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Summary

K.Wilson and T.Yamashina

The Japan-US Workshop P-196 was successfully carried out in Kyushu
University, Chikushi Campus, from November 17 to 19, by the excellent
organization due to Prof.Satoshi Itoh, Prof.N.Yoshida and Prof. T.Muroga. The
agenda for very many presentations within 3 days period, was well organized
by Prof. T.Hino. The last workshop heid at Sandia National Laboratories in
November of 1991, organized by Dr.W.Gauster, became a largest scale in the
series of this workshop. The scale of the present workshop, again, became a
largest one, e.g. 48 presentations and 66 participants. Of the 66 participants,
11 were from US, 1 from Canada, 6 from EC and 48 from Japan.

The major concern was on the research and development required  both
for International Thermonuclear Experimental Reactor(ITER) and Large
Helical Device(LHD). Most of the discussion items was similar to that of the
last workshop, e.g. PFC and PSl in Large Device, High Heat Flux Component,
Laboratory Studies and Neutron Damage. The presentation number
concerning High Heat Flux Component was largest.

" In the session of PFC and PSiin Large Devices, the result of gas target
divertor in DIIiD, the prediction of tritium inventory in TFTR, JET divertor
program, the status of LHD and the damage of B4C coated tiles in JT-60U
were presented. In addition, the impurity emission in TRIAM-1M was
presented. The emphases were the reduction of heat flux, optimization of low
Z materials such as boron and beryilium, tritium inventory/retention and control
of recycling.

in the field of HHF Component, introduced were the rapid progresses of
brazing components in SNL, JAERI and NIFS. Now, the reliable HHF
Component, which does not show significant damage after 1000 heat cycles
with heat flux up to 20 MW/mZ2, is available. The numerous developments for
the HHF Component in the Japanese industries were also introduced.

in the Laboratory Studies, the major concerns were the recycling, the
erosion both of low Z and high Z materials and the performance of
boronization or boron doped material. It was indicated that emission of
hydrogen atom from graphite becomes dominant when the temperature
exceeds about 1000K. The relation of the hydrogen solubility with the degree
of graphitization, which is useful for the evaluation of retention, was presented.
It was also pointed out that the boron evaporation becomes serious when the
temperature is over 1000 °C.

(vi)



In the Tritium session, the retention properties of Be were newly
infroduced based upon numerous data and the experience in JET DT
discharge. The attentions in use of tritium and the ion driven permeation in Mo
were also discussed. For the graphites and the boron mixed graphites, the
deteriorations of thermal conductivity due to neutron damage was also

reviewed.

The workshop of this series will bel continued and be held in the next
year, e.g. December 14-17, 1993, in UCLA.

Finally, we acknowlege the supports for the present workshop by the
following Japanese industries ;

Hitachi,

Hitachi Chemicals,

JEOL,

Kawasaki Heavy Industries,
Marubun,

Mitsubishi Atomic Power Industries,
Mitsubishi Chemicals,

Mitsubishi Heavy Industries,
Toshiba Corp.,

Toyo Tanso.
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US ACTIVITIES ON
PLASMA FACING MATERIALS
AND COMPONENTS

K. L. Wilson
Sandia National Laboratories
Livermore, CA 94550

Japan-US Workshop P196
Kyushu University
November 17-19, 1992
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US ACTIVITIES IN PFCs

Confingment Syslems

Gil-D
TFTR

Alcalor C-Mog

ATF

SSAT Concaptual Design
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Aleator C-Mod Vessel and First-Wall Hardware

c creristi
High Ficld: Br$ 9 Tesla
High Currern: ;€ IMA

High Density: Neo = 100% > 103 m'3
Ti-Te-2 > 3ke¥ >

Compact: R=0.67m, asl2lm
Shaped, Divened: x 513, §-04
High Power Density:
PoH < 3 MW
Picrp = 4-> 8 MW (80 MHz)
PLHRF 34 MW (4.6 GHz)
25 PycplAup - 0.3 MWIm? 1)

Pulse Length (Nattop): 1 sec a1 9 Tesh
Tsecal 5 Tesla

Molybdcnuem lites for €irst phase

TFoual plasma-facing area 6.7 m?
Plasma "wetled areas”
Limiter 03 m?
Closed Divenor 0.8 m?
Open Divenor 0.2 m?

" gy v 5+ > 30 MW/m? 1

Mission of the Sleady Slale Advanced Tokamak
{S5AT)

Steady Slate:

Demonstrate inlegrated sleady-siate operaling modes

near ggs=3, Py=3.0-3.5 %-m-T/MA.

— Power and particle handling wilh divertors.

— Noen-induclive current drive.

- Reliable plasma operation {no disruplions)

— Sleady slale technology (S/C magnets, aclively-cooled
in-vessel components).

Advanced Tohamak:

= Qplimize plasma performance — aliractive reaclor.
— Goals: 1gf1»2, Py>3.5, lpg/lp—100%.
— Features:
~ Shaped cross section (k=2, §=0.5)
+ Double null poloidal divertor
« Deuterium eperation
« High aspecl ratio (Rfa=4.5)
= Current profile control

* Alse known as lhie Tokamak Physics Experiment {7PX)

GHNOY16/D2 - 4

TPX PFC SYSTEM
FUNCTIONAL REQUIREMENTS

+ IVERTOA
+ EXHAUST PLASMA HEAT AND PARTICLE LOSSES
PEAK HEATFLUX - 12 MWim2 -~ Day 1

20 M
» SUPPOAT CLEAN, HIGH PERFOHMANGCE PLASMAS
- BE RECONFIGURABLE T0 SUPPQRT DiVERTOA DEVELOPMENT PROGRAM

+ WAGARD LULTER FOR STARTUP AND ¥v PROTECTION

+ QUTAOARD BELT LIATERS FOR STARTUR AND PROTECTION OF AF LAUNCHERS
AND PASSIVE STABILLZATION PLATES

+ ARMOR FOR ¥¥'PROTECTIOH

» ALL PFC's WUST BE REMOTELY MMAINIBLE

QUTEOARD
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OVERION UODULE
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qualily gaseous ot radiative divertor for
requirements, and

Divertor Development for ITER
= powet and particle control

Goals
— concepl improvement
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US Capabilities Encompass:

Materials development:
Examples include
- Be development for JET,
- the first use of CFC malerials in tokarmaks,

- continued development of high conductivity
CFCs and improved Be siructuras.

Heat removal, lifelime and reliability:

Extensive expesdience exists in data base development,
prototype lesnng_,and camponent design and fabrication.

Boundary layer modification and improved divertor
operation: Examples include

The Advanced Divertor Program {ADP) on DI-D which
achieves boundary layer modiflicalion through

- gas injection,

- divertor surface biasing,

- aclive divertor region pumping.
Experin'!ents on PBX/M and Alcator G-Mod

Additional dala base on plasma processes pravided by
SCES.

US Capabilities (cont.)

Tritium handling and safely:

Analysis of tritium inventary, recycling and safely issues lor
ITER are based on

= fritium f materials interactions dala oblained on the
Tritium Plasma Experiment (TPX),

- extensive measurements of deuterium migration in
fokarnaks, including TFTR, DII-D and JET,

- detaited analytical modeling.

Erosion / Redeposition;

Predictions of cnmgcmehl lifetime and core impurity
contamination for ITER are provided by detalled models
that have been vafidated against measurements on TFTR,
Dil-D, TEXTOR and ather machines.

Disruptions:

The US program on disruptions inzludes extensive efforis
on bolh

- avoidanee and mitigation, and
- component survivability.
Helium Exhaust:
OCptions lor selective helium remaval such as implantation

pumping in metal surfaces and semi-permeable
membranes are being pursued.

US HHF/PMI Test Facllitles
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0 “ o cross section
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Vacuum Quadrupole Magnetic «Hydrogen
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W ICRF Heiium
? 1\1\:\\! OH exhaust

iITER Divertor Experiment and Laboratory: Phasﬂ

Plasma on target plate: ~10emxim

2
Predicted peak power flow: 200 MW/m
Central plasma density: 3x 10" ! cmz
lon temperature: - 30D eV

Electron iemperature: ~ 100 eV

©Old PEC Task Structure (1998-1992)
PFC-1  First Wall R&D

1.1 FW Armor Development

1.2 Manufacture of PN Mock-ups

1.3 FW Component Taxli

1.4 Start-up and Passive Shutdown

1.5 FW Test Facilities .
PFC-2 Divertor R&D

1 Divertor Armor Development

2.2 Manufacture of Bivertor Mock-ups

2.3 Divertor Component Testing

2.4 Divertor Tesl Facilities

PFC-3  Advanced Divertor Concepts

New PFC Task Structure {1992-7)

PFC-1  Divertor Concept Improvemen!

PFG-2 Heal Removal, Lifelime, and Reliability
PFIG-.?. taterials Development

PFC-4  Tritium and Salety

PFC-5 Erosion-Redeposition

PFC-6 Disruptions

PFC-7 Helium Exhaust

R&D Coordinators for Plasma Facing
Components Task Area

Sandla Nalional Laboralorles - R. Walson
University of California at Log Angeles - Y. Hlirooka
Argonne National Laboratory - R. Matias

General Alomice - C, Wong

Oak Ridge Natlonal Leboratory - T. Burchell
Princeton Plasma Physics Laboratory - 5. Cohen

Idaho National Englneering Laboratory - 5. Piet

CRRIE

Plasma Facing Components Topic Areas

PFC-1: Divertor Concept Improvement
- boundary plasma modification and control
om-o
Alcator C-Mod
- "PISCES-A
- plasma edge computer codes
B2, LEDGE, DEGAS, NEWT-1D
PFC-2: Heal Removal, Lifetime, Reliability

- flow enhancement for water and advanced
cooling

- CHF data base

flow instabilities

diagnostics

thermal fatigue

erosion in coplant channels

testing




PFC-3: Matlerials Development
- improved PFM: Be, C, high Z

= lower oxygen content Be
+ high conduclivity carbon fibers

- high strength, high thermal conductivity heat
sink structural materials

- associated technologies

. g:)asma spray
+ bonding

PFC-4: Tritium and Safaty

= centrol of the at.risk, in-vesse! inventory of
tritium

+ boundary layer recycling control
~ tritium trapping
- wall conditioning

- analysis of accident scenarios

» requires data on interaction of tritium with
materials and coolants

PFC-5: Eroslon and Redeposition

- measurements of erosion and redeposition in
tokamaks (DIMES in DIIl-D}

- post-exposure analysis (JET)

- kaboratory measurements of fundamental
processes (PISCES)

- development! and validation of models
PFC-6: Disruptions
- materials response to pulsed loads

« small plasma guns
+ DIil-D (DIMES)

- model development and validation
PFC-7: Helium Exhaust
- measurements of He transport in tokamaks

- control of exhaust through boundary layer
modification

- experiments on selective pumping

PFC Industrial Participation

=  Request for Quolations issued June 15, 1992
-  Bidders Conference held July 15, 1992
«  Proposals received August 3, 1992

- Contract to be issued 1st quarter FY23

- TFechnical Evaluation completed August 20, 1992

US ITER R&D
Sandia/ndustry Contract

Task Descriptions

1. Design and fabrication of smalt and medium-scale test
specimans for high heal flux tesling.

Finite element thermal and structural design and analyses.
Thermal-hydraulic design and analyses.

High heat flux testing of small and medium-scale mockups.
Non-dastructive evaluation of banded armor tiles.

Developmen! of ufira-high thermal conductivity carbon fiber
compasite anmor tiles.

oot

7. Development of plasma sprayed baryfium and tungsten
coatings.

8. Modification of the Plasma Materials Test Facility {PMTF),

8.1 lnstallation and eommissioning of the 600 kW
electron beam gun

8.2 Design study for a 1 MJ plasma disruplion simulator.

Tasks 9.12 were deleted from Sandia contraet ...
{inclded in UCLA/Industry conlract)

14, Atiend design meetings in US and Garching, Germany,
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Fallgue dala for ag-recelved GLIDCOP A115

{triangles) and induction brazed butt joinis {ciccies).

Flgure 1.

-

Fution Pawer Program om @

Support Facilites

& pinch weld, (hot out gassing)
& elevated temperatures

for consolidation
mills, presses, etc.

access to TEM
® Container fabrication - TIG, EB

® Metailography with SEM &

® Two hot isostatic presses (HIP)
® Mechanical testing - cryogenic
@ Mechanical fabrication - rolling

® Beryllium machine shop
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Twngsien erotion by deuterium plasma cenlaminated with oxygen.

Y. Hirooka, et dl, 1992

In-Yaszs! Trithvm Mansgement fer ITER {SNL, PPPL)

. Co-deposition Is expected to be a major &ource of
Ievessel tritlum inventory,

- Carbon ergslon from high fiux areas results In
radeposition of carbon along with tritium. -

- Tritlym concantration ~ 0.4 T/C Is expectedina
DT device, )

= The thickness of the co-daposited layer
Increases monoforically with discherge time.

+  Trittum co-deposited with eroded ¢arbon is a safely
concem. -

- Co-deposited flims decompose In air at low
temperature.

+ Accldental alr exposure would liberate all
* {rapped tritium as HTO.
«  Co-deposited carbon-tritium flims are volatilized by
a hellum-oxygen glow dlscharge.

- Laboratory studles and proof-of-principle tests In
TFTR have demonstrated romoval process.

- D co-deposlts are volatliized 10 CO, CO  and |
-8

What does He/O GCD mean for ITER?

. Acrude estimate [3 that {TER wiil reach 1 gram of In-
vessel tritium afer anly 1to 10 discharges (n the -
Phyeles Phase,

+  The sltowsble at-risk tritlum 15 currently set at 100
grams (depending on siting and fence boundary).

«  Theretore, He/O GDC wiil need to be perfarmed from
10 to 100 timea during the ITER Physlcs Phase.

. Each He/0 GDC tritlum removal cycle may require zero
magnetic fleld, and take on the order of several days.

+  Future Plans: SNL, ORNL, Tore Supra

The INEL Has Completed Exploratory Plasma-Sprayed

én..% EGRG ldaho, tng,

nin sprayed W - steam tests not significantly different from
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Dynamics of
Plasma-Vapor Interactions

Slopping Power Calculation for High
Energy Beams

alt Layer

lasma Particles

ms & Elaclrons

/ Helium Self-Pumping \

Experiment*
ANL/SNL/KFA

jective: Conduct TEXTOR experiment at KFA
Julich.  Study helium removal via trapping in
deposiled nickel surfaces in the HEMOD seli-
pumping module.

+  Personnek
ANL: <. Brogks, A, Krauss, R. Matias
D. Smith
SNL: R, Nygren, B. Doyle
KFA: K. H. Dippel, K. H. Finken
and UCLA/ORNL
«  Schedule:

FY 1931 Lab experiments on helium frapping,
module design, and assembly,
nickel filament lesting, instaliation in
TEXTOR :

FY 1692 Conduct experiment at KFA - begin
MNov. 1991,

ref: J. N, Brocks et al, J. Nucl. Mat. 176 & 177 {1990) 635,

\ Furien Fewer Frogram @
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JET AS A TESTBED FOR MATERIALS

K J Dietz and the JET Team

 Abstract

Since May 1983 experience has been gained in JET with respect to the interaction
of powerful plasmas with the walls of the vacuum vessel. Initially medium-Z
materials (NICROFER 7612) were used and heavy damage from runaway
electrons was observed. This could be avoided by employing graphite (CFC and
fine grain) as wall protection. At a later stage halo currents presented problems
which could be solved by redesign of critical components.

The divertor material was graphite and beryllium. Extensive experience is
available for both materials. For low density, high ion temperature plasmas,
graphite is advantageous compared to beryllium. At high densities, even at full
power (40 MW), beryllium is the preferred material because of the absence of
density limit disruptions. MHD ftriggered disruptions are slower and the build-
up of runaways is negligible.

JET now undergoes changes which will result in a new machine configuration,
called 'Pumped Divertor'.

For the high heat flux elements extensive heat load tests were carried out in the
JET neutral beam test bed. It is beryllium compatible and located in a hot cell.

The JET development plan shows that operation will recommence at the end of
1993.
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JET AS TESTBED FOR MATERIALS

r.J. Distz and the JET Team

MACHINE STATUS
JET DIVERTOR
» Modelling
. Previous Experience
= Concept

* Materials

TEST FACILITIES AND TESTS
FUTURE DEVELOPMENT
CONCLUSICN

S ——
p— HL_ -

= |

L& L LR e

MODELLING AND CALCULATIONS

PLASMA EDGE

EDGE 2D Fluid Edge Plasma Code

Neutral Particles Simulated by Monte Carlo
Calculations (NIMBUS, EIRENE)

CAVEATS (true for all models)
Not Predictive
JET Divertor Geometry not Simulated Propery yet
Code not Validated for High Density
Treaiment of Interaction of Plasma with Neutrals

Needs Improvement at very low (a few eV) Divertor
Temperatures

MODELLING AND CALCULATIONS

Thermomechanic
Thermal Response (ABAQLIS)
Anisotropic Materials (CFC)
Nenlinear Properties
Benchmarked
Stresses {ABAQUS)
Bulk Calculation
Singularities Treated with Exact Solutions
Benchmark Tests in Preparation
Thermohydraulic
Heat transfer characteristics measured
Correlation with models (DITTUS-BOELTA, THOM)
Magnetie

EDDY CURRENTS calculated with PROTEUS,
SPARK and BARABASCHI 3D

HALO CURRENTS measured, 20% of Ip

l’m
L _7__]. R,

JET DIVERTOR

AIMS

= Impurity Controt in a Quasistationary
Plasma of Thermonuclear Grade

= Determination of Concept and Definition of
Geometry and Size for ITER

«  Demonstration of Operatienal Domain

CONCEPT
= Open Divertor with Large Connection Length
High Density Operation to Reduce
-Power Load
-Impurity Production and Transport
«  Pumping by Cryopurnp

Mark |
-Radiation Cooled, short pulse (2 - 4 5)

«  Mark il
-Actively cooled
-Long Pulses




PREVIOUS EXPERIENCE

OPERATIONAL CONDITIONS
Normal
Abnormal

Blooms

Giant Elms
Sawtooth Crashes
Radia! Disruptions
Runaways

Vertical Instabilities

MATERIALS

High-Z

Hicrofer (eq. to Inconel 600}
Low-Z

Fine Grain Graphite

CFC Graphite

Beryllium

Stope all joint tiles to hide edges

NES—— T

-

Tile stape Flux Density Time to melt
degrees MW/m2 sec
0 4.9 13
2 4.7 1.44
3 19.6 ¢.B2
G 53.8 G.15
90 - 282 0.004 erfdee

= =>»> 20MW of conducted powsr for 0.8 g

Further modifications required to maintain that
value for entire dump plate:

el all attachment holes
—_— edges between tiles
—_— tile slots (?)
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Trilium atoms
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MATERIALS AND LOADS

Loads

NORMAL .

50 MW m2 Peak
16 MW m2 Sweeped

DISRUPTION
15 MJ Deposited within 100 ps

Materials

Mark I:
: Inartia Cooled Ber{’l(ljum .
Inentia Cooled Carbon Fibre Composite

Mark 1I:
Beryllium Brazed to Hrpewapmrons
{Directly Cocled Berylum?}

Walls: )
Fine Grain Graphile
Carbon Fibre Composite
Beryltium

" New JET pumped divertar target plate design
Pawer handling capability:

20 MW {for 3-4s including sweeping.

.

7=
Ui

BERYLLIUM
27 /////—TME
Nj\

Lt
) ' '7\1
\\\ N i}z
IJ SN y
’,’L IR RN

COPPER-CHROMIUM
-ZIRCONIUM

HYPER VAPOTRON SECTION

,-,-"._.'_ml e
— i
i 1 =1 ([

TEST FACILITIES

ION BEAM FACILITY

Total Power 3 MW

Paak Powsr Density 240 Mwm-2

Maximum Pulse Length 20 s

Beam Energy B} keV

Modulation {on/otl) 0.1/0.3 s minimum
£ H, D, Ha

Shielding {Concrate) 2 m

Paossibility to Test Beryllium

JET TOKAMAK

Tesls in Realistic Conditions in Thermonuclear
Grade Plasmas




resistivity'

Measurements in JET NB! test bed

|
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SUMMARY

To Contribute ta Materials Development for Futura Machines
it is Mandatory 1o Have Access to a Pawerltul Tokamak
Becausa Only the Operational Experience Allows for the
Idantification of Problem Areas

JET I3 in an Unique Position to Evaluale the Performance
of Materials in Thermonuclear Grade Plasmas

A Sulte of Facilities is Avallable
Modelling
Assassment of Magnetic Forces
- lon Beam testing
Test Inside JET With Relevant Plasmas
Future Activities Include A

Validation of Open Divertor Geometry for High
Density Cperation at Large Connection Length

Development of Joining Techniques for Cu-Be
Devalopment of Berylliumcarbide Fibra Composites
Development of Directly Cooled Beryllium

Validation of the Developed Malerials and Related
Techniques inside JET




Overview for Presentations from Japan Side in JPN-US Workshop P196,
11/17-19, 1992, Kyushu Univ.

Japanese Studies on HHFC and PSI
Tomoaki Hino and Toshiro Yamashina

Department of Nuclear Engineering, Hokkaido Uhiversity

Sapporo, 060 Japan

In this Japan-US workshop P196, from Japan side thirty
presentations are scheduled. The numbers of the sessions are as
follows :

" PFC and PSI in Large Devices : 5

Developments of HHFC/Divertor and Enegy Deposition: 11
'PFC and PSI Studies in Laboratory : : 9
Tritium Inventory and Handling s 2
Neutron Damage st 3

The construction of LHD has been progressed on schedule. For the
LHD divertor, the HHFC has been tested now and the boronization

experiment has been initiated for the reduction of oxygen in the LHD
plasma.

In JT-60U, several B4C materials have been tested and the degree
of the damage has been evaluated. First boronization was carried out
and the result showed large reduction of Z eff.



For ITER divertor, JAERI group and numerous Japanese industries
have very aggressively developed the brazing component. The heat
clcle test showed no significant damage after 1000 shots with the
heat load of 20 MW/m2,

In the laboratories, one of major researches for erosion and
retention is on boron coated material and boron mixed material. In
this workshop, the session of tritium inventory and handling is
newly included for the preparation to DT discharge. The r:esults on
neutron damage on graphite in Japan is also reviewed.
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Session 2: PFC and PSI in Large Devices



THE DIII-D DIVERTOR
DEVELOPMENT PROGRAM

by
L. SEVIER

- Presented at
Japan-U.S. Workshop P196
High Heat Flux Components and
Plasma Surface Interactions for Next Devices
- Fukuoka, Japan

NOVEMBER 17-19, 1992
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Japan-US Workshop P-196 on High Heat Flux Components and Plasma Surface Interactions for
Next Devices . November 17-18, 1992, Fukuoka, Japan

THE DIII-D DIVERTOR DEVELOPMENT PROGRAM

L. Sevier
General Atomics Company
San Diego, California, USA

The DIII-D tokamak has a "D" shaped cross-section with a major and minor radius of
0.67 and 1.67 m respectively. DIII-D is capable of producing various plasma
discharges including inside and outside wall limiter discharges, and single or double
null diverted discharges. The divertor can be electrically biased. The DIII-D device |
is currently being upgraded with 100% graphite tiled vessel walls and a cryopumped
divertor.

The obijective of the DIIl-D Divertor Development Program is to develop and
implement a divertor design that solves the "divertor problem” by providing
significant dispersal of plasma energy flow prior to it reaching the divertor surface.
This solution will ease the divertor heat removal and reduce surface erosion from
excessively hot impinging plasma.

The DIII-D Divertor Development Program will proceed through three phases. The
first phase, the Advanced Divertor Program (ADP), will complete the on-going DIlI-D
plasma boundary and research program. This phase will employ the electrically
biasable divertor ring now installed in DHI-D and an in-vessel cryopump to study
electrical biasing, baffling, pumping, and gas and impurity injection on divertor
performance and particle and impurity control. These studies will obtain data to
support both the ITER divertor design and the design of the follow-on DIlII-D radiative
divertor and actively cooled divertor installations.

The second phase of DIII-D Divertor Development and Research will be the
Radiative Divertor Program (RDP), in which the physics basis of radiative power
dispersal and divertor plasma cooling will be demonstrated in an inertially cooled
double-null divertor configuration that is optimized for radiative power dispersal. The
RDP will focus on divertor physics studies and obtaining data for the ITER design.

The third phase of the Divertor Development and Research will be the Actively
Cooled Divertor Program (ACDP), in which the radiative divertor solution will be
demonstrated with actively cooled hardware suitable for steady state operation. This
installation will enable DIiI-D to extend its pulse length to 60 seconds with up to 38
MW input power and conduct research on time scales much longer than the current
relaxation time scale and at the particle-wall equilibrium time scale.
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D, INJECTION WAS EFFECTIVE IN REDUCING HEAT FLUX

ON THE DIVERTOR TILES WITH LITTLE DEGRADATION -

IN PLASMA STORED ENERGY DURING
THIS ELMING H-MODE (vgLm == 100 Hz)

Dy Injection (Sclld), Reference Shot {Dashed)
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DII-D DIVERTOR
DEVELOPMENT PROGRAM

Supports ITER and TPX and the divertor needs of machlines
beyond ITER {DEMO, reactor)

The angoing Advanced Divertor Program (ADP) is developing
the toofs and the database on divertor biasing and pumping
for use in future optimized divertor designs

The proposed Radiative Divertor Program {RDP) will
develop a physics solution to the divertor problem of reducing
peak heat loads and divertor erosion

The later Actively Cooled Divertar Program (ACDP)
will develop a technology solution to the problem of safe,
maintainable, active caoling of a divertor structure

TIME {rm)
1 o> camemar aromics
i ADVANCED. DIVERTOR PROGRAM (s0r)
g L 1| |4 2
E il 13] |8 ‘
c—_a‘ g g % g a Current divertor and first watl
L [ 1 I | 3 - — Graphite coverage over 31 m? (40%) of first wall
% - — and divertor
o g § k E » Inential caoling }
ﬂ ¥ i i ‘E » Copper foam metal interface tayer [tile to vessel)
5 - § g . — Cpen divertor [flat}
g ' L H — Biasable toroidal ring electioda
L ¥ E g = Toraidal gas baflle
E m i m — Boronizaticn
Eg — —
e E
g z
o L g E P _ o 1993 ADP upgrads
?54 3 L S —— 100% graphite tiles on all walls
H E x g [] H E H » Existing tiles cleaned by B,C grit blasting
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DIVERTOR PUMPING
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DIVERTOR BIAS

» Priacipal application: Use of £x B dift to gulde plasma into
pumping ducts
<~ Plasma temperature Increased with density control
~ Pousibility of "electric® sweeping instead of d
— Can shift the fn-out heat Ml asymmetry,
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THE RADIATIVE DIVERTOR

= Baslc idea is to radiata the power flowing In the divertor chaanel
to & large wea of structure

== Desire pominal <3 MW/m?

# Features af a tadiative divertor
— Ikmpwity sceded radiation, probably tisce figh 2 nohle gases

— Streng fued Ton fow in tha diverter channcl 1o entrain the [mpurities
and hold them scar the divertor plats

» Radiation Is from ;Egm plazna, not the S0L or maln
plagma

~ Tight fitting mechanical stiacture armmd divertor channd to
tonfine neutrals and maximize recycting flux ampfificatica.

= Prasible use of farted recireutaling flow bo increase fucl fow
amd entraiament

— Disslpation of 250% of the power flow in radiation, The flowlng
plama ix extinguithed in gas,

— Levge voluma divertor plasma.

— Radiation to a large ares.

— Particla flux also spread out. Colder particle flux hitting surfaces.
— Seufler pumping ducts with kigh pressure bulldup,

— Nao divertor sweeping '

— Enbanced heflum exhaust opportunitics.

+}+ cenmRAL ATOMICS

PROPOSED RADIATIVE DIVERTOR

Double-pull, 17 m? divertor surface area,
Operational modes: radiative, ergodized, non-radiative

Radiative Divertor Program
ROP (10 Second Pulse)

380 MJ/shot

Inertially cooled
Forced convection cooled support

High canductivity C-C composite
used in high heat flux area,
remainder is graphite

Actively-Cooled Divertor Program
ACDP (60 Second Puise®)

2000 MJ/shot (60 sec}
Actively cooled

Bonded graphite tites

Four point biasing Four point biasing
Twelva tosoidally biased segments  Twelve torsidally biased segments
{lower section) {lower section)

*Material selection (graphite, beryllium, tungsten)
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DII-D RADIATIVE DIVERTOR (sL0T opTiON)

o> cEnERAL ATOMICSE

Biasing possibilities

5.

¢zo CENERAL ATOMICE

ACTIVELY-COOLED DIVERTOR PROGRAM

s Work with/through ITER technology RED to develop
solutions

= Helium cooling to eliminate steam safety issue
— Clamped tites flor easy maintenance
= Mono-black beryllium to eliminate brazing
== Advanced hypervapotrons {water cooling)
— lImproved graphites
® Design for full power (38 MW) for 60 seconds
& Physics objectives

— Revislt the full list of divertor isssues with a divertor
whose surface is maintained at a constant temperature

— Explore advanced tokamak regimes for times =
2-3 “wall times*, Approaches steady state.

» Technology ohjectives
— Demunstrale cooling methodology

— Show ability te handle required heat loads for
B0 seconds

— Show practical tokamak engineering
+ Problem of vast numbers of coolant leads
= Maintenance of PFC tiles

e Disrptionfhalo current survivability
» Thermal expansion of system

't' CONERAL ATOMICSE

DIN-D ACTIVELY-COOLED
ITER DIVERTOR TESTING

Configuration SN or DN
First wall Graphite
Divertor Graphits or Be
Sweeping Can
Pumping Yes
Biasing Yeu
Heating power (MW} k1)
NBI 0
ECH 0
ICRF L}
Pulse bength {sec) 60
R (m} 167
Figures of merit
Power P/R 121
Surface drca of plasma {m?) 60
Average P/A leaving plasma (MW/m?) 0.6

Peal powes flux on plate {MW/m?} 12
Stoved encrgy (M4} H
Digruption cirergy fus (M)fmt) 2.5-25 (avg-sample}

integrated divertor plate test Hgw
Peak heat flux {MWW/m?} 12
Pulse length (sec) 60
Number putses T50/month
Erotion predicted 5 microns
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DIVERTOR-TARGET EROSION MEASUREMENT

1

o

Net Change (mm}
004 D et am
.

