MAGNETIC CONFINEMENT
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Experimental efforts have been extensively done in Large Helical Device (LHD) to find the key for confinement
improvement like H-mode and ITB seen in tokamaks. In outwardly shifted configuration (R.=4.00m) having an
m/n=1/1 rational surface at the ergodic layer an H-mode-like transition was obtained with rapid density rise and
appearance of ELM-like Ha bursts, when the Pys; was decreased from 8 to SMW. A density window of 4-8x10"cm™
existed for the H-mode-like transition. The ELM-like Ha bursts may be drived by a pressure gradient at the 1/1
position. On the other hand, Ne and Ar discharges were adopted to increase the ion heating power per ion and to
perform the density peaking. As a result, high ion temperatures up to 10keV were obtained with a large enhancement of
toroidal rotation (~40km/s). A clear reduction of the ion thermal diffusivity was found in the Ar discharge with large

toroidal rotations in comparison with the Ne discharge with a small toroidal rotation (<10km/s).

PACS: 52.50.Gj, 52.50.0¢, 52.50.8w, 52.55.Hc

1. INTRODUCTION

Confinement improvement in toroidal fusion devices
is one of the most important key issues for future reactor
design not only in tokamaks but also in helical devices.
Extensive studies on the confinement improvement have

been also done in LHD.

The control of edge particles is one of generally
expected methods to make a sharp edge pressure gradient.
The LHD has a natural open divertor configuration. In
this configuration the edge pedestal, which is normally
appeared in tokamak H-mode, was observed [1] with a
confinement improvement from the ISS-95 stellarator
scaling [2]. Active control of the edge particles has been
tried using an m/n=1/1 island at the plasma edge produced
by additionally supplied resonant magnetic field and a
pump limiter with the same surface curvature as the 1/1
island structure, so called 'LID (local island divertor)' [3].
The energy confinement improvement after switching off
H, gas puff, so called 'reheat-mode', has been studied in
relation to edge particle confinement [4]. An H-mode-
like discharge was observed in high-f3 plasmas (B[2%)
with a low magnetic field (B<0.75T) at Ru.=3.60m (1/271T
(a)=1.56) [5]. The growth of m/n=2/3 modes appeared at
the edge barrier region with the saturation of plasma
performance. Recently, the H-mode-like discharge has
been newly obtained in a full B, field (B=2.5T) by
shifting the R.x outwardly (R.—=4.00m) [6] with a rapid

density rise and ELM-like Ha burst. The key parameters
for the H-mode-like transition were controls of the edge
1/1 island position and the edge pressure based on the Rax
shift and an optimum choice of neutral beam heating
power and electron density, respectively. The H-mode-
like discharges recently observed in LHD are interpreted
in the first half of this paper.

The confinement improvement has been also studied
in the core region of LHD plasmas. An ITB-like centrally
peaked electron temperature profile (T.(0)<10keV) was
obtained at a radial position of p<0.3 in low-density ECH
discharges of <0.5x10"“cm™.  This electron-ITB is
explained with formation of a radial electric field
connecting to electron root [7]. This scenario was applied
to additional ECH heating during NBI discharges and
similar e-ITB profile was also obtained. On the other
hand, a study on ion confinement improvement is
considerably difficult in the present situation of high-
energy (~180keV) negative-ion-based NBI heating, since
the most of the input power is absorbed by bulk electrons
and only 20-30% of the total Pyg is absorbed by bulk
ions. Neon and argon discharges were, then, tried to raise
up a ratio of ion heating power to ion density, Pi/ni. Asa
result, a high central ion temperature up to T;(0)=10keV
has been obtained with appearance of large toroidal
rotation, whereas the Ti(0) stayed around 2keV in H,
discharges. The increment of the Ti(0) was well
correlated with the enhanced toroidal rotation. The high-
ion temperature discharges are described in the latter half
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of this paper in relation to the ion confinement at plasma
core.



2. IMPROVEMENT of EDGE CONFINEMENT
2.1 ERGODIC LAYER and EDGE 1/211(a)

Magnetic surface structures in helical devices are
generally characterized by the ergodic layer surrounding
the core plasmas. The ergodic layer plays an important
role for confinement properties in LHD (m/1=10/2,
R/<a,>=3.5-4.1m/0.5-0.64m,  B<3T,  V,=20-30m’),
because the thickness is much larger than ionization
lengths of neutrals and the connection lengths of magnetic
fields are long. The magnetic field structures of the
ergodic layer are illustrated in Fig.1 for the cases of
Ra.=3.60m (LHD standard configuration) and R.=3.90m
(outwardly shifted configuration). The best confinement
performance is obtained in the standard configuration of
Ra=3.60m. a b
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Fig. 1. Ergodic layer structures at horizontal cross-
section ofRux=3. 60m (a) and 3.90m (b)

Edge rotational transform at p=1 and averaged plasma
minor radius in LHD are plotted in Fig.2 (a) and (b) as a
function of magnetic axis position, Rax. The edge
rotational transform ranges in 0.7< (/21(a) <1.6. The 1/1
surface is located at p=0.88 in R.=3.60m and located at p
=1.0 near R.x=3.90m. The plasma size becomes small but
the thickness of the ergodic layer becomes large, when the
Rax is shifted outwardly.

