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Abstract

The 1997 US-Japan Workshop on High Heat Flux Components and Plasma Surface Interactions
for Next Step Fusion Devices was held at the Warwick Regis Hotel in San Francisco, California,
on December 8-11, 1997. There were 53 presentations as well as discussions on technical issues

I and on planningfor future collaborations,and 35 researchers from Japan and the US participated
in the workshop.

Over the last few years, with the strong emphasis in the US on technology for lTER, there has
been less work done in the US fusion program on basic plasma-materials interactions and this
change in emphasis workshops. The program this year emphasized activities that were not carried
out under the ITER program and a new element this year in the US program was planning and
some analysis on liquid surface concepts for advanced plasma facing components.

I The program included a ceremony to honor Professor Yamashina, who was retiring this year and a
special presentation on his career.
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J-US WORKSHOP
ON HHFC/PSI FOR NEXT FUSION DEVICES

(97 FT5-06)

WORKSHOP SERIES HAS BEEN PRODUCTIVE AND
MUTUALLY BENEFICIAL

+ USDOE WILL CONTINUE ITS SUPPORT

CHANGE IN USDOE RESPONSIBILITY FOR HHFC/PSI
PROGRAMS

-.

+ MARVIN COHEN RETIRED IN JAN. 1997

a SAM BERK IKEPLACED MARVIN
(ALSO RESPONSIBLE FOR FNT PROGRAMS)

J-US =C~SI COLLABORATION WILL BE
STRENGTHENED IN FUTURE

+ US FUSION PROGRAM BUDGET IS STABLE

=+FUNDING FOR SUCH COLLABORATIONS WILL
INCREASE (US TECHNOLOGY R&D WILL BE
LESS FOCUSED ON ITER AFTER N1998)

s HHFC/PSI WORK WILL BE LARGEST ELEMENT

=)

OF US TECHNOLOGY R&D

USDOE VALUES COLLABORATION WITH JAPAN
AND LOOKS FORWARD TO BUILDING ON PAST
SUCCESSES.
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I

US/Japan Workshop on l?~l
I)ecembe~ 8-11, 1997

Warwick Reg~s Hotel, San Francisco, USA

PresentStatusofLHD

Osamu Motojima

National l~s~itute for Pu~~on Science
322-8 Oroshic~o, Toki 509-52, Japan.

1, Intrc)duCtio~ to LHD l?roject
Missions in Fusion Physics and Technology,
Specifications of LHD

2, Construction Status@gineeri.ng Achidyements
3, Experimental Planning

Commissioning Tests
First Plasma Start up Scenario
Heating System (NBI, Gyrotron, ICRF)

4, Summarizing

I
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Device R(m) a(m) %0 ‘a

ATF (ORNL) 2.04 0.27 0.26 1.00

CHS(NIFS) 0.94 0.20 0.31 1.1o-

HemunE(KWIDU.) 2.17 0.21 0.51 2.75

W7-AS (IPP,MPG)2.00 0.11-0.180.33-0.54 0.33-0.54

LHD(NIFS) 3.9 0.6 0.4 1.3 .
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o.
1.

2.

3.

4.
5.

Magneticl?ieldOptimizationBase
LHD

Intensive Theoretical Study -+ till 1990.
Basic Size of Machine + “ B=W, R% 9nq dfid’Plasma Volume 30m=

Close Regime to the Break Ev&
! I

Field Configuration -+ in=10/1* Continuous Helix.?’ t.,i;
Reducing the Adoption of Unfavorable’ Field Harmonies

I
“Coil System + Super Conducting Coils

Two Helical Coils and 3 Sets of Poloidal Coils

Edge Control -+ Helical Diverter and Local
Heating System -+ ~30MWwith NBI, ICIU?and

Island Divertor
ECRH.

I Stead State I

0M0298 ~



BfaskIPros’p’ectofLEDPlaMmaCCmfi.nemil.ent

1. ~a~~~ Magnetic Rotational Transform and Medkm Shear ‘
2. Established Empirical Global Cotiinement S’caling Law ~

W the Vicinity of Plateau Regime

@HK15--scaEr@
- Gyro-Reduce 130hmme -

3. Neoclassical Type Diffusion Process in Lower-Collision Regime
Rm Root condition + Accesslb16 I@gh n r T-Plasma
Electron Root Condition + Accessible’ High T Plasma

* Radial electric field plays an important ~~le in the combination
of plasma rotation and flow shear.

4. IYI$DStability optimized
SatM’ying Mercier Criterion and Ballooning Mode Limit

* Expected average @value is 5%.

0M0289
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ProgressSmryofLIDConstruction
~ LHIl —

Comple,te: 95%of Construction Schedule

1. Coil Fabrication Completed + The Biggest Critical Path

Helical Coil Diameter: 7.8 m, X kA Nominal
450 turns x 2
Profile Accuracy ~ 2 mm

Po loidal Coils(OV) Diameter: 11.1m,:”I-31.3 kA Nominal,
8 Double Pancakes x 2
Prof’ile Accuracy’ ~ 2 mm

2. Vacuum Chamber Completed Profile Accuracy A lo ~
Up/Down Port 10, Inside 6
Horizontal 10, Tangmtial 4

3. Helical Diverter Panel Under Construction
Graphite Tile Heat Load Test (ACT)Diverter R &D Continued

4. Poher Supply ~om leted
+Real Road Test w~t R.+

Reliability Check
5. SC Bus line Completed
6. LHe Liquefier Completed

Test O~eration

Swi;ih 16 /23 kll Nominal. 100 shots

9 lines. 32 kA. 5 W. 5 Hold T.Tube

2,700 -C/hr equivalent
7. Control S>stem Under Intensive Construction

Center Control System, ‘I%ni.ngSystem (Time Sequence),
lZxpertiental LAN,LHe Liquefier Control System, Monitoring System
2, OOOch,Interlock System for Safety Operation

8. Utilities Completedundergro~dstage, pressured Air piping.,wirelesssYstems
Safety Sensors. Key Lock Systew Gate Valve System etc.
.

0M0298~
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HeatingPowerandWallLoad

Heating Power

Max. Heat

ECRH

NBI
ICRF’

5MW
on I)ivertor Plate

5 M’W/m=
10 M’W/m=
0.75 MW/m=
2.5 lww/m2

(10s)
(Cw)
(10s)
(10s)
( w)c

(10s,
( 5s,
( Cw,
( Cw,

Zorflw)
>3@W!l)

3MW)
10MW)

0f40298 ~



Fueling Hems on LEm

----
.. 7 .-.--%

--- .:- -- J
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.. -.

● Hz, D2, He : up to 3C)OPa”ma/s from 9 inlets .

(100~a”ms/s from single Met for tie hiti~
operation
c Ar (>50Pa*ma) : Plasma slmtdown
c Hi@ purification control -io ppb

10-barrel single-stage pipe gun
H2, D2 :1.0- 3.8min$

500-1500 m/s

Tracer-eIlc3psukited pellet
● L-iand C encapsulated in Hz

Q- 800m/s

Impurity pellet

●

●

●

Hydrocarbon, Al, Li, C, Ti etc. :0.3- lmm+
300-500 m/s

Negative ion source
Balanced injection with 2 beam lines
180 keV and 90 A in total

● Contained partick 1X1019, vC@OO@/~31
● CWaboratlon with lihne~ Institute ofTeclmo&
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r ; Repetitkk ! .-3
r=,+ - :--

~- ~ T
~$~~;-.;&

e=l

020m-3

@9~-3

,018m-3

Penetration Depth

wag ef-j%kmv
IV%I-YOOYO,iellet20-100Y0,
CT 15-30Y0, GasPut2-20Yo

Cbmiswm-! “Oixh Cmdmy QJ”ZmMi-q systemsJ. A
Main pumps, LD~ Diverter

Specific pellet injectors
Tracer-encapsulated pellet and

~32 Impzftity pellets &iJU,C, etc)
for transport studies



Divertor Ccxmpts

----

for LHD
----—-_.----

- .-— — _ --- —-----l
Helical Diverter (HD) - - Helicaldiverter ge6metry - :

*~Highrecyciing”operation -.--.:-:. ~:: -,-:-’- .-
3
i

--- ----- --- ~
j

- hi@hdensity, Iow temperature (n&V> 102~ m-s) ;3
. - edge radiativecooling for safe heat removal ---. ;.

. .

* Low recycling operation by efficient pumping

:Iowdensity, ~;gh‘rei@k&ke@~-~- 10?~:m:3)---- “- . ----- ------ -. - ---- -
significant ~rnprovementof TEi.ej, H-mode - -

i
{’
:*

. . ,

SHCboundary - Helical-+[s[and diverter ~eornetries -
* Low density, high temperature, steep gradient at LCFS

-:_

‘ High
f%rable for H-mode - .
density, low temperature in ergodic boundary ----
favorable for radiatjve coo[irig ~~>~’ -l>~--~~and-.

J-
= ..

ISimultaneous achievement of %&modeand radiative Cooling;

Loca[ kia~d Diver~or-(Ll~)’- ‘----- kland ~ive~or geometry ----- --— --
.-

- *-Clos-eddiverter with high-effic~e~t ‘pu~pirig system - --. .
-=--- low recycli;g @era~;onfor cA7;&etit improvement. ----
* NOleading edge problem -- . ‘-- - - ~>ff--‘-l-/;-i;l;nd---

* Efficient discharge c[eaning- - - - = ---- ------ .--.
— . --—

. -.. . ..- ---- .---— ---------- ------- _ —— ---- —. ----— ------- -------- ---

1-33
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RW!JIARCHPROGRESS BY IH!L1OTRONCONCEPT

8

1998-

,,

1980’s 1990’s
J

,,

LHDEXPI?RIMIINT

FW~ON COREPIIYSICS
10keV
Q>O. 1

PROOFOFPRINCIPLE CONSTRUCTIONOF ‘ /~ ::;[;;:{:fii;y’lLITy,’
EXPERIMENT LHD -2’0’2 5

, \r=z=
Heliotron E (I(Yo’ro-u.) 1 DE S,IGN

CHS (NIKS) I
i

,1

lke V R&D CONCEPTUALDESIGN+

~E>lornS ENGINEERINGDESIGN ,,
fl=2% COMPONENTTEST l?orce Fr’ee Coil

b13TA1LEDENGINEERINGDESIGN

COMMISSIONINGTEST MATERIAL’DEVELOPMENT(LOWACTIVATION)
BLANKETDESIGN(FLiBe) I
SAFETYA~ALYSIS

SC TECHNOLOGY
,,

COSTEVALUATION

MATERIAL R&D

HEATING SYSTEMD~SIGN ,~
It CONTROL

II
SYSTEMENGINEERING

:
.

MECHANICS
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,’

US/Japan Workshop on Advanced Fueling
December 2-3, 1997

Lawrence Livermore National Laboratory, USA

StatusofMDandFuelingPlans

~ LHD
{b

,I ,
I OsamuMotojimaI

National Institute for Fusion Science
32?2-6Oroshicho, Toki 509-52, Japan.,

1,Introduction !to LHDProject
Missions in Fusion Physics and Technology
Specifications of LHD

2, Construction Status
3, Experimental Planning

‘ Commissioning Tests
l?irst Plasma Start up Scenario
Heating System (NBI, Gyrotron, ICRF),

4, Fueling Plans
Pellet Injection, CT Injection, Gas Puff System

5, Summarizing,
,,1

I

0M0298 ~ ,
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Present Status of the Divertor Construction

Concept is
Helically Running Discrete Bar Array

,

Final Goal is
steady state Removal of ~ 10 llbWWlm2

Stepwise Approach
Mechanically joined CAarrnm to ChJ Heat

sink and SS cooling tube

Fabrication of the Divertor is going on
9A ———-—. —.-

N. IVoda
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Stepwise approach of Divertor design
.,

; II

- To start with graphite armors mechanically joined to OFHC

because of limited knowledgeabout the heat distribution..
of the MJ type configuration

- To

flexibility
limitation

leati the heat-load

of budget in the initial phase

distribution during the initial phase

experiments .‘

- To replace them to brazed
heat load sectiorts

type elements from the highest

I

, N. Ivuda
.
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k----...

\2-M8 bolts

~ 300’ ~ “’
.,

‘?

~:~:~i~+
Cooling pipe (17..3 mm.OD)

Carbon sheet

.

cl

C2

C3

,---

plate B IBacking plate A

.

la 1 %wEHi4Rsw-4 Xf%imt%w%. (7 ‘f 79 ).
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lsotropk Graphite Tile:
Hole: 1.1 mm
Thermocouple: 1.0 mm

Cu Heat Sink:
Hole: 1.7 mm
Thermocouple:1.6 mm

5$-—-
!

.-

1-51
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Temperature Profile of Diverter
.“ . . . . . . -... —-... —-.. -....-e.m -?~..--.r.-.::k~.-= ?’ -.=-.-.-=-- ->77 :-: ; ---.-:- T::---.-.’ ~: .& . .

.—a. ——. .-. —--. .—. —.. --- . . . --.- .-. -..-..+ .L-*Y-.—a.-—---- . .-. A:+-

0.3 MWlm2,at 1000s

350

300

200

150

M Carbcn T!e (Expm”ment)
7 Cd +ieat Sink (ZXperimect)

— Carbcn Tie (Thermal ,%afysis)
. . . . . .. ... . . ... . .. . . . . . .. . .. . . . . . . . . . . . .. . . — Cd Heat Sink (Tinermal Analysis)

I I I 1 I 1
-60 40 -20 0 20 40 60

Length X@ [m]

Temperatureof
IsotropicGraphiteTile

o

300

‘a 600

*

900 “=-%”. .:
; ;;~$$:+.- y .,:.,.i=.,.’g..&”. ..c’-.,..:”. ,“~, .*<.>..,=>..=.,: .,..,--6Z<.>.
H ....:.>.

1200

1500

Ill 1111

%7

-60-40-20 0 20 40 60

Distance from Center [w] .. . .

50 100 150 200 250

I-52
Temperature [“c]

Temperatureof
CuHeat Sink

o

300

600

900

1200

1500

-60-40-20 0 20 40 60

Distance from Center [mm]

I I

50 100 150 200 250

Temperature [“c]
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Diverter he
/

ad ?

bchematlc v[ew ot LNJ

. .

Pumping system .
. Cryogenicpump
pumpti~ speed .

Pumping capaci~ “

Maximum pumping

. . ..

Steady-state heat load:

Heat. load

Averaged Heatflux

lMaximumHeat“flux

-300,000tom-m. “

flux -75torr-lit./s

-1.5 “m “

-5 Mw/m2

-10 MW/mz

Cooling system .
. %rna facing material C/C composite lhZed to CopQet

plate cooled by wateT

1-61
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RPump

0.2

Pumping

0

?-s=33=8.55iw(cmst.)

,*11 ,012

electron density (cm ‘3)

efficiencyas the Ikmction of
.

Npump _

~total –

plasma ckmsity

t Te=Ti=8.65 eV(const)

0.8

I

solid: plugged
dotted:- not plugged

Ph = 3 Mvv
:.::

0.2

~.
01

;, I , I , 1

,~12

electron density (cm ‘3)

,&3

The effectof the plasma@aL@ng

Npump

lonizeci+~chmt+~purnp ‘N

I-63

—.. -.-—-.,7, .-. , .7 --:- .,. -.



_—.— .— . ..—

I-64



I-65



— —

... ..

I-66



First Wall Concepts

I

Temperature gradient from 400”C to < 10(YC
\ A

N. Nods



Summary I

- Fabrication of the Diverter is going on

I

- Heat load limitation is determined by
thermal deformation of Cu heat sink

- Heat load of 0.7’5 lViWlm2 cleared by Mo

- Aux. coils for LID installed
I

- LID head design completed
I

- Vacuum vessel
cooling channe

completed ,
Is under welding process

N. Noda
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NSTX Status and PSI Issues

Martin Peng
ORNL@PPPL

High Heat Flux Components & Plasma Surface Interactions
for Next Fusion Devices
December 8-11, 1997

San Francisco, California, USA

NSTX-PSI Issues,HHFC&PSl&NFD, 12/8-1 1/97

1 . . .. . . .. . . . . ....’ . .: . . . ,., ,. ,.l. ,., . . . ,: .,,. ., ,..
...’.



Spherical Torus Plasma Has Exciting Possibilities
of High Performance in Fusion Sciencey4

0

@ M7’-7iy

Magnefic Surface

Magnetic Field Line

Tokamak Plasma Spherical Torus Plasma Spheromak Plasma
(safety factor q =4) (safety factor q = 12) (safety factor q = 0.03)

NSTX-PSI Issues, HHFC&PSl&NFD, 12/8-1 1/97
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START Reached -30Y0 in Average Toroidal ~ in
Well-Confined NBI Plasma (Gates, Sykes. et ai.)

m Ns7rx—

Plasma current = 0.25 MA

NBI power> 0.4 MW
@ 30 kV

ORNL A TF NB system

(courtesy of START Team)

. Central ~ > 60% and average toroidal ~ - 30?40
● Increased operating space and improved plasma

y
4 ● Recent Upgrades: NBI power - 1 MW; field duration -30 ms#

. MAST will upgrade the NBI systems from ORNL

NSTX-PSI Issues, HHFC&PSl&NFD, 12/8-1 1/97
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LLSA

.!

, — @htn7+=-
!
!
,

24” Flange

Central”
Section

-PF4
-HlglI

Harmonic
FAST WAVE

Project Team: UW T!?!?
NSTX-PSI !SSIMS, HHFC&PSl&NFD, 12/8-1 1/97

Baseline
Parameters

● Major radius

85 cm

. Minor radius
68 cm

. Plasma current

1 MA

. Toroidal field

0.3 T

. RF heating and
current drive

6 MW

. Flat-top time
5s ‘

Columbia
Unlverdty



I

The Main Mission of NSTX is to Prove the Physics
Principles for Attractive VNS and Power Plant

@ N57rx

o High beta, high confinement, high bootstrap current fraction
simultaneously and near steady state

● Noninductive current startup and maintenance to eliminate Ohmic
solenoid and minimize size for next steps

. Feasible power and particle handling to permit practica
facing components

Related Research Opportunities

plasma

. Further improvements in configuration: R/a -+ 1, bridging to CTS
(spheromak, FRC, spherical RFP, etc.)

. Excellence in plasma and fusion science
y+QJ

NSTX-PSI tSSUeS, HHFC&PSl&NFD, 12/8-1 1/97
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K=3 Equilibrium

PFla = 0.75 W/turn
PF2 = 8.2
,PF3 =-11.9 ,
PF4 = -6.5

N

2.0

1.5

1.0

0.5

0

-0.5

-1.0

-1.5

-2.0

0 0.5 1.0 1.5 2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

!

--–———=Z— —— , ,.., .,, ,>. . --v- .... ., / . .-,., ,.>- .....— . . . . . . . —. --—

...

0 0.2 0.4 0.60.8 1.0 1.2 1.4 1.6 1.8

R (meters)

● Ideally unstable to n=() axisymmetric mode with plates
in original position

● Relocation of passive plates farther inboard required for
maximizing MHD stability .

1-77
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●

●

6

Peak heat flux decreases linearly with
divertor radiation until plasma begins ~
to detach from diverter (radiation *
60%)

Peak heat flux dominated by
convection for radiation fraction >
65%

14 r,,,,,,,,,,,,,,,,,, 1~-

12 = DND: P =5 M’W @$ outboar(j :
@ heat A inboard

N;10 : 4$
\
3 8 :

@
j@

@
<

@
u% 4 t’ .

2 A Fiil&$

A $3+

0
A+A

> 1 I I ! I 1 I 1 I I I I I t I t ! I I I t 414!Af-
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Diverter Radiation Fraction

Divertor radiation increased with
multiplier to hydrogefiic radiation to

!7imulate impurities
8 NSTX PACMeeting 9/17/97
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L

a Outboard :
25 ~ @ A inboard

r * r

E 20 ~
@

63
3
z

15 ~ A

-~lo : A
LShi: P =6 MW

r heat

5
A

o ! r I I I I Jt r II I 1111!1 I II A, I, II, I*, ,, I!,U4
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Diverter Radiation Fraction

~ Most of the increase in diverter radiated
power fraction occurs on the inboard
kg, driving the inboard heat flux down
quickly

.

QThis phenomenon is caused by the in/out
geometric size difference in ST’s: the
inner SOL cross-sectional area and is +
1/2-1/3 of the outer SOL area, leading
to a similar in/out power split

o NSTXPACMcctit&?f17197

,
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SOL for Naturally Diverted (ND) Plasma in NSTX
Exhibits Unique Magnetic Geometry~

Z(m)

,.

1.5

1

0.5

o“

-0.5

-1

tw7fx

R(m)

ND Plasma, A = 1.26, K = 2.0, 5 = 0.52, q,= 13+, & =25%

MCTY.DQI lccim. U14FCVLP!21JLNFII 19/R-l 1/97
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Natural Divertor Increases SOL Flux Tube
Expansion and Connection Length (Strickler)y

ti

@ N$7[X

.,

30

20

10

0

(A=1.26,K= 2.0, 8 = 0.52, q = 13+)

A

—

B

\
)-

c C: Outboard SOL
B: Inboard SOL
A: Plasma

%

Area Expansion at Plate

Midplane to Plate Connection Length

1.55 1.60 1.65

Major Radius at Midplane (m)

1.70

I

Merv.DeI lee, tee IdMI=CJt R.Q12NFll 191R-I 1IQ7
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Requirements/Design Criteria - Thermal loads

c Normal Operation,

- Center stack -200

- Inboard divertor

peak surface flux

W/cmA2 peak

-’700 W/cmA2 for single null

- OB divertor
-1100 W/cmA2 for L = 3 cm

-1700 W/cmA2 for Z = 1.5 cm
(peak from talc = 1400 W/cmA2)

- Passive plates -10 W/cmA2

c Dkruption
- Peak surface flux: TBD

“ NBI shine (upgrade only)
- Peak surface flux: TBD

Plate
\

.

St
Ti

k-

If 1.67 MW

Diverter>
\/

//”
,*

\\ \———

I

Heat FI ux
j

Qtboard
Dlvertor
Plate

~ 4

+-

,ack ,+
I es ;

~ * .
● -\

;
4-

~
1----- -. -------------- ------- ------- ------ ------- .. .
~

-

Contour

Peakl ng
factor = 2

\

Passive
Plates

-1--------

b
w

NSTX July 31, 1997 Final Design Review R Nelson, ORNI.
PFC Desijm 1)1?7
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ZOutboard Divertor Plate Cooling/thermal analysis*

●

●

●

Copper’ plate is cooled at 50 to 100 C and baked out to 350C by Dowtherm

Analysis

Divertor

shows feasibility for divertor tile operating at about 1500 W/cmA2 (~ -2 cm)

tile can be

strikepoint

returned to 150C after pulse in 3 minutes

,. ..”’’”””
..-”””----

.,..------------------

iqpeak ~+

\
s

I Tiles

—. . . . .. . . . ---— ..— -- -. . . ------- . -— .—...—.— —— .—— —.

NSI”X July 31, i997 Yinal Design Mvicw B. Nelson, ORNL

PFC ki@l
pg. 16 -
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Center Stack Tile Design - Vertical Bolted Rail.

NSTX—

TZM rails with carbon covers clamp vertical

●

●

●

●

●

●

Robust, all metal retainers

Graphite tiles, FMI-4D carbon-carbol

Good thermal expansion capability

Fair, controlled thermal isolation

Multiple fasteners per tile

Relatively simple parts

yl

00
+

..

NSTX July 31, 1997 Final Design Review 11.NL’ls(m,( )I?NI.
PFC Df2Si&l w ~
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NSTX Research Will Cover a Wide Range of Topics
and Provide Ample Opportunities for Collaboration

@ N$7rAY
NSTX WorkingGroup Topics FY FY FY

. Subtopics 1999 2000 2001

WGI) Slow (MHD) Mechanisms for Current Formation and Sustainment
. Inductive mechanisms (w& w/o electron-cyclotron preionization) 4
● Plasma operational space 44
. Coaxial helicity injection, CHI djj
. Noninductive RF techniques 44

WG2)
●

●

WG3)

Fast Mechanisms for Heating and Current Drive
HHFW heating and current drive physics “ . d 4’ 4*
NBI heating and current drive physics d“ d’
Large and well-aligned bootstrap current physics 4’
Magnetics and Stability Limits
Beta limiting processes 4 4’ 4*
Fast-ion driven instabilities (e.g., Alfven modes) 4’ 4’

. Control of plasma and unstable modes 4’ 4’
WG4) Plasma Transport and Fluctuations

● Global confinement 4 d’ 4’
. Local transport 4* 4*

I . Microinstabilities and turbulence 4* 4’
,1 . Turbulence sup pression and transport barrier formation 4*
~G5) Divertor, Scrape-Off Layer, Power and Particle Handling

y . Vessel and tile conditioning 44
w . SOL properties of diverted and inboard wall limited plasmasw d d d’

. Maintenance of edge transport barriers 4 4’

. Effects of large mirror ratios (e.g ., velocity-space instabilities) 4 4’
* NBI and NB1-baseddiagnostics assumed

NSTX-PSI Issues,HHFC&PSl&NFD, 12/8-1 1/97

:,”. ’.T. , ,.. ,
.



-

as
c)

c1)
—ii.—
c1
c.—
L0

CL n
n ‘5 ‘5

z
0
L

Q
SIRE

al)
s
0

n
v
s
a
a)
0
L
s
0

m
s
0
L

5
a)
z
a
E
s

E
Cxz=ca==c=i
rr-r-rl--r --i
rrl-r-r-r-n
1-i--i -1--1--1---1
rrl-rl--r-l w CL CL

k---------4444-+---4-- -1:--:1---::-4

❑

a --- -1------ LLJJ-L-L- L--I----L -----
1 11111111 1 -1

t

Ill
t-t-t.
Ill
Ill

+ 5= ---: ------t+-t+-t-l--* --l----I ------ -1.,,, 1111 I

1:A=L=&==zL====-
X=C=E=3=Z==C=====
+ -p. - + - +- - - -+ - - - - -
r-r-r--r---r -----
r-r-r--r---r -----
r-r-r--r---r -----
Ill I 1------ ------ -----
1111 Ii!)!

Crx:
Crx:k-+-l.
rr7.
rr7”

1--1”
11---
II

a)
>
0
L

L

1------ --
-t

-- - - -- - -c----- ---
r----- ----- - -- -- - -1------- --
I-- - - . -- - - ~

-~J--L-J---J------LlJJ-L-L- + I
1111 1

- - - -- - -- -
Ill 1 1 I

-I--l--i--+- ---i ------ +++-l-+-f-- ~: ---p.--- --
1111 1 Ill 1 I I 1

-1-1 --F-----l----
-r -I --r--l---l----- - - - - - --- - -- ----

1111 I
-r 1 --1---1---1----

i

----
----
----
----
----

-------------------
----
----
----

1111 I
.-l--l--l---l----l----
11111 I

kLLJ-LJ--L-j---j------~~jj.
Ill 1 1 I I I 1111
l-t-i-l-l --*-*---+ ------++ *+-
111 I I I I I j j , j E.- *----T -----
111111

=cxx=c3==c=4===J===z==44:4zi=-c:

i

~z==dE====-
ECXZ=C3==C=~Z==3======X13d=Z=C= :=---:==:=
-i-i-+-l-+--l- -+---+--- ---++++-+ -p- .----
‘rr7-r7--r-7---7------777q-r-r-
‘rr7-r7--r--7--7------TT7~-r-r-

+:; l=:::::

-rr7-r-r- r-m---------- TT77-r-r- Cn-- T-----
-1111111

--
1

I-TT-1--I--I---I----I- -----+++-:-+-;--r--I- -
d... -----

Ill I I I I 1 1111 i I I I i
1 1 1 I I 1 1 1 I I Io

>
L

o

0
0 ‘“:””
o

I

i



I

1

ST Development Pathway Provides a Good
Example of Potential Benefits from Innovation

@ Pathway—

c.-

. ..” , ,.,..
,,. Pilot Plant ... ~

. . . . . . .. ...
:, DTST.’;“ ;;j.”., , ; ~,, ‘

, .,,, :,..., ,, .,’],
.,~ , , .,

. . . .
,,, ... “4 “’.’:... . . .

,., :,, <,. ~
:., .. . . ~~:30?60‘Mti’’.fni‘ ~:“ :“”~ ‘ ~%2*%%’’:-:-’

Advance in Fusion Energy Technology

NSTX-PSI Issues, H14FC&PSl&NFD,12/8-11/97
,.

Relative
Plasma
Cross
Sections
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Naturally Diverted Plasma
Mostly Diverted SOL

in ST-VNS Show

VNS 041 6A’ li=.2 ~ =38% k=3. O 6’=.38
K

‘F’
N

❑

n

o
012345

R(m)

lp=–14.3MA B,=2.69T 1,=0 1,=1 .45MA 1,=4.76MA

NSTX-PSI Issues, HHFC&PSl&NFD, 12/8-1 1/97
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Summary

Spherical Torus plasma has exciting possibilities for high
performance in fusion plasma science

NSTX will prove the physics principles for attractive VNS
and power plants, which may have high demands on HHFC
& PSI performances

NSTX Research will cover a wide range of topics and
provide ample opportunities for collaboration, including
HHFC & PSI enabling technology

NSTX Research Program is being prepared for start of
operation in May 1999.

HHFC & PSI researchers are encouraged to collaborate
and utilize the NSTX device and facility

Please view lVSTX Research Program Webpage:
http://fileroom. pppl.gov/r@xhome/index.html, Research Program folder—

NSTX-PSI tSSU&3, HHFC&PSl&NFD, 12/8-11/97
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Modification from open divertor to W-shaped diverter

The work of this modification started encl of
‘ February in 1997, and was completed in May.

Open diverter

Objective . “
to realize radiative divertor plasnla and

good H-mode confinement simultaneously.

)esigned value

3MA, 4T
30MW(net heaing power )

,rrent

( 3MA )

W-shaped

1—J

toroidal peal{ingfactorof 2.5

clivertor
GE@



fiitructure of VV-shzmeddiverter

Inner

\/ \;cFctile,
Divertcw plate Other tiles are isotropic graphite

<Inclined target>

Highrecycling,dense and
cold diverter

<Baftle>

to suppress back flow
of neutral particles

<Dome>
to reduce generation of

car130n impurity

<Pumping>

(only inner clivertor)

Particle control

I

@EC)



Location of gas injection port, exhaust port
and NBI port

Divertor exhaust port
,—. —.

L P5 p6 NB1 port
--.

P

PI

P9
●

Plo

Gas injection port
(bottom: divertor) 1

“v
.—

Gas injection port
Gas injection port
( top)

Main exhaust port
I+H-

!

!,, – .- . . .. T- ,- ,.}. . . —.





Inner divertor ( 1 unit)

Hexagonsocket “
head with flange Divertor tileI

\ I

pi

:e

.n

Carbon sheet
\

Backing Plate

Inner diverter 1125 units
outer divertor I 125 units Total 250 units

These divertor tiles were designed as the surface is
circumscribed ( inner divertor ) and inscribed ( outer
divertor ) in each circles of inner and outer divertor
plates.

These tiles were tapered to avoid the heat concentration
to the tile edge.

GE!
...—.--,,-r,,,,.,f ,. ..,. .,, ,..,--- !.... C .,,, -T..:?. . ..? . . .. .. . . . ,.:. ,.—



Schematic view of ti e alignment

.

/D’vertOr

Inner divertor tiles

Backing plate

Outer divertor tiles

1-104 m
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I

Taper of divertor tile

(Inner divertor)

Plasma
().5mm

xh
t

---.-_/

(),5mm ciifference

1“
(135mm)

I
(135mm)

Toroidal direction



I

,

Dome tile

Outer divertor tile

Plasma =+>

Dome tile

Outer divertor tile

‘0-

Tapered

/

region

Plasma

ii B = A X ta117°

Opening space for measurement





———— .— -. —

I)ome (1 unit )

Hexagon socket
head with flange

Hole
ing

Total :125 units

1-108

Stopper pin

@m



Inner and outer baffle plates
Inner baffle plate Outer baffle plate

Hexa
head

on
head
ange

Inner baffle plate :72 plates Outer baffle plate :72 plates

These baffle tiles were designed as the surface is circumscribed ( inner baffle) and
inscribed ( outer baffle ) in each circles of inner and outer divertor plates. Iy

-

e These tiles were tapered to avoid the heat concentration to the tile edge. ~

@E9



Baffle plate tile

Hexagon socket head

Plain

with

-—a ------- —-. -z_ —

Backing plate

Baffle plate /

1-110
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Gap and level difference between each tile

section gap level cliff.

inner baffle (T) >1.5 -1-0*,2-O
in. baffle/div. (P) 3.5-4.5

inner diverter (T) >.l. o -1.s~o
dome (T) 0.5-2.0 -2-0
outer diverter (T) . >1.5 -1.5-0

out. baffIe/div. (P) ‘? 5-”4.5-Os

outer baffle (T) 1.5-2 -l~o*,*2

j“:,,,.:.,,,,,..,,
,+1
),’

:,!

,,
.. ...,

,,;:
,.,,.
,.

;;..
;~,.
.4..

w

‘.,,

‘:.
c,;.
!<

., .:

.4

. . . .

(T) : Toroidal direction level cliff.

(P) : Poloidal direction heat ~lux I

IsiR\\*f psisiisiissii
-]-O* : INear the llivertor region

m
.“
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~ Thermal analysis

Expected heat flux

Without water cooling, operations
with shot intervals of 20 min. are
possible.

-c .%

Other lmffle tiles I ().1 SMW/mZx losec

Expected surface temperature of
divertor tile is approximately 1200”c
( with water cooling - 10MW/#x 4
sec ).

r,

[

4MW/nl x 10sec

Jr )

#;2-:;-~-.~ .. .... . v----- .---- - .------- . . ----. . ..-——
5MW/m2xlosec

5MW/m2x4sec Other dome tiles : lMW/m2x Iosec
l(lMW/n?x 4sec
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Structure of gas seal ( baffle palte )

t
Sliding direction

Flexible thin plate
Z-22A 2

Ceramic coated platez -
t

Flexible

\ Baffle plate \
i\ \

\ \
direction

\ ‘,,\ \\ \\\ \

Toroidal direction ‘
Inner

\

Poloidal gaps between the segmented baffle sturctures
are sealed

yw
by inserted-sliding mechanizm.

Sliding parts are insulated by sprayed ceramic coating
to avoid arcing across the gaps.

baffle



Structure of gas seal
~ ( divertor palte and dome plate )a

Flexible thin plate
\ Ceramic coated

Flexible direction

sprayed

Sliding clircction

Ccl-an

Toroida] direction

w
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Rogowski coil for halo current

[Specification]
●

●

●

●

●

✍✎

P-1

D

Material of coiling wire : Ml (Mineral Insulation) cable (1 mm 0)
Sheath : Inconel
Working temperature : <500 ‘c
Cross section : 0.6 m2/m
Frequency Responce : <5 kHz

P-6

P-1o

Top View of Vacuum Vessel

Every 72 degree in
the toroidal direction

total: 18 Pieces

Mill Rogowski coil

t.

Side View of Vacuum Vessel
(P-6 section) Ml Rogowski coil

1-118 @!gw
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Steady-state high performance

Steady-state ELMy H-mode for 9sec

with W-shaped

No serious increase in recycling and carbon

-22MW (NBI) x 9sec : -200MJ

.

Surface temperature of diverter tile exceeded 10OO”C

1.5MA/3.5T
E29941

divertor

nnb’’~ ’’’’’’’’’’’’”” “’’’’’’’’’’’’’’” I “1, t , t , , t

‘ao
1-

4 5 6 7 8 9 10 II 12 13
Time (s)

o

1
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Helium exhaust

O Helium beam injection into
ELMy H-mode.

01 .4MA/3.5T

He
with

km exhaust was demonstrated
~ivertor pump ( argon frost

cryopumps for He exhaust ).

T;;/ T~ =4

(In ITER ELMy H-mode, < 8-15)

6EI

3EI

3

2

1

0

t

.*

with Pump .
~u Otq#

“6 7 8 9 10 11 12 13
Time (s)
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Summary
O JT-60U divertor was modified to W-shaped diverter

CFC tiles were used for divertor target tile.

Operations with intervals of 20 minutes are possible.

Insulated structure was adopted for gas seal.

O Halo current Ih/Ip = 0,05-0.25, TPF = 1.4-3.6, Ih/Ip X TPF <0.52

0 Helium exhaust was successfully demonstrated with divertor pump.

O Steady-state ELMy H-mode for 9s was observed.

~ Dome tile severely eroded.
Two tiles were broken due to thermal shock.
Thick deposition layer was observed on the inner diverter tiles

w
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Fwtmeneed at
U.S./Japan Workshop on

MEgh Heat FBUX Components and
PRasma Sur@ace interactions @or
Mext Generation Fusion

San Francisco, CaUHfornEa

December 84s, 9997
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HIGHLIGHTSOF1997Diil-D EXPERIMENTS

. Transport

– Developed H-mode edge pedestal scaling
– Triggered core transport barrier expansion and contraction

@ MHD stability and descriptions

– Demonstrated disruption halo current dependence on vertical
instability growth rate and mitigation with killer pellet injection

– Increased neoclassical tearing mode betalimit with q(r) and 5
– Studied wall stabilization and resistive wall modes

● Divertor and boundary

– Developed understanding of parallel energy transport and
dissipation (convection and recombination)

– Achieved density control with pumped closed divettor

0 Waveaparticle I.8
pwN – Utilizing steerable ECH to test transport theoriesw

— Demonstrated on-axis current drive
1,

25%97 +
GENE= ATOM8CS



Z H-mode Pedestal and Plasma Performance
+ In stiff ITG-mode turbulent

transport models, the core
transport coefficients depend
strongly on the plasma edge
parameters which enter as a
boundary condition.

o ITER El and Q increase

with TipED
(Resultsat right from IFS/PPPL
model,taken from “Memorandum
onConfinementProjections,”
FESAC ITER Confinement
Reviews,M.Kotschenreutherand
W.Dorland.)

T. Osborne, HMWS, 1997

3

o

L I 1 I I 1 I I I I 1 I I 1 I I -1

k’--’‘-.
l-l I I I I I I I I 1 i I 1 1 1 1
0 2 4 6 8

Pedestal temperature h~

- ——— —.. ——

t

. I
I

0 2 4 6 8
Pedestal temperature I*U

+
GENEU A1’OMiCS
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Halo Current and Toroidal Peaking Factor
Reduced by

Neon and Argon “Killer” Pellet Injection
into VDE Disruption

4.0

3.0

2.0

1.0
0.0 0.1

Halo Current

+
GENERAL ATOMICS

r..:-,. .,...,:----..> —.., ———.

0.2 0.3

Plasma Current

Pure neon pellets reduce the vessel loading by a factor of 4-5

Pure argonpelletsreducethevesselloadingbya factorof8-10

. tee-dws97-7 1996 EVANS APS 7FI O

1-132
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Results from the NewHigh=bUpper
Pump and Baffle on DIII-D

Presentedfor the AT+DCampaignon DIII-Dby S,L.Allen

Lawrence Livermore National Laborato~ U!!l

● n~control achievedin high=6Plasmas

●

G n~l 1P-2.5 (ELMingH-mode), similar to low-~

+ Impurity density similar in Iow=6,high=5,and pumped

Openvs. Closeddivertor comparisons
~ Reduction in core ionization and midplane

~ Exp. results are similar to UEDGE+DEGAS

-T~ similar

haveshown:
Ha

predictions

Experimentswith high-5 DNplasmasin progress
~ Design shape obtained, similar VH=mode,Jan. 1998pumpingI

‘ti UCLA H UCSD
Program

S.L. Allen and C. Greenfield 97 APS Meeting

al Sondla National Laboratories
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Low T~, High n~ in Radiative Divertor
3.01-1--

L

J.

I
I
I
I
I
I
1

-1 1 a I 1 1 1 I 1 a , I # , , I , I
1 #

--o--N e [-x.-T e .**#
#m.#

●O,0

J.

.

20

5

0

Verylow T~,1-3 eV
through much of divertor.

Very high density,
-3xl OZom-s9

Large pressure drop near
X-point,
divertor

al-

“%

Ii
●’ :

~0.8 : #l
/ :

;0.6 ; I=m*9m- 1-m 1

‘+{
.Sc-

$0.4

I(R
● I

I

1 :1

I

0.2 +*
I

0.0
, Divfxtor , , I , SOL, I , *

o 2 4 6 8 10 12
Shot 87506-7

L parallel (m)

A. Leonard APS 11/18/97 +
GENERAL

gradual decline to
plate m
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Summary of Results K!l

$,

V-BDrifl
Towards
Plate ,

mm
5.5

5,0

4.5”

4.0

3,5
1.40

- Pump
1.36 -

1.34 -

1.32

1,30
Time (s)”

1.s 2.0 2.5 3.0 3.5 4.0...

EEE!l
S.L. Allen&C. Greenfield 97 APS Meeting il-SA-APS97

o

30
N

-0

‘?-0Dri;
Towards
Plate

.1

Shots 93S66, 93743, Times 2400,2400 ms
I 1 a l“”’I’’ ala’’ l’’’ a”l’l’a”l

SOLFIUXSuIIacaK

[

Open/Closed
Comparison 1

PN!!J

Shots 93917,930210, Times 2100,9011 ms
. i I’I’ull’ l’’’ l’’’ l’’’ l’’’l’l1! J

‘1
,!

1’

,.. it~thu,l,,,ll,,i,i,l},ll!l“\ltI
1.2 L4 1.6 1.8 20 22 24

R(m)

+
GENERAL ATOJVWCS 10
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DIII=DAchieves HeatFlux Reductionwithout H
y LocalizedDivertor Radiationm
o Hei ht

(m!
-0.75

“1.00

-1.25

2.00

4 0.0 2.0Mwm-3 4.0I1#I 6
n I 6III 11,#I I 1 I I

IRTV Divertor Heat Flux
‘g ~ : before gas puffing
3

-...,.,............................. .......... !...!..,......!...

h

...............................................!.........................................,.,.,e-
after: @ 3.6 sec

s
;2

I .1(

...................................................................................................!..................... .... ......................,......!,.........,

3 i
.................................

Iij
ro t

1.0 1.1 1.2 1.3 1.4 1.5 1,6 1.7 1.8
Shot 88742 Radius (m)

A. Leonard APS 11/18/97

ghly

+ 6 bolometer chords from X-point
to diverter target; less than 2:1
variation in divertor radiation.

+ Factor of 3 peak heat flux
reduction.

+ Carbon the dominant impurity,

II

+
GENERAL ATURWCS

6
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Carbon and Deuterium Radiation

,,, ,, ,. .,,

I

Spread through Divertor
Visible Clll

-1.0

/

..........

Z (m) --

J?.......... .-JE=siiNsi’iiNi!i\
-1.4 I , I I ! T I 1 T ! \, A v\ x\\\L i F, I I

1.0 1:2 1.4 1:6 1.8
Shot 88741 @3600 Radius (m)

Visible Du

w $.2 WI
RMRllus (m)

%.% 4,Q

Shot 88742 @3610

+ VUV spectroscopy indicates Clll peaks where Te-l Oev.

