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･ P REFACE

tor the･ Japan--U.S. WorTkshop･ on Plasma Material Interaction/High

Heat Flux ･Data Needsl for the Nest Stepェ?nition and Steady State

Devices

= am gratified that this important and very time.i_y workshop

has p'roven to fulfi1⊥ our expectations concerning highlighting

the state of the in-vessel materials data base, including both

isotropIC and non-isotropIC graphite and post-graphite materials,
■ ●

●

as well as the engineering problems associated with in-vessel

●

component design and fabrication for existing and future

confinemen七 dev土ces around the world.

=n particular, one of the important measurements of the

success of such a conference is how well the information

exchanged by all countries involved is utilized by each to

streamline its own programs. cut development costs
･and

time and.

in general, increase the efficiency with which it proceeds toward

the completion of the書data base required for its individual

needs.

℡be inclusion of botb玉:uropean and Canadian par七iclpantS has
■

added immeasurably to the usefulness of this conference. This

conference has produced the exchange of large amounts of

information relevant to the needs of each participant COuntrY.
●

℡his broad base of participants, each of whose hone program is in
●

a different stage of development relevant to divergent national

goals and timetables has highlighted many areas of existing
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compユ哉nentarity of technical programs. 工 hope that this exchange

取ill servre to streamline the future programs of each country and

地at a圃た⑬正how ef由ctive出血惑五瓜formation sharing has been

will be presented at next year's conference.

The engineering design and materials required to satisfy
● ●

●■ ●

even normal (as opposed to disruptive〉 operation of a plasma with

high edge temperatures are formidable. Historically. the

satisfaction of these requirements has evolved as the job of the

englneerin9 teChnologist. An iznportant aspect of this conference
l■

has been to emphasi2:e, Once again, the need for a plasma physics

progra皿tO find ways to lower edge twperatures. =n addition,

this conference highlights the i7tmediate need to establish an

international data base on graphite materials for the next

generation device. = hope that an international working group to

tilis end will be par七of 七he nex七workshop.

Z give my heartfelt thanks to the Institute of Plasma
●

Physics in Nagoya LTniversity for hosting this conference and to

the co-chairmen Prof. ?.. Hiyahara and Dr. Kenneth Wilson, whose

detailed planning and foresight provided tis With an excellent

framework for success. The conference participants have worked

long hours and diliqeLltly to insure this success. We gratefully

acknowledge the fi.ne assistance of the secretaries of Institute

who provided the- necessary and very efficient support required to

compile the large amounts Of data exchanged.

Z look forward to the effective utilization of the results

of this yearTs workshop and to next year
fs

exchange in the US.

班.A. Cohen

Office of Fusion Energy

U.S. De野t. of Energy
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A. INTRODUCTION

The Japan-US workshop on f'plasma Plateria1エnteraction/High

ZIeat Flux Data Need8 for the Next Stepエgnition and Steady

State Devices--∫ was held at Institute of Plasma Physics,

Nagoya University, on January 26-30, 1987. This is the 5eCOnd

workshop in this series of tJS-Japan workshops after the first,

which was held at Sandie National Laboratories Livermore on

June 24-27, 1985, under the title of ''plasma-Wall Interaction

Data Needs Critical to Burning Core Experiment (Z3CX)1'. Among

●

the 65 participants at the present workshop. six were from the

U.S.. four from the EC and one scientist attended from Canada.

The primary objective of this甘Orkshop was to ansver the

question, -■Are existing carbon materials (graphites and

carbon-c'arbon comp'JBites) feasible for the CI℡-experiment or

not?
lf

The approach to this question needs a definition of

how reference materials for CZT are to be selected out of

existing materials.

In this course. many physics and engineering investigations
●

●

a｣e nece$5ary. Whether the background i5 rlgid enough to

answer this problem has also tO be determined. Besides neaL'

term questions related to CIT. the workshop was also aimed at

●

defining the problem area and surveying the present efforts

concerning ETA which can be regarded as the international

■

reference machine to the next generation proコeCtさIike FER'

TIBER一工Ⅰ′ N五T and OTR.

ー5-



‡n order to discuss these PrOblems' the workshop-va$

organized in four sessions; The first plenary session

attempted to glVe an Overview on present activities and to
■

outline n帥issu由 to be anticipated froAI future machines.

℡he secondさeSSion followed with presentations on subgroup

topics Which are considered critical both to C工T and ETR･
●

Se缶Sion 3 was sub-group meetings to discuss and suTnmarize the

present status. immediate data needs for C工℡, and extended

effort昏 for ET丘 studies. 工n Session 4′ Summaries were

presented by each sub-gどOup leader and discussed in plenary

format. After four day5 0f intensive discussion, we concluded

(1) existing isographite is a very good candidate for C工T as

plasma facing material although some date are 5till needed to

meet the serious requirements from the plasma environment,･ (2)

carbon-carbon composites seem to be a better candidate than

isographite, with respect tO the high heat flux iさSueS,･ (3)

For ETR studies, experience昏 from C=T and long pul.qe non-

1gnition machines are necessary. especially in the area of
●

compatibility with active cooling and radiation damage.

The organi2;atio早Of this proceeding includes executive

summary and detailed summaries from each sub-group. The

manuscript or vievgraph昏Submitted by speakers Of plenary and

Sub-group tOpic5 Se5昏ions follow the work.Shop agenda, are

appended to this report. We believe these attachments,

although preliminary, are beneficial to understand the phy5ic5

and englneering background of the performed discussions.
●

-6-



B. TNS･TNG OPTIONS

℡he categori之ation of ℡NS(℡he封ext Step)- ℡NG(℡he Next

Generation) options are‡

1. C工℡ family -

CZ℡(TF℡R. J玉:管)

●

2. Long pulse non-ignition faJnily - TOR玉StlPRA. ASDEX-U, LHS

(Large Eelical System)

3. ET丘 family - T王BER一工工. FER. NET. OTR′ ェN℡OR

The requirements for plasma facing materia1昏Of the present

CZT design option (R=1･22m′ rp==0･45m) are not very different

=

from the figures given in laら七workshop at SNLL 1985. except

that it has adopted a double null divertor configuration. The

fluence of 14 机eV neutron8 after 3000 full D℡ Bhots of 3.2 さeC

discharge time will be <5xlO22n/m2.克eat loads to th3･carbon

first Wall are expected up to 9.5脚/m2 for normal operation.

