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JT-60U W-shaped divertor with 3 cryo-pumps
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Divertor pump at 3 toroidal
locations: using NBI cryo-pump
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Divertor plays an important role in protecting first wall
against large heat and particle fluxes.

Particle exhaust of neutrals and He ash (lowenergy a-
particle) is most important issue for steady-state operation.




W erosion and transport have been investigated (2003-2006)

13 W-CFC tiles were installed at 1 toroidal section of outer divertor.
W-CFC tile: VPS coating on CFC: 50um with Re multi-layer (3 layers)

summarized by Ueda, et al. 17th PSI (2006).
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Ferritic tiles were installed to reduce toroidal field ripple
and fast ion loss (2005-6)
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Material: 8%Cr 2%W steel
Magnetization: ~1.7 T at 573K
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Heat and particle control in divertor for long discharge

(
Fueling SOL plasma transport
~—] puff,pellet paralleBdiffusion/drift P j ( Pump system )

HQ: Divertor geometry #

@ Divertor plasma
Detachment, in-out asymmetry,
impurity shielding, ELM heat load etc.
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Fuel Retention/ Desorption,
Material Erosion/ Re-deposition I

(0 Long discharge I |
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Wall pumping/ |:> Saturation of waII/,:> Detachment/ MAREE control
Fuel retention divertor Core confinement




In many tokamaks, boundary condition is determined by
CFC/Graphite-PFC and Inertial/limited-active cooled PFC

AUG JET JT60U LHD HT7 TRIAM TS ITER

Configuration %/4/(/ 97/ / ' 7 ? Limiter /
80 007/ /007, divertor

PFC material C/W/Be
Particle flux 102 D-T
> 1022 D/m2/s Im?/s
1<Te<10eV 1-10 eV on
(partial detach) targets

Pulse > 1 min %% 400s

Power flux 10 MW/m?2
5~10 MW/m? (+ transient)

Forced cooling yes

* ITER : long pulse will be maintained also in limiter (30 s) BﬁMFgﬁgfjgjgt(zaéasn
* No relevant material mix : data shown here for carbon

* No active cooling (except TS) : data shown here for evolving Tsurf
Tsitrone, et al. 2006 17th PSI, R-2



Fuel retention is closely related to PFC physics and
chemical characteristics.

* Tritium is retained by co-deposition with Carbon,
both on plasma facing sides and on remote areas
« Understanding of Tritium Co-deposition is understanding of

where and how Carbon is eroded and how Carbon migrates
globally and locally

D* D+ Remote area

C

Implantation
(saturates)

Diffusion along
pores

Erosion area Deposition area




Carbon characteristics change with temperature

Dominant erosion process of graphite

(Physical/ Chemical/RES)
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2. Wall-pumping and particle control
in long pulse discharges

Boundary plasma and PSI problems for ITER:
- Erosion by Type-l ELM will determine divertor life-time.

* Tritium retention in PFC (carbon) will determine
operation period due to safety limit:

Quantitative understanding of fuel retention mechanism
has been progressed by particle balance experiments
and PFC surface analysis.

This talk presents:
2-1) Particle balance and control using divertor pumping
2-2) Carbon erosion/ deposition and fuel retention



2-1) Particle balance and control using divertor pumping

Materials of the first wall Gas puff
CFC: Divertor plates, top and outer dome
Graphite: main wall, baffle plates, inner dome
Ferritic steel: outboard main wall at TF coils
(~10% of VV surface )

Baking temperature of the vacuum vessel:
150 or 300°C.

Pumping speed at exhaust slot :
0 - 26 m3/s at 150°C,
0 - 47 m3/s at 300°C.

L

exhaust slot

Three pumps are available:
total pumping speed can
be controlled

during a discharge with
opening/closing shutters.

\' ~ 74 m3

plasma

N
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—
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"Globally saturated-wall condition" was observed after
a few long-pulse discharges

Long-pulse (37s) high-density ELMy H-mode discharges have been
repeated to investigate wall retention until wall saturation.

Wall pumping flux was evaluated s 5
from "Global particle balance":
dN(t)/dt

= 1—‘gas(t) + 1—‘NBI(t) - 1“div(t) - I-‘wall(t)

(1020 s1)

g o

n, feedback controlled T, to
maintain high n_ (> 0.5 n&%)

o

=N

(1021 ) (102 1) (101 m

o

For early few discharges,

wall-pumping rate was M
: : E ,
decreased during a discharge: 2
part of injected particles were § Wall inventory
accumulated at PFC surfaces. < 00 e 20 a0
Time (s)
Nakano, et al. 2006 17th PSI, 1-7 |IO = 1.2 MA, |3t =23T, PNBI = 4-8 MW for 30 s.

