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The experimentally optimized magnetic field configuration of the Large Helical Device@A. Iiyoshi
et al., Nucl. Fusion39, 1245~1999!#, where the magnetic axis is shifted inward by 15 cm from the
early theoretical prediction, reveals 50% better global energy confinement than the prediction of the
scaling law. This configuration has been investigated further from the viewpoints of high energy
particle confinement and magnetohydrodynamic~MHD! stability. The confinement of high energy
ions is improved as expected. The minority heating of ion cyclotron range of frequency was
successful and the heating efficiency was improved by the inward shift. The confinement of passing
particles by neutral beam injection was also improved under low magnetic field strength, and there
could be obtained an almost steady high beta discharge up to 3% in volume average. This was a
surprising result because the observed pressure gradient exceeded the Mercier unstable limit. The
observed MHD activities became as high as beta but they did not grow enough to deteriorate the
confinement of high energy ions or the performance of the bulk plasma, which was still 50% better
than the scaling. According to these favorable results, better performance would be expected by
increasing the heating power because the neoclassical transport can also be improved there.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1448345#
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I. INTRODUCTION

The confinement of high energy particles and the h
beta operation were critical design issues for helical fus
reactors. The recent development in the theories of desig
modern stellerators, as well as magnetohydrodyna
~MHD! stability, have made it possible to design magne
field configurations for optimizing these issues. However
the real situation, the performance of helical plasmas is
termined by anomalous nature, and the experimental eff
are focused on the optimization of plasma confinemen
first, and then the designed concepts are verified at the o
mized point, which may not always be the same as predic

The Large Helical Device~LHD!1 is a modernl 52 he-
liotron with a pitch numberm510, the design of the mag
netic field configuration of which was optimized for hig

a!Paper QI1 2, Bull. Am. Phys. Soc.46, 246 ~2001!.
b!Invited speaker.
c!Graduate University for Advanced Studies, Hayama 240-0193, Japan
d!Department of Energy Engineering and Science, Nagoya Univer

Nagoya 464-8603, Japan.
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energy particle confinement, stability and equilibrium of hi
beta plasma, and the formation of a clear helical diver
field structure. It is a superconducting machine of ma
(Rax! and minor radius~a! of 3.75 m and 0.6 m with maxi-
mum toroidal magnetic field strength of 2.75 T at the plas
center. The rotational transform is 0.35 at the center and
at the edge in the standard configuration ofRax53.75 m. The
LHD has the flexibility to change the plasma configurati
by using a set of superconducting poloidal coils. Amo
these shaping parameters, the position of the magnetic ax
the most important to determine the performance of
plasma because the MHD stability is predicted to be i
proved when the axis is shifted outward where the magn
well region increases, while the excursion of the particle
bit from the magnetic surface becomes small by inward sh
which reduces the neoclassical transport as well. The o
mized position was determined to be 3.75 m in the des
phase of the machine, which was 15 cm inward from
center of the helical winding coil~3.9 m!.

Since the start of experiments in 1998, the performa
of LHD plasma has been improved by increasing the hea

y,
0 © 2002 American Institute of Physics
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power and the magnetic field strength. Through the exp
mental studies, we tried optimizing the position of the ma
netic axis in terms of plasma energy confinement, and fo
that the 15 cm inner shift from the standard position~Rax

53.6 m! showed excellent performance, that is, 1.5 tim
better than the one predicted by the scaling law dedu
from the medium size stellerators/heliotrons: the inter
tional stellerator scaling 19952 ~ISS-95!.3 According to the
design study of LHD, this position is predicted to be favo
able for the high energy particle confinement, but the MH
stability of high beta plasma is another worrisome questi
In this paper, we will describe that the compatibility betwe
the high energy confinement and the MHD stability s
holds good at this position.

