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KEIAY HILEE (LHD)

Cryostat Vessel Supporting Structure
SC Poloidal Coil

Magnetic

Perturbation Coils \ / Upper Port

®Quter diameter 13.5m LHD Plasma
®Plasma major radius 3.9 m

®Plasma minor radius 0.6 m Outer Port
®Plasma volume 30 m?® /

®Cold mass 820 ton

®Total weight 1500 ton . Lower Port
®Magneticfield 3T

®Magnetic energy 0.77 GJ .
Cryogenic Support Post

Tangential Port

Plasma Vacuum Vessel (SUS316L) SC Helical Coil I 1m

The Large Helical Device (LHD) is among the largest helical/stellarator-type plasma confinement systems. Its
magnetic configuration is generated by two external superconducting coil sets—helical and poloidal coils—
without relying on a toroidal plasma current. This feature enables inherently steady-state, long-duration plasma
operation. 2/30




LHD®D 7 7 X< LA SIS HEC L

R.=3.75m Helical Coil (3 layers)
\ Magnetic Axis S ~
(R x) - I
Dome a X-Point LCES
\\
“ —»

Inboard Outboard Inboard Outboard
Closed /
Helical Divertor Plate AN /

Strike Pomt

Divertor (FAEESLD) /
Ergodic Layer :
Magnetic Surface (Ig)l/: TYf‘JOﬁEﬂZ) Divertor Leg

An ergodic layer is formed around the last closed flux surface (LCFS). Four bundled magnetic field lines (divertor
legs) deviate from the ergodic layer at two X-points, which connect to divertor plates (isotopic graphite carbon)
at strike points. The PFCs for the closed helical divertor have been installed on the inboard side of the torus.
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FAIT antennas

(Port 4.5)
Field-aligned
Transforming
Nheat ~ 80 %

HAS antennas

(Port 3.5)
Field-aligned

Large wavenumber
nheat ~ 90 o/o

FIHNEERRDO-HD7 7 X< N#EE(ICH&ECH)

The total heating capacity of ICH has been
upgraded to 3 MW, with 6 transmission lines.
Three kinds of ICRF antennas (HAS, FAIT, PA)

Carbon limiter

N

Local heat load was mitigated by
distributing the total ICRF heating power.
,ﬁs\ ,/ \
/ \ i" \
I H 1 LHD plasma
AN -~
NP g 7N
] \
mTTESS ' :
I,’ \\\ “ \
( \ \s_/,
\\ /’
laal
PA antennas

Core-electron heating sources at 77
and 154 GHz were assembled.

Total heating power of ECH upgraded
to 0.54MW. (82.7, 84, 77, 154GHz)

(Port 7.5)

Large antenna coupling with Faraday
shield (Npeat 70 % ) and without
Faraday shield (n,c.¢ ~60 %)

|IAEA FEC2014 FIP/P5-3 T. Seki
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FTHBMEXERD - D7 7 X2 fMi%ds

ICRF antenna

Dome plates

Divertor plates - s
Typical device parameters: Achieved plasma parameters:
Volume: T.~10.3 keV (n,~1.3 X101 m-3)
Inside vessel ~210 m3 T.~19.8 keV (n,~0.2%10"° m-3)
Plasma ~ 30 m3 n, ~ 1.2x102" m3 (T, ~ T,~ 0.26 keV)
(R,y~3.9m,a~0.6m) B~51%(0425T),41% (1T)
Surface:

PFCs ~ 780 m?
Vacuum vessel ~ 730 m? (SUS316L)
Divertor plates ~ 50 m? (Graphite)

7y ~ 54 min (0.5 MW, n.~0.4 X 10" m-=) in FY 2005
48 min (1.2 MW, n.~1 X 10" m") in FY 2013

IAEA FEC2014 EX7/3 H. Kasahara 5/30
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18th Experimental campaign {NB|'5 NBI-1
100 101
CCD Camera \Y . m\
NBI-2 I | |
Stereoscopic i NS e e \ nght Stereqscoplc
Fast Framing Camera 9-0 * N Ny (awr Vg ’ 3-0 Fast Framing Camera
Photron MC2.1 B N DT V] = L) Photron SA-X

......... _O
ICRF Antenna ICRF Antenna (FAIT)
(PA)
A N Fast Framing Camera
IQH/1 * 6.0 6-T NBI-4 Photron APX-RS
T