Figure 3 shows edge radial profiles of magnetic field
connection length, L., and 1/2TTat a horizontally elongated
position in R.,=3.90, 4.00 and 4.10m [8]. The thickness
of the ergodic layer becomes large at the X-point and
closes to 40cm (also see Fig.1(b)). The plasma boundary
of LHD plasma is positioned inside the ergodic layer and
movable according to the edge energy balance, although it
is, of course, a strong function of the connection length.
The positions of the 1/1 surface in Ryx=3.90 and 4.00m
are located near the LCFS and inside of ergodic layer,
respectively. No 1/1 surface exists in R,x=4.10m. In the
case of Ry,=4.00m, thus, it is understood that the pressure
gradient at the 1/1 surface can be easily changed
according to the input power and edge electron density.
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Fig.2. Edge rotational transform (a) and averaged
plasma radius (b) against magnetic axis, R
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Fig.3. Edge profiles of magnetic field connection
length ((a), (b), (c)) and rotational transform ((d),
(e). () at R_=3.90m, 4.0m and 4.1m, respectively

2.2 H-MODE-LIKE DISCHARGES

Experiments have been done for above-mentioned
three configurations. The H-mode-like transition was
found in R,,=4.00m by changing the NBI input power and
maintaining a relatively high density. No transition was
observed in R,=3.90 and 4.10m. This result strongly
suggests the importance of the 1/1 island at the plasma
edge for the H-mode-like discharge.

Typical waveforms of the key signals are shown in
Fig.4. One of three NBIs is turned off at t=1.25s. After
turning off the NBI, the Ha emission quickly drops and
the density gradually rises, showing a clear turning point.
ELM-like bursts appear in the Ho signal. Similar bursts
are also observed in an electrostatic probe on the divertor
plate (Ii) and a magnetic probe (db/dt). The energy
confinement in such an outwardly shifted configuration is
always much smaller than predictions from ISS-95
scaling due to less central heat deposition of NBI. The
energy confinement times obtained in the present
discharge are 17ms (Tgissos=36ms) and 4lms (T
E1ssos—05ms) at t=1.2 and 2.0s, respectively. A clear
confinement improvement is not observed at present.
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Fig.4. H-mode-like discharge after P,  decrease

Those signals during the H-mode-like phase are
expanded in Fig.5. Reduction of the magnetic fluctuation
is seen after the H-mode-like transition.

This H-mode-like feature, however, disappears after
turning off the second NBI at t=2.1s. It strongly suggests
that a relatively narrow power window exists for



Ha(V)
NO2NWA GO

lis(mA)

o

-

db/dt(T/s)
o

1 ©)
Ll
-1 I L I I
1.2 1.4 1.6 1.8

Ukl
2i0
t(s)

and (c) db/dt during

22

Fig.5. (a) Ha, (b) I

H-mode-like vhase
appearance of the H-mode-like phase. In order to confirm
the existence of power window the Pnp was increased
from one beam to two beams. The H-mode-like phase
was also obtained only in a period during the two-beam
heating.

In addition, the H-mode-like discharges cannot be
obtained in low- and high-density ranges, appearing only in a
density range of 4-8x10"cm™. The existence of these power
and density windows strongly suggests that the phenomenon
is sensitive to edge plasma parameters around 1/2Ta)=1
surface. The pressure gradient at the 1/1 island could be a
driving force for the Ha bursts.

The edge density behaviors were analyzed from signals of
multichannel interferometer, which measures vertical chord-
integrated densities (n.L) at vertically elongated plasma cross-
section. Temporal behaviors of two chord-integrated densities
from edge region at inboard side are traced in Fig.6 (b) and (c)
with the connection length shown in Fig.6 (a). The ergodic
layer becomes thick at the inboard side in such outwardly
shifted configuration of R,=4.00m. Since the position of
LCFS is R=3.529m, both signals shown in Fig.6 (b) and (c)
indicate the density from the ergodic layer. Especially, one of
the densities ((c): R=3.489m) is close to the LCFS. Relatively
high density exists even in R=3.399m where the L. is roughly
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Fig.6. (a) L at vertical-inside of R,_=4.00m and

(b) (c) n L. Two arrows indicate positions of
100m.