The disruption regime features heat loads of紬J/m2
in a time

of about 1 msec on the limiterB. While Japan and the玉uropean

Comunity(EC) do not ct}l-rently have an option on a CI℡ family

machine in their Strategy, they have long pu1さe nOn-ignition
●

machine options to prepare the database for the next

generation machine of the去;℡R family. ℡heBe machines [TORE

SUPRA(EC) , ASDEX-tl(EC) and LZIS(Japanr under conceptual

design)】 are planned to operate with pulse lengthB Of 308 tO

steady state. Quasトsteady state heat loads of up to 40脚/m2
＼___}

have to be removed by active cooling in case Of leading edge

●

of the TORE SUPRA pump limiter. Thufi these proコeCtB are

expected to greatly foster the development of highly effic.lent

actively cooled first wall components･ Investigations Of this

ー7-



family will also generate a database on actiサ占二軸p呼出y arid

particle control issues. Compared to the prior workshop.

presently it iさfather easier to- discussi and as8eSS P^Z/HHF

-Studies because the material requirements for 七be E℡R family

have become more clear and better defined.
,玉Ⅹpected

neutron

fluenceらare 5xlO25-3x2026n/m2. ℡he main issues to be solved

for 玉℡R Will be the evaluation of the feasibility of first

wall materials under these fluences and the development of

actively cooled Structures Which are capable of heat removal

under long pulse (>200s) operation. Zn these concepts'

fi柑t Valュ components Of utmost reliability are needed due to

the limited abilities of remote handling devices. Whether

=

candidate materia18 for C王℡ and long pulse no-ignition

machines Can also be adopted for 即R or not, will be the

seriou8 Problem area for the P仇I/flHF community. Extensive

inveBtigation5 tO evaluate the feasibility under given
●

conditions are extL'emely necessary, a9 Otherwise further

progreB与in fu昏ion research will be blocked.

It is also necessary tO mention that through operational

experienceさOf the preさent day●さJnaChine8 like ℡FTR, JET. and

JT-60've ntJ5t learn the feasibility of graphite ill divertor

operation' conditions 0f off-normal operations. and special

recyclin9 behavior of graphite walls aS indj.Dated in

●

さuPer8hots and wall pumplng.

-8-



C. MATERIAL DATA NE五DS AND STRATEGY

Based, on the conBenBuS-Of the laさt WOrkshop and the

opera･tional experiences of large tokamaks, isographite was

considered as the primary candidate for C=℡. Compared to the

last workshop, more emphasis has been put on C-C composite

materials during the discussions, although the databaEie is

still in'Jufficient. Beryllium was not discussed in-detail

because we concentr･ated on establishing reference candidate

carbon materials. For this reason, materials discussed belong

to four categories･.

1. ZsotroplC graphite
●

2. Anisotrople graplti七e
●

3. Carbon/Carbon composite

4. Dense carbon films by carboni2:ation

The comprehensive evaluation of various candidate for

PA4I/ZIEF materials Was undertaken through presentation and

discussions of each subgroup. Ztems that have been discussed

are aB follows.･

(1) Characteri2;ation

(2) OGJ:gassing properties

(3) High heat flux experiments

(4) Sputtering,きynerg五5mB and erosion/redepo5ition

prOCeS●Seさ

(5) Recycling and tritium inventory

(6) Radiation damage

(7) 糾ode11ing

-9-



(8) En9ineering and design aspects

(9) Advanced carbon based materials

●

℡he outcome of the presenta蛇ons and di5CuBきions otf each topic

f

was summari苫ed under the aspect Of preさent 5tatuS andr future

data needs･.

(1) and (6) Characterization and radiation damage

Radiation damage of isographite is not expected to be

serious for CェT use, however, for E℡R level irradiation,

experiments using fission reactors are at least necessary tO

estimate feasibility. Radiation damage of C-C composite

materials must be investigated, especially for 玉TR level of

irradiation. Pyrolytic graphite will not be feasible from the

Standpoint of neutron irradiation even under low fluences like

in CZT as the thermal conductivity rapidly decreases. For the

physical and chemical properties of each graphite, aS a

function of temperature, sufficient data are not available.

Zt is necessary J{･o complete this Work in order to do optimi2;ed

■

de$1gn for E℡R.

(2) OutgaさSing properties

After pretreatment in high vよcuum and bake-out at hi.gh

temperature5' the outgas8in旬Of almost all isogr'aphites, and

C-C composites are small enough for C工T use. ℡hese items are

based on operational experience so that a more systema･tic ,

databa5e is necessary to evaluate which pretreatme'nt･iさ the

best before installation in the tokamak and which in-situ

-10-



conditioning llprocedure is neces由rry afterwards. ℡hE:･ databaさe

for graphite畠Were reViewedr and no large discrepancies were

found. Zn partial preBSure mea5urement盲. re-markable

differences aJte reCOgni富ed at three BpeCif~ic te坤erattlre

●

reglOnS Of appro東iibJately belov 2000C, between 200-8000C. and

higher than 8000C. Although well pretreated before

installation' readBOrption of environmental gas i5 tO be

expected in匂raphite during installation. ヱ1evation of the

wall temperature to at lea'畠t 3500C for baking procedure i5

recommended through experiences 0f large machine operation.

(3)吉igh heat flux eRPeriment8

℡hrough laboratory experiments. it waさ found that 5tandard

isographite with small thermal expansion coefficient sLhovB

good thermal Shock behavior compared to graphiteB With high

thermal expansion coefficient. For C-C composites, even

better characteristics主re expected.出ore intensive and

systematic studies with reference to high temperature material

properties up to 30000C are necceさ5ary tO Obtain a rigid

●

design base.

Damages caused by runaway electrons must be considered in

● ●

conコurl.こion with engineering aspects, especially for enetgy

deposition on cooling tubes of long pulse machines. Eowever,

for C工T u畠e･, isographites land C-C composites are feasible.

(4) Sputtering, synergisms and erosion/redepoBition proceさ5eS

-lI-



Temperature excursion8 Of
I.CZT

tiles during one.shoトatre

expected fr9皿一rOOm.temp_erature

I_.tq-I
abov.e 2叩00C- ALfter- the-.

discharge, the temperature▲ dropさ- Once Pore tor
;･申early -room吾

tempera-tare. ℡hiee卓Lifferent mechanisms for ero如pnニーmtlStt･ be

conさideredi physical sputterlPg′ Chemical-I sptlt･teriやg′一阜n卓
●

甲hanced sublimation.. Although son_e dataねse is;･avai1阜ble`for

these prOCeSSe昏. more data ai'e needed for lower- inc･ident ion

energy･(< 5¢eV) and higher flu又es to simulate real edge

conditions. Redeposition pro_cess卵.must be investigated to

evaluate the life time of tiles.

(5) Recycling and tritiun inventory.

One of the critical questions is the maximum tritium

inventory in the graphite.tiles of ℡F℡R.. JET, and CZrP` While

Several preliminary studies have been performed in variot!$

1aboratorie8' the estimation of the inventory is still

ambigu9uS because Of the various retention processes that

occur during tokamak operation･ Data with higher accuracy are

needed for tritium solubilityt diffusion( permeationt

reeombination and trapplng･
●

Besides the e8七imation of wall inventory. knowledge on the

recycling properties of the wall will become very important to

achieve zI-modeユ紬e operation in tokamaks. Supershot畠in ℡FTR

●
●

and wall pumping in JET are typical examples of graphite's

recycling properties･ A detailed and Systematic approach is

neCeSさary･

(6) Described in (1)

-ユ2-



(7) modelling

℡wo typeさOf modelling are needed. One is mainly the plasma

physicist.s responsibility to define edge properties and

｢

incident particle flu又es and energies tO the plasma facing

material. The other iさ the modelling of PhZ and material

behaviour itself. 出ore 且ntensive efforts and better

communication between material scientists and plasma
'

physicists are necessary to perform reasonable experiments

with CZT, long pulse devices and玉TR. A review of existing

codes on an international scale is warranted.

(8) Engineering aspects

This topic included communication of machine operation
■

■

experiences a8 Well a8 those of de昏1gnerS and manufactures.