II. OPTIMIZATION OF MAGNETIC CONFIGURATION
ON ENERGY CONFINEMENT

The magnetic field configuration of LHD, such as t
position of the magnetic axis or the shape of the plasma c
section, can be widely changed by using the poloidal shap
coils or by changing the current distribution in the helic
coils. They are also related to the change of the profile
rotational transform or the divertor field structure, includi
the case of inner wall limiter discharge. A systematic stu
has been carried out recently to find the best magnetic c
figuration for the plasma energy confinement of neutral be
injection ~NBI! heated plasma.4 In the study, the perfor-
mances of plasma were compared by changing the pos
of the magnetic axis~3.55 m<Rax<4.0 m! and then the av-
eraged shape of the poloidal cross section~0.92<k<1.17
wherek is averaged ellipticity! at 3.6 m. The results on th
global energy confinement time are summarized in Fig
Because the minor radius also varies as the magnetic
varies, the plasma performance is compared by the
provement factor of energy confinement time from the e
pirical scaling ISS-95@tE50.08 a2.21R0.65P20.59ne

20.51B0.80

(i/2p)2/3
0.40#. The dependence of other parameters in ISS-

such as input power~P!, electron density~ne ,! and toroidal
field strength~B!, agree well with the experimental results
LHD in the case ofRax<3.6 m and in the collisional regime
of Rax<3.75 m, which is weakly gyro-Bohm. Then Fig.
indicates that the coefficient of the scaling strongly depe
on the magnetic axis, and not very much on averagek
although its dependence was studied only atRax53.6 m. A
similar effect of the magnetic axis was also observed
medium-sized heliotrons where the plasma is in the plat
regime.5

One of the specific features of LHD plasma is the ex
tence of a natural pedestal in the electron tempera
profile,6 which improves the global energy confinement
LHD plasmas compared with those of medium-siz
heliotrons.7 In this case, the confinement of the core p
@subtracting the base of pedestal part;* I (Wp(r)
2Wp(0.9))dr# does not change. However, the shift of t
magnetic axis also improves the confinement of the c
part. The best position of the magnetic axis is around 3.55
from Fig. 1. It is interesting that the prospected neoclass
transport in the collisionless regime also reduces as the m
Downloaded 08 Apr 2009 to 133.75.139.172. Redistribution subject to AIP
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netic axis shifts inward, and it takes the minimum value
Rax53.53 m.8 This dependence is stronger than that of e
perimentally observed anomalous transport. Both transp
become comparable under some conditions. Because
anomalous transport does not strongly depend on the c
sionality ~weakly gyro-Bohm!, the neoclassical transpo
may surpass the anomalous one in the collisionless reg
when the magnetic axis is shifted outward. Actually, the d
terioration of confinement occurred as the collisionality d
creased atRax<3.75 m.4 This situation is useful for studying
the neoclassical characteristics in the LHD. One of the
amples was the transition of transport nature from ion roo
electron root in the NBI discharge, and the effect of rad
electric field on the transport was clearly observed.9

As yet, this kind of deterioration was not observed
Rax53.6 m, even when the collisionalitynb* decreased as
low as 0.05, wherenb* 5neiqR/« t

1.5/ve
th . Further improve-

ment would be possible if we could suppress the anoma
transport in the reactor relevant regime ofnb* ;1022. There-
fore, this configuration is promising as a new standard
LHD, if other conditions are satisfied.

III. CONFINEMENT OF HIGH ENERGY IONS

The vacuum magnetic field configuration of LHD wa
designed to have a clear divertor field structure by posit

FIG. 1. Experimentally observed dependence of global energy confinem
on the various magnetic field configurations in the LHD~position of mag-
netic axisRax , and averaged plasma ellipticityk!. The predicted changes o
a deeply trapped particle orbit in Boozer coordinate are shown asRax . The
position where the magnetic well appears in the vacuum magnetic
configurations is also indicated.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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pitch modulation of the helical coil, and the improvement
trapped particle orbit was guaranteed by the inward shif
the magnetic axis from the center of helical coil. From t
viewpoint of good particle orbit, the best position is pr
dicted to beRax53.53 m, and a more inward shift of th
magnetic axis from the standard position~3.75 m! is ex-
pected to improve the confinement of high energy ions.