-£.01 a

W-w& f"’

[}

u

1a i
Major radhus {m)

» Surface profile was measured before and after exposure
(9 months)

& Startup and rampdown on inner wall, away from divertor

» With 60 second pulses, this fluence could he produced
in about two weeks running

= Whole new tile assemblies could be erosion tested
about one every four rmonths.

+cmm.|.4mmu
THE BEHAVIOR OF
THE RADIATIVE DIVERTOR WILL
INFLUENCE THE SELECTION
OF FUTURE DIVERTOR MATERIALS

# Lower peak heat flux

— Use of lower melting temp
{beryltim})

& High density, low temperature plasma in the
divertor region

— Lower sputtering {carbon, beryllium, tungsten)

& Blas sustained plasma shielding

— Use of high atentic number materials {W)
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HIGH HEAT FLUX COMPONENTS AND
PLASMA SURFACE INTERACTIONS FOR
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DIMES PROGRAM
KEY COLLABQRATODRS AND STRUCTURE

« Sample supply and control,

.

-

.

malerial characterization, in-
situ measurement, ptanning

Advanced diagnostics
Erosion/redeposite medeling
Distuption medeling

Disruption simulalfon

Solid target borenizalion

Russian sample materials and
coatings

DIMES experiment
courdination

Mechanical desigﬁ

Diagnostics
DIll-D support

FuHbED ‘-‘)‘

R. Bastasz, SNL-L

D. Buchenauer, SNL-L
J. Brooks, T. Hua, ANL
D. Ehst, A, Hassanein,
ANL

J. Gahl, UNM,
J. Glltigan, NCSI)

¥. Hirooka, UCLA

0. Buzhinski], Troltzk;
I, Mazul, Efremov

C. Wong, GA (acting)
R. Junge, T. Celleraine,
GA

P, West, GA; D. Hill, LUNL

A, Kelimian, J. Luxon,
T. Petrle, and others, GA

5. DORJOFE, w, COMEM

Dl
{DIVERTOR MATERIAL EVALUATION SYSTEM)

+ A material sample changer mechanism (hal allows the
expasure of instrumenied malerial sample from one te a
taw shols in DIB-D* and overnight sample changeout.

.

Relevan! ITER concerns on material net erosion, tritium
retention, disruptions, and material transport will be
addressed.

Ex-situ measurement lechniques are available; in-sily
measurement capabilities are belng developed,

*Can be exposed ta 2 single discharge ar a sertes of
discharges under selecied pfasma conditions al Iha DIll-D
bottom divertor,

DII-D ELEVATION AT 150°

Botlom
Diverior Tiles

DIMES Sample
Ingertion Channal

Divertor Floor
Ties

DIMES Material
Sample

Separation
Belows

Fort Isolation
Valve
Dry Nitrogen
Purge Vatve
Sample
Exchange Port
Secondary
Vacium
Pump Duct
Hydrandic
Cyfinder Hydrautic
overflow
tank
Fit Floor

1 cm




Algnment

Belows

Port Isclation Valve
With Limit Switches

Exchangs
Windcre

trogen lon Gauge
Outlet

{vent To Rool)

Elecsrical

Faedthry Primary otaton Vabe

With Limit Swhches

Welded Beliows
(Hysrmile lpolyion}

Formed Bellows
1Fer Adgrmre)

3KV Ceramic olation

1Y Arm Frmchurd)

. Sacondary Vacuum & TC Gauga
Turbomolecuar
Reughing- Pump Vatve Pump
Lezk Check Port
Secondary Vacuum Vahe
(Ta Secondary Vieawm Syiem) i—d TC Gauge

Vaguum Hose isolation
Vent To Roaf

Secordary Vacuurs Pump Mechanica? Vacuum Purmy

DIMES PRIMARY VACUUM P&ID

DIMES SAMPLE CHANGER SYSTEM SCHEDULE

Hydraulic Cylinder Operation Compteled
Testing
DIMES Mechanical System Installed
Tesling
Mechanical Completed
Vacuum Complated
Tile Alignment 111692
Caontrol Syslem
-Deslgn Completed
Inslalled By 12/4/92
Diagnostic Wiring ’
Internal Completed
External Need to Design
DIMES Hydraulic System Completed

o+ cenenas aromics

A — by v




DIMES FY1993 PROGRAM SCHEDULE

+ Sample changer operational in vacuum 10122192
«+ 1993 experiments coordinalion workshop SGA 1072082
= Firsl shorl exposure experiment 233

1893 EXPERIMENTS OBJECTIVES

{IN COORDINATION WITH
“THE § 1o 12 WEEK RUN PERIOD OF DIf-D}

Perform:

+ Eroslonredeposiion experiments on difterent sample and
coating malerials.

« Disruption experiments,
« Pariitle energy characterizalton experimants.

DIMES SAMPLE
DIR-0 QPERATIONAL REQUIREMENTS

+ Exposed material to be examined and approved by Bil-D
Vacuum Commitiee

+ Samples must outgas less than 10-7 Torr-#sec in
10-8 Tort vacuum

+ Samples must be outgassed at 1000°C for 2 hr before
exposure

DIMES SAMPLE CHANGER
QPERATIONAL CHARACTERISTICS

Sample changeoul is avernighl

6 hr pumpdown time after sample ¢hangeeul
{possibly shorter)

In-gllu temperature up to 35¢°'C
= Minimum exposure cne shot

Experimen!s can be performed as passive, piggy-back,
or dedicaled runtime experiments

DIMES DIAGNOSTIC WIRE CAPABILITIES
10 DIAGNOSTIC WIRES TQTAL (SHIELDED)
» 2 wires for type E thermocouple

+ 2 wires for 20 gauge (5 amp/500 V DC, B se¢ max)
+ fiwires 24 gawge (2 amp/500 V DL, 8 sec max)
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DISRUPTION EXPERIMENTS WITH DIMES

disruption

— Modeling
2. Characterizatlon of disrupled pfasma as Inpuls far

— Characterization of disrupted plasma, vapor shield
— Characterization of malerial surface before and after

Sludy of disruplian eflects on materials from a diverted
— GConlrol of Induced disruptlon events

disruption simulation experiments.

plasma
Neads:

1,

pll-D ADVANCED DIVERTOR FLEXIBILITY
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0‘. CENERAL ATOMICS
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TYFICAL DI-D PARAMETERS
Hormal Disruplion

[ 1todMA -
Gas D% Ha -
Paux 010 000N -
ne 104 1 107 emr? 101310 5 10
Te 1105 ka¥ Sto 1008V
n . 1o 1T kav H
w TodM) -
SOL anrent <SkA 0.2 15 {600 kA)
Powet/Area (divertor) 1108 UWIm? -
Energyiites [dlvartor)  — © D) Mim2
— with slevated DIMES 1010 im?
Freld ine angle 110 50eq 1
Cutren) decay time »dmsec
Tharmal quench ims 0.2 msec

ne {S0L)
Te{S0L)

10% fo mid 10" cmr?

1010 70eY

(TTER CDA has energy density of 2 to 12 Mlm?)
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EXTENSIVE EDGE DIAGNOSTICS ON DII-D
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DIMES SCHEDULE

Nov, to Dec, 1992

Complete DIMES changer details

Nov. 1892 to Jan. 1993 Praclice sample exchange

Prepare diagnostics, CCD, and
optical spectroscopy

Initiate nel erasion calculation
Initiate disruplion caleulation

Nov. 1992 lo May 1893 Preparation of special disruption

samples

2nd week of Jan. 1933 DIMES experiments preparation

Feb. 1o Sepl. 1993

meeling

Perform boronizalion, eresion,
and disrupiion experiments in
coordination with DIlt-D
opefalion and experimental
plan




DEUTERIUM RETENTION IN TFTR
M. Caorlin, M. Ulrickson

Princeton University Plasma Physics Laboratory,
James Forrestal Campus,
PO Box 451, Princeton, NJ 08543, USA.

ABSTRACT

The Tokamak Fusion Test Reactor is scheduled to begin operation with deu-
terium and tritium plasmas in 1993. Stringent iritium inventory limits will
affect the machine operation. Tritium in-vessel retention is one key parameter
in determining operational schedule and procedure. ln particular, tritium re-
tention will have to be periodically monitored and cleanup intervals will have
to be interspersed with normal machine operation.

The current knowledge on deuterium and tritium retention in TFTR is based
on several vears of operation with deuterium plasmas and on laboratory tests
carried out at SNL with TFTR material components. This body of information
is summarized here and retention estimates are given. Deuterium is mainly
retained in a thick codeposition layer on the bumper limiter tiles. The average
retention scales linearly with the deuterium (or tritium) fuelling and increases
with the average neutral bearn power. An average deuterium retention factor
of 0.44 & 0.15 has been determined for beam-fuelled discharges over a five year

period.

Removal of the codeposited layer by means of He/O glow discharges is also
addressed.

Implications for the D-T phase are discussed and suggestions for near future
work are outlined.



DEUTERIUM RETENTION IN - ~
TFTR

by
M. Caorlin, M. Ulrickson

Princeton University Plasma Physics
Laboratory

PSI/HHF Japan-uUS Workshop P196,
Kyushu University, Fukuoka,
Novemnmber 17-19, 1992,

CONTENT

. Introduction.

2. Retained qeuterlum distribution in TFTR.
3. Long-term deuterium retention in TFTR.
4. Retained tritium cleanup.

5. Implication for the D-T phase.

6. Future Work.

7. Sumrﬁary:

1. INTRODUCTION

e TFTR tritium inventory limits

(5 g on-site, 2.5 g stored, 1 g in-vessel).
» Tritium in-vessel retention affects

1. Tritium input {(number of shots)

2. Tritium cleanup frequency and dura-
tion

4

NEED TO PREDICT TRITIUM RETENTION.

2. RETAINED DEUTERIUM
DISTRIBUTION IN TFTR.

s Codeposited layer on tiles malnly

¢ Average bulldup rate is 40 A/shot

* Four-year average: wall 32 %, BL tiles
surface 49 %, gaps between BL tiles 19 %

* Poloidal and toroidal distribution




+ +

move the codeposited tayer

Lab tests show He/O GDC gets into gaps

Measured removal rate is 0.2 A/s

Attempted (24 hours) in TFTR

Drawbacks:

1. impurity production requires boroniza-
tion

2, requires time and resources

3. side-effects? (e.g. Internal hardware)

+ [

(]
3. LONG-TERM D RETENTION IN TFTR. o -
-]
o'y
« Retention scales linearly with deuterium -
input.
& - x
» Long- vs short-term retention; short-term g
matters for weekly predictions prior to DT 3]
=]
o
phase. e
[\
o D
oo el
» Long-term average retention factor is 0.44 s s
+ 0.15. - z
» Modelling needs short-term retention data.
~ =
Sre
-]
» No data available for TFTR short-term
retention. T o
@ @ - o
o =1 o <
P3UEIEY Q) JO UONIBIY
+ 5
+ + +
4. RETAINED TRITIUM CLEANUP.
« He/O GDC Is the preferred choice to re-
5

. IMPLICATION FOR THE D-T PHASE.

DT Plan (under revision} requires a total
input of 12.4 g T»

Total tritium retention would be 5.5 g if
no cleanup is performed

At least 5 cleanups required

Reasonably short (1-3 days each time) cleanup
periods anticipated




T

o 6. FUTURE WORK.
L—_- @
S g
- T‘n’ Near future
C e
— g
5 & %3
'*'-o“ S o Longer in-situ He/O cleanup test (5 days)
=
2 .
€ ol
——r 3 l
IZGK, z « MEASURE short-term retention, w/o trl-
g 2 tium and check cleanup
E g ™
o
= .
‘|_- & » Check retention data in trace-tritium ex-
periments
o
= w o w) = -
~ - -—
{spuesnoy]}
(D) vopuorey
+ 8
+ +

7. SUMMARY.

» Deuterium is codeposited on BL tiles mainly

« Non-uniform distribution

Long'-terrn deuterium average retention fac-
tor is 0.44 + 0,15

Cleanup periods required to comply with
inventeory limits

Cleanup by He/O GDC is current choice




Preparation for DT Operation- on TFTR

M. Ulrickson
Princeton University

Presented at the US-Japan Workshop

on

High Heat Flux Components
| and

Plasma Surface Interactions

held at
Kyushu University
November 17-19, 1992



Tritium Inventory Management

Tritium Inventory Management

1]
o Tritium Delivery Systen o The trilium inventory in the TFTR vacuum vessel
must be controlled because of limits on the allowed
o Tritium Processing inventary {sce M. Caorlin’s talk).
o Hed GDC is the preferred method for T invenlary
managenent.
o HeO cleaning has been performed on TFTR.
o Approximalely half of the Oxvgen used during leQ
cleaning Is trapped in the lorus after the cleaning.
o Significant amounts of el 1 H,D are released
during TieO cleaning.
¢ Boronization Is required alter HeQ cleaning to obtain
high performance plasmas.
o Approximalely 4 HeO cleaning cycles will be required
during the TFTR DT run,
I.  Helium/Oxygen Glow Cleaning
o Species Observed
Ilydrogen isotopes (D, HD)
Water (11,0, HDQ, D*0)
Formaldehyde (CODy)
g Boric Acid (DBO,)
.8
2 il Carbon Monoxide (CO)
[T} )
g: pe g Carbon Dioxide (CO,)
£g
g o Oxygen and Helium
-]
8 g ¢  Changes in the yield of various species during the glow
e -
= g. Deuterium containing species decreased to about 1/2

ln_ -—

(1) Aojuan
=k

uj

to 1/4 of the tnilial vahies

Oxygen ing species remained nearly constant
(<20% change)

Hydrogen partin} pressures decreased to about 1/3
of the inittal values




. Changes During He/O Cleaning

Paniial Pressure
_ Mass Start End Ratio
2 1.0E-08 4.0E-09 Q.40
3 25E-08 6.0E.09 0.24
4 1.1E-05 9.0E-06 0.86
32 22E-08 1.8E.08 0.82
14 J0E-0% 2.1E-08 0.70
16 1.5E-07 1.2E.07 0.50
17 29E-0% 9.0E-10 0.31
18 - 1JE08 JIJE® 0.25
19 1.6E-08 4.1E-09 0.26
20 28E-08 ‘49E-09 - 0.19
22 1.3E-09 8.5E.10 0.57
28 2.1E-07 1.7E-07 0.8}
29 2.8E-09 20E9 0.71
30 1.3E-09 7.5E-10 0.58
32 6.5E-O7 . . 5.7€-07 (.88
33 $JE-10 4.9E-1 0.86
34 - 2.8E-09 26E-09 .93
44 1.5E-07 B.0E.08 .53
45 1.8E-09 1.2E.09 .57
¥
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Correcfion of the RGA Data to Get Total
Amounts of Gas Generated

The total amount of a particular gas species
Fenern(ed during the He/Q cleaning is found
rom

© Q;= R; S5 fpj dt

where -
R, = the ratio of the actual pressure {o
the RGA pressure for mass i
S, = the pumping speed for mass i
I, = the partial pressure of mass i
B wn
| § -
L O
S
L 1y
l Lo |
L ©
l "
L w3y
™~
a
N
| ©
, &
| vy
. 2
[
-2
n ruy
. ]
o = o : : °
L) o~ o~ ‘2 2 o

(spupsnoy))
(s/1) peedg Bujdwng




The Total Amount of Gas Produced

L]

=]
Fora
%
ks

1
Lo
Ly

1
[}
[}

— e T T T =]
=S, T - T, T~ N R — T - N = B e
I I S T s T

son jo ebojusoued

Mass

o
=]
e B Integrated the partial pressures of various species
8 = from Lthe RGA. S_P‘H:
(& Rl Corrected for the pressure ratio due (o the
o g differential pumping (Dylla, Blanchard, et.al.) R
@
T Miultiplied by pressure corvected pumping speed for
o & the various species. .S
c
I:-’ ‘(d g RESULT:
‘g o g 3.96 x 10 Torr-1 of gas were pumped
=]
= A 3.70 x 10f Torr-I was Heflum
3 <
o A 1.90 x 10" Torr-1 was Oxygen
Q
o = INPUT:
(]
’ 8 < 3.80 x 10° Torr-1 of He/O mixture
: Input gas was 10% Oxygen
3
(luol) D
' 0] Tritium Delivery System
. -
o The TFTR tritium delivery system consists of uraniem
o heds for storage of T, T gos lincs to the torus, NBI,
~ and pellet injector, and gas storage tanks for the used
gas,
w o The tritium systems are eurrently in the middle of the
required safely reviews,
2 o Tesling of the system with 1000 CE should begin soon.
['x]
. o~




Tritivm Processing System

o A low inventory DT reprocessing system is being
designed for TFTR.

o  This system will permit on-sile reprocessing of DT
@Fi mixtures and reduce the amount of tritlum
(] E Y I contaminated waste gene_ralcd.
Hor IR ral . .
HoH I n 13 K o The system was developed by the Canadian Fusion
1H _(;Et..g]' . ! x Fuels Technology Program (CFFTF).
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Present Status of LMD Project

0.MotoJima
National Institute for Fuslon Science
Fro-cho, Chlkusaku, Nagoya 464-0), Japan

This year 1992 TY {s the third year of LID project. We report the pros-
ent status of the construction of LHD apparatus. Our major actlvitles are
concentrated on the engineering design, research and devclopment, and
practical construetion. The constructlon. schedule !$ on schedule and prog-
ressing. Constructlon of the building fs under progress. On-site fabrica-
tion and assembly are scheduled to start {n April 1994,

We are almost completing the {inal englneeving deslgn. At the same tLime,
we Are pursulng to complete the necessary research and development (R&D) |-
tems, especlally R&D for superconductor. Several parts of the major compo-
nents have heen inltiated to be fabricated. The constructlon of the maln
experimental bullding has also begun. [n the following, we explain the pres-
ent status of each item.

1. DESIGN OF LHD

Currently, LHD constructlon is at the final stage of engincering design
- phase. The LHD Desigh Group (L.OB Group) of NIFS s respounsible for R&D, and
engineering design based on R&D data. To start the construction of the low-
er part of the Inner vertleal fleld coll, the engincering design _has boen
completed as a stand-alone component (o interface). Construction of the
winding machine for the hellcal coll has begun. Englneering deslgn of the
major parts, l.e. hellcal colls, supporting structure, ete. are still prog-
ressing. However, [t is reaching a flnal goal. Therefore, arrangements for
material acquisition have been begun for the necessary components,

2. R&D PROGRAM . :

R&D actlvitles on superconductors, vacuum components, power supplies,
and control systems ctc. are belng pursued. Construction of super-
conducting material and test coll has been completed, and the final Llquid
Helium cooling tests are belng performed on varfous test components. Low
Temperature Experiment Bullding was comploted by tha end of 1990, and the
research staff Is moving gradually to the new slte. A tost facllfiy for
developing vacuum compeonents has been completed in the Low Temperature
Experiment Bullding, and Is under full operation. Maln purposes of R&D are
the development of advanced technology based on new Ideas and positive
conflrmation of performance. A great deal of tecchnleal knowledge is
obtalned as expected. A large contribution has been made espectally in the
fleld of superconductor research. (1) Devolopment of stable large currant
conductor, (2} Development of large magnet, (3) Development of refrigoration
technology, (3) Clariflcation of supcrconductor charactoristices, (4) Accumu-
lation of coll control technology, cte.

3. PLANNING OF EXPERIMENTAL PROGRAM .

Detailed planning of the experimental program has begun, providing for
the commencement of the experiments in Aprll 1997. The major objective of
thls actlvity Is put on the advanced physics understanding, improvement of
the accuracy predicting plasma parameters, and cstablishment of concrote
opcrational scenarios. The major subjects are transport, MIID (high 4), heat
and particle exhaust with divertor, conflnement improvement, steady-state
operatlon, and D-D experlment. One more Important objective Is to cstabllsh
analysls methods for experimental data. The arrangements for the nocessary
components of the experiment (e.g., Plasna production and control, fucling,
heating, diagnostics) has begun.
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Plasma Facing Components and Plasma-Surface
Interactions in TRIAM-1M

Naoaki Yoshida and the Fusion Material Group of RIAM

Research Institute for Applied Mechanics, Kyushu University,

Kasuga, Fukuoka 816, Japan

ABSTRACT

On the superconducting high-field tokamak TRIAM-1M at Advanced
Fusion Research Center at Research Institute for Applied Mechan-
ies(RIAM), Kydshu University, ultra-long pulse operation longer
than one hour has been achieved by a lower-hybrid current drive.
Analysis of damage of Mo limiters of TRIAM-1IM used for such long
pulse discharges and the relevant PFC and PSI studies are being
carried out at RIAM. .

(1) Damage of Mo limiters and its influence on plasma

Powder metallurgy Mo(99.95%) was used for poloidal limiters and
heavy damage due to high heat loading was observed. Brittle
fracture occurred along crystal grain boundaries and the cracks
expanded by the repeated thermal loading. It is expected that
the formation of the cracks leads to the reduction of- heat trans-
fer and thus enhances melting and evaporation of the limitors.
Suppression of embrittlement is one of the key issues of high-2
materials for plasma facing components.

Mo impurities ejected from the molten surfaces of the limiters
often unstabilized long pulse plasma discharge at high density
(1013¢cm™3). 1In order to estimate the critical heat loading which
unstabilized plasma, heat loading experiments with the electron
beam high heat flux simulator were carried out. In the case of
heat loading at SOMW/m2 for 30s, melting of‘Mo is limited only at
the surface, if the active cooling is enocough. Judging from the

experience of TRIAM-1M, the heat loading at this level or lower



does not cause severe problems for plasma confinement. By heat
loading above GOMW/mz, not only the vapor of Mo but also molten
droplets of Mo are ejected severeiy and the vacuum of the chamber
gets worse very much. Damage of the Mo at this condition corre-
sponds well with that of "Mo blooming"” in JT-60 and ejection of
Mo droplets during high density operation at TRIAM-1M. It should
be emphasized that the critical hegt flux mentioned above would
be lowered by the formation of cracks due to repeated thermal

stress.

(2) Development of low-Z and high-Z coating technique
Wire explosion spraying method is applicable for repair of

low-Z and high-Z coating of PFC on the spot in a torus. This
spraying can be performed in atmosphere on a substrate at room
temperature withoﬁt any sophisticated equipments and yield high
condensed coatings in a second with the strong adhesive strength.
It was demonstrated that TiC and W-Re coatings on a_rﬂate of
.austenitic stainless steel showed very high thermal shock resist-

ance.

(3) Microstructufal change of PFC by neutral H
By using the corrector probe transfer system attached to

TRIAM-1M atomistic damage in plasma facing materials by energetic
plasma particles was detected and the results were compared with
_ those of hydrogen jion irradiation experiments. From the compari-
son of the density and the size of the radiation induced defect
clusters it was estimated that the hydrogen neutrals at 0.5-2keV
with a flux of 1.5-3x1018H/m23 cause displacement démage during
long pulse discharge of TRIAM-1M (Ip=23kA, ﬁe=2x1018/m3). This
unexpected heavy damage would change material properties at and

near the surface and control the behavior of hydrogen in PFC.



Plasma Facing Components of TRIAM~-1M
PLASMA FACING COMPONENTS AND

PLASMA-SURFACE INTERACTIONS

IN TRIAM-1M . *Hall: 30458
*Poleldal Fixed Limiters:
Nagak} Yoshida PH-Ho{powder metallurgy)
. graln size: 40 micron
Research Institute for Applied Mechanlics, purity; 99.95x
Kyushu University slntering: 1800 ¢

~ BEC and PSI relevant gtudles at RIAM -

(1) performance of Ho-limiters in TRIAM-1M
*material damage
- problems of Mo as high heat flux
components
*influence on_plasma
{2) Development of low-Z and high-Z coating
#wire explosion spraying method

(3) Microstructural change of PFC by neutral H
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PROBLEMS OF PM-Mo FOR HIGH HEAT
FLUX COMPONERTS )

*Embrittlement
Heat loading (and ion(0,N,H) bomhardaments)
-recrystallization and groln growth in
surtace layer
-embrittling at grain boundarles
~If DBTT » R.Temp
easy cracking by thermal shock

* Craching
-reductlon of heat transfer
-enhancement of melting, evaporation and
further eracking

COUNTERMEASURES FOR EMBRITTLEMENT
*High purity EBM-Hn
*Ho-Re alloy
*Addition of strong oxide-, nitride- and
carbite-forming elements acting as scavengers

Ti, Ce, Th
*Qperatlon above DBTT




Tangenlial TV lwapes ol Plasma

TIME YARIATION OF PLASHA PARAMETERS -AKD CahoL 26325, rI(.:::..f.-“.xH)”cm':-‘)

OTHERS DURING LOW DENSITY DISCHARGE
(leulzcm_a} . *Molten droplets were often ejected [rom the

outer limiters (L>27s)
#Concentrotion of Mo im slwest constant during

long pulse dischargs(0.2%} *AL this conditlon, concentratlon of MO in the
core plasma Increases two 10 three Llmes and
Mo hse no bad effects on'the discherga. plasma becomes unstable.
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Fig, 1 Eopurlly deposition rate on the plassa and the
electron drift sides as a function of Lhe
distance from Lhe plasss edge, oeasured with
thin«fobi Al cocllector probe specinens
Introduced to the scrape=of! larer of TRIAM~LM,
The deposltion rates durlng high density
(~2210' "/} and lov densitr {~2210'"/a")
diseharges are conpared. )
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El;:ctron Beam High Heat-Flux Simulater
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Ea Effects of Heat Loading on PM-Mo
250 : --electron bean bombardment for 30s--
ze =
LR (1) Ho Effects .
Pl (13mW/nl, Max. Temp.=109Z C)
a3 = *no melting,
z % *no significant evaporation
Z= (2) Evaporatlon

(21.3HW/mZ, Hax. Temp.:lSBG.C)
*evaporation starts.
*gyirface becomes rough.

{3) Surface Helting and Hoderateuzvnporatinn
(49.1HW/n?, Max. Temp.=2608 C)
*meiting and recrystallization of
thin surface layer
*noderate evaporation
-- small welght losa

(4) ElJectlon of Droplets .
(62.8HW/m?, Hax. Temp.32783 C}
*strong evaporation
=ejection of molten droplets
=large welght loss

-increase of M0 impurity during high denslity

dlscharges in TRIAK-1H

-"Ho blooming™ in IT-60




WIRE EXPLOSION SPRAYING METHOD

W/ esaryny
[y

eniepar = dapstiter e

U
wenerrara

Fig.1 Basic ericuit and equipments for wire
explosion spraying,

sl
Fig.1 Sectional microstruclure of
TiC/W/IPCA (at 200 Torrl.

Sectional microstructures of W/JPCA(a} and W-25Re/JPCA{BL

{etchedl

Fig.2

Comllparison of Micrgstructure Formed in
RIAM-1M and HY Ion Irradiations

*Discharge condition of TRIAM-1M
Ip=23kA, Np=2x1012Z/pm3
L=6283+674s

*irradiation condition of H ions
Irr. temp.=300K
Ion energy=0.5, 2, 4 and 8kevy
Ion flux=3-8x1018H%/cmes

Estimation of hydrogen neutrals formed in
low density long pulse discharge in TRIAH-1M

Energy: 0.5-Zkey
Flux: 1,5-3x1018/nis
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Japan-US Workshop on High Heat Flux Components and Plasma Surface Interaclions for Next Devices
November 17-18, 1992 Kyu_shu Univ.

Development and Experiences with JT-60U

Plasma Facing Components
‘ presented by T. Ando
JT-60 Facility Division Il
JAERI

SUMMARY

In the framework of R&Ds on boronized carbon-based materials for application to
JT-60U, the in-pile test of B,C-overlaid CFC divertor tiles has been performed. The
B,C-overlaying methods are CVR(Chemical Vapor Reaction)-conversion (50~200 pm},
CVD-coating (~150 um), and LPPS-coating (~150 um). The results show that almost ali
B,C layers were melted at tile edges due to high heat concentration, excepting incidentally
shadowed edges. However, exfoliation of CVR-conversion B,C layer was not observed.
Some coating layers were exfoliated at tile edges. These edges should be shaped
beforehand to have a slight slope to reduce the local high heat flux. CVR-conversion B,C
graphite tiles were also installed in the first wall region and exposed to JT-60U plasma.
The edges of these tiles were also melted, but B.C layer of ~100um thick still remains after
one-year operatnons From view points of the life of B,C-overlaid CFC/graphite, ~100 um
thick layer is considered to be allowable. Detailed analyses of the removed tiles are
planned.  One complete poloidal row of outboard divertor tiles (125 units) and selected |
part of the first wall tiles (150 units) are replaced during this vent (Nov. ~ Dec. '92) by using
CVR-conversion B,C ones.

In the post-experiment observation in this vent, very shallow erosions were observed on
the divertor tiles which have not been shadowed sufficiently, and were located at the
outboard striking point in low X-point, low density and high power operations in this year.
Erosion patterns show clear toroidal periodicity due to fieid ripple effect, which means that -
the heat flux is enhanced in the toroidal direction in the case that poloidal field
perpendicular to the divertor plate is so small that the field line is significantly affected by
the ripple of toroidal field coils.

In collaboration with SNL {US-Japan collaboration: PL-112), beta backscatter analysis
has been successfully carried out during this vent (Nov. '92) in order to examine deposited
metals on the plasma facing tiles.

Feasibility studies on actively-cooled divertor plate for JT-60U is underway and heat
load tests using JEBIS are scheduled for the next FY.