ぬny considerations are needed regarding the way

plasma-interactive compo血ent-s are fabricated. pretreated,

installed, baked. discharge cleaned, and operated. It iさ

concluded froJn Past experience and laboratory e罪periments'

that isographite iB feasible for CZT. For E℡R. more

inve忌七igation iB necessary in the next few years to establish

operation with active cooling and to check on the reさistapce

against higher (>1025n/m2) neutron fluence8. Cost of

components were discussed from the standpoint of necessary

energy aha capital cost･

-13-



(9) Advanced carbon based materials
t

t.

王nveさtigation of coatings was one of the main fields'of

resear(:h during the past two year卓. but from the standpoint of

CI℡ and E℡R issues,it is not a baseline concept. ZIowever, it

could Still play an important role in pretreatment Sealing the

graphites and covering large areas 0f vessels with dense

carbon films. Naturally occuring carbonization through

redeposition processes are also related to this investigation.

●

比uch data are needed to establish a reasonable design for

CID and E℡R. Åccuracy of the database also has to be

●

discussed through deさ1gn Procedures. With concern to CZ℡

is昏ueS, the database for graphite mater3.als is fairly complete

except the fields of recycling and veryl high heat- flux

behaviorB' Whereas the database on C-C comprJSites is still

insufficient.即R adds the aditional requirementさOf active

cooling in a high neutroll flux enviroment.

D. UTILIZATION OF EXISTING FACILITIES

℡he utiliヱation of existing fusion device5 tO contribute to

the da七abaseT for■ C工'P' long pulse nOn-ignition払achines and

E℡Rs iさVery important･ Although they have issued∴1ar'ge

amount忌 Of data, more sBYStematic research and better defined

p封t/HHF investigations are necessary.
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●

苫HF testing for off normal operation using NBI test昏tands

have been performed. at さeVeral laboratories. Zn this field of

large area, high power (>20kW/cm2), Short pu18e (<0.1sep)

irradiation, facilities must be used in collaboratitTe efforts
ヽ■ー..

in order to obtain a 8ufficient databa8e.

Runavay electron simulation experiments using linac

facilities in combination with numerical evaluation `by拭onte

Carlo codes have to be organi2ied for the五TR databaさe.

Plasma devices, such as P王SCES and the Tritium Plasma

Experiment, are effective for PJ4工investigations. Other

fcilities, such as outga5Sing measurement devices. are also

important for improving the database. Cross checking of the

databaBe among Various facilities i8 neCeSSary tO prove the

reliability of the data.

E. FUTURE Col.LABORATIONS

It is recogni2:ed that isographite甘ill be feasible as a CェT

tile material.比ore detailed PJ4Ⅰ/HEF. investigations are

necessary to obtain a rigid database for CI℡ and to explore

the extention to ETA use. The needs for further data can be

extracted from the following summary papers.

Investigation of active cooling compatible to candidate

materials is the most important item for long pulse nOn-

1gnition machines and玉:TRs･ Utili2:ation of fission reactors
●

-15-



to investig早te gをaphite ra卓iatiotl damage i8 also a町important

iB串ue Col future_ collaborations-, ～

℡o e8tabli革h the common and stand早耳d dat阜base fq､r C‡T,写TR

and long pulse non-ignition m声Chine昏′ it isL re¢Qmmended that･ a
●

data center for each participating country be nominated to

promote further collaborations.
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Japan-US Workshop on P一asma Materia一 rnteraction/High Heat Flux Dat計Needs

ずor the Next St_ep王gnition and Steady State Devices

January 26 , 30, 1987

Institute of P一asma PhysICS, Nagoya University
●

Co･･chairmen: K･L･ Wil苧On (SNLL)

A. Miyahara (IPP Nagoya)

Workshop Program

1_st Da
,

Januar 26 Mon.

0. Opening Session

●

0.1. Openlng ta一k

1. P一enary Session

M.M. Cohen(DOE)

1.1 P一asma Surface lnteractions in Compact lgnitionけevices

M.A. Ulrickson (PPPL)

1.2 Some Considerations on P一asma Facing Materia一s in Tokamak Fusion

Devices Y. Murakami (JAERI)

1.3 Experience with Graphite in JET K.J. Dietz (JET)

1.4 U.S. efforts on graphite and carbon re一ated material studies

K.L.那Ison (SNLL)

1.5 Japanese efforts on graphite and carbon re一ated material studies

T. Yamashina (Hokkaido Univ.)

i.6 Carbon erosion processes for CIT and ETR applications

A.A. Haasz (Univ. of Tronto)

1.7 Semi-empirica一 equation for modelljng of chemical erosion of

gr･aphite N. Itoh (Nagoya Univ.)

1.8 Commenもon p一asma faclng materia一 studies on ETR
■

A. Miyahara (IPP Nagoya)

1.9 Application of graphite materials to the next generation machine

M. Seki (JAERI)

Coffee break
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2` PreSentatiJOn Of each subgroup
i芦Lヽ

･
-
I

-

2.1. Characterization
･of graphites and C-C composites

,

2.1.1 Some brief remarks on several critical aspects of graphite database

for fusion energy applications u.P. Eartherly (ORNL)

2.1.2 Characterization of graphites and. C-C composites

T. Oku (JAERり

2.2. Ot]tgasslng Properties
●

2.2.1 Sandia Livermore conditioning studies K.L. Wilson (SNLL)

2.2.2 Thermal outgassing of various kinds of graphite Y. Kubota (IPP)

2.2.3 1) On gas uptake of coated and bare graphite during exposure

2) Hydrogen and deuterium retention in wall samples of JET

M. Eckstein (MPI)

2･2･4 Absorption and desorption of D2 0n graphite

H. Atぎumi and M. Miyake (Osaka Univ.)

2.3. UHF-experiments on carbon related materials

2.3.1 High heat flux tests on C-materials J. Linke (KFA)

2.3.2 1) Disruption simulation experiments on graphite by H+-beam at the

lO MW neutral beam injection test stand of the lrPP Nagoya

2) Runaway-electron linear accelerator experiments

H. Bolt (IPP Nagoya)

2.3.3 Thermal Shock and Fracture Toughness Considerations for Graphite in

Tokamak Fusion Reactor's, R.T. McGrath

2nd Day, JManuary"3?_呈_Tues,_)
● ●

2.4. Sputterlng, SynerglSmS and erosion processes

2.4.1 High flux plasma bombardment of graphite Y. Hirooka (UCLA)

2.4.2 Assessment of graphite for limiter/divertor aゎd first wall ti一es in

CIT and ETR-type machines A.A. Haasz (Univ. of Toronto)

2.4.3 ‥on-induced sputterng and inter facial reaction ofLmetals or

metaトcarbides deposited on graphite at high temperatures

K; Morita (Nagoya Univ.)