M. Shoji et al., Plasma Fusion Res. SERIES 3, 440 (2000) M. Shoji et al., Plasma Fusion Res. 15 (2020) 2402039. 6/30
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18th Experimental campaign 1 NBI-5 NBI-1
CCD Camera
NBI-2 . .
Stereoscopic \ nght Stereqscoplc
Fast Framing Camera 9-g" = TN 25U ,3_0 Fast Framing Camera
Photron MC2.1 B Y e SN 0 ‘: R Tl Photron SA-X
= \L A TN L - ICRF Antenna (HAS)
L i,
8-Q & - §£
4 4-0
ICRF Antenna—— |

ICRF Antenna (FAIT)
(PA)

NBI- T_, =

Fast Framing Camera

6.0 6-T NBI-4 Photron APX-RS

M. Shoji et al., Plasma Fusion Res. SERIES 3, 440 (2000) M. Shoji et al., Plasma Fusion Res. 15 (2020) 2402039. 6/30
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18th Experiment
CCD (

Stereoscopi¢

al campaign

bamera

Stereoscopic
Fast Framing Camera

e ,
Py . p
= f
N
7 . > g
! i,

Fast Framing Camera
Photron MC2|1 9-Q | Photron SA-X
— | | * N ’7 il I
| / \ ‘\\L‘ti : 3 //:\‘\ f W J" -
= }7‘_” e \& - ICRF Aptenna (HAS)
D e, P4 ,» L.

0 65U ual
'(g/Fj)F Antenrla—To Tl et B T/ T~ ICRF Antgnna (FAIT)

Fast|Framing Camera

R/\ | 6-T PHotron APX-RS

M. Shoji et al., Plasma Fusion Res. SERIES 3, 440 (2000) M. Shoji et al., Plasma Fusion Res. 15 (2020) 2402039. 6/30




LHDIC &7 5 ICRFINERFRIMEER D EE

17th (2013)
9th ]
(2005)
D 1
1 10 100 1000
Time [sec]
During the early experimental campaigns before FY 2000, ICRF- Many Clll spikes

heated long-pulse discharges were interrupted due to the
termination of plasma heating power caused by issues with the
ICRF wave transmitter. Since subsequent campaigns (after FY
2000), long-pulse discharges have been interrupted by other
plasma operational issues.

R. Kumazawa et al., Fusion Sci. Technol. 58 (2010) 529. T. Mutoh et al., Fusion Sci. Technol. 68 (2015) 216. 7/30
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1. ICRF7 T FRBTOMREZEFEI#HRZERPE LELAR MIFORBETFX
TN/ 7 —DHAELE

2. XA N—RIBORFANBBRZF S HIEHTFELR 77 XAEEO LR

ARAN—REBTHEL-RFBEZERRDE LIEZ XA MUFDT 7 XATHADIEA

4. ERRBERETORNXZEIHZ2zERTE L4 X PRFOHRH

W

1. 2. 3. 4,

6-T 3-0 4.5-U

M. Shoji et al., Plasma M. Shoji et al., IEEE Transactions M. Shoji et al., Nucl. Fusion K. Saito et al., J. Nucl. Mater.
and Fusion Res. 10 (2015) on Plasma Science, 33(2) (2005) 55 (2015) 053014. 363-365 (2007) 1323.

3402040. 440.
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I:)ICRF (kW)

ICRFINZER/N7 — D pERIC K > TRE

1.0

0.8

0.6

SRR B S L

#112084
ICRF heaf
#117205 | |
' @ —3.5-U
- —3.5- -
----- 7.5-U
Y 7.5-L |

867.4 867.6
Tim

867.8 868.0
e (8)

263.2

ing power from 7.5-U&L antennas was stopped :

1t 867.5 sec.

10"

867.4 867.6

Tin

ne (s)

M. Shoji et al., Plasma and Fusion Res. 10 (2015) 3402040.

867.8 868.0

10.0
868.2
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ICRFINZER/N7 — D pERIC K > TRE

1.0

0.8

0.6

SRIME AL

ICRF heating power from 7.5-U&L antennas was stopped at 867.5 sec.

#117205

-3¢

L4

867.4 867.6 867.8

Time (s)

868.0 868.2

10"

867.2 867.4 867.6 867.8 868.0
Time (s)

868.2

M. Shoji et al., Plasma and Fusion Res. 10 (2015) 3402040.
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7 TTREBTHRET 2 MEDHPH (C AN

FY 2012 (16th Cycle)

Faracy shiele
PIPES

PA anennes
7 .5-UL

Curtesy of M. Tokitani

FY 2013 (17th Cycle)

FY 2014 (18th Cycle)

T~

75U

/L

1 AL

T. Seki et al., Plasma and Fusion Res. 10 (2015) 3405046.
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R

#36394

3.5-U&L

M. Shoji et al., J. Nucl. Mater. 337-339 (2005) 186. M. Shoji et al., IEEE Transactions on Plasma Science, 33(2) (2005) 440.
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#36394 (6th cycle) 150-second discharge

M

. Shoji et al., J. Nucl. Mater. 337-339 (2005) 186.

