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Abstract. The energy confinement and thermal transport characteristics of net-current free plasmas in the much
smaller gyro-radii and collisionality regimes than before have been investigated in the Large Helical Device
(LHD). The inward shifted configuration that is superior from the theoretical aspect of neoclassical transport has
revealed a systematic confinement improvement on a standard configuration. The improvement of energy
confinement times on the international stellarator scaling 95 occurs with a factor of 1.6 0.2 for an inward
shifted configuration. This enhancement is primarily due to the broad temperature profile with a high edge value.
A simple dimensional analysis involving LHD and other medium sized heliotrons yields strongly gyro-Bohm
dependence teWH r «38) of energy confinement times. It should be noted that this result is attributed to
conprehensive treatment of LHD for systematic confinement enhancement and that the medium sized heliotrons
have narrow temperature profiles. The core stored energy still indicates the dependence of teWU r 28 \when
data only from LHD is processed. The local heat transport analysis of dimensionally similar discharges except
for r * suggests that the heat conduction coefficient lies between Bohm and gyro-Bohm in the core and changes
towards strong gyro-Bohm in the peripheral region. Since the inward shifted configuration has a geometrical
feature suppressing the neoclassical transport, confinement improvement can be maintained in the collisionless
regime where the ripple transport is important. The stiffness of the pressure profile coincides with enhanced
transport in the peaked density profile obtained by pellet injection.

1. Introduction

Clarification of transport mechanisms of high temperature plasmas in magnetic fusion
devices is worth challenging as a scientific issue and prerequisite for engineering design of
fusion reactors. The dimensiona approach is astrong method to investigate the nature of a
complex system [1]. In fusion plasmas, the dimensionless parameters; i.e., normalized gyro
radius r *, beta value b, and collisionality n* are typical key parameters in determining the
transport processes. In particular, careful examination by means of awide-rangescanin r * is
prerequisite for the establishment of a reliable scaling law since the dependenceon r * has a
great impact on extrapolation to reactor-grade plasmas. r* is aso connected with the



characteristic scale length of a predominant instability; therefore, it is attracting interest in the
clarification of the physical mechanism of anomalous transport. n* is a mgor parameter in
helical systens since the neoclassical transport due to helical ripples is enhanced as

u e¥*T"? where ey is the helical ripple, in a low collisonality regime. The past study of
medium-sized helical devices has suggested the international stellarator scaling 95 (1SS95) [2]
expressedin
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With Papsin MW and 1, in 10"mi® units, respectively, and i,,, is the rotational transform
at the two-thirds radius. This scaling law can be rewritten into the non-dimensiond expresson
t EWU r *-271 r]*-0.04 b-0.16 ’
which indicates that the energy confinement is weak gyro-Bohm. Here W is the ion
gyro-frequency. The investigation of transport characteristics n net-current free plasmas in
extended regimesin both r * and n* is possible in the Large Hdlica Device (LHD) [3].

LHD is a large superconducting heliotron with a nomina mgor radius R of 3.9 m a
minor radius a of 0.6 m and magnetic field B close to 3 T. The large dimensions and strong
magnetic field have extended the physica parameter envelopes in nondimensional
parameters as well as in absolute values. Parameter regimes studied here cover Bof 0.75-2.9 T,
line averaged densities m,of 0.8-7.0" 10" m® and heating power of NBI Paps of 0.5-4.2 MW.
These ranges of parameters can be rewritten in the non-dimensional parameters, i.e,, 1.4° 10
£r*£57 10 30 102£n*£7.8, 7.9 10*£b£2.0° 102 Compared with the database of
medium-sized helical experiments[2], r* and n* in LHD plasmas are reduced by half and by
one order of magnitude, respectively. Here n* is the electron collisionality defined by
n* =+2Rgn, /vEe"® and the ion collisionality is similar to this since generally Te~ T;. While
the 1SS95 scaling is derived from collisiona plasmas (n* 2 1), a systematic exploration in the
collisonlessregime (n*<1) in LHD is of much importance to investigate neoclassica effect.

The present study is focused on the NBI heated plasmas which redlize quasi-steady states
with the condition dW/dt~0. Since the energy of NBI (120 -160 keV) is much higher than the
electron temperature (up to 3.5keV), about 80 % of the power is deposited in electrons. Power
deposition is calculated by Monte-Carlo simulation in 3-D in rea space and 2-D in velocity
space [4]. Since the electron conduction is a primary loss channel, the electron heat transport
ishighlighted in thelocal transport analysis.