Kubo, et al. 2006 21st IAEA, EX-P4-11



Under saturated wall condition, where outgas was observed,
density was maintained by divertor pumping (~3x1021D/s).

~ 0.64 Now  Eds334

s-1) (1 019 m-3)

Wall-pumping flux was positive,
then it decreased to be negative
(outgas: ~2x102%1 D/s) in t=14-32s.
— e
Improved confinement with O T AN R A AR
ELM activitywassustained\qof:kd)”
(HgopL ~ 1.3, HHggy 5) ~ 0.71) =

Maximum target temperature sooi/
near the outer strike point < 400

(1022 -1) (1022

(3]

(102! s7)

o

D|vertor -plate temperature
increased from 380°C to 640°C 2005590 15 20 25 30
(ATsurf ~260°C).

Ngyw= 4.4x101°m"3



High-density (n//n%%~0.85) plasma was maintained with
divertor detachment by divertor pumping (~8x1021 D/s).

Wall-pumping flux was positive (3-10x1021D/s) n
5

during discharge.

Increase in target temperature was
small: 300°C-400°C (ATsu"~100°C),
due to large radiation (X, MARFE)
and divertor detachment.

Evaluation of retention rate by co-
deposition process: very small

[Co-deposition rate ~0.26 x 10?1 D/s\
<< Wall-pumping flux ~ 3 x 102 D/s

| (Da) ~ 3 x 1021 phs/s
I:{D-ionization/ R
Ycarbon~ 0.1

~18

Do-emission

QD/C ~ 0.05 (measured in JT-60U)

J

(102! s) (102s7) (102s7) (101 m?)
o

(°C)

(e) Divertor-plate temperature

- (b) Particle flux

: Gas  NBI Div |

©)

Wall pumping flux




Wall-pumping/outgas in "particle balance" was closely
related to wall temperature, rather than injected flux.

n, ~ 0.65 N,y (#45953-45964) :_ e Png =8 MW (.E.LIVIIDvH-mo7de)
ATsurt~250°C (a) rad

_ >
Particles were rather i W le 79
exhausted under "globally- 2 3
saturated condition". 600 | WW: /a: fter -
O 400 [(P) Tu
High density n_, > 0.75 ng,, 200

(#45965-45970)
ATsur < 130°C

Small exhaust or retention "'é"
was observed with .g -
=)

(MW)

(10"°m3)

| (c) Particle number

injected Exhausted

/durlng discharge
btw discharges

handling large particle flux.

45950 45955 45960 45965 45970 45975
Pulse number




Outgas was increased with wall temperature

Similar characteristics of wall-pumping/ outgas depending on ATsu
were observed for baking temperatures of 150°C and 300°C.

Outgas was relatively smaller for low power P,z (L-mode)

©
S
w L) | |||||||||||||
g L, |® open symbol: P,; =4 MW/
Q. S~
% o A® - closed symbol: P,z =8 MW
L A
S o ~
(@) E ~0 N oo (O -
c £ < <
axT® | AAAQ ® Re ~<%6 o _
g o :é_-Z _ NAa :\\\ -
&= DA A Baki
= : A?‘ Baking temperature
; Q_ _4 B A A \ 150 C_
e .. Baking temperature: 300°C_
©
= 100 200 300 400 500

N

Increase in divertor-plate temperature (°C / pulse)

Note: Difference between the 150°C and 300°C cases is mostly attributed to
difference in the outer strike point position.



Wall characteristics between two tokamaks are different
for similar number of fuelling particles (1023-10%4D):
- PFC temperature increased (JT-60U)/ mostly maintained(TS).

Studies of C-deposition and bulk diffusion in PFC/pump geometry,
base temperature, etc. have been in progress.