2.4.4 Chemical erosion of graphite and diamond materials due to 一ow

energy hydrogen bombardment R. Yamada (JAERI)

2.4.5 Comments on erosion of graphite V. Philipps (KFA)

2.4.6 Thermal desorption process and surface roughness of POCO graphite

irradiated by hydrogen ion beam T. Hino (Hokkaido Univ.)
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2.5. Recycling properties and tritium inventory

2.5.1 Estimation retention, permeation an'd recyc一ing

T. Tanabe (Osaka Unjv.)
2.5.2 Tylitium inventory K.L. Wilson (SNLL)

2.5.3 Trapping-re一ease behaviours of hydrogen isotopes in/from graphite

-- Modification by the presence Fe impurity --

K. Ichimura (Toyama Univ. )

2.5.4 Hydrogen permeation through graphite M. Yamawaki (Tokyo Univ.)

2.5.5 Comments on recycling and hydrogen inventory V. Philipps (KFA)

2.6. Activation and radiation damage

2.6.1 Some consideration on selection criteria for graphite as fusion

reactor materials Y. Oku (JAERI)

2.6.2 Presentation on graphite techno一ogy M.P. Eartherly (ORNL)

2.6.3 Neutron irradiation tests for graphite and low-I-ceramics

J. Linke (KFA)

2.7. Modelling and physics back ground

2.7.1 Runaway electron analysis for Tore Supra R.T. McGrath (SNLA)

● ●

2.8. Eng川eerlng and deslgn aspects

2.8.1 Fusion application of C-C composites T. Uchikawa (MHI)

2.8.2 Problems with criteria for material selection and failure

assessment

2.8.3 Active cooling with swir一

Tore Supra modulas deslgn

2･8･4 CO2 1aserbeamtestofan

graphite-clad Sic tile

2.8.5 Limiter heat loads in TFTR

M. Shibui (Toshiba)

tube enhancement with app一ication to the

R.T. McGrath (SNLA)

actively cooled first wall element with

Y. Gotoh (Hitachi)

due to disruptions

M.A. Ulrickson (PPPL)

2.8.6 Design aspects of in vessel components K.J. Dietz (JET)

2.9. Advanced carbon based materia一s

2.9.1 Experiment on first wall carbわn coating Y. Sakamoto (RIKEN)

2.9.2 Properties of carbon coating films produced by glow, RF and 'ECR

discharges T. Hino (Hokkaido Univ.)
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地nuar 28 Med.

Summary pr.esentations by 9 subgroups

?th Day, J@_nu_arL2拠
Preparation of manuscripts

5th Da
,

dan. 30

Conclusion summary
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iii3Bof Gra bite and C C Com osites

2.6; R_adiation Dama e
｢==二二二____..こ

-

W.P. Eatherly1 0RNL T. Oku, JAERエ J. Sako JAERI

T. ℡akekawa' Nippon Rokan K.氏.

N. Yamamoto' Toyo Carbon Lo., Ltd.

Introduction

The Working group wa昏aBked by the Workshop Co-Chairmen to

●

addreささ nOt Only the general problems glVen in the title

above' but BPeCifically consider the viability of graphite for

use in the CIT and TエB玉R II/ ETA machines and the data base

requirementさ tO assure the viability.

拭emberB Of the working group were;

-27-



Carbon/Carbon Conpo畠ite昏

℡he apparent advantages Of carbon-fiber carbon-matrix

5truCtureさ for fusion energy applications are obvious.･

fabrication to昏hape, high Strength, high thermal卓hock

.reBi8tanCe,
and non-catastrophic failure. ZIigh coさt may not

be aさeriouB Objection in view of those advantages. The

5eriou昏prOblem remainさOne Of ability to withstand particle

damage. most BPeCifically that from 14帆ev neutrons. ℡he

● ●

group haさ reaChed a concensus oplnlOn aさ fo11ows壬

1. Applicability to the CエT and TェBER王ェ/ETR'. The present

State-Of-the-art can probably yield c/c materials satisfactory

for the anticipated neutron fluence in the Cエ℡. Thiさ 8tatement

i8 made not on the basis Of existing information but on the

considered experience uf the group. It i5 COunter tO the

obf[erVed data on neutron damage in early (ca. 1965) composites

(さee Section 2 below) . The decision to consider use Of C/C

8七ructures in CI℡甘ill require the immediate Start Of an

irradiation program of candidate materials followed by

e8tabli8hment of data baさe8 for 8uCCeSSful candidates asさuming

畠uCh exist. ℡o a8さure futher 8uCCeSS at the present time' the

program should be laid out to provide at least One iteration

of materials from experience in the first irradiation

experiments.

王n the absence of any data on C/C at fluenceB hear the

extreme for bulk graphiteさ' One Can COn8ider their T1Se in ヒhe

五TR to be extremely doubtful. Any intent to use sucil.

.structu£es
here also demands the initiation of all immediate

-28-



蔓
%

責

誓
誓
書
夢

萱
i
i

蔓
I

≡
【

i

l
l

radiation damage program to the high fluence8 required (the

order of 1022 A/cn2). several generations of material

development must be planned for in addition to the final

accumulation of data baBeS for Successful candidate

composites.

2.工rradiation Damage Studies.' The decision to investigate

C/C composites for use in either C.LT or ETA requires an

immediate decision to perform neutron irradiation 5tudies｡

For the low fluences required in the CIT, such studies can be

performed quickly in a variety of reactors, and the presently

planned Japanese and German irradiation programs including

C/C'8 Should be strongly encouraged. The use Of EFIR in the

United States would be desirable for the Cェ℡ studies but

essential for the high-fluence requirements (<1027 n/m2) of the

ETP.. Because of the fact that the weave patterns Will be

sensitive to both the end application and to radiation damage,

at least Proof-test type reactor irradiation will be required･

In order to accomodate the wide variety of potential fiber

choices, Weave and lay-up types, and the several methods of

denさification, as well as ILL.he eventual development of a multi-

temperature data base. thi岱grOup feels an international

effort should be developed in the interests of both efficiency

and cost benefits. Clearly Buck an effort will require

interchange of specimens between the three countries and a

carefully laid out plan of candidate materials and reactor

irradiation temperaturesL and fluences･ For the CIT'

particular attention will have to be paid to the change in

thermal conductancer thermal expal1_qionr and mechanical failure

-29-



mech･ani5m. The early formation of a group familar_1) with C/C

structure, 2) irradiation damage, and 3) reactor facilities

Should be formed a昌SOOn aS possible to provide a coherant

experimental plan on an international scale.

3.Data Base Requirementさ壬 The data basBe We diさCuSS here

applie8 tO the general physical and chemical properties and

not to the 早peCific and concomitant requirement of hydrogen

recycle and inventory｡ We do include out-ga8Sing behaviour aB

a '7chemical property'' because the dega8Sing is so closely tied

to the raw materials and manufacturing methods.

℡he data base for fiber-reinforced compoBite5 is necessarily

more complex than that for aさingle phase material. Since the

fiber orientatまon8 are directed during fabrication in response

to a preliminary 8七re$5 analyさis of the final component, and

the actualさtreさ8eS then どeSPOnd to the local structure of the

composite, the data ba卓e mu8七al昏O Cover the variability of

variot18 fiber lay-up and weave patterns. In addition to the

●

norznal acquiさition of thermo-mechanical data used in deslgn' a

number of other special problems arise with C/C composites.

One of the obvious differenceさi8 the decoupling of thermal

diffu8ivity from thermal c〇nductance壬 the fact that the fiberB

directed along the axiきOf heat tran昏mi$8ion 一'short-circuit.'

the heat flow. tran最miさ畠ion andさteady-State behavior is

obvio'uさ1y different and both types 0f information are needed.