JapanUS Workshop on Migh Hest Flux Companenls
and Plasma Surface nteractiens for Mexi Devices
Navember 17-19, 1992  Kyushu Univ,

Development and Experiences with
JT-60U Plasma Facing Components

presented by T. Ando
JT-60 Facility Division Il
Japan Atomic Energy Research Institute

Contents:

1. Operation History of JT-60U in 1992

2. In-pile Test of B«C-overlaid CFC Tiles in
JT-60U

3. Post-experiment Observalion of PFC
In Nov. "92

4. Plans for the Vent (Nov.-Dee. '92)

Operation History of JT-60U in 1992

Catendar | Operation

St Major Events

1991 | Reguiar
Hirv. Mainte- «+ US-Japan Workshop at Santa Fe
Thes for in-pite Test

Do, - of BT

In-pila Test of BaG-cverliald Tites
Ip-4 MA, P(RED-20 MW x 2 8
C-6%, 0-8%, Zon -4-5 for ne-2x1d" m™
«» Hemoval of BaG-overiald Diverior Tlles
«- Clean-up of Flrsl Well dus 1o Falling-aff of
Schutter plate
5n-2¢10""s " in High-0p Plasma, ip-1.2 MA
Ng melal knpurities , comparabls to Exp. in Feb.

P-4 MA,P(NBl)-25MW X2 s
«<- Heat Laad Yest (JEBLIS) of CVR-B4C Tllea
wih Thicker Loyer {~1 mm}

< Installalion of Boronlzatlon System
- First Borgnizatlon

Sn-2.8710" 8", Ti(0)~38 keV for High-Bp Plasma
«- Secand Boronlzallan

Sn-2.2x16"s ™, TI(0)-32 keV for H-mode Plasma
C-5%, 0-1-2% , Zer-34 for ne-2¢10""m?

Wov. a'P"ﬂ' <- Beta-backscalter Measusement of Tile Surace
":"c":‘ «- US-Japan Workshop al Fukuoka

Shutdown | <- Installation of CVR-BiC Tiles

Oue. i Vem < Installation of In-vessel Tubes (6:upper, 6:lowes)

for Boronization Gas Feed Lines

In-pile Testof B,C-overlald Tiles in JT-60U

= B,C-overlaid CFC
- Improva surface characteristics of GFC withou! substantial
degradalion of s superior thermal performance
- Modification of surlace layer
= JT-60U) In-pile Test
- Examine material behavior under inleractions wilh actuzl
diverior plasma
= Matertats Tesied
- CVA (Chamical Vaper Reaction}
conversion  50-200 pm
- CVD coating  ~150 um
« LPPS coating ~ 150 pm (Julich)
+ Installation
- Diverlor oulboard/inboard regions

L et

In-pile Test ot B,C-overlaid Tiles in JT-60U
{continued)

+ Operation Conditions
- Periods Jan, ~ March 1992
- Total No. of discharges 350
- No. of NB-heated discharges 172

- Heating power ~20MWx-25
+ Diverior heat flux < 5 MWim'{lla1 surtace)
+ Results

- Melting of B,C at lile edges
- one grder higher local heat flux
- need to slopa slighlly {(heal flux concantration factors 2)
- Coalings exfoliated al edges
- Inboard test tiles covered wilh socty carbon deposition (off-trace unti
March), bul with glossy one in Nov.
- CVR-conversion prefarable foi high heat fux tles




Post-experiment Observation of PFCin Nov.
1992

+ Diverlor Plate
- Toroidally periodic, shaliow erosion mainly on tile row:e (sea figure:outboard
strike point in low X-poinl, low densily ang high power operations)
- Carbon powder undef the diverior plata
{possibly due 1o sparks in non-controfled discharges})
+ First Wall :
- No visible significant damaga for graphite liles
- Meting of backing plates in farge ripple region around cuiboard ports
= 8,C {CVR-conversion) First Wall Tiles - another in-ple test-
- Mehing a1 Wile edges withow! extobation
{8.C layer ramained alter cne-year cperalions)

« LH Launcher

+ Meliing and deposilion of metals on surrounding plasma lacing tites

Jo
i
il /@meunﬂuw
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{ Erosion patierns are exaggerated for ilusiration )
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Plans fbrthe Vent({ Nov.-Dec.1992})

- Install CVR-conversion B,G tiles
= ~ 100 pm thick Divertor 125 units {outboard: row f)
’ with slope at edges (1/50 see fig.)
Firsiwall 150 units {around large poris)
+ =~ 500 pm thick Diverlor {§ unit), Firstwall (1 unit)
+ Diflerent grades  GFC PCC-25, MFC-1, MCHell %
Graphite PD-3305, ETP-10, STP-60

Armer Tile
~(C/C Comgoyite) Separotiia

7
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(Example of measured profile of diverior tiles with stepe al edges)

Plans forlhe Vent{ Nov. - Dec.1992)
{continued)

- US-Japan collaboration PL-112 {SNL-JAERI)
In-sifu analysis of deposited melals by bela backscatier
measurement (Oct. 30 ~ Nov. 12, completed)

Divertor  all tiles {1000 units) + detaded profiles
First wall  six joroidal sections :

- Sampling of redeposited layer on graphile tiles and
carbon powder for residual frilium analysis

- Remove several tiles for surface analysis, retention and
outgas measurements

- Install protes (rogowski coils) under four divertor tiles for
measurements of SOL currenl during disruptions

- Rearrange Langmuir probes on divertor tiles
{15 poloidal points)

- Rearrange thermocouples for calorimelzy of divertor tiles
{20 paloidal poinis)




Plans for R&D on Actively Cooled Divertar for
JT-60U

« Heat Removal Perfarmante
- 10 MWIm*x 10 8, 5 cm width
- Surlace temperalure < 1008 °C
- Achigve quasi-sieady siale of plasma-{acing surface
temperalure

+ Feasibility Studies
- Collaboration with NB1 Heating Laboratory
- Supporied by Makers' design and analysis
- Vigw poinis.
glectromagnetic force during disruplions,
supporiing mathod within the limited space,
heq! {ransfer capabilily for the presenl flow conditions

= Heal Load Test by Using JEBIS
« Schedvled for the next FY

End of Vu graphs




Japan-US Workshop on High Heat Flux Components and Plasma Surface
Interactions for Next Devices,November 17-19,1992 Kyusyu University

Recycling of Hydrogen Isotopes and He Ash
in JT-60U

Hiroo Nakamura

Department of Fusion Plasma Research
JAERI,Naka Fusion Research Establishment

Summary

In this talk, experimental results on particle recycling in
JT-60U are presented. Objectives of JT-60U are
confinement and steady state studies. For both studies,
controle of recycling is important issue. Because JT-60U is
all graphite machine, careful wall conditioning is necessary.
Wall conditioning methods are disruptive discharge
cleaning, He-plasma discharges cleaning,Taylor type
discharge cleaning,glow discharge cleaning. Recently,
boronization is also used. In addition to these methods, low
-wall-temperature operation is also used. In- 1992,
optimization of TDC and GDC have been done. In
evaluating recycling before and after the boronization,
thermal desorption of JT-60U vessel has been done. Due to
reduction of wall recycling by TDC,GDC,boronization and
low wall-temperature, plasma performance made
significant progress.



Recycling of Hydrogen Isotopes and He Ash
in JT-60U

Hiroo Nakamura and JT-60 team
JAERI

Japan-US Workshop P196 on High Heat Flux
Component and Plasma Surface Interactions
for Next Devices
Kyusyu University, Fukuoka
Nov.17 - 19,1992

- Contents -

- Wall Conditioning and Wall Temperature

- Deuterium Recycling in H-mode and
High fp Discharges

- Thermal Desorption Data of JT-60U Vessel
before and after Boronization

- Summary and Plan

* In this talk results on He ash is not presented.

Experiment has been done in October 1992, He beam was

injected into ELMy H-mode discharges. Data analysis is
now under way.,

' VCObjeclives Of JT-60U: Experiments )

- | Confinement studies

‘| Hmode (ITER) -
highBp (bocistrap, SSTR)
high énergy particle transport |
rofation ~ - - .

\

l rS‘>1\C.'ady-s'taté stud_ies

o i ;
© - current drivé(bootstrap, LH),
1 © disruption controt .

JT-60 Upgrade - J
 start of operation: March 1991

[ ] ut60 | JT-60 Ungrade(achieved)|

p I2MA | BMA (BMA)

gas| H, He [

NB | 26MW | 40MW (30MW) .
LH | 1omw | 1oMwW  (2.5MW) -
IC | 3.MW | MW (3.6MW)

JT-60U device

R=3.4 m, Aspect ratio~4 .
eltipticity~1.4 or 1.7, .triangularity<0.1

.graphite wall / CEG for divertor tiles
High B, Max. =4T at the vessel center
‘Ripple loss of fast ions

Inside edge of TF coil

20 o
F Ripple 38= "5

-20l

Well Condibioning 1w 3740
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Etiecl of Wall Temperature on
Mass Intensity and Parlicle Recycling
{pre-boronization)
Low temperature operation is effective to
reduce residual gas intensity and particle

recycling.
- Mass 28 Intensity before shots
T July 8 1o July 10,1992 -
28 £107 == =
Mass P Q128,280 [/
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2 [ir] & 128,100
P Fa .
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shot -

Parlicle Recycling vs Baking Temperature
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Progress in _cohfinement

performance )

High B, mode- H-mode
T,(0) (keV) 38 - .33
hd(O)Ti(O)Té 4.4%x10% _2.5x10%
(m3keVsec) ~ - .
'S, (n/sec) 2.8x10" 2.3x10"
Qpr ~0.31 ~0.15

1021

-1020

n,(0)T,(0)1 9" (keV.s.m™?)
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Q
—
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100
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Particle Recycling of High Bp Discharges

before and after boronization
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Padicle Recycling of H-mode Discharges
before and after boronization

July,22 & Sept, 92
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Vessel Baking after Friday Final Shot
Pre-Boronization
(September 7,1991) -

Trend of Pressure,Sept.7,1991
Pre-Boronization

Eme————

Pressure (Pa)}

n
1] 10 20 30 40
Etapsed Time (hr)

Newiral Pressure aher final shot
Pig-BZM Sepl.?,1991

Pressure {Pa)

50 t0C 150 200 25¢ 300 350
Vessal Temperatura (°C)

Vessel Baking after Friday Final Shot
2nd Boronization
(September 4 to 7,1992)

Trend of Mass Intensity and Temp.
Sept.4 to 7,1592
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-and r-BZN

D2 pressures after BZN,are higher than pressures
before BZN. This suggests that boronized wall absorbed
much dauterium than graphite wall.

Thermal Dasorption ¢f Deuterlum
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* Future plans

1983 : -Step-up of wall conditioning
----uniform boronization

-High power heating- 40MW . -

-LHCD with two fauncher-10MwW

-Investigation-of SOL and

divertor ' :

-Theory and simulation analysis’

1994: -Installation of negative ion
beam injection
-NBCD experiments :
-Behavior of o particles (d-°He)
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US-Japan Workshop P 196 on High Heat Flux Components and Plasma Surface Interac.l.ions for Next Devices,
Kyushu University, Fukuoka, November 17-19, 1992

Initial Boronization of the JT-60U Tokamak by Using
Decaborane

- Presented by M. Saidoh
Department of Fusion Facility, JAERI

Decaborane-based boronization system has been installed in the JT-60U
tokamak. Decaborane (B, H,,) is not explosive and less toxic than diborane,
which 1s conventionally used for in-situ boronization in tokamaks. Decaborane
is solid at room temperature and decaborane vapor can be easily obtained by

heating to about 110 ‘C (vapor pressure at 110 °C is 4 kPa.). This system
provides a passive safety by maintaining subatmospheric pressure of
decaborane vapor throughout the system. Another advantage of the
decaborane-based boronization is short delivery lines (shorter than 20 m),

- since safety features of decaborane allow installation of decaborane contamer
near the JT-60U vacuum vessel.

Two sessions of boronization (July 30 and September 1, 1992) have
deposited films about 30 nm and 46 nm average thickness, respectively. The

average wall temperature of JT-60U vessel during boronization was 300 °C.
Characteristics of boronized wall and plasma performance after boronization
are followmg :
(1) Purity of boron film was high.
(2) Hydrogen concentration in the film was 10%. .
(3) Oxygen (0.3%) was reduced by an order of magnitude for OH-pIasmas
resulting in Z ;. ~2, while for NB heating plasmas Z ;. was 3, the major
contributor bemg carbon (5%).
(4) Particle recycling flux was reduced by a factor of 2-3 for NB heating
plasmas and energy confinement was improved.
(5) Boronization enabled reliable operation at lower densities than were
' previously posmble
(6) Boron films in the present experiment were toroidally nonuniform:
thickness ranging from 150 nm near the injection port to 3 nm.

Further improvement, such as increase of decaborane injection ports, is
planned to coat the first.-wall by boron film with a better toroidal uniformity.
Furthermore the combined use of boronized graphite tiles with a good thermal
conductivity for armor tile application and wall conditioning of in-situ
boronization will be more effective to maintain the boronized surface over
long-term operations.



US-Japan Waorkshop P 196 on High Heat Flux Componcruz and Plasma Surface
Inieractions for Next Devices, Kyushu University, Fukuoks, November 17-19,
1992

Initial Boronization of the IT-60U Tokamak
by Using Decaborane

Presented by M. Saideh

Department of Fusion Facility
Naka Fusion Research Esiablishment
Yapan Atemic Energy Research Institute

Plan of Talk
1. Objectives

2. Decaborane(B,H,,) based
boronization system and process

. Properties of boron coated films
{deposition probe analysis)

[ =)

4. Plasma impurity and particle
recycling after boranization

5. Summary

Major Contributors

1. JAERI: N. Ogiwara, T. Arai, H. Hiratsuka,
T. Koike, M. Shimada, Y. Neyatani,
M. Shimizu, H. Ninomiya, H. Nakamura,
R. Jimbow,T. Sugie, A. Sakasai,
N. Asakura

2. Nugoya Universitly: M. Yamnge, H. Toyoda,
H. Sugai

3. General Alomics: G. L. Jacksun

Objectives of boronization
* Reduction of oxygen and carbon

* Reduction of particle recycling flux

Features of JT-60U PFC

* Divertor plates are made of carbon fber composite
tiles

* Complete, coverage of Lhe first wall by graphite tiles

rang- oronizati
system
* Decaborane (B,,H,,) is not_explosive, less toxjc
than diborane and solid a1 room temperature.

* Decaborane vapor can be casily obtpined by heating

to 110 'C {yapor pressure sl 114, C js d kFa).

F-10

i *BAKABLE REGION ELECTRODE

ROQF

* Present system provides g passive safety by
maintaining subatmospheric pressure of decaborane
vapor throughout the system and also gshort delivery
lines (less than 20 ml.




Boronization process

* Vapor of decaborane is continuouslly fed into 2
helium glow discharge, where the decaborane
decomposes into boron and hydrogen and ionized
borons are accelerated towards the wall resulting in
the boron deposition on the first wail,

10 T T T T T T 13 T T T T
{b) DISCHARGE ON )
B .
& Total pressure: 2 x 107 Pa N
He fow rate : 380 SCCM 1
B, H,, fow rate: 5.5 SCCM
~ 4 Current: 6 A 7]
= Voltage : 290 V,, 1
o \ 1
= 2 |
R Y1 IS | P
5 10 30 50 70 90 1o 130
=
E w0 T T T T T T
L= 4
| {0} DISCHARGE OFF
= 8 7
=4

10 30 50 0 - 90 110 130

MASS NUMBER I[m/e)

Boronization process

* Decaborane decomposes into boren and hydrogen in
the glow discharge so that mass signal of H,
increases to nearly the same level as that of He.

This can be explained by taking into account of the
number of decomposed hydrogen.

* The fact that hydrogen concentration in the boron
film is low {10%) clearly indicates that decomposed
hydrogen can be effectively pumped ont.

10N CURRENT

TEME [sec)

ositi To lysi

+ Probe samples are located ut fwo positions in JT-
118N

*+ 15 g of decaborane Is processed in 10 hnuré,
depositing 46 nmiaverage thickness) of boron layer
onto the first wall.

* Doron films are torcidally nonuniform: thickness
ranging from 150 nm near the injection port to 3
nm.

P-1i0
ELECTRODE

JT-60U TOKAMAK

P-13

PROBE
P-5

INJECTOR

P-4
PROBE PUMP  PUMP
P-3

ELECTRODE

He + 85Ky

* Two sessions of beronization (July 30: 10 g,
Sept. 1: 15 g) have been carried out.

Deposition_probe analysis

* Polished Mo and polished/as.received graphite are
used as probe samples.

* Polished graphite shows smooth surface with many
pores, while as-received graphite shows rough
surface.




istri ion of d
* Boron films are toroidally nonuniform.
Assumptions:

{1} Boron films are distributed at a center of
Injection port.

Properties of boron_coated films
* Pure boron film is deposited during boronization.
* Hydrogen concentration in the fm is 10%,

* The boronization effects in the tokamnk should be
1aken into account of surface roughness.

H/BOST ATOMIC . RATIO

(2) Distribution follews an exponential form. Method:
#AES + Ar-sputfer Graphile
* Mean free path, A, is obtained 10 be 2,75 m. B, C, O, Ma) e
' oy
ﬁll\quH‘f)uC +'H 1202 Smooth surface
+ y-ray .
- (4.43 MeV -
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Probe sample:
— = du oxp (« VA) Graphile -
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* Hydrogen concentralions are obtained by means of
nuclear reaction analysis(NRA):

BN 4+ H = "C + “He + gamma-ray(4.43 MeV)

* Hydrogen concentration is 10%.

Depth profile of H
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Z g and impurity level {OH discharge)

* Boronization has a copahility of impurity reduciion
as the same level as previousty attained after
~ 200 discharges and additional wall conditioning
procedures, such as D /He Taylor-type discharge,
He glow discharge eic.,

5

¥A nd i ity tevel {(NB heatin

—mgnschargg)

+ 3nd boronization is more effective for oxygen
reduction than 1st boronization, but prominent
oxygen reduction is not observed.

* The major contributor to Z , is carbon.
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* Boronization combined with subsequent wall
conditioning reduced particle recycling flux for
both OH and NB heating plasmas.
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+ In case of decaborane-based boronization, reduction
of H/(H+D) ratio can be easily anained so that it is
nol necessary to use deuterated decaborane for
boronization in order 1o avoid 3 dilution of fuel
particles in D, discharge.
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Summary

* Decaborane-based boronfzalion produced boron film
free from carbon and with 10% hydrogen.

* Present boronization were effective Tor oxygen
reduction during OH discharges but not during NB
heating.

* The major contributor to Z_ was carbon.

* Present boronization were efTective for reduction of
particte recycling Mux during both OH and NB
heating discharges.

+ Depaosited boron films were foroidally nonuniform.

* Present results indicate that a deposition of thicker
boron film with a better toroidally uniformity is
required in order to improve plasma properties.

+* Increase of decaborane injeclion perts is planned
to coat the first wall by boron film with a better
toreidal uniformity.

** The combined use of boronized graphite tiles for
armor tile applicotion and wall conditioning of
in-situ boronization will be more effective to
maintain the buronized surface over long-lerm
operatlons.




Session 3. Developments of HHFC/Divertor and
Energy Deposition
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COMPONENT DEVELOPMENT
AND |
HIGH HEAT FLUX TESTING
AT
SANDIA NATIONAL LABORATORIES

 PRESENTED BY
 ROBERT T. MCGRATH

- JAPAN/US WORKSHOP P196
17-19 NOVEMBER, 1992
KYUSHU UNIVERSITY
FUKUCKA, JAPAN



A brief overview of SNL activities in FYg2 will be presented:

PLASMA FACING L PFC Desi d Pabricati
COMPONENT DEVELOPMENT osign and Fabrication
AND « The Phase lll actively cooted Pumped Limiter
HIGH HEAT FLUX TESTING for Tore Supra
AT * New Armor Surfaces for the Advanced Limiter
SANDIA NATIONAL LABORATORIES Test-1l an TEXTOR
« SNL contributions to the Advanced Divartar

PRESENTED BY Pl’Dger on DII-D

RCBERT 7. MCGRATH Il High Heat Flux Testing and Materials Development
Ifl.  Disruption Studies
JAPAN/US WORKSHOP P196 @

17-19 NOVEMBER, 1992

KYUSHU UNIVERSITY
FUKUOKA, JAPAN

@

- T RA PUMP LIMITE
r irni

Tore Supra Parameters
Sandia, ORNL, Centre d'Etudes Nucleaires (Cadarache)

+ Major radius 24m
Sandia Staff = Minor radius 0.7-08m
Richard Nygren Robert McGraih
Jon Watkins Tom Luiz = Plasma Current 1.0-17MA
Joe Koski Ben Taloya
Jimmie McDonald Chuck Walker + Pulse length 30-608
Greg Dale Mike Hosking o
Pat Hubbard Frank Dempsey = Toroidal field ) 45T
(superconducting magnets)
* RF healing (first phase
ICRH 9 , 6-9 MW
8 Mw
+ Neutral beams 8 MW




\II BYLABLUYY | (EUQ|IEN BIPUES

uopeuge; pue ubop
waysAs Buidwnd p wsiueysaw aaup ‘peey Jajpwi]

uoleniqe4 pue ubisag swaisAg soisoubeig

$0240}) JWaLN2 Appa 'SUDJ12(0 Vi
'Speo} 12ay - 9|6AIBUE JUaAS [StLOU 4O -
BUIYdBL a4|1ua ayt 20} ubjeep waisAs 13wy padwng -
Isneyxe ejajued sA uopsodap semaed 1o s|sAjeue pajelag -
BupgauBuz ewsery

ABojouyoay azeiq
fueoosuoune jo Bupse) HH pue juswdojaasg

1524011 Jo 9Burl Jayaweled ayj 10y
858q BIED 4H) PI|IBIAP € jO [USWIYS]|qeIsT

uoj129|ag S1eMAeN

Wwewdojanaq Jejjw|q paduung
/ pajoo) Ajpapoy eidng 2i0)
ﬂl o @
i %
[l .....m. £ »
35 £ 1 %
—_ 2o =
B 5 - =5 T e 3
%e o 3 EE g & E
co 5 a E
5 58,; 8,2 iy
= ] & 2 B x 2
g So L5885 2T EE =
"m £ 9O 3 02mbc5 =2
Su 2srzsrr- 322238 3
Lo
= D
_— i g a
@ C - T2 I3
83 3z s 53 2
- c T G
Pl o] s & & H - 3% &%
o ~ 2 & 2 g2 23 22 s
_a §3% 2 3% £a if s
ZE mmnlw mc. om.uv.oﬂ
n 3 . # . £ 8 & X & £ rp af
a g g% ~0 2P osf sl
EEE8 ' it

—91—



New Design of ALT-II" Armor Tiles
for Upgraded TEXTOR Operation

+ 101993 TEXTOR will begin operation with 108
discharge and 8.0 MW {01a) heating.

- The depositéd energy onto ALT-l will be 400% greater
than the wriginat design specifications.

« The ALT-I armer tiles have been redesigned

- Power deposition profiles have been optimized

- Tite mass and thermal inertial capacity increased
by the minimum amount possible

- Panlicle exhaust optimized {Radial tile thicknass w
20 mm)

- Power peaking due 1o blade mis-alignment has
been minimized.

+ The ALT-il Program on TEXTOR is a continuing
collaboration between KFA, NIFS, and the US/DOE/QFE

)

Meal Fiux (Wiem?2)

1
1,
LN

20 mm
1.2 xWiem?

Peak Heat Flux:

> 353 whim?
misalignad 1mm
Thickasss:

Unpmn wid ambe HEs
23.28,
B MW
10 1ec

e ]
Tita x;
Pawer;
Dlscharge:

File Maaben v

—9—
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Thicknass: 20 mm

Matarial:
Olacharge:

e
a Mw
8an*c

Powesr:

THe &
Tao:

i

Ciptimization of New ALT-Il Armor was acheived through

- Careful measurement of the boundary layer plasma
conditions.

- Detailed analysis using 3D, time dependent heat
transfer calculations with anisotropic, material
properties. oot dpanded

- Judicious material selection

Asmor Tile Materials

- Tiles 7-13 and 16-22 1G-110

- Tiles 2-6 and 23-27 APG

— Ties 1, 14,15, 28 RG-Ti
CFg(TBD)

SHL contributes significantly to tha DIN-D
Advanced Divertor and Boundary Layer
Physics Programs

Fasl Reciprocating Langmuir probes - design,
fabrication and operation (s, ueen 154)

Divenor Floor Langmuir probe amrays - design,
fabrication, and operation .

Diveror Materiats Evaluation System (DIMES)
(see presentation by C. Wong {GA) this meeting)

Boundary Layer Plasma Analysis

- Gaseous Diverlor Operation & Impurity
- Transport

+ NEWT-1D - R. Campbell {SNL)

- NEWEDGE (2D} D. Knoll (INEL} &
R. Campbell (SNL}

— Disruption Run Away Electron Generation
= Tokdyn - R. Russa [SNL}
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Da INJECTION WAS EFFECTIVE IN REDUCING HEAT FLUX
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( Runaway Electron Generation @\

-

“_ Sandia National Laboratories vy

Plasma temperature drops rapidly (0.1-3 ms)
from several keV 10 a few eV.

The lower temperature ralses the plasma
resistance, increasing the loop vollage from
less than a volt 1o seveial Kilovolls.

The ptasma cutrent falls while the collapsing
poloidal filed inductively sustains the loop vollage

Collisionat Iriction forces scale with density and
inversely with the 3/2 power of energy.
Efectrons in the outer radiat portions of the
plasma become collisionless. .

Collisionless circulating electrons acquite energy
equal 1o the loop voltage each transit and quickly
accelerate to MeV energies.

it a sutflcient number of electrons runaway, the
high energy, low resistance poriton of the current
can domlnates. Tha resislance is once again low,
the loop veltage small and the current can
stabilize al a plateau which is some fraction of the
criginal current.

Current {MA)

Curren (MA)

Calcutated and Measured Currents for

a) JET Discharge 16165,
b) JET Discharge 18058

T - r

Rurawy Curlent —
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Time (seconds}

skt 161ES

89

Aunaway Cultent —
Calz. Towl Corrant
Eap. Tolal Curesnt

Y "
Time (seconds)
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Calculated Current for ITER
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SNL's PLASMA MATERIALS TEST FACILITY
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{Russia 7 US exchange & SBIR}
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Helium cooled microchannel heat exchanges

(SBIR)
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Los Alamos National Laboratory

U.5. Barylitum Laboratory for FFC's

» Flasma spraying ol beryitium:
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To develop an ITER-retevant Critical

Heat Flux Correlation

R&D GOAL:
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High heat fluxes (45-90 MW/m2)

3.

Flow enhancement techniques:

q.

v

- twisted tape
- hypervapotren

rorous coalings
nternal fing
-= helicat wire insert

Non-uniform axial heating profile

5.
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Advantages of Water and Helium Gas Cooling

1SSUE WATER HELIUM GAS
Bettar heot transier -
towear cost ' -
Lower pressute - .
Better database .
Flexible materials seleclion -
Smaller manilolds .
Batter salety : -
Ho :nrroslonteloslo:n . N '
Mo critical heat Nux T e
No 2-|;hasa flow instabllitles -
Easier bakeout at 350°C -
Easler tritlum racovery -
Easler cleanup afher taak -
Less neutron etfects .

HELIUM
Stracture

Ghd Cop

’H

AESEEERT T

MATERIALS RESPONSE TO DISRUPTION LOADS

Small Plasma Guns {10-15 MJ/MZ2 on ~ B0 em2)

. PLADIS Universily of New Mexico
- BIRENS North Carolina Stale University -

Large Ptasma Guns {10-40 MJ/M2 an ~1000 cmz)

- Phillips Laboratories - Albuquergque, NM
- VIKA, Efremov, St. Pelersburg
- 2MK-200, Kurchatov, Troisk

MKT, Kurchatov, Troisk

Pulsed Plasma - Matarials tnteractions Modeling
Pody 43 eades aze Loted.

- A.Hassanein (ANL)

- J. Gilligan {NCSU)

- LASNEX {SNL)

Tokamak Measurements of Material Response to

Disruption Loads will be made using the DIMES probe
an DILD

@
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- TPX Divertor Design

M. Ulrickson
Princeton University

Presented at the US-Japan Workshop

| on

High Heat Flux Components
and

Plasma Surface Interactions

held at
Kyushu University
November 17-19, 1992
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TPX Mission

o TPX Machine Configuration
a TPX Divertor Design

o Divertor Hest Loads

o Particle Pumping

o Erosion

Missien of the Steady Stale Advanced Tokamak
[SSAT)

Steady Stale:

+ Demonstrale integrated steady-state operaling modes
near Qgs=3, By=3.0-3.5 %-m-T/MA.
- Power and particle handling with diverters.
— Non-inductive current drive.
- Reliable plasma operation (no disruptions)
- Sleady state technology (S/C magnats, actively-cooled
in-vessel components).

