the edge region of LHD plasmas.

PACS numbers: 52.55.Hc, 52.25.Fi, 52.50.Gj
The Large Helical Device (LHD) [1] has extended the
envelope of a confinement study on currentless helical
plasmas by more than 1 order of magnitude in plasma vol-
ume. LHD is a large superconducting heliotron with a
major radius R of 3.9 m and a minor radius a of 0.6 m.
The experimental data of the medium-sized helical devices
�a � 0.18 0.27 m� have been accumulated in the interna-
tional stallarator database, which has yielded the interna-
tional stallarator scaling 95 (ISS95) [2];

tISS95
E � 0.079 3 a2.21R0.65P20.59

abs n 0.51
e B0.83i

0.4
2�3 .

Here the units of an energy confinement time tE in s, an
absorbed heating power Pabs in MW, and a line averaged
electron density n e in 1019 m23 are used and i2�3 is the
rotational transform at the two-thirds radius (0.58 in LHD).
This scaling satisfies the Kadomtsev constraint [3,4] and is
rewritten into the following dimensionless expression [5]:

tISS95
E ~ tBr�20.71b20.16n�20.04,

where tB, r�, n�, and b are, respectively, the Bohm diffu-
sion time, the Larmor radius normalized by the plasma mi-
nor radius, collisionality, and the plasma kinetic pressure
normalized by the magnetic field pressure. This expres-
sion indicates that confinement in helical systems is nearly
gyro-Bohm. Since dependence on r� has a great impact
on extrapolation to reactor-grade plasmas, careful exami-
nation by a wide-range scan of r� is prerequisite for estab-
lishment of a reliable scaling law. r� is also connected to
the characteristic scale length of a predominant instability;
therefore, it is attracting interest in the clarification of the
physical mechanism of anomalous transport. Exploration
in LHD combined with past studies in medium-sized heli-
cal devices is highlighted in this strategy.

Parameter regimes studied here cover magnetic field B
of 1.5–2.75 T, line averaged density ne of �1.0 4.9� 3

1019 m23, and heating power of neutral beam injection
16 0031-9007�00�84(6)�1216(4)$15.00
(NBI) Pabs of 0.75–3.2 MW. Hydrogen discharges in the
standard configuration which is characterized by the mag-
netic axis position Rax of 3.75 m and the n (toroidal mode
number) � 0 component of the ellipticity of 1 are studied.
All correlation between sets of the logarithm of ne, Pabs,
and B are less than 0.25, which indicates that indepen-
dence of surveyed parameters is sufficient. Diamagnetic
measurement and a variety of profile measurements have
been employed in this study. Port-through power of NBI
is calibrated by the direct heat load measurement in case
of no plasma target. Absorbed power, which is the sum
of powers to electrons and ions, is then evaluated consid-
ering orbit and charge-exchange losses with the three di-
mensional Monte Carlo simulation [6]. The contribution
of beam stored energy is included in the diamagnetic mea-
surement; however, it is as low as 7% even in the lowest
density case of 1 3 1019 m23.

Comparison of LHD data with available scaling laws,
i.e., ISS95, the Lackner-Gottardi (LG) [7] scaling, the
LHD scaling [8], and the gyro-reduced Bohm (GRB) scal-
ing [9], indicates systematic enhancement of confinement.
Enhancement factors are 1.18 6 0.15 for ISS95, 1.15 6

0.13 for LG, 1.44 6 0.16 for LHD, and 1.40 6 0.18 for
GRB. A regression analysis of LHD data alone gives

tfit
E � 0.05 3 P20.57

abs n 0.61
e B0.71,

which is rewritten into

tfit
E ~ tBr�20.83b0.08n�0.01.

The dependences on the key operational parameters, i.e.,
Pabs, ne, B, are similar to ISS95. In particular, positive
density dependence leads to the gyro-Bohm nature. Fig-
ure 1 shows the comparison of experimental data with the
analyzed expression.