A second Strong difference iさ the muユti-Staged mechanism of

failure, i.e., matrix cracking, fiber breakage, and fiber

pullout in succeさ8ion･ Thus failure exhibits a llyield'l in

that large changes in Strain take place at very little change
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in さtre畠S. ℡he mechanism of failure must be determined in

part to determine the yarn lay-up patterns required･ Closely

aさ50Ciated with these phenomena iB the weak interlaminar shear

Strength even in multi-dimensional weaves. Clearly these

characteristics also require direct measurement Of thermal

Shock failure Since modelさtudie5 CannOt take into account the

detailed morphology of the Structure.

℡o Sum up' considerable more effort will be expended on date

base acquisition, with or without neutrons, than iB required

for a bulk graphite.

●

4. Data Requirements from the b4annfacturer; A significant

amount of information′ available fror the manufacturer. iB

required to estimate the probable behavior of a C/C grade and

to ensure the data then obtained can be imbedded in data from

other composite structures to determine trends and directions

for optimi2:ation. Thus correlated mea5urement8 0f a number of

properties on relatively few carefully Selected types of

compLBite material昏18.- ･[lBiderably
moL'e useful than an

equivalent amount of isolated information over a number of

grades. The following information is pertinent to a

correlat:ed development program and is usually readily obtained

from the manufactures:

a. Fibつr (mono filament) type.i.e.. PÅ封. pitch' or other'

including source and grade Where pertinent｡

b. Yarn characteristics; Filament diameter, number of

filaments per yarn, yarn denier.
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c｡ Weave and layup; pre-fab (tape or● cloth) if u畠ed. multi-

dimen昏ional or multi甘eaVe pattern昏. and cell Bi2:e.

d･ Densification method‡ high or low pressure impregnation.

CVD′ or combinations thereof. Details on use Of thermo-

さetting or thermoplaさtic inpregnantきif po$8ible.

e' Final heat-treatment temperature.

Zt i8さugge昏ted that a pre-selected Bet Of 9rade8 be used by

all inveさtigator8 in the fusion energy program out of the

almost infinite po8与ible combinations of manufacturing

techniqpeB that can literally be im-glned.
I

5. Specific Area DeきerVing Re8eatCh Attention.･飽e present

weakest liAk in C/C conpo8ite8v unlike the polylner血atrix

materials. iB the interfacial strength bet甘een fiber and

matrix.加ite out昏ide the range of t争e normal si宅ing

naterialB, Other innovative techniques have and are being

proposed. Since the fusion energy program requirementさare

8eVere in both thermal loads and, eventually. neutron damage,

this Work-shop groupさtrOngly recommendさ the several

government funding a9enCieさbe alert to and昏POn80r

exploratory官Ork in improving the interfacial s!trengthB･

6. Designer Znteraction‡ ℡he composite BtruCture8 game iB
●

quite different from that of the bulk graphite8･ For the bulk

graphiteさit iさBufficient for the materials scientiさt tO know

the phyさical and mechanical properties required, including

po与各ible trade-offs, and he can go into the developmep･t
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laboratory and plant and produce (if po昏8ible) such a grade of

material. Thiさi8 in strong contra-diさ七inction to the

compo8ites' Where the material iB (=OnfiguL'ed and 8七ructuE'ed

● ●

around the actual de$1gn' geOnetry′ and accompanylng 8treSS

analyBeきOf the component to be fabricated｡管huさthだOughout

all Stages Of a C/C development and data acquisition program

●

an intizn,ate relationship between de81gner' materials

scienti8七′ and fabricator iさ eささentia1.
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℡heie ar色many 守-raphit由甘hich m由t the require血ent of

neutron fluency in C王℡･ In the case OE五℡R′ howet'3r' Some

sev即e Problems may occur when七he bulk graphite is to be u8ed

′

to be the fi柑t Waユt towards the･plasma･ The first problem

would be the difference in neutron忌peCtrum between E℡R and

the fission reactors. There are lots of data on the critical

p･ropertieB Of graphites irradiated in the fission reactors.

They Will not be able directly to be used for the玉:TR., A 14一

朗ev neutron from the E℡R will make more severe damage for

9raPhites than that from the fission reactors. ℡he E℡R is

expected to be operated in a cyclic mode condition. ℡hi$

operating condition will create thermal cycle and fatigue

proble血与. ℡he first Wall of the玉℡R will be subjected to

thermal and mechanical loading up to 5×105 cycles per year･

エn contrast to the E℡R. the fま畠Sion reactors are normally

operdted in a Steady State COndition. ℡he dimensional changes

due to neutron irradiation are known to depend on the

irradiation temperatt=re. ℡he maximum life is expected to be

depehdent upon
'the fluency and the temperature. As the

operating temperature decreases, the maximum life may be

increased unle55 the Wigner energy release problem occurs･

℡he皿ininu瓜temPerature Will be 250-300 C from the viewpoint

of the Wigner energy release problen'

エn addition. the neutron flux in the E℡R is expected to be

larger than that of t,he fission reactor. At the present time

fission fluxe昏are available over a range of a factor of at
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lea虫t loot;･･*ith the ZZF工R reactor providing the largest

(一1015 n･cm-2･sec)･ The E℡R will have peak fluxes at a

somewhat higher level. ℡he fact that there is or is not a

damage rate effect at these very high flu又es must be

established′ probably by simulation from beam-type devices.

2.ェrradiation Data

Key properties in applying the bulk graphite to CI℡ and E℡R

are understood to be thermal conductivity′ thermal expansion

coefficient, degassing, and strength5 and fracture toughne5･S.

℡he irradiation effects data on these Properties 0f some

graphites (POCO, ATJ, IG-110, e七c.) are available for CIT

condition. Eowever, the data obtained BO far vill not be

alway昏tO applicable to the case of五℡R because of the rea50n

Stated above. Zn thi5 COnneCtion,きOme facilities Which

Simulate the operating condition of E℡R are recommended to be

developed to obtain the needed data.ェn七erna七ional

cooperative studies wilュ be helpful for obtaining the

necessary data 5et･ ℡he tlSt German and Japanese reactors Will

be able to be used for irradiation tests.

3. Data Z3ase

℡he general propertie畠data needed are available'except for

irradiation datat for both the C工℡ and ETR facilities･エt is

understood that What kindさ Of data should be intensively

obtained should be made clear from the designers Viewpoint･
■
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Each co叩try軸ou1卓QQntinuel an effort to

robtainftbe卓a与a4bas牢
L

/

for Cエ℡ and ETR.
'

●

4. j4anufac_tu叫ngエnformation

Since it is understood that there exist some bulk graphites

which are available for CエT, BOme information on manufacturing

●

bulk graphite should be 9エVen tO the Workshop members to make

clear the correlation between the properties and the

皿anufaeturing parameters. ℡he parameters regarding the

production proceB8 are listed in the でable 1' These

parameters are critical to the E･adまation damage problem.