Advanced Tokamak;

+ Opfimize plasma performance — altractive reactor.
- Goals: 1gft >2, fy>3.5, lpg/lp—100%.
-~ Fealuwes:
= Shaped cross seclion (k=2, 5=0.5)
« Doubla null poloidat diverlor
+ Deutesium operation
+ High aspact ratio (R/a=4.5)
= Current profile control

" Also known as the Tokamak Physics Experiment {TPX}

GIHN Q1692 - 4

CURRENT SSAT CONFIGURATION WITH
DOUBLE-NULL PLASMA

LT
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Tokamak Design Features
= Elongated, high-triangularity plasma
* Double-null poloidal divertar {top a_nd botiom pumping)
+ Actively cooled PFC's
* Internal passive structure
+ Titanium alloy vacuum vessel
* Neutron shield
+ Supercenducting magnet systam

* In-vassel remole maintenance

GHN 091692 - 5

Machine Parameters

Referance! | Maximum?
Major radius, Ry 2.25 m
Minor radius, & 0.50 m
Aspect ralio, R/a - 4.5
Elongation, x, 20
Triangularity, 8q5 . 0.5
Toroidal field, By 3.35 4.0 T
Plasma currend, Ip 1.9 20 MA
Pulse length 1,000 >»1,000 | 5
Neutron budget %102 p.a.
Instatled heating:?
Neutral beam (Co) 16 32 Mw
ICRF 12 18 MW
Lower hybrid 1.5 23.0 Mw
Electron cyclotron t.b.d.
1 Basis for design scenarios
Tokamak limils.
3 Jnitial complement:
NEl 8 MW
ICRF; 8 MW
LH 1.5 MW
GHN 09116492 - B

Divertor Design Choices

* High-heat-flux targels plus batlling enahles divertor 1o
handle Day 1 heal loads (with reasonable peaking
{actors) and supperls gaseousiradiative target
optimization.

+ Carbon selecled as the baseline material.

- More forgiving of high plasma temperalures than
high-Z. Can switch to high-Z if {ulure devalopmenis
warrant,

~ Better power handling and more disruplion-resistant
than baryllium. .

.

Configuration is being oplimized based an a number of
factors:

- Gas isolation

— Operational flexibility

- Pumping

- Diagnostic access

- Recenfigurabiiity

~ Remote maintenance

GHH 09748592 . 16

Expecled Divertor Conditions: Modeling

+ Maximum power to divertor {Pyga=30 MW):
Outer: 7.911.8 MW nner: 2.041.2 MW

* Prediclions from 2D Scrape-off plasma modeling for
“standard” (non-gas-target) diverlor operation:

= B2 Code
« Quter divertor, z,=2 ms,

22° larget angle

Pheat {MW) 32 18
Pai, (MW) B.4 4.7
w(MWim?) | 104 [ 8.1

| 54 42

[ 192 | 127

+ Temperature predictions have targe error bars, hut pean
is more robust fo model uncertainties, e.g. in neutral
recycling and impurity #ne radiation,

GIIN p3/16/92 - 12
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Expected Diverlor Condilions, cont'd.

~ DHI-D power accountabilily suggests Py /Phoa assumed
by TPX (60%) may be conservative.
(But we need to find the missing power and be able to
handle it}

= Summary: heat loads for reference TPX caonditions:

TPX Pheal (Gpeak? | W peak.
Conditions (W) Basis (Mwim?) factors
Design i} Madel 948 ~20

Desgign 30 DI Exirap. -12
Day 1 18 Modsl 61 ] -2

= Temparatura expectations for TPX conditions are more
uncerlain due to mode! sensitivities and lack of low-
density data base.

GHN 0¥IGo2 - 15

Divertor Funclional Requirements

= Exhaust plasma heat and particle losses:

Conditions Heat loss Parlicle loss
Design 30 MW 5x102) sec1 (78 torr-lsec)
Day 1 18 MW | 3x102) sec1 (50 ton-Hsec)

+ Support clean, high perfosmance plasmas.
+ Survive at least ~1 year of standard operation.

+ Be diagnosable and reconligurable to support diverior
optimization and development.

« Be remolely mairiainable.

GHIN 091622 - ¥ |
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Double Nell

Passive
Slabilizer

Pump Duct

Dufer
DiverLor

Single Null

Passive

Stabilizer

Pump Duct

Divertor

= as
- 2
T 2 a = ==
= Ay — —_ — LD —
= =& ==
= =
s .=
—_—a
Divertar Philosophy
=
i is ani T o= s @
« Divertor development is an imporiant part of the SSAT § E 2 3 o o
mission, e
B e w o (=3
; " o ; ag T 9 i~ 2
- Baseline configuralion inchedes baflles to permit 9 ES 2 3 b o
oplimization of gaseous/radialive target operation from = Rakd
L L . ]
the beginning. This is necessary in order to handle the full E 5 g non = g
2 - = - 2
heating complement (30 MW), = fa s o S i
=
. . 8 = = g =
» However, largets and baflles will be of high-heat-flux [ E.F g 8 8- 3
design (graphite surace, active cooling) in order lo pxE = < e e
handle Day 1 heating complement (18 MW} under E‘ -
standard cperation. S & m o~ &
- F = @ “ =
2 Q@ — v o :
5 =
£.3
wy
~a2 5 3 & o
E oé 2 T b 2
g5 58 §8 §
: 4 42 2% &
] =z D =
LI F L E
- o ]
~ —_ —_
§ 92 wy 2§
g 85 E5 §3
g8 =2 F8 B
32 23 *3 2%

GHH 01692 - 19
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DEGAS Madeling Results

Total (sec’")

3.00 x 107 jcmys | 4.24 x 1073
2.58 x 10" jemys | 3,65 x 107!

Per Unit Length

5.48 x 108 fem/s | 1.54 x 1022

Exiting Atems

Input D*
Exiting D5

Recytling coefficient, R = 0.955

Pumping Results

Neutral D, density near the duct: 4.0 x 10'3 jem?

1.2 mTorr
Q.18 Pa

Neutrsl D, Pressure near duct

141 Torr ls

Toral Particla Throughput;

18.8 Pa m3/s
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JET

HIGH POWER TESTS OF POSSIBLE FIRST WALL

MATERIAL FOR JET

- presented by H D Falter, JET

1.MainTestFacility .....................
1.1. NB TestBed Parameters .............
1.2.Tests .. ... e
1.2.1. Inertial composite graphite tiles .. . . .
1.2.1.1. Tile material .......................

1.2.1.2. Testprocedure ....................

1.21.3. TestResults .......................

1.2.2. Actively cooled CFCtiles ..........
1.2.2.1. Test sections and test procedure ..

1222 Result ... ...
2.Betestrig .......... . it

2.1. Test Rig Parameters . ................ _

22 . Tests . ... .. . .. e
2.2.1. Inertial Berylliumtiles ............
22.1.1. Testprocedure ....................
2212 Material ........ ... ... ... ... ...
2213.testresult ... ... ... ...
2.2.2. Beryllium tiles brazed onto CuCrZr ...
2221 Materials ....................... ...
2222 Result: ... .. ... ...l

2.2.2.3. Presentstatus; .................... |
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JET

1 Maln Test Facllity

11 HNB Tes\ Bed Paramoters
number of Geams 2
power 254 MW
Vollaga V6 Y
paak power denity Y20 Mvw/m? par beam
Pl dutalion £}
beam parbcles HD. ha
sheing 2 m concrein

boam picfila (120 kY hydiogen beam)

Qig1ance tom baam source {Nelins) 248 | 482 | 66 |17
paak powar dansily (MW/m® 100 10 | 100 | 60
vorbca) baam width tor p>0.8 p,_,, [mm) 230 | 184 | 137 {138
¥aruCs) baam wicth FWHNM (mm) 254 | 195 | 270
Norzanial bedm width (BO% [ FWHM) (mm} 60135 55/145

Vacuum system

iength of tha besm bna {m) 1.2
volume {m”) 80
PUMpIng pend ot Aydragan e
Access pon NIB full Cioss sect.
Focas pod Targer Tank (m) 1.5
water cooling
fighest prosswre jbar) 10
prassure head (bar) - [
Tow (m’h) . - 800
lemparature ('C) 15 -50

vigw graphs: photograph,

JET

.Main JET Neutral Beam Test Bed (1ear) and Beryllium tesi rig (tront

lek). The Be tesi rigs uses all supplies 1om lhe main test bed,

JET

-
i
E‘

12} Inenlia) composite graphits tilgy
1211 Tle materia)
Material from 4 Ewropean, 1 Japanese, and 1 US supplier

supplied a5 part of a tender for material with kx 150W/mk,
dansity > 1,7 gr/em® and detivery ime of 6 monih for 1.5 tans.

}2:32 Testiprocedure

2 pairs of titey hoated with power densives betweon 5 and
20Mw/m”. Surlace temperature messured as a function of time
with an AGA IR sysicm,

COppr sUppont with
cocling

" coinectbd AGA kusea lampasaturas

20 Mwm?® # 52552
1500 h
Lt
c
1000
500 T
4 linsar
/
o
03 1 (K]
» tima /2
lat

. .
Tady BASCATO-10) it festl, & TaA+BaSOAT{-0) A /2 YSQAT(1-10)x - 10) fof 128
W A3 20, B21300, 10=0, 11=0.3, dT= 140, Fught: A»120, B»1200, 11203, dT=20

* Temp risa and tamp decay fit walt with Jiime law for
temperatuzes < 1000°C during the heating phase
and for tha first second during the codl down,

* A step T of he ordter of 100 °C has to be assumed a1 the
baginning of the heating and cooling phasa, This step could be
cauged elther by svay Hght from the baam plasma o from the

I diftetence b fibres and graphita matrl.

= Tho fitting constant B s proportional to

J1/density « conductivity « spec. haal)
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JET

12.1.3 TesiRosuhs

* 12 pairs of CFC tiles and 2 pairs of ine grain tiles lested.

« 4tites meet the technital specification (k > 150 W/mK).

» The best tile is not available within the time scate of the tender (6
montn).

+ Comparing the selected lile with the best tle, peak power densily is
timited 10 65% ol that obtainabie with the best tlg for the same
pulse duralion, or, at equat power densites, the best tie woukl
allow twice the pulse duralion compared with the salected tila.

= Al tiles withsioad the 1851 withoul damage. Power densities of up to
80 MW/M2 were used for same tes.,

JET

corected AGA surface lemperatures
e selected by JET 12.5MWit?, 52349

/ )
el N |
/ %

§

i

§

comected AGA surfee termp, / °C
g

EE R R
T

1 H H .
ome /s .

o Elde |, rightie

e tea g 3a ol

Left A= 150 B=228 (0={00 | 1= 10 - n A=50. B-170. 10-006.11=1 4

canecled AGA surface temperatures
best the 12.5 MWF, §2549

o

B

H

g

\

comected AGA surlice emp, /°C
3

]
-

H

® ' 1
o f R

o lfice , righde
4T ST AL b A Y4 AR S 108 Wb b L 1)
TN A=TTY, B L Um0 1 113 - bt A= 1K), Bed )0, 100 100 3

T
prTd
JET ostt i
Table of test results,
Resistivity 8 gives temparature rise T in * per MW/m* and per second L S
inthe range where T +Jtims . m 2
For imes » t, tha lemperaiura tise is linear with time. m . ‘ ﬁ
€T s the temperature offse? used for the fits, F 3
: 2 —_—t
B 13 derived trom a later calibration of the susface temperatura, The 3 — 3
talio between B and B, is constant. g a : m : 3
Q¥ | ]
EE — e}
2. " H
e @8
<HoMWim* 12.5MWimd L20MWIm* 8 L{’ ‘ ‘ = E
el 5=
B Bear 10 dT M| B Beor 11 of lest| B Boor 11 A1 ey :3'-5 ::“
i
N T 1T | %[ [=slvwe[s 3% . =32
|_ 1T 1 T el %) w3l ! 4s] a3 o8| vi0] % EE : ol 2
T 5 2 g ———
1 > £ —_ .
ES o
) DU A | 0 T 5 =8 = =
] I Il ] 1] 180] 3 T 3 B P S — ~ £
[T 4] 120 4 9 2 E g
] > =2 ! -~ o
T2 NS 4} 88 4 E T C— 53
75| el 3 8 7o) 63 ized o 2 =
: i = f me—
T T T T 1 T [ ) &
2T T T RIeve]l —T 53] e[ ] &l ST ; s i =
LS O O W 15 T ) W1 BT 3 s E i | a
! 1
70
aLel = g 8
— Ruansisa
1531 81 enudesb jeruey; ey; 10} ydes§ Arewwng
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JET

122 Actlvely cooled CFC tiles
1221 Test sections and test procedure

Tasi sections ware monoblocks trom NET made hem Aerotos
CFC tvazed omo TZM pipe {2 sactions) and TT 20002CX
brazed onio glideop. Two st
1o & dc beam for up to 9s.

1,2:2.2 PRiesult

togethar were

na dateriaration of the tile temperatura dusing the test

a
b some tles have higher surlace temporatures

o

1iles are 100 small for good measuremants with the | system,

-9

at pxcessive tle tamperature a clear release of hydrocarbons can
bo seen

all tiles were mechanically stable

the besl tite (MF1) and the tle salected for the JET divarior
{Dunlop) where 1518 with power densities of up to BOMW/M’
witheut mechanical damage apart from erroston of the graphite
matrix of the Cuniop Lla.

JET

tank pressure and temparature for pulse 52935 - 14 MWim2

Presaure

Proggura 103 mbar

-
|
“’ooi' Y-mpnmh'n

o
v |
£ oot
bl
200-
| ;
L
18 20 22 O % 28
Torm {n)

page 19 e 1
JET
JET
IR and ced piclures rom actively cooled CFC tiles.
3 o ety 2 Bo test rig
U1 REALY
M R camera 241 Test Ri ramet
440 ms afler
Beam:

beam off

(viewed from boam seurce madfied JET PINT with reduced
en) EXUBCLON arg

pawor <1 MW
PaBk power gangity 40 Mwim2
BPOISA Bikds 200 » 50 mm*
dstanca trom baam source 2m

CCD camera Vacuum system

440ms ater Voiums =

besm ol . PR st <1000 ¥ {$y516M opiatod ot tha pressurs ¢f 1 plasma
(viewed hom soce)

Access pon 400 mm ki

rghty

CCD camera

840 ms sher

baam off

{viewed from
right sica

g 13
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JET
23 Tests
2.21 _Inertial Beryllium tiles

221} TYostprocedure
on
* Basm with 100 ms g% 150 ms et #
» thaating to app 1000°C
* WO IeSt SeQUEnces. .
a frstiest: Gles with larger casieliations - cocled to soom
temperalur g between pulses
b second test : two tites frem first test plus wo tiles with smaler
casiellations =~ not activety cooled {300°C before pulse)
2212 Material
= 5 65 B Berylium hom Brush Wellman machined into blocks of
BOX32 mm? exposad suriace and 20 mm min thickness

PEAK POWER DENSITY [MW/m2}

JET

2213

test regult

+ first ast; Ties crack at the surtace al power densities of 14 MW/m?,
{3 putses ar highar powar density {18 MW/m2] et the beginning).
Tampérature cycles fram 50°C upwards

PEAK PD INERTEAL Be TILE TEST (HY)

AW 33 A b KX perpa o

3 ——ETART diadl . e e SEPRCTIEN
3 I
£ 1Te 300
’ —_ ] CRACus
3 o uca K-ARED et
I' o AR gnaTen TRty
/ ]
[ W
1/

e rafonfus b Y uafou

PO
a1

ST RTIERES

U
oM MO0k T TR M

NUMBER QOF SHOTS

1 2 341 31 BT W
wEm N W

page 14
JET JET
gratistics of the second test
+ gacond tosi with radiation cooling only and 6x6 mm casietiation
shows thal tles with smaller casteflation are less sensitive 1o EXTRAPOLATED PD (MW/m2]
cracks. (iles cycled betwesn 300 and 900 °C). 5° = 8 = &
+ The Tles with large castellations (16x10 mm) perform bener than in § nn];sj‘ Tseo0 I
itias above 20MW/m s riea 1{0.54
tha first test (cracks at power densitias al i} #7628 Mot Hlstms 1.2 311 -
* Infuence of briftle transition for ¢yding tiem 1oom temperature has - . 2 §
B .
1o be tunher investgatod, 3 o| &P, w0 E o
« iaesal cracks close to he suriace have been obsérved afier tho 3 Fu
=g
18515 on liles with surface meliing. It is unclear whether metting is
caused by the cracks of the cracks are caused Dy surlate melting. =
3 np 547688 Hi Res CCD camens
. 2 &
]
= 3 -

.

£.L14

74

HIEWINLOHS

ostLr
afkik%

F 047738 Series 2 104/140ma (2 - 3.3 1)

§ #4174 Mclting RH bomom ule
842726 Seniep 3
w1191 Mod 1007200ms.

=
e
p" #7829 New cracks RH botom

AN
“if 2

13 MW de (12.210) b 1
“7!76'Ntw=mhl.ﬂlnp } 3 i
100280ma (3.55) * v * l- 088 Series
647900 10041 90ems
ﬂ:T?MM:lu‘nIRHm
47522 Meing LH botom

Q0gLY
MO[E-DR0L LeIg BuobE/p0t QOW

STLLISNIA UaMOJ Xvad £ 38N

#4645 Series 4 1007730ma

13 FA

0Dalt

Tobl's0'c0 md

7938 Last shot
|

0S6Lk
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fault sequence during the second test

—i e = —e }—
gne
LR EEaE |
N —(m EaEnEn
T, _j)\g
G m
I
@ J %
0
] > /|n!D€Dcarz—l
1
1(? \EGEND:
(B —(®) row crocks nodedl
PPy
@-© prgpae
B®—@ 1Ce2mmdeyp

1..10  Despar TOW

JET

2:2.2 Berylllum tilon brazed onto CuCrZr
2.2:2.) Matorisly

Flat 2 and 3 mm thick Beryllium tiles have been brazed 10
27 men wide CuCr2r base plates. Brazes usad were BAg 18 and
InCuSOL.

2.22.2 Result:

2 mm thick liles peiorm beher Lhan 3 mm tles.

The limit of 2 mm tiles is 16 MW/im2.

o

Castaliated tiles 1ad) firsl. Tha 1es] has to b terminated as
evaporating Baryllium does nol allow slatle beam operation.

"

Cracks in the brittla intermetallic layer between Benyllium and
bvaza appear 12 fimit the perdormance.

a

2222 Prasent status;
Braze sequencas and surface coatings that avoid the formation
of the intermatallic layer are baing developed.

Qther bonging techniquas such as HiPing, dittusion bonding
and plasma spraying ara also being invostigatad.

page 14 sage 19
JET JET
photograph taken afier the tesi. Mierograph showing tho erach in the intermenallic layer between
The numbers give the appearance of faults. The tles heat vp suddenly Baryllium and traza,
and star to mel aftar 15,
Bo Intar mot. Phasel ¥
Ba Inter met. Phase 2
Braze
/Cuuzr
Papr 20 2ugx 21
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J/US Workshop on High Heat Flux Components and
Plasma Surface Interactions for Next Devices,
Kyushu University, Fukuoka, Japan

Nov. 17 - 19, 1992

Development of Plasma Facing Components for ITER

M. Akiba
JAERI
801-1 Naka-machi, Naka-gun, lbaraki-ken, 311-01 Japan

This is the overview of the current status of PFC developments at
JAERI. Our major efforts have been concentrated to develop high heat
flux components for ITER and JT-60U with emphasis on the divertor
plate. Basic studies associated with PFC development, such as évaluation
of disruptive erosion loss, have also been performed extensively.- Recent
topics can be summarized as follows:

1. Development of CFC/Cu divertor mock-ups

Several types of bonding interface structures, e.g., flat plate,
saddle and monoblock types, have been developed and tested in an electron
beam facility of JAERI, JEBIS. The saddle type and monoblock type
mock-ups could successfully endured heat loads of 15 ~ 20 MW/m?2, 30s
for over 1000 thermal cycles.

2. Heat transfer studies under one-sided heating conditions

Since heat transfer correlations have scarcely existed for the
one-sided heating geometry, the establishment of the correlation is
necessary to design the divertor plate. JAERI has started heat transfer
experiments under the one-sided heating conditions in an ion beam
facility, PBEF.

3. Development of divertor support structures

Since the divertor plate will be considerably deformed by incident
high heat loads from plasma, it is urgently necessary to develop the
divertor support structure which can reduce the deformation. We
fabricated 1m-long divertor mock-ups with support structures and have
started the heating tests.

4. Development of JT-60U actively cooled divertor plate

Installing water cooled divertor plates has been proposed for
JT-60U. We have also been charged in developing the actively cooled
divertor plate of JT-60U. We have started the thermal analyses and the
evaluation of the magnetic force by disruptions. The fabrication of
small mock-ups will be completed by March 1993.
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Japan-US Workshop P196 on High Heat Flux Components and Plasma Surface
Interactions for Next Devices, November 17-19, 1992 at Kyushu Univ.

DEVELOPMENT OF FABRICATION TECHNOLOGIES FOR PLASMA FACING
COMPONENTS OF ITER/FER AND LHD

Seiichiro YAMAZAKI (Kawasaki Heavy Industries, LTD.)
Masato AKIBA (Japan Atomic Energy Research Institute)
Nobuaki NODA (National Institute of Fusion Science)

Activities on the development of plasma facing components(PFCs) for ITER/FER[1]
and LHD{2] are performing in Kawasaki Heavy Industries, LTD.(KHI) in cooperation
with Japan Atomic Energy Research Institute(JAERI) and National Institute of Fusion
Science(NIFS). We present here the study on the development of fabrication
technologies for PFCs, and the manufacture of the mockups.

Vacuum brazing was applied as the fabrication technique of the divertor plates for
ITER/FER using high thermal conductive carbon composites(CFCs) as the armor tile
and copper as the coolant tube. Various CFCs were brazed to copper using Ti-Cu-Ag as
the brazing material. Studies such as microscopic observations and bending tests have
been performed to confirm the characteristics of the brazed part. Copper made swirl
tube was developed and used as the coolant tube of the divertor. Some monoblock and
flat-plate type mockups of the divertor were successfully fabricated using the materials
and brazing technique. Cyclic heating tests of the monoblock type mockups were
performed with a heat flux of 15 MW/mZ2 for more than 1000 cycles in the JAERI
Electron Beam /rradiation Stand(JEBIS). No degradation of thermal response and no
damage at the brazing surface were observed after the tests{3]. A sliding rail concept
was proposed as the reliable support structure of the divertor plate in consideration of
deformation due to the peaked heat load. A one meter long monoblock type mockup
was successfully fabricated with the support structure. A high thermal conductive CFC
and a copper swirl tube were also used as the armor tile and the coolant tube. The
mockup will be tested in JEBIS.

The design and experimental studies on the divertor module of LHD are also being
performed, in consideration of the more complicated figure of the module and larger
inclination of the field line to the divertor plate. An array of cylindrical divertor units
was chosen as the concept of the module. Some small mockups of the unit were
manufactured. These mockups are being tested in Rastering Electron Beam Test
Apparatus(REBA) in KHI and Active Cooling Test Stand(ACT) in NIFS.

HIP bonding techniques have been developed for manufacturing of the stainless steel
panel including internal rectangular coolant paths of the ITER first wall[1][4]. From the
results of microscopic observations, sufficiently high bonding ratios were obtained not
only in flat panel but in bending one. The material properties of bonding part were
almost same as those of the mother material. Some mockups were fabricated and
provided as the test specimens for heating tests in JAERI. A first wall mockup was also
fabricated with radiative cooled graphite armor tiles. Ceramic structures were used as
the attachment to the substrate to prevent the heat conduction through the attachment.
The surface of the substrate was coated with Cr203 to enhance the heat radiation. It

was tested with a heat flux of 0.6 MW/m2: i.e. the peak heat flux condition of ITER
first wall. _ .

REFERENCES
[1] Yamazaki S. et al., to be appeared as Proc. of 17th SOFT, Rome (1992,9)
[2]' Noda N. et al., NIFS-190 (1992)
(3] Suzuki S. et al., Fusion Technol. 21 (1992), 1858
[4] Yamazaki S. et al,, Proc. 16th SOFT, London (1990), 302

—119—



QL7 'SeiIsnpul AseaH MESEMER B

uONEN|BAS 3N Lo ApNIS JBIUSWNU pue [Rjuswadxy
§159) Buneay pue sdnyoow jo ucleslugey

1aued |331s ssajulels jo sanbiuyoal Bupuoq 4iH jo Juawdojarag
sasAjeue oyneipAy-jewsay) pue |esjueydatu-ounay) pue ubisag
TIVM 1SHId

sa|Bojouysa) uonsadsul asepns ajowal jo Juawdo|saag
ainjonuis 1oddns yim dnyoow 3z)s-piwl 0 uoneEILIgE

s1s9) Buneay 211942 pue sdnyoow 521S-]|BWS JO UONRIIIGES
iaddoa pue s342 ylim sanbiuyse) Buizesq jo Juawdojansg
sash|eue o) neJpAy-|BULISY] PpUR |EJIUBYDIW-OULIDY) pue ubBisaq

- HOlH3MGa
| DIYSYMY B

H3a/HIALIHOL
SIN3INOJWOD DNIDVE YWSYId 40 LNINHO13A30

(1) saLaLoY

QL7 'sauISnPU| AAESH INESEMEY -m

‘sdnyaouw
ayl yum puels 183 Sig3r vt pawucpad suam s159) Buneay aijaAn

‘paleslqe) A||R)SS90INS a1am
sdnyoow azis-j|lews jo sad) aje|d )2 pue 320|qoUsW 3WOS

‘agn} saddoo oju pajtasu
sem { g'c JO 0)el JSIm] Jode] palsim] apew |93)s SSA|UIRS
‘agnj Jue|ood 3yl se pasn pue padojasap sem aqn) (ImMS

‘paunioyad atam s159) Bulpuaq pue suojlealasqo aidoasosoy

‘leuaiew Buizeiq ay) se pasn sem By-no-i1

wnnaeA U 3 058 "qe e sjeusiew Jaddod o) pazelq s1am s94D
04D J0 SPUIY SNOLIBA JO) PD}33[9S a1am suolipuos Bujzelg

Y3d/4311 HO4d
SdNXO0W HOLHIAIQ 3ZIS-TTIVINS 40 NOILYDIHEY S
ANV SANDINHOZL ONIZVHE 40 ANIWJOT13AIA

. 0U3IDS UOISN JO ANIISU [RUCHEN VAON BEngoy
aimnsv| yoseasay Abiaug ojwoly uedep VaiMV O1BsSER
"aL7 'salsnpul Aneay jesemey  [MYZVIWVA 04Iyd1as

“AINN NHSNAM ‘2661 'Z1L 1aquanoN

S$321A30 LX3N HO4 SNOLLOVYIINI
FOVAHNS YWSYTd ANV SININODINOD XN1d LYIH HSIH NO
961d dOHSHHOM SN-NVdVr
1v Q31N3S3Hd

T dH1 NV H33/83L1 40
$04d HO4 SIIDOTONHIIL
NOILVDIHEVH 40 LNINdO13A3a

'0L7 ‘senisnpu] ARea INESemey 3-8

51s3) Bunesy syohs pue sdnjaow Jlun JOLBAIP JO UOIEIIGES
uolie(|eisul pue uoneinbijuos sinpow 1oaAMR UC Apnig
sasd|eur 2inetpAY-jewlay] pue |eslueydaw-owsay) pue ubisaqg

IAVYSYMYA S4IN

QHI "HO4d
3T0A0N HO1H3AAIA 30 INIINHJOT3AIA

(Z} saLLIAILOY

— 120 —



‘a1 ‘selasnpu) AAeaH 1% N 20

"SigAr U pa1se) aq [im dnxdow sy

‘ainjonais Woddns ay) ynm pajesuqe; A)n)Ssasons sem ajaw
auo jnoge jo YiBua| e yiim dnyoow az|s-piw adA} yoojqouow y

‘fed woddns Buipls e ojul paliasul Sem ‘SI2ELINS 10E1U02
P3AIND pUB paleod 2SO Sey teyl ‘amangs poddns syl
*10}09UUOD pue 8|1} jo adeuns Buizeiq ay; e sabpa Buluado
ajewr 0] Jou pajuaaald sem SS3JIS |ENPISAL BAISSADXT
*10}oauuo |esupuAo spew jaddoo e Yiim agm
E 0] P3LJB)jE 2JaMm |93)5 SS2|UIE]S j0 apew almonss Joddng
‘peo| 123y paxead o] anp a1e|d JO1aA|P JO UOLIBULIOSP
JO UONBIBPISUOD U] Uasoyd sem aamanns uoddns (el Buipls

H3d4/H3l1l HOod
dNXD0W HOLHIAIO 3ZIS-AIN 4O NOILVIIHE VYA
aNV S3HNLIONYLS 1HOddNS 40 LNANJOI3IAIA

‘AL7 'SelAsNpUY AreaH HESemey S
"SYEWENO]

0} paiedwod 3|6ue Juspioul 1abie| pue ajeyd Jojanlp jo unby
pajeo1dwod 9.oW JO UOIIBISPISUOS Ul U3SOYd Sem Jdasuod Syl
*aqn) Juejoo2 Jaddod e pue $8|1} JOWLIE UOgIed Je|nuue

UM SHUN JOU3AIP JO AELIR 3U) SE PAJINNSUDD S| 3)NPOW JOUSBAI]

(EALYMILNYIO0D

aH1 404 ITNA0N HOLH3AAIQ S0 1d3INOD

‘0L ‘selIsnpu) AAReH [ESEMEY -
. 8581 ‘(T661) 12 "jouyaa ] uolsny e 1@ g Mnzng
*5912A0 0001 Vel 20w JO} ZW/MING L JO XNJj 183Y B YuMm ‘51830
NI s1s@1 Buneay 211942 13))e paalasqo auam aoseuns Hulze.q pue
149 1e abeluep ou pue asuodsal jewlay} jo uonepelbap oN

S3)1} JOULE NZ002-XD UM INO1109  ‘S3|ll Jounle L-D44 Uiim dOL

NI WICICICAC IR S B o B KM M W X I

3ENL THIMS HLIM 3dAL HI0TEONON
H34/5311 HOd
SdNAJ0W HOLHAAIQ 3ZIS-TTVHS

QL 'solsnpul AreaH 1y Y 3B

‘aqn} JuB003 2y} pue 31} Jouue ay)
se pasn alam agn} Mims Jaddoa pue {Nz00z-XD)240 ‘padde
SEM WW OSZ 10 yanud B unm |88)5 ssajuiels Jo apew syoddns
jes Buipys t1s@w | jnoge s| dnyoow auy jo yibua) |elol

FHNLINYLS 1HO0ddNS HLIM 3dAL ADOTE0ONONW
H34/d31l 204
dnNAO0NW HOLH3IAIA 321S-aIN

—121—



FIRST WALL MOCKUP FOR ITER/FER (1)
HIP BONDED STAINLESS STEEL COOLING PANEL
INCLUDING CORNER PART

The bonding ratios at not only flat part but corner part were
sutliciently high{ higher than 95%})[1]. This mockup will be tested
in JEBIS to study the thermal stress concentration at the corner.
{1] Yamazaki 5. et al,, to be published as Proc¢c. 17th SOFT ,
Rome(1992,9)

B-K Kawasaki Heavy Industries, LTD.