Experimentally, the confinement of high energy ions c
be investigated by using those produced by plasma hea
devices because deuterium is not available for a working
Although the behavior of helically trapped ions is interesti
from this point of view, the main heating method was a ta
gentially injected neutral beam to avoid producing high e
ergy trapped ions.10 The ion cyclotron range of frequenc
~ICRF! heating was prepared for the purpose of tar
plasma production of NBI using ion Bernstein wa
heating.11 However, through the experiments, the minor
heating has been found to be very efficient in the inw
shifted discharges.12

A. Confinement of perpendicularly accelerated ions
„ICRF heating …

ICRF heating of helical plasma has been carried ou
some devices,13–15 and the plasma production and heati
was demonstrated using the electron heating scheme. H
ever, ion heating using a minority heating scheme has
been very successful in the medium-sized helical syste
which is considered to be attributed to the existence o
large loss cone for perpendicularly accelerated ions. In
LHD, due to its large minor radius, the slowing down pr
cess can compete the loss of helically trapped minority io
which are accelerated perpendicularly by the ICRF wa
Therefore, the improvement of fast ion orbit can affect t
heating efficiency of ICRF in minority heating, and in th
sense, the inward shift is preferable for ICRF heating. Fig
2 shows a simulation of energy absorption of an accelera
minority ion by ICRF,16 where the ion is accelerated at th
resonant point when it passes and loses energy by fric

FIG. 2. Heating efficiency of ICRF minority heating. The averaged elect
density is 231019 m23. Solid line shows the case ofRax53.6 m and dashed
line Rax53.75 m. Hatched region indicates the current power level of IC
Downloaded 08 Apr 2009 to 133.75.139.172. Redistribution subject to AIP
f
f

n
ng
s.

-
-

t

d

n

w-
ot
s,
a
e

s,
.

e

e
d

n

through the excursion until it runs away from the confin
ment zone~inside the last closed magnetic surface!. The ef-
ficiency becomes low when the slowing down time becom
long, that is, the bulk temperature becomes high or the d
sity is low, and therefore the efficiency becomes worse
high power heating. The figure shows clear improvemen
heating efficiency when the magnetic axis is shifted fro
3.75 m to 3.6 m, and good minority heating was expected
Rax53.6 m.

The ICRF heating was performed in helium plasma w
hydrogen as the minority ion. It could additionally heat NB
plasmas or sustain a plasma by itself without any increm
of density or radiation power.12 The antennas can move ra
dially and cope with the magnetic axis shift. In the inwa
shifted discharges, the heating efficiency was similar to t
of NBI. The growth of a high energy tail up to 300 keV wa
observed in hydrogen energy during ICRF heating.17 Figure
3 shows a perpendicular energy spectrum of charge
changed neutral hydrogen which was observed by the na
diamond detector.18 The obtained energy spectrum agre
with the result of 5D simulation code GNET19 in which the
energy and spatial distribution of minority ions are calc
lated. Figure 4 compares the increment of plasma-stored
ergy atRax53.6 m with that at 3.75 m when the ICRF wa
applied to the plasma produced by 1 MW NBI. It was fou
that the increment of stored energy of 3.6 m was more t
twice as large as that of 3.75 m. As shown in Fig.1, the b
energy confinement of 3.6 m is 1.5 times better than tha
3.75 m. The obtained increment of stored energy agrees
with the prediction from ISS-95 at 3.6 m, but the efficien
of 3.75 m is worse than the prediction, as shown in the
ure. This low efficiency qualitatively agrees with the res
shown in Fig. 2 where about 70% of reduction from t

n

.

FIG. 3. Energy spectrum of charge exchanged neutrals of minority hydro
ions during ICRF heating measured by a natural diamond detector. S
line in the figure is a predicted spectrum of neutral particles via cha
exchange based on the energy distribution of minority ions calculated
GNET code.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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2023Phys. Plasmas, Vol. 9, No. 5, May 2002 Compatibility between high energy particle confinement . . .
ISS-95 is anticipated when the power of NBI is included.
The energy spectrum shown in Fig. 3 was measure