Concerning F)TR these are understood to be important for

inproving the existing bulk gz:aphiteさ.

a
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でable 1言放anufacturing parameters needed

Items

Filler

Binder

PretTeatment

Forming

Baking

:bあmation Desired

TypeI $1Ze, Calcizlation temp･
･●

Priznazy 良 Secondazy

Thernoplasdc or･The rmose t t ing

purification of filler and binder

拭ould (JAR. CID,組IP etc･)
or

Extrusion

Normal or Pre5Suri富ed conditions

Densification ℡hermosetting or Thermoplastics

Nunber of cycles

Graphiti2:ation ℡emperature

Furnace (Atche5On furnace or

=nduction furnace)

purification Ealogen (gas 0r Salt)
or Freon
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5･玉ncourage Research

It is req叫羊ted for eS,tab主i軸主喝Sy萱七早叫声ticェe革声阜rCh work in
●

order to attain the long ra.age improvement of the conventional

production technology of bulk graphite by new modif:'ication

I

technologies, Such as surface treatment and graded structure

Which should also be developed.

It is necessary to establish close relationships among

manufactures' deslgnerS and institutes Which are engaged in
●

the asさeSSmen七.
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■■

Zlighly Oriented Pyrolytic GraF,bite

A special purpose application of graphite being consideL･ed

in fusion devices in the use of cooled pyrolytic graphite in

regions Of very high thermal loading. ℡he highly oriented
■

graphite (hot-worked pyrolytic) 'is geometrically arranged to

intercept the pl.asma and transmit the heat in t'ne a-b plane

direction to the tube containing the cooling water.

The fluence conditions envisaged in the Cエ℡ machine are

Sufficient to cause concern in the radiation damage incurred
匂

by the pyrolytic.Even at these relatively low fluencie5 a

BeVere loss Of ヒhermal conductivity can be expected depending

in part on the temperature of the pyrolytic graphite at甘hich

the damage occurs. The working group confirms the necessity

to obtain data on thermal conductivity at the expected fluency

and operating temperatures.

Certainly there is a further concern in that at this or

Slightly greater fluencieさ, Severe dimensional char-ge5 Will

occur (a-b contraction, c-expansion) along w3.th concommitant

development of severe internal stresses･ =t i5七he working

groupls conclusion that the use of highly-oriented pyrolytic

graphite aさa heat transfer agent must be limited to small

neutron fluencies.
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2.2 Put assin ro erties

K.A申ishi, Y･Kubota, A･Uritani (=PP-Ⅳagoya)

K.L.Wilson (SNLL)

W.Eckstein (MP=)

1. INTRODUCTIO粁

The evaluation of the outgassing properties and an establishment

of handling recommendations for graphites(include isographite,

anisographite, and C-C composite) are very important tasks for
,the

application of graphite to the first walls in fusion devices. The

outgassing significantly depends not only on the graphite grade

but also on pretreatment, heating parameters, storage periods. and

storage method of graphite at manufacturer and tISer Sides.

=n this section. the outgassing e】〈periments on graphites, which

were performed in different laboratories to clarify the correla-

tion between the outgassing and conditionsl is su血marized and

evaluated for use in C=T.

2｡COND=T工ONS OF =NVEST=GAT=Olf

Main experimental facilities and maximum heating temperature

adopted are as follows:

a)SPLL .･ TZ)S, BET method(1600oC).

b)=PP-N : TDS′ minute balance(1400oC).

c)ORNL : TDS(200'ooc),

a)MP= : pressure difference.
JTLicl･Obalance(RT,150｡C,750oC)

The kinds of samples used to investigate the outgassing are

isographite, anisographitel and C-C composites of 2D,3D and 4D

weaves with weight of O･3-20g･ The initial conditions of samples

before outgassing are classified into as-received, ultrasrJnic

cleaned, and annealed states･ Eowever7 there are several samples

already pretreated anq vacuum packed at manufacturer side among

the as-received samples tested at user side. A definition of the
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terminology or concept for ''as-received'' sample is necessary. As

heating ramp rates of TZ)S measurement, 10., 25, and 60oC/min were

adopted.

3. COⅣCLUS=0ⅣS OF OUTGASS=2TG MEASUREIT4E2TTS

Outgassing of various kinds of graphites performed at four

different laboratories are summeri2:ed as follows:

There is a large difference, more than one figure, in desorbed

gas amount between not only as-received samples but also samples

exposed to air after annealing at 1000-1400oC. The Desorbed gas

amounts from C-C composites of 2D weaves, especially A-KARL, are

greater than that of the other graphites. On the other hand, the

desorbed gas amounts of pyrolytic carbon grades and C-C

composites of 3D′ 4D are relatively less thaエ tbat of the other

samples. However, no essential difference in TDS spectra or

desorbed gas species between various kinds of graphites were

observed.

A remarkable difference(1-2 figures) in the desorbed gas amount

between the lst and the fo11owing 2nd degassing is observed.

After annealing in high vacuum and high temperature range of

1000-2000oC, the desorbed gas amot4nt Of most isographites,

anisographites, and C-C composites is small enough for use in

C=T. However, the absorbed gas amount in graphites during

exposure to air,which was measured by TDS or balance, increases

with exposure time and reaches a level close to the gas amount

desorbed by as-received samples after 50 days. This mean.-1 that

although graphite is we11 annealed before installation,

readsorpti.on of environmental gas is to be expected during the

installation period of the first wall. For gas redesorption

afヒer ins,tallation, the elevation of the wall temperature to at

least 35OoC for baking procedure is recommended through

experiences of lar9'母 maChine operation.

=n partial pressure measurement by QMF, remarkable differences
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!
室
'Lq

are recognized at two specific temperature regions･ '-The main gas

in the 室
irT.

li?
言
義
喜
香
≡重

電
誓

,1ミ'

species desorbed froTm ぎamplesゝ are H-20 and hydrocarbons

rari9e below 800oC and H2 and CO in the range aboヤe 800oC for bot'h

as-received samp1.e and sample exposed to air after annealing･

However, no gas was found for samples just after annealing up to

1000-2000oC except gases due to'background.

No clear correlation between outgassing and practical surface

area of sample measured by BET method was found although there is

little 'correlation between outgassing and apparent surface area

of graphite under constanl'. volume. Moreover,there is no apparent

relation between the outgassing and density of graphites

Outgassings properties of various kinds of graphite were

investigated in different laboratories. However, it is difficult

to compare the results with each other and derive universal

conclusions from the results because there are large difference

in the experimental conditions(e.g. ′ sample weight, pretreatment.

or heating parameters) of the outgassing among the laboratories.

To establish better comparability of the experimental

conditions and to investigate in-situ outgass ing after

installation of graphite to fusion test'devices are necessary for

the establishment of a complete database.

4.DATA FEEDS

For fusion application, the following data are required.～

-in-situ outgassing behaviour after installation of graphites

in fusion devices.

-outgassing rate at room temperature q(Torr i/s cm2ol･ Torr i/sq)

of graphites,

-data
for readsorption and desorption of hydrogen isotopes during

plasma graphite interaction related to H recycling and T

inventory.

-data for evaluation'of discharge cleaning effect on the graphite

with H, D and He plasmas.

-methods to reduce absorption of environmented gas by graphites

during storage･
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Subgro岬 2.3: HighL He･a･t F一ux Experiments

J. Linke.(KFA), M. Seki (JAERI), T. Shikama (NRIM),

H. Bolt (IPP Nagoya)

1. Introduction

To improve the data base on candidate materials for the first

wall and high heat flux (日日F) components which direct一y face the

plasma a variety of tests were performed at different

laboratories. Beside the common一y used e一ectron beam devices also

neutral/ion beam bombardment and laser tests were used to

simulate the heat 一oad conditions of individua一 p一asma discharges

(single shot experiment) and the integrated damage due to cyclic

exposur･e (thermal cycling). During short single shot experiments

off-nor･mal p一asma conditions (disruptions) were simulated. In

addition the failure during runaway-accidents was investigated by

means of a 30 MeV electron linear accelerat'or.