The database of LHD has been combined with the in-
ternational stellarator database [2] and the medium-sized
© 2000 The American Physical Society
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FIG. 1. Comparison of the energy confinement time obtained
in the experiments versus the prediction from the fitted expres-
sion derived from the statistical analysis of LHD data alone.

heliotron/torsatrons, i.e., Heliotron-E, Advanced Test Fa-
cility (ATF), and Compact Helical System (CHS), which
have a common magnetic configuration to LHD to explore
the size effect on confinement, are selected. The regression
analysis of the medium heliotron/torsatrons alone yields
the scaling [2]

tscl1
E � 0.04 3 a2.06R0.74P20.63

abs n 0.53
e B0.80i

0.39
2�3

~ tBr�20.50b20.33n�0.06�R�a�0.30i
1.09
2�3 a20.10.

(1)

The present data of LHD lies systematically well above this
scaling [see Fig. 2(a)]. A simple statistical analysis of the
combined database including LHD data gives an unusual
expression:

tall
E � 0.37 3 a3.22R0.20P20.61

abs n 0.52
e B0.86i

0.93
2�3 .

Although the dependences on Pabs, ne and B are robust, the
dimensional parameter a cannot be eliminated in rewriting
into a dimensionless expression

tall
E ~ tBr�20.79b20.20n�20.02�R�a�21.04i

2.36
2�3 a1.31.

This cannot be judged to be physically meaningful and
calls into question what causes systematic confinement im-
provement in LHD.

The major characteristic of LHD plasmas which is dif-
ferent from the past medium heliotrons is the formation
of an edge pedestal [10]. This is in contrast to the fact
that the plasma pressure in medium-sized heliotrons de-
creases asymptotically to zero towards the last closed flux
surface and suggests that confinement characteristics in
LHD are different in the edge and in the core (see Fig. 3).
In medium heliotrons, the part of the pedestal is consid-
ered to be much smaller. The decomposition of confine-
ment region into the core and the pedestal has helped in
FIG. 2. Comparisons of the experimental energy confinement
times versus the scalings. (a) The scaling derived from the
precedent medium-sized experiments: Heliotron-E, ATF, and
CHS. (b) The scaling derived from the combined data of the
precedent medium-sized experiments and the contribution of the
core �r # 0.9� in LHD.

the understanding of characteristics of H-mode discharge
in tokamaks [11]. The position of the “knee” is set at
r � 0.9, where r is the normalized minor radius, for sim-
plicity which generally agrees with the experimental ob-
servation. The core stored energy Wcore is defined by the
subtraction of the pedestal component from the whole en-
ergy in the following integration of plasma pressure p:

Wcore �
Z r�0.9

r�0
� p�r� 2 p�0.9�� dy .

The core stored energy by this definition in CHS is 91.2%
of the total stored energy in average. Since all the data of
medium-sized heliotron/torsatrons cannot be renewed, this
concentration is assumed to all other data than in LHD to
keep an equal footing as much as possible. A statistical
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FIG. 3. Electron temperature profiles in LHD and CHS which
are used in 1D transport analysis shown in Fig. 5. The magnetic
fields are 1.5 T and 1.76 T for LHD and CHS, respectively.

analysis of data from the combination of the core confine-
ment in LHD and the medium heliotrons gives the best
fitted expression of

tscl2
E � 0.059 3 a2.24R0.67P20.63

abs n 0.54
e B0.81i

0.47
2�3 .

Here the minor radius of the core is set as 0.9a. Fig-
ure 2(b) illustrates the comparison of experimental data of
this scaling. This expression is close to that derived from
the medium devices only [Eq. (1)] and rewritten into the
following nearly dimensionally correct equation:

tscl2
E ~ tBr�20.53b20.33n�0.07�R�a�0.1i

1.36
2�3 a0.05. (2)

Confinement in the core region of LHD is nearly gyro-
Bohm, which is consistent with the precedent understand-
ing. A systematic enhancement of confinement can be
attributed to the contribution from the pedestal.

All scalings for helical systems have indicated a posi-
tive density dependence unlike tokamak L-mode. The
power density is supposed to be correlated with this sat-
uration in tokamaks [2]. Figure 4 shows the density scan
with the same heating power (1.5 MW). In the presently
available range of density, confinement time can be scaled
by n 0.5 0.6

e . From the tokamak experience [5], saturation
should occur at ne � 2 3 1019 m23. However, the posi-
tive density dependence is maintained beyond this
predicted critical density. Since the positive density
dependence of thermal energy has been pointed out in
tokamak L-mode in JT-60 [12], further investigation with
wider ranges in Pabs and ne is required to clarify this
issue.