+ Both Carbon and Deuterium radiation spread over larger region than
conduction model would indicate,

A. Leonard APS 11/18/97 H +
GENERAL ArOMICS .-/

;
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T~in Radiative Divertor cannot Support Observed
y~V Flux through Ccmcluctimm

~ 20

10

0

*
P’ , , I , , I , , I 1“

, , I , , , I , ,

1 ~

#

1

*A
o 2 4 6 8 10 12

Shot 87506-7 L parallel (m)
A. Leonard APS 11/18/97 -

. .

About 90% of power flowing into
divertor is radiated.

Measured T, can support very little
energy flux.

Regionof8-12eV,AL-1=2m, larger
than implied by conduction. Volume
consistent with total Carbon
Radiation.

Large volume of cold plasma,
T,< 2eV.

+
GENERAL ATOMICS 14



Conclusions

Power balancecoupledwith n~andT~profile measurementsallow
study of parallelenergytransport processesin the divertor and SOL.

Plasmaflow can greatlyexpandthe plasmavolume at high density and
low temperaturefor efficient Iow’Z impurity radiation and plasma
recombination.

It is possible to exceedlimits on radiationandrecombination predicted
by conductive transport models.

New2D diagnosticsare beginingto measurethe plasmaflow and
recombination profiles in the diverter.

A. Leonard APS 11/18/97 +
GENERAL ATOM..6S 22



Diverter Detachmentin DIIIMDHeliumPlasmas M
D.N. Hill, Lawrence Livermore IUational Laboratoy

andtheDIII=DDivertorGroup

● Motivation

PartiallyDetachedDiverterOperation(PDD)is the reference scenario
for power handlingin ITER

All diverterexperimentsshowpeakheatflux reduction with gas
puffing.

Scaling to ITERor otherfuturehigh power density tokamaks requires
understanding the underlying physics

DNHNOV 1997APS

... .. . .

+
GENERAL ATOMICS

1



HeliumOperation HelpsIdentify RelevantAtomic
ProcessesAssociatedwith DiverterDetachment N!!3

Likelystepsto detachment—. —- —-—----——

1,Gaspuffingdrivesradiationfi

2,IncreasedracfiationdrivesTq~tiU.

3,Ionizationmovesupstream

4,Convectioncarriesremaining
energyindiverter

5,HighnalowT, allowvolume
recombination

6.Recombinationreduces
plateioncurrent

DNH NOV 1997AN

Howheliumshouldbedifferent.— ——--- .-—

Nochemicalsputtering:carbonradiation!

Higherdensityto producesameradiation

LongerL~~Pyieldsdetachmentat higherTO

Nomolecules

Lessrecombination*less drop h lPMe

1
I

I

I

+

GENE= A~OMICS
t

2
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Heat FluxProfilesareSimilarto PDD Plasmasin Deuterium M

Deuterium plasma
1.5 :+,l’*’’ l’’’’ l’’’’ l’’’’ l’a’’ l””.

92981 _6704_2109skg

0

1.5

m

0.5

Helium plasma
L“’’I’’’’l’’’’ l’’’’ l’’’’ l’’’’l’’’’ l””4

I 92342 _6704_1640. kg
1

o
1 1.2 1.4 1s6 l~a 1 1.2 1.4 1.6 1.8

radius (m) radius(m)

● Lower single-null, pb~~~=2MW H-mode in deuteriumJ L-mode in helium

● Peak heat flux reduced by a factor of four

● ELMs and radiation produce most of residual.

+
GENE-L ATOMICS

INKNOV 1997APS
4



Radiation Profiles in HeliumShowA MaximumNear
X-point, as in DetachedDeuteriumPlasmas L!!l

0.0

Deuterium
0.0

-1.5 uk+&w&-
1.0 . . 2.5

U() -1.5

Helium

-0.5

-1.0

1.0 1.5 2.0 2.5

,

I
Major Radius (m) Major Radius (m)

I

● Both plasmas at similar density, but D+plasmahas 2x more input power. I
● Both plasmas have emissivity peaked near x-point after detachment.

y ● Helium plasma has more distributed radiation.
w&4

+
GENERAL ATOMfCS

DNH NOV 1997 APS I
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1

Clil emission is reduced by a factor of at least 5 in
y helium detachedplasmas,#a00

● Distribution of C Ill is different in helium plasma.

● C Ill 465nm filter FWHM= 3nm may pick up He II emission at 468.6nm

- Reduction in carbon emission is larger than infered from these
images.

TTV IJats. Shot 92Wl 25110Ms,CI I I 46%M, . IIW2.I)Oe+IX3 II,, IF-1.&+08

1.0 1,2 1.4 1,6 1.8
R Iletws

TTV IJrita, %ot 92342 ~(@Jl,,s, CI I I 4G5rm, lw(=E1.57e@7 Iwt=-G,6e+07
-().8

-1,(1

-1.2

-1.4
l,Q jo~ 1.4 1.6

R I’ldws
l.q’

C Ill hnagesreconstructedfrom a tangentially viewing filtered TV system,

MEF APS 1997 1

,J)
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Summary K!!l

● Helium operation lowers carbon concentration by a factor of four or more

- coreand divertorcontentboth reduced,especiallyduringheliumpuffing

- sucyjwtiveof chemicalsputtering effect,but maybe dueto different
confinementtimes in the core or differentscreeningeffects

● A radiative divertor with significant heat flux reduction can be obtained in helium
plasmas: helium replaces carbon as the main radiator

o The behavior of the divertor plasma is similar to that of deuterium plasmas

similarthresholddensity

si”milar
— similar

similar

DNH Nov 1997APS

radiation distribution

heat flux reduction and profiles, but no drop in ion flux I
divertor density and temperaturein the detachedstate.

.

+
GENE~L ATOMICS

.
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y
w
m PROGRESS IN DIII-D
o

KEY RESULTS PRESENTED

6 H-mode edge pedestal determined and results suggested the ignition of ITER

● Killer pellet injection can reduce VDEdisruption vessel loading by a factor 4-10

● necontrol achieved in the new high-~ upper pump and baffled divertor

● Radiative diverter experiments indicate the importance of plasma convection
including the effects of recombination

● Comparison of D and He gas puffing shows helium can replace carbon as main
radiator and chemical sputtering as the main source for carbon



c)

z
as
u
o
L
a
Lu
n
z-
0

E
3
u

>
w

n
w
-1
m

u
u

0

0
0

0. o- Y-
0 F 0

+

1-151



[- ,152

...



..



SessionII: PFC Developmentfor NearTerm Devices
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NagoyaUnivemity ‘ ‘

On the Utilization of High Z Materiuls
as Plasma Facing Compone~t

T. Tanabe, CIRSE, Nagoya University
M. Akiba, JAERI
Y. Ueda, ~ Osaka University
K. Ohya, Tokusima University
M. Wada, DoshishaUniversi~
V.Philipps,Julich Research Center

Contents
1. Introduction
2. Influenceon plasma performance
3. Erosion and redeposition
4. Energy depositionand reflection
5. Material responce to high heat load
6. Hydrogen effect
7. Summary and conclusions
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Ex~efimental... . .> setup in TEXTOR .
. .. : - ....
. -,...2-:”::., ?.

..

. .
“., .

J“ -L..
/ ‘-k —---

/“

$!.....f,= 65 mm
\“

~liector Probe
i \ I - r=47.5clTl. I

I from tes~ limiter

AJ_T-11toroidal
belt’lirniter

‘1Mo test-limiter]

t

~..:. .
.-

/
. .

. . .

j

.,. . . .. . .,-—m? . — ..-.

7
.-

r=85mm .

\
—-1 00 mm——+—.I

....

~t,inl
S5%(in this presentation)

t conv

hhsfd EconVfbws into ALT-!]A.,

. .

E,i~ : Deposition energy to the test limiter

E~”vS Total convectiveenergy

&xlv.= J(P*! - Pdjdt”
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Accumulation of high Z impurities is not directly reiated to
the released amount of high Z impurities from the limiter
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loniza~iowLength of Mo Neutral

0 NBI (r,h=45.0cm)
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Gyroradiuq (4 ev) Mo+
e

..
●

I I I I

— — —.., /q .iF_G

1

Line
1 2 3 4 5
averaged density ii~(xl 013cm-3)

. .

In high density FIBIplasma (R, 24 x 1013cm-3,

n~ [limiter surface] 21 “x 1013 cm-a),

Ionization length of Mo is less than gyroradius of Mo+

and probability of prompt deposition Is much high.

..

. .
“b

+ ++Mfjil!l+M

11-16

“.



!.

‘i+

=!

0
“u

*

I

.,

-, >.,. . .. . . —=, .

*

N

w

●

’17



Number of atoms
0
0
0

A
I II I I I 111

.
I

—

IH

I I I w

s’
/u*



DEPOSITION RATES (FLUXES) OF HIGH-Z METALS
ON THE COLLECTOR PROBES EXPOSED TO

NBIHEATEDPULSES 4
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Total radiation
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3

n
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c.——

v)

07

x

Fig.5. Time sequences of various plasma parameters for the

particular shot where the Me-limiter subjected to surface

melting as seen in the increase of the MoI line in the figure.
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Journal ofNuclearMaterials233-237(1996)645-649

Manufacturing and high heat flux loading of tungsten coatings on fine
graingraphitefortheASDEX-Upgrade divertor

S. Deschka” *, C. Garcia-Resales a, W. Hohenauer b, R. Duwe b, E. Gauthier C,*J.Li~e b,—. -.

M. Lochter’, W. Mal16ner b, L. Pliichl’, P. R6dhammer ‘., A. Salito 1

b)

Fig, 1. Mctallographicseclions of lhe four different lypes of coatings “(a)W.S-coating, KFA Jiilich, (b) VPS-coating w“

4!%!
e-containing

intermediatelayer, P/SM AG, (c) lPS-coating,CENCadarache,(d)PVD-coatingfromPlanseewithRe-containinginte 8’ layer
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Tungsten Brush Fabrication -3 Methods
-{ U.S. Home Team t

L (

PLASMA SPRAY METHOD

1)

2)
3)

Fixture Pointed W Rods
in Honeycomb
Plasma Spray Cu to Tips of Rods
HIP Diffusion Bond to
CuCrZr Heat Sink at
450°C-5500C/200MPa/180min

1 /2 d

1)

2)
3)

CAST METHOD

Fixture Tapered W Rods
in Honeycomb
Cast Cu to Tips of Rods
HIP Diffusion Bond to
CuCrZr Heat Sink at
450°C/200MPa/l 80min

1’”2 3

Cast Cu Between W
Rods and Honeycomb

1)

2)

DIRECT DIFFUSION
BOND METHOD

Fixture Pointed W Rods in
Honeycomb & PVD Coat
Rod Tips with Diffusion Aid
HIP Diffusion Bond to
CuCrZr Heat S@s (a) at
450°C/200MPa/180min, ~
Driving Rods into OFHC
Cladding (b) ‘

1 2a

o

2b

IE4

LK3X.3 ITER Plasma Facing Components — JA9’4Z!Y!2MG”
12/5/97
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Mechanical Testing Results

I U.S. Home Team

PLASMA SPRAY METHOD - ALL TESTS @ 280°(
PLASMA SPRAYED THERMAL TREATMENT FAILURE STRESS

COATING CYCLES {MPa)

Cu VacuumAnneal900”C & HIP 139

Cu HIP 136

Fhe Ni “ VacuumAnneal900”C 110
Fhe Ni. VacuumAnneal600”C & HIP 118

Fine NI VacuumAnneal 900”C & HIP 108

Fine Ni HIP “ 101

Coarse Ni VacuumAnneal600°C 119

Coarse NI VacuumAnneal900”C & HIP 109

Coarse Ni I HIP I 107

PPI-1” I VacuumAnneal600°C I 141
PPI-I I HIP I 97

CAST METHOD - ALL TESTS @ 280”C
Grip Tube Slipped and Test Discontinued
370MPa for Cu cast on 5mm of rod
425MPa for Cu cast on 6mm rod

Failure Stress Refers to Axial Stress in W Rod When Bond Failed

.,,,\ ITER Plasma Facing Components “~,,,,,,.-

-. . .
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Mechanical Testing Results
I 1

- I :-i U.S. Home Team }

DIRECT DII?I?USION BOND METHOD

SPECIMEN IDENTIFICATION COATING TIP THERMAL TEST TEMP FAILURE STRESS

& Cu ALLOY BASE IF NOT OFHC TREATMENTS fc) (MPa)

316 PVD Nb 450 1/2 taper none 300 112

317 PVD Cu 450112 taper none 300 67

319R PVD Ni 45° 1/2 taper . none 280 94 :

320,323,340,346,349 PVD Nb&Ni 450 1/2 taper none 300 133, 106, 101, 120, 110

341 PVD Nb & NI 45” 1/2 taper none RT 310

353 PVD Nb & Ni 45° 1/2 taper 2mm deep none 280 179

354 PVD Nb & Ni 45° 1/2 taper 3mm deep none 280 156

355 PVD Nb & Ni 45° full taper 4mm deep none 280 123

356 PVD Nb & Ni flat none 280 0

359 (CuCrZr Cn A) PVD Nb & Ni 45° 1/2 taper 2mm deep none 280 2

360 (CuCrZr Cn HT) PVD Nb & Ni 45° 1/2 taper 2mm deep . none 280 5

361 (CuCrZr Cn A) PVD Nb & Ni 45° full taper 4mrn deep none 280 0

357 PVD Nb, Nb & Ni 450 1/2 taper 1800”C, 30min 280 47

321 PVD Cu & Ni 45” 1/2 taper none 300 75

324 PVD Cu & Ni 45” 1/2 taper none 307 66

326 PVD Ni & Ni 45’J1/2 taper 800QC,60min 300 64

327 PVD Cu, Ni & Ni 45” 1/2 taper 10OOQC,60min 320 32

●353, 354,355,361 bent during pressing

L Failure Stress Refers to Axial Stress in W Rod When Bond Failed

KTS.6 ITER Plasma Facing Components /’
~“*E’””O ‘

12/5[97
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1

Mechanical Testing Results
I US. Ho~l
1 [

DIRECT DII?FUSION BOND METHOD

SPECIMEN IDENTIFICATION I COATING
I

TIP THERMAL TEST TEMP FAILURE STRESS

& Cu ALLOY BASE IF NOT OFHC TREATMENTS ~c) (MPa)

328 PS PPI-1 PVD Ni & Ni 450 1/2 taper 10OOQC,60min 280 129

329 PS PPI-2 PVD Ni & Ni 45” 1/2 taper 1000QC,60min 280 44

330,358 PS fn Ni PVD Ni & Ni 450112 taper 10OOQC,60min 280 175, 131

331 PS cs Ni PVD Ni & Ni 45” 1/2 taper 1000QC,60min 280 73

332 I PS Cu PVD Ni & NI I 450 1/2 taper ! 10OOQC,60min ! 280 ! 20

334 SUR-1 450 1/2 taper none 280 130

335 SUR-2 45° 1/2 taper , none 280 66”

337 SUR-4 45” 1/2 taper none 280 33

338 I SUR-5 I 450 1/2 taper I none I 280 I 73

339 I SUR-6 I 450 1/2 taper I none I 280 I 106

347 SUR-7 450 1/2 taper none “ 280 21

348 SUR-8 450 1/2 taper none 280 121

350 Cast Cu & PVD Ni 45”112 taper none 280 12

351 ! Cast Cu & PVD Ni I flat I none I 280 I 151

L Failure Stress Refers to Axial Stress in W Rod When Bond Failed

ICLS8 ITER Plasma Facing Components J
~“n”’””o .’

121S/97
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W/Cu Interfaces - Plasma Sprayed ‘
4 U.S. Ho~’
I I

Interface Between W and Plasma Sprayed Cuwith Ni Bond Coat

.,

.:,,

.,

.,

<A’T.$9 ITER Plasma Facing Components . JA?’Z!24!YME” 12/5/97

. .. ..



W/Cu Interfaces - Cast Method
~ J U.S. Home-

\
100pm thick Inconel 600 foil honeycomb cell wall

I

\

I

ITER Plasma Facing Components
‘1

KTS.10 ~“’”f”””
1215197



I

Cast Cu Around W Rod
U.S. Home Team }

I (

Specimen 393- Grip Tube Slipped at 370MPa

LKTS-11 ITER Plasma Facing Components JBz!!22vil’il”
12/5/97

. . .,. .4 ,
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Tungsten Brush Mock-ups PW-9 and PWm4
I US. Home Team I

. .

Mock-up PW-9
Direct Diffusion
3.2mrn dia Rods

Bond

.,,.*3L ITER Plasma Facing Components mn!2!wz7/
12/5/97
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US-JapanWorkshop on PlasmaMaterial
Interaction and High Heat Flux Components,
December 8-11, 1997,
Sandia National Lab., San Francisco, US

Development of High Heat Flux
components at JAERI

K. Nakamura

JAERI

.

1. Overview
2. R&Ds on Divertor Component

Development
3. Summary

-. .— .. . . . . .. . . . . . . .. . .



g Progress in 199’7

L1

c1

cl

c1

c1

1D/3D hybrid CFC was newly developed, and withstood up to
a heat load of 20 MW/m2, 15s.

5 mm thick CVD-W was successfully coated on both OFHC Cu
and W/Cu heat sink. Small divertor mock-ups meet the ITER
steady-state heat load condition; 5 MW/m2, 15s for 1000
cycles. ~

Full-scale length Vertical Target with W, CFC armors were
successful y fabricated.

SiC doped 1D CFC with high thermal conductivity and high
thermal shock resistance has been developed.

Neutron irradiation of Be, CFCS and CVD-W was finished at
JMTR, and post-irradiated tests will be started soon.

I



.

L

o

c1)
>

● —
n

?5
E.—
n

.

CD
s
0
CL
$=

-In

— —- —- —- —. —- —- —- —- —- —. —-—-- o

0 m o ~ o

, II-53

—.7..._ ,> -t-m-. . ,...”,.



Divertor Cassette

/

Vertical Target
Upper Half: W ~ Divertor Design

L Lower Half: CFC 0 Surface Heat Load
I

/’

Dome –Steady State 5 MW/m2
r (w) –Transient 20 MWlm2

LA (less than 10s)

h ● Plasma Facinq Materials

–CFC

\

–Tungsten (W)

–(Beryllium)
~assette Body “

tnn~ ● Structural Materials—

–ss
–Cu alloy (for Cooling Tube)

Liner . Coolant Water
(w)



I

Major Design Parameters of ITER
Divertor

Component First Wall
Nominal Limiter/Baffle

Normal C)peration

Steady-State Heat Load (MW/m2) 0.2-5(10) 0.25-0,5 3-5
Transient Heat Load (MW/m2) ~

Incident Ion Flux(ions/m2/s) < 1024 <1 O*O <1 O*O
IncidentIon Energy(eV) <1oo 100-500 100-500
Neutron Load (MW/m2) 0.1-1 1 1

Plasma Disruption (Thermal Quench)
Disruption Heat Load (MJ/m2) <100 TBD TBD
Duration (ins) 0.1-3 0.1-3 0.1-3

Coolina Conditions
Coolant Water Water Water
Inlet Pressure (MPa) 4 <4 <4
Inlet Temperature (“c) 140 TBD TBD

Materials
Plasma Facing Material CFC, W CFC, W, Be CFC, W, Be
Structural Material Cu alloy, SS Cu alloy, SS Cu alloy, SS

.. .. .. .



,1996 R&D-
3D-CFC Armored Divertor Mock-ups
with Silver-free Braze

~

OFHC-CU cladded DS-CU tube
● outer skin : OFHC-CU
● inner core : DS-CU
● O.D./I.D.= 20/15

. ....... . . ... . . .., .. . . . .... . ...... ... ... . . ... . .-:.”..:”
. . . .

. .. . . .. .. . . ... . . . . . . . . . . . .



High Heat
3D-CFC D

Flux Experiment on
ivertor Mock-up

El

c1

3D-CFC armor tiles silver-free-brazed
on DSCU cooling tube endured a heat
load of up to 15 MW/m2, 15 s without
failure.

Fibers brazed onto the cooling tube
and the heat
while thermal
sufficient for -

sink were well cooled,
conduction was not
ibers in other directions.

~ 1D/3D Hybrid CFC ~

. . . . . . . .... .. .



1D/3D Hybrid CFC

I

I’=a c1

c1

c1

c1

Full weaved CFC

Graphite powder is
infiltrated in the 1D part.

Infiltrated graphite is highly
graphitized to achieve high
thermal conductivity.

Thermal Conductivity;

● inl D= -550 W/m/K

● in3D= -450 W/m/K
(at room temperature)

Cross-section of Hvbrid CFC



1{

1D/3D Hybrid CFC withstands the
ITER heat load requirement.

cl

c1

c1

The mock-up endured
a heat load of 20 MW/
tn2, 15 S.

The armor surface
uniformly heated.

The surface
temperature is
reduced, and local

is

erosion of fibel
also reduced.

s are

. .



5 mm th ck CVD-W layer was successfu y
coated on OFHC Cu and on W/Cu heat
sinks.

30
t’+ /

CVD-W * 30
+

o

lnnercore:DSCu
Outer layer:OFHC-Cu
Tape twist ratio:3

ra@2mces
7

.s
Working gas : WF6
T ~n~ :700’750 “C

Coatkg rate : 0.2mmt/h
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Heating Tests on 5mm thick CVD-W
coated on the W/Cu heat sink

.’

u
1

Thermal cycling experiment
at 5 MW/m2,15s

Screening experiment
at 20 MW/m2, 15s

1000

800

600

400

200

0
o’ 200 400 600 800 1000 1200

Number of cycles

;. .,,,,. ,-.,, ,

~ITER steady-biiie”’heat-”l;~d..:, .

The mock-up survived up to.18
MW/m2, though the surface was’
melted at 20 MW/m2.



Further R&D’s are necessary for
coating on the OFHC-CU heat sink,

● 5 mm thick CVD-W was coated on the OFHC-CU heat sink.
30

i15

b

.—
——.......,y

:.).,
1
30,;,$;,,,,4$;—

I
Inner core:DSCu
Outer layer: OFHC-Cu
Tape twkt ratio:3

● ~Thermal cycling experiment at 5 MW/m2, 15s

. One tile survived more than .

.2,000 thermal cycles, but the
‘ other tile was detached after
850 cycles.

,



3 mm thick CVD-W was
coated on the cylindrical

successfully
W/Cu heat sink.

#

.

W/Cu heat sink

●

●

3 mm thick CVD-W

The wing edge
needs coating
technique on a
rounded surface.
3 mm thick CVD-
W was coated on
the cylindrical
surface of W/Cu.



{!

-1996 R&D -
Full-scale Length Vertical Target Mock-ups

OFHC c1

I
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3

7.00

6.00

5.00

4.00

3.00

2.00

1.00

Weight Loss of Doped CFCS and Non-doped CFC
with Electron Beam Irradiation

r t I 1 I 1 I 1 I I I a I I 1 1 I 1 1 I I I 8 1 I

O Non-doped CFC
A SiC(lO$%) doped 1D CFC”
. B4C(5%) doped 1D CFC
A B4C(IOYO) doped 1D CFC

2000WM/m2 .
2 ms

A

o
●

I I 1 I 1 1 I 1 I I 1 I

A

o
1 I I I 1 t # I 1 t I

o 200 400 600 800

Temperature(”C)

.-.

A

000 1200



Non”doped CFC SiC(l 070) doped CFC

. .

Fibers

■Matri]

Photographs of electron irradiated SiC(l O%)doped CFC and non-doped
CFC w~th-a heat flux of 10OOMW/m~for 4ms at RT. The matrix part of SiC
doped CFC was largely eroded comparing with that of non-doped CFC.



Non-doped CFC SiC(l 096) doped CFC

Fiber!

hMatri

U
y Photographs of electron irradiated SiC(l O%) doped CFC and non-dopedm@ CFC with a heat flux of 10OOMW/m~for 4ms at 500”C. The both matrix part

of SiC doped and non-doped CFC were not so much eroded.

-. .. . . . ... . . .
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I Schedules of Neutron Irradiation and Post-irradiated Tests

1997 1998
11 12 12345678

941VI-12A
Post-irradiated Tests

1111111111111111111111111111

95M-8J Post-irradiated Tests
111111111111II 1111111Ill Ill 11111Illlillill

Neutron Irradiation Cooling Down
96M-29J 11111111111111111111111111111111111111111111111111111IlllIllll

Neutron Irradiation
96NI-30J

Cooling Down
1111111II111111[11111111111111Ill11111111IIIIl

.-.



Neutron Irradiated Samples in JMTR

94 M-I 2A(0,925 dpa, 400-500 “C, already irradiated):

~ “ Thermal conductivity test /
N ~

MFC-1 (2), CX-2002U(2), PCC-2S(2), Be(2), 0FCU(2), 13SCU(Z), i

MFc-1/oFcu(2), MFc-1/Dscu(2)

● Tensile strength test

MFC-1/0FCu(4), Be/0 FCu(4), MFC-1/DSCu(4), Be/DSCu(4) I

● Bending test

CX-2002U(I ), Be(l)j OFCU(I ), DSCU(I), MFC-1/0FCU(3), BdOFCu(3),
I

MFC-1/DSCu(3), Be/DSCu(3) i

95 M-8J(0.3-O.7 dpa, 300-400 “C, already irradiated):

● Thermal fatigue test

MFC-I/0HCu(2), CVD-W/0HCu(4), Be/0 HCu(6)

● Disruption erosion test

MFC-I (4), CX-2002U(4), NIC-01 (4), CVD-W(I O), Be(l 5)



,.

::,>.

I

,..
;;,.

,,,

96 M-29J(8.3 x 1019 n/cm2, -200”C, under irradiation):

c Thermal conductivity test

DSCU(3), CuCrZr(2)

● Tensile strength test

0FCU(2), DSCU(2),

c Bending test

OFCU(I), DSCU(2),

CuCrZr(2)

CuCrZr(l), !1

● Thermal fatigue test

CVD-W/0FCu(2)j MFC-1/0FCu(2), CX-2002U/OFCu(2), NIC-01/0FCu(2)

● Disruption erosion test

MFC-I (2), CX-200W(2), NIC-01 (2), CVD-W(4), P-W(4), B@4)

.. . . —



= 96M-30J(6.5 X 1019 n/cm2 300-5000C, to be irradiated soon): ~Y&&
● Thermal conductivity test

I

CVD-W(2), P-W(2), 1D CFC(MFC-1 grade)(2), NIC-01 (2)

● Tensile strength test

P-W(4), MFC-I (1), 1D CFC(MFC-I grade)(2), CX-2002U(1), NIC-01 (2),

PC’C-2S(I)

● Bending test

P-W(4), MFC-I (1), 1D CFC(MFC-1 grade)(2), NIC-01 (2), PCC-2S(1)

● Disruption erosion test

P-W(12), 1D CFC(MFC-1 grade)(3), lWc-01 (3)



SUMMARY

1D/3D hybrid CFCS are promising as an armor
material.

Q

L1

c1

A divertor with 5 mm thick CVD-W armors can meet
ITER requirement.

Full-scale Vertical Target with W, CFC armors were
successfully fabricated. Heating tests will start soon.
Full-scale length Wing with CFC armors are also
going to be ready soon.

SiC doped 1D CFC is also promising as an armor
material.

Post-irradiation tests will give us very useful
information for evaluation of armor material.

--- .— ... . . .



Be-Cu Joining Technologies for Plasmauy+m Facing Components in the ITER Fusion Reactor

B.C. Odegard Jr, C.H. Cadden, R.D. Watson

Sandia National Laboratories

and

K.T. Slattery

The Boeing Co.

,1!

US-Japan Workshop, Dec 8-11, 1997, San Francisco mSandia National Laboratories “$
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. Challenges to Beryllium-Copper Joiningu w.~&m~~
● Be is chemically reactive with most elements in forfin;~

brittle intermetallics. Exceptions are:
Ge, Si, Al, Ag

●

●

Be has limited room temperature tensile ductility (%%)

Coefficient of Thermal Expansion(pldrn-K)
Be- 11.6
Cu - 163
Al - 23.6

AIBeMet-150 - 17.6
... ,.

Alufinu~ se~rn@ the ‘rnostpfornis~~~,..,., .:’.,. ,..,’ ,.*,..t-,,’.’ .!.. . ,>....<’.. ... .~.~
co,~pli:mt .lajer... .. .~”. ..,

~
~=”~

~“

US-Japan Workshop, Dec 8-11, 1997, San Francisco
lj!!!!lSandia National Labc “c[tories ,! %T



Beryllium Reacts with the Copper Alloy at Bonding Temperatures

1’
., .. ,, >..‘,

:.o..,,.~ . . .

., $. :.. . ,; . . .
::..~).... N

450”Cfor 100hours
\

.—

( Kawamura and Kate, US-Japan Workshop, Jackson Lake, 199s)

( Odegard et al, Proc. Nuclear Fusion Tech., Tokyo, 1997)

US-Japan Workshop, Dec 8-11, 1997, San Francisco liijijj
~...

Sandia National Lab< rcdories ,,: ~‘
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Berylliu:m-Alufinum Phase Diagram Predicts KO
lntermetallics and Low Volubility

A!- Be (calculated)
Atomic Perter t Beryl)iuxn

o 10 20 30 40 50 Go
,...JT?+ . .....+.#Y---T. ..,...,”~..— ~

1300

]:~of)

1100u
0

Q
L
z 1000
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1
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T+y- ‘“7— n---~-~” QVw-..p.. ..* ..*IV
e 30 40 50 Go 70~— 90
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US-Japan Workshop, Dec 8-11, 1997, San Francisco m.....\Sandia National LaborC toties ~.’Y,.
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❑ Phase diagrampredicts
volubility in Al with no

AI-CU

Aluminum-Copper Phase Diagram

several intermetallics, 10% Cu
intenmetallics.

Atomic Percent copper

L

ee.4s2%

F (Al)

---
Ill

Xlo

‘Al We Ight Pcrcenl Copper

$.

#

m 1

Cu

US-Japan Workshop, Dec 8-11, 1997, San Francisco Sandia National 1aloora )ries



Explosive bonding is an effective method of
bonding 11OO-A1or AlBeMet- 150 to copper alloys.. x$~

11OO-A1or
AIBeMet-150 —

-

Ti diffusion barrier
Cu AA&y—

0.2mm

US-Japan Workshop, Dec 8-11, 1997, San Francisco Sandia National Laboratories

I
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Plasma Sprayed Beryllium on Copper

.;
. . Micrograph of as-plasma swayed Be..
,,

I

US-Japan Workshop, Dec 8-11 t’1997) San Francisco
Sandia National Laboratories m



Vacuum plasma sprayed Be can produce Be/Be,
Be/Cu and Be /A1 specimens possessing- good strength.

Bond Strength

VPS Be / HP Be: 110-220 MJ?a

VPS Be I Cu: -70 MPa

VPS Be / Al: -120 MPa

US-Japan Workshop, Dec 8-11, 1997, San Francisco ‘ fllilij
.. ..

Sandia National Laboratories !‘ F.’

-..
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High Heat Flux Test (EBTS) Specimen

16M1.25mm + 66.46MI. 125rrrn
b

Iomm thick tiles

...

16W25mm Cu alloy 10M.25mm hole
Heat Sink bored through center

~ v
4

t
b“

14M108mm 59,~-05mm 43.51f0. 125mm

Actively.,

US-Japan Workshop, Dec 8-” 1,’ 997, San Francisco Sandia National Laboratories



Vacuum Plasma Sprayed
Hy00 Beryllium-Copper EBTS Specimens00

<~k~

US-Japan Workshop, Dec 8-11, 1997, San Francisco ‘ m

...
Sandia Nat”onal Laboratories ,$



EBTS Results for VPS Beryllium on Coplper.

. .... . . .. . ,,,.. .

VPS BHn 0M~13e;’ ~.<,:, . /. ,, .!’,., ..’, ,....? .~..... ...,

.... . . . ,’, , > >,, ,
,., .> . ,.”

~PS,:13eon CuQZr ~,;,<, .’
wkiludnurn cladding,, !.,. ,. ,,,“~ ,. ,,
(tiuyleti surface), ~~.,.’,,> ,,

1 MW/m2
3 MWlm2

3000 cycles
(No damage)

1 MW/m2

10 cycles
(lateral cracking of Be
no damage at Be/Cu bond)

3 MW/m2

1400 cycles
(No clamage)

40 cycles
(lateral cracking of Be
no damage at Be/Cu bond)

u
H

&
*

lwlz$
. . “! ‘~

US-Japan Workshop, Dec 8-11, 1997, San Francisco Sandia National Laboratories
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Brazing techniques can produce Be/Al/Cu
specimens possessing good strength” and ductility.~~

II

Fracture Strength Elongation

MPa %’

100

5

n. 3

1100 Al 90 -35

~$U&i.in’m~asu;irnent <wasnot accurate; :[ .’.,~,>,i ‘.>~;.,! ,, . . ... ,,,-:,, .,.,.,.
~Rdlure oc.cuii.ikdin [he ‘alutninum cd~pliafit layer. ~u : . ,.~ ,,,,~~ ., .’:,,$~ ,.. ... ..... . .. .,,, , ....., ‘.,.,,

US-Japan Workshop, Dec 3-11, 1997, San Francisco ❑
✎✎

Sandia National Laboratories ‘~’~’



~ III. Diffusion Bonding of Beryllium to Copper,-
W

----- ---

Al Coating (optional)
. ----- --

or —
A1-50Be

SK I

US-Japan Workshop, Dec 8-11, 1997, San Francisco ❑
,~.. .~

Sandia National Laboratories ,~~ ~ (
I



Diffusion bonding techniques
specimens which exhibit good

can produce Be/Al/Cu
strength and ductility.
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EBTS Specimen

Braze

Be+ V]% Al
Al- 12Si (filler metal)

Cu/Ti/11OO-A1
(HIPParameters- 625°C/60rn/105MPa)

Diffusion Bond

Be + PVD Al (CUfilm)

CU /Ti / AlBeMet- 150 (CUfilm)
(HIPParameters- 625°C/60m/105 MPa)

US-Japan Workshc~p, Dec 8-11, 1997, San Francisco mSandia National Laboratories ~$’{
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13BTS Results for Brazed and Diffusion

Bonded Be on Cu

1 MW/m2

Braze 1000cycles

No damage

3 MIV/m2 10MW/m2

1000 cycles 1000 cycles

No damage No damage

Diffusion
Bond

1 MW/m2 3 MSws# 10 MW/m2

1000 cycles
No damage

1000 cycles
No damage

1000 c,ycles
No damage

US-Japan Workshop, Dec 8-11, 1997, San Francisco

.. ...



Summaryuy . >.2.~
w
a Several joining techniques have been studied as a method ~logy

to join beryllium to a copper alloy heat sink:

1. Aluminum brazing of beryllium to copper with an
aluminum or AlBeMet- 150 compliant layer;

2. Diffusion bonding of beryllium to copper with an aluminum
or AlBeMet- 150 compliant layer;

3. Plasma spraying beryllium directly on copper or an alurnjnum
compliant layer

US-Japan Workshop, Dec 8-11, 1997, San Francisco

I
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Future Work - Diffusion Bonding

Q Replace explosive bond with sputtered

coatings

enables thinner

- corr!patible with

coatings

curved geometries

● Reduc( ) bor~ding temperature

pre~~ent degradation of CuCrZr mechanical

pro pertitx

focus on Al -Al bond using diffusion

enhancing coatings - Ge, Si, Cu

~~ ~~ ‘s

US-Japan Workshop, Dec 8-11, 1997, San Francisco ‘ E$
,...\

Sandia National Laboratories ,“~i .,’
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High Heat Load Properties of Tungsten
{ Coated Carbon Materialsk

J
K. Tokunaga, N. Yoshida (RIAM / Kyushu University)

N. Noda (NIFS)

T. Sogabe (Toyo Tanso Co., LTD)

T. Kato (Nippon P1ansee K.K)

—



Objective, i

V&as Armor Plate of PFC
W and W alloys seem promising candidate materials for plasma facing
components in next fusion experimental devices.
Advantages

low sputtering yiehi3 good thermal properties
Disadvantages

difficulty of machining and welding, very heavy
,1

For technical realization of a W material:
W coatings on light CFC by plasma spray or physical vapor
deposition (PVID)

+good thermal conductivity & mechanical strength, light weight

PRESENT WORK
. Thick w coatings on cFC as well as isotropic fine graphite was

successfully produced.
● High heat flux experiments were performed on the coated samples in

order to prove the suitability and load limit of such coating.



Samples

● W Coating:
Vacuum plasma spraying technique (VPS) <Plansee>

I thickness ● =”0.5 mm& 1.0 mm.
\\ density “•● ”● c 92.5?40 of theoretical

● Substrate Materials:
C/C composite CX-2002U & Isotropic

density

fine graphite IG-430U
<Toyo Tanso Co.>

size “e”=”’20mmx 20mm x 10mm

. Diffusion barrier of Re between W and substrate to suppress the
formation of brittle carbide.

E ● Heat treatment.was performed to stabilize microstructure of the
z

sample.

. . . . ... . . . .—---



Thermal Conductivity of Carbon and Tungsten 1
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SEM Image of Cross Section

VPS-W(lmm thick) coated CX-2002U(#6)

,>

. .

.

\

VPs-w

f
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CX-2002U



Heat Load Test (1)u IyH
= Electron Beam Heat Load Simulator (HLS) at RIAM:

> Electron beam energy :20 keV
> Beam diameter :8 mm $
> Duration of heat load: 10 sec.

Fixing of samples:
> Mechanical fixing on a copper block actively cooled with water.
> Carbon sheet (0.38 mm thick) between sample and copper block

Surface temperature:
> two-color optical pyrometers(400-1100 °C, 1000-3100”C)0
> scanning optical pyrometer (two-dimensional distribution)

Emitted gases:
> quadruple mass spectrometer(QMS)



Heat Load Test (2)

Estimation of heat flux:
Heat flux was estimated from the beam diameter and net electron beam
current, which was measured by applying a bias voltage to the sample
to suppress the secondary electrons.

Estimation of heat removable capability:
> Temperature difference between inlet and outlet water of cooled copper

block was measured by A T system to evaluate heat removable
capability of the sample. Water flow rate was also measured.