A variety of candidate matey-ials were tested, namely:

- isotropIC and anisotropIC fine grain graphites
● ● ● ■

●

-

pyrolytic graphite

- C-C composites

- beryllium

-

sandwich structur･es (carbon mater･ials brazed to metallic

substrates)
After the exposure to HHF-conditions different failure modes were

observed; main defects were:

-

evaporation/sublimation
-

particle emission

-

cracking

-

me一ting (Be'9raze'metallic substrates)
Besides methods to improve the thermomechanical behaviour of the

plasma facing materials also englneering aspects should be taken

into account which will reduce temperlatureS at Critica一
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components, e. g. at the i-ea･d1'ng ed:g'e. WIiirlthtdO･汀Czer恥.tO the

behaviour under the aspect of plasma-wall intey'action the

ぺevelopment of means to better contro一 plasma discharges and

especially to avoid dl'srupti-'ve p一asma behaviour is high一y

aesirable.

2. Candidate Materia一s and Testing Faci一ities

The material candidates tested so far are shown in Table 1

togeth●er with the main characteristics, the major experimental

observations, and the machines where these materials have been in

use or will be installed in the near future.

The h乍gh heat f一ux test facilities used so fa'{, or foreseen for

future experiments, res'p., are listed in table 2. Here also the

ma3'or data of these devices are given.

3. Normal Operation

Exp･erjments:

SNLA: - erosion of fine grain graphites, pyrocarbon and C-C

composites (e--beam). Fl'gure 1

･- thermal cycling of graphites and C-C composites

(cycle number n
= 1,10,100,540): no damage detectable by

sEM after 540 e--beam pulses of 2kW/cm2 power density

and lOs durLation, Figure 2.

- thermal .cycling
on water' cooled divertor elements

(graph=:e -b一azed
to Mo) for ASDEX (e~-beam)

o no visible damages after 3000 cyc一es with 700w/cm2

surface heat 一oad, 20s pu一se 一ength

o inten･se ey･osion of the surface (emission of

particles after 2.OkW/cm2 electron beam pu一ses of

20s duration. Erosion depth approx. 5mm after 200

'cycles
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Fig. 2: Weight loss of different C-materials due to thermal

cycling
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to ll/s; twisted tape rough一y doub一es critica一 heatヨ

fl山x (CHF)

- thermal cycling on beryllium (e--beam), 4000 cycles,

450 W/cm2, 10s
puls占s;

extensive cracking and surface damage; slotting of

the tile surface decreases thermal stress

concentration and leads to an acceptable deslgn
●

- high heat fl.ulXeS On actively cooled Tor-e--Supra

comporlentS (e--beam):

up to 4..4kld/cm2, 30s pulse length, coo一ant flow up

KFA: -

erosion of graphites and a C-C composite (e~-beam);

⊂れ

≡
■■■l■

∽
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O
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E王コ

魯
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>

≡宴至芸書芸き書室室
一一■ ト廿

Fig. 3: Weight 一oss of different graphites and C-C composite

(E 5923 P) after single shot e--beam bombardment

Hitachi: - high heat flux test (Laser beam) on water cooled

graphite/Sic/Cu-sandwich structures;

10 cycles with pu一ses of 40s duration with maximum

power densities of 1.7kW/cm2; no cracking but

evaporation of carbon occured
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4. Off-normal operation

4.1 Disruptions

Experiments:

SNLA (e--beam): - high strength graphites (3 grades)
- isotropic and slightly anisotropIC fine grain

graphites (8 grades)
- C-C composites (3 grades)
-

pyrolytic carbon (1 grade)

1
†Or 13
10r lZ

9→ 11

篭ヨ毒1葺こん･:空 6

二…∃古妻
s8mPte Size 25mm x 25mm x lOrnm *sQ叩Ie (hi(kness less伽n 10rnm

Fig. 4: Results of the cracking behaviour of different

graphitic materials after successive electron beam

pulses with increasing power density ド

KFA (e--beam): - high strength graphite

- isotropIC and slightly
●

graph=:es (7 grades)
- C-C composite (1 grade)

(see Figure 5)

(1 grade)

anisotropIC fine grain
●

JAERI/KHI: (electron beam experiments)
- 1 isotropIC fine grain graphite

●

(see Figure 6)
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IPP Nagoya: (ion beam experiments with'N'eAutf.al B'eq一恥Injection

test stand)
- high strength graphites (4 grades)

■
●

- isotropIC and slightly anisotropIC fine grain

graphites (5 grades)
-

anisotropic graphite (1 grade)

(see Figure 7)
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Fig/5: Evaluation of the crack formation after 5kW/cm2, 1s

pulses (f-ed sym_bols) and lOkW/cm2, loons pu-ses

(open symbols) for the experimenta一 series 1, 3, and 4.

The effect of crack formation was evaluated separately

on SEM.-images and ceramogr'aphic cross sections. 0:

optimum thermal shock behaviour, no cracks detectable;

4: worst thermal shock behaviour, sevey.e cracking
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Fig. 7: Summary of results of disruption simulation tests.

H+-beam puls-es with power densities of 9...10kW/cm2 at

pulse lengths of 157ms to 353ms; high strength
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graphites are AXF 5Q, ISO 880, T6-P,附1200 K. CL 58

PT, EK 98, ETP-1O, IG 110, ATJ, and CGLJ are isotropl
●

or slightly anisotropIC fine grain grades. YPD is
●

highly anisotropIC.
●

Summary on disruption sinlulation experiments:

Thresholds for crack formation are:

- high strength graphites: P/A about 7kM/cm2, tH about 200l

- isotropic and slightly anisotropic graphites: P/A above

lOkW/cm2･ tH above 200ms

二…;:.;;:冒:s三::;三n?/言′言b:::v三o;:/k;n/12cこ2吉日ta::::v三sls(bu.k

material)

4.2 Runaway-electrons

Experiment:

place : Radiation Lab･, Inst･ of Scientl'f号c and lndustrlal

Research. Osaka Unlyerslty

apparatus : E一ectron Linear Acce一erator

beam energles and

pu-securrents : EI20MeV, IpF300nA

E125MeV, Ⅰp暮28¢d

E830MeV, Ipモ240d

puls-idth
･. tp I 1･5岬

repetl.t叫rate
･･

i I leo pps (pu一sesper sec･)

1叩ut P洲eT･
･･ P < 1･30 ku

beam dlameter : a I 4 nTn

lrradiation times; tlrr暮10-6Q s

Fig･ 8: Irradiation facility and runaway-electron simulation

parameters

- bulk graphites are far more resistant against runaway-electr(

impact than bulk metals
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-

metal coo一ing tubes of active一y coo一ed carbon-meta一 conlPOnentS

nlay Suffer serious damage

Nu主‡1erical simulation (SNLA):

Monte Carlo Code TIGER for high energy electron-materials

interaction in multidimensional mode.