Observation
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Y. Nakamura et al., Nucl. Fusion 46 (2006) 714.

s

M. Shoiji et al., Fusion Sci. Technol. 58 (2010) 208. 15/30



3. XA N— LB THB L -iRBEERDE LK R MET
D77 X2HhHADRA

16/30



ZAN—REHIHLDEZ R FRLF DO IC K > TRIFRIKE

Plasma Density

17th (FY2013)

Radiation Power Many Clll spikes

Heating Power

Courtesy of H. Kasahara

5-0O

EHMELE

A CCD camera viewing a lower divertor region detected the
release of large amounts of dust particles from a divertor region

(4-1) near a lower port (4.5-L) with spark discharges.

M. Shoji et al., Nucl. Fusion 55 (2015) 053014,
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4.5-U

4.5-L Port

2859.8104s 2859.8194s

#124579

2859.8340s 2859.8634s 2860.0060s

The release of many dust particles from a lower divertor region (4.5-L) in the inboard side of the torus was observed with
the fast-framing camera just before the plasma termination.

IAEA FEC2014 EX/P6-33 M. Shoji 18/30
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EHMELE

RAFEME

4.5-L Port

/

2859.8104s

4.5-U

2859.8194s

2859.8340s

2859.8634s

2860.0060s

#12457¢

\ S —4

The release of many dust particles from a lower divertor region (4.5-L) in the inboard side of the torus w
the fast-framing|/camera just before the plasma termination.

3s observed with

|AEA FEC2014 EX/PG-3:

3 M. Shoji 18/30




Rl

D%

HTAFVOFENBEEDIE

PICRF (MW)

1.4

1.2 |

0.0L

HELBIEMIC X > TRIFFEKE

1.0 |
0.8 -
0.6 -

04|

0.2 b~

Lo Teexw (A-U-)

2860.0 2860.2 2860.4 2860.6 2860.8 2861.0

Time (s)

10" |

—
o
o

—
Q

—
Q
N

]|
2860.0 2860.2 2860.4 2860.6 2860.8 2861.0

Time (s)

M. Shoiji et al., Nucl. Fusion 55 (2015) 053014.
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EERRTRICZ A /=R EBICE W THMETEE O R EER % 27381
_ Deposition layers (consisting of carbon
Curtesy of M. Tokitani (>90%) and iron (a few %))

Target
Plates

Divertor

Plates \

0.5m

Exfoliated deposition layers were found on dome plates, and large sized dust particles (>1mm) were collected on
the vacuum vessel which is directly faced to target plates in the closed helical divertor region.
M. Shoji et al., Nucl. Fusion 55 (2015) 053014. 20/30
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(a)

The VPS-Tungsten plate is
quite effective for

reducing the mixed-
material deposition layers.

- It can contribute to
extending the duration

of long pulse discharges. |(b)

— X IRDERE

IS &K > THERRE DD (S BTN

FY 2012

M. Tokitani et al., Nucl. Mater. Energy. 18, 23-28 (2019) 21/30
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Stereoscopic fast-framing camera

LHD Plasma
/ R-Lens

o \

\ :

L-Lens

Helical Coil Can
M. Shoji et al., Plasma and Fusion Res. 11 (2016) 2402056.
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2'0 L L L e
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----- 4.5-L 1
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—
<
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—_
o
o
™
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. 1.6
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o8
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! AL 1 0.0

199.2 1993 1994 199.5

Time (s)

M. Shoji et al., Plasma and Fusion Res. 11 (2016) 2402056.
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24/30



AFLFHR

ERNAFICL>TERMIFDT T XAIFADFEA
1< & 3 RIEHEME DS L% £

Tangential view Top view

/

~

L-Lens

Horizontally

Elongated
Position \

R-Lens

#131036

Poloidal cross section

M. Shoji et al., Plasma and Fusion Res. 11 (2016) 2402056.
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#131063

Many Clll & FeXVI spikes

Fe

e N Y During the final 50 seconds, the plasma
10"} . density increased as most of the
_ | divertor plate temperature exceeded
= *®<  approximately 300 °C. The divertor
2 |15%  temperatures continued to rise without

:% o 10 == reaching saturation points.
:0'5 M. Shoji et al., J. Fusion Energ. 44, 42 (2025)