Observation of Surface Morphology:
> Before and after the irradiation, the sample surface was observed with

SEM(scanning electron microscope)

.. -. -.. .
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Increasing of Surface Temperature
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QMS Signal before and during Heat Load Test

QMS VPS-W(0.5mm)/CX-200U, 6s/10s, 18.6MW/m2

'!''' ''''' 'l''' 'J''' '~'''''''' :1''' ''''''l'''''`'''!'''''''' l'''' l'''' ~`''' l'''` l'''' l'''' l'`'' l''' 'l''' '1''~'1 '''`l' ‘1’

:l!’~:’~:
~~~ Durring Irradiation (6s)

1 ..........!...!....................+.......... .......+.......................,............... ;. . .1. .
i 1

1

1
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SEM Images of Heat Loaded SurfaceHy1-- (a) VPS-W(l.0mm)/CX-2002 U(#14)
o

(b) VPS-W(0.5mm)/CX-2002 U(#10)
(c) VPS-W(l.0mm)/IG-430U(# 17)
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SEM Image of W Surface (before heat load)

VPS-W(O.5mm thick) coated CX-2002U(#10)



Summarv

W coatings of 0.5mm and l.Omm thick were successfully deposited
by Vacuum Plasma Spraying Technique on carbon-carbon fiber
composite, CX-2002U, and isotropic fine grain graphite, IG-430U.

High heat flux experiments were performed on the coated and non-
coated samples in order to prove the stability and
coating materials.

load limit of such

There was little difference in temperature increase among CX-2002U
and the coated materials up to 2200 ‘C. This result indicated that
thermal and adhesion properties of the W coated materials were
good under high heat flux (-25MW/m2)

A few large cracks were formed in W coating, but plastic
deformation and micro-cracks due to grain growth by re-
crystallization were not observed below 2200 ‘C. The cracks may be
formed by local thermal stress due to spot-like electron beam.



Future Planes

● Investigation of microscopic change of VPS-W/CFC interface
phase change (WC’form~tion), compositional change,
Re-crystallization, mechanical properties, etc.

O ~~ermal fatigue test”● ● estimation of life time

● Heat loading test of actively water-cooled mockups
(-Jan. 1998)

:.

I
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Thermal Response of CFC/OFHC Cooling
Pipe Mock-up for LHD/LID

T. Tokunaga, A? Yoshida
RIAM / Kyushu University

Y. Kubota, S. Iizagaki’,R. Sakamoto, A. Sagra,
A. Komori’, A. lVoda, N. Oliyabu, O. Motojima

National Institute for Fusion Science

Y. Sowzan
.Mitsubishi Heavy Industry Co.

. . ..



Objective
: LHD / NIFS

1

at

● Helical Divertor: I

10MW/m2 for 10s & 0.75W/m2 in steady state
+ C tiles bolted to SS cooling tube

@ Local Island Divitor(LID):
6-8MW/m2 in steady state + C tiles brazed to Copper

R&D Issues of LID diverter plate
@Armor material and brazing layer with high

and strong mechanical properties
@High heat transfer of cooling pipefwater

(optimum conditions for pressure, flow rate)

PRESENT WORK

thermal conductivity ,

and temperature)

I

Evaluation of thermal response and thermal fatigue for the ‘
newly developed two CFC/Cu armor mock-ups

I
I
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Thermal Conductivity of Carbon Materials
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Experimental Procedure

. Heat Load Testing Device: ACT at NIFS

● operation Conditions
electron beam: 30keV, 60s, beam size 30mmx30mm
heat flux: l-16MW/m2
water cooling : pressure 0.5 MPa

temperature 20-30°c (inlet)
flow rate %5mls

● Diagnostic
surface temperature yrometers

Ibulk temperatures thermocouples (top and bottom of I.F.)
heat removal capability water calorimetry
gas analysis QMA -
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Cl?C/ArmorMock-up
Figure 1
(a-1 ) Irradiated Area CFC

23mm x30mm ///

3

Coolant (water)

A’
OF HC

12mm@(OD), 10mm @(ID)

OF HC

T 1
2 mm

holes

hem ocouples

11-120
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Gas Emission
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QMS Signal during Heat Loading)
CX-2002U/OFHC, 15MW/m2
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Result of Thermal Fatizue Test
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Summary (1)

● TWO mockupsof CF’C brazedto OJUK for the LID divertor plate
were fabricated.

CX2002U/OFHC (two-dimensional CFC)
MFC-1/OFHC(one-dimensional CFC)

@Their thermal response, material damage (and thermal fatigue
lifetime tests) by high flux heat loading were examined by using
electron beam facilities ACT and HHF.

● The MFC-1 mockup showed excellent heat removal performance
due to its high thermal conductivity.

*In the case of CX-2002U mockup, surface temperature is about
uyw 1000”C at 10 MW/m2. This satisfies requirement for armorM+ materials of LID/LHD.



Summary (2)~1- 1
x . Thermalfatigue test Of the MFC-1 mockup was performed (HHF).

Though anomalous increase of temperature was not observed I
until 1000 cycles, strange fluctuation of temperature indicates the
possibility of bonding degradation.

● Analysis of residual gas indicates that HZO gas reacts with C at

the high temperature CFC surface. Influence to erosion?

In Future:
i

● Improvementof brazing for MFC-1/OFHC mockup.

● Thermal fatigue tests for CX2002U/OFHC and MFC-1/OFHC I
mockups
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1968

1959

1960

1963

SURFACE- CHARA CTERIZATIO,N- TECHNIQ UES
1958-1983

. .

QUAItZf3Pll?AL MICIK)BALANCE DRY CORROSION
X-RAY DIFFRACTION

HIGH ENERGY ELECTRON DIFFRACTION SURFACE OF METAL OXIDES

ULTRA-HIGH VACUUM WITH OMEGATRON CATALYSIS BY CLEAN SURACES
MASS SPECTROMETER LOW PRESSURE CHEMICAL

(FIRST JAPANWE MADE) REACTIONS

TORTION TYPE MICROBALANCE SURFACE OXIDATION AND
.llEDDUCTION

1965 QUADRUPLE MASS SPECTROMETER LOW PRESSURE GAS REACTIONS
(FIRST JAPANESE MADE)

1967 ULTRA-HIGH VACUUM SYSTEM THIN SOLID FILMS
SPUTTERING APPARATUS REACTIVE SPUTTERING PROCESS



1970 SURFACE BOUG-UN.ESS FAC!t’OB SURFACE AREA WITH ATOMICAL
SCALE

1970 (JO.lNED TO N?.7CLEAB FUSIQN STZID~

1971

1973

1978

1981

, 1983

AUGER 13ELECT.RON SPECTROSCOPY SUXFACE SEGR23GATION OF
(.ZUXST AES IN JAPANESE UNIVERSI!Z’Y) BINARY ALLOYS

AES-SIMS COMBINED SYSTEM SURFAC13 CHARACTERIZATION
OF FIRST WALL

ION-MASS-MICR O-ANALYS.W(.lMMA) ENERGY DISTRIBUTION OF “
SPUTTERED IONS

.XPS-AES COMBINED SYSTEM PLASMA SURFACE INTERACTIONS
PROBE-MEASUREMENTS IN JIPPT-.lI IMPURITY DISTRIBUTION OF WALL
(FIRST EXPERIMENTS WITH REAL PLASMA MACHINE} SURFACES

PROBE-MEASUREMENTS IN .UELIOTRON 3?’ 1MPURITT% DISTRIBUTION OF
WALL SURFACES
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SURFACE ANALYSIS SIVDY FOR PLASMA WALL INTERACTIONS

-f==l

“1.

2.

3.

Plasma Wall Interactions. ~ Surfac% -Analysis Techniques .

Torus Lfaehini Expe~iments ~ ~Simulation Experiments

Sbface Collector Probes ~ Long Term Exposed Mai%riak ~

I OUR RESULTS I . ~ -“

TOPUSMachine” Exp@i%ments “by Heliotron E
JZPPT-IIU
Doublet XII
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SPtJ’TTERINGPROCESSOFA SILJCONCAI?IIIDESURFACEWITHENERGETICIONS BY MEANS
OFAN AEW?JMS-FDS COMBINEDSYST.EM

MamoruMO13R1,Kuniaki WATANABE and Toshiro Y&vlASHINA
Department of Nuclear En~”neering,Faculty of Engineering, Hokkaido University, Sapporo, Japan 060

Received 20 February 1978

Surface phenomena on silicon carbidefollowing interaction with energetic hydrogen ions and argon ions have been

studied by means of simultaneous, in situ measurements with a combined system of AES-S1W3-FDS (Flash Resorption
Spectroscopy), Bombardment by (),7 and 1.5 kev argon ions was observed to sputter the surface atoms, both silicon and
carbon, with the same sputtering yields. In the case of bomb~dm’ent by hydrogen ions, on the other hand, siJicon atoms

weresputteredout preferentially through chemical sputtering to form silicon hydrides at room temperature. Indepth com-
position profiles of silicon carbide irradiatedby 100-keV D+ ions were also examined by the combined system.
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Fig.”1. Schcmu(ic construction of the AR3-IMA combined system. *
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COLLABORATION
WITH VARZ_OUS MA CIHNES

1980-

eJIPPT-11 (NAGOYA UNIV.)
HELIOTORN-E (KYOTO UNIV.)
STORAGE RINGS (CERN)
TEXTOR (KFA)
DOUBLET HI (GA)
JT- 60, JT-60 U (JAERI)
LHD (NIFS)

ARGONNE NL

I SANDIA NL (LIVERMORE AND ALBUQUERQUE)
OAKRIDGE NL
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SURFACE PROBE STUDIES
IN TORUS DEVICES

JIPP T-I.H7 1981w
HELIOTEON E 1983w

1. 33FF33CHI?E 17TILIZA!HON OF SUEFACE
ANALYSIS TECHNIQUES

2. TRANSPORT PROCESSES OF
IMPURITIES

a) DETECTIQN OF lMPUI?lTIY i3PEC.lE~
b) ABEAL DISTIWBUTION Ol?IMPURITIES
c) ENERGY ESTIMATION OF”IMPU.IT~ES

3. TBANSPOR1’ PBOCESSES
PARTICLES

OF PLASMA

a) FLUX OF H122ROGEN lN SC.l?APEll-OFF
i5AYEll

b) TIME RESOLVED ANALYSI@
C)13N13RGYESTIMATION OF PLASMA

PAET.lCLES
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DAMAGE ANALYSIS OF
ARMOR / LIMITER TILi!?

Ol?
PLSMA MACHINES m

JIPP- T1l (TiC LIMITER)

1982-
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1

TEXTOG (GRAPHITE ALT-11)

1984N
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1990-



-.
-,
n.,

~“ ..

,,

S,.,,,$

b ,.. ..

. .

. .
..

?

,

.,.

,— —.-.,,.,,, .,,.:”, .4, . . ,i, .-,., ..... . . . ... . . .... . . .,, -..,, . . . . . . ,-, . . . . . . .. . . . . .. . ,., - ,., ,.?, . . .

-d ‘ 111-17



-g
.

[

((3 +!s)/!s ) O!w wow

111-18



u

. . . ..



@i4/v%l!’l!TE_!!!!liB!!!n!’

. OVERALL (CHARACTERIZATIONS OF
GRAPHITES AS FUSION FIRST WALL
MATERIAL AND ‘EVALUATION OF Tllk

STABILITY AGAINST PLASIVIAS

INTERIIWI. REPORT

by .
Fusion First Wall MateriaI Research Group,

Nuclear Fusion Research Project

1 The Ministry of Education,
Science and Culture, Japan

.January 1969.. .
-1 . .

Edited by Toshiro Yamashina, project Leader
Hokkaido University, Sapporo, Japan
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Table 1 product names of graPhite materials and j’!@ Zw+
- the companies. Isom(wlc CtRwwms[L.+lt(D4?-V+* ,6

Cwnpany name Product nameof graphite

Ibiden Co. T-’-6P, ~T“–4MP, ; ‘
ETP–10

INippon Steel ChemicalCo. 4$880, .#781 ‘ ~

Tokai”’Carbon Co. . - G1950, G347S

Toyo Carbon co.
AX650, “KMT200K,
AX280K, YPD– K

Toyo Tanso Co.
1S0– 880U, ISO– 630U,
IG-+1OU

Hitachi Chemical Co. PDX’–8OS, PDX - 60S

Nippon Carbon Co. ‘ EFG262, EFG301 ~
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1981-1990

EFFECTIVE UTILIZATION OF
SUEFACE ANALYSIS

TECHNIQUES
TO ENVIR ONMEIVTf?

OUR SIDELIZWEf

MICROANALYTICAL STUDIES
OF ENVIRONMENTS AND AIR

POLLUTION CAUSED BY
STUDDED TIRES OF

A UTOMOBILEti?

MAMORU MOHR1
SUSUIWU AMEMIY&
SHIGERU MAE.Z?~
$H1.lV FUKVlk$
SHIGEK1 KAT~
MASAO HA$HIB~
TOSHIRO YAMASHI~~
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Microanalysis of Dust Particles from Road Surface Scraped off
by Studded Tires of Automobiles — Part 2

Mamoru MOHRI, Susumu AMEMIYA, Shigeru “MAEDA,
Shin l?UKUDA;Shigeki KATO, Tohru SATAKE,

Masao HASHIBA and Toshiro YAMASHmA
(Received December. 27, 1982)

Abstract “

Investigations of particulate substances originating from the use of studded tires of

automobiles were performed. The amount of floating dust particles was measured by

particle induced X-ray emission spectroscopy (PIXE) -as a function of the horizontal

distance from a“road-edge and the vertical distance from the ground in the city of

Sapporo. The resuks “were compared with those of the city of Nagoya. It was found

that the amount of floating dust part{cles in Sapporo was four to five times larger in

November and April, while it was much less in February” than that in Nagoya. “The

chemical composition of studs of studded tires and paint of road marking were analyz-

ed by Auger eIectron spectroscopy (A13S)” and atomic absorption spectroscopy, res-

pectively. Based upon these measurements the”particulate substances collected from a “

road surface were examined and identified by use of scanning electron microscopy

(SEM) and X-rAy microanaIyzer (XMA). They couId be attributed to mairdy pieces

of studs, paint from road markings and paving materials. Alveoli of the lungs of dogs -

and mice which inhaIed such dust particIes were also examined by SEM and XMA.

Ferruginous components were found to segregate on the wall surface of the alveoli.
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INVITING PROJECT FOR
ITER SITE

OF CONSTR UCTIOIV

EAST AREA OF TOMAKOIWAl

HOKKAID~

(BIG)TOMATOH’

- HUGE FLAT AREA (1000 ha)

- EASY ACCESS TO INTERNATIONAL
AIRPORT (SAPPORO) 15 km

- REQUIED COOLANT AVAILABLE
FACING TO SEASIDE

- ELECTRIC POWER ABAILABLE
635 MWe : ‘; ‘-

-MILD WEATHER AND BEAUTIFUL
RESORTS

III-28



.- ,- -.=..----,..,.m -

SessionIV: Wall Conditioning,Sputter,Erosion

IV-1

-. .,-—-—-..-,.- -.V---r - ., . ._. ____= __._= ___ . .—. ____ . . _____ _



r ......... ... .............
7

I

t
,

IV-2



L&J Workshop on PIWHHF, h? Francisco, Dec. 8-1!, 1997

Wall Conditioning atthe Startup Phase of LHD

AkioSagara

National Institutefor Fusion Science,Toki509-52,Japan

The f~st cycle of the LHD plasma operation is scheduled to set off from the end of
March, 1998. At this first stage the magnetic flux density at the plasma axis BO is 1.5T,
and the plasma heating with 84GHz ECH of the total input power over 0.5MW is arranged,
which is o erated using the second harmonics with the cut-off plasma density of

58.8x1019m- .
According to the estimate of radiation loss using the 1-D time-dependent transport

code under the f~st operation condition [1], it is required for the oxygen concentration in
the hydrogen plasma to be less than 1.8%, that is, the ff lower than 2 in order to obtain

%the line averaged plasma density <ne> of=about2x101 m-3 with the plasma temperature
‘ Te(0) higher than 1.5keV.

On the other hand, according to the results observed in the wall conditioning
procedure performed in the start up phase of CHS [2], ECR discharge cleaning using
hydrogen was effective to reduce down partial pressures of H20, CO and CILI, resulting in
suppression of uncontrollable density rise under ECH discharges by mainly reducing down
oxygen impurities.

Reduction of oxygen impurities is therefore the main purpose of the wall “
conditioning at the start up phase of LHD. Suppression of hydrogen recycling is also
necessary after conditioning with H2. Standing on this guide line, the main scenario of
wall conditioning in LHD has been decided including arrangement of hardware required.

The 300kW hot water utility is arranged for baking the vacuum vessel which is made
of316 stairdess steel with the total surface area of 777m2 and the total mass of 77.7ton
including ports and bellows. However, this baking procedure is not sufficient, because the
temperature is limited at the max. 100”C and there is only one week for baking scheduled
before starting the SC COUScooling down.

The main wall conditioning method is the 20kW ECR(2.45GHZ)-DC with H2. It is
expected to take about a half day to evacuate adsorbed H20 molecules, and to take at least . .
a few days to reduce oxide layers [2, 3]. After this procedure, the main discharge is set off
with 84GHz ECH, which is also considered as an effective conditioning of the wall
surfaces, especially with repeated short pulse and high power operations of 1O-2OHZand
10-20% duty.

Titanium-gettering is arranged as one of backup methods, which covers the 30% area
of V/V and suppresses both of oxygen impurities and hydrogen recycling [4]. The fti
thickness of only 30 monolayer is sufficient .[5], and the total operation time is limited to
avoid peeling off of Ti fti thicker than 10 p.m.

Glow discharge with He is also arranged as the other backup method to reduce oxide
layers and to suppress hydrogen recycling after ECR-DC with H2. Based on intensive
R&D results, boronization using glow discharge is scheduled to be put into operation from
the 2’nd cycle in 1998.

References :
[1] H. Yarnada, 13th meeting of J. Plasma and Fusion Research (1996) 22aD2, p187.
[2] N. Noda, Annual Review of IPP Nagoya University (April, 1988- May, 1989) p9.
[3] E. Jotaki and S. Itoh, Fusion Eng. Design, 36 (1997) 447.
[4] A. Sagara, J. Nucl. Mater., 93&94(1980) 847.
[5] S. Besshou and O. Motojima, Annual Review of PPL Kyoto Univ., (1981) p64. IV-3
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US-J Workshop on PMIMHF, San Francisco, Dec.8-11, 1997

Wall Conditioning
at the Start up Phase of LHD

Akio Sagara

NationalInstitutefor Fusion Science, Japan

The first cycle of the LHD plasma
starts from the end of March, 1998

At the operation condition with

+ the magnetic fluxdensityBO< 1.5T

+ the plasma heating with 84GHz ECH

+ the total input power>0.5MW

Thiscondition.requires..the.oxygen.c-oncentra

lessthanl.8Y0, that is,.Zeffe 2 “
+ to obtain en~> - 2x1019 m-3

IV-4
+ withT~(0)> 1.5keV



Wall Conditioning at the Start uo Phase of LHD
-
27:28;29
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30 :31

Mon tTue April May ~~~1998 Jan. Feb. March

Preparation
ECRDC (20kW)

T1-getter x 3 (20k~
GDC (20kW)
Baking (300kW)

interlock
gass-inlet

Pumphrg

Coolin of SCM
,4=-..1 First Cycle Operation of LHDDischarge

CleaningPumping of VN
zo~--””’

“ 3,6LMb!? (TMP) 60,000 US (CP) + 10,000 USflMP)60,000 I% (CP) + 10,000US (TMfl

Magoetlcfield 875G

r.t. ( water )

1.5T( <–> 875G)-.
baking IW
100”C + “””---”-=Wall Temp. . . ..-.-.-.& baKng+ECRDC?

ECH (84GHz) _ECH . . . . . . . ...>ECRDW2Condltlonlng
Prooedure

. .
Test

>(
Long pulse >500 kW

Short pulse(10-20Hz)
@ duty 10 -20%
@ -=20 -30kW
@ P= 150 -250kW

i )GDC/He
TI-getter

ECRDC

Operation

HGDC/He
Ti-getter

ECRDC

Evacua’
. . . . . . ~rna~

n of H20, CO Oxygen <2 % Reduti”on of H recycling
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Reduction of oxygen impurities “
is the main purpose

of the wall conditioning

at the start up phase of LHD

After pumped down to the range of 10-8 Torr,

the 300kW hot water is used for baking the VN

+ made of316 stainless steel

+ the total surface area of 777m2

+ the total mass of’77.7ton

However, this baking procedure is not sufficient,

because the temperature is limited at the max,l OO”C

and there is not enough time before the first cycle.

The main wall conditioning method
is ECR-DC with HZ

+ 2.45GHz ECR . m = 18 (HIO)

+ input power of 20kW
. II).2E(co#c*N)

16’ .In.ls (Cl@

(W 50VVlm2)
+ Remote control
+ Water-cooledwindow lb’~

.0 50 Iw zwm3f3fJ 393
time ‘(tmur)

Utakes&b_o_ut10-ZOh.-.—-.
toevacuate adsorbed H@.

ECH pulss.

!.2

1.0 -

It takes at least a l@ti~YB ; o-s- “-=.
to reduceoxide layers. — ~ ...“:

(cf. CHS, JIPP T-W TRIAM-1~ ) ; ;:; —., ,,s----,,~co— .lZ!? ,
1:

0.0

Iv-6
0.0 5.0 10.0 1s.0 20.0

“ TI~c C ❑ - )

ECU-DC in CHS, 7988, N.Nods
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d (COJ differed slightly in that the quantity increased with initial ECR-DC, arrd thereafter declined in a manner simiIar to the
other impurities. In these grnphs, the open circles indicate data after rebuilding, and the closed circles show data from ordinary
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The main 84GHz ECH discharges will be

effective for reducing oxide layers.
Especially with repeated k‘“’’”’l l,,,,] I.,,,1
short pu.I_e and 50 : ~

— ..=,. --

hwl. PPZ4W operations ~ ,0 ;---— .—

+ 10-20Hz ~
+ duty 10 -20°\o -‘a9

m~1
+<P>=20-30kW

+P=150-250kW !....1 1!.,.1 1,..,1
Id” 10” 10’2

n~ (cni3]

p7/3/Pz vs. n~ under DC, ’90, N. Noda

Titanium=gettering is arranged as backup
to suppress O impurities

+ with 3 sets in every 120°,
and movable in 50cm

+ max.1 h flashing at B=O

+ - 30% coverage of VN

+ Tifilms> 30 monolayer

In order to avoid peeling off
of Ti films thicker than 10 pm,

+ Total operation e 30hrs

T~AL RAOIATIDHL@5SPOWR
● UNDERSTAHIL4R0DISCHARGE

●I
~ 103

●. ●
-. .:
%
~ d

I~ SD
I ●

~ 1 ● .
z ,8**, . ● ●. . 90
L%. ,

! I t + 1 , I I
25GU 30Q0 3500 0000 4504

SW hlItBER

Iv-8
(Heiiofron-E, ’81) Wig, 30%, 301ayers
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Glow discharge with He is arranged
as the other backup method

to reduce H recycling after ECR-DC

+ One electrode for the 1‘st cycle

(3electrodes from the 21nd cycle)

+ Graphite head underinertiacooling

+ Boronizationusingglowdischargeis

scheduledtobeputintooperation

afterthe2’nd cycle in 1998.

Conclusion ...

(1)

(2)

(3)

(4)

(5)

(6)

Reduction of O impurities is the main purpose.

Baking at 10O”C with 300kW hot water is arranged.

ECR-DC with H2ismainlyused to evacuate 1+20

in a half day, and to reduce oxide in a few days.

The main 84GHz ECH is also effective.

Ti-gettering and G-DC/He are arranged as backup.

Boronization is scheduled after the 2’nd cycle.
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Why is Conditioning Needed? (i@
DFC032693b

● To reduce plasma contamination by minimizing impurity influx
from walls and plasma-facing components.

- Surfaces contain hundreds of monolayer of volatile gases
(Graphite tiles have huge surface areas: 1m2/gm)

. Particularly important: O-bearing contaminants (water)

● To reduce H-recycling during plasma startup, needed for reliable
density control.

- Particularly important for systems with graphite tiles
(Hydrogen codeposits with sputtered carbon at 0.4 H/C)

● To control in-vessel tritium inventory.

- Particularly important for systems with graphite tiles



Co-Deposition is Expected to be a Major
Source of In-Vessel Tritium Inventory [m)

*

Iasma

y

c

Erosion

● Carbon erosion from high flux
areas results in redeposition
of carbon along with tritium

Redeposition
● Tritium concentration -0.4 T/C ~

expected in a DT device

●

layer increases
with discharge

The thickness of the co-deposited
monotonically
time

-4
L Co-deposited film on . I I
w TFTR bumper limiter 50pm

.

KLW:W18WD



Current
Used to

TecMques
Condition Tokamaks: (3)

QPrebaking of invessel materials

● Vacuum bakeout (Outgassing of graphite requires T>l. .

● Operation at ele”vated temperatures

● Active contaminant gettering with B, Be, Li, Si, etc.

Ooo”c)

“ Discharge conditioning: GDC, TDC, PDC, DDC (H, He)

DFC94011Om

Machine I Op. Temp. Conditioning Discharges

JET 300”C GDC, He PDC

Tore-Supra 190”C
TFTR RT GDC, TDC, He PDC, DDC
DIII-D RT GDC
JT-60 250-300°c GDC, He PDC
ASDEX-U . RT GDC, He TDC

.
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Needs for Future /Current Machines (iEl
c Tore-Supra: Long pulse, steady-state B-field

- Improved conditioning for impurity control
- New field-on techniques ~

,-..
,:: c LHD: Not bakeable, steady-state B-field,,$.

- New field-on techniques‘.’!i“:4, - International Cooperation,,!,I
T/

● NSTX: Graphite, low bakeout temperature, inertial cooling
- Improved conditioning for impurity and density control
- Have started discussions with PPPL

●JE- ““ ‘
. .—. . .

I: HlgD near-wmace IJ and I inventories
Long conditioning treatments required to keep neutron radiation
at acceptable levels
More rapid/frequent conditioning methods needed

. .

.



2 Glow discharges are used to removehm surface impurities (!!J!l

c H(D) volatilizes hydrocarbons to methane (C ~HY-t-H - CH4)
and weakly-bound oxides to water (MXOY+ H * M +H20

s He desorbs surface and near-surface H
(300eV He range = 3.6nm in C, 4.5nm in Be)

● O aggressivelyremoves hydrocarbons, volatilizing C to CO

oHe-O rapidly removes thick a-C:H codeposits

We studied the He-O erosion process

QTo optimize discharge parameters for rapid, efficient conditioning,
while minimizing resultant O-contamination

QTo identify the best method for use in ITER (steady-state, high B-field)



Our investigations showed He-O GDC
removes C-H code~osits (&l

h
SmallResorption I Thermodesorption

SampleonHeater

GateValve

I
i

000[
DPE(LAMPE) SVstem

Throttled
System
Turbo

●

●

●

Codeposit
- 0.3p/hr

DFC032692

.

erosion rate

Efficient removal from
gap between tiles

Surfaces roughened

O-contamination of
ti es

-----
—



u
-4
b
00 He-Oxygen Glow Discharges Removed

Codeposits from TFTR Tiles (II
DFC970509.5

Cross-section of Codeposit

..

. Erosion is ion-induced:
- Occurs normal to plasma sheath

● Surfaces become highly textured

● Averagecodq?osi~erosionIX&
= .07 pntihr from tiles
= .25 pmh from lab. codeposits

I



.

““.
, ,. We investigated the mechanisms of codeposit

erosion bv He-O GDC (E!le

co-57

7’

Gases
X-ray
Source

w

Baro

s

● Sample erosion/oxidation
by differential soft x-ray

● Erosion is correlated with

was measured
attenuation

COX production .

T Thermo-
couples

Turbo

mh!iw-

8
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The experiments also
OmContamination can

showed how
be reduced

bulk (i!!!il
He-O GDC Exhaust Gases

co /
v 4 r

1-

0

●

●

●

Input oxygen is rapidly
converted to CO and COZ

Conversion
efficient for

is even more
Ar-O GDC

For low oxygen concentration,
little molecular 02 remains to “
permeate into graphite pores.

o 5 10 15

02/He Mix (Yo)



SummarV of RG-O GDC observations: @El
. Slow pumping (long CO residence time) causes C redeposition and O reuse.

● In resorption limit, a-C:H codeposits are eroded -3x more rapidly than C.
(HCO can be used for discrimination)

c Resorption of CO increases with impact energy up to few kV: ~
At 400 eV He, resorption yield= 20 CO/He.

s Erosion is normal to Plasma sheath: Shielded surfaces are not conditioned.
A

Graphite surface becomes textured.

● Observed erosion rates at 2 mA/cm2, and > 90$%oxygen-use efficiency:

4% O/He GDC 12% O/Ar GDC
Total carbon etch rate - 502x1015C/cm2-s 905x1015C/cm2-s
Graphite surface erosion - 1.4A.IS 2.6&s

If texturing is eliminated, overnight conditioning
at these rates will remove 6-10 microns of codeposit.

,



?
b Optimum characteristics for efficientN

discharge conditioning were determined @El
DFC9401 Ioq

● Particle impact energies of few hundred eV
- for large resorption yield.

● Particle impact at random angles
- for large yield, good depth, and no texturing.

● Low electron energies (< 10 eV)
- for minimal ionization or dissociation of desorbed impurity gases.

● Low background gas pressure (e 10-5 torr),
- for rapid evacuation and low gas throughput.



He discharges can produce large energetic
He” fluxes by charge exchange (II

20

10

0

1 He”+ He++ H$ + He”

, I 1 I

o 100 “ 200

Energy (eV)

300 4

Only He has high scattering, cross-sectionscharge-exchange, but low
He can be directly energized by a transverse RFIC~field
Electrons are slo~ly heated by ion scattering
He” energy is determined by the mean-free path to charge exchange
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I

We are investigating CWHcodeposit removal
by plasma discharges in high B-fields I!!!l!l I-. — —

DFC971116.1

● Using a 3 Tesla Penning-style trap configuration
- DC and RF excitation

● Determining removal rates for O-containing discharges (He-O)
from rate of carbon oxidation

●

●

●

Separating erosion rates due to ionized and neutral species

Exploring penetration into shadowed/confined regions

Varying plasma power, gas flow/mix
-maximize removal rate
- minimize residual O-contamination

I We Imvepreliminary data on eros~on due to neutrals; atomic-O andHeO. I



Hiah-field Probe Configuration

11 /6/97

samtderot.

to gas

analyzer

1
gas
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Erosion by neutral species was observed
using low power discharges ml

DFC971116.5

30

20

10

tr.P=3../

% 2.6el 6 C-atoms/s
1

&

B
(from 30cm2 gives 0.9 A/s)

-1-

(from 200 cm2 gives 0,1 A/s)
..? -,j#W\’

4

‘-
I-E

0’
0.0 0.1 0,2 0.3 0.4

Sample Current Density (mA/cm2)

. . . . . . .. . . . .

s Erosion by ions increases .
with sample bias (-) and
current ‘

● Erosion by ions is eliminated
by zero (or+) sample bias

c Erosion
with trap

by neutral increases
(plasma) current “

c Area eroded by neutrals is
larger than sample area

- Carbon is also removed
“from deposits on walls



Summary: (i!i!il
DFC971116.6

● We have a simple, versatile test probe for studying codeposit erosion
in high magnetic fields.

c Initial studies using Penning discharges show erosion due to neutral
species can be separated from erosion due to ions.

s Preliminary measurements indicate atomic-O from a weak He-O plasma
will cross magnetic field lines and erode carbon materials at 0.1-.3 pndhr.

. Larger erosion rates are expected for C-H codeposits (-3x)using
optimized discharges, and elevated sample temperatures.

● The initial studies also indicate atomic-O can reflect off surfaces,
allowing it to reach &ound comers and penetrate into confined regions.
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Outline

● Introduction

● Erosion and Redeposition Process of Mo

with Oblique Incidence of Magnetic Field

● Modification of W Surface by the Low

and High FIIJX Plasma “Irradiation

Energ)

● Introduction of New Divertor Plasma

Simulator, NAGDIS-11

● Conclusions

. .
..
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Introduction ~ ~~ -- ~

High Z materials are recently focusec( for the material

~ffuture divertortarget plate,becauseof
(1) good thermal properties, ~

(2)high threshold value of -

physical sputtering, -

(3) low hydrogen retention.

Systematic investigation on high Z materials is required

including the atomic and transport processes.

-- .Linear plasma device with high particle /heat flux

plasma and a simple magnetic structure is a suitable

one for investigating underlying individual physics in a
series of atomic and transport processes.

In this presentation,
(1) Erosion and redeposition processes of a high

Z material (Me) with oblique Incidence of

Magnetic Field ~

(2) Modification of.W surface by the low energy

and high flux He and H plasma irradiation

( Enhmwqnentof heat Ioa.ddue to thermoelectron

emiBsion) ~-~:~ ~
IV-33
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Experimental Set-up in TPb-l ~

Plasma Test Region

...—— ———— _
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Contour plot of a MOsubstrate -

after Ar plasma exposure “ ~~

10

E’
E-5
k
c
om-
%0
a)
=
=
a) -5
c

■-
6.
&

=1o
-lo -5 0 5 10

Horizontal direction Y [mm]

- Exposure time: 90 minutes

- Surface temperature: 11OO°C

- The levels correspond to the erosion depth in pm units.

Mo surface was characterized-by Electron

Probe” Micro Analysis ( EPMA ).

----- Mo, Ta and carbon are only obsered

W is ‘not ~ound ( <’100 p.p.m. ).,
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%ymrnetric erosion profiles for the

~ifferent directions of magnetic field

*

Magnetic field
(I) <—

>
(II) ~z

0

:%w
s- 20
g
=
c
o- 40

m9

w

0
iii

=60
-20 -lo 0 10 20

Horizontal position Y [mm]

Experimentally observed asymmetric erosion profiles

along horizontal direction Y with the different

directions of magnetic field. The hatched area shows

the position of W target.
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Radial profiles of plasma paramters

for Ar plasma in TPD-I

na
40

~@1Im1● 1
1

8 a m ●
1

a n ● n
I

n 1 1 a
I

1
● 8 E

z

n
~

.

~o .
8-

6Q .
g -20 .
m ———— ———————.—
a .
U)

-40
“20 -lo 0 10 20 #i

Radial position [mm ]

Radial profile of space potential and electron

density for argon plasma. The dotted line

shows the potential of MO substrate.

-These parameters are measured using a fast-

scanning Langmuir probe located at 30 cm away

from the substrate.

- Electron temperature is almost uniform

around 7 eV. IV-37

Talcamw-a Lab. Aragovu Universityd .
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3-D Monte Carlo simulation code

Magnetic field.

Sputtered Mo

w
Collision processes in a plasma

o Elastic collisions (rigid sphere collision)
o Coulomb collisions
o Electron impact ionization

o Cha

K’
~
x T.
s
.-

i
%
1!
s=
~

a,=&
&~ce
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.

~Erosion-redeposition model . ~

~on a plasma-facingmaterial
_iT’j*Y”Y~ : Self-sputtered flux

i i +1 i +2 i +3
(a) Erosionprocess

Local erosion depth d (i, j ) [m] is given by

d(i, j)=ri(i, j)x Y(jj)x MxT@
q ( i, j ) [m-2.s-l] : the average flux of plasma ions

Y (i, j ) [atoms/ion] : sputtering yield at that zone

M [kg] ~ : atomicmassof the substrate .
p [kg. m-3] : mass density of the bulk

( Mo is 1.02x104 kg. m’)

T [s] . : plasma exposure time

(b) Redeposition process process “
Redeposition depth at ( i+3, j )

d(i+3, j)=~i x Y x {7 - Y~l(i+3, j)}x”M x T/p. .
Y~f ( i+3! j)”” : the-self sputtering yield at the zone ( i+3, j )

.-. .

IV-39
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2-D erosion distributions
calculated by Monter Carlo code

‘E- 20

E

k 10
s

4 i 1 1 1 I a 1 m

-20 =10 o 10
Horizontal direction “Y

a

I t

20
[mm]

without

redeposition

o

0

-20

“30

“40

“20 “lo .0- 10 20 ~
Horizontal ‘direction Y [mm]. .
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.-

Sliced erosion profiles ~ ~. ~
in horizontal direction ( X’=0 )

.
a

5“ -
●v

~ =20-
E m
o ●

v 40-s-
-........................... m

o -
■- 9

-
w m

s m 1 m m s E 1 m s m m I m E 1 F 1 s 9 s m 1 1 m

“ 20 -10 0 10 20
Horizontal direction Y [mm]

-CL: the ratio of Ar2+ density to Arl+

-Solid and dotted lines show the profiles

with and without redeposition process.

-Shadow regions correspond to the

redeposited depth of sputtered Mo.
. .

-> Asymmetric redeposition profile
IV-41
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Redeposition of Mo

Sputtered Mo

I 25% I I
I --
Iredeposition --------
I -\- %
I 60?40 I 40!?40 I
‘L 3
prompt redeposition .

* 40?40

Mo substrate
About 259i0 of sputtered Mo return back to the substrate

as mainly an ionized Mo, and redeposited. About 60 !XOof

their returned particles redeposit within their first gyrations
Mo substrate Magnetic field

- Ionization mean free path

WI6 mm
( n,- 2.OXI 0’8 m-3,Te -7 ,eV)

- Gyro radius- 8 mm

( B - 0.25T, average energy

of sputtered Mo is 2 eV )

(CA &i >” r t without collisions .

Takam.wz Lab. Nagova thiversitv./ .



Erosion of Mo
..

6

~ 1(’)0 m ● m a 1 m m
1

K

m 0+

m

g 10-1
0

■

a ■

= 10-2
w
~
~ 10-3

s --------- W+--+ Mom
mm

g ,()-Q

5
20 100 1000

Q(/) Incident energy Ein [eV] ~

Sputtering yields of various ion-material

components at normal incidence, calculated..
from an empirical formula [*]= ~
* Y. Yamamura and H. Tawara, Atomic Data and

Nucl. Data Tables 62,’149 (1996).

. .
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Summary(l)

1 ) Experiments:

The effect of prompt redeposition ‘of Mo is clearly

demonstrated in a linear plasma device. Mo ions which

are returned back to the substrate locally redeposit on

Rdepending on the direction of magnetic field due to

the effects of prompt redeposition.

2) Numerical analysis:

To analyze the transport of sputtered particles in a

plasma and the subsequent redeposition on a plasma-

facing material, a particle simulation (Monte Cairo )

code has been developed. We have a qualitative

agreement for the erosion profiles with the results of

numerical code predictions with the effect of prompt

redeposition for high Z material. However, we have

quantitative differences for their erosion rates.

IV-44
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Experimental””set-up for plasma

irradiation to W in NAGDIS-I”
INFRARED
CAMERAand *

(a

LING

(b)

Q

INFRARED
CAMERA and

FAST SCANNING INFRARED
LANGMUIR PROBE THERMOMETER.

‘II

\

Q

OLING

Iasma

TUNG

~
.

..

Tungsten can be irradiated by the’ helium and hydro-

gen plasmas with the. diameter of about 6 cm and Te = 5-

10eV, ne= 0.5-4.0 X 10i8 m-3, corresponding to the flux of

(0.27-3.1 )X 10WHe+ ions m-2s-land a tungsten plate tem-

perature of up to ~bout 3200 K. .
IV-45
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~. Tungsten irradiated IN the helhnm plasma -.

SEM micrographs of tungsten surface show clearly that
the microstructure of the tufigsten surface is changed due to
the helium plasma irradiation. 4

1) No obvious the change of microstructure of tungsten surface ‘
irradiated by helium plasma with the flux of 4.4 X 1021He+ions
nr2s-* corresnondhw to a tun~sten Dlate temp~a~ir~ of 1144 K.

‘. .
————

A —

IV-46

.. . . . . . . . . .. . .------
: “.- - . . . . . . .

------- .,. -.



2) Many holes of 0.1-0.5~m in cliameter which appear in the
tungsten surface irradiated by helium plaslna with the higher flux
corresponding to a higher tungsten piate temperature

Iv-47



3) When tungsten was irradiateci by the helium plasma with the
more higher flux of 2.4 X 10zzHe’ ions m-%-’ corresponding to a
tungsten-plate temperature of up to near 3200 K.

i) The size of holes becomes large with the chah-wter of abcmt 1-4}1rn
I

.2?
. . .

ii) A large undulation appear in tungsten surface
iii) The redeposited layers of W are formed at the periphery of the
irradiation region on tungsten surface.

IV-48



B. Tungsten irradiated by the hydrogen plasma

To obtain a comparison with different ion-species, the

tungsten plate was irradiated by the hydrogen plasma with

3.3x1022 H+ ions m-2 S-l, corresponding to a tungsten plate

temperature of near 2800 K. Surface morphology of tungsten”

irradiated by the hydrogen plasma is found to be quite different

from the helium case.

A large crystal structure appears in the tungsten surface

withoutanyholesappearing.
There is no redeposition of W observation in the case of

the hydrogen plasma irradiation.

I

!
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3

Summary(2) “
d

For a high temperature tungsten plate irradiated by a low

energy and high flux plasma, surface modification is observed in
experiments.

A surface undulation are formed”and many holes of 0.1-5
pm in diameter appear in the tungsten surface after the helium
plasma irradiation.

The redeposition of W are observed due to the helium
plasma irradiation at high plate temperature.

Microstructure changes of the tungsteq inadiated by the
hydrogen plasma is found to be quite different from the helium.
plasma case.

The size and the density of holes has an obvious relation to
the incidention energy, flux as well as the surface temperature
distribution on the tungsten surface. But we can’t get a
quantitative relation in our experiments.

In the experiments we can’t controll the ions flux, energy
and target plate temperature, separately because tungsten plate is
only heated by plasma.

Now a further experiments are considered for getting
quantitative relation through some improvement of experimental
setup.

1. A controllof platetemperature by external heating power
2. A controll of incident ions energy by bias voltage on plate
3. A controll of incident ions flux by plasma, density

&

IV-50
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~
Outline:

QInteraction of beryllium with a ‘clean>

- erosion #

- surface modifications

- deuterium retention .

PISCES-B mixed-material .ex-periments

Beryllium & Carbon

-.
Tungsten & Carbon

Conclusions and future directions

plasma
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0.1

0.O1

0.00’1

Sputtering Yield Measurements in a ‘Clean’
(CO.Z% Carbon & <0.1% Oxygen)

Plasma Agree with the
Com,puted Sputtering Yield of Beryllium-Oxide

1
---

0

0
x

TRIM calculation (BeO)

TRIM calculation (Be)
experiment (plasma spray Be)

experiment (press sintered Be) I

experiment (J. Won 12th PSI) I

-i- 0--------- L

I

0 100 200 300 400 , 500 600 700 800

Sample Temperature (C)
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.

Rrea 1 - High-temperature
exposure (58 E1°~)

Beryllium samples e~posed to plasma bombardment
at high temperature exhibit surface damage—

Flrea 2- Low-temperature
exposure (2 EIQ”C)

Rrea 3- 5urface hidden from
plasma exposure

------ . . . .
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Deuterium Retention in

T.ungskm
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Exposed Tungsten with carbon seeding

?re-exposed Tungsten surface

Exposed tungsten surface with
carbon seeding at 907 K.

Exposed-tungsten surface with
carbon seeding at 1031 K.
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Sample temperature at 1033 K
with 0.8 0/0 CD4

Exposed tungsten at 1033K with
l~o CD4

Exposed tungsten at1180 K
with 1.4°/0 CD4
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Conclusions & Future Directions:
~