DIVERTOR UNIT MOCKUPS FOR LHD

Divertor unit mockups were fabricated with CFCs and isotropic
graphite. These mockups are testing in REBA({Rastering
Electron _Beam Test Apparatus)[1] in KHI and ACT(Active
Cooling Test Stand)[2] in NIFS.

[1] Yamazaki S. et al., Fusion Eng. and Des. 15(1981), 17

[2] Noda N. et al., NIFS-190(1992)

B-E Kawasaki Heavy Industries, LTD.

.

FIRST WALL MOCKUP FOR ITER/FER (2)
RADIATIVELY COOLED GRAPHITE TILE ARMORED
STAINLESS STEEL PANEL

Altachment structures made of ceramic were applied to reduce the
heat conduction through the structures. The surface of substrate
was coaled with Cr203 to increase emissivity. .

No degradation and damage was observed after heating test with a
heat flux of 0.6 MW/m2, i.e. the peak heat flux condition of ITER.
& Kawasaki Heavy Industries, LTD,

DEVELOPMENT OF HIP BONDING TECHNIQUES AND
FABRICATION OF FIRST WALL MOCKUPS FOR ITER/FER

Two HIP bonding techniques,i.e. grooved plate and rectangular
tube techniques, were investigated. Sufficiently high bonding
ratios were obtained with both ones. Rectangular tube one is
more preferable, because it is applicable at the corner{bending)
part and able to use no surface treated(as received) material[1].

A tirst wall mockup with the corner part were fabricated. The
bonding ratio at the corner part was sufficiently high as same as
the flat part. It will be tested in JEBIS facility.

First wall structure with radiatively cooled graphite armor tiles

were designed for the peak heat fiux region in ITER. A mockup
was fabricated and tested with a heat flux of 0.6 MW/m2.

{1] Yamazaki S. et al.,, Proc. 16th SOFT, Londan(1990), 302

B-& Kawasaki Heavy Industries, LTD.
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R&D OF PLASMA FACING COMPONENTS FOR [TER
Masahiko Toyoda
Mitsubishi Heavy Industries, Ltd.
Kimihiro Ioki
Mitsubishi Atomic Power Industries. Inc.
Masato Akiba
JAER]

Based on the design requirements for the plasma facing components in [TER,
design and fabrication studies on the conductively cooled first wall and the
divertor plate with sliding support were pérformed o

Two types of conductively cooled armor have been designed; CFC armor and CFC
brazed to moiybdenum plate. A first wall test module with two types of full
scale first wall armor tile was fabricated ﬁnd it has been shown experimentaily
that the conductively cooled first wall can be used at a stationary heat flux
of 0.2-0.4 MW/m? when neutron irradiation effects on the thermal performance
are smafl. The thermal characteristics of the armor remained unchanged after
heat cycles. Stabie high-contact thermal conductance was obtained by inserting
a graphite sheet between armor tile and first wall.

The sliding support structure with pin rods was designed for the divertor
plate. It has been shown by thermal and mechanical analysis that the thermal
stress and bending deformation are reduced compared with fixed supports. A~
divertor test module of 350mm length with sliding supports was fabricated. CFC
armor tiles were direct]y brazed to copper cooling tube. MoS: coated pin rods
were used for the sliding supports.iThe heat load test at relatively low heat
filux was carried out and it has been demonstrated that the.sliding supports
work well. A divertor test module of 1000mm length with sliding supports was

also fabricated and the heat load test will be perfdrmed
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RAD of Plasma Facing Cemponents for ITER

Masahiko Toyoda
Mitsubishi Heavy tndustries, Ltd.

Kimihtro loki
Mitsubishi Atomic Power Industries, Inc.

Masato Akiba
JAERI

+ Development of first walt
® Conductively cooled first wall armor

- Design/Analysis
- Fahricatlon/Test

¢ Development ol divertor structure

@ Development of armer structure
» Design/Analysis
« Bonding technology of cFc
® Development of slide support
- Design/Analysis

» Fabrication/Test

Cooling channs!

Inboard first wall

Siud balt

Sub-limiter

CFC armor lile

Concept of conductively cooled first wall armors

Firsl wall CFC armor tile

Carbon sheet
\CFC cap

Cooling channel

Type A CFC lile

CFC tile

Firsl wall Carbon sheet

=

Two kinds of firsl wall armors designed and
fabricated for heal load tests

Coaoltag channel o plate

i Type B
FFC lile brazed to Ma plare)

Test module of conductively coofed first wall
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Assembly of the test module

:I min alter the heat load test

Test module of tm iength divertor plate with sliding supports
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Japan-US Workshop P196 on High Heat Flux Components
~and Plasma Surface Interactions for Next Devices
Kyushu University, Japan, Nov. 17-19, 1992

Development of a New MFC-1/ W-30Cu
. Tubeless Flat-Plate Divertor Design

I Smid*, M. Akiba, M. Araki, S. Suzuki, M. Dairaku
NBI Heating Laboratory, JAERI

* permanent: Austrian Research Centre Seibersdorf

With MFC-1 armor tiles and a W-30Cu heat sink the presently accepted ITER requirements
for the thermal performance of divertor plates can be met:

1100 °C max. surface temperature, at 15 MW/m2 steady state conditions,

.amin. armor thickness of 10 mm, and use of high strength heat sink materials only.
The above materials are characterized and available today.

In the present analysis, the strength of MFC-1 is not exceeded in the brazing process, when
joined to W-30Cu. The residual stresses in the critical direction perpendicular (L) to the fibers
stay below 4,0(compr.);0 4(tensile) MPa. The same is true for a stress analysis with 15 MW/m?2
steady state applied to the top surface: 8.0(compr.)/ 0.4(tensile), Higher thermal stresses are
predicted in the heat sink. The peak values, however, never exceed the strength of W-30Cu.

Design: For the present study a minimum armor thickness of 10 mm was chosen. The heat sink
consists of one piece only - no additional tube for the coolant water is foreseen. The minimum
thickness of the heat sink on top is 1.5 mm. The total width of the armor as well as heat sink is
25 mm.

MFC-1 (1992} is a uni-directional C/C with a high orientation of its pitch-type fibers and a
distinct anisotropy of its thermal and mechanical properties in different directions. The thermal
conductivity at RT parallel (/) to the fibers is a factor of ~ 25 higher than perpendicular (L) to
the fibers. For the elastic modulus and the tensile strength this anisotropy factor is ~ 100. The
stresses and temperatures could only be evaluated reliably, if anisotropic thermal and
mechanical properties were used in the FEM calculations.

W-30Cu: High strength tungsten-copper composite materials are produced by sintering
compacted tungsten powder and subsequent infiltration with liquid copper. Although a good
wettability of W with liquid copper occurs, there is (almost) no mutual solid solubility in the
W-Cu binary system (therefore it is a composite material, or "pseudo-alloy"), and thus the
thermal conductivity in particular of the copper filler matrix is not impaired due to alloying.

FEM Analysis: The finite-element code ABAQUS (Ver. 4-9-1, 1992) was used to predict the
residual as well as thermal stresses, and the thermal response at a uniform heat flux to the top
surface of 15 MW/m2, steady state. ‘

Braze solidification at 750°C (i.e. the stress free temperature) was assumed, with subsequent
cooling to room temperature, where the residual stresses were taken. The temperature output -
of the thermal calculation was used as the final condition for the thermal stress calculation,
Generalized plain strain elements were used in all stress calculations to account for the stresses
in the z-z direction (/! to the axis of the coolant tube). The two-dimensional model was
. constructed with 1454 FLAT / 1554 BENT 8.noded isoparametric quadrilateral elements, and a
total of 4594 FLAT / 4906 BENT pode points. Temperature-dependent properties were used for
both materials. Anisotropic material properties were used in the case of MFC-1 to account for
the orientation of the high-conductivity/high-strength fibers in the y-y direction. A subroutine
within ABAQUS was used to calculate the increase in heat transfer film coefficient from simple
forced-flow convection to subcooled nucleate boiling, in a self-consistent manner. No twisted
tape insert was assumed in the calculations.

Full-size two-dimensional models were applied in the calculations, whereas only one half is
presented in the attached diagramis.
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High Heat Flux Test of Divertor Materials using ACT

¥ Fubota, N fnove, A Sagara, N Nods, K Akaishi, O Motojipa(NIFS)
I fujita, I Hino, I. Yawashina(Hokkaido niv. )
T Matsuda T #atsvmoto. T Sopabe, £ Kurods(Tovo Tanso Co Lid )

It is necessary to develop reliable brazing of IG or C/C to OFC(oxygen free
copper) for divertor units!’ of LHD. For the purpose, high heat flux tests for
some brazing materials have been done by using ACT(active cooling teststand)
with a 100 k¥ electron beam source. Four kinds of brazed samples have been
fabricated in Toyo Tanso Co.Ltd. and tested. The samples are namely flat plate
type(F/CC, F/IG) and mono-block type(M/CC, M/IG). The brazing technology was
reported in the previous workshop in Santa Fe?’. By observing the thermal
responses measured with a pyrometer and two thermo-couples during heat loading,
the thermal properties of the samples were evaluated. The results for one shot
heat ioading and heat cycle tests are as follows,

The surface temperature of the F/CC sample rises with a response time of about
10 seconds and is saturated around 1200 T under a pulse heat load of 10 ¥¥/m? .
This result is promising for the LHD experiments. On the other hand, the
temperature of the ¥/IG sample reaches 1500 T with very long rise time(>100 s) u
nder a heat load as low as 4 W¥W/m? . This is partly because of relatively low t
hermal conductivity in the armor compared with the F/CC sample and also becauseo
f the mono-block type of geometry_ However, the temperature of the M/IG is alsob
elow (200 T at 10 seconds after the beam on, showing that this type is also
acceptable for the LHD experiment, especially for a heat load of less than
5 ¥W/m? . To check the thermal fatigue of the brazing region, heat cycle tests
have been carried out up to 4100 shots with a heat load of 10 ¥¥W/m? and water
flow velocity of 8 m/s for F/CC sample(No.|) and 1500 shots with a 7.5 M¥/m?®
for two F/IG samples(No.2 and 3). The surface temperature increased gradually
shot by shot for the F/CC sample. This change in temperature may be partly due
to heat load change because of  the change in background gas pressure, and due to
a slight deterioration of the heat transfer coefficient of the brazing layer.
However, the temperature did not show such a tendency shot by shot for No.3
sample of F/IG type by keeping severely the heat load constant. Moreover, no
apparent damage on the surfaces and brazing regions of these samples was
observed after the test.

Keferences
| )N.Noda et al.,NIFS internal report, NIFS-190, (17th SOFT, Rome)
2)T. Sogabe et al.,Proc. of US-Japan workshop Q-142. SAND92-0222. P4-148.
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PFC Activities at Toyo Tanso

November 17-19, 1992
T.Matsuda,T.Sogabe
T.matsumoto,M.Okada
Toyo Tanso Co.,Ltd.

Abstract 7

Recently we are studing brazing for plasma-facing compoiments. Brazing is
carried out by using iron and copper brazing filler metals, and brazed by a
mechanism "dissolution and deposit of base metal”. The mechanism involveg the
dissolution of iron in molten copper and subsequent reaction with the graphite,
resulting in the growth of a columnar Fe/Cu/C phase. IG-110 and 1G-430U
(Isotropic graphites) and CX-2002U (CFC) are brazed to copper or molybdenum,
or joined to itself. We have prepared some test pieces for the LHD divertor plate
that will be tested by ACT facility in NIFS. Soundness of brazing was examined
by a simple thermal shock test and by 4- point bending test. 4-point bending
test was carried out on brazed specimens with dimensions 6x6x45 (mm) which
have brazed joint at the center, under wvacuum, at temperature from rcom
temperature to 800 or 1000 deg.C. It was found that strength of brazed
materials was maintained at the almost same level of the graphite/carbon ma-
terial up to 600 deg.C.

8iC coated mirror on isotropic graphite joined with act_ive cooling copper metal
is also introduced. This kind of mirror is mainly used for reflecting laser beams.
Metal mixed graphite materials has been fabricating including boron, titanium
and vanadium. Boronized CFC materiale are now developing. Some physicsal
properties and air oxidation behaviours are presented.

50 N
40 |
5 Fa . & Substrate
((2 30 ® 12wt%B
Q
.|
s
o 20 7
9
2] A
S 107 ° o
} °® ®
o © .
O,L_. s  —
0 2 4 6 8 10
TIME (h)

Fig.1 Weight loss of boronized CFC (12wt% boron)-
due to the reaction with air at 800°C.
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Recent Development for Plasma Facing Component

Boronized Graphile
2. Boronized CFC

(UCLA and Takamak de Varennes collabolation)

3. Boronized Targel Material
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Development of Plasma Facing Components in Toshiba
- Dptimal Configuration of Graphite-Copper Bonded System -

Kazunori Kitamura
Heavy Apparatus Engineering Laboratory. Toshlba Corporation
2-4, Suehiro-cho, Tsurumi-ku, Yokohama, 230 Japan

_ The carbon-fiber-composite(CFC)/copper heat sink and tungsten-copper
bonded systems have received consideration for use as a divertor plate in an
engineering design activities of the International Thermonuclear Experimental
Reactor {ITER)(l). Some bonded features such as a monoblock-type and saddle-
type structures are proposed to enhance the thermal and mechanical perfor-
‘mance.

llesidual stress due to thermal expansion mismatch will have a significant
influence on jts performance. Thus, a knowledge of the residual stress in the
divertor plate with Lhe bonded armor is of great importance, Especially, a
normal slress component to bonded interface at the edge needs Lo be reduced
because il is considered to be one of possible driving forces for the interfa-
cial failure.

The residual stresses that developed during cocl down of test specimens
with tungsten disk brazed to copper heat sink were measured by the strain
gauge method and compared with those by thermoelasto-plastic FEM analysis(2).
Good agreemenlt was obtained for both residual stress and displacement even
when the creep effect of the copper heat sink was neglected in the analysis.
The analytical method was consequently confirmed to be reasonable.

The residual stresses on three types of graphite-copper bonded structures
such as a flat-type. . monoblock-type and saddle-iLype ones were compared from
the calculation to be 44 MPa, 7 MPa and 13 MPa. respectively. Therefore., the
saddle-type structure was found to be best in the view of the mechanical in-
“tegrity, in addition to the standpoints of the fabrication and maihtenance

In addition, the residual siresses around the interface edge in the C/Cu
saddle-type struciures with wedge angles of 45°t0 138%vwere also examined. As
the results, an optimal bonded configuration of the saddle-type structure was
found to have the wedge angle of about 60°for the least value of the residual

Sf;I'ESS.

)
ﬂc —t
inleriace =0 o Coal Down
100 —— 9V /"Pcm -erO o p 650%C+20T
>—f TN

Resldual Stress of Graphite at
Interface Edge. o (MPa}

lg

a5 50 1 —%o
Wedge Angle, 8 (deg.)

Fig. Influence of Wedge Angle at Interface Edge
on Residual Stress
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in the tungsten-copper duplex structure for a d:vertor application, Fusi-
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Development of Plasma Facing

Components in Toshiba Corp.
—Optimal Configuration of Graphite/
Copper Bonded System-—

Kazunori Kitamura

Heavy Apparatus Engineering Laboratory,
Toshiba Corporation,
24, Suehiro-cho, Tsurumi-ku, Yokohama,
230 Japan

TOPICS

» Introduction

# Comparison of experimental and
analytical results af W/Cu duplex
structure test specimens on residual
stresses that developed during cooling
of the joint from brazing temperature.

* Analytical studies on residual stress In
C/Cu bonded systems.

- Comparison of flat-type, monoblock -
type and saddie-type bonded
structures.

- Optimal configuration of saddle-type
C/Cu bonded structure.

.S
Japan - US Warkshop P - 1% ummary
MNov, 17-19, 1992
Kyushu Univ,, Fukuoka, Japan . :
L Tnsman—} K TOSHIBA /
4 B 4 ™

Mechanical Assessment of
Bonded System

e Critfcal Issues ‘
« Microcrackings around interface edge.
- Debonding of armor from heat sink and
cooling tube.

¢ Mechanical Strength of Bonded Interface
«Evaluation of residual stress arocund the
bonded Interface, especially of normal
stress component to the interface at
the edge (developed during cool down
from brazing temp.)
+ Investigation of thermal stress field of
boanded structure (induced by cyclic
heat loads)

N | msmﬁn-—-—J

¢ Comparison of experimental and
analytical results of W/Cu duplex’
structure test specimens on residual
strasses that developed during cooling
of the joint from brazing temperature.

TOSHIBA j
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4 Saddle-Type C/Cu Bonded Structures
with Different Wedge Angles at Interface

25

™~

— |

Analytlcal studies on residual stress around
the interface edgo of W/Cuand C/Cu bonded
structures were performed to assess thelr
mechanical integritles.

e Good agreement was obtained for both
residual stress and displacement between
experimental and analytical results of W/
Cu test spécimens. .

* Residual stress on three-types of C/Cu
bonded structures such as flat-type,
monoblock-type and saddle-type ones
were compared from the calculation to be
44 MPa, 7 MPa and 13 MPa, respectively
and saddle-type one was found to be
best in the views of mechanical Integrity,
fabricatlon and maintenance.

¢ Residual stresses at the interface edge. in
C/Cu saddle-type structures with wedge
angtes of 45" to 135° were also examined.
As the results, optimal cenflguration of
the saddle- type structure was found to-
have the wedge angle of 60" for the least

value of the residual stress.
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4 Summary N e N

Future Work

® Measurements of residual stresses
on C/Cu(CFC/Cu} bonded test
specimens by the strain gauge
method and comparison with those
by thermo-elasto-plastic FEM
analysis.

¢ Thermal fatigue tests of C/Cu(CFC/
Cu) bonded structures using
electron-beam test facility to
verify the optimal bonded
configuration.

# Optimization study of W/Cu bhonded
system.
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Bchavior of Carbon-Boron-Titanium Matcrials under High Hcat Load

H. Shinno, M. Fujitsuka and T. Tanabe (Nat. Res. Inst. for Mctals),
T. Shikama (Tohoku Univ.),
A. Ono and T. Baba (Nat. Res. Lab. of Mctrology)

Carbon materials with high thermal conductivity arc used as
protection wall materials of nuclcar fusion facilitics. And a
boronization of surfaces of the carbon materials is going to improve
a plasma confinement performance. However, thicknesses of the
boronized layers are limited by a relatively low thermal
conductivity of B4C and lives of the boronized layers due to crosion
will be shortened. In this experiment, C-B-Ti matcrials have been
examined to increase allowable thickncsses of boron containing
layers and to increasc the lives of the protection wall materials by
improving thermal conductivities of the layecrs.

Samples were fabricated by an uniaxial hot press and following
sintering or HIP process from powders of graphite, boron and
titanium. The sintering temperature was 2273K and the HIP
process was conducted at a pressurc of 196MPa and a temperature
of 2273K. The samples werc 30 mm dia. and 1 ~ 3 mm thick. Also a
functionally-gradicnt-material was fabricated in which chemical
composition changcd stepwisc along the thickness dircction.

Characterization of the samples were performed by an X-ray
diffraction, an X-ray microanalysis, a density mcasurement and an
measurement of thermal diffusivity. Thermal shock resistances of
thc samples were compared using an clectron bcam apparatus. The
electron energy was 40 ~ 50 ¢V and the beam current was 100 ~
200 A and the beam diameter was 18 mm. Ncutron irradiation was
also performed by JMTR. Neutron fluences were 2.34x1 020 n/m?

(thermal) and 3.9x1 01%n / m? (fast). The duration was 48 days and
the irradiation tempcrature was 623K.

The X-ray diffraction revealed that the samples were composed
of TiC, TiBz and graphite. Thermal diffusivities of the samples were
close to those of TiC and TiB, and increased with incrcasing
TiB2/TiC ratio. Thermal shock tests showed that resistance against
cracking increascd with increcasing graphitc content and TiBy/TiC
ratio. Thermal shock resistances of the functionally-gradicent-
material was greater than those of any materials of the constituent
layers. After neutron irradiation, swelling was observed due to
helium produced by (n, a) reaction of B10in the C-B-Ti materials.
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C/C-0FHC Brazing Stn_;cture

A. Shigenaka, S. Kajiura, Y. Ozawa, *H. Okamura, *H. Miyata,
*Y. Gotoh and **8. Sakurai

Hitachi Works, Hitachd Ltd., *Hitachi Research Lab., Hitachi Ltd.
**Mechanical Engineering Research Lab., Hitachi Ltd.

Abstract: The divertor system for ITER must withstand static peak
power loads in the range of 15 to 30 MW/m?. In view of the high heat
loads, the divertor plate armor {C/C) has to be brazed to the heat sink
{OFHC) with high reliability. On the other hand, the area of ITER
divertor is 200m? and more than 100,000 divertor plates will be needed.
This means not only development of reliable brazing technique but
also development of brazing structure which can mass-produce is an
important subject.

Figure 1 shows cross section of the saddle type divertor test module
and microstructure of the brazing layer. The upper part of the.test
module is made of C/C and the lower part is made of OFHC. Ti included
Ag-Cu eutectic brazing sheets are used for the vacuum brazing. By
means of optimizing heat condition of the brazing reaction, quantty of
the brazing sheets and the gaps between C/C and OFHC, a good
brazing test module which withstand the static peak power loads of
20MW/m? (which was tested in JAERI) has been made.

Figure 2 shows schematic of the saddle type divertor mock-up. The
mock-up has the length of 1m and 32 pieces of the C/C armor Hles are
brazed on the heat sink. The heat sink is made of OFHC hollow
conductor in order to minimize the brazing part of the mock-up and to
simplify the manufacturing process. Using the same materials for the
jig of this mock-up, distortion of the mock-up could be kept away as
small as possible. ‘

HEAT SINK —-|_ ONE BODY TYPE

HEAT SINK
COOLING PIPE- (HOLLOW CONDUCTOR,

OFHC), \

ARMOR TILE(C/C) !

gEaY
" 29 25, EUTECTIC

1
""" Ti-Ag-Cu; BRAZING
As-Cu ) SHEETS
|

Fig.lCross sectHon
of the saddle type divertor

Fig.2 C/C~OFHC brazed divertor
test module.
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i G/C-OFHC BRAZING STRUCTURE |

A. Shigenaka, $. Kajiura, Y. Ozawa, “H.Okanura,
*H. Uiyata,“Y. Gotoh and™S. Sakurai

Hitachi Works, Hitachi Ltd.,
*Hitachi Research iab., Hitachi Ltd.,
“Mechanical Eng. Research Lab,, Hitachi Lid.

Batkground

The divertor system for 1TER :
(1) Static peak power load is 15-30 W/a .
(2} Mumber of divertor platss is >100,000 .

{1} Divertor plates must be brazed to
the heat sink.

(2) Mass-producing technigque is needed for
such a system.

Dbjectives

(1) Development of C/C-OFHC brazing technigue.
(2} Development of brazing structure svitable
for mass~production.
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Fig. Brazinz structures and their characteristics of divertor

| — 28Ti-ag-Cu
brazing sheet

34

[ Ag-Co eutectic

i :
Ci heat sink brazing sheet

PV PIP4
Brazing structure
M ioage MNum Ti distribution

SE

!

oy .
CFRC —| |-Brazing

Ti reaction layer

layer

CFRC - Brazig laver

Ti reaction laver

Fig. Brazing structure and boading mechanism
of Divertor test module
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7 Brazing taver
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Divertor test module and microstructure of brazing layer

(a) Divertor test module

Cu heat sidk‘ ) '
(b) Crass section of Divertor test module (¢} Microstructure of brazing layer

Fig.

TABLE PARAMETERS OF THE IRRADIATION SYSTEM

PARAMETERS VALUES
POVER oo kw
ACCELERATION VOLTAGE 20 kv
BEAH CURRENT P A
DURATION 4 ws ~ 35
DIMENSIOR OF THE V.V. | #5610 x 900
DEGREA OF VAGUUM o Torr
IRRADIATION AREA YT
PO TNE TRpuaTuRE | 0~ 30°0C

HELHEOLTZ COIL
THERMOMETER
A-MASS 0} VACUUM VESSEL

VIENING i
PORT

i)

?LII B0

ELECTRON GUN

TURBO-
HOLECULAR
punp |

CFC/OFHC brazed divertor test moadule.

1685

x

Fig. Electron beam irradiation systep.
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Top view of irradiation
test module (15MW/mm?)

Irradiation test module.

G/C-OFHC brazing structure and bonding mechanism has
been investigated for ITER divertor test module.

(1) Saddie type is favorable when UB-C/C is wsed for
the divertor plate,

{2) Using Ti-Ag=-Cu brazing alloy, a good brazing
divertor test module which withstands the heat
Ipad of ITER {20M¥/m Yhas been made.

(3) In order to mass-produce the divertor modulas,
heat sink made of hollow conductor will be
one of the effective suggestion.
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J/US WorkShop on High Heat Flux Components and
Plasma Surface Interactions for Next Devices,
Kyushu University, Fukuoka, Japan

Nov. 17 - 19, 1992

High Heat Flux Exp@rimenﬁs on B,C Overiaid
Carbon Based Materials for JT- séu Divertor

K. Nakamura
JAERI
801-1 Naka-machi, Naka-gun, lbaraki-ken, 311-01 Japan

Objectives:  B4C overlaid CFC is applicated as some tiles of JT-60U
divertor, and more tiles made of B4C overlaid CFC and isotropic graphite
are in- preparation for JT-60U divertor and first wall.  This work is the
evaluation on thermal resistivities (exfoliation, melt, crack, etc.) of B4C
overlaid CFC under disruption and normal heat loads with JAERI Electron
Beam Irradiation Stand (JEBIS) for JT-60U application.

The criterion of B,C overlaid CFCfor JT-60U divertor application:

(1) B,C overlaid CFC is not exfoliated at disruption heat load, which is
estimated ~3MJ/m?in a few millisecond in JT-60U.

(2) B,C overlaid CFC has not significant cracks, exfoliations and melt at
normai heat load, which is estimated 10MW/m?, 5s in JT-60U.

Summary of heating conditions and samples:

Heat Load 550~1600 MW/m? 2~5 ms

5~40 MW/m? 5s
B4C Production CVR(chemical vapour reaction Method)
Methods ' CVD(chemical vapour deposition)

LPPS(low pressure plasma spray)
Substrate Materials U-D and 2-D CFC, isotropic graphite
Thickness of B,C 100~1300
Layers(um)

Results:

(1) The B,C overlaid CFC produced by CVR show no exfoliations at the
disruption heat loads(~3 MJ/m?), although some small places of
bombarded area are melted.

(2) The B,C overlaid CFC produced by CVR, CVD, LPPS have no failures
at the normal heat load(10MW/m?, 5s) below the average thickness of
400 pm except small weight loss.
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EVALUATION OF ENERGY DEPOSITION DUE TO
- RUNAWAY ELECTRONS

Presented by Tomoaki KUNUGI
Reactor System Laboratory, JAERI

Japan-U.5. Workshop P196 on High Heat Flux Components
and Plasma Surface Interactions for Next Devices
November 17 - 19, 1992, at Kyushu University

ABSTRACT

We have been investigated the energy deposition due to runaway electrons
using the EGS4(Electron Gamma Shower, ver.4) code. We have done the
evaluation of the energy deposition in the PFC without a magnetic field.

In the present study, we are trying to evaluate the effects of the magnetic
field for a simple divertor model and three types of the ITER divertor models.

For the simple divertor model, as the incident energies and angles of the
runaway electrons increased the effects of the magnetic field decreased. No
inclination effects of the magnetic field appeared. |

For the ITER divertor models, we found the high energy deposition inside
the water and coolant tube due to the magnetic field. Because of the deep
penetration of the runaway electrons due to the magnetic field, the deposited
energy in the copper structure increased.

These results suggest to us that we need to improve the divertor material

and its structure against the impacts of the runaway electrons.
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Carboa Carbon

Energy depaosition distribution in ITERdivertor target {ype B

(with 6T Magnetic field) Fig- Energy deposition distribution in ITERdiverior target type B

{no Magnetic field)
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Energy deposition distribution in ITERdiverlor targel type C Fig. Energy deposition distribution in ITERdivertor target type C
(with 6T Magnctic fictd) {ro Magnetic Meld)
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The NET Team
A. Cardella

Progress in the EC Technology Programme on Plasma Facing Components

ABSTRACT

This presentation briefly describes the EC programme for the plasma facing
components of NET and reports some recent results. The programme consists of
specific R&D tasks on-the structural materials, the protection materials and the
‘components (i.e. divertor, first wall and sublimiters). A significant progress has
been made in the characterization of the selected armuor and structural
" materials. Divertor and first wall mock-ups have been manufactured and tested
in order to demonstrate the basic feasibility of the selected concepts.
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PROGRESS IN THE EC TECHNOLOGY

PROGRAMME ON PLASMA FACING COMPGNENTS

Cardells Antanino

D-8046 Gasching
Germany

Presented a1 the
. US/lapan Workshop Pi96 on
high beat flux ¢compenents and
plaswa surface infecxctions fof next devices

Fukuoka, Japan
November 17-19, 19592

The technology progmmme on plasma  facing
components for NET is mainly divided in three R&D
tasks:

- Structural Materials

- Protection Materials
Plasma Wall Interaction
Material Charactenization and Selection

- Components Development and Testing
.« Diveror .
First Wall
Sublimiter

The Plasma Facing Component Group of NET consists at
present of: G. Vieider (Group Leader), A. Cardella, C. Wy, G.
Federicl. :

(Recenl Results)

Prelinjninary results on TZM show p that the DBTT
remains below room temperature after irradiation to 0.3
dpa at 106G °C.