The density bursts become remarkable in the inboard side
as seen in Fig.6 (b) and can be well correlated with the Ha
bursts. The density from R=3.489m in Fig.6 (c), however,
indicates an inverse temporal behavior. A density collapse
toward the plasma boundary from the inside is seen. It is
calculated that the 1/1 surface in this position exists near
R=3.46m located between two interferometer chords of
R=3.399 and 3.489m. The position of the 1/1 surface may
possibly correspond to the inversion radius of the density
collapse. This density collapse appeared inside the ergodic
layer suggests that the plasma in the ergodic layer having a
relatively long L. behaves like a core plasma with well-
defined magnetic surface. It means that a perpendicular
diffusion becomes important also in the ergodic layer,
depending on the electron temperature.

3. ION HEATING EXPERIMENTS
3.1 ELECTRON-HEATING REGIME

The input power of the present LHD NBI is mainly
absorbed by electrons, because the electron temperature of
bulk plasmas ranges between 1/50 and 1/100 of the fast ion
energy, and the critical energy, at which P. becomes equal to
P; in slowing-down process of the beam energy, is expressed
by 15*T.. The input power into the bulk ions (P;) deposited
directly from the fast ions generally becomes only 10[20% to
the total input power (Pi;). Therefore, all the NBI discharges
in LHD stay in the electron-heating regime (Pi<P.), where the
ion temperature has remained in a range of T>T; at present.
Although the ion transport study in such an electron-heating
regime is important, it is considerably difficult to evaluate the
ion transport coefficient because of a large uncertainty on the
ion heating power. Then, the ion transport was examined in
ECH discharges where a pure electron heating is possible.

The ECH (82.7, 84 and 168GHz) was injected
perpendicularly and strongly focused on the magnetic axis of
3.50m. The ECH power is deposited within p=0.1[D.15.
High central electron temperature up to 10kev has been
observed with appearance of a high central ion temperature of
2.2keV, which was measured from Doppler broadening of
TiXXI x-ray line (2.61E) using a high-resolution crystal
spectrometer [9]. This high T.(0) ECH plasma (Prcu=700kW)
was analyzed using TOTAL-code. The T. and n. profiles
measured are shown in Fig.7. The electron temperature was
extremely peaked at the plasma center. The ion temperature is
calculated from the given T. and n. profiles with values of
neo-classical Xi. The result is traced by dashed line. The
calculated Ti(0) was 2.5keV and indicated a similar
temperature to experimentally obtained T;(0). This result
suggests that the ion transport in the ECH plasma is dominated
by the ; .
neoclassical
transport, at
least, in the
plasma
center. The
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Fig.7. Experimentally obtained T  (solid line) and n,
(dotted line) profiles Dashed line shows T, calculated
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experimentally obtained X. was roughly 5 times as large as the
neoclassical Xe.
3.2 ION-HEATING REGIME

In order to overcome above-mentioned situation of NBI
discharges, recently, neon discharges have been tried [10].
The increase of Pi/n; due to the n; reduction was expected in
the NBI neon discharge. A typical result on the ion
temperature behavior from R.=3.53m configuration is shown
in Fig.8(a). Here, the central ion temperature is measured
from Doppler broadening of ArXVII (3.9492E) x-ray line [9].
A higher ion temperature is obtained in the Ne discharge with
a flat top of 1s. The measured ion temperatures were plotted
with values of the Pi/n; (see Fig.8 (b)). A good correlation was
obtained between the two parameters. The energy exchange
time between electron and ion, T., becomes 3 times longer
than hydrogen discharge. The value of T is 0.6s at 1x10"*cm™
and 1.5s at 0.5x10"cm™. These values are much larger than
the energy confinement time (Te<0.1s). Then, the power input
into ions from electrons can be ignored and the value of Pi/n;
becomes much important in addition to the ion confinement in
such a low-density range.

Ne glow discharges were carried out for 8 hours overnight
before daily experiments in order to decrease hydrogen
neutrals. The Ha intensity further decreased during NBI
discharges and roughly became half of that after He-glow
discharges. Some amount of hydrogen was replaced by neon.
As a result, a further density decrease became possible down
to 0.2x10"cm™.