S ● Net sputtering yield of’ clean’ beryllium agrees with the expected sputtering yield of

beryllium-oxide
L

● Near surface damage of beryllium results from 100 eV D+ plasma bombardment
- damage extends well beyond implantation depth
- surface temperature effects damage formation

. Deuterium retention in plasma-sprayed beryllium is’ less than press-sintered beryllium
- temperature dependent reduction ,1~

Impurity injection experiments are underway in PISCES-B to study mixed-
material layers

● Determine formation conditions and growth rates for “mixed-material layers on different
substrate materials

● Carbon-containing layers can have a drastic impact on deuterium retention

.

● Investigate the role of metallic impurities incorporated in mixed-material layers



“Recent
Erosion/Redeposition

Analysis”

J. N. Brooks/D. K. Sze
Argonne National Laboratory

Argonne IL, USA

US-Japan Workshop on
High Heat Flux Components & Plasma Surface

Interactions for Next Fusion Devices, San Francisco,
December 8-11, 1997
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EROSIONREDEPOSITION ANALYSIS

PERSONNEL: J.N. Brooks, A. Hassanein

COLLABORATIONS: D. Ruzic et al. (UIUC), F. Federici et al.
(ITER/JCT), D Whyte et al. (GA), R. Bastasz, R. Causey et al. (SNL), Y.
Hirooka et al (PISCES).

GOAL: use, develop, and validate models/codes to predict:

1) Sputtering-erosion-limited plasma facing component
lifetime

2) Impurity transport and plasma contamination

3) Tritium co-deposition

4) Heat deposition and related sheath phenomena

CURRENT ACTIVITIES:

1) ITER Vertical Divertor and Fkst Wall erosion/ .
codeposition analysis

2) DIII-D/DiMES modeling and code validation

3) ALPS @st starting), JET modeling (just starting)

4) Theory and code development; maintenance of ANL Integrated
Erosion Code Center capability.
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DIII-D/DiMES Code Validation; D79”
Brooks/Whyte

“ DiMES 79 experiment - ELM’ing H mode attached
plasma

● Carbon divertor analyzed with REDEP/WBC codes

● Code output compared with data:

1) predicted carbon net erosion rate compared with
probe erosionhedeposition data.
2) predicted core plasma contamination compared with
core measurement data.
3) predicted gross carbon erosion rate compared with
photon data.

● Code/data comparison is good.

rt

IV-71
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REDEP/VVBC Code Matches the Features of
Carbon Net Erosion at the DIII-D Divertor as

Measured by DiMES

Cu

1 L
I
I

15 --------------;- ‘--
i
:

10

5

0

-5

-..

1
I
I
I
I
1

REDEP calculated ‘--
Gross Erosion

I-----------N--T-------T--------------a------L --------- -- .-— --
1

i $ + FIEDEP
DiMES #79 \data I Net Erosion

.-
-3 u 5 10

Radial Distance from Separatrix (cm)

+--+

(~ ‘% ~

mSandiaNationallaboratories
-L* .) + “NE=’ *’”M’”’
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Erosion/Redeposition Analysis of
ITER

c REDEP/WBC/DEGAS +/VFTRIM codes used to
compute physical and chemical sputtering of carbon
divertor plate and beryllium first wall for “semi-
detached” plasma solution (Kukushkin et aL)

● Tritium codeposition is computed using surface
temperaturedependentH/C,H/Betrappingratios.

“ Methane-only chemical sputtering analyzed, due to lack
of data/models for higher hydrocarbon atomic and
molecular cross sections. (Future work will examine
higher hydrocarbon transport).

● Dominating process for net chemical erosion and
codeposition is formation of carbon atom from complex
molecular transport, and subsequent non-local
redeposition due to low electron temperature in semid-
etached plasma region.

I

I

!

W-73
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REDEP analysis, ITER carbon vertical target.

Semi-detached plasma.
Physical sputtering only.

loo~, ,1,,1,,11,,,i,,lit,,,,,,,n,,,,,,,,,,,,,
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WBC a )alysis, ITER carbon vertica target.
Semi-detached plasma.

Chemical sputtering only.
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ITER Erosion/Redeposition Analysis- Results
for semi-detached edge plasma regime (“Case
98“,-1% Neon). ‘@ieliminary-results—

numerous models to be upgraded).

.
●

●

6

●

●

●

Peak net erosion rate, (pure) carbon coated divertor: 50
ctium-yr

Average net erosion rate, beryllium coated first wall:
0.05 cmhm-yr

Peaknet erosionrate,beryllium,due to gas-puffing:
very high-implies need for more spread out gas puffing

Tritium codeposition rate in redeposited carbon: 10.1
g/1000 s pulse

Tritium codeposition rate in redeposited beryllium: -0.1
g/looos

Conclusions: Semi-detached regime is better than fully
detached regime, net carbon erosion and tritium
codeposition is probably acceptable for ITER low duty-
factor operation
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Dependence of graphite erosion yield
on irradiation flux close to actual edge

pkwwi condition

Y. Ueda, Y. “Ohtsuka,M. Isobe, M. Nishikawa
Osaka University, Japan
(Presented by Y. Ueda)

December 8-11, 1997 at Warwick Regis Hotel
.

US-Japan workshop on High Heat Flux Components
Plasma Surface Interactions for Next Fusion Devices

and

Outline

1. Backgroundofthiswork-

2. Experimentalsetup
. high flux irradiationtest stand

● temperature control

3. Experimental results of RES of graphite

4.

5.

Discussion on RES in high

Surmmry and future plan

flux regime

IV-77
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Background 1

Erosion Process Unique to Graphite
● Ra&ationEnhancedsublimation(RES)

Enhanced erosion of graphite over 1200 K by any
energetic particle impact

● Chemical S~uttering
Enhanced erosion of graphite around 800 K by
energetic hydrogen and oxygen impact

Erosion of Graphite under High Heat
Flux Condition

.-. RES
TEXTOR :

in Tokamak Devices

not observed [1]
JET:not observed clearly [2]
TIWR: slightly observed over 1900K [3]

● Chemical
JET:not observed clearly [4]
JT-60:not observed clearly [5]

[1]V.l?hdipps et al.,Nucl. Fusion m (1993) 953.
[2]R. Reichle et al.,J. Nucl. Mater. 176&177 (1990) 375.
[3]A. Ramsey et al.,Nucl Fusion a (1991) 1811.
[4]K. H. Behringer, J. Nucl. Mater. 145-147 (1987) 574.
[5]H. Kubo et al.,J. Nuc1.Mater. 196-198 (1992) 71.
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Background 2

Complex Situation for PFC

● Hi ~h (Heat - Particle) Flux

● Many Species of Ions

Proton, Deuteron, Triton

Helium ash -

Low Z materials (Be, B, c)

High Z (W)

. Redeposition

QEnergy Distributeon

Maxwellian plasma ions

FastNeutral

Ripple Loss Ion

c Angular Distribution

● High Fluence Irradiation



-1

A~~s of This Work

Detailed Database of Graphite Erosion by

High Flux Beam Irradiation

Dependence

Dependence

Dependence

on irradiation flux

on angle of incidence

on gra~hite tv~es
,. ●

Qsotroplc,pyrolytic etc.)

Models for Graphite Erosion Applicable

to Actual PFM Conditions

● Lifetime estimation of graphite PFC

● Proposal of favorable edge plasma conditions

IV-80
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High FhM Irradiation Test Stand

Sample

Arc
Chambe

I

\ E

Snherical___

Ekctrodes

-- — --’-’:w%Es=M-,,

/\ I

1
I

/

Im

2D Calorimeter

Sliding Base
IV-81
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Adva~hges ofOur Device
- (compared with Plasma Simulator),.. , ......-,.---:~...n...,.,...-..:....-,..,... ,... . . . .....:-,-,-,7.. - ,...-......... ., . .------.,..--..,. . . -,.,......... .. .

Control of irradiation angle

● Angular Dependence

Multi-beamirradiation.:
● Multi-species Irradiation (D+C, D+He, and so on)

c Irradiation with Different Energy

Detailed diagnostics of s~uttered ~article

●

●

u x s.

Separation of Beam Source and Samples

Direct Measurements of Sputtered Particles

Disadvantages

● Difllculty in producing very low energy (S 100 eV)

and high flux (> 1021.m-2s-1).
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Beam Specification

Ion Source

● Bucketsource

Arcdischarge with thermionic cathodes

● Electrodes

Spherical electrode

Effective diameter: 14 cm

Radius of curvature: 50 cm

●Gas: Dz:5-10mTorr

Ar: 5 mTorr

Beam Characteristics

● Energy :-5keV

“Power density :3.5 MW/m2 (D)

1.2 MW/m2 (Ar)

● Flux : 1.0 x 10ZZD/mzs

1.5 x 10’1Ar/m%

● Pulse length: 4 sec
IV-83
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.

\ Beam

Sample
Isotropic graphite (IG-430, 1S0-630 [Toyo TansO])
Pyrolytic graphite [Union Carbide]
Doped Graphite (RG-Ti [NIIGrtilt])

Sample Size ~
(8-10) X40X (0.lNO.2)’mm’

Irradiation Angle
IV-840deg -’75 deg



.,

T~~peratwe Control

2200

g

3

z

. .,..,.-’..,.. , . . ... . . . . .
;. ,<~:$’ 1’”-”’ 1 ) .....*,..,.........,L

“B’’’’Fif?!$:fB5fB5-

$’
1900

1800
0.0 0.2 0.4 0.6

‘Time[s]

0.8 1.0

Beam Power: 0.96 MWim2. 5 keV Ar

Sample : Isotropic Graphite(1S0-630)
40x 10xo.2mm3

160

40

f)
1..2-

Surface temperature of samples was controlled by
changing heating current during beam irradiation.

IV-85
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Twiq?erature dependence
s ,-a... —~

8,

6

4

2

0
0

... .

~“-■ Ixl 02”Ar/m2S,.-;.[
.4, .,“,”:

,- .. -.
... Philipps[ 1 ].,:.:::,....,.:.....:..:,.,,.:. x 4x1 ()’8Arirn2s.:,..~,~,.,

A

500 1000 1500
Temperature

2000 2500
(K)

Radiation

Enhanced
Sublimation

(RES)

Physical
Sputtering

Beam :5 keV Ar
Sample : Isotropic Graphite (1S0-630)
Irradiation Angle :0 deg

[1]Philipps et al., J. Nucl. Mater. 155-157 (1988) 319.
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E%LxDependence

Flux dependence of total yield at 1980 K

,:

Total yield at 1980 K shows clear reduction
with flux for IG-430 (Odeg and 60 deg) and
1S0-630 (isotropic graphite), and pyrolytic
graphite.

The dependence is similar for these materiaJs.

; .... - --- ,,..,. ,,,-,,,, ...’ ., ~.f. .,-. .- ~,,,...; 7------ 4., ,, ,..4.

—.



Surface Morphology of RG-Ti

“ Low FhlX

1.2 x 1020Ar/m2s
(1.9x 1P ArJm~

samDles
A

●

● RG-Ti (1.7at%T1
.

Irradiation Beam: 5 keVA.r
Temperature: 1780 K

High Flux
8.0 X 1020

(4.2 X 1P

included)

Ar/m2s
Ar/m’)

TiC grains are eroded by physical sputtering, while
graphite parts are eroded mainly by RES.

Erosion rate of graphite at elavated temperature is
de~~dent on flux, which causes higher
motuberances of TiC mains in the lower flux case.



Angular dependence

1

o 10 20 30 40 50 60 70 80 90

Incident Angle (deg.)

Angular dependence of total yield for various condition

Physical sputtering (RT)

c Increase with angle

● No difference between IG-430 and Pyro

RIM + Physical (19S0 K)

● No clear dependence on angle
IV-89
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IBkWrationof Model

f!lBImkkw km O c atomat latticeSite ‘

@ C self-interstitial Ov acancy

411JStable defect

Generation of Frenkel pair
Surface

/

interstitial and vacancy

Recombination of interstitial and stable defect
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Model Calculation and Exp.
,

Sinks for ~terstitial
● Low flUXregime ~ Stable defects

RES Yield - Flux independent

● Hizh flux regime ~ Vacancy

RES Yield-’= Flux dependent (~ $-0-2’)

4n
; ,,.;1 - .’ [“ .-,, p . ‘ .,,:1: .:,-:.,,:,’::’::21,:.;.1;:.:;“j. . .

.--.”, . . ...+. ~ . . . . . . . . . . . . . . . . . . . . . ..... . . .. . . . . ... . . . . . . . . . . . . “.+...++.+.++-..=.+.....:

l+
.,.:,’:;:.., .-’! :..

Cj y.:: “, ‘ :..?,::.. :.’ i: 3.?:.”-?+;----- ...+.4....7 *....%..”-.:..”.:.””.:. y.
., ;:, .... ~, :.*:;,; .,, ,., . . ; ,.. ,: .;””:. ... . .:, -

“1016 10’7 10’8 Idg 1020102’ 1022
Flux (Ar/m2s)

Model assumption
● Steady state
c Stable defect density :5 x 10-3nC IV-91

n.: carbon density

...,. .. ... -e-. !.. ~, ,.=., ,.. -.., .,: .1,
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Erosim under PFM conditions
,

10 LZx:z-z.=. +++’+; ++..;..:; :-: .:._:. L’,&..L :-.-.: -,-... .+ .,: . . . . .J+.:..
. ..-4..::.,-2: . —..-7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

W~S-2~f;-i!iz~i?--~T = 1980 Ki---

L
. ..-. . . . .. . . . . . .. . .. . . . . . . . . . ,

.- 2!:..:, .,, ..,.:....
.. . . . . . . ...:.,. ... .. . ... . . . . . .,-

0.1

n n I........-fi.,: ,.;.J ,.

j,-:,:.;t,:;$;.~;, , ,’,.

““U)017 ~018 1079 102O 1021 Ioz 1023

Flux(ptcl./m2S). .

,.24

Under high heat flux edge plasma condition
(Ion heat flux: 10 MW/m2)

RES yield is less than 1/5 of previous low flux
data

Total erosion yield (RES+Phys.). is less than

1/4 of previous low flux data (T = 1980 K)
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Particle Measurement

Ion Source
/ &

Spherical

Sarnble

. T. -. —.

‘/
Chopper

Heating Device

lber

Electrode ~

TX

+
.:-----. .....

Chambe# e....-

T.M.P. +

QM%
(3501/s) < .::.----;.-:.”

Arrangement of Sputtered Particle Measurement



Summary and J?uture Plan

1●

2b

3●

Erosion yield of radiation enhanced sublimation
(RES) afvarkus graphite (IG-430, 1S0-630, PG)
in high flux regime (5 keV Ar, -1017 Ar/m2s)
significantly decreases with flux. Observation of
surface structure of R~-Ti (Ti doped graphite)
supports these results. No clear angular dependence

of RES yield was observed.

The above result is consistent with RES model
based on difision and annihilation of C self-
interstitkd, in which dominant sinks are vacancies
in high flux regime (strong flux dependence).

Under tokamak edge plasma condition (0.5 keV D,
10MW/m2), RES yield can be reduced by more
than a factor of 5 compared with that of low flux
irradiation experiments.

Future Plan

QDirectmeasurementsof sputtered particle

● New CW ion sourcefor high fluenece and

IV-94multi-beam irradiation



DiMES Erosion and
Dust Experiments on

DIILD
presented by

D.G. Whyte, UCSD

at the US-Japan workshop on High Heat FIUXCOmPODeDts
& Plasma Surface Interactions for Next Fusion Devices

December 8-11,1997
SanFrancisco

for the DiMES Team

R.B. Bastasz, W.R. Wampler,
Sandiu National Laboratory

J.N.Brooks,
Argonne National Laboratory

C.P.C. Wong, W.P. West
General Atomics

and I. Opimach
Triniti Lab
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Erosion Validation: Agreement

1. Current understanding of.eimi~n production and
transport are..suffitient<i~ prel!ii~i ,n~t erosion rates in
a~achedregionsdfdive~~r ~l%mas for a single
species -WC Iokamak: %k is ~alidated by
comparisons :ofnmids ‘and ,q%rim.ent.

,. .
,,

. . . ..”

2. Short duration, cied~cated%rasi~n~ measurements.C
accurately representkmg lerti’erosion rates..“

3. Net erosion rate-of fhe-J31WDcafbon divetior, under
attached conditions, Will ;be - W~mmhurn-,yr and is
peaked near theotiter:~~fike:point. Thisis correctly
predicted by RED’EPIVY~C.

4. In “DIM) the I@egenichwenlory build-up rate is ~. .
-determined bythe attached Out&rdiverlor’s net
erosion rate and subsequent +redeposition at the
detached inner Iqg.

13ilSandia Nationallaboratories
IV-96

—

v
UCSD +

GENERAL ATOMICS



Divertor Material Evaluation Studies
(13ilVi13)

OBJECTIVES

● Measure erosion rates and redeposition mechanisms
under tokamak diverter conditions.

● Validate and improve erosion codes.

● Determine the implications for fusion power plant
plasma facing components.

DiMES, DIII=D Diverter& Diagnostics Provide Controlled,
Characterized Exposure Conditions for Candidate Materials

W-97

. . ...



—.—— ..—

Sample and Exposure Geometry

—

v
UCSD + GENEFML ATOM!CS



DiMES Rooftop Alignment to Surrounding Tiles
Allows for High Power Exposures with Uniform

Heat Flux to DiMES and No Leading Edges

t: . . . . . . . . . . . . . . . . . . . . . ..l

Camera Pixel

● No sign of previous
“hot spot” which
caused enhanced
erosion and
redeposition on
DiMES sample.

● Good repeatability.

● DiMES #72 (Be/VV
stripes) now being
analyzed.

+-

+-”

.

Infrared Career Image of
Lower Diverter & DiMES

1

IP
(MA)

POsp

(w rn2)

Rosp 1

[ml I

time (s)
c~D + ‘ENEW%P’”M’C



DIII-D Diagnostics & SNL Materials
Evaluation Provide Complete Divertor

Plasma Erosion Characterization to
REDEP/WBC Erosion Models

GENEWIL ATOMIC



Near-Surface Transport of Sputtered
Material is Well Characterized by

REDEP/VVBCCode

10

1

●

✎

●

— WBC computed deposition profile
● Experimental impurity concentration

~.. l.. l.l....l . . ..l . . .. l.... 1. 1 1 I t &’”’I’’’’’”””’’’’””’””””’’””a’”’””’””\a’”’””’””\

original eroded material “

Am “

J.N. Brinks, AM

film
.fl

toroidal redeposition
~attern -

●

✎✏

l“”’l”’”’ls””-
.-2
“ Toroidal Distance from “

Film (cm) -

)-\.● 0

.0

●-”’e .
● 0

r’ Tungsten

-2’ --0 2
. Toroidal Distance from.

Film (cm)

WBC Monte Carlo impurity transport code computes
the sputtering, in-plasma transport and redeposition
of impu~~ atoms/ions. Code,treats Lorentz motion
and ‘plasma-impurity collisions in detail and uses
measured plasma and magnetic field parameters.

Code/data comparison of Be II (467.3 nm) intensity

100

10-

.1 ‘

predict an erosion rate of 2 rim/s, agreeing well with
the surface analysis techniques.. “ “

.

m.SaNfiamiorlalMwatafies‘ +
GEMERAN’CS



●

●

●

✎✍

REDEP Code Agrees with Spectroscopic
Measurements of Gross Carbon Flux.

Experimental Redeposition Fraction =88%

CCD camera with CH
filter and vertical view
of lower divertor.

Carbon outilux from Cll
emission x S/XB
(ionization/photon
ration from CR model).

This method achieves
best results when
ionization length is

2 I

1

(ph /s /c$32 /str)
o

60 -
Te

40-
(eV)

20-

-10 0 10
Distance from Separatrix (cm)

short (i.e. near strike
.

point).

L

x
s

%)
Cy

E

,

X$Experiment -
j(Bc,, ~ S/XB):2?

i -% - ‘------
-..

—

P -------~

. ,

40

20

o
u -5 0 5 10

Distance from Separatrix (cm)

UCSD +
GENERAL ATOMIC!



REDEP/WBC Code Matches the Features
Carbon Net Erosion at the DIII-D Divertor

Measured by DiMES

of
as

20

15

10

5

0

-5

I I
[ 1

I
I
I.

----- -— --- ---

REDEP calculated “---
z Gross Erosion

----- ----- -- ----- ----- ;________________

----- - L--------------

----- ----

.

-5 0 5

Radial Distance from Separatrix (cm)

IiIi)Sandia National Laboratories

60

30

D

10

s
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Effective Carbon Sputtering Yield is > 10% for
Attached Plasmas

● Effective
sputtering yield
(Carbon outflux /
ion influx) includes
effects of carbon
self-sputtering.

. Model and
experiment agree
near separatrix.

1

Yeff 0.1

0.01

1

y&f 0.1

0.01
-5 0 5 10

Distance from Separatrix (cm)

o
20T, &l)60

80

-.
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The Peak Net Erosion Rate of the
Divertor Graphite Plates Increases

DIII-D Outer
with Incident

Heat Flux for Attached Plasmas

E
s

$
(u
a
s
o

■ =

u)

o
h

201’’’’ 1’’’’ 1’’’’ 1’’’’’’’” I60

15 -

10-

5 -

0 ELM-free

~ ELMing

H REDEP

f!i I15

,~()
0.0 0.5 1.0 1.5 2.0 2.5

Incident Heat Flux
(MWlm2)

I ,.. ... . . . .. .. . . . ,.,....:,,.,.,,:.. ... ..:: ....,.-. ;--- .,,.,, . I

Simple models that neglect oblique incidence and
self-sputtering can underestimate the net erosion rate
by a factor of 10!
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Long term study of diverter tiles show that co-
deposited inventorv increases with erosion rate.

‘r

n

+1c

-10

80

40

0

-1400 LSN discharges

.. ............... ........- .- —--------------...- ----- --- . .:
;Eroded.mate~a!%?rn OS,P mostly ~
redistributedtodetached:inner Ieg...i

-1...and ‘lburies”codepo5ited layers
— —. = 3pm: x ,;rlc x ‘0:25 .L

-20

0

20
~———”—————..———

-.
.-

10. 14 18
Major Radius [m] ■

● The presence of large hydrogenic inventories in
codeposited Iayers affects recycling and performance.
This inventory is principally
rates in the divertor.

determined by

—

+

UCSD +

the net erosion
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With Peak Heat Flux c 1 MW/m2,Outer Divertor Erosion
Accounts for Observed Core Plasma Carbon Accumulation

and Lack of Density Control in ELM-free H-mode

Strike point is moved to
DiMES probe (#71)
during ELM-free H-
mode.

Net carbon erosion
3.6 rim/s and width
corresponds to 7 x

of
2 cm,

10’9
atoms/s net loss rate
from outer divertor.

Initial increase in ~
electron density due ‘o
to better particle fi
confinement. o

3

9
L

After 2s I’inear 5
electron increase is >

21
accounted for by z
carbon accumulation ~
and ionization,with Z
the major source of no

A

2-
-1 p (MA)

o

2 - Pinj (MW)

o

61tle (Idgrn3 ‘)

“0/(s)2 \

3

\’ Core Plasma Electron
— Inventory {Thomson}

/1 Core Plasma Carbon
inventory x Zf=6j{CER)

\

C)4..&xDiwxkx CM30n

- LOSS Rate x Z+

(frwn EM’VHZ3
‘

II 1 i t ! I

carbon being outer 1.6 2 2.4
time (s)

strike point erosion.

7—— , ., ,“. . . . .-7. ., -— . ..—. —
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Preliminary Results from DiMES Dust
Production Experiments

●

●

●

●

●

●

Sample cap with 0.7 mm raised lip was exposed to
500 ms of 3 source ELMing H-mode plasma.
Estimated parallel heat flux to lip -50 MW/m?

SEM shows 5-10 pm globules forming adjacent to lip
in area of intense redeposition.

Silicon dust collector wafer has a 0.5pm
carbonaceous film and carbon dust particles of 1-10
pm size.

Deuterium/Carbon fraction -0.1 for film on Si wafer.
Note that film is not direclty exposed to ion flux.f

Preliminary calculation shows that this results in:
- Codeposited build-up rate of 0.2 g in 1,000 seconds
for every square centimeter of misalignment (does
not include dust formation).
- Dust formation: 10 mg in 1,000s / square cm.

Quantitative analysis of dust particles is ongoing.

*-

Af+~~ —
QilSandia National laboratories 50? * + GENERAL ATOMICS

IV-108 ‘%%* ~3° UCSD



DiMES Dust Collection Experiment

Areas of *
/ ~arallel heat flux

Intense
t

m

<—---.._—_
-50 MW/m2*~PRedeposition

& Globules

Arc tracks

I
I I

#..
‘%+

Afm s
SandiaNational laboratories ~
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Si collection
carbonaceous film

wafer has an adhered,
(0.5 micron thickness)

uniform
& 5-10 micron

carbon dust flakes
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Reflected Neutral Particle Spectrum on MAI

S. Ohtsu, K Kobayashi and S. Tanaka

Faculty of Engineering, University of Tokyo

US-JAPAN PM1/HHF Workshop
December 8-11 th, San Francisco
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Linear Steady Plasma Facility
MAP(Material and Plasma)

COJI Diffusi~n pump

i:
H 2gas puffing nozzle ::

:*

Rs Optical fibert:

‘cope-u
Digital- Photo-
multimeter Monochrometermultiplier

— ___

● Experimental conditions

●

●

●

●

●

Temperature: -1 OeV,
Diameter of the plasma
Plasma column length :

Density:1 .OXI OEI 8~ l/mA3t
column: 3cm.
20cm.

Target : Copper(100mmX 10Omm X 2mm).
Magnetic field: 0.03T. ”
Gas pressure: 5.0X16 Torr.

Wave length

Target angle

resolution of the monochrometer
:0.011 nm.

(Insident angle): 0,30, 45 iv~~~.
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Wavelength (rim) \ ~fibwiength

from the target
curves

spectrum is broader than D ~
Doppler-broadening

is not symmetric.
(wide at shorter wavelength)

● The peak of the group 2 spectrum
to lower wavenumber.

Doppler-shift

from Da

spectrum.

slightly
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Time Dependant Intensity Profile
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. Calculation of the Ha spectrum

We calculated Ha spectrum emitted from reflected

hydrogen atoms by following two processes.

(l) Simulation of the reflecting process

by the TRIM code.

+

(2)s imulation of the excitation process by

Monte Carlo method.

(l) Simulation of the reflecting process by the SR1M97

(aka TRIM)

code.

Incident angle (target angle) t OO. 30°. 45°. 60°

Incident partkle ; 10,000 hydrogen ions,

Incident energy J 30eV,

● Nuclear stopping

‘=”-2L:inF&@‘(’)=21:2”
p : Impact parameter Q(R) : universal-screening-function

● Electronic stopping

AEe = LNSe(E) S,(E) = SL(E) = IiEl’

IV-120
All. : Electronic energy loss



(2)Simulation of the excitation process by

Monte Carlo method.

Target surface is di-

vided into rect anglu-

lar meshes and parti-

cles are supposed to

be reflected at the

cent er of each meshes.

\

Target

Target s
.~-.*-.

.*---.-”

Plasma

a ;ervation
1 ---

----*- direction---~.-*-

Then we calculate

coordinates of each

the

par- !
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‘%

title until it emits Ha

* spectrum, and from the

/

amount of the emission
.............................. ......

in the observation area,

Observation
II

ared $ ~ we obtain the intensity

Ill distribution of the Ha
II

1 spectrum

Observation directiot reflected
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Summary

The H ~ spectrum of the reflected hydrogen atoms were
observed by spectroscopic analysis.
Spectrum of the backscattered particles were identified by
the decomposition of the H ~ spectrum. They were included
in the high energy spectrum componet (group2).

After long time discharge, increase of H ~ intensity
in groupl (low energy group) was observed near the
target. It is because low energy desorped patiicles
are increased.
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IonHeatingand PlasmaFluctuations
inthe UCSan DiegoPISCES Experiments

S.C. Luckhardt, J. Cuthbertson’, R. Doerner, D. Whyte,
and the UCSD PISCES Group

I

US-Japan Workshop (97h5-06 )
High Heat Flux Components & Plasma Surface Interactions for Next Fusion Devices

December 8-11,1997

San Francisco, CA

* Presentlyat San Diego Econometrics

!

i

UCSD FusionEnergy Research Program

I
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PISCES and Collaboration Experimental Program Staff
16 Scientists and Engineers, 4 Graduate Students

Scientific and Research Personnel:

J, Boedo (Diil-D andTEXTOR Collaborations)
Prof. R. W. Corm (Dean of engineering)
R. Doemer (PiSCES-B Materials group leader)
D. Gray (Dlii-D Collaborations)
A. Grossman (Piasma Materiais Modeling)
Y. Hirooka (PiSCES/TFTR Materials)
R, Lehmer (DIII-D Collaboration)
S. Luckhardt (Experimental Division, PiSCES-A)
F?,Moyer (Dlli-D Collaborations)
R. Saraydarian (PISCES Materials, spectroscopy)
D. Sze (PISCES Materials surface science)
D, Whyte (joining in ~97,PiSCES Materials, boundary)

Engineering Staff:

L. Chousai (Mechanical Engineer, Design, Beryllium
Operations)
G. Gunner (Controi Systems, Beryilium Operations)
P, Luong (Electronics, Vacuum Systems, Beryllium Ops,)
A, Viray (Safety Engineer, Beryliium Safety)

Graduate Students:

L, Biush :
Y. Duan
A. Liebscher
J. Zhang

Visiting Scientists:

Prof. H.Y, Chang (KAIST)
Dr. S. Zweben (PPPL)

Admin. Staff:

J. Hylton Personnel, Payroll)
\
i

M. Garcia (Accounting)
T. Garcia (Clerical)

i
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FACILITIES: UCSD Fusion Program Laboratories

PISCES-B Mod Plasma Berylliu Materials Interactionn and Facility

Surface Analysis Module Scanning Etching Ion Beam, Auger Electron Spectroscopy
(AES), X-ray Photoelectron Spectroscopy (XPS), Thermal Resorption Spectroscopy
(TDS).

PISCES-APlasma Boundary Science
,d

Facility: Divert6r and Edge Plasma Simulator

SCES Surface Science Laboratory (Scanning Electron Microscope, Back Scattered
ofilometer)ectron Spectroscopy, P’

I

I

I UCSD Fusion Program
)I
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PISCES-B Impurity Experiments

Cathode T
RGA

Anode Seeding Limiter
\/aPI///m ~hsmh~~

CO& CXDY -

i *

~J;.$f#$$%

ti

uard

,,
/

A,:.. -qR%- ‘ Target

=:-* ‘ ‘
~ [w

.,. .

plasma ‘flow irJpurity .:

A
flux ~ “

●

+’itJ,:
n

CD I ;
●

/x, Y :
*:::, *,.1,, *

u
fuelling gas

.
*

CD; gas
●

injector spectrometer
viewing chord

,

.. . .. . —..
—



——. _ —— —. . .
. ...

f-i
o

[
: 1

J
\

-----
r --- - J. . ------- .

-J t
Jo-- .

.2 0
-4

II

a
r.

.- .. -..—
1 ---

...$ —.—,.
‘L
0i---

\
1! 1 I I II[I , Illt, , {11111I I I J ‘o

.-

11
a

-a
1

0

m
t
0

co-

‘0
1

0

o
0
o
0

r —-
,-_-A’

----.

,--
---- 1

n

N

o-- -1

Au 3
.........--1 . . . . . . . . . . . . . . . . . . . . . . . . . .

>J . . . . . . . . . . . .
~ -/ . . . . . . . . . o~--...: o--- .~., r--l

.--1
. . . #

. ..*-.

. ..>
.=

:-.
. . :-. .—. .— .. —.. —-

:
.:

>a
K
LIJ

‘5
iLi-

In co --
t I

0 g ‘o-.

“W Wd AMSNW41aw ‘“ltiVd

V-12



a)

a
a
c
a
u
u

u
c
0
P
u
u

0

Q
E

U3

I I I I +-”---
+.-::::.?+---””” ‘--”- ”---

-“-------------+ ..\
+-

%
\

4---*%
+:&~:.---:: -

4... *

*#* ,

. ..+>2%*...
+“”;#!&
F...............-+:: :4-::::-~.--.--.

----”-3+. J

,

1

I

.T,’:. - - ., $,, + .;,,’ .:.,., >, ... , ..~fi=~, .. -,.,, ; ;. :,. .. 7 .,,., ,).,..,,,., ,-—.- ,,.:.j,- _— ___-.

o
m
m
co

o
a)
u)
w

o
r=
U3
co

o
CD
u)
w

o
:
c)

m
<

11

1=

V-13



-4
&*

Baseline Ion Temperatures

Deuterium T.= 40 eV n.= 0.7 “x 1012cm-3

T =%9 ev (Doppler broadening)i?carbon

T -20-40 eV (CX component of Da froni spectroscopy)i?D

Helium T.= 30 eV n~ = 1012 ~~-3

T = 7-9 ev (Doppler broadening)i?carbon

Ti,~~w10=15

Ti,~~- 10=20

eV

eV

(Doppler broadening of He II)

(Energy grid analyzer [C$thbertson, et al.])



,.
,,)
,,

Plasma Carbon Concentrations

The CII doublet at 6578 and 6583 ~ (2s2(1S)3p-
2s22p3s) can be measured
(6561 ~) or He I (6678~)

simultaneously with Da
to provide carbon ion

f c
—
—

BCII ‘D.(He. )

B
Da (He16678 )

*
L
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“Baseline” Impurity Contamination

(spring 1997)

Deuterium
fCarbon= 0.2%

P~x / P~~ = 0.3%
f <().1%

Oxygen –

ne G 9X1011cm-s, Te = 40 eV

Helium
fCarbon= 0.015%

f (D+H)=0.1%

f < 0.05%Oxygen —

ne =1012cm-3, T~ = 30 eV

Q Dominant source of carbon irkhydrogenic plasmas
appears to be hydrocarbon release from walls.

● Upper bound on oxygen content given from
spectroscopy detection limit.
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DOLLOP : Improved Plasma
Performance using a New
Concept’for Mitigating the
Plasma-Wall Interaction in
Fusion Devices e/za

PPPL

C.H. Skinner, D.K. Mansfield
&

the TFTR Group

Motivation:
TO Improve I!Performance by
Modifying the Plasma - Wall
Interaction with Minimal
Perturbationtothecore
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Experimental Technique: Lithium Introduced ~
onto Limiter by Injection of Pellets

Line Average Density
PPPL

an

?

E
c)

1 ‘u
!-

0.8 -

0.6 -

0s4-

0.2-

nn

“=”0tt2 tt 4 6 8
Time (see)

● Extended Clean-up Campaign Necessary

● Li Accumulated by Pre-conditioning

● Minimizing Limiter Contact is Helpful

V-19
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High TE

Ti(0)
n~ %: Ti = 8.5 Xl 020 m-3 s keV

PPPL
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DOLLOP : Initial Effects of Laser-induced

4.0

3,0

2.0

1.0

PPPL

Total Electrons (1020)
● 1 1 1 a n ● 1 1 ● a 1 1 a 1 ● m1 1 m● ●

I I
.

Density Near Asymtotic I.
. Recycling Limit I

I 1
.
.
.

1 2 3 4 5

Time (s) ~

. Residual conditioning is clear

. Both a source and a sink of particles

. Several time constants at work

v-22
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DOLLOP : Initial
Li Aerosol on

Effects of Laser-induced
Ohmic

PPPL

4.0

3.0

2.0

1.0

Total Electrons (1020)
}“’ss’’’’ ”’s’’’’’’’1”4

1Density Near Asymtotic
Recycling Limit

\fl

v ‘P = 260 cm
ID=1.6 MA

111111111[11111
Laser On

lv, , ,“, m s a 1 1 1 ? m llllllJlllllHl, 9 1 m m c * 1

1 2 3 4 5
Time (s)

. Deposition controlled optically

. 5 ?4 of Li to Plasma -95!% to SOL

. Plasma reaction benign
103979,?$7~~3,1 04002,03
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DOLLOP Has Led to Enhanced and Sustained

PPPL

Confinement Time
0.3), ,,, ,,1,1,1,1[3.5

I With DOLLOP ~ I

0.1

0.0
NBI Power

1’I’IV’I’I’I’I

4.0 4.5

t9

‘o
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0

DD Neutrons
I I 1 1 I I 1 I 1 I 1

I
I

‘eff

“Z=I.3

4.0 4.5

Time (s)

104017/104039

V-25

—,--.;-.——— . -..



During its Initial Use, DOLLOP Has Raised
the Plasma Internal inductance

~%42Y ~/&?.0~ . .,, -----
—-+@!!=

PPPL

a

0.72 “ I

0.70 “

0.68 -

“~” .

258 30n 35 40m

Time (s) =

● Inductance Rises When the Laser is On
- Optical Influence of Current Profile

103748/5615715S
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HIGH SPEED IMAGES OF LI AEROSOL

R Maqued: , (i+ Wurden; LANL.

shot 104023 @ 4.9070, 30ps, during Li injection (out of sight).

NB on @ 4.5:;,unidirectional once NB on. visible light (no filter)

videoscm http: //wsx.lanl.gov/ricky/disrupt.htm
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LABORATORY STUDIES ON LI EFFECTS
$
%

H Sugai, M Watanabe and H Toyoda; Nagoya University

Presented at PPPL October 1997

Basic Laboratory Studies reveal:
● abundant lithium chemistry on H,O (C?)
● very strong gettering reaction
* saturation occurs in bulk (large diffusion constant)
● Once saturated, no gettering effect
● LiH decornposed.at T>400”C

Many “Li efkck explained by Li Chemistry:—. —..—.. - —.-—
● Low H recycling due to l_iH formation

Necessary conditions to get Li Effects:—. —.——.
e Low O impurities - to keep Li surFace clean
e Low FI retention in graphite
Q Need sufficient Li (Nw-ND) - free Li atoms on walls key.

I



A Few Possibilities ...

PPPL
Li Aerosol

Divertor

V-31
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How does Li=coated wall interact with DT-plasma ?

1. Li coatings can trap both energetic and thermal D, T, O, C, B.
2. If eroded by DT, Li can be auto-redeposited (2ndary ions).
3. if coated with C, Li can thermally diffuse out to the surface.
4. Li migration leads to compounds formation (hydride, oxide,

carbide, etc.), perhaps differently in the two directions.
5. Surface analysis can provide the key information.
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*Jan.

TFTR deposition probe

31 Stq1997

exposure conditions

‘Exposed“to3x ol+Dt)-shots zind one disrupted

*Plasma current: 1.6 IVIA
*Major radius: 2.6 m
*Probe position: 2.62 m (Bay-D)
*Probe material: 4EI C-C composite (FMI)
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AN T103O67 01/31/97 12:39

2

1

0

X16 ~ Plasma Current
I I

“’ 7
UI
&
E
d

L I I I 1’ I I I

o 1 2 3 4 5

i

\l
---i

1020atorns/pe et)‘Li=peliet injection: 2,4,4 pellets (5x
*Lk6 enriched pellets to 95% (5Yo: LIU[~

‘Y

6“ 7

\

/=----+\

w’u

FERP-UCSD m



/’”—
,’

96-LZ-kl.

. .

, I.wo”r
OszO < \

--1_____ —.-c\’-----
r ‘-- :>=.-+ $-----<./ \

>\ (
,/ \;
< b

x’ .\’
\’

\

\
\’ \’
( <
: \’
/ <------ -------------- J

1

Os.n ,

I
I d33Cl . tVL

dVl OZ-LVL

--------------
$

\
i
I
1
I
1------= /-----

wi
1 “1
I
~-----;

00s0 “ . i- 111 2

* OWo ---1

L 09,0

. . .
. .

NW-ICI

r “’”a’”

\“Osz-o

V-38



I
I

D-mapping with 3He(d,p)a over the probe surface

D-profile-front surface D-profile-sidewall
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Li-7 mapping with 7Li(p,@ over the probe surface
from previous shots -- Recycling of Li=7

1(

1

Li-profile front surface
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Li-6 depth profiling with SIMS for the TFTR
probe samples (4 directions on

- Deposition of injected
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Impurity contents in graphite materials

Impurity Contents(ppm)
element FMI- Toyo Tanso

TFTR IG-43 IG-430U

●

L1
B

Na
Al
SI

●

K
Ca

●

T1
v
Cr
Fe
N1

●

29●
17
<10
5-24
<50
<50
<lo

17
109●
03●
10
<().5

<00(’)3

3
<().5
14
2
2
6
33
40
<().3

26
4

<().()()1

01
-=0.002
<0.001
<().1
<().()3
<OO.1”
<0.001
<0.001
<().()()4
<().()2

-=0.001

Remarks:
(1) IG-43 is a general purpose graphite and IG-430U is a ultra-
high purity graphite for special purposes (JT-60U and LHD).
(2) No significant difference as to other impurity elements.

v-43

-- ,, ,V
,. ~ ,,, . .,-; ,, . . . . . ,. ? ~. r . . . .: , ,’ , .?.. .?,.. ,- . ...:... . -..5?;,,, .,., .? ,-, -. .- .:, f<.,. .:.7,,



Neg. SIMS data on D and O
samples (4 directions
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US/Japan Workshop, Warwick Regis Hotel, San Francisco,Dec.8-11,1997
VII-3
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M.Shibui, Toshiba Corporation

Design/R&D Activities of Target Structure

M. Shibui, M.Takahashi, K.Osemochi

Presented by M. Shibui

Toshiba Corporation

2-4, Suehiro, Tsurumi, Yokohama, 230 Japan

■ VV/Cu gradient material

by composite VW method

■ Multi-layered cooling tube
with tritium permeation resistant layer

SUS316L/Cu/VV/Cu trial structure
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M.Shibui, Toshiba Corporation

■

■

Design issues on PFCS

.Material issues on W

- High DBTT

- Very low ductility near RT
- Expensive curved surface by brazing

* Reduction of residual thermal strain
S Film rather than bulk material

Safety issues
- (IA)SCC problem of coolant boundary
- Tritium permeation

- Use of SUS316L as boundary
* Use of W as permeation barrier

Particles/Heat Flux

I
n

Gradient W/Cu

W for armor

SUS31
for S

/ I

\ W for T barrier
6L
CC resistance

~1.4 US/Japan Workshop, Warwick Regis Hotel, San Francisco,Dec.8-11,1997



M.Shibui, Toshiba Corporation

W/Cu material by composite VPS method

■ Advantages

- Composite gradient material
- Low cost
- Applicability to curved surface
- Potential in-situ repairability

■ Analytical prediction

■ R&l) of W/Cu composite VPS method

- Deposition rate
- Deposition efficiency of Cu powder
- Reduction of porosity in pure W layer
- Trial fabrication of W target

US/Japan Workshop, Warwick Regis Hotel, San Francisco,Dec.8-11,1997

VII-5

--, -. .- —-



—“ —

a

—

m
m

‘1
—

(unit : Pa)

34.

-2(

8MPa

*.Isfzw I

I-3.4CEP37 .

.,

-5.B4E+W -.

-1.WGlm

-1.37EWS I
-1.72aa I

16MPa‘1

\

w
100

Wlcu
0.8/0.2
Wlcu

Q/o.4
Wlcu

~/O.6
Wlcu

0.2/0.8

(unit 1 Pa)

Y

Lx

Von Mises

VII-6

Stresses under q= 15Mw/ nf



.

VII-7

. ., :< ,...2-.. ... .,, ,. $,.,,.- ,,, .- ,., .- .,.>,,,.. ,. ..,:, ,.- . . . . . .. ,-



. .

Electrode

+ /

w &wJ.-. . Cu
Powder *A:~~ powder

-H-’
<l O–*Pa II

Arc
w/cu
Mixture

Substrate

w

7
w/cu

Gradient
Composition

J
Cu

~1.8 Composition gradient W/Cu by VPS method
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M. Shibui, Tishiba Corporation

T?l?S conditions for W/Cu composite

Atmosphere

Power supply

Spray distance

Spray rate

Working gas

k. 137 Torr

700A - 65V

275 mm

400 mmkec

Ar :25 Llmin

Hz: 9 L/rein .

Surface preparation Abrasive blasting

US/Japan Workshop, Warwick Regis Hotel, San l?rancisco,Dec.8 -11, 1997
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50
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(b) Cu powder

100
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Cu and W Powder for composite spraying.
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S(CU)+S(W)=14 %rpm
. .
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I
I

5 10 15

CU Powder Feed Rate S(CII ) ( %rPm )

Deposition rate vs. Cu powder feed rate
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Trial fabrication of W target
by composite VPS method
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M.Shibui, Toshiba Corporation

Development of multi-layered cooling tube

E Analytical prediction of T permeation

- 1-D analysis without armor
- Objective : Effective thickness of W layer

■ Nhdti-layered structure

- SUS316L layer for SCC resistance
- Two W layers for T permeation resistance ~
- Cu layer for heat conduction,
- 0.2tSUS316L/Cu/O.03tW/Cu/O.03tW/OFCu

US/Japan Workshop, Warwick Regis Hotel, San Fra.ncisco,Dec.8-11,19 %1-15
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M.Shibui, Toshiba Corporation

Concluding remarks

1. Formation of W/Cu gradient material by
the composite VPS method has been demonstrated:

@ with sufficiently small amount of porosity
in pure W layer,

@with easy controllability of Cu volume fraction
in the deposit. “

2. Multi-layered cooling tube has been proposed:

@with SUS316L as SCC resistant layer and

@ Was T permeation resistant layer.

Its fabricability has also been demonstrated
by using HIP.
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TRITIUM REMOVAL

I
I

::,

‘1
.,.

Motivation:

● Tokamaks experience appreciable retention of tritium fuel.

● Tritium supply is limited

“ In-vessel inventory is limited

o Tritium inventory control essential for fusion reactors. Steady state advantages

stellerators e.g. LHD would not result in practical fusion reactors without control

tritium inventory.

o Current retention levels are too high.

o Current removal methods are too slow and underdeveloped,

of

of

ii Development of highly efficient tritium removal

s techniques is essential for any DT fusion reactor.~N#