On Cu-alloys:

- marked brittleness at 450 °C (typically creep fracture
strain < 3%),

- indication of microstructural - stability of imadiated
Cu-Al,0,; only a slight decrease in the mean AlLQ, size

;né! density after 750 Mev p-irradiation a1 200 °C up to
pa.

On 316L 5.a. and its joining, 18 Mev p-irradiation at
<= 450 °C resulted in an increased resistance to crack
growth and thus of the fatigue life, but a hold time as
low as 20 s causes a reduction of fatigue life due 1o
creep-fatigue interaction

!-'aligue life of 316 L EB welds is not reduced by He
implantation at 450 °C up to 1500 ppm but at 600 °C
decrenses with decreasing frequency, increasing hold
time and He content. He embrittlement at creep rupture
at 600 °C is large in the base material and in the weld is
sigpiﬁcant only at >300 ppm.

PROTECTION MATERIALS

peed to address statistical aspects (failure probability) in design

with CFC materials.
composites and infiltrated 3D C-fibre pmivmsse with densities up 1o

On CFC characterisation, the scatter in the results underline the
A development and fabricability study of B4C or TiC doped CFC
materials has started with Hot lsostatic Pressing. Short fibre
959% have been achieved. Process control and thermal conductivity
have to be optitized.

On coating development, thick {(0.4-0.8 mm) plasma sprayed BsC
coatings on 316L substrates were tested at energy density of
2.1 M]/m? in 1.2 ms. Typical values for the depth of the erosion
crater are in the range 0.05-0.15 mm, but differences between 1 and
5 shots do not scale linearly.
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DIVERTOR DESIGN

Two main design concepts have
been developed:

- flat tiles on metallic rectangular
tubes with internal circular bore

- monoblock (tube in tile)
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NET DIVERTOR PLATES WITH CARBON COMPOSITE MONOBLOCK

SPECIFIC TECHNOLOGIES
JOINT DEVELOPMENT

CFC on Mo or Cu alloy
Brazing and Diffusion Bonding

- Focus on

» Collaboration ENEA, CEA, Ansaldo,
with Metallwerk Plansee, Vide et
Traitement

- Armour Mater, Aerolor A0S, Sep Carb NEI12,
Toyo Tanso CX2002U

- Tube Material TZM, Mo-41Re, Mo, Glidcop

DEVELOPMENT MAIN RESULTS

- Chosen Braze TiCuSil
- Brazing Temp, 900-950°C
- Technique Selected by the manufacturer

TESTS ON TRIAL PIECES

- Metallographic Examnination

- Shear Tests '

- Therma! Shock (heating a1 600 °C, quench in cold
water) .

- Ultrasonic and X mays

- The 200 kW EB facility FE200 for high heat flux
testing in Le Creusot France has been
commissioned by CEA/Framatome and it (s
operational since one year.

- 13 actively cooled monoblock mock-ups hive
been manufactured by ENEA in collaboration
with Ansaldo and Metallwerk Plansee. 11 have
been tested in Le Creusot and at the NBI test bed
of JET. Tiles have resisted to 1700 cycles at 13
MW/m? and additional 1000 cycles at 15 MW/m’,
Higher fluxes have been reached in single shots.

- 8 flat tile concept mock-ups with TZM tubes have
been manufactured by Metaliwerk PlLansee. 5
have been tested at the Marion NBI facility in
KFA Julich®Tiles resisted 1o 16 MW/m® in single
shots and 1000 cycles at 7 MW/m’,

* { nocuar wat 8iEN TEMMEO LagT YeAn T 2a1g

h'd
(conv)

- 2 flat tile concept mock-ups with glidcop tubes
have been manufactured ¥y CEA Cadarache. 1
has been tested in Le Creusot. Tiles have resisted
to 16 MW/m? in single shots and 1000 cycles at
14 MW/m?

- Critical heat flux experiments by CEA, ENEA
and JET show that 50 MW/m® can be achieved
at water interface using the subcooled boiling
technique with turbulence promoters.
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HIGH THERMAL FLUX TEST STATION FE 200

AONOBLOCK DESIGN - MOCK.UPS READY FOR TESTING

Houo hrLoc le €Te
DIVERTOR FLAT TILES TESTING

Hateetae Conn. HW/,—.‘ _N.r,xr,u.s HU/»-'

' Seaten. Fatico
Tew Facility mMwim? | Mwi? ] Noo | Surtace | Cydde | Failure E
Water | Ine-Rei Cydes | Temp.7C| Time al . ]
ONIOFE | Joimt Q95/T¢H {5 a0+ - ?
3t 490 =4 4‘ 5
WKWELBam | n20 | 186 1 2300 »50 Yes
Sandia — —
78 77 1000 1200 45045 Ka ﬂgs/ HoRe {O
89 9.0 %00 1700 45/45 Yes - 4,,
3 foo
Aos| Ho 1
= 1aq 120 F{l] 2150 43745 Yeu -
400 KW EL Buam . 159 1 >2B00 5 Mo ¢ l 1 [ HO 15
IEBIS :
05 1000 2000 3725 Mo TT/ Ko /{ Y Felels] 'H
125 300 1150 8725 He ' ‘
’ lg o 13
°
§ MW 1on Beam 103 - ) 20 | o | ve TT! C'U ncof® /[C’ .
KFA .
100 Y 5¢ 304300 Yeu ALl “wnTLn LA Loang 1# Fﬁ"' 1R

v Ti= Tepe Tnns?&;“é;l 3]
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- The new 500 kW facility "Fiwatka” for thermal

testing is being commissioned at KFK Karlsruhe,

with 0.5 MW/m? 27 000 and 52 000 cycles

JRC Ispra on actively cooled mock-ups achieved
without leak but with first cracks.

- Thermal fatigue testing in the 150 kW facility a1

- A new design concept consisting of a conted FW

and sublimiters has been developed.
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Jueiich Divertor Test Facility Hot Cells (JUDITH)

Control- and diagnosticsystems

Coroipanal

.cbmpmérmrsawlbatdn'cﬁon;-' FAR

Compurter with ¢ataloggerfunction’
- Temperature { pyrometer, ih:érmécﬁdblss)

. Beampémmeter {cument, profile)

- Coaling circult {waterpreasure, ilowrate temp.)

" intrared imaggprocessing
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. vacuum chomber

electron beam gun

| /
|
J beam secto

: I B _vacuum system
FE lwe:’
la holder ¢
| Eb ¥

Test Configuration

for small Samples (F=~ 4cm?)
on Cross-Table

vacuum chamber

electron beam gun

ertor element

cross-tabie

Test Configuration for a fixed and cooled
Divertor Element {F =~ 30cm?)

Former Experiments in JUDITH

Tests in 1891/92

1. Thermal behaviour of a limitermodufe{TEXT ORY)

2, Test of a divertormodule (coop.JAERI)
Thermofatiguetest, Disruption

3. Disrupliontests on different matirials

4. Divertoriest with monoblockdesign
{coop. Etremav-Institute Si.Petersburg)

5. Divertartest in comparison to MARION

6. Disruptiontests with boron carbide coatings
{coop. with General Atamic, San Diego)
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Aclively cooled divertor modules

CFC tiles on TZM ¥

COQLING-DOWN OF
DIVERTOR ELEMENT

CFC tiles on copper 2

moncblock design (RG-Ti-91 tilas 7 Mo tube) 3
1) KFA 2) JAERI 4) D.V. Elramov tnstituie

1300°C

1000°C

SCREENINGTEST OF A DIVERTOR TEST ELEMENT

800°C
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Session 4: PFC and PSI Studies in Laboratory



HYDROGEN IN GRAPHITE:
TRANSPORT / REEMISSION / RETENTION

A. A. HAASZ
UNIVERSITY OF TORONTO

1. HYDROGEN TRANSPORT

* Molecule formation due to simultaneous exposure of
~graphite to H*and D-.
(S. Chiu and A. A. Haasz, University of Toronto)

2. HYDROGEN REEMISSION

* Atomic reemission of hydrogen from graphite at
temperatures > 1000K.
(D. Franzen, lIP, Garching, Germany; E. Vietzke, V. Philipps and
D. Reiter, IPP, KFA Forschungszentrum, Julich, Germany;
A. A. Haasz and J. W. Davis, University of Toronto)

3. HYDROGEN RETENTION

* Effect of graphite structure on H retention at high H*
fluence.
(A. A. Héasz, J. W, Davis and S. Chiu, University of Toronto;
R. Macaulay-Newcombe and D.A. Thompson, McMaster University)

Haasz, Japan-U.S. Workshop, Kyushu University, Fukuoka, Japan
Noyember 17-20, 1992
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2. HYDROGEN REEMISSION

T T b=
F4
89 . *
|_1; I T = - QBJECTIVE
g =} -
GD 2 = @ * Toinvestigateihe etfect leadingioareduction cfmolecular
23 | @ “ 2 9
% T @ % e e reemission al temperatures above 1000K during steady-
l:liE Eaﬂ oo 3 1e ) state D* Impact on graphile,
2a I w8 25 ¢ t :
OT E® @ o '_5
O e @ D EXPERIMENTS
Ba | &3 §£ 1= 2 =
25 A% 5% ] (] * H- and D* implantation experiments were performed al
=0 TE o0 B oy
ww | 2 @ @ 1o & IPP!Garching and Universkty of Toronte; reemission was
% E '53 g;‘: = ch: muonitored In the residual gas.
E; ac g0 O le o
nRE [ = I-léoﬁ & % * During Lhe coutse of the experimanis, evidence led to the
=0 ° = w hypothesis thal H/D atom reemlission occurs abave 1000K,
E Lb—u " ‘;:"’ and the atoms are belng pumped by the walls — {eading to
E & é the “apparent” loss of reemilied molecules as measured
s 2w | T |z by RGA.
= = T o
2 A2 o o
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3. HYDROGEN RETENTION

OBJECTIVES
* Tostudy Hretenllon in graphite as a junction of H* fluence.

« Toinvestigate the gifectof grephlie structure on Hratention.

EXPERIMENTS

* Graphite specimens were Implanted with D to fluences in
the range 10'7 - 10" O+fem’.

* Retalned D was measured using Thermal Desorption
Spectromelry (TOS).

* For some cases NRA was performed on the back of the
specimens,
{MRA performed al McMastar University)

Japan-L.8. Workshop, Kyushu Universily, Fukunka, Japan
Movambar 17-20, 1593

L, ez Lt T st Hihs 17607700100} y
Pass, LT
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SUMMARY

1. HYDROGEN TRANSPORT

* During steady-state H/D- [on Implantation In graphite,
hydrogen ditfuses In the form of atomg in the Implantation
zane,

— complete mixing of mobile H/D occurg,
== Hrecombination oceurs throughaut the implantation
Zene, possibly on internal surfaces,

-

Melhare formation during fon Impact occurs at and of lon
range {consistent with previous Hndings by Roth et alAPP-
Garching).

Post-lmplanialion TDS results showthat, in the absence of
Impacting lons, both H recombination and rethang
formalion occurs focally at the end of lon range,

2, HYDROGEN REEMISSION

* Below 1000K, implanted H/D fram graphite is reamilted in
the form of molecules,

* Above 1000K, both molecules and atoms are reemitted ithe
atom fraction Increases with Increasing temperature,
reaching a value of 95% at 1850K.

Hzasz, Jopan-U.S, Warkshap, Kyushy Univeraity, Fukuoka, Japan
Movember 1720, 1952
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SUMMARY (continued}

3. HYDROGEN RETENTION

* The amountof retzined hydrogen in mest forms of graphita
increases with Inereasing Nluence, wellabove the saturation
levels observed in the Implantation zone.

The extenl of the Increase appears o depend on the
structure of graphite.

Proposed Hypothesis: mobile H from the implaniatien
zane, during H- impacl, dlifuses “deeper” Into lhe material
and becemes trapped on “fnternal surfaces.”

Jepan-U.5. Workshop, Kyushu University, Pukuaka, Japan
Novembar 17-20, 1992

-

PROPOSED HYDROGEN TRANSPORT MODEL

tmplantation zone s comprised of wo reglons:
— graphite crystallites
— intercrystalline paths

Impianted H s Inltlally deposited within crystallites where it
may be trapped, or if traps are saturated, it may diffuse to an
Intercrystalline path.

During H Impact, crystalllles are “broken™ and new
Intercrysialline paths are formed.

During bombardment atlow lemperature, paths would become

coverad with enocugh hydrogen to 1ill all the traps, resulting

In a low acthvation energy for atom motion.

= his would aliow for the last moavement of H'D aloms and
their Isotoplc mixing.

During thermal desorplion, the traps on the paths would not
be populated, and the motlon of atarms would be a slower
stepwise diffusion process.

* this would altew recomblination te cccur betore mixing.

‘The production af methane meleculesmight occurattrapping
sites at “edge of crystallites”, where the C+H reactions are
domtnated by the hydrogen locally implanted in the
crystallites,

Mebile hydrogen inthe Implantation zone wHl either recombine
{and thus be reemitied) or dIftuse "deeper” into the material
via inherent “micropaths” where trapping might occur.

Haesz, Japan-U.3. Workshop. Kyushu Unlversity, Fukunks, Jepan
Movember 17-20, 1992
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ITER Divertor Materials and PFC Technology Development
in the PISCES Program at UCLA

Yoshi Hirooka
Institute of Plasma and Fusion Research
Unlversity of California, Los Angeles

As part of the US ITER-R&D program, over the last few years the PISCES
team at IPFR-UCLA has been assigned to work on the three key arcas related to the
plasma-facing component development: (1) divertor target materials evaluation and
development; (2) new divertor concept development; and (3) high-density, steady-state
plasma source development.

One example for the first task is that a new class of material, including bulk-
boronized graphite and boronized C-C composite, was developed jointly with Toyo
Tanso Inc., Japan in 1989-90, using PISCES-B. Due to its superior erosion
resistance, bulk-boronized graphite with 20% boron is being used as the limiter material
in the Wenderstein Stellarator AS-7 at IPP, Garching. Also, boronized C-C
composites have been used as the boron source for solid rarget boronization in
tokamaks including: TdeV and PBX-M.

As to the new divertor concept development, a major effort has been made to
prove and refine the gaseous/radiative divertor concept using PISCES-A. In this linear
facility it has been clearly demonstrated that the heat flux to the target plate can be
reduced by a factor of 100 in the gaseous divertor mode. As opposed to the design of
ITER during the CDA phase, more advanced divertor designs based on the new
concept development effort will probably be implemented in the EDA design.

High-density plasma generation is the key capability required for the PFC
qualification facilities. By modifying PISCES-B into PISCES-B Mod, the maximum
ion flux has been increased to the level relevant o ITER, i.e., of the order of 102
ions/m?. However, futher requirement has come up to heat ions to about 10-20 eV.
Also, the plasma diameter must be enlarged to about 20 cm so as to be able to
sccommodate & large PFC component.  An effort is being made 10 meet all these
requirements with the PISCES-Upgrade facility.

In the presentation at this meeting, the recent efforts in the first task on materials
evaluation and development are reviewed with an emphasis to identifying the areas of
data need to analyze the erosion and redcposition behavior of materials under high-flux,
steady-state, plasma bombardment. In the remainder of this report, the result from



tungsten erosion experiments conducted in PISCES-B will be reviewed.

Tungsten in the form of bulk-material, relatively thick (I mm) chemically
deposited (CVD), and low-pressure plasma-sprayed (LPPS) coatings on molybdenum
has been cvaluated as a plasma-facing material, focusing on somc of the key issues
related to the divertor plate design. ‘ '

(1) Thermal outgassing: Total outgassing quantities up to 1000°C from tungsten
materials have been found to be of the order of 10171 molecules/cm?, orders of
magnitude smaller than those from graphites including C-C composites. Among the
tungsten materials tested, LPPS coatings tend to have higher outgassing rates. This is
presumably due to the porous structure, necessitating R&D for higher density coatings.

(2) Plasma.crosion: Deuterium plasma net erosion rates at 1500°C are basically
the same for bulk tungsten, CVD and LPPS coatings. Generally, at ion bombarding
energies below 350 eV oxygen-containing impurities (such as H,O%) in the deuterium
plasma dominate the total erosion rate of tungsten. On the other hand, at low electron
temperatures around 5 eV, positive ionization of these impurities is significantly
reduced, whereby plasma crosion data basically agree with those estimated for
deuterium spuitering. For oxygen, the electron attachment reaction: O, + e => Oy is
dominant at electron temperatures below 10 eV. To ensure this point, more atomic
physics data are needed in at these low elecrron temperatures.

' (3) Hvdrogen retention: Postbombardment thermal desorption measurements
have indicated the deuterium retention quantity in tungsten materials is of the order of
101415 D-atoms/cm?, which is considerably smaller than the corresponding data for
graphites and C-C composites. Also, it.is important to note here that there is no
codeposition-driven tritium inventory with tungsten. '

(4) Disruption simulation: Disruption-simulated high heat loads up to 6MJ/m?
have caused microcracks in tungsten materials. As shown in Fig. 3, a strong heat
shielding effect has been observed, decrcasing' the heut transmission factor to about
19%. This is explained by a molten layer protection effect, presumably combined with a
mild vapor shielding effect.

Clearly, further effort is needed to improve the fusion-required quality of
tungsten coatings. Because of its high probability of redeposition, however, in general
tungsten neither causes heavy core contamination nor suffers from severe crosion even
with open divertor configurations. Nonctheless, the application of tungsten will be
found most viable if a gas target divertor configuration is implemented.
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Solid Target Boronization in the PBX-M tokarmak
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7 EROSION/REDEPOSITION MODELING AND ANALYSIS ACTIVITIES

Thanh Hua
{with contributions from Jeff Brooks)

Fusion Power Program
Engineering Physics Division
Argonne National Laboratory

Impurity generation and transport codes used for erosion/redeposition analysis
are described. Primary applications of each code in the plasma scrape-off region and
possible coupling among the codes are discussed. Recent erosion/redeposition
analysis activities are reviewed, followed by presentation of key results and
comparison with experiments. These include plasma contamination in TFTR, DII-D
divertor tiles erosion/deposition profile, and transport of Mo in PISCES. In general, the
agreement between analysis and experimentis very good. Erosion analysis for the JT-
60U divertor tiles and DIfI-D DIMES experiments are ongoing activities.

Methods for transport calculations of chemically-sputtered carbon are dis-
cussed. Finally, the development of a sheath code is introduced. Effects on the
sheath potential and heat transmission factor as a result of in-sheath ionization of
neutral molecules are presented.
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EROSION/REDEPOSITION MODELING
AND ANALYSIS ACTIVITIES

Thanh Hua
Fuslon Power Program
Argonne National Laboratary

Prasented 21 the Japan/US Woikshop P196
November 12-19, 1992, Kyushu Unlveisity. Japan

Impurity Transport Codes
for Erosion/Redeposition

Serapa-off Layer

%
Y
Divertor Plate T
Sheath
Surface Codes: Region
F-TRIM
mMC
Code Type
REDEP Kinetic, Gyro Averaged,
Flnlie Ditterence '
wWBEe Kinetic, Sub-Gyro,
Monle Carlo
B-FPHi Kinglle, Finlis Diffarence
ZTRANS Quasi Flutd, Monte Carto
F-TRIM, [TMC Binary Collision, Monte

Carlo

Erosion Code Verification Activities

* Recent activities: [J. N. Brooks, T. Hua, ANL)
a. TFTR bumper limiter' (with PPPL, SNLL}
b. DII-D divertor® {with GA, SNLL) '
c. DIII-D DIMES probe {with GA, SNLL)
d. PISCES - W, MD, B, D, Ar’ exposed target

experiments {(with LICLA)

Key findings: Good agreement observed between
REDEP/WBC analysis and experiment for TFTR plasma
contamination, Dill-D divertor eroskon, and PISCES data.
Critical phenomena identitied {e.g., sputtered energy
distribution effects).

*1. Hua. J. Brooks, 10th PS5} papear.
*C. Wong et al., 10th PSE poper.

REDEP Analysis for TFTR Bumper Limiter”

. A.nalysis was caried out for a series of ohmic
discharges in TFTR. The Z,, as a result of carhon

contamination of the pi is shown below.
8
* Experiment
8 * REDEP, H=gaturated €
e + REDEP, pure
+ "
'
Fo cx
g
2. N
Ty
. a* L
14 . 1.,
o M T T T
@0 10 20 ap 40
<n,>x 10°m™
—_—

"Hua end Brooks, 10th P5F paper,
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REDEP Analysis for DII-D
Graphite Divertor Tiles’

¢ Divertor tiles were exposed 1o - 1700 plasma
discharges over a nine-month period. Analysis for
typlcal plasma paremeters were weighted by the strike
point distsibution,
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Chemical Sputtering - Carbon Transport
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+ WBC code used with PPFL-2477 {Ehrhart and Longer}

rate coetficients

+ ~—1000 CH, molecules launched at random thermal

energies

+ Panicle history terminates upon redeposition or bein

lost 1o near-surface region

* CH, rellection cascade computed
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The BPHI Code

* A sheath code recently developed at ANL to simulate

plasma flow in the magnetic end Debye sheath regions
of the plesma scrape-off layer

The code computes the sheath potential, distributions
of sangle of incidence and charge state. in-sheath
lonixation of neutrals, transport and redeposition of
impurities, and total heat deposition at the wall.

Computational time Is — 1 CPU minute on the Cray for
ablique field angle of B7°,

Sheath Potential Ol
-200-125 ~150 ~125 -100 -74 -30 23 00

040
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~1.0

—15+

~2.0

L

~30

T T
—IC;D.D T -10D0 =500 0.0
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PRELIMINARY ANALYSIS OF H,
DESORPTION FROM DIVERTOR

H, molecules desorbed from wall with initial thermal

- energy [~ 0.1 eV) and are jonized within the magnetic

sheath via

Hy+a—~H +2

The electrong ere drawn into the plasma, H; ere

accelerated toward the wall. A fraction of theH;
lons are dissociated before reaching the walt via

H +e+H +H +e

Effects an sheath potential, heat transmission factor
arg studied for lon reflection coeHiclents varying fram
Oto1.

Resulis prosented here ars for a DT plasma with
n, =10"m™ B = 5T, @ =87°,
T, = 5 - 1000ev,

and T, =
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Fraction of Potential Drop over 6 Debye Lengths
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SUMMARY

+ Erosion code verification has, to date, been
successful. Key erosion and plasma contamination
trends have been predicted and explained for
tokamaks {TFTR, DII-D, TEXTOR) and simulation
facilities [PISCES). This work has led to improved
modals end code capabilities.

Near-term erosionfredeposition modeling activities
include: (1) analysis of JT-B0U graphite divertor tiles
and simulation experiments (with JAERI}, (2} analysis
of DIMES experiments in DIIl-D (wlth GA, SNL),

BPH! code results provide improved models for erasion
analysis as well as important parameters for divertor
design.
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Experimental Study on Boronization using SUT

N. Noda, A. Sagara, Y. Kubota, N. Inoue, K. Akaishi, O. Motojima (NIFS}),
K. Iwamoto, 1. Fujita, M. Hashiba, T. Hino, T. Yamashina (Hokkaido Univ.),
J. Rice (MIT), K. Okazaki (The Inst. Phys. and Chem. Research),

M. Yamage, H. Toyeda, H. Sugai (Nagoya Univ.)

The importance and the main aims of the boronization study have been already
presented in the previous workshop in Santa Fe[1]. Thé main aims are summarized as
follows:

(1) evaluation of the life time of boronized layers being active for oxygen
gettering,
(2) how to reactivate the existing boronized film.

A device named SUT ( SUrface modification Teststand) [1], a kind of plasma
simulator, has been constructed in Toki site and boronization studies have started this
year. '

The first boronization experiment was carried out in February 1992. Voltage and
current of the glow discharge were around 250 volt and 0.2 A. A gas-mixture of 10 %
diborane (BpHg) in helium was used as the working gas. The total pressure was around
18.5 mTorr, Mass-peaks originated from ByHg, namely m/e=10-13, 22-27, all
disappeared during the glow discharge. On the other hand, the peaks m/e=1, 2 (H, H»)
increased during the discharge. These correspond to hydrogen molecules due to
dissociation of BgHg. The thickness of the boron-coated layer was estimated to be
several tens nanometer in the first one hour boronization. After improvement in effective
pumping speed, coating rate was increased to be 4 nm/s. A

After boronization, a glow discharge with 10% oxygen in helium was applied in order
to estimate the capacity of oxygen on the boronized surface, which may have a relation to
the lifetime of gettering effect of the boron-coated layer. The mass-peak m/fe=32
decreased just after the discharge started and m/e=28 (CQ) , 44 (CO») increases. Origin
of CO and CO; is not clear at the moment. '

In order to get the net amount of absorbed oxygen atoms, number of them released
as CO and CO3 must be subtracted from the number of Oy absorbed. Net amount of

absorbed oxygen was obtained by time integration of the and 1.2 X 1017/cm? in a
coating layer of 200 nm in thickness. Not only a few monolayer on the top surface, but
more than several hundreds atomic layers contribute the oxygen adsorption.

References

[1} N. Noda et al., Proc. of the last workshop, SAND92-0222 (1992) p.5 -52.
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Experimental Study

c¢n Boronization using SUT

M. Noda, A. Sagara, Y. Kubata, N, Inoue, K. Akaishi,
Q. Motojima {NIFS),

K. Iwamoto, [. Fujitn, M, Hashiba,T. Hino,
T. Yamashina {Hokkaido Univ.),

1. Rice (MIT),
K. Okazaki (The Inst. Phys. and Chem. Research),
M. Yamage, H, Toyoda, H. Sugai (Nagoya Univ.)

Alms

(1) Evaluntion of effectiveness and the lifetime of
oxygen-gettering ability of the boronized surface

{preliminary discussion on the lifctime)
(2) Recovery of the gettering ability for the existing
boron film .
(a preliminary experimenial result)
[This is important with respect Lo a long period

operation beyond the next siep reactor)

(3) Hydrogen-recycling control with & boronized wall

_ (not related in this talk)
Contents
1. Aims
2. SUT (SUrface modification Tesistand)
3. Experimental fesulls
4, Discussion on the lifetime
5. Future Plans
6. Summary
Present status of SUT ( M
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Filter

Liner (up to 600°C)

Vacuum & Gas Feed System in SUT

.
"

Experimental procedures
(1) Pump-down and baking (-200°C}
(2) Hydrogen-glow discharge

{3) Boronization
Glow discharge in a gas mixture of 10% B;Hy in He
Total pressure is arcund 20 mior

Current ~03 A, Voltage ~ 250 - 350 V

l (4) exposed 10 atmosphere
(4) OGxygen absomtion '
Glow discharge in a gas mixiure of 10% O in He

(5) Recovery (He-glow discharge)

{6) Oxygen absorption (same as the procedure 4)

Experimental Results

(1) Oxygen is sirongly sbsorbed during Oy/He glow
discharge by a boronized wall :

absorbed amount
1.2E17/cm? with a boronized wall
LSE16/cm? with a bare SS wall
(2) CO and CO, were released during O,/He glow
discharge after boronization
{observed with RGA and optical speciroscopy)
origin of the carbon is not clear

(3) Boronized fitm can contain a lot of gaseous
camponents of the air after exposing it to atmosphere

(4) Geuering effect was recovered after He glow
discharge applied to the boronized wall

(5) B/O ratio on the top surface is 32
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Future Plan

(1) Oxygen atoms are absorbed in hundreds monolayers
from the top surface

(2) preliminary estimation of the lifetime

Quimit ~ ALKD Comax = 1.2 €22

C e =1.2e17 ¢m? (saturation density)

smax

Apyp = 1.0e5 cm? (lota) surface area of
divertor legs in LHD)

Now Fip =003 0,V /1, = 30620 /5
Vo = 207 cm?
1, = 0.1 s [particle confinement time)
n,=50¢cl3 cm?

Qptahor) = 3.0 €21 for 10 second discharge

Qiimin Qrshon) ~ 12622/ 3.0c21 =4 shots

(1) Oxygen absorption amount as a function of wall
wmperature, impact energy of tons, ele.

{2} A detailed comparison with a post-mortem analysis
in Hokkaido University

(3) Comparison of the gettering zbility of the boronized
surfuce with at of ritanium flashed surfuce
(4) Derail analysis for evaluation of the lifetime

(5) Experiments on hydrogen recyeling control

(6) Boronization for a graphite liner
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Summary

{1) Present status of SUT and some results of
borenization experimenl are presented

amount of sbsarbed oxygen is 1.2 ¢7 em?
B/O ratio on the 10p surface is 3/2

(2) This suggests that oxygen is absorbed in more than
hundreds monclayers on the surface

{3) Preliminary £stimation of the lifetime shows that it
could be a problem if the oxygen recycling would
occur only in divertar legs

getiering on the wall may reduce this problem but
more precise study is necessary on this subject
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Basic Experiments on Boronization with Use of Decaborane
H. Sugai, M. Yamage and T. Ejima

Department of Electrical Engineering, Nagoya University

Furo-cho, Chikusa-ku, Nagoya 464-01, Japan

1. Use of Decaborane

Diborane used in conventional boronization is extremely toxic and explosive,
while the use of a less hazardous gas, B{CH3)3, gives carbon-containing boron
films (B/C ~ 0.6). in order to deposit carbon-free films, we have proposed
the use of a much less hazardous boride, decaborane (B10H14), which is subli-
mated in vacuum at low temperatures such as 40 - 100 °G. This method has

successfully been applied to the boronization of JT-60U since August, 1992.

2. Scaling Law for Non-Uniformity of Deposition _
The glow discharge decompositién of decaborane in helium gives rise to the
deposition of boron films whose thickness exponentially decreases with the
distance from a gas inlet. The measured dependence of the e-folding 1length
for the non-uniformity agreed with the prediction in a one-dimensional fluid
model for the plasma CVD. In addition, a fairly uniform deposition of boron

has been demonstrated using pulsed glow discharges.