ToreSupra 6min. discharges: 1/2 of JT-60U 37s discharges: saturated
fuelling particles were accumulated in VV wall was observed after a few shots

(rwall = I‘puff - I‘pump> 0, 1—‘waII/Fpuff ~0.5) (rwall = I‘puff - I‘pump =< 0)
A1'4 Wall pumping flux (I°,,.,) decreased.
Tel2n Desorption (outgas) was increased
§1 off 5 with divertor surface temperature
Eo 8 dN/dt = - [1- R(T;, )1 N/t + T — Tpump
XU E L !
30'6: ( <o constant -
204l top v ™ 42716 42724 -
| S s % ro0°
0-2' Plééma'de'n'si'ty('l(?)om'z)f =TT A wall -
0.0\\\\\\Hi\\\\H\\i\\\\\\\\i\\\\ I PO s e e Yy | R e ol
0 100 200 300 400 500 f APV IV TV SV BT B
Time (s) 5 10 15 20 25 30 35
> time (s)
378 s (6min 18s) < =

A. Grosman, et al. 161" PSI (2004) 37 s




Response of wall-pumping during diveror pumping

Dynamic response of wall-pimping/ retention was investigated by
changing pumping speed, in stead-state plasma (L-mode).

Shutters of two pumps opened at t = 20s (from 1 pump to 3 pumps):
identical plasmas (n., P9V, recycling flux) were maintained.
E045771, E045772

< ? :E

= 1 15 5

-0 Mo of ' 00

—~ Pyr=4MW <

L 600 =

Q450 Temperature was

& 0 identically increased.

l_ l. | | | | |

~ Siv=10m¥s | 26m%s,

© 0.3 ' ' | ' ' Divertor neutral pressure
~ 0.2 was decreased from 0.25 to
s 8.1 0.17 Pa with pumping

9 5 10 15 20 25 30 35 speed from 10 to 26m¥s.
Time (s)



Wall characteristics changed from "pumping"”to "outgas”
with increasing divertor pumping flux.

I, changed from 2x10%° (wall pumping) to -6x102° D/s (outgas) in ~1s
at t = 20s, just after I'y;, was increased from 0.8x10%' to 1.6x10%' D/s.

X1 ()261 /S E045771, E045772

| ) T "] Py of 4MW
N = I'\g = 3.9x10%%s
0
)
“g CE)_ 6 Sdv=10 m3/s 76 m3/s | Iy Nerease: x 2
LQET iv
= 5 . 1 1 l I
- Lyan = 2x10%°%/s
8) ] @Sd|v=10 m3/S
, a0
S S l | ' | — . 20
(;U D3_-30 5 10 15 20 25 30 35 Fwall 6x10°/s

Time (s) @S9v=26 m3/s

Similar characteristics of outgas/ wall-pumping from PFC with/ without divertor pimping
were reported in DIlI-D(without gas puffing) by R.Maingi, et al. Nucl. Fusion 36 (1996) 245



Retention mechanism/ condition (T',,,,,) changed with T';,.

Since both I'y; and I',,; are comparable before and after opening,

wall-retention mechanism/condition (T, ,,) may change with T, or P9V,

Dynamic retention may decrease with decreasing plasma or neutral flux
suggesting large divertor pumping is for reduction of wall-retention?

N ¢ | |pum'ping
)

<1 il
RS Sdv=10 m3/s

- 0 i
i ‘E 26 m3/s

< - i il

5 | % outgassing

O 1 2 3 4

d _
d_Np_FNB'l'Fgas

'rdiv'rwall‘

Fdiv+Fw

all
=I\g + [y, = cOnst.

Dynamics of divertor/SOL plasma
will be also investigated to model
wall retention process.



2-2) Carbon erosion/ deposition and Fuel retention

Deposition layers (max. ~200um) were seen at inner target,
while erosion was dominant at outer divertor:

~40% of deposition may be originated from the first wall tile

Large local deposition was seen in shadow area at outer dome side

Thickness (um)

DVaDVb DMa DMb DMg DVe Dvd

Sample tiles : 1997~2002 (W-shaped divertor)

o Estimated erosldn depth

PR T T

PR T T T

S B

28

1 l 1 1 1 1 l 1 1 1
29 3.0 3.1 3.2
Major Radlus (m)

Eroded carbon goes to inner side.

3.3

Integrated neutral beam
injection time: 3 x 10%s

Outer dome wing : 2 x 10*s (1999-2002)

" Inner divertor : 0.36kg (6 x 102° C/s)

1 | dust:0.007kg (0.1 x 10%°C/s)
, e Re-deposition lyer thickness |

~

Inner dome wing : -0.09kg (-1.5 x 10*°C/s)
Outer dome wing : 0.18kg (4.5 x 10°°C/s)
Outer divertor : -0.25kg (-4.2 x 10%°C/s)

/

l density (deposition): 910kg/m3
density (eroslon): 1700kg/m?