The previous study on energy confinement times [5] covers the data only from the
standard configuration which is characterized by amagnetic axis position Ry of 3.75 m. This
geometry is selected from the balanced theoretical optimization of MHD stability and particle
orbits leading to good neoclassical transport [6]. The inward shifted configuration with Ruy =
3.6 m has much more favorable particle orbits and mitigates the neoclassical helical ripple
transport by a multi- helicity effect while the interchange instability should be of concern The
observed better performance of confinement in the case of Ry = 3.6 m is described and
discussed in this article.

2. Energy Confinement Time

Figure 1(a) shows the comparison of the energy confinement times obtained in the
experiments with the prediction from 1SS95. Tokamak data are ®lected from the ELMy
H-mode ITER database [7]. Toroidal plasma currents are trandated to rotational transform
with the assumption of a safety factor q profile of g=1+(qga-1)r *. Since 1SS95 has a similar
expression to the ITER ELMy H mode scaling, the tokamak data as well as the stellarator
data scale together well. LHD plasmas stand comparison with the ELMy H-mode in large



tokamaks in general, athough it should be noted that the heating power may be insufficient
for adirect comparison. Enhancement for the inward shifted case with Rux = 3.6 m can be seen
in Fig.1(a). The distributions of enhancement t g/t ¢'>>* have the mean values of 1.08 and 1.59
with the standard deviations of 0.14 and 0.20 for the cases of Riyx=3.75 m and Rix= 3.6 m,
respectively. The peak of the distribution inclines to a higher value with a skewness of -0.37
in the case of Rux = 3.6 m while it inclines to a lower value with a skewness of 0.23 in the case
of Rix= 3.75 m. When the LHD data is compared with the medium-sized heliotron/torsatrons
(Heliotron E, ATF, and CHS) because of a common fundamental physics basis, the systematic
enhancement can be explained by the contribution of the pedestal part [5,8] which is defined
by the knee position of r = 0.9. Since the scale length of pedestal structure has not been
clarified yet, the position of r = 0.9 is an expedient. The total stored energy is decomposed
into the core and the pedestal partsin the following [9].

W =W, +Woy,  where W, = 3" (P(r)- POV .

The core confinement can be scaled with the common weak gyro-Bohm characteristics
relevant to the case of Ry = 3.75 m [5] and the medium-sized heliotron/torsatrons. However
the hypothesis that Wpeq IS small or negligible in the medium sized heliotron/torsatrons and
that the core parts have common characteristics cannot explain the further improvement in the
inward shifted configuration. The improvement of the factor of 1.6 is not only due to the high
edge temperature and there exists an additiona mechanism for the core confinement
improvement in the inward shifted configuration.
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FIG.1 Comparison of the energy confinement times in the experiments with the
scalings. (a) 1SS95, together with tokamak ELMy H-mode data. (b)Regression
analysis with non-dimensional parameters for the heliotron/torsatrons.

A simple regression anaysis using nonrdimensional parameters has been applied with
the form tgW = CFK(r *,n* b,e). Figure 1(b) shows the comparison of the experimental values
with the scaling derived from this analysis for the data from heliotron/torsatrons (Heliotron E,
ATF, CHS, ad LHD). Hee the obtaned scading is expressed as
t YOSW r *7379 n*- 029026609 indicating a strong gyro-Bohm dependence. Combined
scaling of LHD, with a significant improvement due to the pedestal parts and small r *, and
the medium sized heliotrons, with no significant pedestal- like feature, consequently leads to a
strong gyro-Bohm expression. It should be noted that this comprehensive result does not
clam that the predominant transport process in heliotron/torsatron plasmas has a strong
gyro-Bohm nature. The core confinement in LHD aone has till indicated the dependence

t EWU r *-26+01



3. Investigation of
Discharges

Dimensionally Similar

3.1 Comparison of Dimensionally Similar
Dischargeswith Different r *.

Comparison of dimensionally similar
discharges has been widely applied in many
experiments to clarify the r * dependence [10-13].
Two discharges with different magnetic field 2.75
T and 1.52 T are compared here. The magnetic axis
isset at Ry=3.6m for both cases. The density and
heating power are controlled to get plasmas with
the collisionality n* and beta similar to each other.
Also the Bohm term T/B should be close.
Remarkable agreement in n* and difference in r*
are seen in Fig.2(c). Differencein b (0.34 % and
0.39% in the cases of 275 T and 152 T,
respectively) is tolerable since b should not play an
essentia role [14]. Ther * dependence is discussed
for the formula; c=cgr** F(n*,b,q,eec) .
Although the safety factor g, or its reciprocal, the
rotational transform should be important, a helical
system has a great advantage to tokamaks in
settting the identical condition regarding g. In this
comparison, the function F is considered to be the
same for both discharges.