Il. ._ -.
..

. . . . . . . . . .
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TFTR Ex~erience: how much tritium was retained and where?

Summary of 3 run periods
over 3.5 years in TFTR:

Total tritiurn injected 5g

(NBl+puff)

Total tritium retained in 2.5 g

torus during run periods

Total tritium removed from 1.7g

Deuterium Measurements:

plasma facing tile~
surface 1970~

gaps ,
between
tiles 7?40

vessel wall

not
retained
56$%0

torus in clean up months

Tritium Ana~is currentlv in ~rouress:

e 10 Tritiated tiles, removed 9/97; to be shipped to Idaho State for nuclear elastic
recoil analysis of H, D and T concentration vs. depth (range 15-40p)
Experiments planned at PPPL for tritium release by air baking.

G+ Dust vacuumed into filter housings and removed from diagnostic windows.
Presently at INEL for particle size and BET analysis.

● Samples scraped from limiter surface at LANL for thermal outgassing of the tritium
for total content and temperature of release.

I

I

1



ITER FUEL CYCLE

Fuel per 1,000s pulse (270 g)= 1/1Oth of annual supply !

Tritium Retention experienced by:

TFTR - =2.5/5g

JET DTEI =4g/llg

JT60 (exhaust) 70-90?40
JT-60(tiles) 10?40 wall,

U 40?4divertor

DIII-D (tiles) 10-20%

CFTSIM - ITER dynamic fuel model

Assumes ITER retention 1-5Y0!
- lower % than present tokamaks

Consistent with co-deposition rates

~ predicted by Brooks.y
Nw

CFTSIM - ITER dynamic fuel model

‘~
o 0.5 1 1.5 2 2,5 3

time (hrs)

Fig, 3, ITER tritium inventories

Sugihara et al. EPS ’97 “Kuan et al. SOFE ’97

Urgent need to develop ways to reduce retention and remove tritium !

. . . . .



MODELING ITER T REMOVAL

CFTSIM - ITER mode

to tritium removal.

Kuan et al. SOFE 97

Time available for removal:
= 1/1 ,000 of present tokamaks.

Desired removal rate in

rim/s range (or microns / hour) ..

Measured HeO glow removal rates:

Laboratory 0.064 nmls

TFTR 0.004 nmk

CFTSIM-ITER dynamic fuel model

applied

I10 nmh+

\

\

41 nmls
100%
releasable

I

o! I I 1 1
t

I 1 1 I 1 1 I 1 1 I # 1

2 2.5 3 3.5

time (hrs)
Fig, 4. Release of codeposited tritium

I



Comparison of tritium removal techniques, (1995)

He-GDC,
outgas,
D soak

D-GDC

HeO-GDC

room air

Disrup ions

Pulse
discharge

cleaning

~ BOronization

b
W

}
Ineffective

Initial removal
declining to 10
Accesses only

Cilhour.
tritium ons~

rate high (>170 Ci/hour),

rfaces
exposed to discharge.

Rate = 50Ci/hour -

2,086 Ci removed,

constant with time

access to all

Flash heating of limiter surface
midplane. - Release of recently
tritium.

,.

II

.. ..-.----

surfaces

near
retained

Heats limiter to 250° C. 956 Ci removed
over 23 hours.

Little tritium released, most near surface
!rili~m~already removed.

TFTR

Removal by D and HeO glow discharge (GDC)

..

LJT Jlnr lh-
A A-.-k-l..

procedure (duration in hours))

... .. . . . . . . . .. .. .. . —--- ---



500

0 I

o 5
Time (hrs)

10
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Short term tritium retention high with strong tritium puffs

input

12000

4000

0
exhaust

4 -4000

❑ turbo pump

■ NB Pllrnp

■ NB inj.

■ T Pllff

— 1 I I

Q

.-$
E
8L

n

Tritium fraction “maximized for L-mode study,
Short term retention >90V0

(September 1995:

of glow dischargeTritium successfully removed by combination
(D and HeO), room air, and pulsed discharges. “

.- . . ... .. .. . . .
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1000

0

Vacuum Vessel Tritium Recovery April 4 through May 8, 1997

+ BAKE @ 150 “C ~

Ambient
100 Torr

— Air purges

150° c

150° c
140 Torr

.
,~

!.;
/.
,,

.,

,/
,.

“.

i \.

13 ‘
!!

;,

. . f

d

● During air purges, after about 1/2 day following temperate or pressure change, no changewas
observed in the tritium content of the air in the vacuum vessel.

600 TOrr
150° c
600 TOrr

Ambient
vacuum

1
● Misc. refers to the sum of tritium removed between the various removal tactics. Mostly this is from

s outgassing of the vessel and various pumping appendages.
y

, wWo/ In addition 331 Ci were recovered from the neutral beams during this period.

● In total 4279 Ci were removed from the neutral beams up until August 14 mainly by purging them with
air.

II . . ..— . . . . . . . --- .-. . . . . . . . . . . . . . . . . . . . .



SUMMARY OF TFTR EXPERIENCE

s
~ TFTR is the first tokamak with extensive tritium experience
o

(= 1,00~ DT discharges ove

TFTR
:=

high power phase is= 1 s

1 lTEfl 1,000s pulse

In TFTR: of 5 g tritium fuel, 2.5 g
in 3 campaigns over = 3 months.

3.5 years).

so total DT is = ,000s

was retained, and 1.7 g removed

ITER Physkx and Technology program requires a duty cycle= 1- 10%

(cornpwed to= 10-4 for TFTR)
(future DT Reactor availability required is: = 50?40)

Much faster tritium removal required for ITER to fulfil its physics and Technology goals.

.



TEN REMOVAL METHODS CONSIDERED FOR ITER.

Adapted from Figure 3 in “Tritium Inventory in ITER PFC’S, Predictions, Uncertainties. R&D
Status and Priority Needs”; International Symposium on Fusion Nuclear Technology, Tokyo
April 6-11, 1997. Paper L164 G. Federici, et al.,

Identified Merits Shortcomings
Options

Glow ● well established tokamak practice ● TF off, long shut-down
Discharge ● does not require vent or opening of the . limited access to shadowed areas
Cleaning vacuum vessel c HeO glow discharge requires active

conditioning to remove residual O.
● low removal efficiency for ITER (even with
O as a min. species)

D2 soaking ● some tokamak experience ● low removal efficiency
with heated
walls

Air/ 02 ● expected good removal efficiency MOO/O c need ventin ;
exposure with and short cleaning time at wall temperature 7● ratcheting e fects could limit cleaning at
hot walls. T’--25O”C) 240”C (max temp. in ITER)

● accessibility of non-line-of-sight and c wall conditioning is required for
shadowed regions, gaps, etc. decontamination of residual O and H20.
● mechanisms of removal are reasonably c very limited tokamak practice and at too low
well understood. wall temperature (TFTR)
“ may oxidise Be dust and may reduce its ● removal of T from thick deposits and mixed
chemical reactivity with steam in case of an materials requires R&D.
accident.

.

Recent Results ......

. . . . . . ..



IEROSION OF COD~POSITED FILMS VIA OXYGEN EXPOSURE

A.A. Haaz and J W Davis, University of Toronto; R Causey, Sandia; Jacob et al, Garching

Laborato~roduced a-C:H’ and aC-D Films
20nm -2 ~m thick, at 200- 350”C in low pressure Oz or air. /
Erosion rates: 2nm/hour -50 nm / hour - too low. I

Co-deposits from tokamaks:
“ Causey efil [Sandia]

TFTR tile: -- 50 pm thick [H/C - 0.4] heated in air [760 Torr] at 350”C
I

erosion - 50 pm/h [metals: c 0.2 at%; Mills et al]

* Jacob et al[Garching]
ASDEX-U tile: - 750 nm film [D/C - 0.4] heated in air [760 Torr]
at 380”C erosion -0.3 pm/h [presence of B on the layer]

Erosion rates differ by two orders of magnitude ~
The structure [and impurity type and content] of the codeposits from the two machines
are different.

NEW RESULTS
[Haasz and 13avis: US- HT/JCT Meeting on T inventory and Control in ITER PFCS [Pittsburgh, PA, 97 Novl 6-1 7]

TFTR tile [POCO graphite] removed from machine in 1987, thickness: I
- 30pm ~D/C - 0.35], effective density: -320 kg/m3
Exposure to oxygen, pressure: 16 Torr, temperature: 250”C, 300”C, and 350”C I



348 B.E. Mills et al. / characterization
-r ,/ .4.1. < -... .:,--.(. . .. <:1. 34+ 14Z / t4@

Fig. 5. Pobida] (top) and toroidal (bottom) cross-sections of
the plasirna-facing surface of a bumper limiter tile in the
moderate deposition region, the surface of which is seen in

figure 4C.
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Identified Merits Shortcomings
Options

Hot Xe/ 02 (or + enhanced impact-induced conditioning by “ more study is needed.
N20), with Xe using Xe to increase momentum transfer.
>>02 (or N20 ● using N2Q rather than 02> ShOUld
to minimise O increase surface oxidation of codeposited
contamination layers and reduce O-contamination.

Reaction with ● efficient. ● short path length before decomposition
gaseous ● works at ambient temperature and with TF ● conditioning may be needed afterward to
radicals (e.g., on. remove non-volatile products.
03)

isotope ● no change in magnetisation needed ● some conditioning may be needed to re-
exchange with’ ● no opening of the vacuum vessel establish fuel recycling rates to the plasma
D plasmas. * no solid waste c R&D needed to establish feasibility and

● gaseous residue could be processed by quantify process.
the existing fuel cleanup system

Abrasive * high expected removal efficiency (short Q TF off, needs opening to allow access to
methods such cleaning time). equipment; long shut-down, RH
as C02 ● may induce flaking and ease collection at intervention
blasting, LN2 the bottom of the divertor through venting, ● production of debris or residual waste;
jets pump-out of debris. ventilation required for debris removal, but

c tokamak application: used for beryllium no abrasives in waste stream
cleaning in JET ● needs line-of-sight to surfaces to be

● know-how available from other industrial cleaned.
applications (e.g., paint removal/ cleaning ● no or limited access in gaps, limited access
and decontamination of surfaces) in remote areas

● some limited R&D for ITER is in progress in ● requires some R&D to extrapolate with
the US. confidence to ITER

. ..- . ,- . .. .. . . . . . . .. . . . . .

.



Identified Merits. Shortcomings
Options

Collection of * in situ method ● some modification to the cassette design
flakes spailed “ tritium evolved can be simply handled by likely
from the the existing gas recycling system “ experiments may suggest ways to
plenum into the ● no interference with the pulse duty cycle maximise spallation rate
bottom of the ● minimal ancillary equipment required
divertor “ may be a major deposition site
cassette and * JET is assessing technical feasibility
outgassing by
heating

ICRC (direct ● does not require vent or opening of the . erosion is line-of-sight. Shadowed areas
ion resonance) vacuum vessel are not eroded

● no conditioning requirements ● expected to be slow
G some limited R&D for ITER is in progress in ● requires active conditioning to remove

the US residual O.
c some tokamak conditioning experience ● may be difficult to get long wavelength RF

(TEXTOR, TORE Supra) into the divertor.
● requires significant R&D.

Surface ● no solid waste ● R&D needed to establish feasibility and
heating to ‘ gaseous residue could be processed by quantify process.
2000’”C with the existing fuel cleanup system
continuous
wave C02
laser
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TRITIUM REMOVAL BY LASER HEATING
.

In vacuum, temp. s 1,000 K releases tritium over time scale of 30 minutes (Causey)
but heating ITER vessel to 1000 K is impractical.

Heating to >=2,000 K by nanosecond laser pulse releases surface tritium (Terrault).

Transient surface heating by a scanning C02 or Nd:Yag laser could release tritium in

co-deposits without the severe engineering difficulties of bulk heating of the vessel.

A = 3 kw/cm2 flux with a exposure time of order 10 ms tiill

heat a 50 micron co-deposited layer to 1,000-2,000 K.

Substantial amounts of co-deposited tritium may be potentially
removed by laser surface heating in an overnight cleanup.

Improved wall conditioning may be a significant side benefit.

Experimental validation is required.

ref: Tritium Removal by C02 Laser Heating

C 1-1.Skinm?r, H. Kugel, D. Mueller, B. L. Doyle, and W. R. Wampler
Proceedings of tl]e 17th lEEEiNPSS Symposium on Fusion Engineering
:;;III l~ifxjo, Oclotmr 6-10, 1997. PPPI. Rcporl // PPPL-3273 (Nov. 1997)

. .. . . . .. ... .. . . ... . .
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Need much lower retention than present tokamaks:

* More global physics understanding:

Need more in-situ, time dependent measurements e.g. DiMESj QCO’S...
- relative contribution of startup, termination, long pulses, high power,

attached/detached regimes, disruptions ..... to compare to modeling.

“ Need global models that combine PSI database, plasma codes, local co-deposition

codes and tokamak geometry, - benchmarked with tokamak measurements.

!Need much faster tritium removal than current techniques.

o Time available for removal is - 1/1,000 of present tokamaks.

~ Global T removal from all surfaces would effectively double erosion rate and reduce

divertor lifetime - need directed removal of co-deposits.

“ issues serious enough to warrant a dedicated tokamak program ?

s
can one confidently model co-deposition during disruptions ?

& ~ Need to justify research on basis of ‘dual use’ with relevance to advanced tokamaks

(ST) and alternates (stellarators).

-.....- ..— .... .. . .. -. —.-

..



Chemical Compatibility

with Beryllium
of Carbon

Mm
Toyama University

I&n ASHZZ2Aand Kuniaki WATANABE

Hydrogen l.kotope Res. Center

Tloyama University

Gofuk 3190

Toyama 930
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L Background:

HRC
Toyama University

Use of two or more components as P[asrna Facing

Materials caused the Formation of Mixed Plasma

Facing Materials (MPFM) due to...

1. Erosion (sublimation, etc.)
2. Chemical Sputtering

3. Physical Sputtering

syAk

\
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aM 11.Objectives:

HRC
Toyama ZJ.niversi(p

To understand...

1. physical/chemical properties of MPFM
2. changes in the chemical states of IVIPFM

due to solid state reactions
3. changes in the physical properties of MPFM

due to the formation of new compound(s)
4. changes in the trap/release behavior of

hydrogen isotopes inlfrom MPFM ,



Ill. Plausible Mixed Material systems:

HRC
Toyama-U~iv~rsi<V

(Li+C+Q)

(Be+C+Q

(Mo+C+Gl)

(W+C+Q)

Other by-reactions with oxygen
containing molecules as H20 and CO

(Q=H, D, and T

. . ..



Data needs:

HRC
Toyama University

1. Phenomenoloakal:

1-1. plausible chemical reaction(s) under various temp.
and energy

~ XPS, AES, SIMS, RS, XRD

1-2. changes in traplrelease behavior and distributions
of fuel particles before and after reactions

~ TDS, SIMS, RBS



Change in the Bels spectrum of[C/Be]

.

sample with elevated temperatures

Toyama University

I n
i

* I 1
I

a
I

1
I

1
I

1
I I

G
g

ccl

s’#-
m

!j
c—

Carbide type
f Metal type -1

800°C

600°C

500°c

300°c

R.T.

I # I * I 1 I 1 i I I I I a I I

120 118 116 114 112 110 108 106

Binding Energy /eV
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Change in the (XS spectrum of [C/Be]

sample with elevated temperatures

Toyarna Uriiversity

I 1 I 1 I I I n I I I b 1 1

Carbide type
~ Carbon compounds L—

+ -C-C- type

-C-C- type

J!A

1 1 i 1 I 1 I I I * I 1 I #

800°C

600°C

500°c

300°c

R.T.

290 288 286 284 282 280 278 276

VII-46 Binding Energy eV



Change in the 01s spectrum of[C/Be]

sample with elevated temperatures

800°C

600° C

500°c

300°c

R.T.

540 538 536 534 532 530 528 526

Binding Energy / eV VII-47



Observed Belsspectrum (so/id line) and its

three component peaks (dotted lines)
of [C/Be] sample

Kt;::::t:.%:\:i::::.>x:::xt::::;:R.w:x=E:wzRx’+=z==+~==+xzx=-HRCWMWWW%wws-:..............................................v--..y...-.w-=.....v..ry...._. ..,.>.W.W}.,.l.,,.:}
Tovama University

[oxide]: [carbide]: [metal] = 1:5:1 ([Be]: [C] : [0]= 65~0 : 23% : 10%)
[Be-oxide] = 65%x (1/7)= 9%, [Be-carbide]= 65%x (5/7)= 46%
[Be]: [0] = I :1 (BeO), [Be]: [C]= 2:1 (BezC)

>
.-
(/)
s
al
-E

60

40

2(

I I I I I I I I I

600
0

c

Observed/
I“\

Oxide

-------------------
UP .

I I I I I I I I I I

118 116 114 112 110
Binding Energy / eV
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Positive SIMS spectrum of [C/Be] sample with (Ar+D2) mixed gas
as primary ion source

x\\\\\\\\\\\\\\\\\\\\\\\\\\\\N\vs\\\\n\\\\\u\\\\\\\x&\\%N\\\\\\\\\\\\\\\\\\\\\\\\%\\Yh\\\\.*\\\\%\\\m\\\\\\\\\\\\%\\%\\R\\\\\Y&Yx\\\\\\\\\\\\\\\\\\\\\*\\\\\\\\\\\\\x\\\\\\\\\\\\\\\\\\\\\%\\n\\\\\\Y>hxtin\\\\\?.\.%Y<*%\\\\%\\\\\\\\\\\\\\\\\\\\\\\\\\\%\\\\HRC .\\%.+\
Toyama University

lo4~ # I , I I , I m

Be+

103
.

.@

Al+ Be3+ A r+or
BeH+1-

102

h.
‘+[

10’

10°

+
2 D+

—

Be2+

Jul_-l
4010 20

M/e,
30
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N;gative SIMS

as primary ion

spectrum of [C/Be] sample with (Ar+D2)

source

mixed gas

Toyama University

lo4t , I , I 1 I
, I ,

103“1” c-

102

10’

10°.—
0

3H - C2-

10 20

;2H -

~2D” Be C-

30 40

M/e



Raman spectra for a hydrogen containing
carbon deposits before and after vacuum
heating at’800°C for 10 min

— HRC—————

4

3

2

1

Toyama University

I I I I I I I I I 1 I

amorphous carbon
1.1....,<,,,.”,4-..,.+ }.”..-f;,>.:.,-., ,&.,;..<., .-..,- -.~..:..’..,<->. “. ,:?....-

.

IAw I

as deposited
1580 1360 L

2000 1800 1600 1400 1200 1000 800

Raman Shift/cm ‘1
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TDS spectra of main resorption gases
from Quartz plate covered with hydrogen
containing carbon film

HRC—
Toyama University

4

>

cl’)
2

c
a)
+
c

o

1 I I I I I I

.x.

cnHm + ~H20 ~ (n+n-/2)H2+ nco

200 400 600 800

Temp. /°C
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TDS spectra of main gasesdesorpfion
from Be plate covered wifh hydrogen
containing carbon film

— HRC—
Toyama University

CnHrn
CnHrn

+

+

nHzO
2nBe

---- (n+rn/2)Hz + nCO

~ nBezC + (m/2)Hz

4

2

s

H20

H2
Mle=2

T

M/e=l 8 //

--,

200

Tern

400 600 800

p. /“c

- 77 ,----- . . . . .. , .-



Variation of XRD patterns for the [C(H)lBe]
sample with vacuum heating for 10 min at
given temperatures

- HRC—
Toyama University

E as-deposited u
40 60 80

20/ deg.
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in relative intensities ofChange
BezC(l17) peak with vacuum heating ,
at given temperatures

HRC—
Toyama University

2
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Change in the XRD patterns for the [C(H)16e]
sample with given heating time at 700%

...\,.\\.m*k.=\>Y.>>.*,%\\\x$x:i>>s.:................x..A%<..}S>X<;X.:x.:x.x.x.xX$.,*S}S*X*X>SY*>.....mw\\\\\\w.x\\vx.\vL.:...... .,.A,................ .-..X.....%\\X..w:k.>s$....*.\\\...\\\..~ww>.S>>HS..>W.......... HRC+S=-W
Toyama University

heating at 700 ‘C

I I I I I I I I I I I I 1

k

as prepared [C(H)/Be] ‘3
-1

ri I I I I I I I I i 1 1

40

VII-56
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Change in the relative intensities

peak normalized by Be(lOl) with
of Be2C(lll)

time

0.08

-+

0.06

0.04

0.02

I

I I I I I I I

❑ : 600°C

0: 700°c

I 20 40 60
Time / min
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Plots of various crystal growth model against

Toyama University
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Formation of Be2C in the C-Be binary
system by elevated temperature
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Munmay:
HRC

Toyama University

1. Formation of Be-oxide, BeO, is unavoidable
because Be has high affinity to oxygen and/or
oxygen containing molecules such as H20.

2. Formation of Be-carbide, BezC, takes place
above 60d’C for Be-C binarysystem.

3. Rate of BezCformation reaction is limited by
Random Nucleation mechanism.

4. Carbon atoms lose its ability to capture
hydrogen (or deuterium) to release them to gas
phase when it forms carbide.

5. Hydrogen isotope atoms are captured by Be,
C and O in the form of Be-Q, C-Q and O-Q.

(Q=H and D)

VII-61
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Tritium Retention in Beryllium

Rion A. Causey
Sandia National Laboratories

Liverrnore, Ca 94550

US/Japan Workshop
San Francisco, Ca

December 8-10, 1997
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Outline
BerylIium Experiments

c High Flux Retention Measurements
● Low Flux Retention Measurements
● Codeposition Measurements

---

Tungsten Experiments

● Tungsten with 170 Lanthanum Oxide
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The Tritium Plasma Experiment (TPE) is a Unique Facility .“”““
S Devoted to Plasma-Materials Interaction Studies for the ,.““’”
* US DOE MagneticI%sionEnergy Program! ,,

, rWater 0
Cooled ~

Sample Movable .&
Chamber Beam ‘“~

\

.The Tritium Plasma’Experiment is now
iocated at the TSTA Faciiity in Los Alamos
Nationai Laboratory

..

This experimental facility is capable
of delivering 1 A/sq.cti of 100 eV
tritons uniformly over a 2 inch diameter
sample. The tritium inventory of this
experiment is greater thati 6 grams.

TPE is being used in experiments to
determine the tritium, migration parameters
for materiais (Be, C, and W) to be used in
the iTER fusion reactor.

)
Mechanical

Pumt)s

Sandia National Laboratories
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Experimental Procedures

MateriaI

The beryllium used in this study was Brush wellman S-65. It, is
99.4% Be and 0.6% BeO. It is hotpressed, and has 99.8% of
theoretical density.

Procedures .

1. Sample was loaded into the TPE sample holder. Holder was
installed and vacuum was established.

2. Plasma was started using pure deuterium. Once impuri~ies
generated by the initiation of the pI’asma were removed by the
vacuum system, the bias was applied to the sample and the
pIasma intensity was increased untiI the desired sample
temperature was obtained. Bias elevated the energy of the
deuterons and tritons to 100 eV. Once the desired temperature
was obtained, the tritium was added to the plasma gas. The
plasma was maintained for one hour from the time the tritium
was added.

3. After the plasma exposure, the sample was remove from
TPE and transported to the outgassing system. Here the sample
was IinearIy increased in temperature Up to 800 C. During this
time, gas consisting of 99910 hehm and 1 YO hydrogen was swept
across the sample at a flow rate of 100 cclmin. This gas was
first sent through and ionization chamber. After exiting the
ionization chamber, 10 VO oxygen was added before the gas was
sent through a copper oxide bed. This $onverted the hydrogen
and tritium to water for collection in the subsequent glycol
bubbIers. Liquid scintillation counting of the tritium in the
water/glycol was used
ionization chamber.

as a check on the data obtained by the

VU-67
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Comparison of

10’9

10’8

10’7

10’6

TPE Beryllium Data to that Predicted by Assuming C=O at Boundary

1 =1 .2x1017 (D+-T)/cm2- :

Particle Fluxes 2=2.4x1 017 ‘ “
3=2.8x1018 “

% \ 3.OXI 0’8 (D+T)/cm2- 4=9.0XIO’7 “
\

\
\

\

5=2.6xIO” “
6=1.9 x1018 “

7=5.1 XIO’7 “

8=2.7 x1018 “

‘- e

“\
x ‘.%

105X10’7 .x ‘ >~ 86$
--- ~

--+ --- 68 ---Q-. ---
‘$X. z-

‘.~
---

-..
-.

Exposure Time = 1 Hr.
x

10’5
300 400 500 600 700 800 900 1000

Temperature (K)
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Earlier work by Chernikov et al. has shown hydrogen
implantation into beryllium to open porosity in the implant
zone. This wouId result in relatively rapid saturation in the
hydrogen retention with longer or more intense exposure having
no effect on the amount of hydrogen retained. “

V.N. Chemikov,V.Kh. Alimov,A.V.Marlcin, andA.P.Zakharov, J,.Nucl. Mater.220-
222 (1996) 47.

. . .

a

. ...+.

b

..
..

..

c

Figwe 9. Deuteriurn bubbles and labyrinths of obkte interconnected cbarmels after irradiation
~1.T~ 700 K with 10 keV D ions up to 2x102’ D/mz: a) viewing field covers some grains, low

magnification, b) surface plane of the grain is CIOSCto (0001); c) *= Pl~e of tie @‘s

nearly parallel to c axis (k= 450 nrn).
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Beryllium Codeposition Experiments

. The beryllium/deuterium codeposition experiments have been
repeated in the Tritium Plasma Experiment

c In these recent experiments, the amount of oxygen in the
plasma was significantly reduced from that existing in the
earlier experiments

!

● The samples were analyzed by Dave Walsh (SNL/NM) using
accelerator techniques

I

Sample Summary .’

~amnle Tem~ Thicknesq O/Be m

100c 1200 A 0.125 0.15

200 c 1200 A 0.125 0.07

300 c 1500A 0.06 0.02

150c 3200~ 0.03 0.10

The carbon content of aII samples was below 1.5 %

VII-73
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Codeposition of Hydrogen Isotopes and Beryllium ‘~
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‘Beryllium Results

Implications for ITER

..

● lf used as either a diver~b~or first wall
materia13the tritium retention of S-65 beryllium
due to implantation should be small. The
effects of neutron damage on the retention are
unknown, but suspected to be minimal [work
planned for next year].

● The codeposition of beryllium with tritium has
been found to depend on the availability of
oxygen. Even with oxygen present, the tritium
inventory in sputtered beryllium will be below
that of carbon (lower sputtering coefficient and
iower dissoc-iation temperature).
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WHYHPD?
(DESIGN AND ECONOMIC IMPLICATIONS)

~
y
A ● A goal for economic fusion power is to compete with advanced energy sources*

● ARIES-RSTshows:

Reactorplantequipmentcost $1.4B

= $2,2B
=0.64 ~ COE=76 mill/kWhr

Pkmtdirectcost

● GA=LAR*shows:

Reactorplantequipmentcost $1.IB

$2,8B
❑ 0.4- COE=53milUkWhr

Plantdirectcost

=+ Smallerand/orcheaper fusion power core

~ High power density design (plasma q’” at >5 MW/m3)

● High heat flux and 17n FW/blanket design (e.g., Ave IW -8 MW/m2)

‘coal and APWR: 50-60 mill/kWhr beyondthe year2000.
tPe at 1GW.
$peat z GW,

289-97 +
GENEM ATOMfCS
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CORERADIATIONLOGIC

290-97

● Impurity in plasma core will radiate

● Minute fraction of impurity maybe useful

● fz fi, Zeff fi, core radiation fi, gfw fi, @)iV U

● Approach applicable to tokamak and LAR concepts

● Lower @Divcan also means lower erosion rate

● Penalty: fz n, ni u, Qplant~, Zefffl, CD-power fl

+
GENE= AT041WCS
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OBSERVATIONS

●

●

●

●

●

●

●

●

Kr and Xe could be effective core radiation impurities

~d~vcould beadjusted and made equal to @fW

TFTR showed supportive results

Acceptable power balance is shown for GA-LAR design

Coreradiationapproachapplicableto tokamak,
LAR and other confinement concepts

Effects on transport and confinement not clear

Temperature instability can be a concern

Verification experiments are being proposed to
be performed in present tokamaks

+ GENE= ATOMRCS
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FW/BLANKETDESIGN

289-97

. Functions
— Tritiumproduction
– SC~coilsandbiologicalshielding
— Power conversion
— First wall heat flux removal

● Conventionalapproaches

Structural Material Tritium Breeder Coolant Comment

Ferritic steel

Ferritic steel

Solid

Solid

H20

He

V-alloy Li circulating Li circulating ● MHD=insulator required for
acceptable AP (Vth = 45%)

● Safety concern

. Conceptbeingevolved

Structural Material Tritium Breeder Coolant Comment

V=alloy+ ferritic steel Li or LiPb He ~th = 45% .
(hi-metallic design) (stagnant) ● HighHe pressure

● Safety concern
● Possible for HPD design

+
GENE= A~OMICS
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FIRST-WALLBLANKETDESIGN(Ro=2.9m)
A

“Applicabletoanyhighpowerciensityfusionsystem”

.?n -Ave/max ❑7,96/11.2MW/mz
● dk\h/ - Ave/max = 1,95/2.69 MW/mzI

I rvv
● Geometry
● Neutr~nic$ results
. Heat 15 Mpa

sTin= 250”C
●T ~Ut= 650”C
. He, Li Pb, V-alloy

properties
QNested shell geometry

V-T~W < 700°C

LiPb-T~M c 1000”C

VHe< * sOnicSpeed

vHe << Vcritinlvibration

Primary and secondary
stresses (simple tube)

(A nest shell poloidal module)

● He-cooled, V/FS-alloy,
LiPb breeder

● Firstwall, blanket

c Design Criteria met.

Tube

FW, mm 8 “ 2
Blanket, mm 10 1.5

● Layer by layer volume
fractions generated for
neutronics iteration
(Averagevolume fractions
-V-alloy 15%, LiPb - 65Yo)

●’qm-45%

. 1-D TBR = 1.2 (90Y0 ‘Li)
-

& GENER4U AT~MICS

,

!
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LOWASPECTRATIOCONCEPTFORA FUSION POWERPLANT

GA-LAR
physicsformalism*

KeyParameters:

*A=I,4

● f3T=62%

●K=3
oBSfraction&87$?4

. T’is25kev

Optimized by:
●

●

●

●

●

●

●

Approachingtechnologylimits
Minimizingphysicalsize
Minimizingrecirculatingpower
Eliminating inboard shield
Spreading transport Power
to first wall -
Using high power density
blanket
Maintaining low activation goal

c

●

●

o

TF-coil central
column

Impurity core
radiation I“

First-wall blanket
design

COE

*R, Stambaughet al, “The Spherical Tokamak Path To Fusion Power,”
~ submitted to Fusion Technology

~Coal and APWR: 50-60 millllwvh beyond the year 2000

290-97

● RO=2.9m
s Pe-net: 1998 MW
c COE* ❑ 52.8 mill/kWhT

-

*Includes central column
and blanket replacements

+
GENE= A~OMICS
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PHYSICSANDENGINEERING PAF
OF A LAR 1998 MW(e)DES

Plasmaaspectratio,A
Plasmaverticalelongation
Minorplasmaradius,a(m)

Majortoroidalradius,R. (m)
Plasma volume (m3)
First-wall surface area (m*)
Radial profile exponent for density,sn
Radialprofileexponentfor temperature,sT
Toroidal beta(%)
Poloidal beta(%)

On-axistoroidalfield (T’)
Plasma current, I (MA)
Plasmaion temperature (keV)
Plasma electron cfensi ne (1020/m3)

%Plasma ion density (10 /m3)
Kr fraction that of n~ (%)
Effective plasma charge, AH

Fusion power density (MW/m3)
Fusionpower (MW)

Toroidalfieldcoilsummary
NumberofTF coils
Massof TFcoil set(tonne)
TF-coil currentper coil,(MA)
Centralcolumnaveragecurrentdensity (MA/m2)
TF coil resistive power consumption [MW(e)]

Engineeringsummary
Thermalconversionefficiency(%)
CD/heater[FWCD*]power (MW) ~
Total useful thermal power (MW)
Gross electrical output power [MW(e)]
Net electrical output power [MW(e)]
PlantQ ~

14.06-MeVneutronload (MW/m2)
AverageLiPb blanketener y multiplication

2First wall heatflux (MWlm)
Divertor max. heat flux (MW/m2)

AMETERS
IGN

1.4
3.0
2.08

2.91
741
493
0.25

0.25
62
1.43

2.17
32.6
25
2.4
1.74
0.19
3.6

6.6
4909

12
1193
2.6
18.5
271

45
58
5833
2625
1998
4.2

7.96
1.4
1.95
9.3

*Fastwavecurrentdrive

VIII-12
290-97
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LARFIRSTWALLPARAMETERS

Plasma aspectratio,A
Plasma vertical elongation

‘ Minor plasma radius, a (m)
Major toroidal radius, R. (m)
Plasma volume(m3)
First=wallsurfacearea(m2)
Number of TF coil
Module midplane width (m)
Module length (m)
Fusion power density (MWlm3)
Fusion power (MW)
I%yave/peak (MW/m2)

qfw, avelpeak(MWlm2)
Blanketenergy multiplication
Helium pressure (MPa)
Tjn (“C)
First wall circular tube:

Insidediameter(mm)
Wall thickness(mm)

Tcoolant (“C) “

Coolant velocity (m/s)
Heat transfer coefficient (W/m2K)
Tmax V-alloy (“C)
Pressure drop first wall (MPa)
Allowable primary stress (MPa)

“Allowable secondary stress (MPa)
Primary stress (MPa)
Secondary stress (MPa)

290-97 “

Inlet

250
138
17780
591
0.5
120
360
30
203

1.4
3.0
2.08
2.9 ‘
741

493
12
1.3
14.6
6.6
4909
7.96!11.2
1.95/2.69
1,4
15
250

8
2

Middle Outlet

280 310

146 154
17920 18060
621 650

+

VIII-13
GENE= ATOJU..CS
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CONCLUSIONS

●

●

289-97

HPD design aljproach is a key to reduce magnetic fusion COE

Core radiation has the possibility of distributing transport
power between first wall and diverter – further experimental
verification is essential

He-cooled, V/FS, LM breederFW/blanketdesign can possibly
handler’n N8 MW/m~— furthertechnologydevelopments

are required

GA-LARshowsthe possibilityof reachinga respectableand

competitiveCOE of 53 mill/kWhr

+
GENE- ATOMICS
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SUMMARYOFECONOMICPARAMETERS

Account#

20,
21.
22.
22.1
22.1.1.
22*1.2.
22.1.3.
22.1.4.
22.1.5.
22.1.6.
22.1.7.
22.1.8.
22.1.9.
22*I.10
22.2.
23.
24s
25.
26.
90.
91.
92.
93.
94.
96.
97.
99s

AccountTitle

Landand landrights
Structuresandsitefacilities
Reactor plant equipment
Reactorequipment
FW/blanket/reflector
Shield
Magnets
Supplemental-heating/CD systems
Primary structure and support
Reactor vacuum systems
Power supply, switching and energy storage
Impurity control
Direct energy conversion system
ECRHbreakdownsystem.
Mainheattransferandtransportsystems
Turbine plant equipment
Electric plant equipment
Miscellaneousplantequipment
Specialmaterials
Directcost (not includingcontingency)
Constructionservicesandequipment
Home office engineering and services
Field office engineering and services
Owner’s cost
Project contingency
Interest during construction (lDC)
Total cost ($106)

m
10.438
557.5
1140
687.3
94.9
36
85.3
106.7
119.1
90
134.3
16.7
0.000
4.3
452.5
498.4
159.5
87.8
60.1
2503
330.4
137.7
165.2
508
677.3
755.3
5327

Key design parameters:
Unit overnight cost [$/kW(e)] 4572
Capital return [mill/kW(e)h] 39.4
PIant availability 0.75
O&M (1.68%) [milUkW(e)h] 9.16
Replace.[mill/kW(e)h] 3.7
Decommissioning [mill/kW(e)h] 0.5
Fuel rmilVkW(e)hl 0.03
LSA*=2total COE[mill/kW(e)h] 52.8at~ths 45%

4%3at~ths 49%
44A at ~th= 56%

*Levelof safety assurance

VIII-16
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US-J Workshop on PM?ZHHF, San Francisco, Dec. 8-11, 1977

Concept of Flibe blanket in FFHR

Akio Safzara Y

O. Motojima, O. Mitarail), S. Imagawa, K. Watanabe, H. Yamanishi, T. Uda,
H. Chikaraishi, A. Kohyamaz), H. Matsui3), T. Muroga, N. Noda,
T. NodaQ),N. Ohyabu, T. Satow, A.A. NMdciI@, Dai-Kai Sz@,

A. SuzukiT), S. TanakaT),T. Terai7), S. Toda3),
and FFHR Group

NationalInstitutefor FusionScience,Toki509-52,Japan

Collaboration works have made great progress in design studies for Force-Free Helical
Reactor, FFHR, by standing on major advantages of cument-less steady operation with no
dangerous plasma disruptions. FFHR is a demo-relevant heliotron-type D-T fusion reactor
(Pf=3GW, R=20m, aQ=2m,Bo=12T, Bmm=16T, <~>=0.7%, enhancement factor hH=l.5 for the
ener=~ confinement, and the neutron wall loading of 1.5 MW/mz.) based on the great amount of
R&D results obtained in the LHD project. Aiming at power generation from 2025 by introducing
innovative concepts available in a coming few decades, the desib~ parameters at the f~st stage for
concept definition have been investigated to make clear key issues required for power-plant
engineering inchding materials development. Cost estimation and design optimization areplanned
at the next stage after the current Phase-I studies.

The main feature of FFHR is force-tiee-like conf@ration of helical coils, which gives three
attractive merits : simplification’ of coils supporting structures by opening areas for maintenance
works, widening of the coil-to-plasma clearance needed for the blanket and shield space, use of
high magnetic fields allowing operation with a faidy low plasma bet% c~>.

The other feature is the selection of molten-salt Flibe as a self-cooling tritiu.m breeder horn
the main reason of safety : low tritium volubility, low reactivity with air and water, low pressure
operation, and low MHD resistance which is compatible with our high magnetic field desib~. .‘

In

+ The 1-D blanket design with the forwardlayer of Be pebbles is optimized with the localTBR
of 1.2, saving the Be amount, and increasing the surface of Be reacting with corrosive TF
molecules, where the nuclear heating in Flibe is as high as 60q0 of the total fusion output.
+ The self-cooling Flibe of 40mol 90 BeF2 is operated at inlet/outlet temperatures of
Z/50°C/SSOOCwith the pressure drop lower than 1 MPa at the flow rate of 7m3/s, where the

double walled tube is reliable to sweep out the permeated tritium using He gas.
+ The vacuum disengage is promising to recover more than 90% of tritium with the T
inventory less than lg in 400ton of F1.ibein the loop.
+ NucIear properties such as radioactivity and transmutation at 450dpa are investigated on JLF-
1, V-alloy, SiC as well as materials compatibility with Flibe, aiming at replacement-free FFHR.
+ Collaboration R&D programs on Flibe chemistry and engineering have been set off by
making a materials test device and an active flow loop.
the course of FFHR desi=~ studies, many subjects have been pointed out as future works under

the present encouraging positive results.

VIII-17
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Concept of Flibe blanket in FFHR
~kio-S.agara_,

O. Motojima,O. Mitaraill,S. Imagawa,K.Watanabe,H.Yamanishi,T. Uda,
H.Chikaraishi,A.Kohyamaz),H.Matsuis),T. Muroga,N.Noda,

T. NodaA),N. Ohyabu,T. Satow,A.A.Shishkin~,Dai-KaiSze~,

A. Suzukim, S. Tanaka~, T. Teraim, S. Toda31,

and FFHR Group

NatiOnaUnstituteAOEusion-ScIence+JapBn
1)Kyushu Tokai University, Japan

2) Kyoto University, Japan
3) TOhOk~/Jnjv., Japan
4) Natj~@ R~~~~~~h /nsti&@ for Metals, Japan
5) NSc”Kharkov Phys. and Tech. Institute”, Ukraine
6) Argonne National Laboratory, USA
~ Universi@ of Tokyv, Japan

US-Japan Workshop on
High Heaf Flux Components& Plasma Surface Interactions for Next Fusion Devices -

Dec.8-11,1997
Warwiclc Regis Hotel, San Francisco

Design studies of FFHR have been
performed from 1993

(1) as one of collaboration studies

(2) based on LHI) under construction in tWFS

(3) to make clear key issues for D-T demo-plants

(4) to introduce innovative concepts

(5) by aiming at power generation from 2025.

Curre*&@ steady operation is the major advantage of

helical-type reactors.



‘~FHR has two main ieatures

Reductionof the magneticforce between SC helical coils

by giving three attractive merits:

+ simplification of coils supporting structures

which gives w~deopen areas for maintenance works,

wideningof the coil-to-plasmaclearance

needed for the blanketand shield space,

use of high magnetic fields+

allowingoperation witha fairlylow beta, +,

requiringless-sever enhancement

Practical designs realizing these merits

for ~E;

are actuallyrequired.
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1991 Selection of design guidelines
1992 Formation of design activities in NIFS
1993 Design of FFHR-1 (1=3) I _

1994 Selection of materials ~ Concept

Conceptual
Design
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FEM analyses have been done on lb
I2

cylindrical coils supporting structures ?m
c

I*

+ large maintenanceholes

+ underthemeritof

force-free-like coils.

The max. stress is below

the yield stress ofSS-316LN.

Structure designs of

the SC itself is the next work.
/

Pcsupport ~ ,HeIical coil

)
Bed of HC1 Verticalcoil’
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Force-Free-likeHelical Reactor FF’IiIi
based on The L“HDin National Institute for Fusion Science

‘=20nl, aP=2h
=3, m=18, ~={
O=12T, -@>=0.7~o
f =3Gw, 59 Z-LHS
.=1 ..5Mww

Icc-sccoils of
bfll or (NbTi)3Sn

2iBe blanket
‘thferritic-alloy
lt. V-alloy, ODS]
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The Flibe of 40mol YO BeFz is operated with AP c 1 MPa,

where the total pump power is only 0.8% of the fusion output Pf.

10’ ~
NlF2951108A.S 106.

\ 1 I I I

\ Flibe

Q
●

t
***

●
----

-.=*
-..

----

<v>[m/s] .—~ -.-----
------- -------- -.+-

105

104

103

102

10’

10°

10-6~ qo-”
o 0.2. 0.4 0.6 0.8 1-”

Tube diameter (m)

Flibe Blanket in FFIIll
Protectionwall Self-cooled Radiationshield Vacuumvessel
Ph =0.2 ~jm 2 T breeder reduction &
Pn =1.5 kfW/m2 T.BRIocaI>1.2 >5 orders T boundary
~d =450 dpa130y Hny > 60% in Flibe Therrn~ shield

\
{50”C 7m~s ,550”C 20”C

i LCFS \ 1
-w\#T.“...”/

i JLF-1(30V01.%)
o 200 JLF-1 300 cm

+Ferritic steel JLF-1 (Fe9Cr2W) was selected as the first candidate.

+Vanadium alloy or ODS steel are second options.

+If SiC is available in future, it gives high thermal efficiency
with He. mS t~-mhin~ Cwctam

,, ., . ::-< ,——-d.d. ,, :.:. .,, ,,,73 .+?. .,. ., .. . . . . ,, ..-, ,, . . . . . . .
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Selection of molten-saltFlibeas a self-coolingT breeder
from the main reason of safety :

+ low tritium volubility
(-8 orders lower than liq.Li)

+ “IOW reactivity with air and water,

+ low”pressure operation(e1MPa),

+ lowMHD resistance (- 1Glcm)
compat~bk withMgh B f~eld.

In order to fully take advantage of
inherent safety with Flibe,
it is stillnowrequired10 improve

T (“C)
800 600500 400

lo-’~lo-’

Pb-17Li (absorption)

19

tF-

Pb-17Li5

FIhak “

20’/ Pb-17Li ‘2

lLA2c-J:l
0.8 1.0 1.2 1.4 1.6 1.8 2.0

100WT (K)

the Flibe blanket concept and Fig. 1. Solubili~ constants for hydrogen iso-

to clarifv safety related issues.
fxpes in liquid breeders.