A 1D local heat transport analysis also has been
progressing to clarify confinement characteristics com-
plementing global confinement analysis. n� is important
through neoclassical transport in the collisionless regime
in helical plasmas when anomalous transport is suppressed
sufficiently. Since r� cannot be scanned over a wide
1218
FIG. 4. Dependence of energy confinement times on density
with the fixed heating power. A solid line expresses the depen-
dence of n 0.6

e as reference.

range in a single device, comparison of experiments in two
devices with different sizes is effective. Figure 5(a) shows
the radial profiles of n�, r�, and b in the hot-ion mode
discharge in CHS �a � 0.20 m� and a typical discharge in
LHD shown in Fig. 3. Although transport of NBI heated
plasmas in CHS is generally dominated by anomalous
transport, ion confinement in the core region �r , 0.7� is
improved and close to the neoclassical prediction in the
hot-ion mode [13]. Here two discharges with similar n�
are chosen. A normalized gyroradius of CHS is larger
than that of LHD by a factor of 2 in r , 0.7. Since the
high edge temperature distinguishes LHD from CHS, their
collisionality and normalized gyroradius show different
trends in the peripheral region. Since the temperature
drops towards zero as the edge is approached in CHS,
the collisionality increases rapidly and the gyroradius
decreases. In LHD both change much more gradually.
The physical picture of gyro-Bohm-type transport predicts
that heat transport is improved in LHD due to smaller r�
in r , 0.9. However, confinement in LHD is expected
to be degraded in the edge region compared with CHS
because of larger r�. Since the Bohm factor �xB ~ T�B�
of LHD is twice as large as that of CHS, heat conduction
should be the same in the core region. Figure 5(b) shows
the electron heat conduction coefficients xe of CHS and
LHD. In the core region, LHD is better than CHS by
a factor of 2–3. The heat conduction in CHS is much
enhanced in the edge region while LHD has an almost
flat profile. With regard to comparison with neoclassical
theory, a deterioration factor is suppressed up to around
3 in LHD although it has the order of 10–100 in CHS.
However, anomalous transport is still dominant in electron
heat transport in LHD although collisionality enters the
collisionless regime where helical ripple transport plays
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FIG. 5. Comparison of two dimensionally similar discharges in
CHS and LHD. (a) Radial profiles of r�, n�, and b. (b) Radial
profile of the electron heat conductivity xe. The suffix, NC,
denotes the prediction from a neoclassical theory. (c) Radial
profile of the ion heat conductivity xi . Typical error bars are
illustrated every one-fifth radius.

an essential role. Differences in the ion transport of CHS
and LHD is smaller than in electrons except for the edge
region [see Fig. 5(c)]. Deterioration in the edge region is
observed in CHS as in the electron transport. In contrast
to electrons, ion transport is close to neoclassical in both
CHS and LHD. The radial electric field effect is not
included here in LHD since the experimental result is not
available to date while it is included for CHS [13]. If the
comparable potential to the temperature is assumed in
LHD, the heat conduction is suppressed by 50% and 15%
for ions and electrons, respectively. The difference in heat
transport coefficients between CHS and LHD supports
the physical picture of gyro-Bohm in the core region. The
values of both heat conduction coefficients for ions and
electrons are close to each other in LHD. This fact also
suggests that the predominant instability is electrostatic,
which is consistent with gyro-Bohm-type transport. If r�
dependence does not exist, the transport in LHD should
be worse by a factor of 2 than in CHS. In the edge region,
however, experimental observation is clearly inconsistent
with gyro-Bohm-type transport. The suppression of heat
transport in the edge region of LHD plays an essential role
in the formation of the pedestal which is not observed in
CHS. This is also phenomenologically consistent with the
experimental observation that confinement deteriorates
when the edge pedestal is lost due to a strong gas puff or
strong magnetic perturbation by external coils inducing a
large island at the edge. Although the r� dependence of
LHD plasmas �r�20.83� is stronger than Eq. (2) �r�20.53�,
it is weakened when only the core part is considered.
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