Figure Ad) shows the ratio of the electron
heat conduction coefficients ce. The predictions
from the Bohm (@=0), the gyro-Bohm (@=1), and
the neoclassical calculatiors [15] are also
illustrated. When n* is the same, the neoclassical
dependence is very close to gyro-Bohm for n*<1.
Experimental observation shows that the transport
lies near gyro-Bohm for r <0.6 and shifts between
Bohm and gyro-Bohm for 0.6<r<0.8. The
peripheral region r >0.85 is found to be anomalous
and strongly gyro-Bohm. The increase in the
predictions from Bohm and gyro-Bohm in the
peripheral region is due to the fact that the edge
temperature increases more rapidly than B3

Regresson analysis of the local heat
transport coefficient cerr has been performed with
the dimensionless parameters for 57 discharges.
Figure 3 shows the profiles of the exponents of
dimensionless parameters. The transport lies
between Bohm and gyro-Bohm in the core, and
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FIG.2 Dimensionally similar discharge
with the different magnetic field
(1.52T and 2.75T). (a) Density.
(b) Electron temperature. () r *
and n*.(c)Ratio of the electron
heat conduction coefficients.

shows a strong gyro-Bohm nature in the periphera region. This analysis supports the above

discussion of the dimensondly similar discharges.
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FIG 3.Profiles of exponents of dimensionless
Cei/(Br) scaling.

3.2 Effect of Magnetic Axis Shift

A study on energy confinement times has
indicated that the inward shift configuration
(Rx=3.6m) shows datistical confinement
enhancement of a factor of 1.5 from the
standard configuration (Rwx=3.75m) relative to
ISS95. The reduction of neoclassical transport
due the helical ripple is substantia in the
inward shifted configuration. An anomalous
transport model based on the self-sustained
turbulence due to interchange modes also
suggests that the heat conduction coefficient
could be improved by 20-30% by the strong
shear in the peripheral region in the case of the
inward shifted configuration [16].

Figure 4 shows the temperature and density
profiles and the analyzed heat conduction
coefficient in the dimensionally similar plasmas
with the different magnetic axis positions. The
magnetic field is 1.5 T for both cases. The
temperature is adjusted by the heating power
for the same line-averaged density. A 60 %
larger heating power is required for the

standard configuration to get the same temperature as in the inward shifted configuration.
Collisionality n* is around 1 for both cases. Hollowness in the density profile is enhanced in
the standard configuration, which can be related to neoclassical off-diagonal particle diffusion
due to the temperature gradient [17]. Electron heat conduction is improved in the inward
shifted configuration, which is consistent with the characteristics of the energy confinement
time. The electron heat conduction coefficients monotonically decrease towards the edge from
the core while degradation in the peripheral region has been generally observed in the
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FIG.4 Profiles of (a) density, (b)

temperature, and (c) electron
heat conduction coefficient in
dimensionally similar discharges
with different magnetic axis
positions.



medium-sized helical experiments as well as L-mode plasmas in tokamaks. In the case of
standard configuration, neoclassical transport accounts for two-thirds of the experimental
value for r <0.9. Since the ripple transport is suppressed in the inward shifted configuration,
the contribution of the neoclassical transport decreases to less than 50 % in the core and
becomes negligible in the peripheral region Therefore difference in the intermediate regiors
between two cases is partly due to the reduction of neoclassical heat flux. The superiority of
the inward shifted configuration over the standard configuration can be seen in the collisional
regime as well where neoclassical transport does not play an essential role; therefore, it is
clear that the anomalous transport should be improved in the inward shifted configuration in
addition to the neoclassica trangport.

4. Profile Stiffness Y —

Confinement improvement has been often 5
associated with a peaked density profile. This is
considered to be related to suppression of anomalous
transport due to the ITG mode and to the large
electric fidd due to the pressure gradient.

The density profile in LHD is quite flat and
often accompanied by hollowness. An obvious pinch
effect has not been observed in gasfuelled
discharges as it has for the medium-sized tokamaks.
However, the density profiles peaks slowly a the
time scale of the energy confinement time after the
pellet injection [18,19], even if the pellet does not
penetrate to the center.

Figure 5 shows the electron density, temperature,
and pressure profile in two discharges with different
fueling schemes, i.e., gas puff and pellet injection.
The line averaged density and the heating power are
amost the same for both cases (Gas-fuded
discharge: 7, = 3.7~ 10°m3 Papsl2 MW,
Pellet-fueled discharge: A, = 3.8° 10°m, Pars=1.1
MW). Resultant energy confinement times are 0.32 s
and 0.34 s for the gas-fuded and pellet-fueed
discharges, respectively. Therefore these two
discharges are equivaent in globa characteristics.
However, the internal structures are different as seen
in Fig.5. The dendty in the gas-fueled discharge is
flat astypically seen in the LHD experiment while a
peaked density profile is reaized in the pellet-fueled
discharge. The case of temperature is in striking | o \ ]
contrast. The temperature profile is flattened in the ol ]
core region in the case of the peaked density profile. 0 02 04 06 08 10
Consequently, the electron pressure profiles become FIG5 Profiles of (a) electron

similar to each other (see Fig.5(C)). density, (b) temperature, and
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Since the power depositionof NBI is peaked in
the case of the peaked density profile (see Fig.6(a)),
the flattening of the temperature profile is in the
opposite direction. A significant degradation of the