.
Caorlin et al FUSIONTECHNOLOGY VOL. 14 SEP. 1988

The low volubility of T in FIibe gives
two advantages

(1) Tz recovery system is probably quite simple-

The vacuum dkengager k promjsing

.torecover> 90% of T in Flibe,

where the double walled tube is reliable

to sweep out the permeated T withHe,

(2) [nthis case the T inventory is less than Ig

in 400 ton”of Flibe in the loop.

~W specified data bases are desired on

+ rate-determining steps of Tz release,
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Force-F~.ee 13eli~nl .R~art~~.FFHR.- . ———-..---—.-a--- Q“

+D-TDemo Reactor

+Current-less plasma

+Reduced wall loading

+Liquid Flibe blanket

(I%=3GW,R=20m, a,=zm, BO=12T )

(steady operation, no disruption )

(1.5MW/mz, 30 years = 450 dpa )

& 450”C for T., < 550”C for JLl?-1 )

~ there is no need to replace in-vessel materials, FFHR can be operated

with not only the high safety but also a high availability,.——__
resulting in reducing not onlv COE but also the total amount of

radwaste.

The materials integfit~ at 450 d~ and compatibility with Flibe \

are the key issues to realize replacement-free FFHR.

Induced Radioactivity
The surface dose rate after 45 MWa./mZ

+JLF-1, V-alloy<lpSv/h after 100 years cooling. . .

This level satisfies the shallow land disposal limits such ~ Cb c wts Ofus 1ocFR61

or the aIIowablehands-on dose rate of 10@v/h. .

+Pure SiC satisfies the shallow land disposal Iimits.
+Mo and Nb must be lower than 10 ppm.
102

10°

10-8

,0-12

! I 1 # # f , , I t , # , 1

SiC — 10MW/m2 -
------ 45 MW/m2 -

1OCFRM61, Class C
1oJ.lsv/h

_.-l:
‘Al

--%
8

1: Ip ly t
I

I t I ! I I I I I I 1 I I I
10° Id 104 10s 106 10’0 10’2 10’4 10’B

~ TIM (see)

I 1 I i I 1

Cr.Ti.Fe.Ta

5 Om———TKr ‘;’;’s’ 1

I t ! I I t 1 I

-2 0 2- 4.
Log fluence(MW.e/m2)

.— ,,, ,. .,,, . . -T”=- -... . ..... ,., . .. . . . .. . .._



600

500

400

300

20D

100

Ferritic Steels/ Helium Cooling
~ ~ Low Activation Fenitics (JLF-1). . . . . . . . . . .

o 20 4.0 6.0 8.0 10.0 12.0 14.0 16.0

NELITRON WALL LOADING (MW ak$

( after Kdwd j

FFI-!R has many inherent and passive
safety features

+ current-less
+ steadystate
+ useofFlibe,

plasma,
operation,

+ high-temp. &T devices inside the torus area.



Solid Transmutation Products
after 45 MWa/m2

+From W to almost 10% W, 20% Re and 70% 0s.

+Investigation ,JIJ?-1after transmutation of W are desh-ed..
+From V to Cr is about 2wt.% under FIibe blanket.
+V4Cr4Ti has a sufficient margin to the DBTT shift.

1

0.1

7~
c
fj 1E.3

s
u

IE-4

1E-5

1E-6
0,01 0.1 1 10 100

Neutron fluence (MW.ylmZ)

—.. ——— ... . ——. - ..

Decay Heat Qd -
dT/dt = @/CV under adiabatic condition

+On W, Mo and Nb, dT/dt < 0.5°C/s after 1 week cooling, -
this may be acceptable.

+On Ta, dT/dt=15°C/s for 100 days cooling is not acceptable.

i“’
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L... .. ... ..- .. ................ II i
. .--- .,. I

L.” --%........ -J---- h. . . . . . . .. I—lal

IN

j“.lo
[

l:l\-

,....... , u—- Nb..,-:
. .:1 “. .......... Mo

:. ,
~..- 1,
;:. ,
%. ‘ ——..-

...<.: :
-: ...”..----------.....%

......: ,.
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104

10%-in FJ?lqIz::: . -. —..-
104
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,0-12 .

10° 102 104 106 1Q1lJly
Elapsed time (see)

! ,.~,.-3-
.,, , .,, ,, ’,.- ,’, , ,,, —‘.;}:;,’. r,’..’, ,, ,:>J,.j,’ .’ ,’ .~..:. .

.-y.;, ..



— .—

-Compatibility with Flibe
+The neutron multiplier Be is used to reduce corrosive TF molecules.

(Be + 2TF-->BeFz+T2) b

+ MoF6 can be often used to form Mo layers on the coolant
(MoF6 + 3Tz --> 6TF +Mo)

+Data bases on chemical kinetics are strongly desired.

tube.

“~ I I 1 1 I I 1 I I

e

SALTMTM Be UXN1lCU

70

.40 -

- -“ \\

* - “AS RKEltiD” SALT

. .,m

.lm I I I I
o m - Ccc9 Km 1O.cw

SXPOSURETIM (W

-200}

r I
E
o
iif

+400
x
&
d

1

*

---------- ------ --- ---.

+

~---
~--

~--
-~~. “

~- ----
-----

-------
---

MOF6
NiF2

VF2FeF
CrF2

TiF3

BeF2

LiF

---
Fig. 2 Height change versus exposure time for /---t-

ype 316 stainless steel in LiF-BeF2
salt at the maximum 1oop temperature I ! 1 t 1 ! 1
of 650”c. -600 ‘--;--

1000 2(
T(K)by J.R. keiset- t+nl. (1979>

)0

R8CDXSon Flibe chemistrv and engineering have been set off
by making

a materials test device (Univ. of Tokyo), an active flow loop (Tohoku Univ.).

im?mmmw- 7wi!Iimm
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The blanket units”are replaced through maintenance ports

by sliding along the continuous helical coils.

,(1) Since FLiBe is moved to a draintank. each unit is below 5 ton.

r (2)Radioactive wastes in eachreplacement are

+ 800 ton of JLF-1

-+-MQ-w37&Mc ‘EC. 0F+30W0Fk0HVTic

... t ~~ton of Be which is the mass of recyclinguse

aswell as 400 ton of FLiBe

.-

Summary

(1)

(2)

,10 (3)

(4)

I
(5)

(6)

(7)

..,., .

Molten-salt Flibe is selected as a self-cooling tritium breeder from
the main reason of safety.

. .

The 1-D blanket design with the forward layer of Be pebbles is optimized
with TBRioca[>1.2, saving Be amount, and increasing the surface of Be
reacting with corrosive TF, where the nuclear heating in Fiibe > 60% of Pf.

The self-cooling Flibe(40mol% BeF2) is operated@inleUoutletof
450°C/5500C with the AP e 1 MPa at 7m3/s, where the double walled
tube is reliable to sweep out the permeated T using He gas.

The vacuum disengage is promising to recover more than 90% of
tritium with the T inventory <1 g in 400ton of Flibe in the loop.

Nuclear properties such as radioactivity and transmutation at
450dpa are investigated on JLF-I, V-alloy, SiC as well as
materials compatibility with Flibe, aiming at replacement-free FFHR.

Collaboration R&D Programs on Flibe chemistry and engineering have “
been set off by malhg a materials test device and an active flow 1oo$?III-29

In FFHR design studies, many subjects have been pointed out
as future works under the present encouraging positive results.
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Motivation, Scope, anti Preliminary Approachfor APEX

Neil B. l!dorley
Mohamed Abdou

Fusion Science and Technology, UCLA

US-Japan Workshop on High Heat Flux Components and
Plasma Surface Interactions

San Francisco, USA
December 8-11, 1997
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APEX

Ultimate Goal

Significant contributions to making the (long-term) fimion energy system more
competitive through exploring and developing more attractive concepts for
Fusion Power Technology (FPT)

FPT: Region from the edge of the plasma to the inner surface of the magnets

Near-Term Objective

Explore new (and possibly revolutionary) concepts that can provide the
capability to efficiently extract heat from systems with high neutron and
surface heat loads while satisfying all FPT functional requirements and
maximizing reliability, maintainability, safety and environmental attractiveness

N. Morley, UCLA US-Japan workskop on HHF coinponents, Dec. 1997

. .
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The Motivation for Conducting APEX Emerged from the
New Vision for Fusion Restructured Program

New Vision
. Take the long term view
. Emphasize science (including engineering sciences) as basis for innovation
o Key is Improving Fusion

E Make the ultimate product more attractive
E Have more effective R&D pathways

How to Improve Fusion

1) Plasma Physics Innovation
2) Technology Innovation

. can make product more competitive
● can define the limits

} provide boundary conditions to physics research

} better evaluation of fusion’s potential

I

N. Morley, UCLA US-Japan workshop on HHF component% Dec. 1997
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Functional Requirements of Fusion Power Technology

provision of VACUUM environment

EXHAUST of plasma burn products—2)

3)
radiation (surface heat loads)
POWER EXTRACTION horn plasma ~articles andJ.

energy
rays

deposition of4) POWER 13XTRACTION from
neutrons and secondary gamma

5) TRITIUM BREEDING at the rate required to satis~ tritium
self sufficiency

and6) TRITIUM EXTRACTION

7) RADIATION PROTECTION

processing

N. Morley, UCLA US-Japan workshop on HHF components, Dec. 1997



General Attractiveness

1. ECONOMICS

Criteria for Fusion Energy System

a)
b)
c)
d)
e)

cost per unit thermal power
thermal conversion efficiency
mean time between failure (MTBF)
mean time to repair (MTTR)
lifetime

2. SAFETY
a)
b)
c)
d)
e)

chemical reactivity
decay heat
tritium inventory
dose
etc.

3. ENVIRONMENTAL
a) waste disposal
b) routine releases (e.g.tritium)
c) material resources utilization
d) etc.

~
APEX (initial)focus: Economics

~ APEX (initial)DRIVER: CapabilityforHigh NeutronWall Load and
wWI AssociatedSurfaceHeatFlux

N. Morley, UCLA US-Japan workshop on HHF components, Dec. 1997
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Current Design Concepts and Materials for First Wall /Blanket
Do NOT Have the Capability to Meet the Fusion Challenge

Concept Wall Load Other Observations
Capability
MWlm2

Ferritic / He / Breeder Magnetic material

Ferritic I H20 I Li Pb 2 Fracture toughness

V works only with lithium

Vanadium Alloy / 25
Is lithium acceptable?

b

Lithium
Not feasible until a self healing
coating is found
Serious feasibility issues

SiC I SiC I He I Breeder 15 Do NOT know how to design—-.
● Poor thermal conductivity

N. Morley, UCLA US-Japail workshop on HHF coinponents, Dec. 1997
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APEX FOCUS

. APEX is only the first leg along the path toward improving fusion

. APEX will focus specifically on simulating new design concepts for in-vessel
components that are capable of handling high neutron wall loads and the associated
surface heat flux

. Of course9we should keep an eye on maintainability, failure rate, and tritium self
sufficiency plus many other criteria (low decay heat, low activation, etc.)

. However9 we should not over-constrain the problem from the beginning. If we
succeed in finding high power density concepts, we can work later on making them
better for other issues.

IWe invite comments on this

N. Morley, UCLA US-Japan worksltop on HHF components, Dec. 1997
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Proposed Goals for Neutron Wall Load and
Surface Heat Flux at the First Wall

1)Average Neutron Wall Load Pm,.,.= 5 MW/m2
Peaking Factor = 1.4
Peak Neutron Wall Load = 7.0 MW/m2

Reasons
. High enough to improve economics
. Not overly ambitious: we probably can find a concept or two that meet the goal

2) Surface Heat Flux

Radiate most of the a-power to the first wall (reduce divertor problem)
. first wall surface area is more than ten times the divertor area
. this also allows usefhl (sensible) heat recovery for the m- power

Suggested Peak Surface Heat Flux -.85 x 0.25 x 7- 1.5 MW/m2

Design goals that must be met in a concept to be considered suitable for APEX
Neutron Wall Load = 7 Surface Heat Flux = 1.5

N. Morky, UCLA Us-Japan workshop on HHF components, Dec. 1997

i
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. Participating Organizations

University of California, Los Angeles (UCLA)
Professor MohamedAbtJou, Lead Investigator

Dr. Makmoud Yousse$ APEX Secretary (jousse~usion. ucla.edu)

Argonne National Labs (ANL)
General Atomics (GA)

Idaho National Engineering & Environmental Labs (INEEL)
Lawrence Livermore National Labs (LLNL)

Oak Ridge National Labs (ORNL)
Princeton Plasma Physics Lab (PPPL)

Rocketdyne
Sandia National Labs (SNL)

UC San Diego (UCSD)
s~ University of Wisconsin (UWM)
E

N. Morley, UCLA US-Japan workshop on HHF components, Dec. 1997
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(1)

(2)

(3)

(4)

(5)

(6)

APEX Project Groups

Design Conceptualization and Analysis
Chair: MohamedAbdou, UCLA. Core of APEXproject

Mechanical Design and Availability Group
Chair: BradNelson, ORNL. Thisgroupwill be responsible for assistingall designconceptualizationgroups
in developingmechanicaldesignandintegration.

Materials Group
Chair: SteveZinkle, ORNL. Suggestmaterialsfor highpower densityapplicationsandprovidebasic
materialpropertiesfor design.

~Power Conversion
Chair: D. Sze, ANL. Delineate operating temperature, materials, and technology requirements and issues.
Also estimate efficiency as a fi.mction of blanketlfirst wall outlet coolant temperature.

~Physics Interface Group
Chair: DaleMeade, PPPL. Providephysicsboundaryconditions for FPTdesign(some issuesmay require
interfacewiththephysicscommunityto getthebest input.

Safety Group
Chair: Kathy McCarthy, INEL

(7) Alternate Confinement Concepts
Chair: DaleMeade. Summarizethemainconfigurationfeaturesandgeneralrangeof parameters(wall load,
surfaceheatflux, etc.) for alternateconfinementconcepts andcontrastthemto tokamaks.

(8) Expert Judgment and Selection Panel (TBD)

N. Morley, UCLA US-Japan workshop on HHF components, Dee 1997
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APEX Tasks

Task 1: Delineate function requirements and develop evaluation Approach
(criteria)

A. Special driver criteria (high wall load)
B. General Criteria (economics, safety, environmental)
C. R & D and potential success criteria

Task 2: Determine the key limiting factors on high power
understand the limits to learn how to extend them

density

Task 3: Explore concepts with high power density capability
- A primary task
- Primary sources of new concepts:

A) concepts previously proposed in literature
B) “Innovation through analogy” to other technologies (e.g. rocket

engine)
C) “Innovation through pursuit of engineering science logic” (building

on what we learn horn Task 2)

N. Morley, UCLA US-Japan workskop on HHF components, Dec. 1997
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Task 4: Preliminary conceptual designs for new concepts
●

●

●

●

Amxoach:
J.L

—

—

—

Concepts identified in Task 3 will be carefilly analyzed and evaluated
Initially, examine the scientific foundation of the concept
If a concept has sound scientific basis, a preliminary conceptual design
will be attempted to satis@ all fictional requirements of FPT
Only if such effort is successful for a concept, will we attempt to improve
and optimize it using the evaluation criteria as a guide

Please note that some concepts require new models and methods of analysis to
predict behavior. This can be a major effort

Initially, we will not constrain conceptualization too much. For example, low
activation will not be an initial requirement.

Output of this task
a) a set of preliminary conceptual designs for a number of promising

concepts
b) preliminary evaluation of each concept
c) a set of key issues for each concept

N. Morley, UCLA US-Japan worksilop on HHF components, Deci 1997
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Task 5: Comparative evaluation and selection of most promising concepts
—The magnitude of this effort will strongly dependon the outcomeof Task

4, i.e. how manyconcepts(Theremaybe none, or only one, or many)
—If thereare severalconcepts,thentheevaluationcriteria developedin

Task 1 willbe utilizedto selectthe most promisingconceptsthat are
worthyof furtherdetailedstudies

Task 6: Detailed analysis and evaluation of most promising concepts
—The most promising new concepts selected in Task 5 will be subjected to

more comprehensive analysis and detailed evaluation
—Key issues will be identified and key R & D items will be recommended

Task 7: Study conclusions and report

~
Iy(

f$

N. Morley, UCLA US-Japatl workshop on HHF components, Dec. 1997
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APEX: Relationships between Tasks and Groups

Task 1 Task 2 Task 3 Task 4 Task 5 Task 6
Functional Key Limiting EXPLORE Preliminary Comparative Detailed
Requirements, Factors in concepts with High Conceptual Evaluation Analysis &
Scientific feasibility, current Power Density Designs for and Selection Evaluation of
Evaluation concepts Capabilities new concepts of most most
Approach promising promising

concepts concepts
Group 1: (essentially
Design complete, no
Conceptualization &

*** *** xx xxx
fiu-therwork

Analysis required)

Group 2:
Mechanical Design x xxx xxx xx xx
and Availability
Group 3: x Material properties Material xx xx
Materials and limits properties and

limits

Group 4: provide outlet
Power Conversion coolant temp. b
System requirements and

~(TinYTout)

Group 5: x Physics boundary
Physics Interface conditions b

Group 6: xx
Safety Environment
Group 7: Requirements for
Alternate Conilnement x alternate concepts +
Concepts
Group 8:
Judgement and ***
Selection Panel

I
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Current Work (Next Meeting, Jan. 1998)

. Material database (FS, V, SiC, Nb-Zr, Ti-SiC, etc.)

. Continue creative evolution of new concepts (prize for best concept, any
suggestions??)

. Solidi& physics issues
1.Peaking factors
2. Physics radiation scenarios
3. Spectrum of radiated alpha power
4. Alternative confinement concept definition

. Concept Analysis
1.Convective liquid layers
2. Thick liquid walls
3. Porous walls
4. Flowing solid particulate

N. Morley, UCLA US-Japan workskop on HHF components, Dec. 1997
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Convective Liquid Layers”

. Fast flowing liquid layer:
1. Removes surface heat flux
2. Removes initial peak in neutron

deposition
3. Contributes to breeder and/or neutron

multiplication Change nature of failure
and stress response in wall

4. Provides renewable surface

. Different incarnations considered
1. Recycle liquid to LM blanket
2. Thick layer (serves as FW/Blanket)
3. Multiple layers
4. EM adhesion

● Analysis focusing on photon penetration
depth and thermalhydraulic and fluid
mechanical calculations

N. Morley, UCLA

Ianket Module I

—

—

—

-JI

~’lFilm Col]ector I

US-Japan workskop on HHF components, Dec. 1997
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What will happen in PFM by the bombardment of plasma particles,
especially energetic particles? .*

surface damage, effect on bulk properties, etc.

● Damage by Tokamak Plasma
Results from the long pulse TRIAM-lM experiments

. In situ TEM observation Experiments under Hydrogen

Ion Irradiation

9 In situ TEM observation Experiments under Helium

Ion Irradiation

0 Ternper~tUre“Variation Effects

. .—-..



Damage by Long Pulse Plasma in TRIAM-lM
su T. Hirai et al. (P-lA-063)y
& en,>= 2x10’*/mn, Ti ~ 500eV, ti=78.4min.(Pl, 5 shots), ti=72.1min.(P2, 1 shot)

— + -. — 1

Probe 1 II Probe2 Iu

1 15mmfrom Limiter surface 5mm from Limiter surface

II 16.5mm from Limiter surface II 9. 5mm from Limiter surface I
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Damage of Long Term W Specimen
5

0 u A

n
y

K Pre-thinned TEM specimen: Exposed to TIUAM-lM LHCD
year on the vacuum vessel wall

T. Hirai et
discharges

al. (1997)
for a half

! un-ex~osed s~ecimen II exposed specimen II SEM imaae I

w
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Ion Energy Dependence of Damage in W and Mo ,
~ by H+ Irradiation at 300K I

I



Temp. Dependence. of Damage of W by H+ Irrad.

8keV H+, HP-W(99.9959fO), PM-W(99.95YO) .

RT I 373 K I 473 K I 573 K I 773 K I 873 K I 1073 K I

-. .- . . . .. .. .. .. . . .. .
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Thermal Stability of Loops Formed by H+ Irrad.

Irrad.: 300K, 8keV H+, 4.7x1020ions/m2(HP-W), 6.1x1020(PM-W), 2.4x1021(Mo)

I RT I 373 K I 473 K I 573 K I 673 K I 773 K 873 K

● w,
●

:J

b ,.,
,..!

●

.-, *

IliiM
~y,,~.‘

100 nm.-.
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Microstructure of D lon Irradiated Be .
N. Yoshida et aL(1996

8 keV-D2+, 5X1018ions/m2s

—
R, Temp. II 373 K I

II I

L3x102 ODZ+hn

\ !

.,;,.1’,
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=j2.oxio’
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I

(1) ELEMENTARYPHENOMENA
Direct knock-on damage of sub-surface region

D
Dislocation network, bubblesmmmhydrogenretention, hardening, etc.

W: weak effects at high temperature
Be: strong effects even up to 673K “

(2) SECONDARY PHENOMENA
Bulk damage due to long range diffusion of H and free defects

a
Strong degradation of bulk materials (embrittlement, etc.)

The effects of hydrogen particle bombardments are not limited

~

in the subsurface regions but spread into bulk.
ym

..—
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Microstructure of He Ion Irradiated Mo
N. Yoshida et al.(PIA-043)

t RT I 573K I 773K I 873K I 973K I 1073K I
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Effects of He Irra. on Heat Loading Properties

Specimen: “

He
Powder Metallurgy W

on Irradiation:
8keV-He Ions, 5x1021ions/m2
Room Temp.

Heat Loading (E1ectron Beam):
2olmWm2

v)

.- ..-

3000

2500

2000

1500

1000

500

0
0

Yk’’-’I I— unirraded
— He irraded

I w

.—.”...———. ——....—.-.

.—

~ 1 ~ i

—— —. —

,— . . -.

20 40 60

Time (s)

. ... .

.—<

—

80 100

K. Makise et al.(1997)

Unirradiated

He Ion Irradiated

. . .. .-



Microstructure of He Ion Irradiated Be

8 keV-He+, 2X10’8 ions/m2s
T. Inoue et al.(1997)

j

=
r-l

Roonl.’l’emp 473K I 5731{ I 673K I 7731< I 873K



Impacts of ElkIrra. on Material Properties

Accumulation of defects is extremely high due to strong He-defect
interaction.

•AccU~Ula@n of dislocation loop up to very high temp. (>1073K)

(high nucleation rate, strong stability ‘mm)
●Active formation of He bubbles from low to high temp.
●Hardening,embrittlement of subsurface layer
. Embrittlement of grain boundary and matrix of bulk materials
● Reduction of thermal conductivity at subsurface layer

a

O Radiation embrittlement, Reduction of fatigue lifetime
● Increasingof tritium retention
● Reduction of heat load resistance

-. . ..- .. ---— — ..—.- . . . . . . . .



variatikml Oflrradiatioll Ell!vimlmlent
~ -U-+%mpwatmeVariation13ffects--Fpm z

thermally
(mobility of defects,

activated process
~in~ing ~o~~eof ilefe~ts,etc.)

J3

temperature is very essential for defect formation
and damage accumulation

Irradiation Effect
constant temp.irra. vs varying temperature irra.

Heating Effects
slow heating vs fast heating

I
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Effects of Pulse Heating on He Implanted Ni ~
~
~ ~ Room Temp., 5keV He Ions, 3x1021ions/m2

@Ruby laser heating (lms pulse, heating rate +OOO°C/ms)

I
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S*
●

●

Change exchanged neutrals cause heavy damage at first wall surface.
Effect of implanted H on bulk properties of PFM was demonstrated.
This should be a next important issue.
Energetic H and He form sponge-like microstructure in Be at wide
temperatures range.

e Tritium invento~, degradationd thermal and mechanical
properties

Helium irradiation enhances formation of defects such as I-loops and
bubbles in Mo and W at wide temperature range but rather weak effect
of H.
Pulse heating changes microstructure very much; enhance bubble
formation
Irradiation effects under varying temperature condition and synergistic
effects of plasma-neutron-heat is the next issue.
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Present

) oxygen? (2)

. .

Roles of reduction in ~~~

Future
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Thermal Cksorption Experiment in SUT

I-lydrogen

0.05

0.04

0.03

0.02

0.01

is removed from B-film belovv 400 ‘C

Lr’’’l’’’’’’’’’’’’’’’’’’’l’’”” “’’’’”~

,11

%’‘i;o’‘266’‘250’‘360’‘3;0’‘4;0’‘4;0’‘5/)0
‘Temperature [“C]

!:5gives us Twfveefirst wall in future machines !!
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(1) What role is really important in future?
(2) Detail behavior, quantitative information and

mechanisms on hydrogen isotopes.

(3) Impact Of impurity contamination (O, COW,...)
(4) What is the best material combination?
(5) What is equilibrium distribution?

(6) How the thin films can be maintained

IS it possible to avoid gross immigration? ~

k it rwc.es.sary.to add boron duritig operation?

if it is, is the d-u.st- formation lxder~ble?



&i

(1) A carbon film is lost due to methane formation
(

because methane molecules reach pumping
I
I

ducts and pumped away.

(2) It is not the case in a boron film.
B-H compound is fragile, easily broken by

plasma impact, cannot reach pumping ducts.
B atoms are reclepcmit cm the ~irs~ wall.

A boron films is expected to be kept long erwwgh.

(3) GrOSS immigration is left as the major ~problem.
If B-addition is necessary, dust p~rw:b!lewn,too.

P

I
I

N. IWda
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Summary

- A thin boron film is attractive as the

protecting layer of the first wall

- It protects the surface against energetic

particles such as CX neutrals of He, D, T

- Boron layer could be stable and resistant

to erosion because of redeposition of B-H

compound during operation

- Gross immigration of boron atoms is one

of the big problems to be investigated

‘AL’Nods

. . . . . ..-



MST-6tSep 971RCc-269a

Fabrication and High Heat Flux
Testing of Plasma Sprayed Beryllium

ITER First Wall Mock-Ups

R. G. Castro ancl K. E. Elliott
Los Alamos National Laboratory

Materials Science and Technology Division
Los Alarms, New Mexico 875455 WA

R, D, Watson and D. L. Youchison
Sandia National Laboratory

Fusion Technology Department
Albuquerque, New Mexico 87185, USA

K. T. Slattery
High Energy Systems
The Boeing Company

St. Louis, Missouri 63166, USA
.

Eleryllium Atomization LOSAlamos
— and Thermal Spray I=acility

ftfafmink Scienw and Tech/Io@w —



MST-6/JIIl 96/RC-c192

US. Material and Joining Option Selections for ITERFirst-Wall/Shield Modules—-
l.imik?r Heat Flux

Modules (MW/m2)
I

1

FirstWall 5.0

[

———— ——— ———
Shield Body

Primary FW Heat Flux

Modules (MW/m2)

FirstWall 0,5

t

———— ——— ———
Shield Body

~

Siructura/ Alloy

(primary, backup)

P: SS=DSCu (Al-25,IGO)
(950°CHIP, StOW

cool will degradePH
properties).

B: CuNiBe (Hycon-3HP,
AT) (May consider
Alloy-3due to lower .
heatflux.)

,—— — ——— ———— —
CastltllP(SS316L-IG)

P: SS=DSCu (AI-25, IGO)
B: CuNiBe (Hycon=3HP,

AT)

Casf/HIP(SS316L-IG)

Armorl

Segment Joint

Be: EP CU-CU DB at 450”C

Be: A1-Si HIP-Brazeat 600”C

Be: Low Press Plasma Spray
(LANL process).—— — ———— ———— —

Modulesize consistentwith
single cast/HIP piece.

Armor/

Segment ~oint ,

Be: Low Press Plasma Spray
(LANL process)

Be: EP CU-CU DB at 450”C
Be: A1-Si HIP-Braze at 600”C
Modulesizeconsistentwith

I single cast/HIP piece.

Comment

Initial 950°C HIP to form SS-CU
structure, Then attach armor.

Could use EP to pre-jointilesinto
matrixpriortocanning.

A1-Si process adequate for FW heat
flux. Plasma spray Ti diffusion
barrier and A1-Si after 950”C HIP cycle.

See below. Propertiesneed to be
verified for limiter heatfluxes..—————————————————.

Need mechanical properties, vacuum,
ferrite, irrad data. Also need to verify
core length limits. ~

Comment

Plasma spray process has achieved
properties sufficient for primary first
wall. Low-cost way to coat large areas.
Demonstrated 80% deposition rate
coats5 mm over 1 mz area in 1 hour.

See above.
See above..—— — ———— ———— ——— ——— .
Same as for limiter module.

y
w Note: DS Cu selectedwhere manufacturingcyclerequires temperaturesexceeding600”C for extended periods. PHalloys preferred
w elsewhere dueto weldabilityandcost advantages.Armor joining options are listed in order of priority.

Beryllium Atc)mizatkm
LOS Alamos —–— and Thermal Spray Facilily MIWM %ifwl:(?aflll7e(:/I/l(@/}’

. . ,.. .—
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MST-61?vlay961RC-C170

Knurled Surfaces - EDM Machined

Copper Aluminum

A
0.076 mm -0.003”

~ Radius =
y (0,125 mm =0.006
wWl 1

f3eryllium Atomization
— and Thermal Spray Facility Los Alamos —

Ahlwials Stimce and Technology

. .



MST-61Apr961RC-C134

Fabrication of EBTS Divertor Mock-Ups
4

/
I

Diverto
Mock-U

L&--

I Thermocouple

StainlessSteel
Run-OffPlates

I
Beryllium Atomization

‘and Thermal Spray Facility Los Alamos —
lhle~iak Science and Techfto/ogy

/



MST-6/JAug95/RC-cl 07

Processing Conditions for Fabricating EBTS Mock-Ups

T/A Parameters

Peak Amps (A)

Background Amps

Pulser (on/off)

Chamber Pressure

Plasma Torch Current (A)

Substrate PreheatTemp

Distance (cm)

Settings Torch Parameters Settings

40 Arc Gas (Ar) 40 slm

40 Secondary Gas (H2) 1 slm

(off) Powder Gas (Ar) 1 slm

40 torr Feed Rate(lb/h) -1 ‘

400 Current (A) 400

550-600”C volts 35

10cm Chamber Pressure 400-450torr

Substrate Temp 550-600”C

Beryllium Atomization Los Alamos —
‘and Thermal Spray Facility M-mink S(lkm:(? mid T(?c/t/lokx/r

-.. . . .

—
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MST-6/Ott 97/RC-c279

I

Machining Bery Iium Plasma Sprayed EBTS Mockups

-

87mm long, 25mm wide coated area

A BArl AUA13

Armor an d Heat SinkDia9um
14mm diameter, 65mm
long Iurned down end 4

67mm
* 10mm hole bored

I

16mm
16mm swagelock fittings

.,

Prmor Th rmo~e o.up.le_u-oJQJ-[a9LwJ
holes centered
1.5mm from edge

AB A BABAB
13mm A

View A-A
Vca

Thermocouples on each side of mock-up are Ihe same type

[3eryiliunl AJqmizatim—— . ——. Los Akmlc)s ------
and Nwrrnal ~13ray Facility

—-—----- — .——..!--.—— —
ll.?allvl.lls:+;t!ll!:ia :1/11/fl!l;l%t~!;t!l;l

..—.



A4S1’-6/Ocl 97/RC-c280
I

~ Machining of Subcastellationsup

S.ub-Ca@dd~im D iaaram:

1mm lmm (2P1cs)

+t- 41= 705m,m(?plcs)

7.5mm

t

Slot depth: Completely remove any interlayer. Do not cut inlo
heat sink more than 0.12mm, Note: Depth same as other slots

Beryl(ium Atoniization --—— .— ———..-.-.—— –—-– Los Alalllos -..----”.— ~IM‘IWxmal ~pray Facility Lfdlhvi,lk.S’(’1,.1:1.!’,tllilh’lflf:h?l
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I

Summary: High Heat Flux Test - Mockup 96-29

1 MW/m2
3000 cycles
no damage

3 MW/m2
10 cycles
cracked

1 MW/m2
3000 cycles
no damage

3 MW/m2
10 cycles
cracked

.“rnr=q~l
\

knurled surface

1 MW/m2
3000 cycles
no damage

c

1 MWJm2
3000 cycles
no damage

D

1CuNi13e

ID 10 mm

. . . . . .-



4
Summary: High Heat l?lux Test - Mockup 96-33

5 mm

r

1 MWlm2
1400 cycle5
no damage

5 MW/m2
40 cycles
cracked

I“lm

1 MW/m2
1400 cycles
no damage

5 MW/m2
40 cycles
cracked

B

1 MWhn2
1400 cycles
no damage

c

II 11- i I L

ICuCrZr

D

\ knurled surface
\ Al inkwlayer

D



EBTS Mockup 96=29 Be/Cu

.,

. .
.,

. Cracks may initiate at unmelted particles “
c No evidence of cracking at root of castellation
o Cracks extend parallel to the Be/Cu interface
QCracks may be extending along unmelted particles

.- . . . . .. . ..
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MST-6/Ott 97/RC-c284

DOE Newsnote 1/10/97

Plasma Sprayed bervllium First Wall Mockup Survives

3000 HHF Cvcles

A plasma-sprayed beryllium IITERfirst wail mockup
fabricated by LANL has survived 3000 thermal fatigue cycles
at 1 MW/mzwithout damage during testing at the Plasma
Materials Test Facility at Sandia National Laboratories. This
heat flux is four times the expected average heat flux for
ITER primary first wall modules (0.25 MW/mz)5and is twice
the peak design heat flux (0.5 MW/mz). These successful
results demonstrate the potential for using plasma-sprayed
beryllium as a method for both initial fabrication and for in-
situ repair of eroded beryllium armor-tiles in ITER.

Beryllium Atomization Los Alamos —.—.— and Thermal Spray Facility IU7/cIi71s SfYcnf:o,7ndTIY,YVW1OJW

1.’. . ----



Development of PI% Armor LJtilking
Vacuum Plasma Spray Processes

Scott O’Dell

and

Timothy McKechnie

Plasma Processes Inc.



FabricationTechnquefor MockupSBIR Phase

!

Cu Alloy Heat Sink
\ I.~

““y vPsDepos@dwAmor
.

1
}Plasma Gun

\

L
PJasmaFlame

,Molten Materiai

i

CuAlloy HeatSink .

1 \ i

PW-3
.

-W ~de-to-side
~m Ofplasmaspray

Wasamltmdates
dotwnaxisofmockup.

afterdepositionoftotal
dfinalmachini~



.— —

●

a)
3

N

0
z
00

‘2
0
U)

U)

a)
3

‘a

Al
94

●

E ., ~..f. . . ..:.+. . :..~, ’.:..’.
., .’ ~,. . . ‘,. -

. ‘. .“:- -’ ~“ ~.
. ., “ ;..’ . .

.: ”:’: : .,. ,,,,. ,,.. . . ‘, . . . ,

0r+

L

.9
.4

,. .,, “..’:
.’ -,..” ,’, ->,>

. . . .. ’- -’ . . ..”,
. .. “- -.’ ,?: ., ,..-..-’ ... ,.$. ~-,%

. . . . . .,.
. >.- . :. \

+.
. :“ .. .

‘. .,:
. . :. ,.’. .,

, .% .,’.
‘. .,

.,, A ‘ -.

.
s.-

. ,.. .. .
. .’

3’:...;.’’.:: .“ >
.*

‘
.

.
..

.

.’” ~. E?
-xl-l

,. .-. -.. .
.,*. ~ ,’. .

VIH-1OCI



I

.i

.<

..,:..

. .
i

“!?.;..,..,,’
,,.’

,;,
!~
. ..

,.,,:,’
~’
/,. .,.;.
,,.
,.

,.
, .,

,>,,,
;;
!.,

‘.

,,

‘i,,..,.,;,
! ! J.,
.<
,,

,,

Thermal Conductivity of VW Be and VHP Be
as a Function of Temperature

250

1

“~ VPS Beryllium

225 -e” VHP Beryllium S-65

200-

175-

150-

125-

100-

75-

50-

25 1
0 I

I I I I I 1

0 100 200 300 400 500 600

4
H

Temperature (C)
H
~

~plasrna processes Inc.1-

.
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Stress Analysis of Armor Joint .

ABAQUS Finite
h

Element Model
(SNL)

2-D plane stress

Elastic

Temp.
props.

behavior

dependent

2000
node

elements (8-
quad)

~ Plasma Processes Inc..

1 MW/m2

m

T5 mm

w 4

5/1 7/97

-.. —. ..-. ... —....- . . . . .... . ..-. —._ . . . .. . . . . . .
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EvolutionofPlasmaFacingComponentArmor

Continuous Armor
4 67mm >

Cu Alloy Heat Sink !
--l i

87mm
< >

Subcastellated Armor
d 67mm >

J I

Cu Alloy Heat Sink I

67mm< >

. c

.

Castellated Armor
< 87mm > <9

mT Iomm
v

:0T16mrfi

v

87mm
< ●

B

Mini-Brush Armor

4
Figure 7-The evolution of plasmafacing component armor from the continuouscovering to the mini-brush structure.

H
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l-l
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o
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‘ Vacuum Plasma Spray Brush Armor
for Plasma Facing Components

~-””’’’’””~

●

e

●

●

Process is applicable to many
different materials, i.e., W, Be,
Carbon Composites

Structure minimizes stress
singularity of a flat bond line “

Grain orientation of the brush
maximizes heat transfer to the
copper alloy heat sink

Small cross-sectional area
reduces stress at interface (FEM)

I
VPSCu I

Plasma Processes Inc. 7/1 4/97
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Bonding Brush to Cu Alloy Heat Sink

W Brush

VPS Cu

i30ndline

Cl] AIlojI

o VPS Cu and heat sink

~,
.

As-HIP, 25x ‘

material.cleaned and coated
. Components placed in intimate contact in
● Joining accomplished through 450°C HIP
● Note penetration of W brush into VPS CLI

Inc.

HIP can

b
.,,:,

<“

.,-,
. . ,.

,.
:.<. .
‘:.

‘,

.’

●
✌✎✎

✼✎✌ ✌✌

with PVD Ni

diffusion bonding process
(-lmm) for can #’107@m V97-83A)
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Optimization of Tip Design

● Surface condition

● Coatings on tips
(25-50 micron)

● Copper alloys

● Tip angles and
depth of penetration
in VPS Cu

Cap
Bundle of 19Rods: [., I
18 are27mm long
1 is 55mm long
All are 3. 16mm dia.

Plasma Sprayed Coating on End

~ Plasma Processes Inc.~
I-J
1-
1-

. . . . . . . ... . . ... . . .. ... . . . . .
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ALPS Summary

ALPS Working Group

Presented by Dai-IKaiSze
Argonne National Laboratory

A1*gonne,IL.
>$

US-Japall Worlishop on
High Heat Flux Components & Plasma Surface

Interactions for next Fusion Devices, San Francisco
December 8-11,1997
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, Key Questions

4t
. What are the heat flux and power density limits for liquid free-!

surface systems?

I
. VVhat we the maximum allowable evaporation rates for

liquids that still insure stable plasma operation?
,.I,,,
;>,‘}
.J

;;
,.

,’

‘1

I,!

. How stable is the liquid surface during normal and off=normal
conditions?

. How will the liquid free-surface systems alter the plasma
, edge conditions?
I
I
I

. How will the
systems?
y

1
w

iquid free-surface systems affect other fusion

.—---- . . . .. . . . . . . . . .
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Initial Assessment of Issues and R&D
Liquid Plasma-Facing Components

for

Issue
i

R&D Needs
Sputtering and redeposition Assess sputtering yields along with sheath and

near-surface transport at liquid surfaces by
hydrogen, helium, and self-sputtering. Validate
models with plasma experiments.

Species transport to plasma. Measure H, He and self-sputtering rate vs.
energy for Ll, Ga, L&b, Sn and Flibe and other
canditate liquids. Model/measure edge plasma
transport from liquid surface.

Plasma-1iquid interface stability Modeling and data on plasma momentum flux
effects. Modeling and data on electric field and
currenteffects.

Tritium (and He) removal Measure tritium and deuterium uptake in TPE
and DiMES for candidate liquids, respectively.
Determine basic thermophysical properties.
Benchmark DIFFUSE with TPE, and DiMES
data. Define tritium extraction system, estimate
size and cost. Determine tritium inventory using
DIFFUSE

Integrated plasma tests Multiple effect liquid surface / plasma interaction
tests in PISCES, DiMES, DID33 tests.

Power density iimits and heat Calculate MHD external pressure drop. Define
removal maximumallowabletemperature.Evaluate

thermalresponseto establishmaximum q.
Producebenchmarkheattransferdata

MKD Behavior of Liquid Metai Develop models of flows of free surfaces
Free Surfaces including internal recirculation and turbulent

fluctuations. Provide benchmark data for internal
flows.

Insulator Coating Development Develop insulator coatings and test in-situ
resistivity. Determine irradiation effects on
coating resistivi~.

Radioactivity Define existing and goal impurity levels. Identify
chemical processes needed for impurity removal.
Identify missing cross section data data and dose
conversion factors.Investigate waste
management and safety characteristics of liquid
candidates and associated structure materials and
insulator coatings.

Tritium Fuel Cycle Develop models for overall fuel cycle
Material transport to vacuum Plasma tests with liquid at high temperature.

pump Model the transport of liquid to the vacuum
pumping system I

x-lo
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Examples of liquid surface diveflor systems

(a) (b)

point

...........................o....!............................................ ...........................
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

“=~~ti%w~T=>;:;:’”......................................................................................................................................................................................................................................................................................................,..............................
\ / charged

-?.+

. ------ -------- -------- ----------
------- ----..”- ------- --------

------- -------- -.- ””--- -. ””....” --
-------- --------- ------- “-.. . . ..-. ------- ------ -------------- . ..”-------

-------- . . . . . . . . ------- l-.-”.
------ ------- -- ..”--- . ------- ---=

(c)

iiII

(a) Droplet double-null option, (b)”Liquid flow over diverter
plate option and (c) Stagnant pool with separate cooling

y*+
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Possible Materials, Configuration, and Confinement
Options

~ Liquid species
Li, Pb-17Li, Ga, Flibe, Sn, Flibe, Al, A1-Si

\
● Flow configuration

i

Fast film, droplets, water fall, stagnant film, pool, backside
I

impinging jet

. Confinement
I

Tokamak, Advanced Tokamak, SphericalTorus, Field
Reversed Configuration, Stellerator

● Near term objective is to reduce the number of
options under consideration



●

●

primary Objectives of the Evaluation Phase

Demonstrate that the advantages of free-surface liquid
systems are real

One or more concepts are feasible
planned

Provide sufficient confidence in their
significant follow-on activity can proceed

and could operate as

operation such that a

Installation of prototypes into plasma confinement devices.



y
IQ
*

There are Three, Closely Integrated Activities

g Concept Evaluation

. PM1/Transport

. Engineering

~ PMl~ransport and Engineering support the Evaluation
- Review and summary of the existing database
- Application of state-of-the-art models
- Providing key experimental data
- Developing improved codes.



Fig. 2-1 Evaluation Phase Schedule
Surface Liquid Plasma Facing Systems

Area I FYI 998 I FYI 999 I FY2000 I