Total deposition : 0.55kg
(10.7 x 10°C/s)

Total erosion : -0.34kg

(-5.7 x 10*°C/s)
0.21kg (5 x 10%°C/s: 40% of deposition
of the divertor area) must be originated
from the first wall (main chamber)




Large D+H retention was observed at outer dome (dep. layer):
D and H tends to be remained at lower Tsu"f or ATSU' area.

Smaller D/H represents H-replacement just before ventilation: Large D
retention at outer dome: /low temperature and small H plasma flux.

H+D amount TDS resutls

== file side surface
® plasma facing surface

. 1 Eroslon area
\
A A \ I Deposition area
! . \
| \\_\_.,/ |

22 o)
107 atoms/nr

v Samples : 1997-1999

\

/ . \ \ Baking temperature :~573K

! 'y ' Integrated neutral beam
26 ) 10 1 : - \ Injection time: 2 x 10%*s

/',8-8 \ , 10.53 3.3 . Outer dome wlng
k lj \. :7.5x 10%s
\ “

56 7.7 1.8 1.7 16.7 35 1.0

~1000K ~800K ~800K ~1409K
Max. surface temperature during NBI




Co-deposition was observed over C-deposition layers

Implantation was limited near eroded target surface (a few um)
Co-deposition produced flat depth H+D/C profile on inner target & dome

H+D amount samples : 1997~1998 Hydrogen remained near surface region.

(ERD)
1 Erosion area ‘
I Deposition area Implantation
e —
* HIC
[ e DIC
0.15f s @ycH

H/C, D/C, (H+D)/C

0 02 04 06 08 1
Depth [ 1 m]

¢ H/C
&) ® D/C Q ® D/C
’S‘ 0.15 ® (H+D)/C 50151 m @D)C ]
T +

L .
T o1 ; 0.1 ﬁ Depth profiles of the hydrogen
S L ———— a isotopes were constant in depth.
%) 0.05F 4 Q 0.05F 4 *
B T pt—)
00 o2 0 oo %0 02 04 06 08 1 Codeposition

Depth [ 1 m] Depth [ £ m]



Averaged retention rate was evaluated in co-dep. layers:
estimated retention of ~2x102' in 30s discharge are small

H+D amount samples :1997-1999

22 2
107" atoms/m”

56 7.7 16.7

== tile side surface
® plasma facing surface

I Deposition area

Inner divertor

Area : 4.4m?
H+D retention rate 2 x 10'°atoms/s

H+D retention rate : 1.2 x 10 atoms/s

*Estimated from carbon deposition rate
and (H+D)/)C 6 x 10%° C/s, 0.02

N

N
Integrated neutral beam injection time: 2 x 10*s
Inner divertor surface : 8.8 x 10*2atoms/m?

J

Outer dome wing

e A
Integrated neutral beam injection time: 7.5 x 10°s
Outer dome wing surface : 10 x 102atoms/m?

Area : 2.6m?
H+D retention rate 3.5 x 10 '°atoms/s

H+D retention rate : 5.9 x 10 *atoms/s

*Estimated from carbon deposition rate
and (H+D)/C 4.5x10%° C/s, 0.13




Large D/C was found under dome at base-T (150°C) region:
averaged retention rate (3-6x10'° D/s) was comparable to that on PFC.

/

N
Average H+D concentration : 8.56 x 10%atoms/m?2
Area(D @ @ @):3.8 m?2

Integrated neutral beam injection time: 8 x 10%s

Samples : 2003-2004
Baking temperature :~423K |

\\,‘Q\

AL

‘x.“@
iy
\

T
oY

H+D retention : 3 x 10?®atoms
H+D retention rate : 4 x 10'°atoms/s (Co-deposition)

H+D retention rate : 3~6 x 10'°atoms/s
*Estimated from carbon deposition rate
and (H+D)/)C  4~8x10"° C/s, 0.75

\\ J

® @ €) @ ® ® @ ©)
H+D ( x 1022 atoms /m2)| 3.22 14.1 12.6 432 | Back. | Back. | e | = | Back.
D/H ratio 2.80 3.60 | 1.81 2.62
DD discharges: NB power ~9MW
Dep. Thickness (um) — 2.33 1.67 — NBI time : 7.4 x 103s
. 3 .
C density (g/cm™) 188 | 1.78 HH discharges: NB power ~4MW
(H+D)/C 0.64 | 0.85 NBI time : 9.5 x 10%s




D+H was measured at first wall surface (base T region)

C: Erosion/ Deposition was often observed at Outer/ Inner wall surfaces
H+D: Retention was comparable to that at divertor.