Rax53.6 m. The experimentally observed difference in t
perpendicular high energy tail was, however, small betw
Rax53.75 m and 3.6 m. This fact does not contradict t
difference of orbits between 3.6 m and 3.75 m. Because
excursion of perpendicularly accelerated ions is larger
Rax53.75 m, they pass the plasma periphery where the n
tral density is high. According to the simulation by GNE
the flux of high energy ions becomes even slightly larger
the energy spectrum of 3.75 m, which is consistent with
experimental results.20

B. Confinement of high energy passing ions „NBI
heating …

The confinement of passing particles is predicted to
good in the LHD so that all the neutral beams are injec
tangentially. Two beam lines aim in the opposite direction
cancel the beam driven current. Because of a large m
radius, the hydrogen beam energy should be as high as
keV for heating the center of plasma. The negative-ion-ba
technology was introduced to realize such high ene
beams, which results in no partial energy components ex
ing in the beam. Therefore, the confinement of fast ions
also a concern, especially under low magnetic field stren
for high beta study. Experimentally, the heating efficien
under high field is good, and no difference was obser
between co-injection and counter injection. No differen
was observed either when the magnetic field strength w
down to 0.75 T, where the toroidal drift of the particle orb
from the magnetic surface can be nearly a third of min
radius (A« trp /a;0.3). Figure 5 shows a dependence
plasma-stored energy on the magnetic field strength kee
the input power and the target density constant. The fig
shows good agreement of toroidal field dependence with
scaling ISS-95, which indicates that the heating efficien

FIG. 4. The increments of stored energy by ICRF heating of NBI plasma
compared betweenRax53.6 m and 3.75 m with the ISS-95 scaling. Th
magnetic field strength is 2.75 T and the target plasma density is arou
31019 m23 at Rax53.6 m and 1 – 331019 m23 at Rax53.75 m. The ab-
sorbed power of NBI is 1 MW.
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does not deteriorate as low as 0.75 T. At 0.4 T the inter
ence was observed with the side limiter of the ICRF anten
which is located about 12 cm apart from the last closed m
netic surface, in the discharge atRax53.6 m. It was also
observed at 0.5 T in the case atRax53.75 m. These are clea
observations that the high energy ions deviate far from m
netic flux surfaces.

A problem in the operation under low magnetic fie
strength in helical systems was plasma initiation. We ha
developed a new technique to initiate plasma by NBI alo
in the LHD.21 In this method, NBI is injected at first into th
vacuum vessel with prefilled neutral gas. Then a small p
of the beam is ionized by collision with background neut
gas and trapped in the vacuum magnetic field~LHD is a
superconducting machine and the magnetic field is alw
present!. These trapped fast ions become the energy sou
of the following discharge. Therefore, the confinement
fast ions determines the success of startup. It takes tim
build up plasma from the start of the beam, and this ‘‘waiti
time’’ becomes long as the beam current decreases. Figu
shows the time evolutions of plasma density buildup
counter beam injection under the various magnetic fi
strengths. In this series of experiments no conditions w
changed besides magnetic field strength, and the wai
time becomes long under 0.75 T. Because the waiting tim
are the same between 2.75 T and 1.52 T, this delay is tho
to be the effect of increasing direct orbit loss of the bea
The method is very reliable and high beta studies have b
pushed forward.

IV. HIGH BETA DISCHARGE AND MHD
CHARACTERISTICS

The magnetic axis of 3.6 m was not chosen in the des
phase of LHD because it becomes a magnetic hill confi
ration and the plasma was considered to be MHD unstab
high beta. In order to check this situation, we have tr
producing high beta plasmas atRax53.6 m, and studied thei

re

1

FIG. 5. Dependence of neutral beam heating efficiency on the magnetic
strength. Injection power and the target plasma density are 1.7 MW an
31019 m23, respectively. Hatched region indicates where the interfere
with ICRF antenna occurs. Solid line shows the predicted stored en
based on the ISS-95 scaling.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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2024 Phys. Plasmas, Vol. 9, No. 5, May 2002 Kaneko et al.
MHD characteristics carefully. Because the available hea
power is limited, the discharges had to be performed un
the magnetic field strength as low as possible. As descr
in the preceding section, under such a low field the only t
for plasma production and heating is NBI. By consideri
the dependence of beta, global energy confinement, and
ing efficiency on the magnetic field strength, high beta
periments were carried out at 0.5 T.