Concept
Evaluation

PM1/Transport

Engineering

Decision o Feasibility

&
n

i

AdvancedConcept

Modeling (Scrap 3-off layer, Impurity transp xt ,Erosion
Design

lRede~osition. Dis uptions, Surface recomblr@tiorr/release)

i

t ik

Modeling(MHD, Th-Hy, Safety, Vacuum pumping, Environment, Tritium)

4
T F

Begin Design

Ii

Specific Experiment

. .. . ,.. . .. . . . ..
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Scoping Phase Tasks

● Near Term Tasks for PM1/Transpott
Chamber surface configuration of conventional and alternate
concepts
Reference design physics parameters
Allowable impurity fraction
Impurity operation fraction
Distribution of first wall and divertor heat flux

.’!

o Near Term Tasks for Engineering
. Preliminary liquid flow calculations
e Preliminary heat transfer calculations
Q Preliminary estimates on liquid temperature limits
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Performance Goals for Attractive Fusion Energy Systems

Attribute Minimum Goal Grand
Challenge

Coolant Inlet/Outlet Temperature ‘C)
\

250/500 250/1 000
(goal of 45?4 conversion efficiency

Peak / Average Neutron Wall Load (MW/m2) 6/3 20/10

Peak / Average Heat Flux (MW/m2) 5/2 50/ 20

First Wall Fluence Lifetime (MW-y/m2) 10 20

First Wall Erosion Lifetime (y) 2 00

Time to Repair/Replace <1 month <1 week

Average Cost of Core Materials ($/kg) 100 <50

Waste Disposal Limit Class C Class C
Major All

Components Components

Worst-Case Accident Dose at Site Boundary 1 rem 0.1 rem

. .. . . . —.. . . . . .-. . ...—
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Set of Device Parameters for ARIESWRS

Plasma major radius
Plasma minor radius
Divertor plate toroidal width
12ivertor plate length
Magnetic field on axis
Plasma current
Neutron wall load normal to divertor
Total transport power
Divertor sutiace heating
Average divertor surface heat flux
Peak divertor sutiace heat flux
Heat exchanger outlet/inlet temperature
Plasma Zeff
Mid-plane SOL thickness
He exhaust rate
H exhaust rate
ne(a)

5.5 m
1.4m
1.5-2 m
-1 m
8.0 T
11.32 MA
-“1 MW/m2
431 MW
348 MW
2 MW/m2
6 MW/m2
6101330 ‘C
1.7
1 cm
7.7 x 102%
1000 Torr-lls
0.6xI 020 lm3



PMl~ransport Proposed Tasks

. Priority 1: (Needed in the first 3 to 6 months of the study)

●

●

●

●

Chamber surface configuration of conventional and alternate concepts
Reference design physics parameters
Allowable impurity fraction
Impurity operation fraction

(Defined as: The First wall and divertor having the same heat flux)

. . .. .. .
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PM1/Transpoti Proposed Tasks (Cont.)

~ Priority 2: (Some results can be generated in the first year of
the study and beyond)

Reference solid surface design: .. . .
e

●

●

Definitionof a solidsurface referencedivertordesign
PMI, basic and integrated data, for modeling and experiments:
Sputtering yield of relevant liquid materials from hydrogen, He and self-

●

●

●

●

●

●

●

sputtering
Basic data on trapping and up-take of hydrogen and He
Design limits modeling
Erosion and redeposition integrated data
Disruption simulations
Review of TFTR results
PMI integrated transient effects modeling
Heated DiMES *I

Transport, basic and integrated, data for analysis, modeling and experiments:
. Transport of impurities at divertor, SOL, core... modeling
. Transport of impurities at divertor, SOL, core... experiments
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,

Priority 1: Initial

Engineering Proposed Tasks

Assessment of Candidate Heat Removal I

Surfaces (Results needed in the first 6 months of the study)
● Preliminary liquid flow calculation’s
. Preliminary heat transfer calculations
. Preliminary estimates on liquid temperature limits

Priority 2: General System Analysis of Candidate Heat
Removal Surfaces (Some results can be generated in the first
year of the study and beyond)

Modeling
. Limits on material transport (plasma/pumps) (to refine the temperature limit on

the liquid surface)
e Effect of transients and disruptions
. Waste management evaluation
. Continued heat transfer/ liquid flow calculations



Engineering Proposed Tasks (Cont.)

c Priority 2 (Contn)
Expefimen~ ‘
Properties of tritium in candidate liquids
Activation cross sections and corresponding dose conversion factors
(including impurities)
Insulator coating development for liquid metals

. Priority 3: Detailed Engineering Performance Analysis of
Promising Concepts (Possibly be done in the second or
third year of the studv)

●

●

●

Mod61ing
dJ

MHD flow behavior of free-sutface liquid metals
Heat transfer
System response under off-normal conditions (scoping calculations)

Experiment
MHD flow characteristics of free-surface liquid metals
Thermalhydraulic/High Heat Flux tests in a high magnetic field,

.—.. . ~“.
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Task Priorities, Strawman

Physics/Engineering Parameters
Focus

Materials

on advanced tokamak (ARIES - RS)

Database
Lists of needed data
Review of existing database
Needed R&D

Establish the limitations of Li and Ga (Selection of materials)
Allowable evaporation
Core impurity limits
Edge transport and recycling

Design Selection Criteria (Selection of engineering concepts)

-.. ----- . . . .. . . -.. -. .
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Comments on Heat “Transfer in Liquid
Surface Plasma Facing Components

Richard Nygren (Sandia)

This work represents preliminary ideas being discussed in
two recently formed US programs, APS and APEX.

●

●

●

●

basics concerns about what limits heat transfer
specific issues regarding “waterfalls” and “droplet screens”
general questions about how we measure heat transfer
comment about global power loads on liquid surface PFCS

(i!E!ilSandia US-Japan Workshop on High Heat Flux Components &

National ~ Plasma Surface Interactions for Next Fusion Devices
)4 laboratories San Francisco December 8-11, 1997
b@

. . . . . . .- ...- . . ..-. .“. . —.. .- .
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ALPS basic issue: What limits heat remova! in liquid surface PFCS?

heat e

transfer ●

near surface heat transfer limits heat removal capability
MHD effects dominate (for liquid metals)

1● appropriate experiments (B + HHF) may be challenging

surface
stability

● sputtering erosion from liquid surfaces
● plasma wind effects ~
● transients (e. g., disruptions)
● problem of collection of “free flow” systems

(iEilSandia
National
laboratories

‘1.,.,!
....
.,
‘1



mSandia
National
laboratories

Basic HHF Limits on Cell Size

50 MW/m2

A T=I05”C, O.lmm Li

AT=285°C, 2mm CuCrZr

A T=500”C (too much),

h=.1 MW/m2-K.

water,

need h-l
heat pipes

-z

(q>loo MWlm2 )

distance for flowinq Li to reach 500”C from 220°

2.5 mm (t=O.0025)at 1 m/s with 50 MW/mZ
24.5 mm atl Om/s with 50 MW/mz

\

. ..-. .----- -. ..—
“.



T rise inLiwith50 MW/mZ
4000

3000

gzooo

1000

I 400 sJ--0

—. ‘-

High ~ and enhanced heat
transfer (turbulence) ‘“
decrease the temperature
gradient.

The surface temperature
always exceeds the bu
temperature.

‘~10.084s bulk reaches 620 C I
I I 1

10.005s surface reaches 620 C

z(I m/s) = 84mm
z(I Ore/s)= 0.84m

Z(1
Z(1

m/s) = 5mm
Ore/s)= 50mm (iii)Sandia

National
ldmatnns



‘1.

Heat Acce~tance Limit

● Iaminar ‘(MHD slug) flow has
high temperature gradient

liquid metal
flowing film

● limit is probably evaporation
rate at the maximum surface
temperature

● total power is more important
than heat flux profile

● mixing is”necessary for long
flow paths

(mlSandia
National
Laboratorit?s

. . .-. ..



Heat Source?

● e-beam: 40keV e- R L~r~Or<l mm
in 1T field, not feasible in B field.

o laser: High power steady state
laser needed, feasible, $$.

● neutral beam: Feasible, $$.

● sun: Feasible, SNLsolar facility
~ncentrator, -20 MWlm2).

mSandia
National
laboratories

liquid metal
flowing film

,:

I



liquid metal droplet curtain

=! , Resolution?

Sandia
Nationai
laboratories

heat fftix
absorbed/ref Iected

Drop moves 33mm
in 1/30s (IR frame)
at 1Ore/s,

Emmisivity?

Pixel size?

rotation, shape,
internal circulation

..

..
. ...- . .. . . . . ... ..
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ADVANTAGESOFHELIUMCOOLING.

● Safetyleaks not serious

. Ilelium characteristics

– Chemicallyinert

– IWwtronicallyinert

– No phase changes

● Developed technology

– I=leattransfer

– Purification (including tritium reeovery)

. Maintenanceadvantages

– No activation

– No trace heating

115-94
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SNLAHELIUMLOOP
)’4
LJ
00

Prewwre= 4 MPa

Fiow ❑ 23 g/see

Pressure drop = 0.5 bar

Heliutn inkt temperature 20° to 45°C

Heat flux source electron beam

– Beam Power 30 kW

— 57 cm diameter and 96 cm long vacuum chamber

– Maximum sam~le size ❑ 25cm l~n~

I

1 u
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FINS:
PITCH ❑ 1mm

THICKNESS ❑ 0.4 mm

111111
HEAT FLUX

Wwww +

Uuuuuuuuuu~~mm
--+ I+ 25 mm

MATERIAL:Dispersionstrengthenedcopper

(GLIDCOPby SCM)

RESULTSOFTESTSATSNLA

AT INLET PRESSURE ❑ 4 MPa

Flow Rate HeatFIUX PeakSurface PumpingPower

(kgIs) (MWlm2) Temperature [w (%of
(Qc) power removed)]

. . . . . . . . .
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{ POROUS NETAL HEAT EXCHANGER \

where
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:++WLI’”

Is the heat flux, W/m*
k the porosity
is thermal conductivity of the wick, W/m/°C
Is the surface area of the porous medium, m2/rn3
is the wall-to-fi~id temperature drop°C, and
is the local particle to fluid convective heat transfer

coefficient, W/m2/0 C
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IIELIUM-COOLED VANADIUM MODULE

internalsurface ~ Heat transfer enhancements provide a 3MW/m2 capability ......>..

237-95.csa
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Heat Flux

GA DIVERTOR MODULE

RESULTS OF DECEMBER 7, 1994 TESTING
AT SANDIA NATIONAL LABORATORY, ALBUQUERQUE

Area
( Cm2)

Limited

------------------------ “------- . --------- ” ------------- -“-

By

,.---------------------”- --- ”------
9

18

34

MW/m2 20.0 FacilityLimit

MW/mz 5.8 Surface Temperature

MW/m2 2.0 All Objectives

700 Oc

, .- . . .. . -—-. . . . . . . . . ..— . .. . .
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FUTURE PLANS

Helium cooled Faraday Shield Antenna to be
tested on DIII=D within next few months

..._-. .- -. ... . . . . . ..-
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1 CONCLUSION

IT is feasible to remove a steady state heat flux in
excess of 5 MW/mA2 with helium cooling at a
moderate pressure ( 4 MPa ) and modest pumping
power ( 5 % ).

)’4
h
w

-------- . . ..—.—.. . .



—. — -. _.~ . .———— .—— —

.

Advanced Plasma Facing .Component by

using Multi-layer Coated Pebbles

(Comments on liquid/pebble divertor)

1 ●

2 9

3 .

M. kmbe, M. Nishikawa
Graduate School of Engineering,

Osaka University
(presented by Y. U&da)

.

. Outline
Basic concept of pebble drop divertor

Diverter pebble and performance of

pebble drop divertor

A. Maximum heat load
B. Fuel pumping function

Conclusions

ra-High Temperature Engkeering Lab; Electromagnetic Energy Eng. Course
Grad. School of Eng., Osoka.Unfverslfy
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Basic concept of pebble drop divertor
using multi-layer coated pebbles

Small (about diameter of 1-2 mm) special “coatedpebbles
.

are used as divertor surface. This pebbles consists of ceranuc

m.icrosti-ierical kernel, coating Iaver for tritium ~ermeation

barrier and plasmdlckg laver.

Drop Controller

“Diverter

(pebble cufiain)

I

I Regenerator 14=====
+

1 I

Pumped out fuel gas

Functional Scheme of pebble drop diverter”

L Supra-High Temperature Engineering Lab; Electromagnetic Energy Eng. Course —

v

Grad. School of Eng. Osaka hive~.~
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.

Multi-layer coated pebble

TritiumPermeationBarrier(TBL)
Tritium permeation barrier layer prevents

the diffusion of tritium from the PFL to the
kernel and reduces the tritium retention in the
bulk of pebble. -

\

‘%
4

Plasma Facing La
am)

Plasma facing layer is
oDtifized for the
c~mpatibility with core
plasma. By using hydrogen
gettering material, the
pebbles have a function of
fuel gas pumping.

Kernel
A kernel sustains mechanical

force and thermal stress. It also
determines the heat
capacity of a pebble.

L v FF
Supra-High Temperature Engineering Lab.; Elecfna?wgneffc Energy Eng. Course

Grad. School of Eng., Osaka Urb%’efdfy
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Advantages of pebble‘diverter

. Using insulator kernels, pebble circulation is not subject to
M~- effects.

● Heat removal and fuel gas pumping can be realized
simultaneously.

. Using tritium pemmation barrier, the tritium retention of
divertor pebbles can be significantly reduced. .

c Continuous replacement of eroded surface is possible.

● The fabrication technology .of.multi-layer coated pebble has
been developed for High Temperature Gas-Cooled Fission
Reactor’s fuel particle.

~Supra-High Temperature Engineering Lab; Electromagnetic EnergyEng. Course —

“ad”* m’OfEng” ‘saka”nb’7w5Tv
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Typical Stress Distribution
in the Divertor Pebble
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Tensile

A pebble will be safe if surface compressive stress
does not exceed the compressive strength of the kernel

-+

+
—

.3 0.2 0.4 0.6 0.8 1‘0 Compressiver/a

Radial stress shows maximum tensile force at the center of
the pebble

QAngular stress shows maximum tensile force at the center
of the pebble and maximum
surface.

comm-essive force at the
1.

— —

material.
k~Supra-High Temperature Engineering Lab.; ~’=ti-gnetic ‘ner9Y‘“9”Co”rs

Grad. Schoof of Eng., Osuka Uruversiiy



Maximum Heat Load of Various
Kernel Materials

Irradiation duration: 30ms

.

,..

..”

6 ~’

3
..........,:-.’”.-,.. : ..

. .
—r!+& “.

‘Al o j23

i

‘“0.0 0.5 1.0 1.5
Pebble Radius [mm]

the diverter pebble of 0.5- 1 mm in

2.0

radius is used, all
. .

candidate materials can be used in 15 MW/m2 of sutiace heal

flux.

\ -Y●High Temperature Eng~eering Lab.; ‘Ktimgnetic ‘ne[gy‘9” cwf~- _
Grad. School of Eng. Osaka Udver$ky
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SurfaceTemperatureofpebbles

a)
u).-
L

1000

800

600

400

200

c

Heatflux :
Irradiation

30MWlm2
duration: 30 ms.

. .

.. .

. . ..-. . .
. .

,,.
...

1 f

,.

. .
,.

BeO .
0.0 0.5 1.0

Pebble radius

1.5 2.0

[mm]

Temperature EngineeringLab.; Ekcfrmwgnefic Energy Eng, Course
Grad. School of Eng., Osuka Unlverdfy
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Fuelgaspumpingperformance

Basic application of wall
Temperaturerise200K-

pumping
300K (droppingheight- lm)

Ref. A. Sagara, et.zil
“Design of Carbon Sheet Pump for LHD and
Demonstration of Hydrogen Pumping”

L“’i’’’’ l’’’’ l’J’’I’’’’ l’” l[’I’’I’’’’ 1’’’’ 1’” ●I .

operation 1.5keV D to Graphite
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Calculated saturated concentration
of hydrogen during irradiation
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Transient behavior of retained
hydrogen
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Estimation of pumping performance
of the pebble drop divertor

~The divertor surface area

Major radius of torus

Width of strike zone

:7m

:50mm about 4.4m2

●

●

Retained hydrogen: 5.5 x 1023/m’

Pebble flow rate: 4.4m/s (drop from lm in height)

+ 2.1x 1023hydrogen atoms/s

X7 /4

\ U31+ Supra-High Temperzkre Engineering Lab.: Elecfromagnetfc Energy Eng. Course
Grad. W%ml of Eng., OsakaUnlvemlfy



Conclusions ,

● The maximum heat load was determined by

the induced thermal stress in the pebble.

The diverter pebble 1-2 mm in diameter can

be used in 15MW/rn2 heat load.

● The pumping performance of pebble drop

divertor was numerically studied by

calculating mass balance equations. It was

found that dynamic retained hydrogen in the

pebble increased with heat load (particle

flux), and sufficient pumping could be

achieved.

%

+

Uectimagnetic Energy Eng Cou~-6k_Supra-High Temperature Engineering Lab.; ~,od~.~od~tf~g oa~o~tiVM~y-.,

..- ..,.,.--., ,,, ,,.,>. ..,. ,.. .—, . ... . .. .. .. .. ... . . O%. .
..—.



..

d
u)
u
IL
n

zm
6)
s

o
0“

E

CG
u)

(n

Y-

s
a
co

c

a.

i=

et’i

u)
g“

c
a).-
0
u)

A-bt). -. -- .

. ..-T .- ..-.



‘E
a)

a
ati+

-1
z
a

A-b I

,i : .,, :, .; .,, ., (,,J7,. ::-.<. -,, : ., ;n=:.# . :-s.,.--..;- .:- .+,.-.,.* :. -.--, .-...L... , . . . .



Table of Contents

1. Motivation of the present work

Technics issues on impurity contro technologies

2. Review of innovative PFC concepts

Liquid lithium waterfall divertor
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issues on the impurity control by PFC technolcjes

1. Wall conditioning-boronization, lithium injection, etc.:

Effective but saturable, necessitating re-conditioning.
Not desirable to steady-state reactors.

2. Tritium recovery necessary to meet the site regulation:

Codeposition leading to a continuous build”up of tritium,
Periodic removal of codeposited materials

3. Core plasma contamination by eroded PFC materials:

Low-Z materials preferred but limited lifetime.
Can we have a long-lifetime Iow-Z PFC ??

4. Heat removal:

Thermal conductivity being the key, quality control for
thousands of brazed tiles on heat sink becomes an issue.

FERP-UCISD
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~ Cbrnparison between conventional and moving-belt PFCS

ISSUE
.,

Lifetime

hl’lpurity

Heat remova

Tritium

MHD=effects

PM1-damages

Neutron effects

Stationary PFC

Limited (Iow=Z)

Periodic wail cond.

Conduction

Periodic removal

None ~ ~

Periodic repair

Radioactivity (Me, W)
Bubble formation (Be)

Movin~=belt PFC

Unlimited (w/gettering)

Continuous gettering

Radiation or contact

Continuous removal

Minimal (for sic)

Continuous repair

Reduced radioactivity
(for SiC)

I
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with ex=s
. .

‘ Moving-belt plasmwl%ing components
tu 13elt processing systems

!!3
E
~ —Low-Vacuum WaIl—

2’

[ Ii
.r.

A In-line Processing Systems
W

(< .--. : 1 1

IN
i+
Y

Tritium I Heat I~Getter I

MB-I?FC

~- -
Fusion
Device

Environment

v i I
Secondary
Pumping

System
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Table 1 MB-PFC system QDcrating ccmditions and belt Drooerties*.
13eItlength, L . . 20 m
Elelt width, W Im

Belt thickness, tb 1 mm”
Belt density, p . 2.2 g/crn3. “ . .
Belt speed, vi” , 2nl/s
P1*ma interaction length, 1, ‘-- ‘ lm
Tri~ig,mrecovery section length, 1~ . 2m.
Getter-coati,ng section length, lZ 2m . .
Fuel plasma fluxes, r~ +r~ - each 0.995A/cm2 -

@Ygen impurity ffu~, ~0 ~ - . ---~)~~Vcn12- “~~ ““..~.-”
Particle.bombarding-ene:gy; E . . .
Iledeposltion”probability; PdcP~ 50% ““. .. “
13eitsurface temperature “ “ ‘- looo”c .’:. .’ ”.”
Surface einissivity,&. .. 0.8. ~ . ““.,
Geffer deposition efficiency, Y$(ti) -. 5~ % . . “. . ““..”:
The-tial conductivity, k : ~ 5 wkn-K - ‘“” ~~.
Heat”~apacity; CP., ~ ~. . . 0.710 J/gjK “~ :. . .. . ..
Thermal di~usivity, a ‘ . 0.032 :~ /s ‘“ -

fan-Boltirnan const ant 5,7x1 0 /sWlcm2-K4 .
‘Property dat,a for carbon inaterials are 1isted here. . .
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B

(1

,.

Erosionfateofa movingbelt(kkiependentofmovingspeed)”. .

r MB-net = met (lI/L): “llilut.ed” erosion overthebelt length
..

(2) Depositionrateoflow-Z gettermaterial(evaporationsource~)

rlvlB-depo. = re,,ap, (lJQ V $(i9)

‘Plasma spray is possiMe but coverage uniformity
moving-belt is a pdten-tial issue.

(S)Is “zero-erosion’9conditionpossibleatapracticalevaporation.,

sourcetemperature?-------”Y@!‘Y . .



Getter coating deposition

1E+20~
Li

1E+19 :

1E+18 :

.lE-I-17:

lE-t16 :

lEi-15 ;

1E+14 * , * , *,

0

, Be B

f

500 1000 1500 2000 2500 3000

Evaporation source temperature 0c)

. .

B

-D ““ “

revap.= Aeq”
..Iziiim

r MB-cicpo, z rcvap. (~2/lJ) v

:..

. .

. . . .. . . . . .

(+(e)

FERP=UCSD



Tkitium recovery and in-belt inventory

(1) TIWAI?+ TRIM.SP code calculation

(2)

(3)

Numerical
conditions

solution of diffusion equation with boundary
related to particle implantation in carbon.

High-recovery efficiency: 99!4
,!1

Xligilsurfacetemperatureafterplasmaexposure(lOOO°C)

Tritiuminventory:notanissuefor MBPFCS “

Slow (parabolic) increase due to bulk diffusion
until 1.8 x 109 rotations (each 10 see),Saturation not occur

i.e., 570 years !

F.ERP=.LKXD: m
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Tritium inventory and belt temperature du~ing one rotation ~
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Plasma expoiu~e section

Tritium recovery section

%
Temperature

Heat exchanger section
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Getter coating section
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Temperature

Tel ip. (c)
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Summary

1. Moving=belt PFC with ex-situ belt-processing systems have
been proposed for steady-state impurity control, heat
removal, and tritium recovery.

2. To minimize the MHD effects and induced radioactivity, semi-
metallic and semi-conductor materials such as CRCand
SiC-SiC fabrics are proposed as the belt materials. ~

3. In the case study assuming DT fluxes of 20kA/m2(at 100eV),

heat flux of 2MW/m2, belt temp. of 10OO°C, beit=speed 2m/s,
a MB-PFC system has demonstrated the following possible:
(1) Unlimited lifetime with non-saturable impurity gettering,
(2) Effective heat removal by radiation or contact heat transfer
(3) Efficient tritium recovery for long-term operation.

4. Optimization and limitations of MBuPFCS will be investigated,

5. Currently, the application for LHD is under discuiwion,

FERP-UCSD z
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Review of He Self-Pumping Concept
work by Jeff Brooks (ANL) and Richard Nygren (Sandia)

in collaboration with:

● Sandia surface physics lab (Doyle, Wampler, Walsh)
eANL chemistry lab (Krauss)
c IPP Garching surface physics lab
● PISCES group
● TEXTORgroup
e Ml? Alcator C4VKXIgroup

Papers by Nygren et al and Brooks et al. (He implantation and TEXTOR experiments)
10th PSI (Monterey, 1992, JNM 196-198), 9th PSI (Bournemouth, 1990 JNM 176-177)

mSmdia
National
laboratories
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Summary of work on He self pumping

concept proposed in 1980s by ANL and Sandia
He implantation work at low energies (400 eV)
TEXTOR He self pumping experiment
experimental plan for Alcator C-MOD
preliminary concepts for fusion reactors

Goal for He self pumping effort

● reestablish program
● perform follow on test (C-MOD?) ~
. fuflher developconceptsfw fusion reactors

c develop larger concept demonstration test
/

(iii)Sandia
M National
& , I.aboratorias
4
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Kev requirements for materials

● high probability of He trapping ● high Dvolubility, diffusivity
c high He saturation level ● no hydride formation

● temperature window: THereleasec TDrelease< Tmax operation

eadequate heat removal (good k)
Qadequate neutron ics
● self sputtering coefficient less than unity

Candidates: Ni, V, Fe, Nb, Mo, Ta

We have used Ni in our experiments.
.

mSandia
National
laboratories
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TEXTOR ex~eriment with ALT4 modular limiter..-
Two Ni plates with embedded heaters, a Ni deposition system.-..

1
TOROIDAL
DIRECTION

1 NE30ARD
COLLECTOR

rPLATE WITH

/

EME3EDDED
HEATERS

-.

I

I / —

II - / \u

/

\
OUTBOARD

NICKEL COLLECTOR
..

DEPQS I T ION PLATE :...
FILAMENTS

,

We operated the~plate at ~~56°C and did observe. . .. ..
.. He self pumping by comfiaririg He in the plasma in

(K!l
Sandia
National ‘ .shots with saturated” Ni to He’ in shots with fresh Ni.

, l.aljora@ies
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,. . . .
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TEXTOR ex~eriment: ~ost test analvsis

The two Ni plates were analyzed:
“ Rutherford backscattering (W, Ni, O, C, B)
Qelastic recoil detection (He)
c nuclear reaction analysis (D)

Both the inner plate (exposed to plasma) and the outer plate
had significant (1-2xI01G He/cmz) and roughly amounts of He.
The trapping by the outer plate implies that trapping of
reflected neutral He occurred and was important.

The inner plate had very little D, but did have significant
carbon deposition. (This might trap D but not He.)

m%ndia
National
laboratories

..



Concept development should explore:
●

●

e

●

●

●

●

erosion as source of host material
auxiliary deposition system
biasing to increase implantation depths
trapping located in a deposition region
trapping located to exploit reflected neutral He
realistic edge conditions including impurities
assessment of D/T recyc!ing along with He pumping

Materials development should include:
● samples that simulate a mix of impurities and host material
● materials directed toward specific designs~

e.g., system A for W walls, system B for Be walls

.

(iEl!kmdia
National ‘-- –
laboratories



A Strategy for Development of Helium Self Pumping

Richard Nygren, Sandia National Laboratories from June 1992 plan
Jeff Brooks, Argonne National Laboratory

A novel concept for helium (He) self pumping offers the potential to reduce and
simplify vacuum pumping and tritium processing in fusion reactors. This year an
ANL-Sandia-KFA team completed a successful proof-of-principle experiment of He
self pumping on TEXTOR. After a brief explanation of the He self pumping concept,
a proposed strategy for further development is outlined here.

To avoid diluting the plasma in a magnetic fusion reactor, He “ash” formed when
deuerium (D) and tritium (T’)combine, must be continually removed. Conventional
vacuum pumping poses the problem that the D and T (fuel) would be pumped along
with the He; this pumped fuel must then be recovered from the exhaust stream.
With He “self pumping”, there is no exhaust. He ions from the plasma are implanted
and trappedin a host materialat the plasmaedge. SimultaneouslyimplantedD
and T are mobile in the host material and diffuse out and recycle.

The TEXTOR experiment verified two important features of He self pumping. First,
the host material, nickel at about 450”C trapped He and no D from a D-20%He
plasma. Second, even with a relatively low edge temperature of 25 eV (at the throat
of ALT-1) and only 0.08 mz of host material, a significant fraction (5-1 0°/0) of the He in
the plasma was trapped. The amount of He pumped would have even been larger
but carbon contamination of the nickel decreased its capacity to trap He.

The next step in developing this concept is to confirm He self pumping in a diverted
plasma. In these experiments, the host material must be specifically chosen for the
plasma conditions present. For example, different host materials would be chosen
for a carbon machine than for a metal machine. Work in design and in materials
development is also necessa~ to support the development of a well founded
experiment.

Diverted Plasma: He self pumping involves ions accelerated through the sheath at
surfaces where magnetic flux lines are incident at an oblique angle and impofiant neutral
interactions, including reflection and trapping of energetic neutral He. These features
cannot now be well simulated outside a tokamak and an experiment with an IT R-like
(diverted) plasma is needed. F

Here are some guidelines specific to the configuration of a tokamak experiment}’ (1) A
prerequisite for tokamak experiments is a good understanding of the possible options for
the applications of He self pumping in ITER. (2) The trapping surface must be in a
depositionregionat the plasmaedgeratherthan a regionof erosion. (3) The placement
must permit adequate He pumping. (4) The configuration should exploit the trapping of
reflected energetic neutral He. (5)Plasma impurities should be representative of the end
application. For example, if impurity seeding in the ITER divertor is anticipated, then it
would be desirable to simulate this in the experiment. (6) The experiment will require
sufficient edge diagnostics to measure the He and H or D content, ne and Te at the plasma
edge at a minimum. (8) There will be limitations on how tokamak experiments represent
ITER applications. The aim of the experiment should be to maximize the He pumping and
deal effectively with the plasma conditicms (e.g., impurities) that will exist in the tokamak

x-97
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experiment itself. It can then be argued by analogy that effective solutions specific to ITER
can be obtained. The placement of the trapping surface in a tokamak experiment will be a
compromise based on the configurations of components, locations of diagnostics, etc. In
principle, compromises in placement that decrease He pumping can be compensated by
increasing the He in a H-He plasma. However, the basic objective should be to develop
an experiment in which particle fluxes, heat loads, impurities, etc. are as representative as
possible of ITER applications. This may mean that several experiments, each specific to a
certain application and range of conditions should be proposed and developed.

Ma~eria/s: The primary application of interest is for the ITERTechnology Phase, i.e., most
probably for an all metal machine (Be or W). He self pumping might also be considered for
a carbon machine, either for the Physics Phase or as the alternate for the Technology
Phase. Metal versus carbon is an important distinction because the primary issue for
carbon contaminated systems is probablydegradationof the He trapping capacity due to
carbon poisoning; whereas for all metal systems, the primaty issue is probably adequate
recycling of hydrogen. It is not necessary to argue for one instead of the other but simply to
recognize that there may be differing sets of issues for these applications.

Here are some guidelines related to materials. (1) Applications for the Technology Phase
of ITER should be tested in an all metal tokamak. (2) The impurity levels in the plasma
should be representative of the end application in ITER. (3) The product of the area,
integrated flux and the trapping rate (equal to the arrival rate of He times the pumping “
efficiency) must exceed the rate of He production. (4) The net rate of deposition of the host
material must exceed the He trapping rate divided by the atomic fraction of He at saturation
(fHe). (5) In materials development supporting tokamak experiments (e.g., He trapping and
H recycling studies), simulations of plasma surface interactions should be representative
of the surface impurities anticipated in the tokamak experiments.

Design : Several options for depositing the host material should be pursued. Criteria
should be developed that are specific to each option for each ITER application.

Here are some guidelines related to design. (1) The trapping surface must be replenished
at a rate that keeps up with the He production in the plasma. (2) If sputtering from an
adjacent region is the source then the sputtering rate will have to be great enough to
supply the desired deposition rate.

AIZ is a ratio of area-1 (erosion) to area-2 (deposition) and & is the loss of sputt~red

particles between the source and the region of deposition. 17sare the fluxes of &arious
plasma constituents in area-1 and area-2. Y’s are the sputtering yields which depend on
energy E. At area-2, rHe-z, rHe, and fHe are respectively the He flux, He trapping efficiency
and atomic fraction of trapped Heat saturation. (3) For a host material different from the
chamberanddepositedfrom a filament,a batchprocess wouldprobablybe necessaryh
which the surface would be isolated during the deposition process. It is conceivable that
this could be done mechanically and the outage for deposition would be rotated among
several pumping stations to provide sufficient pumping. (4) [f a “heat and dump” process
were used to release trapped He from the host material, then some type.nf isolation from
the plasma would be needed. Again it is conceivable that either the surface itself could be
moved mechanically or an interceding gate could be moved and rotation of active trapping
stations would provide continuous pumping.

X-98
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US–Japan Workshop on HHF Components and PSI for Next Fusion Devices

December 8-11, 1997, San Francisco

characterization of Liquid Metal Surface:

R. Bastasz*, R. Causey, and K. Wilson

Sandia National Laboratories
Livermore, California

“(tel: 510294-2013 email: bastasz@?sandia.gov)

toj3ics

● Use of liquid metals

● PMI effects at liquid

● Research needs
F@:SNM716:97t21fJjl

as plasma-facing

metal surfaces

sutiaces

(iii)

\

Potential advantages of liquid systems
for plasma facing components:

1.

2.

3.

4.

5.

6.

Unlimited erosion lifetime.

No neutron damage concerns.

High power density capability.

Active pumping of DT and/or He.

High temperature operation at high

Low pressure operation.

R&SNL871&9712!OOZ

. .. . .

efficiency.
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PM] research for Iiauid metal svstems

issue:

Need:

How will a liquid divertor surface behave
when bombarded by energetic particles?

Fundamental data on ion-liquidinteractions
needed to properly model conditions that will
be found in a fusion reactor.

Tasks:

Measure

Examine

Measure

RB:SNU71697121 W3

H and D sputtering of liquidmetals

liquid metal self-sputtering

surface composition and impu

T uptake and release
ity effects

(El

Lithium SeIf-Sputtering Yields:

TRIM Calculation Results ( for solid Li )

Energy

(eV) 0° 15° 30° 45° 60° 75°

10 =0 =0 =0 0.01 =0 o

20 0.01 0.02 0.04 0.14 0.16 =0

50 0.07 0.10 0.18 0.44 0.72 0.10

100 0.14 0.17 0.29 0.55 1.1 0.59

200 0.20 0.21 0.36 0.65 1.4 1.6

500 0.21 0.24 0.39 0.68 1.4 2.4

preliminary calculations (1997 August)

E2.S.NL871697121C04.
Sano’ia NaIional Moratories

.
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Liquid metal surfaces appear to be stratified.

density profile

-L<’1

?‘1
L

G
-% -x) o

z&)
-10,00,0 IO*O21.O30,0 40.0

Y-DIRECTION

side view of liquidsurface

S.o

-1

0

z
c1

%&g %w&fy 0 + ~%

o Oo
.-l

i
i

I
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References: P. D’Evelyn and S. A. Rice,
J. Chem. Phys. ~ (1983) 5081.
W. L. Morgan, J. Appl. Phys.fi(1989) 1265. ,7
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Self-sputtering simulations using a stratified
liquid-metal model show an enhanced
low-energy sputter yield.
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The composition of a liquid surface
can much different than the
composition of the bulk liquid.

. .

● The component with the lowest surface tension
tends to segregate to the surface.

● Forbinary liquids,the Gibbsian segregation rule is

● Example: the surface of the Gaa$ e#;;tic alloy.
surface composition:
bulk composition: ‘16.5% In

Reference: M. J. Regan, et al., Phys. Rev. B ~ (1997) 15874.

RSS.N!J871 6:97121007 m,

SandiaNationalLaboratories

‘ Surface tension of the elements as liquids
\
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Sandia National Laboratoti=
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Low-Energy
The primary

Ion Beam Laboratory:
research tools are ARIES & SIMS.

QARIES: Angle–ResolvedIon EnergySpectrometer

extremely surface-sensitive method for studying
ion-surface interactions.
measures energy and intensity of reflected
and ejected ions from surfaces.
provides fundamental data on sputtering, reflection,
composition, and structure. -

. SIMS: Secondary-Ion Mass Spectrometer
Y.

sensitive detector of atoms and molecules on sutfaces.
mass analyzes ions sputtered from the surface
(including H,D,T) and can measure depth profiles.
useful for characterizing the distributionof
impurities in the near-s-urfaceregion.

. RS5NL871&97121009 @l

‘)

The ARIES instrument measures the energy
and intensity of low-energy ions scattered
or recoiled in the forward direction.

rotatable
energy analyzer

UHV analysis chamber

RBSNIM7169712101O (@l



The SIMS instrument contains a low-energy
ion source, a quadruple analyzer, and a
heated sample stage (4 exchangeable samples).

. .>
..” .<

, i ‘“.. “..... ,. .- ., “.. \., .. ..

~.-:~. ,/

t~~
:
: i’ sample

J-<~~@ T

~. I / stage ~ -:- 1 I

RB:SNM716:97I21011
\ Sandia National Laboratories

Low-energy SIMS geometry is arranged to ‘
maximize depth res-olutionand sensitivity.

-31-
7.-.7’

‘E’’’’’+=
I 1

heated

‘* \m E
sample stage

t

1

PI impact at 75° reduces ii
ion range and recoil mixing.

:,.fi

QMS axis normal to sample 10eVto3keV

surface for efficient S1 prima~ ion source
collection.

m,
RB5NIJ871697121012

Sandia National Laboratories
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The Tritium Plasma Experiment (TPE) will play an
important role in the ALPS experiments. Several of the
experiments can only be completed with the use of Tritium

A high Temperature furnace already exists
on the TPE experiment. It can be used in
studies of triiium sofubility and diffusivity.

A new chamber can be bolted directly onto
the end of TPE. This chambercan be used
10houseseveraldiffererrlIypesofALPS
Prototypes. The liquid melal can be
directly measured for trifium uprake after
plasma exposure. Healed catcher plales
located in this special chamber can also
be used to determine the codeposition rate
of Iritium with the sputtered liquid metal.

Sandia National Laboratories

DiMES can be used to test ALPS concept.

heater cartridge d
Li reservoir
capillary

R8SNL871&97121013

Concept of
DiMES sample

for ALPS test

Study:

c stability
. erosion
Q transport

(m
.A -

.

.-,— ,,..,....,-- . .. . ,. ...
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Summarv: \

. Liquid metal surfaces can be:
o stratified
o compositionally altered
o transiently structured.

. Plasma-surface interactions at liquid metal surfaces
may be fundamentally different than at solid surfaces.

● Accurate data are needed for:

o t), T, and He pumping, retention, and release
o D,T, and He sputierifig yields
o Liquid metal self-sputtering yields
o Surface composition of liquidalloysand mixtures.

● A realistic model of plasma-surface
needs to be developed for liquids.

n~eractions

E!@,
SandiaNationalLaboratories

RB:SNLX71697I21014
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Section XI: Long Range PFC Development and Collaborations
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‘ Simulation Experiments on
Screening of Lithium
by boundary plasma

==== L[F measurementofU atom clensiiyprofile ——
H

Nagoya
Sugai and
University,

H. Toyoda
Nagoya, Japan

Ionization threshold of Li

Easily

5.4 eV

screenedby plasmaw
T

Redeposition of Li

Laboratory Wnulatim Experiment I

Lithium effusion from a orifice

RF helium plasma without magnetic field

ne=l011 cm-3, l&=3eV, 35 mTorr He

e XJF detection of [ith~umatom
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Hydrogen Absorption/Desorption
‘1
.,<.,
‘1

<,.

I
....

by Oxygen Contaminated Boron film
I

>1

,+

v< H. Eiki>
,, K. Tsuzuki

(Hokkaido University)

(National Inst. Fusion Science)
‘:+
.[
,...
:!

RHydrogen absorption is reduced by O contaminationi
L!

- Temperature for Max. resorption is not changed

-.. . .



u Impact of Oxygen on H-Behavior in B-film....
]{.J,Ii

Hydrogen pressure
0.021 L“’I’’’ l’’’ lJ’’I’’’I’’’l” J! “’1’4

L -1

“0,0205
~w glow dischargestart ~

0,018

F
0,0175

F

Amount Of absorbedH

Hdis afterOdis 5.4e16H/cm z

0,017 l-’ ‘ ‘ 1 I , 1 * I 1 i , I 1 -1

-2 0 2 4 6 8 10 12 14

Time (rein)

[Pure B film]
[Pure B film]

[B m
H

Hydrogen pressure

0’3 ~

0.2

0.15

0.1

0,05

0

1

0,25
Amount of DesorbedHz

(at room temperature) 1
Hdis_l

Hdis_2

Hdis after Odis

9.8e16 H/cm z

8,9e16 H/cm z

7.le16 H/cmz
I

0 20 40 60 80 100 ~ 120

Time [rein]

fully implanted by oxygen (BK3=3/2)]

absorption is reduced
-+ peak temperature becomes higher ‘?’?

More precise investigation needed for 0-contaminated B-films !!!

N. Noda
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Joining of CIC Composite with

Oxygen-Free Copper by Titanium Foil

