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JT-60U W-shaped divertor with 3 cryo-pumps

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

Divertor plays an important role in protecting first wall
against large heat and particle fluxes.

Outer divertor
(CFC)

Inner divertor
(CFC)

Private dome
(CFC/graphite)

Inner baffle
(graphite)

Outer baffle
(graphite)

Divertor pump at 3 toroidal
locations: using NBI cryo-pump



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: 50µm with Re multi-layer (3 layers)
 summarized by Ueda, et al. 17th PSI (2006).

for W experiment
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Heat and particle control in divertor for long discharge

Pump systemSOL plasma transport 
parallel/ diffusion/ drift

Exhaust fluxHe

     Divertor plasma
 Detachment, in-out asymmetry, 
 impurity shielding, ELM heat load etc.

Divertor geometry

He

He

!

He

He

Fuel Retention/ Desorption, 
Material Erosion/ Re-deposition

Plasma Wall Interaction changes

Fueling 
puff,pellet

Long discharge

Detachment/ MARFE control
Neutral/ Impurity shielding

Core confinement

Wall pumping/
Fuel retention

Saturation of wall/
divertor



• No relevant material mix : data shown here for carbon
• No active cooling (except TS) : data shown here for evolving Tsurf

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

1-10 eV on
targets
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• ITER : long pulse will be maintained also in limiter (30 s) [G. Federici et al., 
JNM 313-316 (2003)]

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

Diffusion along
pores

Implantation
(saturates)

D+ D+

C

Erosion area Deposition area

Remote area



Carbon characteristics change with temperature

Increase in Carbon erosion

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-I 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



Materials of the first wall
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 300ºC.

Pumping speed at exhaust slot :
 0 - 26 m3/s at 150ºC,
 0 - 47 m3/s at 300ºC. divertor pump

Gas puff

exhaust slot

2-1) Particle balance and control using divertor pumping

Vplasma ~ 74 m3Three pumps are available:
total pumping speed can
be controlled
during a discharge with
opening/closing shutters.



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

Wall pumping flux was evaluated
from "Global particle balance":
 dN(t)/dt
  = Γgas(t) + ΓNBI(t) - Γdiv(t) - Γwall(t)

ne feedback controlled Γgas to
maintain high ne (> 0.5 nGW)

For early few discharges,
wall-pumping rate was
decreased during a discharge:
 part of injected particles were
accumulated at PFC surfaces.
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Long-pulse (37s) high-density ELMy H-mode discharges have been
repeated to investigate wall retention until wall saturation.

Ip = 1.2 MA, Bt = 2.3 T, PNBI = 4-8 MW for 30 s.Nakano, et al. 2006 17th PSI, I-7
Kubo, et al. 2006 21st IAEA, EX-P4-11



Improved confinement with
ELM activity was sustained.
(H89PL ~ 1.3, HH98(y,2) ~ 0.71) 

Wall-pumping flux was positive,
then it decreased to be negative
(outgas: ~2x1021 D/s) in t =14-32s.

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

Maximum target temperature
near the outer strike point
increased from 380°C to 640°C
 (ΔTsurf ~260°C).

0 0

0

(M
J

)
(1

0
1

9
 m

-3
)

(M
W

)

0

2

0

10

-0.5

(1
0

2
2
 s

-1
)

0(1
0

2
2
 s

-1
)

1

ne

2

(1
0

2
1
 s

-1
)

NBI power

1

5

200

400

600

0 5 10 15 20 25 30
Time (s)

(°
C

)

Divertor-plate temperature

Plasma stored energy

NBIDivGas

E45334

I (D!)div

(a)

(b) Particle flux

(c)

(d)

(e)

Wall-pumping rate

ne  ~ 0.64 nGW
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ne  ~ 0.82 nGWWall-pumping flux was positive (3-10x1021D/s)
during  discharge.

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

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

Co-deposition rate ~0.26 x 1021 D/s
 <<  Wall-pumping flux ~ 3 x 1021 D/s

I (Dα) ~ 3 x 1021 phs/s
RD-ionization / RDα−emission  ~ 18
Ycarbon~ 0.1
D/C ~ 0.05 (measured in JT-60U)

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

Wall pumping flux



High density ne > 0.75 nGW
(#45965-45970)
ΔTsurf < 130°C
Small exhaust or retention
was observed with
handling large particle flux.

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

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

Similar characteristics of wall-pumping/ outgas depending on ΔTsurf

were observed for baking temperatures of 150ºC and 300ºC.

Outgas was relatively smaller for low power PNB (L-mode)



Wall characteristics between two tokamaks are different
for similar number of fuelling particles (1023-1024D):
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 (Γwall = Γpuff - Γpump > 0, Γwall/Γpuff ~0.5)  
Wall pumping flux (Γwall) decreased.

JT-60U 37s discharges: saturated
wall was observed after a few shots

 (Γwall = Γpuff - Γpump   ≤ 0)  

dN/dt = - [1- R(Tsurf)] N / τp + Γinj – Γpump

Desorption (outgas) was increased
with divertor surface temperature
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• 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.



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 (ne, Pdiv, recycling flux) were maintained. 
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Temperature was
identically increased.

Divertor neutral pressure
was decreased from 0.25 to
0.17 Pa with pumping
speed  from 10 to 26m3/s.



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

Γwall changed from 2x1020 (wall pumping) to -6x1020 D/s (outgas) in ~1s
at t = 20s, just after Γdiv was increased from 0.8x1021 to 1.6x1021 D/s.

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



Retention mechanism/ condition (Γwall) changed with Γdiv.

Since both ΓNB and Γgas are comparable before and after opening,
wall-retention mechanism/condition (Γwall) may change with Γdiv or Pdiv.

Dynamic retention may decrease with decreasing plasma or neutral flux

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

suggesting large divertor pumping is for reduction of wall-retention?



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

 2-2) Carbon erosion/ deposition and Fuel retention

(1999-2002)

~40% of deposition may be originated from the first wall tile
Large local deposition was seen in shadow area at outer dome side

(W-shaped divertor)



Large D+H retention was observed at outer dome (dep. layer):

(1999-2002)

D and H tends to be remained at lower Tsurf or ΔTsurf area.

Max. surface temperature during NBI Averaged (H+D)/C

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



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



Averaged retention rate was evaluated in co-dep. layers:
estimated retention of ~2x1021 in 30s discharge are small



Large D/C was found under dome at base-T (150°C) region:
averaged retention rate (3-6x1019 D/s) was comparable to that on PFC.



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.



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



=0
saturation

 3-6x1020

Dep. rate on
tile surface

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) ?

5.3x1018

(D/C=0.02



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
(ne/nGW~0.65) was maintained by divertor pumping (~3x1021 D/s).

• High-density (ne/nGW~0.85) plasma with detached divertor was maintained
by divertor pumping (~8x1021 D/s).

• Characteristics of wall-pumping/ outgas in "particle balance" (Γwall ) 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: Γwall can be change with divertor plasma flux (Γdiv)
and/or neutral pressure (Pdiv).

Analysis of Carbon PFC surface:
• D+H co-deposition locations were inner diviverotr and outer dome edge:
  estimated retention of ~2x1021 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.