Figure 7 shows time evolutions of plasma paramet

FIG. 6. Time evolution of plasma initiation by neutral beam under differ
magnetic field strength. The beam power is 1.7 MW. The start time of
puffing is delayed by 0.1 s atBT50.5 T from other cases due to a slo
density buildup.

FIG. 7. Time evolution of averaged beta, electron density, magnetic fl
tuation, and amplitude of coherent modes in a high beta discharge aBt

50.5 T.
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and magnetic fluctuations during a discharge when the
ume averaged beta value^bdia& of 3% was achieved, which
is, so far, the highest value achieved in the LHD. Here,^bdia&
is defined using the diamagnetically measured stored en
and the vacuum magnetic pressure. In this discharge, the
puff was continued until 1.6 s, and then a pellet was inject
The ^bdia& increased up to 2.5% during gas puffing as de
sity increased, and the highest beta was obtained at the
sity growing phase after pellet injection. The level of ma
netic fluctuation increased with beta and enlarged at 1.2
due to the appearance of low-n coherent modes, such a
n/m51/2, 1/1, and 3/2, as shown in the figure. Among the
the 1/2 mode disappeared as^bdia& increased more than
2.3%.

Figure 8 shows the time evolution of electron press
profiles of this discharge. The ion temperature has almost
same value as the electron in this density range in LHD.
shown in the figure, a steep pressure gradient exists at
peripheral regions. It is noted that the obtained pressure
dient (udb/dru) in the hatched region in the figure excee
Mercier stability limits. Atr50.9, where a rational surfac
of 1/1 exists, it becomes Mercier unstable over 1.8%t
.0.33 s), and it is predicted to be unstable to low-n mode
when^bdia&.2.1% (t.1.3 s) theoretically. Although the co
herent modes seem to appear when the pressure gradie
close to the low-n unstable limit, the coincidence with th
theory is not very good. On the other hand, atr50.5 where
the rational surface of 2/1 exists, the obtained pressure
dient is Mercier unstable below 2% (t,1.4 s), and it is pre-
dicted to enter the second stability region when the beta c
tinues to increase. The disappearance of 2/1 coherent m
corresponds to this timing (t51.4 s), but its onset is no
clearly explained. So far, the pressure gradients at a per
eral region increased almost linearly as beta increased.22

A remarkable result is that the plasma was stable eve
it was predicted to be Mercier unstable. Although small a
tivities were observed in Soft X or electron cyclotron em
sions ~ECE! measurements in some cases, we have not
experienced any plasma soft disruption or confinement d

t
s

c-

FIG. 8. Time evolution of electron pressure profiles in the discharge of
7. A predicted Mercier unstable region is also shown.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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2025Phys. Plasmas, Vol. 9, No. 5, May 2002 Compatibility between high energy particle confinement . . .
radation due to instability accompanied by the high b
value. Actually, the improved characteristics of global ene
confinement do not depend on beta until 3%, as shown
Fig. 9, where the time trace of the discharge shown in Fig
is also indicated with the predicted unstable conditions.

V. SUMMARY AND DISCUSSIONS

It was experimentally confirmed that the compatibili
between high energy particle confinement and high b
achievement holds good in the inward-shifted configurat
of LHD. The anomalous thermal diffusion is suppressed b
at Rax53.55 m, as seen from Fig. 1. This magnetic config
rational effect indicates that there is other parameter~s! to be
considered in the conventional scaling law. Howev
through the change of magnetic configurations, the magn
shear does not vary enough to explain the experimenta
sult. The fact that the confinement is independent of b
suggests that the magnetic well configuration does not af
the confinement. A difference can be seen in the structur
multihelicity, which is related to the improvement of partic
orbit, but so far we have no idea that it has anything to
with suppression of turbulence.