Tatsuo OKU*, Yoshio IMAMURA*, Akira KU RUMADA*, Kiyohiro KAWAMATA*,

Nobuaki NO DA**, Yusuke KU BOTA** and Osamu MO TO JIMA**

* Faculty of Engineering, Ibaraki University

(4-12-1, Nakanarusawa, Hitachi, Ibaraki, 316, Japan) “

** National Institute for Fusion Science

(322-6, Oroshi, Toki, Gifu, 509-52, Japan)

PQ.upose
● lllevelopment of a joining material for LHD divertor

* Joining by titanium foil only

.

.- . -.



Joining material : (10x10 x40mms)

M “ CX-2002U (Rayon carbon fiber felt C/C composite)
~
- ● Oxygen-free copper
e

● Titanium foil (thickness : 50 IJ m, purity : 99.6%)

1
Joining condition : ~

● Argon gas, no-pressure .

s 10 minutes folding at !300-1000~

(heating rate : 40~/min,, cooling rate : 4°C/min. )

T;e E&$::
~“:”&~Q;&J.tifi@~@jn~ titirength (,8x4 x40mm3, 10mm and 30mm spans)

~)~:Ont;j.QJJLOjNS~hJd@~~~$iQju t~~t (13erkovich diamond indenter,

load : 4@}JQ~l$j.lo~din~speed : 2.2m N/s, holding time : 5s)

Parameter B : the slope at $~e maximum load point in load/depth versus depth

curve for loading tests (proportional to hardness and strength)

Pa”ramet,er D : the slope at the maximum load point in load/depth versus depth

curve for unloading tests (proportional to’ Young’s modulus)

● Observation if the microstructure by sll’lf



Results :
●

●

●

●

●

●

Success of joining above 9000

(eutectic alloy of Ti and Cu, formation of TiC)

Bending, strength was almost equal to that of C/C composite.

(fractured in C/C composite)

Joining area became widely with increase in joining temperature.

(diffusion of Ti)

Peaks of parameter B and D decreased with increase in joining temperature.

(diffusion of Ti)

Parameter B and D changed gradually at joining point,

(good joining)

Cracks were not observed in the joining area.

(good joining)

,,,‘I

!,>(

.’:

.,
,’,

;,;

;;
,.

,.

)’4
p
M
w

t,

. . . . .



—.———. —.-. ———.

Flg
.

.

b

la

50

40

30

20

10 .

0

CX-2002U

30-r *
40 ‘

Fig. Bending test.

Test piece.

I i I ) I I

v

. . Z/’E!!-n!!=:E!??-!:..————————————.- /} / -r

4)

4)

)
4)

-— ——— — ——— - ——--——

-i-

. A

Average bending strength of CX-2002U

. .-

1 I I 1 # I

900

Joining temperature,T [“C]
920 940 960 980 1000

Fig. Rel~@~zbetween bending strength, o ~ and joining temperature,T.
.

.



c!

m
●+

.

.

.

.

I I 1 &o”’
.9

o t
y.

x
u “\

N

m, -
FE

Y.

xl

XII-13

A“4s

cd

3
ail
is

.

>-.-...,;, - - - ~<.-.:-.,/, , .;. -, , j :..:.,,‘. .+.:., . , . ..-. . ~ <-:.: ‘.”, :-... ‘:,”’
_,--..-.,,



0

. . . ~._.~... 1 1 I I
1

0 900”C

.

•1. •1

•1
•1

1000

Ti/Cu

o
00

0‘6
o

%’ 3

Q’ ❑ -Q

A o
n

o 0

800

600

400

200

0

‘ 950t
•1 1000”c

CX-2002U

-0.6 -0.4 -0.2 0.2

Location [mm]

Fig. Dktributkm of ~ara~e.ter B.

Cu Ti/Cu

o~

u

L

.0 900T
‘ 950’t
n 1000”c

CX-2002U

k

0.4

-0.6 -0.4 -0.2 0 0.2 0.4

XII-14 Location [mm]



joined

joined

at

at

900

950

joined at 1000

0
c

o
c

o
c

CX-ZO02U:

Ti+Cu

. - ----- - ...-.

(&~oo2tJ :

5

Ti-&

... . .. .-

CIG=-mozu

m-””

17:_ nt.----.-~z-__-z—2-___L-.--L-_-_ _I?-__I-11” “
.-:,:...,.-=......-----.,..,........, ..------.-.,<,—.,— . =kzz<:z-Tx-- -,.= ——



-.

N
,

m
a-

x

9-

E
0

s
0

u)
3
0

s
m

m-

u)
a

c)

s

C5
u)
U3

CG
s

XII-16



?’

o
0
0

,,
..

;-. i “-ii
. .

i“” ii..-.”
i

. .
i

b“%
11 ‘:

i
. .

%%
i ::-’

i’ i . II

“\ -“

;.
i ;i~.

‘** i i ‘;;
g

●** i: i ii. :“=
●* i i i; .●** ‘i

. .
: ii

+. : : :: m-*. -.< .., ::, -- -
1

i

i
i
;

i
0.

ii

ii

ii. .v “** ‘* -%, # 11

A“., i ● ““*.*=’&*e
i ii..””

i .●*;. i i i.
● --- . . . ..

0
0
m

0
0

XII-17



— -. ..—— — — —.—-——

-.

0
m

0
ol

(w)

o

XII-18



,

N
o

Threshold Energy (eV)

N
o
0

.,. = —. .,>, -—.7—.,-.,-.,.-.,.,. ,’. ,. .{. ... . .,

—
1 I

BIB

m
CD

n
CD

<

00

XII-19



.—

SF 2712-SSC# (%97)
9Jpmuh%p+7)”so

CERTIFICATION OF SYSTEM SANITIZATiON/CLEARING

It is the responsibility of the person sending a computer system or component to Property Reapplication to ensure that all
information is removed. Inmost cases, this consists of removing all itiormation from the hard drive, if any, and any other
disks being sent with the system

If the computer (or disk) was ever used to process classified informatio~ the discs must be degaussed. This is a process
where a certified device uses anintense magnetic field to remove all information from the disk. Degaussing at SNL/NM
canbe performed in the CentralComputingFacilityin Building 880. Call Computer Operationsat 844-5976 to schedule
an appointmentfor degaussing..

If the computer (or disk) was used to process sensitive unclassified information (PFUVATB, UCAI, UCNI, OUO, etc.) the
disk must be overwritten. A utility, such asNorton Utilities canbe used to overwrite every location on the disk with a
singlecharacter. Using delete, erase,andformat commandsdoes NOT meet the requiremen~ as these commands often
leave the file dataon disk where it canbe “undelete”. If the disk is inoperableand cannotbe overwritten it must be
degaussed.

Even for those compute= that have processed only non-sensitive unclassified hrforrnatio~ the information must be
overwritten. Therefore, these systems are cleared in the same way as sensitive unclassified systems.

PropertyReapplication will not pick-up the system or disk until the requiredsanitizationhas been performed andthis form
hasbeen certified. Usersat SNL/NM who requireassistancein sanitizing a system can contact a CSR/CSUvia CCHD @
845-2243. A case number is required.
At SNUCA users should callAlbert Jamesat294-2508.

For additional questions, contact the Computer Securi@ Department.

Control Number (from Pick-Up Request Form)

Proper&yNumbe~

Vendor Model No.: Serial No.:

Check the highest sensitivity Ievelfor which this system (or disk) has been used. l%en. cheek the box indicating how the inronnation has been
removed

❑ Classified
❑ System contains no f~ed drive.

m Atl disk drives have been deaaussed.

❑ Sensitive Unclassified
❑ System contains no f~ed drive.

❑ All disk drives have been degaussed.

❑ All disk drives have been wiped by Norton Utilitiesor equivalent.

❑ Non-Sensitiie Unclassified

❑ System contains no f~ed drive.

❑ All disk driveshavebeendegaussed.
❑ M diskdriveshavebeenwipedbyNortonUtilitiesorequivalent.

1certify that all information has been removed from this system (or disk) as described above.

User (or System Administrator) Signature Date

Computer Security Officer Signature Date
(CSR, CSSO, NSO, or CSU Rep.)

XII-20



‘------ .
.

High heat flux testing of neutron irradiated
divertor modules

R. Duwe, J. Linke, M. Rodig

ForschungszentrumJWich,EURATOMAssociation, D-52425 Jtilich, Germany

Sandia National Laboratories

R. Nygren

Albuquerque, NewMexico87185-1129,USA

US-Japan PMI / HHF Workshop
San Francisco, December 08-11,1997

XII-21

-. . .- ..=., 1., ! ,;, , ,,.. ., ,, :, > .,. , \ .;’. . i , ,,,,.,...”.

m’... ! .: ... . . ,.. ’.. ,, .,, ,>; .<,,-’./, , ‘.;. ..’; . :,.:..>..



● Unirradiated CFC monoblock mock-ups
have been tested at power densities up to
25 MWm-2

● Neutron irradiation has beenperformedin
the HFR Petten up to fluences of 0.3 dpa
at 320 and 770”C.

e-7c
● Irradiated modules show a significant

increase in surface temperature during
electron beam loading. This effect is less

Wwm( distinctivefor samples irradiated at 770”C.
?~~[w’
cl ..!‘~’imilar tests with neutron irradiated

SeP beryllium mock-ups are in progess.

‘w’~-’/~
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s Draft
Testing of Actively Cooled High Heat Flux Mock-Ups

M. Rodig, R. Duwe, W. Ktihnlein, J. Linkej M. Scheerer, 1.Smida. B. VViechers

Forschungszentrum Julich, EURATOM Association, D-52425 Julich, Germany
a) Forschungszentrum Seibersdorf, A-2444 Seibersdorf, Austria

Abstract

Several un-irradiatedCFCmonoblockmock-upshavebeen loaded in thermal fatigue
tests up to 1000 cycles at power densities <25 MWlm2. No indication of failure was
observed for these loading conditions. Two of the mock-ups were inspected by ultra-
sonic methods before therms! cycling. It could be proved that the voids found in the
post-mortem metallography existed before and had no effect on the integrity of the
mock-up.

For the first time, neutron-irradiated CFC monoblock mock-ups have been tested in
the electron beam facility JUDITH. These mock-upshad been irradiated before in the
High Flux Reacto:. at Petten up to 0.3 dpa at 320 and 770 “C. All samples showed a
significant increase of surface temperature, due to the irradiation induced decrease
in thermal conductivity of the CFC materials.

Keywords

carbon and carbon materials (COI ), divertor materials (D06), electron irradiation
(E02), high heat flux materials (H03), joining (JOI), neutron irradiation (NOI)

1. Introduction

High heat flux components of ITER will be exposed to heat loads of up to 5 MW/m2
under normal and 20 MW/m2 under transient conditions. In order to remove these
high heat loads, tiles of a plasma compatible armour material must be attached to a
water-cooled heat sink. Candidates for plasma facing materials are beryllium,
tungsten and carbon reinforced carbon materials (CFCS). Heat sink materials are
copper alloys and, as a back-up, molybdenum alloys. Several joining processes have
been developed for the attachment of the plasma facing materials to the heat sinks.
In order to assess these bonds, high heat flux tests with actively cooled mock-ups
have been carried out irrthe electron beam facility JUDITH.The results for beryllium
- copper modules have been reported elsewhere [1, 2]; this paper deals ~~-~
high heat flux performance of CFC monoblock modules.

3... —fy--,, —-,.... .“.....
,’, ,., -. ., ,,,. , .. !.- ., ,,T ..-.
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In former experiments, only un-irradiated mock-ups have been tested. But during the

operation of ITER, the first wall and divertor components will be affected by 14 MeV-
neutrons. [n order to study the degradation of material properties under neutron
irradiation, the irradiation experiment PARIDE has been performed in the High Flux
Reactor (HFR) at Petten, The Netherlands. First mock-ups from this irradiation
experiment have been tested under screening and thermal fatigue conditions in
JUDITH.

2. Experimental Details

2.1 Samples

Fig. 1 shows the drawing of the CFC monoblocks. Three different CFC armour
materials were used: Dunlop Concept 1, SEPcarb N31 and SEPcarb NI 12. Heat
sink tubes were made from Glidcop A125, CuCrZr and Mo5Re. All samples were
produced by Plansee AG by active metal casting (AMC@). After drilling, the CFC tiles
were coated with liquid copper at 1250°C; Ti additives were used as carbide formers.
Then the tubes made from the two copper alloys were brazed in by means of pure
titanium [3]. The Mo5Re tubes were joint in one step with the. the AMC.

2.2 Test Facility

The electron beam facility JUDITH in general was. described in [4]. [t consists of an
electron gun of 60 kW electric power and a number of powerful diagnostic devices.
The heating of the mock-ups is performed by sweeping of a focussed electron beam
(= 1 mm 0) over the sample surface at high frequencies up to 100 kHz. During the
thermal heating tests, the heat sink tubes are water-cooled (water pressure: 40 bars,
flow rate: 50 Ilmin). A swirl is mounted inside the tube to avoid burn-out. The
following diagnostics have been used in the tests reported irt this pape~

—

—

—

—

infra-red camera system (RT ... 3000°C),

one-color pyrometer (200 ...11 OO°C),

two-color pyrometers (550 ... 1600”C and 1000...3500 ‘C),

video camera,

thermo-couples,

instrumented cooling loop (flow rate, in/outlet temperature).

For the investigation of. neutron-irradiated samples, some modification to former
testing procedures were required. These modifications concerned on one hand the
s~~~nd on the other hand the testing facility.
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I

Due to the limited space in the neutron irradiation rig, the samples had to be
miniaturized. Therefore the length of the cooling tubes exceeded the length of the
.CFC tiles only by 5 mm on each side of the module. This was not sufficient for
commercial squeezing or flange connectors, and a special clamping mechanism was
developed. For installing, the radioactive samples are placed on a small tray which is
transported to the clamping mechanism by manipulator. When the sample is in the
correct position, the water connectors are clamped to the sample. This is performed
by a motor while the force is controlled by a load cell. Sealing is achieved by special
sealing adapters machined from soft copper in combination with O-ring scalings and
springs. The whole clamping system is attached to the door of the vacuum chamber
of JUDITH.Once the sample has been installed, the door is closed and the sample is
in the correct shooting position.

For better comparison, the samples in the pre-irradiation reference tests were
designed identically to those of the post-irradiation experiments.

2.3 Evaluation of Data

The power absorbed by the mock-up during high heat flux loading P,~~ can be
calculated directly from the increase of cooling water temperature. [f the absorbed
power is compared to the incident electrical power, an absorption coefficient of 80 to
85?40is found for CFC monoblock modules.

Therefore the abswbed power can be measured rather exactly, but the definition of
power density is more complicated. During the heat loading, the area covered by the
electron beam is a little smaller than the total surface. If the power density is
calculated, the value depends strongly on the assumed loading area (heated area or
total surface area). For the assessment of the joints, a power density which refers to
the total surface area D~ is thought to be more suitable and the corresponding
numbers are used in the following.

2.4 Neutron Irradiation Experiment PARIDE

The neutron irradiation experiment was performed in the High Flux Reactor in
Petten. More than 600 samples of beryllium, CFC and tungsten alloys have been
irradiated in this campaign. Nominal loading conditions were 0.5 dpa at 350”C and
700°C respectively. The actual irradiation condition differed more or less from these
nominal values according to the position of samples in the reactor. For the CFC
monoblock mock-ups which are discussed in this paper, the following irradiation
conditions must be assumed:

,

– 320”C, 0.34 dpa ( according to = 0.33 x 1025 m-2, EsO.I MeV), 49.6 full power
days,

– 770°C, 0.35 dpa ( according to = 0.37 x 1025 m“’, E>O.I MeV), 23.7 fu~~~a~
days.

—.
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3. Results

3.1 Testing of Un-irradiated Mock-Ups

Three CFC monoblock mock-ups several

ICFRM-8, Sendai, Oct. 26-31, 1997, page 4

times have been exposed to 1000 heating
cycles (1O s heating, 10 s cooling) at different power densities. Aim of these tests
was on one hand to study the heat removal efficiency of the different variants and on
the other hand their performance under thermal cycling conditions as they are
expected in the operation of ITER. The tested materials combinations and power
densities Dtwere:

— SEPcarb N31/ Glidcop: 7, 18 MW/m2

— Dunlop Concept 1/ Glidcop: 7, 15, 19 MW/m2

Dunlop Concept 1/ CuCrZc 7, 15,24 MW/m2

A more detailed description of the loading conditions is given in [5].

The surface temperature measured by means of the infra-red camera showed strong
fluctuations. Normally (e.g. in the case of Be/ Cu mock-ups) this is an indication of a
bad braze connection. But here strong fluctuations in the thermal conductivity of the
CFC materials are responsible for this behaviour [6]. Such fluctuations lead to
differences of the surface temperature of up to 200° C. In spite of this non-uniformity,
the thermal fatigue behaviour of the three mock-ups was excellent. Each of the
modules was loaded several times up to 1000 heating cycks at different power
densities, but no failure or degradation was observed. The distribution of surface
temperatures measured by the infra-red camera stayed stable during all tests, this is
an indication that no failure occurred during the tests.

[n the post-mortem metallography of the first mock-up (SEPcarb N31/ Glidcop), small
voids up to 1 mm approx. were observed in the braze layer. It was assumed that
these voids were generated during the production process. ~n order to clarify this
topic, the two other mock-ups were inspected by ultra-sonic methods before they
were loaded with the last 1000 heating cycles at the highest. power densities. Fig. 2
compares the result of this ultra-sonic inspection with the post-mortem metallography
(mock-up Dunlop ‘Concept 1/ Glidcop). This ultrasonic inspection is performed with a
transducer inside the copper tube. The left picture shows the two dimensional map of
the intensity of reflection. Areas with a high reflectance (red) are a sign for pores,
voids or detachments. By comparison of these areas with the post-mortem
metallography (right picture) it becomes clear that the voids in the braze at angular
positions of 210° and 310° existed before the fatigue loadings. Nevertheless, they
were stable during the thermal fatigue loading.

3.2 Post-Irradiation Testing

Al?&!’%~&ron-irradiation, most of the mock-ups were optically in a good condition. In
the screening tests, one mock-up showed over-heating during loading by the
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electron beam (SEPcarb N31/ Glidcop Tirr= 350”C. But it cannot be proven that this

fault was due to the neutron irradiation.

Only a limited number of mock-ups was pre-tested in screening experiments before
they were irradiated in the fission reactor (mock-ups with Mo5Re heat sink tubes).
The other irradiated mock-ups have to be compared with identical reference samples
of the same materials combination (modules with Cu tubes). ‘

Mock-ups with Mo5Re tubes

Identical monoblock mock-ups with Mo5Re heat sink tubes were compared in the
electron beam facility at constant power densities before and after neutron-irradiation
(Tir = 770°C). Fig. 3 gives an example for such a comparison for a mock-up made
from Dunlop Concept 1. The distribution of surface temperatures measured by the
infra-red camera did not change after neutron irradiation, but the surface temperature
increased significantly. [n fig. 4 for three mock-ups with different CFC armor the
surface temperatures (measured by pyrometer) are plotted versus the absorbed
power density. In all cases a significant increase of temperature after exposure to
neutrons is observed. This is due to a decrease in thermal conductivity which was
reported before for the CFC material SEPcarb NI 12 ~], and which is expected for
the other CFC materials too [8]. The exact values of thermal conductivity will be
available later from samples which had been included in the irradiation experiment
PARIDE.

Dunlop Concept 1 which before irradiation had the best thermal conductivity of all
three CFCS, was more influenced by the neutron irradiation than SEPcarb N31 and
shows a higher increase of surface temperature than the latter. SEPcarb NI 12
shows the lowest thermal conductivity of the three CFCS before and after neutron
irradiation.

Mock-ups with copper iubes

In a second test series, CFC monoblock mock-ups with copper heat sink tubes were
loaded under screening conditions (steady state) from the top (12 mm CFC) and

, from the bottom (6 mm CFC) side. The tests were limited to surface temperatures
below 2200”C, according to power densifies of 10 and 15 MW/m2 approximately.
After screening, all samples were loaded by 100 heating cycles at power densities
between 8 and 15 MW/m2 and one sample (Dunlop Concept 1/ Glidcop) up to 1000
cycles at 15 MW/m2. None of these samples showed failure or any instabilities.,

Due to the better annealing effects of irradiation damages with increasing
temperature, the decrease of thermal conductivity for the samples irradiated at
770 “C was found to be less distinctive. This is shown in fig. 5 for the materials
combination Dunlop Concept 1/ Glidcop.
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Summary

No indication of failure was observed for CFC monoblock mock-ups loaded under
thermal fatigue condition up to 1000 cycles at power densities <25 MW/m2. Two of ‘

the mock-ups were inspected by ultra-sonic methods before the last campaign of
thermal cycling. It could be proved that the voids found in the post-mortem
metallography existed before and had no effect on the integrity of the mock-up.

First neutron-irradiated CFC monoblocks have been tested in the electron beam
facility JUDITH. These mock-ups had been irradiated in the High Flux Reactor in
Petten up to 0.3 dpa at 320 and 770 ‘C. All samples showed a significant increase of
sutface temperature, due to the decrease in thermal conductivity of the CFC
materials. This effect is less distinctive for those samples irradiated at the higher
temperature of 770°C. During short thermal fatigue tests (100 cycles at 8 to 15
MW/m2) no failure or instability occurred at any of the mock-ups.
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Figure captions

Fig. 1: Drawing of CFC monoblock mock-up

Fig. 2: Comparison of ultrasonic inspection (left) and post mortem metallography
(right)

Fig. 3: lnfra-red image of a monoblock mock-up made from Dunlop Concept 1 and
Mo5Re, power density D,= 2 MW/m2

Fig. 4: Surface temperature during electron beam loading before and after neutron
irradiation for three CFC materials brazed to Mo5Re tubes.

Fig. 5: Sutface temperature during electron beam loading for three CFC mockups
(unirradiated, Tim= 350 “C and Tims 700”C)
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Agenda: US-Japan Workshop (97~5-06 ) on

High Heat Fiux Components & Plasma Surface Interactions for Next Fusion Devices
December 8-11,1997 12/1/1997

Warwick Regis Hotel

490 Geary St., San Francisco

800-827-3447,415-928-7900, fax 415-441-8788

December 8 (Mon.)

9:00 Opening Remarks (20) R. Nygren (Sandia), S. Berk (DOE),
N. Noda (NIFS), K. Wilson (Sandia)

Session 1: activities in present and near term devices O. Motojima & S. Berk

9:20 Present status of LHD (30 ) O. Motojima (NIFS)

9:50 Diverter, first wall and PSI issues in LHD (30) N. Noda (NIFS)

10:20 Status of NSTX and PSI issues (25) M. Peng (PPPL)

10:45 coffee break
11:00 Design & initial operation of W-shaped divertor in JT-60U K. Masaki (JAERI)

(30)

11:30 Progress in Dill-D (25) C. Wong (GA)

11:55 Highlights and plans for C-MOD (20) MIT/Nygren (Sandia)

12:15 announcements and lunch
Session //: PFC Development for near term devices K. Nakamura & C. Wong

14:00

14:30

1450

15:20

15:40

16:00

Utilization of high Z materials as PFCS (30) T. Tanabe (Nagoya U.)

Development of W brush armor (20) G. Wine (Boeing)

Development of high heat flux components at JAERI K. Nakamura (JAERI)
(30)

coffee break

Be-Cu Joining (20) C. Cadden (Sandia)

Problems and evaluation of plasma facing materials (30) N. Yoshida (Kyushu U.)

Special Session Ill: Historical Progress in PSI Studies N. Noda & K. Wilson
16:30 Small personal history on plasma surface interactions T. Yamashina (Hokkaido

u.)

17:00 a~ourn untilreception

19:00 Reception

The reception, hosted by Sandia National Laboratories and the US Department of
Energy, will be held in the reception area at one end of the main dining room
adjacent to the restaurant on the first floor of the Warwick Regis Hotel.
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US-Japan Workshop Agenda continued

December 9 (Tue.)

Session IV: wall conditioning, sputtering, erosion T. Tanabe & Y. Hirooka

8:30 Wall conditioningat the startup phase of LHD (30) A. Sagara (NIFS)

9:00 RF wall contioning (20) D. Cowgill (Sandia)

9:20 Erosion/redeposition of high-Z materials in a linear divertor N. Ohno (Nagoya U.)
simulator (30)

9:50 Erosion and impurity effects on PFC materials in PISCES-B R. Doerner (UCSD)
(20)

10:10 Recent erosionhedeposition analysis (15)

10:25 coflee break
10:45 Dependence of graphite erosion yield on irradiation flux

close to actual edge plasma condition (30)

11:15 DiMES experiments (20)

11:35 Reflected neutral particle spectra on MAP (30)

12:05 lunch

Session V: Plasma Studies
13:40 Effects of turbulent fluctuations on boundary ion

temperatures in PISCES (20)

14:00 TFT’R Experiments with Lif15)

14:15 Deposition of Li on a probe in T~R (15)
Session W: Development Issues for Near Term PFCS

14:30 Discussion, development issues for near term PFCS

15:30 coffee break
Session W: PFMissues and development

15:45 W/Cu layers resistant to erosion and tritium permeation
(30)

Sze/Brooks (ANL)

Y. Ueda (Osaka U.)

D. Whyte (GA)

S. Ohtsu, K. Kobayashi,
S. Tanaka (U. Tokyo)

S. Luckhardt

S. Luckhardt (UCSD)

C. Skinner (PPPL)

Y. Hirooka (UCSD)

A. Sagara &C. Wong
A. Sagara & C. Wong

AI. Yoshida &R Causey
M. Shibui (Toshiba)

16:15 Review of recent work on removing tritium from PFCS (25) C. Skinner (PPPL)

16:40 Chemical compatibility of C with Be (30) L Ashida & K. Watanabe (Toyama U.)

17:10 Tritium retention in Be (20) R. Causey (Sandia)

1Z30 Modeling of H isotope retention/release in PFC materials A. Grossman (UCSD)
(15)

17:45 adjourn

Dinner arrangements on Tuesday and Wednesday evenings can be
made during the day at the workshop if participants wish to dine together
in groups for work or pleasure. San Francisco has many fine restaurants
and a list of nearby restaurants is included with the workshop materials.
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US-Japan Workshop Agenda continued

December 10 (Wed.)

Session VIII:First Wall Development M.Tillack & N. Noda

8:30

8:55
9:25
9:45

10:05
10:25
10:35
10:55

HPD approaches,core radiationand He blanket,ST example C. Wong (GA)
(25)
Concept of FliBe blanket in FFHR (30) A. Sagara (NIFS)

APEX highfusion power density evaluation (2o) N. Morley (UCLA)

Damage in the plasma facing part of the first wall (2o) N. Yoshida (Kyushu U.)

Protective coating at the plasma facing part of first wall (2o) N. Noda (NIFS)

coffee break

Plasma spray coating development (2o) Castro/Nygren (LANL)

Recent progress at PTI in plasma spraying (15) S. Odell (Plasma Processes)

Session IX: PSUPFM Issues and Collaboration N. Noda &R. Nygren
11:10 Discussion on PSUPFM issues and collaborations N. Noda & R. Nygren

12:10 lunch
Session X: Panel on Future PFC Concepts M.771/ack& Y. Ueda

13:40
1400
14:15
14:30
14:45
15:00
15:15
15:30

ALPS summary (20) D. K. Sze (ANL)

Heat removal issues with liquid metal PFCS (15) R. Nygren (Sandia)

Helium cooling experiments and prospect (15) C. Baxi (GA)

Comments on liquid/pebble divertor (15) Y. Ueda (Osaka U.)

Novel concept for a moving belt PFC (15) Y. Hirooka (UCSD)

He self pumping summary (15) R. Nygren (Sandia)

Characterization of liquid metal surfaces (15) R. Bastasz (Sandia)

coffee break

Session Xl: Long Range PFC Development and Collaborations

15:45 Group A Discussion: Liquid surface PFCS & collaborations R. Nygren &A. Sagara
15:45 Group B Discussion: Other PFCS & collaborations N. Noda & S. Luckhardt

17:15 adjourn

18:00 dinner groups per request of participants

December 11 (Thur.]

Session X11: Supplement Session K. Masaki & D. K. Sze

9:00 more activities / results in Japan (20) ~ N. Noda

9:20 Recent highlights from Judith (15) KFA/R. Nygren

9:35 Contributions from U. Toronto (15) UT/R. Nygren

Summary Session K. Wilson& N. Yamashina

9:50

10:10

10:30

10:40

11:00

11:20

Remarks on the outlook for collaborations (20)

Summary/discussion: Liquid surface PFCS & collab. (20)

coffee break

Summary/discussion: other PFCS & collaborations (20)

Summary/discussion: Dev. issues for near term .PFCS (20)

Summary/discussion: PS1/PFM issues& collaborations
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(20)
11:40 Closing remarks
11:50 adjourn

N. Noda & R. Nygren
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Toyama University
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Gofuku3190,Toyarna930-8555
JAPAN
e-nuld:ashida@hrc.tovama-u.ac.iD

Sandia National Laboratories, MS9162
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OffIce of Energy Research
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e-mail: rdoerner@fusion.ucsd.edu

Arthur GROSSMAN University of California at San Diego
Phone: 619-534-9712 9500 Gilman Drive
Fax: 619-534-7716 La Jolla, CA 92093-0035, USA

e-mail: grossman@fusion.ucsd.edu

Yoshi HIROOKA University of California at San Diego
Phone: 619-534-9720 9500 Gilman Drive, Building 302
Fax: 619-534-7716 La Jo~a, CA 92093-0035, USA

e-mad: yhirooka@fusion.ucsd.edu

Stan LUCKHARDT University of California, San Diego
Phone: 619-534-9725 9500 Gilman Drive
Fax: 619-534-7716 La Jolla, CA 92093, USA

e-mail: sluckhardt@fusion.ucsd.edu

Dr. Kei MASAKI Japan Atomic Energy Research Institute
801-1 Mukouyama
Naka-machi, Naka gun
Ibaraki-ken, JAPAN 311-01
e-maik ma.saklk@fusion.naka.iaerLzo.@

Teruo MATSUDA Toyo Tanso America

Neil MORLEY University of California, Los Angeles
Phone: 310-206-1228 43-133 Engineering IV
Fax: 310-825-2599 405 HiIgard Avenue

Los Angeles, CA 90024-1597 USA
e-mail: morlev@fusion.ucla.edu

Prof. Osamu MOTOJIMA National Institute for Fusion Science
Phone: 81-572-58-2140 322-6 Oroshi-cho, Toki 509-52, JAPAN
Fax: 81-572-58-2617 e-mail: motoiima@LHD.nifs.ac.i~

B-4



Hiroo NAKANIURA Japan Atomic Energy Research Institute/ITER .
801-1 Mukouyarna
Naka-machi,Naka gun
Ibaraki-ken,JAPAN 311-01
e-mail: nakamuh@iuu..mu~.de

Dr. Kazuyuki NAIGWURA JapanAtomicEnergyResearchInstitute
801-1Mukouyama
Naka-machi,Nakagun
Ibaraki-ken,JAPAN311-01
e-mail: nakamuk@naka.iaeri. ~o.i~

Prof. Noda NOBUAKI National Institute for Fusion Science
Phone: 81-572-58-2152 322-6 Oroshi-cho, Toki-shi 509-5292
Fax: 81-572-58-2618 JAPAN

e-mail: noda@LHD.nifs.ac.ip

Richard NYGREN Sandia National Laboratories, MS1129
Phone: 505-845-3135 Fusion Technology Department, 6428
Fax: 505-845-3130 Albuquerque, NM, 87185-1129, USA

e-mail: renvgre@sandia.%ov

Scott O’DELL Plasma Processes, Inc.
Phone: 205-851-7653 4914 D Moores Mill Road
Fax: 205-859-4134 Huntsville, AL 35811, USA

Dr. Noriyasu OHNO Nagoya University
Phone: 81-52-789-3145 Departmentof Energy Engineering and Science
Fax: 81-52-789-3944 GraduateSchool of Engineering

Nagoya, 464-8603, JAPAN
e-mad: ohno@nuee.naEova-u. ac.i~

Shigeki OHTSU University of Tokyo
Phone 81-3-3812-2111 Dept. of Quantum Eng. & Systems Science

Ext 7010 7-3-1 Hongo Bunkyo-ku Tokyo, 113 JAPAN
Fax: 81-3-3818-3455 e-maik ohtsu@wt.u-tokvo.ac.@

B-5

..... -..! .-—-% ,’, .. .? -,:.. .:. ’.::, : ‘, -... .“”.-:’ “: ‘- -.:: .:”; ..+.



. ..— - —

Martin PENG Princeton Plasma Physics Laboratory
Phone: 609-243-2305 P. O. Box 451
Fax: 609-243-3315 Princeton,NJ 08543-0451

Dr. Akio SAGARA National Institute for Fusion Science
Phone: 81-0572-58-2155 Research OperationsDivision, LHD Project
Fax: 81-0572-58-2618 Shimoishi-cho-322-6, Toki-shi, 509-52

JAPAN
e-maik samra@LHD.nifs.ac.i~

Dr. Masanoa SHIBUI Toshiba Corporation
Phone: 045-510-5879 Advanced Engineering Gr.
Fax: 045-500-1412 2-4, Suehiro, Tsururni, Yokohama, 230-0045

JAPAN
e-mail: masanao.shibui@toshiba.co.i~

Charles SKINNER Princeton Plasma Physics Laboratory
Phone: 609-243-2214 Princeton University, P. O. Box 451
Fax: 609-243-2418 Princeton,NJ 08543, USA

e-mad: cskinner@rax.urm ].gov

Dai Kai SZE Argonne National Laboratory
Phone: 630-252-5180 9700 South Cass Avenue, Bldg. 207
Fax: 630-252-5287 Argonne, IL 60439

e-mail: U1747 @f.nersc.~ov

Prof. Tetsuo TANABE Nagoya University
Departmentof Energy Engineering and Science
Nagoya, 464-8603, JAPAN
tanabe@cirse.ma$zoYa-u. ac.iII

Mark TILLACK University of California at San Diego
9500 Gilman Drive
La Jolla, CA 92093 USA

B-6



Yoshio UEDA Osaka University
Phone: 81-6-879-7236 Departmentof Electronic,Information Systems, and
Fax: 81-6-879-7867 Energy Engineering

GraduateSchool of Engineering
2-1 Yamada-Oka,Suits, Osaka 565-0S71
JAPAN
e-mti]: yueda@ppl.ens.osaka-u. ac.ip

Gerry WILLE Boeing Company
MS 1067211
P.O. BOX 516
St. Louis, MO 63166 USA

Ken WILSON Sandia National Laboratories, MS9161
Phone: 510-294-2497 P.O. BOX969
Fax: 510-294-3057 Liverrnore,CA 94551-0969 USA

e-mad: kIwilso@sandia.gov

Clement WONG General Atomics
Phone: 619-454-4258 P.O. BOX85608
Fax: 619-454-2266 San Diego, CA 92186-5608 USA

e-mail: won@~av.~at.com

Prof. Toshiro YANIASHINA Hokkaido University
Phone 81-11-706-6659 Division of QuantumEnergy Engineering
Fax: 81-11-747-9366 Sapporo, JAPAN 060

e-mail: yamasina@hune.hokudai. ac.ip

Prof. Naoaki YOSHIDA Research Institute for Applied Mechanics
Phone: 81-92-583-7716 Kyushu University
Fax: 81-92-583-7690 6-1 Kasugakoen, Kasuga, Fukuoka 816-8580

JAPAN
e-mail: yoshida@riam.kvushu-u. ac.ip

/

I

,

\

I

I

B-7

.. . ---- ---.. ,-, ,., . .. . ..... . ... .





I
I

1

J

}

I

DISTRIBUTION

D-1

—..—.-——..—. V-—-- “,- --– - - --,~- -T!=7-.--7----”- ---— -—’,, -- —.-Trv.v---— —- - --- . - —--— -.. ,_____ -.— >’



... .... ... . ,-. ,-.... . ..,, ... .

‘-””’’-”
\
I

I

,

!

I
I
,



DISTRIBUTION

1 Molmmed ABDOU
University of California, Los Angeles
Mechanical & Aerospace Engineering

Department
44-114 Engineering IV
Box 951597
Los Angeles, CA 90095-1597, USA

1 Dr. Masato AKIEA
NBI Heating Laboratory, JAERI,
Naka-machi, Naka-gun, Kbamki-ken, 311-0193, JAPAN

1 Dr. Kan ASHIDA
Toyama University
Hydrogen Isotope Research Center

Gofuku 3190, Toyama 930-8555, JAPAN

1 Charles BAKER
University of California, San Diego
9500 Gllman Drive
La Jolla, CA 92093, USA

1 Chandu BAXI
General Atomics
P.O. BOX 85608
San Diego, CA 92186-5608, USA

1 Sam BERK
US Department of Energy
Office of Energy Research
ER-52, Germantown
Washington, DC 20585, USA

1 Jeffrey BROOKS
Argonne National Laboratory
Fusion Power Program
9700 S. Cass Avenue
Argonne, IL 60439, USA

D-3

;. “: .,+. --.—. ,; , . . . -. .,, ..,., ,. . . . . . . . . . . -.. : ,- . . , .-,
$.



— —.

1 Robert CONN
University of California at San Diego
9500 Gilman Drive, Building 302
La Jolla, CA 92093-0035, USA

1 James DAVIS
University of Toronto
21 King’s College Circle
Toronto, Ontario M5S 3J3, CANADA

1 Russ DOERNER ‘
University of California at San Diego
9500 Gilman Drive, Building 302
La Jolla, CA 92093-0035, USA

1 Gianfranco FEDERICI
ITER Garching Joint Work Site
Max-Planck-Institut fur Plasmaphysik

Boltzmannstrasse 2
D-85748 Garching bei Munchen, GERMANY

1 Arthur GROSSMAN
University of California at San Diego
9500 Gilman Drive
La Jolla, CA 92093-0035, USA

1 Anthony HAAS
University of Toronto
21 King’s College Circle
Toronto, Ontario M5S 3J3, CANADA

2 Ahmed HASSANEIN
Argome National Laboratory
Fusion Power Program
9700 S. Cass Avenue
Argonne, IL 60439, USA

D-4



1 Yoshi HIROOKA
National Institute for Fusion Science
322-6 Oroshi-cho, Toki 509-52, JAPAN

1 Prof. Satoshi I’TOH
Advanced FusionResearchCenter
ResearchInstitute for Applied Mechanics
Kyushu University
87, Kasuga816, JAPAN

1 Dr. Y. KUBOTA
National Institute for Fusion Science
322-6 Oroshi-cho, Toki-shi 509-5292j.JAPAN

1 Bruce LIPSCHULTZ
Massachusetts Institute of Technology
Plasma Science and Fusion Center
Room No. 17-103
77 Massachusetts Avenue
Cambridge, MA 02139, USA

1 Stan LUCKHARDT
University of California, San Diego
9500 Gilman Drive
La Jolla, CA 92093, USA

1 Dr. Kei MASAKI
Japan Atomic Energy Research Institute
801-1 Mukouyama
Naka-machi, Naka gun
Ibaraki-ken, 311-01 JAPAN

1 Dr. S. MASUZAKl
National Institute for Fusion Science
322-6 Oroshi-cho, Toki-shi 509-5292, JAPAN

D-5

— -, ~-- .:”,.:..~{:,:- ,, ;’ ., ,:.;<.>. ...,.,, ,’,, ,,,. .’,<. .,,l ,,..,., .,,!,.,,?.4:- .,.;- ..%>.,,,., .,. ::.-<,:.,4:-.. .,.. ,,. --,, -,~., . .



.—

1 Richard MATTAS
Argonne National Laboratory
Fusion Power Program
9700 S. Cass Avenue
Argonne, IL 60439, USA

1 Dale MEADE
Princeton Plasma Physics Laboratory
P.O. Box 451
Princeton, NJ 08543-0451, USA

1 Peter K. MIODUSZEWSKI
Fusion Energy Division
Oak Ridge National Laboratory
P. O. BOX2009
Oak Ridge, TN 37831-8070, USA

1 Dr. T. MORISAKI
National Institute for Fusion Science
322-6 Oroshi-cho, Toki-shi 509-5292, JAPAN

1 Neil MORLEY
University of California, Los Angeles
43-133 Engineering IV
405 Hilgard Avenue
Los Angeles, CA 90024-1597, USA

1 Prof. Osamu MOTOJIMA
National Institute for Fusion Science
322-6 Oroshi-cho, Toki 509-52, JAPAN

1 Farouk NAJMABADI
University of California at San Diego
9500 Gilman Drive, Building 302
La Jolla, CA 92093-0035, USA

D-6



1 Hiroo NAKAMURA
Japan Atomic Energy Research Institute/ITER
801-1 Mukouyarna
Naka-machi, Naka gun
Ibaraki-ken, 311-01, JAPAN

1 Dr. Kazuyuki NAKAMURA
Japan Atomic Energy Research Institute
801-1 Mukouyarna
Naka-machi, Naka gun
Ibaraki-ken, 311-01, JAPAN

1 Prof. M. NISHIKAWA
Osaka University
Department of Electronic, Information Systems, and
Energy Engineering
Graduate School of Engineering
2-1 Yarnada-Oka, Suita, Osaka 565-0871, JAPAN

1 Prof. Nokuaki NODA
National Institute for Fusion Science
322-6 Oroshi-cho, Toki-shi 509-5292, JAPAN

1 Scott O’DELL
Plasma Processes, Inc.
4914 D Moores Mill Road
Huntsville, AL 35811, USA

1 Dr.NoriyasuOHNO
NagoyaUniversity
Departmentof Energy Engineeringand Science
Graduate School of Engineering

Nagoya, 464-8603, JAPAN

1 Shigeki OHTSU
University of Tokyo
Dept. of Quantum Eng. & Systems Science
7-3-1 Hongo Bunkyo-ku Tokyo, 113, JAPAN

D-7

-. ..-. .— ~= .-. ~ -,,.,,:,, -.>:.+.. .-.’-, . ‘..-4;, ,,>,-:-. . -,!.,, : .:*..,. ~, .-. ,.:... ,?..~-:, .“,,. . -, ..



--

1 Dr. N. OHYABU
National Institute for Fusion Science
322-6 Oroshi-cho, Toki-shi 509-5292, JAPAN

1 Martin PENG

PrincetonPlasmaPhysicsLaboratory
P.O.Box 451
Princeton,NJ 08543-0451,USA

1 Dave RUZIC
University of Illinois
FusionStudies Laboratory
100NuclearEngineeringLaboratory =
103South Goodwin Avenue
Urbana,IL 61801-2984,USA

1 Dr. Akio SAGARA
National Institute for Fusion Science
Research Operations Division, LHD Project
Shimoishi-cho-322-6, Toki-shi, 509-52, JAPAN

1 Michael J. SALTMARSH
Fusion Energy Division
Oak Ridge National Laboratory
P. O. BOX2009
Oak Ridge, TN 37831-8070, USA

1 Dr. Masanoa SHIBUI
Toshiba Corporation
Advanced Engineering Gr.
2-4, Suehiro, Tsurumi, Yokohama, 230-0045, JAPAN

1 A. SHIMIZU
Research Institute for Applied Mechanics
Kyushu University
6-1 Kasugakoen, Kasuga, Fukuoka 816-8580, JAPAN

D-8



1 Charles SIHNNER
Princeton Plasma Physics Laboratory
Princeton University
P. O. Box 451
Princeton, NJ 08543, USA

1 Ron STAMBAUGH
General Atomics
Fusion Group
P.O. BOX85608
San Diego, CA 92186-5608, USA

1 Dai Kai SZE
Argonne National Laboratory
9700 South Cass Avenue, Bldg. 207
Argonne, IL 60439, USA

1 Prof. S. TAKAMURA
Nagoya University
Department of Energy Engineering and Science
Graduate School of Engineering
Nagoya, 464-8603, JAPAN

1 Prof. Tetsuo TANABE
Nagoya University
Department of Energy Engineering and Science
Nagoya, 464-8603, JAPAN

1 Mark TILLACK
University of Californiaat San Diego
9500 GilmanDrive
La Jolla,CA 92093, USA

1 Prof. K. TOKUNAGA
Research Institute for Applied Mechanics

Kyushu University
6-1 Kasugakoen, Kasuga, Fukuoka 816-8580, JAPAN

D-9

-, ,,,.,L,,. (;:,.,,,.— .-,4,.,,,z,, . ,, ;:,;,:,.. :.- ,_,.:...-, . 1 .._—.



1

1

1

1

1

1

2

7

Yoshio UEDA
Osaka University
Department of Electronic, Information Systems, and
Energy Engineering
Graduate School of Engineering
2-1 Yamada-Oka, Suita, Osaka 565-0871, JAPAN

Gerry WILLE
Boeing Company
MS 1067211
P.O. BOX 516
St. Louis, MO 63166, USA

Clement WONG
General Atomics
P.O. BOX85608
San Diego, CA 92186-5608, USA

Prof. Toshiro YAMASHINA
Hokkaido University
Division of Quantum Energy Engineering
Sapporo, 060, JAPAN

Prof. Naoaki YOSHIDA
Research Institute for Applied Mechanics
Kyushu University
6-1 Kasugakoen, Kasuga, Fukuoka 816-8580, JAPAN

MS0736

MS

MS

056

129

t-

N. R. Ortiz, 6400

B. L. Doyle, 1111
W. R. Wampler, 1111

M. A. Ulrickson, 6428 (1)
R. E. Nygren, 6428 (2)
D. L. Youchison, 6428 (1)
6428 File (3)

D-10



5 MS9161 Ken Wilson, 8716
Rion Causey, 8716
Don Cowgill. 8716
Bob Bastasz, 8716
Dean Buchenauer, 8716

1 MS9403 Chuck Cadden,8240

1 MS9018 CentralTechnicalFiles, 8940-2

2 MS0899 Technical Library, 4916

1 MS0619 Review & Approval Desk, 12690

D-II



——. —/- —.