3. Boron Coating without Glow Discharges
Boron thin films were deposited by thermal decomposition ({pyrolysis) of
decaborane in the absence of a glow plasma. High deposition rates on a hot

wall (> 350 °C) were obtained with the activation energy of 39 kcal/mol.

4. Oxygen Gettering and Hydrogen Recycling

After boronization, a pulsed glow discharge in a mixture of Oy and He was.
turned on to investigate the activity on oxygen impurity.  The boronized walls
by both the plasma CVD and the thermal CVD in decaborane absorbed a
considerable amount of oxygen, which is comparable with the oxygen gettering
by the diborane-based boronization. A pulsed glow discharge in deuterium
after the decaborane-based boronization showed the hydrogen recyeling bahavior

similar to that observed after the boronization by a diborane discharge.
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Basic Experiments on Boronization
with Use of Decaborane’

~ H. Bugai, M. Yamage and T. Ejima
Dept. of Electrical Eng., Nagoya University

decoborane
. Solid (powder, hlock)
B HM .
lqe.st 40100 C
Liquid Sublimation
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1) Handling
Less Hazardous, Non-Explosive
Easy to Treat, Inexpensive

2) Carbon-Free, Less H-Content -
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Pulsed Glow Discharge
after Boronization (Pyrolysis)
Boe*t

(1) Test of Hydrogen Recycling
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SUMMARY

1._ New Boronization Based on Decaborane

Les Hazardous, Carben-Free

2. Scaling for Non-Uniform Deposition ;

e-Folding Lengthe< ( pj; )2

.3. Boronization by Pyrolysis of Decaborane

4. Oxygen Gettering Effect .

Applied to the Boronization of JT-60U
since August, 1992.
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US-J Workshop in Kyushyu on HHFC and PSI for Next Devices, November 17-19,92
Erosion Profiles on Graphite under PISCES-B Plasma

A.Sagara
National Institute for Fusion Science, Nagoya 464, Japan
-- the US-Japan collaboration work with Y.Hirooka, R.W.Conn and
M.Khandagle of UCLA, and O.Motojima of NIFS in 1991 --

Plasma bombardment of materials in a magnetic field gives rise to deformation of surface
topography due to erosion and redeposition with self-sputtering. Particularly, in such as ITER and
LHD, deformation due to net erosion of actively cooled divertor plates is expected to limits their
lifetime, demanding their repairs many times a year. However, it is also true that there is few
experiments performed to evaluate surface deformation by measuring net erosion profile of target
" materials under well controlled conditions, where it is important to use nonuniform plasma with
sufficiently short ionization mean free path of sputtered neutrals in the scale of target size [1].

High-flux, steady-state hydrogen or helium plasma has been conducted perpendicularly
along the magnetic field lines to target disks of 50 mm in diameter using the PISCES-B facility at
UCLA. The targets used here are isotropic graphite 1G430U and they have been prepared very
carefully to have highly flat surface within 1 mm over 50 mm. In both cases of hydrogen and
helium, the electron density profile measured by a fast scanning probe has the maximum at the
target center with the FWHM of about 50mm, but the electron temperature profile is almost flat.
The surface temperature is measured with an infrared pyrometer which is focused to the target
center.

Net erosion profiles have been measured with surface profilometry. The erosion profile due
. to helium is easily explained by sputtering with little redeposition, because the sputtering yield
estimated from the weight loss is comparable to that from ion beam experiments, and because the
calculated ionization mean free path of physically sputtered carbon atoms is as long as about
100mm in this experiment.

In case of hydrogen, the net erosion profile clearly differs from that of helium. The initial
surface level can be estimated from the volume change estimated from the weight loss by assuming
the weight density of the redeposited layer to be the same as that of the bulk. The result indicates
that there is net growth at the center region and net erosion at the outer region. In fact the SEM
photos show a thick layer due to redeposition at the center region and a heavily eroded surface at
the outer region. '

The net growth in the center region is explained by redeposition of carbon under a condition
of not only a short ionization mean free path of about 10mm for CH, gas at 1,000°C but also an
excessive supply from the outer region. Though the H flux @ is 50% lower at the outer, this
excessive supply is likely to take place, because it is conjectured that the surface temperature is
lower at the outer than 950°C at the center and the chemical erosion yield Y has the maximum at
about 600 ~ 700°C [2}, thus giving a larger erosion rate @Y at the outer than the center region.

(1] A.Sagara et al., 10th PSI conf.(1992), in press in J.Nuclear Materials -
[2} A.Sagara et al, 16th SOFT conf.(1990) p.361.
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Mass Balance Equations and Their Physical Parameters for Prediction of

Hydrogen Recycling and Inventory during D-T Discharge Shots

Kenji MORITA
Department of Crystalline Materials Science, School of Engineering

Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-01, JAPAN

In magentically confined fusion devices, evaluation and prediction of
hydrogen isotopes re-emission from and retention'in wall materials, espcially,
carbon and carbon-metal composite materials before and after each discharge
shot are of essential importance to control plasma parameters and to establish
the ignition condition in D-T burning experiments, because the retained number
of hydrogen in the wall materials is much larger than the confined number in
core plasma. A number of data on retention and re—emission have been
accumulated by maﬁy authors. The tritium data describing its retention and -
re-emission have been accepted to be extrapolated using the isotopic effects
from the protium and deuterium data on diffusion, trapping, ion-induced and
thermal detrapping and molecular recombination. For evaluation of hydrogen
recycling, the modelling and the elementary processes, applicable to both the
retention and re-emission experiments, should be well established.

So far, our group has proposed the mass balance equations of hydrogen in
graphite and has determined the rate constants of the elementary processes by
applying them to analysis of the experimental data on retention and ion-induced
and isothermal re-emission of protium and deuterium. Moreover, we have
reasonably explained the isotope difference in the experimental data on
protium and deuterium.

In this report, the mass balance equations for single hydrogen are
modified to describe retention and re-emission behaviors during D-T dual
irradiation. The rate constants of elementary processes for H and D are

present and the isotopic effects are shown for extrapolation of the T data.
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Annealing Time (min.)

Isotopic Effect in Ion-Induced

Re-emission

ogk/ir (10 ¥en?) g o010 Tem?)  gyng
I 2.9 2.8 0.10
D 0.77 2.5 0.031
Based on the diffusion-limited reaction mode!
XT=4IFTD£‘E
K =4rrpDy

D, :diffusion constant of hydrogens activated due to
ion-induced detrapping D432D (thermal)

When I7C%1/sec, L7Cy shows no isotopic effect.

K is responsible for isotopic effect in K/Zq.
Da is propotional to 1//WM _
% and rr are propotional to the mean amplitude or
the frequency of thermal vibration, namely to 1//M

K/L1 is propotional to 1/(/M)3 '
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lsotopic Effect in Isothermal Re-emission

14 :themal detrapping
the pre-exponential factor Is proportional to 1/{M

Based on the diffusion-limited reaction model
ET=4!I’TD§ '
Kl=4rrRDn
D -diffusion constant
the pre-exponential factor is proportional to 1//M
-effective radii for trapping and recombination
- the probabilities for trapping and molecular fomation
re is. independent of M
re is proportional to diffusion length
¢ is independent of M
7 is proportional to the frequency factor of
‘thermal vibration of partner hydrogen: 1/iM

rT and rp
£ and 7

Finally, 2 A
(K1/CU)(Id/2‘.T) is proportional to 1/M M.

" Theoretical D/H ratio is‘f 2.4.

Summary

The mass balance equations developed for single hydrogen
isotope have been modified to describe retention and re-emission
behavior during D-T dual irradiation. The rate constants of
elementary proc-esses for H and D available for them have been
shown, which were obtdined in the experiments of‘ retention and
re-emission; The isotopic effects have been derived for
extrapolation of T data.

In order to establish the mass balance equations, the
experiments on retention and re-emission during H-D dual

irradiation of isotropic graphite are being planned in future.
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RELEASE OF HYDROCARBON FROM GRAPHITE
— Modeling and Its Application to Isotropic and Boron-doped Graphites —

Michio YAMAWAKI, Satoru TANAKA, Kenji YAMAGUCHI
and

Tetsuhiro NAKAGUMA

Nuclear Engineering Research Laboratory
University of Tokyo

During the course of hydrogen-graphite interaction, a hydrogen atom (H) is considered to
undergo a series of trapping, detrapping, diffusion and recombination. These fundamental
kinetic processes combine to determine the overall rate of hydrogen uptake, ion- and/or
thermally induced desorption, chemical sputtering, radiation enhanced sublimation, etc.
hydrocarbon from graphite, and the model is applied to the experimental data of thermal
desorption.

According to the present model, the principal equations describing the hydrocarbon
formation can be expressed as follows.

d%}i = ~Z1NacVit — BxNouNu + ZaNow — 2Kr Ny (1)
d{\;r‘c = —Z1NuacNu+ ZalNcn , (2) .
d*':lff‘* = SrNucNi = SaNow — S5 NewuN | (3)
dﬁ% = E%NCHNH = Jo,H, /2R , (4)

where Ny, Nyae, Non and Ny, are the concentrations of mobile (untrapped) hydrogen
(in solution site), vacant trap sites, C-H, C-H,, which leads to the spontaneous release of
hydrocarbon, respectively,'chHy is the release flux of hydrocarbon, ¥4 is the detrapping
rate constant, L1 and % are the trapping rate coeflicients, zg is the implantation depth
and KR is the (bulk) recombination rate coeflicient. It should be noted that X3 is specially
. assigned to describe the formation of hydrocarbon, assuming that the nature of trapping
should be different when the host carbon atom is already occupied by another hydrogen.
The solution of the above differential equations can be obtained with the help of exper-
imental data of thermal desorption. However, in the present model, £}, Ny and Kg are
unknown, so that a pair of desorption spectra of hydrogen and hydrocarbon alone is not
sufficient to determine these parameters uniquely. Hence, additional information, for.in-
_ stance, a time dependence of trapped hydrogen, Ngy, or more than two sets of desorption
spectra with different temperature profiles is needed. In applying the present model to
B-doped graphite, a detailed knowledge of the effect due to doping is required; B-doping

is likely to have simultaneous effects on trapping, detrapping and recombination.
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RELEASE OF HYDROCARBON
FROM GRAPHITE

Modeling and Its Application to
Isotropic and Boron-doped
‘ Graphites

M. YAMAWAKI, 5. TANAKA, K. YAMAGUCHI
and
T. NAKAGUMA

Nuclear Engineering Research Laboratory
University of Tokyo

presented at
Japan-US Workshop P196
Now.17-19, 1942
Kyushu University

INTRODUCTION

s Fundamental Transport Processes in Graphite
1. trapping or re-trapping
2. detrapping
3. diffusion
4. (bulk) recombination

» These processes combine to determine the over-
all rate of
1, hydrogen uptake
2, jon- and/or thermally-induced desorpticn
3. chemical sputtering

4. radiation enhanced sublimation, ete.

# Chief interest is to incorporate these processes
into one comprehensive model, and to apply it
to the above mentioned graphite phencmena.

DESCRIPTION OF THE MODEL

The principal equations -

d N

_dt—H = —EBrN,.Ny— ErNeuNy + ZalNcn
c“'V —2KRNE ’ (1)
d}:\l’;m = "“ET-NW:NII + EaNey (2)
G = TrNueNy — Zaloy - Sy NeiNy (3)
dNCH‘ -
o = ZtNealNw = Jenfon (4)

Trapping rate coefficients

Lt = daRyD =(Zr)y exn(—%) (5)
£ = (B exp(- T2 ©)

SOLVING DIFFERENTIAL EQUATIONS

1. Addition of eqs. (2), (3) and (4)

d
E[Nv“ + Nen + New,] =0
Neae + Noy + Ney, = N-? (N

2. Estimation of Ny from experiment

JC H /:Cﬂ
Ny o= =2 B
BT E New ®

3. Rewriting eq.{3)

d.:r% = Er{IV} — New — NCH.)!E(;:—:A‘%
—(EqNeu + f-%“l) (9
where Ney = JG ﬂ N w0
. ! zR
4. Determination of K7.
T J= f—:Nﬁ {11)
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RELATION WITH HYDROGEN
RELEASE MODELS

» if hydrocarbon formation is negligible,

Jody _ T NgulNg — 0 (12)
£p
then,

dm,

Eﬂ = —EZr{N} - New)Ny + ZalNeu
— 2K N (13)

4N,
1 = (N = New)N - Salew  (14)

« Eqs. (13) and (14) can be compared to the mod.
cls of Morita et al. 1] and Brice [2).

REFERENCES

[1] . Morita et al., J. Nucl. Mater. 162-164 {1959) 990.
{2] ». I, Brice, Nucl. Instr. Meth. T34 (1990) 302.

CALCULATIONS

* Assumption for I}
1. T} = Zp; that is, B* = 0kJ /mol
2. E* = 19.3kJ /mol

» Data employed in the calculation
L jm?st =11 x 1077 exp(-—gﬂ)
~ | 38 BRT
2. T4fs7 = 1.2x 107! exp(—R—,i_)
3. zp/m = 5.0 x 10-8
4. N¥/m™3 = 4.0 x 10%
5. Rpfm=1x10"1

where activation energies are expressed by kJ/mol.

SUMMARY

¢ An attempt was made to model hydrocarbon re-
lease from hydrogen- implanted graphite.

1. The present model incorporates such impor-
tant transport processes as diffusion, trap-
ping, detrapping, recombination, etc.

2. According to the model, the following dasbrp-
tion mechanisms are assumed.

(a) hydrogen — recombination of two mobile
hydrogen (K).

(b} hydrocarbon — continuous trapping of hy-
drogen and dissociation of C-C bonrd (I7).

3. Experimental results allow to estimate the
rate constants corresponding to the above pro-
cesses. However, one set of desorption specira
of hydrogen and hydrocarbon is insufficient to
determine these constants uniquely.

* Application to B-doped graphite requires close
examination of hydrogen-graphite systems; D-
doping should have simultaneous effects on trap-
ping, detrapping and recombination.

— 1000
II'-l'l
i -
1 z
= 1800’5
s i
']
@ 3
T 4600 E
5 2
=
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0 100 200 400
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Fig. Confirmation of the ealculation. Desorption

spectrumn of methane (CH,) is reproduced by the model.
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Fig. Hydrogen {H,) desorption curve predicted by the model,

The rate constants are same as those used in the previous figute.
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Hydrogen Retention in Graphite
— Correlation with the Structure -

Hisao ASUMI*, Michio ISEKI** and Tatsuo SHIKAMA***

* Department of Nuclear Reactor Engineering, Kinki University,
Kowakae 3-4-1, Higashi-Osaka, QOsaka 577, Japan

** Department of Nuclear Engineering, Nagqoya University, Furo-
cho, Chikusa-ku, Nagoya 464-01, Japan .

*** The Qarai Branch, Institute for Materials Research, Tohoku
University, Naritacho, QOaraimachi, Higashi-ibarakigun,
Ibaraki 311-13, Japan

In order to obtain fundamental information on hydrogen
recycling process in fusion reactor environment, hydrogen
absorption experiments have been performed on various graphite
materials (thirteen isotropic graphites and two CFCs) .

X-ray powder diffraction study was performed as a
characterization of the samples, and the correlation with

hydrogen retention in graphite has been discussed. The degrees
of graphitization determined for the samples were in the range
of 49-77%. CFC materials (PCC-25 and CX-2002U) had higher
values.

Hydrogen solubilities are significantly different among
samples, whose maximum is approximately 16 times. A strong

correlation could be observed between hydrogen solubilities and
the degrees of ' graphitization. The higher degree of
graphitization appears to make hydrogen solubilities become
lower.

After neutron irradiation up to 5.4x102°n/cm?, the hydrogen
solubilities became 20-50 times larger those for wunirradiated
samples. The increase of hydrogen solubility was saturated
above the damage level of ~ (0.3 dpa. These behavior of hydrogen
solubility also correlated to the chahges of the degrees of
graphitization. These results suggest that the hydrogen atoms
are trapped at defects in graphite.
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JPN-US Workshop P196
D./CD,—TDS of Sputter B/C—Film

Hitachi Research Laboratory, Hitachi Ltd.,
Y. GOTOH, T. YAMAKI

Boron, of the lower-~Z number than carbon, is now expected to
be an useful element for plasma facing material. It has recently
been revealed that addition of small amount of boron into graphite
effects drastic suppression of chemical sputtering. Boronization
experiments in real tokamaks, on the other hand, showed both
considerable reduction of oxygen impurity in the core plasma and
improvement of H/D recycling properties of the wall.

In the present thermal desorption spectroscopy(TDS), effects
of boron addition on the D,/CD,-thermal desorption characteristics
of carbon(graphite) are investigated. The TDS are made in a 400-
1300K range at an 1 K/s temperature ramp rate, on sputter B/C-films
of B-concentration from 0 to 74 atk after irradiation of lkeV D
(3keV D;*) to 2X10°7D/cm* at 473K.

Three peaks, a broad peak at around 1050K and the narrower
peaks centered at 850K and 650K, ére identified in the D,-TDS of
the B/C films. - Only an 1050K peak is observed in the 400-1300K

range for graphite(B:0%). As the B concentration is increased

‘from 0 to 3%, the 850K peak increases in intensity, while the 1050K
peak decreases. With further increasing the B concentration over
23% to 74%, the 650K peak starts increasing, while the 850K peak
decreases. On the other hand, a CD,-TDS peak, located at 800-900K,
is observed to decrease with increasing the B concentration.

The B/C films are assumed to be graphite{(with substitutional B8)
+ B,C phase. The observed 1050K peak is attributable mainly to D-
detrapping from C-D in graphite, while the 850K peak to detrapping
from C-D in B-neighborhood, and the 650K peak to B-D detrapping.
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D, /CD,-TDS of B/C Sputter Film

Hitach|l Reasarch Laboratory,
Hitach]l Lztd.,

Y. GOTOH, ‘T, YAMAKI

[Background]
Boron addition to carbon

-Suppressing chemical sputtering
-lmproving D-recycling properties
(Oxygen gettering)

fAim]

Elucidation of B effects
on D, /CD, thermal desorption

'Dz/CD4“TDS (400K‘1300K)
‘Sputter B/C-films(B=0-74at%)

[Test Samples]
B/C Sputter Film/isographite

Thickness 0.5-2um

B :0, 3, 6, 23, 74 at%

(0 :less than 3 at¥% )

Heat treatment at 1300K
Reference material : CVD-B,.C

B : 59%

ot

r
Chambar I Spec:z . imen(Graphite)

ol ¢
mgl(HF)
) ‘
C-IarW:hing gun

J
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O
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Fig. §,- and CD,-TDS of B/C-Sputter Film
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time/s

I. Three [;~TDS peaks were found
for the B/C films, a broad 1050K
peak, narrow 850K and 850K peaks.

2. For graphite{B:0%), only 1050K
peak was found in 400-1300K range.

3. As the B/C ratio was increased,
the lower temperature peak
increased in intensity.

4. The 1050K peak is due to D-
detrapping from C-D in graphite,
the 850K peak te C-D in B neigh-
bor, and the 650K peak to B-D in
the B neighbors.

5. CD.-TDS peak, at 800-900K, was
observed to decrease with
increasing the B concentration.
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TemPETath’E /K conversion=B,G/PCC-2S and bare PCG-28
with a linear temperaturs ramp rate at 1K/s,
after irradiation of lkeV D' to 2X10"*0/cm’
at 473K
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JPN-~-US Workshop P196 11/17-19,1992 Kyushu University

PFC and PSI Studies in Hokkaido University
Tomocaki Hino and T.Yamashina

Department of Nuclear Engineering, Hokkaido University
Kita-13,Nishi-8,Kita-ku,Sapporo,060 Japan

Recent studies on plasma facing components and plasma surface
interactions are introduced. In the fiscal year of 1992, we have
the following researches; '

(1) Erosion yield measurements of boron mixed graphites and vanadium
‘mixed graphites using ECR hydrogen ion source

(2) Boronization experiments using surface modification test stand
{(SUT) of NIFS, Toki-site

(3) Water desorption from graphite dipped in water

(4) Heat load experiments for boron mixed graphite using active
cooling test facility of NIFS, Toki-site

The items (2) énd (3) have been carried out by the collaborations
with NIFS and Toyo Tanso.

In the followings, major results are described in the vu-graphs,
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HYDROGEN ISOTOPE RETENTION FOR CFC, ISCTROPIC GRAPHITE
AND CARBON CONTAINED COPPER MATERIALS

S. Amemiya, M. Natsir, T. Masuda and Y. Tsurita-

Department of Nuclear Engineering, University of Nagoya, Furocho
chikusaku, Nagoya, Japan '

 Abstract

The retention of deuterium in carbon fiber composites(CFC), Isotropic
graphite(IS0) and carbon contained copper materials were measured at room
temperature as a function of fluences from 2.2x10'" up to 2.2x10'® D/cm® for
200 eY incident energies. The measurement of retained deuterium was carried out
by using D(°He, p)*lle nuclear reaction analysis technique(NRA). The experimental

results have showed that the retention grade of carbon fiber composites

is
higher il compared with isotropic graphite, which is the retention ratio of
CFC/ISO is 1.3 as shown in figure. 1. - bty b v ittt I
- This curve is comparable to the curve 300 &V ety
measured for devterium irradiated in carbon.' e | . 5
. ) o D o
_For fluences less than 2,2x10'% all the o 2.
o
incident fluences has been retained, at higher -§ o
& .
fluences the indication of saturation observed. § "™ i o e
& hohiopic
And also shown in fig,2 are depth profiles
. " 0 (Wamolsr J00eV)
resulted on both carbon materials.
|E.It!'E-l‘ 1E= 17 $Ev1d 1E+ 19
Fluence
The retention of deuterium on copper
.. . fij. 1. Depth profile of deuterium
containing carbon materials are lower than 12.2210%® 0 avonssen? trradiaced)
carbon material. Three kinds of composition 1 ] |
of copper containing carbon were used here. %' cF i l - 16430V
. E oo
Since the carbon atom larger than copper atom é L f o exzooru [
. . &2 o
on the surface, they induced a deuterium 5 o !
. . " s E e * CD Il
retention on surface higher. The concentration £ I ™ o
of carbon highly affect the deuterium retention § "},3?31¢%q3 <
. poe . ] [« o U!];.
in copper containing carbon materials, ! [ |d¥m
______________ DoE-B 2E+17 4Ea17 EE+17

Depth (aloms/cm?)

(W. R, Wampler, et all, J. Nucl. Mater.102(1981)304.
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HYDROGEN [SOTOPE RETENTION FOR
CFC, ISOTRGPIC GRAPEITE AND
CARBON CONTALNED COPPER MATERIAL

S, Amemira, M. KNatsir, T.Masuda and
Y. Tsurita -

DEPARTMENT OF MUCLEAR ENGINEERING.
HAGOYA UNIVERSITY., PUROGCHO-CHIKUSAXU
NAGOYA JAFAN

PURPOSE :

~T0 DETERMINE THE RETENTION OF DEGTERIUM
[N CFC, [SOTROPIC GRAPHITE AND
COPPER CONTAINED CARBON MATEREAL

70 COMPARE THE DEUTERIUM RETENTION
GRADE OF CF( AND 150,

«CARBON FIBER COMPOSITES (CFCh AS WELL
AS 1SOTROPIC CRAPHETE 1S NOW IN 4
GREAT NUMBER USED FOR PLAGMA FACING
WATERIAL.

#RECYCLING PROBLEM, THE HYDROGEN
RECYCLING [S ENHANCED BY THE HYDROGEN
RETAENED TN PLASMA FACING MATERIAL

=DATA ABOUT THE INTERACTION OF DEUTERI-
UM UPOK CFC MATERIAL STILL RARE.

243

THEREPORE, [N THIS STUDY WERE CARRIED
QUT THE MEASUREMENT OF DEUTERIUM RETEM
TION ON CPC AND 150 GRAPHITE.

ALSO, ON COPPER CONTAINING CARBﬁN ks

ALTERNATIVE MATERIAL IN A LARGEZ DEVICES,

EXPERTMENT

THE SAMPLES WERE PREPARED ARE AS FOLLOW
- CARBON FISER COMPQSITES:
-(X2002U
—CC3]2 SI1ZES: :I:Un:m. THICKNESS
- 1S0TROPIC GRAPHITE
-1G110Y
SI1ZES: 2X2 cm

-1G436U  THickNESS 2 mm

-ETR1C

<
]
o

=
x
\

(a8
=
=

INLET

GAS

DC Glow discherge Chamber

Fig. 1.
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CONCLUSTON

~THE SATURATION BEHWAVIOR WAS THE SAME
FOR TWO DIFFERENT K[NDS OF CARBON
CFC AND [50 GRAPHITE.

-THE RETENTION GRADE GF CFC 18 HIGHER
THAN [SOTROPIC GRAPHITE, WHICH IS THE
RETENTION RATIO OF CFC/IS0 IS L. 32

-THE CUNCENTRATION OF CARBON HIGHLY

AFPECT THE DEUTERIUM RETEKTION I[N
COPPER CONTAINING CARBON MATERiAL.

s,
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H
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X-NRA SYSTEM TO MEASURE TRITIUM IN JET TILES

USING THE T{p,n) REAGTION

SIMULTANEOUS MEASUREMENT OF Be ON GRAPRITE TILES
= 2ptm OF DEPOSITED Be.

THE SYSTESS IS CURRENTLY SENSITIVE T0 ~ 101 T/em2
WITH 9Be{p,n} IS POSSIBLE.
* BBS MEASUREMENTS ON SIMILAR TILES SHOWED

IN GRAPHITE.

* NO TDETECTABLE ON GRAPHITE JET TILE 7165,
# 1.6x 1019 Be/cm2 OR ~ 1.25 um MEASURED AT

*  ANALYSIS RANGE IS ~ 10 pum SN GRAPHITE.
' CENTER OF GRAPHITE TILE T165.

SOLID Be TILES HAVE VERY HIGH BACKGROUND FROM

9Be({p,d)-+IBe(d,n) SECONDARY REACTION.

*  X-T{p,n} IS UNSUITED FOR MEASURING T IN SOLID Be

TARGETS.
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Japan-US Workshop P196
November 17-19, Kyushu Uniiv.

IMPLANTATION DRIVEN PERMEATION OF
DEUTERIUM THROUGH MOLYBDENUM

W.H. SHU!, K. OKUNO!, AND Y. HAYASHI?
1) Japan Atomic Energy Research Institute '

2) Department of Material Science and Technology, Kusyu University

From a viewpoint of tritium safety in fusion reactors, lon-Driven Permeation
(IDP) behavior on pure molybdenum has been studied using deuterium ions with
relatively low incident energy. Permeation fluxes of deuterium through Mo were
measured at Steady state as a function of incident ion energy (200 eV-2 keV},
incident ion flux {(4-13x10!8 D*/m?), and target temperature (450-690 K).

The experimental result for dependence of incident ion flux on permeation
flux suggests that the IDP process of deuterium implanted into Mo was found to
be controlled by the diffusion of deuterium in both the front and back regions,
DD-regime defined by Doyle.

 Inthe case of 1.5 keV incident energy, the permeation flux decreased with
increasing temperature in the lower temperature region, and became nearly
constant in the higher region. This suggests that the irradiation by 1.5 keV ions
would produce trapping sites for the diffusion of deuterium at lower temperature
region, which might be annealed at higher temperature. On the other hand, in
the case of 500 eV, as temperature increases, the permeation flux increased
significantly at temperature below 600 K, and decreased gradually at temperature
above 600 K. It is suggested that the irradiation by 500 eV D* ions would form a
short path (H-SIA) at lower temperature, and that some trapping sites would be
formed by the dissolving of the H-SIA at higher temperature.

The permeation flux increased rapidly with increasing incident ion energy at
lower temperature and gradually at higher temperature for the incident ion energy
ranging from 1.5 to 2 keV. It is suggested that the higher energetic ions would
produce more trapping sites or stronger trap binding energy at lower temperature.
For the incident ion energy ranging from 200 to 500 eV, on the other hand , the
permeation flux increased significantly with increasing incident ion energy at
lower temperature, and decreased at higher temperature. The experimental
results suggest that for the lower incident ion energy, the H-SIA complexes would
be more produced at lower temperature, and that trapping sites would be more
effective at higher temperature.
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EXPERIMENTAL CONDITION

(1) incident ion fHux: 4-13x 1019 D+/m?2
{2) incident ion energy: 200~ 2000 eV
(2) membrane temperature: 450~690 K
{4) base pressure:
below 2x 10-6 Pa on upstream side
below 1x 106 Pa on downstream side
(5} upstream pressure:

1.5% 104 Pa during implantation
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Fig. incldenl fon flux dependence of IOP flux
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SUMMARY

{1) The permeation precess was conirolled by the
diffusion of deuterlum in both the front and
back regions { DD regime}.

(2) The irradiatlon by the higher energy (1.5 - 2 keV)
jons will produce the defects, which acl as
trapping sites for the dilfusion of deuterium
in the front region.

{3) The irradiation by the lower energy (200 ~ 500 eV)
jons will form a short ditfusion path In the front
region due to the preduction of H-SIA complexes

{ SIA : Self Interstitial Atoms ).
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INTERACTION OF TRITIUM WITH PIPING MATERIALS,
CATALYSTS AND ADSORBENTS

Masabumi Nishikawa

Kyushu University ,Faculty of Engineering,
Department of Nuclear Engineering
Hakozaki 6-10-1, Higashi ku, Fukuoka 812 , Japan

It is necessary to grasp the tritium mass balance in a
fusion reactor through the whole system and at every part
of subsystems for assurance of radiation safety to get the
social acceptance or for development of effective use of
tritium to ease breeding requirements,

| In discussions of behaviors of tritium on the surface
of various materials contacting with gas stream containing
tritium, the mass transfer phenomena as follows should be
i taken in count.
(D) water adsorption,
(2)  hydrogen isotopes adsorption. |
(3)  isotope exchange reaction between gaseous
hydrogen in gas stream and surface water.
(4)  isotope exchange reaction between water in gas
stream and surface water.
(5)  transfer of hydrogen isotopes and water through
bulk of piping material,
(6)  transfer of hydrogen isotopes and water through
surface layer formed on materials or pores.
-(7)  oxidation of gaseous hydrogen on surface.