Ar discharge was tried expecting a reduced edge
recycling and a further decrease of ion density. The T;
measured during a steady phase of discharges is plotted
against a density increment after the Ar puff, as shown in
Fig.9 (a). The T; plotted here is taken during a density decay
phase at [.5s after the Ar gas was puffed. It is seen that the
Ti increases with increasing Ar puff rate.

The radiation loss was calculated in steady plasmas using
impurity transport code. The calculated Ar radiation becomes
equal to the Pxsr (10MW) at 4x 10%cm™. The radiation loss is
enhanced during a transient phase since all the particles
deposited by the gas puff have to pass through the low-
temperature region at the plasma edge. In addition, the density
limit in LHD is given by a half value of the critical density
where Pnq is equal to Pngi.  Therefore, the drop of T; at
1.3x10"cm is quite reasonable. NBI deposition fractions are
plotted in Fig.9(b) for He, Ne and Ar discharges. Those are
considerably improved for higher Z discharges due to an
increase of ion-ion collisional ionization cross section.

Typical waveforms of high-T; discharges in R=3.60m
are traced in Fig.10. After the Ar puff the Ti(0) quickly
increases and reaches 7keV. The T.(0) is also high (~4keV).
The Ti(0) begins to decrease at t=1.7s with a small density
reduction, whereas the T.(0) still keeps the high temperature.

The reduction of Ar ions and the replacement to hydrogen are
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Fig.9. (a) T(0) against density increment after Ar puff;

(b) NBI birth deposition rate as a function of density
suggested. An interesting point in the Ar discharge is in the
density profile and toroidal rotation.

The density profile became peaked in Ar discharges, as
shown in Fig.11(a). In Ne discharges after Ne glow discharge
cleaning, however, an extremely flat density profile was
performed by the enhanced edge recycling of neon. It is
reported that the inward velocity of impurities in LHD is
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against edge density normalized by central density
proportional to their ionization stages, gi [11]. This may be a
main reason why the Ar discharge has such a peaked density
profile in addition to the lower recycling rate.

From these experiments it became clear that the ion
temperatures are sensitive to density profiles. The relation
between ion temperatures and density profiles is plotted in
Fig.11(b). The density peaking followed by the reduction of
edge density at p=0.8 is well correlated with high values of
ion temperatures, especially in the Ar discharge case.

Central toroidal rotations measured from Doppler shift of
ArXVII were analyzed with the ion temperatures and density
peaking. As a result, the rotations could be also well
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correlated with the density peaking and ion temperatures. For
example, the rotation was smaller than 10km/s in the flat
density profile of Ne discharges after Ne-glow cleaning and
30-40km/s in the peaked density profile of Ar discharges (see
Fig.11(a)). The Ti(0) was 2-3keV and 7keV for Ne and Ar
discharges, respectively. The heat transport was analyzed
between such two discharges. The central ion thermal
diffusivity, ¥;, was 55m%s and 35m?s for Ne and Ar
discharges, respectively, under assumption of pure Ne and Ar
discharges. Here, it should be noticed that the ion density
much decreases in these discharges and then, the analyzed X;
becomes larger than that in hydrogen discharges (Xi~2-5m?/s).
In the practical discharge the hydrogen ion density becomes
still dominant and is estimated to be 2-3 times as much as the
Ar ion density. Detailed analysis on the ion density is now
being done. The obtained ¥; are, of course, much larger than
the neoclassical values. Then, it is pointed out that the

layer, density profiles and toroidal rotation are, at least, key
parameters for the future confinement improvement.
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CONCLUSIONS

H-mode-like and high-ion-temperature discharges in
LHD were described suggesting possibilities of a
comparative study with tokamak plasmas and a future
direction of confinement improvement. From these studies it
was suggested that controls of edge islands and ergodic