TDS results

Inner —
P

\
Erosion/ \
1 Oz%toms/m2 _

9.3 Deposition
(a few micro 5/

5 \’

' N\
Frist wall area : 177m?

H+D) amount : ~10 x 10°?atoms/m?
(

~1.8 x 10%° atoms
\_ Y,




(H+D)/C profiles near wall surface showed implantation/ co-
deposition: ratio was comparable to co-deposition at divertor.

ERD results A B
02 P———Tr——r—"r——7 0.2 —r—rr-r—rrrrrrrrrrrrr
¢ H/C ‘
_ ¢ H/C
e D]VC‘ o O c
0.15 B (H+D)/C[ =0.15} : g&in)/c

H/C, DIC, (H+D)/C
o

0 0.2 04 0.6 0.8 1 ] ] ]
Depth [ 1 m] Depth [ 1 m]

H remained in the near
surface, and increased
with depth

0.2

Q 0.15
el % —p> Codeposition?
H remained in the near surface,z)t 0.1 p N
and decreased with depth. S . D still remained deep inside
—» Implantation % . influgnced by bqron layer
0 or high energy ion
0 0.2 0.4 0.6 0.8 1 i i
Depth [ 1 ] L implantation. y




C-deposition rate in JT-60U was comparable
< (H+D)/C was 1-2 orders of magnitude Lower:
Higher base temperature (300C until 2002, now 150C) ?

Device/campai | Average | Carbon | Averag | Carbon | Fuel Fuel retention
en ion flux | depositi |e depositi | retention fraction
(lim/div) | on rate | fuelling | on ratio | rate (ret. D-T/ inj.
(D*-T*s | (C s rate C/ (D*-| (D-T sY fuel)
D] (D-T s | T
)
JET MKIIA | 3.81022 | 6.510% 0.037 5.8 1020 0.17 (in DTEI)!
div. (D/C=0.8) 0.11 (in DTEI)?
JET MKIIGB | 4.3x10%2 | 4.3 102" |3.2102']0.01 1.2510% 0.033
div. (D/C=0.3)
TFTRT 0.16!
campaign
AUG 3510% 0.03533
0.14
TEXTOR 9x10?! 25107 1 1.510% | 0.029 1.6 101° 0.083
Tore Supra 4.6 1020 2.5 10200 0.5°
JT60-U 3-6x1020 5.3x1018 =0
Dep. rate on (D/IC=0.02 || saturation
Table 4.2.6-2: Compilation of fuel retey tile surface evices.

1T-retention after (non-mechanical) T-cleaning, 2T-retention after long term outgassing and mechanical removal of accessible T-deposits, 3D-retention from post
mortem analysis, 4D-retention from fuel baiance, 5D-retention from fuel balance in dedicated long pulse discharges.

V.Philipps, ITPA Shanghai, Jan 2006



4. Summary

Particle control using divertor pumping and Characteristics of Carbon PWI
has been investigated in long pulse discharges on JT-60U:

- Under "globally saturated wall" (outgasing) condition, plasma density
(n,/n&Y~0.65) was maintained by divertor pumping (~3x102" D/s).

- High-density (n./n®"“~0.85) plasma with detached divertor was maintained
by divertor pumping (~8x102' D/s).

» Characteristics of wall-pumping/ outgas in "particle balance" (T',,,, ) was
closely related to wall temperature and/or its change.

At the same time, influences of C-deposition in PFC/pump geometry, base
temperature, etc. have been investigated.

- Dynamic retention: I, can be change with divertor plasma flux (I'g;,)
and/or neutral pressure (PdV).

Analysis of Carbon PFC surface:

« D+H co-deposition locations were inner diviverotr and outer dome edge:
estimated retention of ~2x102" D in 30s discharge are small.

- Large D/C location was determined under dome in recent operation (150C).

- Erosion/deposition areas were seen in first wall: relatively large D/C.