It is observed in this study that steps (3) and (6) are
mostly effective in case when oxide film layer formed on
the material surface as stainless steel.

The amount of tritium sorbed on the stamlcss steel
is correlated and compared with that obsched for copper or
quartz. .

The memory effect observed for an ionization
‘chamber having stainless steel electrodes is also compared
~with that having copper electrodes.
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« oxide film on metal surface
(SUS, copper, iron, aluminium)

— piping, chemical reactor, glove box,

ionization chamber, cryopanel

porous adsorbent
{molecular sieves, silica gel, kieselguhr,
activated aluminum)

— catalyst bed, adsorption bed

« ceramiics
(breeding materials, quartz)

— blanket, glove box, piping
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Abstract of
U. S. Plasma Facing Components Irradiation Program

L. L. Snead, T. D. Burchell, W. P. Eatherly, S. J. Zinkle -
Metals and Ceramics Division, Oak Ridge National Laboratory '

The current irradiation program in the United States for ITER relevent
materials is focusing on three areas:

1).  Thermal conductivity and dimensional stability of C/C
composite material.

2) Characterization of unirradiated and irradiated mechanical
properties of Glidcop dispersion strengthened copper.

3) Effects of radiation on tritium retention and embrittlement of
beryllium.

This talk will summarize the irradiation studies in these areas and lay
out the planned irradiation and post irradiation testing in each area.
Emphasis will be given to the thermophysical properties of C/C materials
which have been irradiated in the HTFC 1 and 2 capsules in HFIR.
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RADIATION INDUCED DIMENSIONAL CHANGES

GRAPHITE AXD ORTIIOGONAL 3D C/C COMPOSITES
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DEATIGN INDUCED DIMENSIONAL CHANGES IN GRAPHITE
1D.2D AND RANDOM FIBER C/C COMPOSITES
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" Neutron Irradiation Effect on the Thermal

Conductivity of Graphite Materials

Tadashi: Maruyama

Power Reactor and Nucléar Fuel Development

Corporation

Japan-US Workshop P-196 on "High Heat Flux Components and Plasma
| Surface Inferactions for Next Devices" ‘
"~ Kyushu University
November 17-19 ,1992
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Graphite and C/C composites for PFM
- high thermal conductivity
+ high thermal shock resistance

Next device @@ neutron irmadiation effect on
the thermal conductivity

2 fine-grain isotropic graphites
C/C composites
bulk boronized graphites

30

280

240

200

160

120

&

Thermal conductivity (W/m - K)

T T T
Graphite
1G=110U
O Unirradiated
40).02 dpa, 206C
©0.25dpa, 200G
ETP -10
® Uinirradiated
40,02dpa, 200G ]
40,25dpa, 200C A
CcX-2002U -
@ Unirradialed
&4 0.00 dpa, 200T
0,82 dpa, 4000 |

ol ; ﬁ" A R TR
.
[} M il 1 1 1
0 ] 400 600 1200 1600
Temperature (C)
Fig. 1.
350 T T T T T T T 160 T T t T T T T
Irradiated CX-2002U 3 Irradiated Graphite i
Tirr=200C
@ Uniorad:
o[ ° U"'":"'“‘:: 140 16 - HoY .
b o 3:; dPa 402:2 < L O Unirradiated ]
— . pa X A
< L 120h 0.02 dpa _
£ 250 il Q¢ 0.25 dpa
s | E O+ ETP-10 .
‘: = 100 ®  LUnirradiated £ -]
= 200t 3 | 4 0.02 dpa A /
2 o *+ 0.25 dpa '
8 T 3 sof
. &
1501 8 L
(3] —
- L ® 0
£ E
AT 2 i r's
ﬁ + kb {/ﬁ’
at'
50
20
0 L ) L L A : I L H 1 1 3 1 1 |
0 400 80D - 1200 1600 0y 200 800 1200 1600
Annealing Temperature (C) Annealing Temperature (C)
Fig. 3. Fig. 2.
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SCHEMATIC QF LATTICE DEFECTS I.NZI:RODUC‘ED BY
RADIATION IN CRAPKITE {FROHM REF. 10)

FIGURE 1
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fine grain graphile
super line grain graphie
carbon fbre composites "y

Pyrobtic graphite 7
‘E.A Tt.xe'lc LIt L)

-@Obﬂd
KDa b8 4

]

107 107 192 107 0% nm?
° 10 1073 502 - 10° dpa
Hormatized therml condusttivity of varlous graphitic materiets f 400 and §00™C

in dependence of the sceumulated neutron fuence.
GRIPS {GAnphits [rradiation in the PoofSide taciity of HFR-Petten)

EX:]

Wil evtormerd snder NET -Lath PP 82 0y Farichungazenum Jich (KFA]

* la-vev @ ryr.u--'ti
' (TS
. Cx-is1T @ Peis

Summary of resulls

1) The neniron irradiation al low temperature
(200 ~ 400°C) and low fluencies (0.01 ~ 0.1
dpa) markedly reduced the thermal -
conductivity. The room temperature thermal
conduclivily of CX-2002U became about 2% of
the unirradiated value afler ‘irradiatrion at
200°C 10 0.01 dpa.

2} The recovery in the thermal conductivity
becomes very dillicull when bt is irradiated to
over 0.1 dpa. It needs at least 1500°C to reach
50% of unirradiated value by post irradiation
anneallng.

3) The reduction in thermal conduciivty and
dimensional change of bulk boronized graphites
were lerger than those of isotroplc graphiles or
C/C composites.
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Is it possible 1o develop carbon based malerials which
shows lile degradation in thermal conductivity upen
neutron irradiation?

& it is very unlikely 1o have such material, because
irradiation induced defects almost determine thermal
conductivity of carbon materials at low temperature

> carbon materials should be used a1 high temperature to
avoid large decreate in thermal conductivity

Use of CHC-Ci graded structure
(Functionally Gradien1 Materials : FGM)

Advantages of C/C-Cu FGM :

(1) The plasma facing surface is made of carbon 100%.,

(2) The thermal conductivity ¢an be > 300 Wim K) at
R.T.

(3) Brazing wilh cooling structure is easy.

{4) Reduce thermal stresses at brazed region.

(5) Carbon rich portion can be maintained at relatively
high temperature, while Cu rich pontion is kept at

o neutron-irmedialion-

Tow p ¢, which
induced degradation of thermal conductivity.

Research and development items:

(1) developmemt of fabrication technology )

(2} high temperature stability of C/C-Cu graded siructure

(3} neutron irradiation effect on integrity of C/C-Cu
FGM

C/C-Cu FGM

plasma

I e
C{(100%) 1000
Cu(100%) cogling side c d

i
Z .
E-d
E o0
-
1
FJ [T SRR
g . n-irmadiation
0 ;
a 500 1000

0
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X-ray Diffraction Analysis of Neutron Irradiated

Some Graphite Materials

M. ISEKI', H. ATSUMI* and T. MARUYAMA®
1. Nagoya University; Furo-cho, Chikusaku, Nagoya 484
% Kinki University; Xowakae, Higashiosaka
3. PNC; Oarai-cho, Dharaki, 313

Some isotropic g’raphite and €/C composite are (;,uncidered as one of the candidate materials for use in the
plasna facing malenals because its }ow atomic number, ;its low achmy after neutron exposure, and its excellent
thermal shock ressl,ance Hoeever. very little data exist on the behavior of these materals neutron imafiation. This
experinent was carried out in part of the irradistion reserch group for graphite matenals. .

Rod like specimenst? x 2 1 25 mm) of isotropic g;aphite. ¢/ composite and glassy carbon were thermal treaft at
1000C Bin vacuun furnace. The irradiation of some gréphit.e and C/C composite were carried out in JUTR{Japan Material
Test Reactor), the fast neutron fluence ranged from 14 x 10 to 54 % 10 n/er® “(EYNeY) and the irradiation
temperature under 200C. o _ _

Irradiation volume change were mesured with a traveling li_cmscope. lattice parameter changes and graphitization
wére mesured by ¥-ray diffraction analysis, and chang.es in apparent electric resistivity were mesured by D.C. 4-probe
nethod, . | ‘

- Post inﬁdiat_inn annealing treatment consisted of isutheﬂal puls annealing for | hr in 3 vacuuw After 'anne‘alin'lg .
properties were sesured at 1o0n temperature. _

Changes in length and cis section for sﬂesinens iradiated up to 1.9 x 10°° n/cw® showed clear expansmn
_ Contrary, the glassy carbon and the o composite showed lomtudmnal shurinkage. The dewensional changes were very
dependent on the fabrication and thermal treatment. X-ray diffraction analysis.on the gmphlt.e crysla.lnere shown
expands along Lts (s and contmts n the two a directions. “

- Post mad}auon annealing test were aade on the volume change mesurement, latlice parameter changes and
electricalresis nesurelent. Expanded lattice paramefer and the volune are recovered with increasing annea]mg
temperature. On the cuntrary. the electncal resistivity mcreasmg with incressing annealing lemperature. There is an

indication that the electriresistivity is not directly concerned with voluwe changes.
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X+ray Diffraction Analysis of Neutram

Irrndiacad Some Craphite Materials

Michio ISEX] Hagoys Univaralty

Hizmo ATSUMI

Tadeshi MARUYAMA Powar Reactor and
Nozlear Fus] Devalopssnl

Kinki Unkversity
Corpetation

J-US Waorkahap pi96 HHF compenenis and

Presma Burfaca Intersctions for Keut Devices

Hovember §7-1%. 1982

Exparinental
L Semples
Iscarople Graphite:
16-10u(Toya Tantw)
1G~430ulTayo Tanac)”
EPT-10(Ibidun}
C/C composita:
CX-2002U(Toya Tansw)
Glassy Carbon;
GC-3000(Tokai Carban)
Z Neutron Irradiation .
JUTRiJapan Materis) Test Reactor)
Flusncet LoxIPn/ca’, Lial0%nsca!, 5.4x10%a/cnt
Erradiation Temperature: 200°C)

3. Poax Irradistlon Tt
X-vey diffraction analysis
{powder or rodilslaZm) S Sudel)
Lattiow Paramater Changes: €. ¥
Graphitiastion: G=1-F.
=Lt (1P}
Sweling awsurssent(Volusa Chengs}
[ENTIY SEEIY- Y]
Elactric Rasistivity Wwpurement:
DC 4 Probe Usthod, {tilaiityte Bm)
Annsaling Hehavior
lnttos Pamete, Yuuar G, Dt Kesiciviy s
o, T Puim Losnakng, B i, BHIOT, 2 sl

iR

y

10

0 07 0 O O

= aftar “annealing(800 °C 1hr,)

—4L
ror
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MATERIALS DAMAGE STUDIES IN TRIAM

T. Muroga

Research Institute for Applied Mechanics
Kyushu University

ABSTRACT

The flux and energy of the charge exchange neutral hydrogen particles at the
SOL of TRIAM-1M have been estimated by comparison of microstructures between
specimens exposed to TRIAM-1M plasma and those irradiated with low energy
hydrogen ions. The effects of the hydrogen particle bombardment in future
devices are discussed. ‘

Specimens of 31688, Mo, Al, and Cu, prepared for Transmission Electron Micros-
copy (TEM) observations, were introduced to SOL of TRIAM-1M and exposed to
plasma for 1302 sec (2 discharges). Microstructural observatipons by TEM
showed interstitial type dislocation loops and hydrogen clusters. This im-
Blies that the atomic displacements took place by incident hydrogen particles.

amage microstructure in aluminum were found to be almost insensitive to the

distance from the plasma edge. Thus the damage seems to be caused by charge
exchange neutral hydrogen particles.

In-situ observation of microstructures by TEM during low energy hydrogen ion
irradiations have been carried out in Mo and Al using a interface between a
low energy ion source and a TEM. Interstitial type dislocation loops and
hydrogen clusters were also observed, whose size and density were strong
functions of the ion energy and fluence.

The microstructural comparison between TRIAM-1M probe specimens and ion-
irradiated specimens showed that the hydrogen particle energy was typically
less than 2 keV and that the fluence during the 1302 sec plasma exposure was 1
to 3x102'/m2. The fact that the fluence estimated by microstructures of Mo
and Al was close to each other demonstrates reliability of the present study.

It is to be noted that about 102'/m? hydrogen particles were bombarded into
the probe specimens only during two plasma shots. Thus 102%5/m? hydrogen
injection is expected after 20,000 shots. Moreover, because they are neutral,
the hydrogen particles would bombard all plasma-facing first wall area (not
localized) even when the plasma is magnetically well confined. This shouid
affect the fuef cycling and the materials properties strongly in future high
temperature long operation devices.

Contributions of N. Yoshida, K. Tokunaga, T. Fujiwara, R. Sakamoto, S. ltoh
and the TRIAM group are acknowledged. .
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Chairmen: K. Wilson (SNL) and N. Neda (NIFS)
categories:. -

- PFC and PSI Studies in Laboratory
The reports can be divided into three main

- Hydrogen Recycling

- Erosion / Redeposition Studies

ization

- Boron

Hydrogen Recycling

- Hydrogen is released as atoms rather than
molecitles from graphite at elevated
temperateres. Haasz

Models have been developed for hydrogen
release under combined ion and thermal
release mechanisms. Morita

Bulk hydrogen retention in graphite depends
on the degree of graphitizaton. Atsumi

Copper-carbon materials have retention
behavior between graphite and copper. Natsir

Key Requirement: Develop a iritium inventory
model for graphite with realistic neutron effects,
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Fig.§ Correlation between the degrees of graphitization

and hydrogen solubility in graphite,

Erosion/Redeposition

- Tungsten sputtering is dominated by oxygen
sputtenng at low energies. Hirooka

- The REDEP code has been very successfully
benchmarked against laboratory and tokamak
data. Hua

- Erosionfredeposition of carbon can be very
complex in the 900K range. Sagara

- A new model for methane release from
graphite has been developed. Yamaguchi

- Boron has high evaporation rates from
boronized carbons at high temperatures. Hino

Key Requirement: Develop predictive models
of erosion lifetime for vanious plasma modes.
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Boronization

- Solid target boronization has been
successfully tested in tokamaks. Hirooka

- Geuntering properties can be recovered by
helivm GDC. Noda

- Decaborane offers many safety advantages
but the deposition is non- uniform. Sugai

- Hydrogen desorbs at lower temperatures for
increasing boron to carbon ratio.  Gotoh

Key Requirement: Optimize boronization
technique for steady state operation
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Appendix A: Agenda



Japan-US Workshop P-196 on "High Heat Flux Components and
Plasma Surface Interactions for Next Devices"
November 17-19, 1992
Kyushu University, Chikushi Campus, Kasuga, Fukuoka

Agenda
Tuesday, November 17, 1992
8:40 a.m. Welcome Talks - Satoshi Itoh (Kyushu Univ.)
T.Yamashina
(Hokkaido Univ.)
K.Wilson

{Sandia National Laboratories)

9:10 a.m. Session 1: Overviews
Chairmen: R.McGrath (SNL) ahd O.Motojima (NIFS)

1-1 "US Activities on Plasma Facing Materials and Components"
K.Wilson (SNL) . 20min.
1-2 "JET as a Testbed for Materials"
K.J.Dietz (JET) 20min.
1-3 "Japanese Studies on HHFC and PSI"
T.Hino (Hokkaido Univ.) 20min.
10:10 a.m. - 10:30 a.m. Break

10:30 a.m. Session 2: PFC and PSlin Large Devices
Chairmen: M.Uirickson (PPPL) and N.Yoshida (Kyushu Univ.)

2-1 "The DIll D Divertor Development Program"
' L.Sevier (GA) 15 min. + 5 min. discussion
2-2 "DIMES System Design and 1993 Experimental Plan"
C.Wong (GA) 15 min. + 5 min. discussion
2-3 *Hydrogen Isotope Retention in TFTR"
M.Caorlin (PPPL) 15 min. + 5 min. discussion
2-4 "Preparations for DT Operation on TFTR"
M_Ulrickson (PPPL) 15 min. + 5 min. discussion
2-5 "Presant Status of LHD"
O.Motojima (NIFS) 15 min. + 5 min. discussion
12:10 p.m. - 1:10 p.m. Lunch.Break
2-6 "PFC and PSl in TRIAM-1M"
N.Yoshida (Kyushu Univ,) 15 min. + 5 min. discussion
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2-7 "Development and Experiences with JT-60U PFC"
T.Ando (JAERI) 15 min. + 5 min. discussion
2-8 "Recycling of Hydrogen isotopes and He Ash in JT-60U" -
H.Nakamura and JT-60U Team (JAERI) 10 min. + 5 min. discussion
2-9 “Initial Boronization of the JT-60U Tokamak by Using Decaborane”
M.Saido (JAERD) 10 min. + 5 min. discussion
2:20 p.m. Session 3: Developments of HHFC/Divertor and Energy
o iti
Chairmen R.McGrath (SNL) and M. Akiba (JAERI)
3-1 “High Heat Flux Testing and Materiai Development at Sandia"
R.McGrath (SNL) 30min. + 10 min. discussion
3-2 "SSAT Divertor Dasignh”
M.Ulrickson (PPPL) 15 min. + 5 min. discussion
3-3 "High Power Tests of Possible First Wall Materials for JET"
- H.D.Falter (JET) 15 min. + 5 min. discussion
3:40 p.m.4:00 p.m. Break
3-4 *Development of Plasma Facing Components for ITER"
M.Akiba (JAERI) ‘ 15 min. + 5 min. discussion
3-5 "Development of Fabrication Technologies for PFC of ITER"
' S.Yamazaki (Kawasaki) 1@ min. + 5 min. discussion
3-6 "PFC R&D for ITER in Mitsubishi”
K.loki (MAPI) : 10 min. + 5 min. discussion
3-7 “Development of a New MFC-1(1D-CC)/W-33Cu Tubeless Flat Plate Divertor
Design"
1.5mid (ANRC/JAERI) 10 min. + 5 min. discussion
3-8 “High Heat Flux Test of Divertor Materials Using ACT(Active Cooling Teststand
in NIFS)"
Y.Kubota (NIFS) 10 min. + 5 min. discussion
3-9 “Development of Carbon Material Brazed with Metal"
T.Matsuda (Toyo Tanso) 10 min. + 5 min. discussion
3-10 “Development of PFC in Toshiba Corp."
K.Kitamura (Toshiba) . 10 min. + 5 min. discussion
5:50 p.m. End_of Presentations
6:00 p.m. - 7:30 p.m. Banquet in Chikusi Campus
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Wednesday, November 18, 1992

8:40 a.m.
3-11 "Behavior of Carbon-Beron -Titanium Materials under High Heat Load”
H.Shinno, M.Fujitsuka and T.Tanabe (NRIM), T.Shikama (Tohoku Univ.},
A.Ono and T.Babha (NRLM) 10 min. + 5 min. discussion
312 "C/C-OFHC Brazing Structure” '
A.Shigenaga (Hitachi) 10 min. + 5 min. discussion
3-13 "High Heat Flux Experiments on B4C Overlaid Carbon Brazed Materials for
‘ Fusion Application" _
K.Nakamura (JAERI) 10 min. + 5 min. discussion
3-14 “"Evaluation of Energy Deposition due to Bunaway Electrons"
T.Kunugi (JAERI) ‘ 10 min. + 5 min. discussion
3-15 “Progress in the EC Technology Program on Plasma Facing Components"
A.Cardella (NET) 10 min. + 5 min. discussion
3-16 "Heating Tests with the New E-Beam Facility in the Hot Cells(JUDITH)"
R.Duwe (KFA) 10 min. + 5 min. discussion
10:15 a.m. - 10:30 a.m. Break

10:30 a.m.  Session 4: PEC and PSI Studies in Laboratory.
Chairmen K.Wilson (SNL) and N.Noeda (NIFS)

4-1° “Hydrogen in Graphite Transport/Reemission/Retention”
' A.A Haasz (Univ. of Toronto) 15 min. + 5 min. discussion
4-2 "Recent Results from PISCES" .
¥.Hirooka (UCLA) 15 min. + 5 min. discussion
4-3 “Boronization Studies” 7
Y.Hirooka {UCLA) 15 min. + 5 min. discussion
" 4-4 "Erosion/Redeposition Modeling and Analysis Activities"
Thanh Hua (ANL) 15 min. + 5 min. discussion
4-5 "Experimental Study on Boronization Using SUT(Surface Modification
Teststand in NIFS)"
N.Noda (NIFS) 15 min. + 5 min. discussion
12:00 p.m. - 1:.00 p.m. Lunch Break
1:00 p.m.
4-6 "Basic Experiments on Boronization with Use of Decaborane”

H.Sugai, M.Yamage and T.Ejima (Nagoya Univ.) -
15 min. + 5 min. discussion

4-7 - "Erosion Profiles on Graphite under PISCES-B Plasma"
A.Sagara (NIFS) 10 min. + 5 min. discussion
4-8 "Mass Balance Equations and Their Physical Parameters for Predication of
Hydrogen Recycling and Inventory During D-T Discharge Shots”
K.Morita (Nagoya Univ.) 10 min. + 5 min. discussion
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4-9 "Release of Hydrocarbon from Graphite - Modeling and its Application to
Isotropic and Boron-doped Graphites -"
K.Yamaguchi and M.Yamawaki (Univ. of Tokya)
10 min. + 5 min. discussion

4-10 . "Hydrogen Retention in Graphite - Correlation with the Structure -"
H.Atsumi (Kinki Univ.) 10 min. + 5 min. discussion
4-11 "Characterization of C/C Armor Materials”
Y.Gotoh (Hitachi) 10 min. + 5 min. discussion
4-12 "PFC and PSI Studies in Hokkaido Univerity"
: T.Hino {(Hokkaido Univ.} 10 min. + 5 min. discussion
4-13 "Hydrogen Isotope Retention for CFC, Isotropic Graphite and Carbon Contained

Copper Materials"
S.Amemiya, M.Natsir, T.Masuda and Y.Tsurita (Nagoya Univ.)
10 min. + 5 min. discussion

3:b5 p.m.-3:20 p.m. Break

3:20p.m.  Session §: Tritium Inventory and Handling.
Chairmen M.Corlin (PPPL) ahd K.Okuno(JAERI)

5-1 "Tritium Inventory in Beryllium"
- K.Wilson (SNL) 15 min. + 5 min. discussion
5-2 "Permeation Behavior of Deuterium Implanted into Metals with Low Incident
Energy”
iK.Okuno (JAERI) 15 min. + 5 min. discussion
5-3 "Points to be Taken Care at Tritium Experiments - Interaction of Tritium with
Piping Materials, Catalysts and Absorbents -*
M.Nishikawa (Kyushu Univ.) f0min. + 5 min. discussion
4:15 p.m. Se ;
Chairman L.Snead (ORNL) and T.Muroga (Kyushu Univ.)
. 61 "Neutron Damage of Graphite and Beryllium" :
L.Snead (ORNL) 15 min. + 5 min. discussion
6-2 “Neutron lrradiation Effect on the Thermal Conductivity of Graphite Materials"
T.Maruyama (PNC) 15 min. + 5 min. discussion
6-3 "X-ray Diffraction Analysis of Neutron Irradiated Some Graphite Materials”

M.Iseki (Nagoya Univ.), T.Maruyama (PNC), H.Atsumi (Kinki Univ.)
10 min. + 5 min. discussion

6-4 “Maierial Damge in TRIAM"
T.Muroga (Kyushu Univ.) - 10 min. + 5 min. discussion

5:25 p.m. End of Presentations

Evening : Group Discussions and Preparation of Vu-Graphs for
Session Summarues
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Thursday, November 19, 1992

9:00 a.m. Session 7: Session Summaries.
Chairmen R.McGrath (SNL) and T.Hino (Hokkaido Univ.)

“PFC and PSl in Large Devices" )
- M.Ulrickson (FPPL) and T.Ando (JAERI) 10 min.

"Development of HHFC Divertor and Energy Deposition"
R.McGrath (SNL) and M.Akiba (JAERI) 10 min.

"PFC and PSI Studies in Laboratory"
K.Wilson (SNL) and N.Noda (NIFS) 10 min.

"Tritium Inventory and Handling”
M.Caorlin (PPPL) and M.Nishikawa (kyushu Univ.) 10 min.

"Neutron Damage"
L.Snead (ORNL) and T.Maruyama (PNC) 10 min.

9:50 a.m. - 10:10 a.m. Break

10:10 a.m. Overall Summary '
‘ Chairmen K.Wilson (SNL) and T.Yamashina (Hokkaido Univ.)

"Discussions on Results of P196 and ltems for Next Workshop"
K.Wilsonh (SNL) and T.Yamashina (Hokkaido Univ.)
30 min.

"Plan for Next Workshop" .

K.Wilson (SNL} 15 min.
11:00 a.m. - 12:00 p.m. IBJAM_'I'_Qur_
12:00 p.m. - 1:00 p.m. Lunch Break
1:00 p.m. - Tour to Asoc Mt. Area for Technicasl Discussion
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Appendix B: List of Participants



Japan-US Workshop P-196 on "High Heat Flux Components and
Plasma Surface Interactions for Next Devices”
‘November 17-19, 1992
Kyushu University, Chikushi Campus, Kasuga, Fukuoka

List of Participants
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M. Akiba JAERI Japan
T. Ando JAERI Japan
H. Atsumi Kinki University Japan
S. Fukuda Kyushu University Japan
Y. Gotoh Hitachi Japan
T. Hino Hokkaido University Japan
T. ikeda Mitsubishi Kasei Japan
K. loki MAPI Japan
M. iseki Nagoya University Japan
Sanae L.ltoh - Kyushu University Japan
Satoshi itoh Kyushu University Japan
Y. Kubota NIFS Japan
T. Kunugi JAERI Japan
E. Kuramoto Kyushu University Japan
T. Matsuda Toyo Tanso Japan
T. Maruyama PNC Japan
K. Moriyta Nagaya University Japan
- 0. Motojima NIFS Japan
T. Muroga Kyushu University Japan
H.Nakamura JAERI Japan
K. Nakamura JAERI Japan
Y. Nakamura Kyushu University Japan
N. Noda NIFS Japan
B. Oh Kyushu University Japan
M. Okada Toyo Tanso Japan
K. Ckuno JAERI Japan
A. Sagara NIFS Japan
A. Shigenaka Hitach - Japan
N. Shikama Kyushu University Japan
H. Shinno NRIM Japan
H. Sugai Nagoya University Japan
T. Suzuki Kawasaki Japan
Y. Takao Kyushu University Japan
K. Tokunaga Kyushu University Japan
M. Toyoda MAPI Japan
N. Tsukuda Kyushu University Japan
K. Yamaguchi University of Tokyo Japan
T. Yamashina Hokkaido University Japan
M. Yamawaki University of Tokyo Japan
S. Yamazaki Kawasaki Japan
N. Yoshida Kyushu University Japan
H. Watanabe Kyushu University Japan
- M. Caorlin Prinsceton Plasma Physics Lab. USA
Y. Hiroola UCLA - USA
Thanh Hua Argonne National Laboratory USA
R. McGrath Sandia National Laboratories USA
B. E. Mills Sandia National Laboratories USA
L. Sevier General Atomics USA
{. Snead Oak Ridge National Laboratory USA
P. Trester General Atomics USA
M. Ulrickson Princeton Plasma Physics Lab. USA
K. Wilson Sandia National Laboratories USA



C. Wong ‘ " General Atomics USA

A. A Haasz University of Toronto USA
A. Cardella NET EC
J. Dietz JET EC
R. Duwe KFA EC
H. Falter JET EC
- T.T.C. Jones JET EC
l. Smid ANRC/JAERI EC/JAERI!
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NIFS-PROC-1

NIFS-PROC-2

NIFS-PROC-3

NIFS-PROC-4

- NIFS-PROC-5

NIFS-PROC-6

NIFS-PROC-7

NIFS-PROC-8

NIFS-PROC-9

NIFS-PROC-10

NIFS-PROC-11.

Recent Issues of NIFS Series

U.S.-Japan Workshop on Comparison of Theoretical and
Experimental Transport in Toroidal Systems Oct. 23-27, 1989
Mar. 18380

Structures in Confined Plasmas —Proceedings of Workshop of
US-Japan Joint Institute for Fusion Theory Program— ; Mar,
1990 ‘

Proceedings of the First International Toki Conference on
Plasma Physics and Controlled Nuclear Fusion -Next
Generation Experiments in Helical Systems~ Dec. 4-7, 1989
Mar. 1990 ' ’

Plasma Spectroscopy and Atomic Processes —Proceedings of
the Workshop at Data & Planning Center in NIFS—; Sep.
1990

Symposium on Development of Intensed Pulsed Particle
Beams and Its Applications February 20 1990; Oct. 1990

Proceedings of the Second International TOKI Conference on
Plasma Physics and Controlled Nuclear Fusion , Nonlinear
Phenomena in Fusion Plasmas -Theory and Computer
Simulation-; Apr. 1391

~ Proceedings of Workshop on Emissions from Heavy Current

Carrying High Density Plasma and Diagnostics; May 1991

Symposium on Development and Applications of Intense
Pulsed Particle Beams, December 6 - 7, 1990; Jun. 199

X-ray Radiation from Hot Dense Plasmas and Atomic
Processes; Oct. 1991

U.S.-Japan Workshop on "RF Heating and Current Drive in
Confinement Systems Tokamaks” Nov. 18-21, 1991, Jan.

1992

Plasma-Based and Novel Accelerators (Proceedings of
Workshop on Plasma-Based and Novel Accelerators)
Nagoya, Japan, Dec. 1991; May 1992