INPOI'PECC B UCCIIEJOBAHUSAX YJIYUYIIEHHOT'O YAEP KAHUSA U SKCOIEPUMEHTBI 11O
HATPEBY NOHOB HA LHD
C. Mopuma u op.
3HaunTeIbHBIE JKCIEPHMEHTAbHbIE ycuius Ha ycTaHoBke LHD ObiiM HampaBieHbl Ha BBIICHEHHE NPUYUH YITyUIICHHS
yAep)KaHUS B pexuMax, MmonoOHbIx H-mone unm BHyTpeHHeMy TpaHcrmopTHoMy Oapwepy (ITB), nHaGmromaemomy Ha
Tokamakax. J[nma cmeméHHol Hapyxy MarHuTHOW KoH@urypauuu (R.,=4.00m), xorma oGmacTp BOJM3M pPalMOHAIBLHON
nmoBepxHoCTH m/n=1/1 OblIa 3proau3upoBaHa, HAOMIOMANCSA Tepexof, momoOHb H-Mome. DTOT mepexol CompoBOXIAICST
OBICTPHIM HAPACTAHHEM IIOTHOCTH U BCIIBINIKAMU cBeueHus uHuU Hy, nogo6HeiMu ELMawm, Habmoaaics Ipu yMEHbIICHUH
Pnei oT 8 10 SMW. Takoit H-mode mofo0HbIi mepexo HaOMoaancs s TIOTHOCTH TUIa3Mbl, JIeXKaBIIeH B auana3oHe 4-
8x10"*cm™. ELM —nio106HbIe BCIbINIKK Hy MOTJIM OBITH CJIECTBUEM IPaJMeHTa IIOTHOCTH BOIM3Y ToBepxHOcTH 1/1. Jlpyroe
HanpaBJIeHHE UCCIEA0BAHUI — pa3psibl HA HEOHE M aproHe, MPOBOJUBIIKIECS C IETbI0 YBEINYECHHUS MOIIHOCTH HarpeBa Ha
WOH M NOJIYyYeHHUS TMKUPOBAHHBIX Mpoduiiel IoTHOCTH. B pesynpTaTe ObuIa MOMydeHa BhICOKas TeMieparypa noHos (o 10
K3B) ¢ OIHOBpPEeMEHHBIM YBEIMYEHHEM CKOpPOCTH TopouaaidbHoro BpameHus (~40km/c). Uérkoe yMeHblIeHHE
TETIONPOBOJHOCTH HOHOB HAOJIONANIOCh B aprOHOBBIX paspsmax ¢ OONbIIeHl CKOPOCTBHIO BpamieHHs IO CPAaBHEHUIO C
HEOHOBBIMH Pa3psaMu, IJie CKOPOCTh BpaleHus Obuia MeHbe (< 10 km/c).
IPOI'PEC Y JOCJIUKEHHSX MOJIINIIIEHOIO YTPUMAHHS ¥ EKCIIEPUMEHTH 11O
HATPIBAHHIO IOHIB HA LHD
C. Mopima ma in.

3HavHI eKcriepruMeHTabHI 3ycwuit Ha yeraHoBii LHD Oymu cripsmMoBaHi Ha 3'CyBaHHS TIPHYWH TOJIIMIICHHS YTPAMaHHS B
pexxnMax, nonioanx H-mozi abo BHyTpimmboMy TpancmoptHoMy Oap'epy (ITB), mo crocrepiraeTest Ha Tokamakax. J[ims
3MilIeHoi Ha3oBHI MarHiTHOI KoH(iryparti (R.=4.00m), xom oOmacte moOnm3y parioHanrbHOI ToBepxHi m/n=1/1 Oymna
SProAM3MpOBaHa, CIIOCTepiraBcs mepexin, momioamii no H-momm. Lleft mepexin cCympoBODKYBAaBCS IIBHIKAM HApPOCTaHHIM
LIUTEHOCTI 1 criayiaxamu cBiTiHHS JiHil Hy, mopionnvu ELMawm, crioctepiraBest mpu 3meHIteHHl Py B 8 1o SMW. Takuii H-
mode MomibHMIA Iepexi CHoCTepiraBes I TYCTHHH ILTa3MH, IO JIexkana B Aiana3oHi 4-8x10 cm?. ELM -noxiHi cianaxu H



MOIIIM OyTH HACIIZKOM TIpaji€HTa MIUTBHOCTI 1Mo0M3y moBepxHi 1/1. [HIIMH HanmpsIMOK JOCIIDKEHb — PO3PSAM HA HEOHI i
APTOHI, 110 TIPOBOAWJIMCS 3 METOIO 30UIBIICHHST ITOTY)KHOCTI HArpiBaHHsI HA 10H 1 OfiepyKaHHsI MIKipyBaHHUX MPOQLIiB I'yCTHHH. Y
pe3ybTaTi Oyia OTprMaHa BHCOKa Temrieparypa ioHiB (1o 10 k3B) 3 omHOYacHUM 30UTBIIIEHHSM IIBHIKOCTI TOPOiTATIEHOTO
obepranas (~40km/c). UiTke 3MEHIIEHHS TEIUIONPOBIAHOCTI iOHIB CHOCTEpirajgocs B aprOHOBHX po3psAax 3 OUIBIIO0
HIBUJIKICTIO 0OEpTaHHSI B TTOPIBHSIHHI 3 HEOHOBHUMH PO3pPsIaMH, JIe IIBUJIKICTH 0OepTaHHs Oya MeHme (< 10 km/c).