(c) pressurein the gas-fueled
discharge (solid lines) and
the pellet-fueled discharge
(dotted lines).



electron heat conduction coefficient is found in the
core region (see Fig.6(b)). The characteristics in 0.08 P
the region outside the two-thirds radius are almost
the same for both cases. 0.06 I

Enhancement of anomalous transport '
coincides with stiffness of the pressure profile.
This feature has the trend in an other way of a
typical anomalous transport candidate, the ITG
mode.

0.04

q (MW/m®)

0.02

5. Discussion and Summary

As suggested in the comparison of ol e oy
dimensional similar discharges, the core transport i ]
in LHD has a wesk gyro-Bohm nature. The

characteristic change from weak gyro-Bohm to 100'

strong gyro- Bohm in the edge region (r >0.85) is @
found, which indicates a change of predominant E
transport mechanism. Although adrastic change in o 1011
the heat conduction coefficient in the edge region [ | —Exp. Gas Puff

. I | — N.C. Gas Puff
has not been found yet, the profile of the heat i Exp. Pellet
conduction coefficient monotonically decreases o2l N.C Pelet
towards the edge. This leads to a broad "'
temperature profile with a high edge temperature r
and often appears to be an edge pedestal. Observed £ 6 (a) Power deposition and (b)
confinement improvement over 1SS95 is primarily dectron  heat  conduction
attributed to the large pressure at the edge. The coefficient profiles in  two
inward shifted configuration with Rix=3.6 m has plasmas with gaspuff (solid
characteristics of better neoclassical transport and lines) and pellet injection
worse MHD  stability than the standard (dotted lines).

configuration with Ry=3.75 m from the theoretical

point of view. In the present experimental conditions, MHD instability does not degrade the
global confinement up to b of 2 %[14] and further improvement has been realized in the
inward shifted configuration. This improvement occurs in both the core and the edge. Plasmas
with 3 1 10"m™ which are the subject of this study are generally collisional in the edge

region and the anomaly over the neoclassical transport is predominant there. The suppression
of microturbulence due to interchange modes by the larger shear explains the improvement in
the edge region by the inward shift quaitetively [16].

In the collisionless regime, the improvement in the core transport due to the reduced
neoclassical ripple transport is visible in the inward shifted configuration However, it should
be pointed out that the superiority of the inward shifted configuration is maintained for n*>1
and the improvement is robust for collisondity. The upper envelope of confinement
enhancement factor tg/t "> in the case of R = 3.75 mtends to decrease like n*** and no
case with the enhancement factor larger than one has been observed for n*<0.5. The

dependence of the energy confinement in the case of Ry = 3.75 m shows a stronger density
dependence t . p N2"*than in 1SS95. This exponent increases from 0.7 to 0.93 when the
parameter regiors for n*>1 and n*<1 are considered independently. Although heat transport is

substantially combination of aromalous and neoclassical trarsport due to toroidicity and
helical ripples, these confinement characteristics in the case of Rax = 3.75 msuggest that the



neoclassical ripple transport affects the upper limit of confinement in this case. The case of
Raxx=3.6 m does not show a clear dependence on n*. Therefore the neoclassical ripple loss
does not limit the performance in the inward shifted configuration in the current condition.
Although a ripple transport is enhanced with proportion to Te"?, it would not be serious in the
higher temperature (> 4 keV) plasmasin future experiment with the higher heating power if
help by the electric field is expected through the transition to the electron root [20,21]. It
should be noted that al plasmas included in this sudy are in the ion-root condition.

Although the ITG and TEM modes are mgor cadidates for anomalous transport,
preliminary results suggest that both modes are stable in the core region (r <0.8) in both the
standard and inward-shifted configurations from a linear kinetic microinstability calculation
[22]. This feature is analogous to stabilization of the ITG mode in a reversed shear
configuration in tokamaks. The structure of the helical ripples together with the negative
magnetic shear can stabilize the ITG mode through shortening the connection length between
adjacent good and bad curvature regions and reducing the bad curvature region on the outside
of the torus [23]. Together with an explanation of the stiffness of the pressure profile
coinciding with enhanced transport for peaked density profiles, clarification of anomalous
trangport in the core region in particular improvement in the case of Rix =3.75 m, in LHD
awaits solution.
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