The neoclassical transport is improved by the inwa
shift as the theory predicts. Good confinement of high ene
ions was experimentally confirmed. The fact that the i
provement of confinement by magnetic axis shift has
same tendency in both anomalous and neoclassical natu
one of the important experimental results from the optimi
tion of magnetic configurations in the LHD. Although th
best position is expected at aroundRax53.55 m both anoma-
lously and neoclassically, the tangency radius of NBI is
as 3.7 m, which was determined by optimizing an absor
profile of beams in the plasma of standard magnetic axi
3.75 m, and the beam deposition becomes worse for su
large inward shift. Changing the sight line of the beam m
inwardly will cause interference with the inner wall o
vacuum vessel. Therefore, 3.6 m is set as our new stan
axis to study the reactor relevant plasma.

Other heating tools can cope with the inward shift. R
cently, the mirror driving system of electron cyclotron he
ing ~ECH! has been modified~it was also optimized based o

FIG. 9. Dependence of the improvement of global energy confinemen
volume-averaged beta. No degradation was found up to 3%. Time trac
the discharge of Fig. 7 is also shown with the predicted unstable condit
Downloaded 08 Apr 2009 to 133.75.139.172. Redistribution subject to AIP
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the standard axis of 3.75 m before!, and the rays of ECH can
be focused in the center of the plasma even atRax53.5 m,
where the resonance layer can coincide with the magn
axis. Figure 10 shows a steep electron temperature pr
obtained by this localized heating. High electron temperat
of around 9 keV was obtained at the center, and the neoc
sical feature is considered to be dominated in the cen
region where a strong radial electric field is expected to
duce transport. This is an important subject of the heli
system, and vigorous studies are proceeding now.

Good MHD stability, in spite of the magnetic hill struc
ture, is an unexpected experimental result of the inward s
discharges. It is suggested that even when the pressure
dient exceeds the Mercier limit a little, the growth rate sta
small and the plasma is stable in the real situation.23 How-
ever, the obtained pressure profile far exceeds the limit. O
of the possibilities for stabilizing plasma is the local flatte
ing of the pressure profile. Unfortunately, we have to eva
ate the density profiles using 12-chord far infrared~FIR! in-
terferometer. Therefore, the spatial resolution is not go
enough to evaluate the pressure profile in detail. More
tailed measurement will be possible by Thomson scatte
although it is not available to measure density due to ins
ficient calibration. For the other possibilities of stabilizin
effect, such as plasma current or flow, we do not have
supporting experimental data so far. Recently, we have
stalled another neutral beam line, and the injected beam
comes unbalanced, so that we hope to get more informa
on the effect of plasma current or flow on MHD stabilit
More detailed theoretical analysis is also needed, includ
nonlinear treatment.

The experimental results show that the inward shift d
charge revealed a good confinement and stability as w
Then there is the other important issue that should be c
fied, that is, the helical divertor. One of the advantages of
l 52 heliotron is its clear divertor field structure. This featu
still holds when the magnetic axis is shifted inward. A

n
of
s.

FIG. 10. Electron temperature profile obtained by central heating of E
The ECH power of 1 MW~combination of fundamental and second ha
monic heating! was focused on the magnetic axis within the regionr
;0.1. The electron density had a flat profile and was about
31019 m23.
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though the structure of the divertor field lines begins to ha
fine structure and to spread over the divertor plates with
inward shift, it remains within a certain extent. This structu
becomes more complicated when the plasma beta beco
high, but it is still bounded. Figure 11 shows the change
heat flux distribution as beta changes, which was meas
by Langmuir probe array on the divertor plates atRax

53.6 m.24 It can be seen in the figure that the heat flux
the bottom plate increased much more strongly than o
plates as beta increased. This is due to the Shafranov~out-
ward! shift of plasma at high beta because the particles be
to escape from the separatrix of the outboard side when
plasma is shifted outward, and these particles go to the
tom plate. This tendency and the measured heat flux di
bution on the divetor plate agree well with the calculatio
Therefore, we think it possible to study the helical divertor
Rax53.6 m.

In conclusion,Rax53.6 m is a new standard configura
tion where the study of reactor relevant plasma can be p

FIG. 11. Change of heat flux distribution on the divertor plates measure
Langmuir probe array when the beta increases. The increment of the bo
plate is larger than the other outboard and inboard plates.
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sible in LHD, which would extend the potential of thel 52
heliotron as a reactor.
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