1072 10.0

425.2 4253 4254 4255 4256 4257

Time (s) 27/30
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#131063
Many Clll & FeXVI spikes
425,400 s 425427 8 42@44@ A25.465 $ 425496 $
Spperik cischang® Perfpheral Plasme
Fe
"0 || \veleal 1 | |
Hm@——' """ collCan 1 A, During the final 50 s$éconds, the plasma
ot cll _525 density increased||as most of the
#131063 50 9,0 O@O ﬁ@§1 'l L qj|vertor plate tempeorature excgeded
@ — ¢ approximatety 360 —=c—JThe—diverter
2 115%  temperatures continued to rise without
= o 10 == reaching saturation points.
uu :0'5 M. Shoji et al., J. Fusion Energ. 44, 42 (2025)
£ [ S PN SR I -10.0

425.2 4253 4254 4255 4256 4257

Time (s) 27/30
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#131063
Many CIll & FeXVI spikes
425400 s 425427 8 425@44% A25.465 S A25.496 s
e
Spperik cischang® Perfpheral Plasme
Fe
|| \Helelnbo id | |
H@@———f '''' \Call @@@L C? CI I P! During the final|50 $eéconds, the plasma
10" -_Fexw §25 density increased ||as most of the
= 1 divertor plate [temperature exceeded
#131063 6-© Sﬂ g@ ®@ ﬁ@S . I — 2.0 G '\V\hl‘f\\l:ME‘I‘f\l\ ’.){\r\lF O(; I he dll ‘eFteF
$ 10u_ 'E IJ'JIUI\IIIIC(LUI_Y VUV
2 |15%  temperatures cpntinued to rise without
:% o 10 == reaching saturation points.
uu :0'5 M. Shoji et al|, J. Fusion Energ. 44, 42 (2025)
104;225.I2I 42;53 42;54 I4IZ;5.5I I4IZS.6 4L25F)7.0
Time (s) 27/30
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-Parallel momentum balance equation on impurity ions

Parallel Electric Electron Thermal lon Thermal
Field Force Force Force
Bv” 1 0nT Vil — 7y zaTe 26Tl-
m—=————+ZeE+ m +0.71Z +2.622 —
dt n ds T _ Js ds
Friction Force (F,,.) Thermal Force (Fyp,)
R,=3.60 m .
Ergodic layer Divertor leg Al FEes

\ — Impurity ion flow toward the

\ \ main plasma by VT,
X-point Main Plasma (Impurity accumulation)
Thermal force R

R Friction Force

— Impurity ion flow toward the
divertor regions by n,v;,
(Impurity exhaust)

P——
Divertor plate Friction force
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N
2

A DONABEE THE W E

575

ExiEiFI 5 EHEHN

Lower plasma density (n ¢FS=1 X% 101® m-3, PLCFS=16 MW)

T, (keV)

Friction force pushes
impurity ions- out to
the divertor legs!

Main
Plasma

Sr.o (X 102! m3:s-1)

The dust evaporation
zone lies in the
friction-forcg-dominant

\ area. -

[ron Dust

nfeler (X107 m3)

Ergodic Layer

ExhaJ;F\'

\/ Low impurity

‘ion content!

Higher plasma density (n ,-¢F$=3 x 101® m-3, PLCFS=16 MW)

Rax=3.60 m

Iron Dust Source

5m/s
. >

Iron Dust Trajectories

1.0
0.8
0.6
0.4
0.2
0.0

Divertor Leg

2:8 |l qust™6=4.37 X 1019 atoms/s

40 LCFS

3.0
2.0 \
1.0

0

40| =10.625°
3.0
2.0 .
|  Accumulation
0.0
SN
High impurity
ion content!

EMC3-EIRENE coupled with DUSTT

M. Shoji et al., Contrib. Plasma Physics 58 (2017) 616. 29/30
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|
A
\3
A\,
=l

Lower plasma density (n ¢FS=1 X% 101® m-3, PLCFS=16 MW)
Te (keV) | SFeO (x 1021 m-3.s-1) nFe lon ( X 1017 m-3)

. Total
The dust evaporation

Friction force pushes Iron DUSt sone  lies in” the

impurity ions- out to

Ergodic Layer

the divertor legs! Source friction-force-dominant 7
R \ area. - \ o
.~ Main Exhaust \
- Plasma e \/ Low impurity

‘ion content!

Higher plasma density (n ,-¢F$=3 x 101® m-3, PLCFS=16 MW)

Rx=3.60 m 1.0 50 lgust ©=4.37 X 10'° atoms/s 40] 4=10.625°
0.8 .
Iron Dust Source 08 Bivrtor L o LCFS Zz
4| Divdrtor Le | -
\ 5 m/s 02 J "o \ |  Accumulation
"W L : 00
N High impurity
ion content!
Iron Dust Trajectories

EMC3-EIRENE coupled with DUSTT M. Shoji et al., Contrib. Plasma Physics 58 (2017) 616. 29/30
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