- deslgn With large graphite vo一umes needed to prevent excessive

heating of metal cooling tubes of actively coo一ed components

5. Faう1ure modes

I. erosion: vaporization (normal operation and disruptions)

hydrocarbon fornat7'on (norma7 operation and

disruptions)

particle emission (disruptions)

splashing of me一t from meta一 wa一ls (disruption,

runaway-electrons)
II. cracks: - cracks in self-supporting tiles.I

graphite component failure

C-C composites crack propagation resistance?

-

cracks in carbon materials brazed to metal

substrates:

crack formation can be tolerated under certain

circumstances:

Cracks have to propagate parallel to the therma一

gradient and have to be stopped in the interface to

the meta一 substrate.

Ill. failure of actively cooled structures:

- melting of the coo一ant tube walls

- failure of the interf(.Ice under

o steady state operation: heat loads above the

capacity of the component (e.g. above 4400M/cm2

for the Tore Supra 一eading edge (SNLA),りCHF-I

limit
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o disruptions: heat 一oads onto compJOnentS 0-P･erating

with very sma一l safety margin (near "℃HF`11 limit)

o runawayこelectrons: heating of meta一 tubes

6. 11日F-data needs

- data base on erosion and damage thresholds (cracking)

f.or: - CIC composites

-

pyrolytic carbon

-

coated systems

-

active一y and radiatively coo一ed structures (tests of

full size components; tests of structural integrity and

performance in operation after a disruption; heat

transfer behaviour of actively cooled components)

-

crack propagation modes in car'bon materials

-

physical background of particle emission

- theor･etical estimation of materia一 behaviour under

HHF-conditions:

o temperature dependent physical and mechanical data in the

very high tempera･ture regime needed (up to 30000c)

o technical informatio.･n on manufacturing processes of more

complicated structures and properties (physical and

mechanical) of b一azes, substrates, etc.
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2.4. βPU_TTERING. SYNERGISHS ANDROCヱSSES

y. zlirooka, A. A. Haas2;, 氏. Morita, R.

N. Itoh, W. Eckstein

Yamada, V. Philipps,

2.4･1辿 Environment for Gra.､辿

(i) Tem eratgre of ra bite

Based on experience with JET and TFTR and estimated■thermal

loads for CIT (6o5-9.5脚/m2)I the limiter/divertor temperature

under normal operating conditions is not expected to exceed ～2000

I(. Wa11 graphite tiles under normal conditions are expected to

remain below
-1000

K.

(2) plasma article fluxes and ene

(i) Limiters/diveLltOr
■■■■■■■■■■■■■■■■■■■■■■l■■■■l-

-

energetic H+ ions : lots ev
- loots ev

～1018
- 1020 A+/cm2s

-

Franck-Condon neutrals : few eV energy

-1018
- 1020 HO/cm2s

(ii) Wall tiles

-

charge exchange neutrals : up to keVIs energy

_1015
- 1016/cm2s

-

energetic H+ ions : 10Is ev
- 1001s ev

～1016 H+/cm2s

- Franck-Condom neutals = few eV energy

-1016 HO/cm2s
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(3) Neutron irradiation

Neutron fluences for CIT are expected to remain low (leading

to
～1

dpa). Considerably highel: neutron fluences az:e･ expected for

ETA-type machines. Although no database exists fror the erosion of

neutron-irradiated graphitec no significant influence on erosion
こ1

is･ expected.

2.4.2
.Erosion

Data for Gra bite

(i) Lo_w Ener /hi h flux H+ bombardment

Graphite erosion processes can be considered from the

viewpoi,nt of (i) physical sputtering, (ii) chemical erosion. and

(iii) radiation-enhanced sublimation. Each of these processes

dominates in a reasonably well-defined temperature range.

(i)

_Pg
(Tく500 氏)

pbysical spu上土ering data have been well established. For

examplep physical sputtering for loo eV H+ and D+ is
-7Ⅹ10･･3

c/a+

and -1.5x10-2 c/D+t respectively. Hissing data for energies below
●

100 eV can be reasonably well ex七rapola七ed with available

sputtering models.

(ii) Chemical erosion (500 R<Tく120() 冗)

Chemical erosion, via the formation of CH4 and heavier

hydrocarbons dominat･es the erosion process in this temperature

.range.
The erosion rate depends on substrate temperature, irJn

energyr and ion flux･ An extensive database exists for H+

energies down to
-5･O eV and fluxes up to

-1016 H+/cm2s. while

only limited data are available at flu又es >1016 H+/cm2s (.PISCES

and DIVE carbon probe experiment) ' reasonably reliable

extrapolation to CZT and ETA-relevant conditions could be
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attempted･
For loo eV H.+ll at ～1016~ H+/cm2s the total erosion is

about
10-1 c/班+ at the temperature of maximum erosion. For flu又es

in the 1016 - 10且8,cn2s a decrease in the erosion yield has been

observed.

(iii) Radiation-enhanced sublimation (RES) (T>1200 R)

●

At tenperatues ) 1200 Ⅹ′ a significant increase in the
=▼:

erosion of carbon occurs due to energetic ion impact. The

released carbon is monatomic, with a thermal energy distribution.

For 1 key H+ impact on graphitel the erosi9n Yield reaches -3Ⅹ10-1

c/a+ at 2000 Ⅹ･ A decrease is expected for lower energieso Based

on a C-interstitial formation model. a decrease in the yield is

predicted for higher fluxes.

(2) E_rosion due to ox･ en im urities
■ ●

Erosion yields for 0+ impacting on graphite are of order

unity, mainly due to chemical formation of CO and CO2･ Therefore,

erosion by oxygen (0 being a main impurity in tokamaks) mus七 be

considered for the total erosion 宍Stimates of graphite.

(3)

Sputtering data for energetic charge exchange neutrals and

alphas impacting on carbon are availabe for energleS up七o -10
keV

●

from a combination of laboratory and calculated data. Calculations

for higher eneL･gleS COuld be readily performed.
■

2.4.3｡ Effect of impurities on erosion

Hetallic impurity contamination of graphite surfaces as well

as doping Of the graphite lattice with impurity atoms have been
■

demonstrated to reduce the chemical erosion of graphite･ HoweverT

doping
with high Z atoms also increases the high Z impurity

-57-



■

production which is not desirable. Effects of low乞Ldoplng Of

graphite to reduce chemical erosion should be investigated･

2･443

(i) Ph sical s utterin dominated re ime

Substrate temperatures i (Ts<500 K,･ 1200 K<Tsく1400 R)

Due to its high velocity, physically sputtered carbon is not

likely to be reionized to trigger redeposition unless the edge

plasma temperature and density are very high.

(ii)些竺
● ●

Substrate temperature I 500 RくTsく1200 R

The energy of the desorbing methane molecules is expected to

be equal to the surface temperature. Therefore, the velocity of

desorbing hydrocarbon molecules is significantly smaller than that

of physically sputtered carbon. Redeposition of hydrocarbons is

thus expected to occur. Redeposition of hydrocarbons was found to

reduce the erosion yield by a factor of 2-3 in the 350-1200 R

temperature range (PISCES experiment).

(iii) Sublimation-enhanced s utter 軍国 (Tsr>1200 氏)

The velocity di.1:､tribution of the released carbon-atoms due to

radiation-enhanced sublimation process was found experimentally to

be Haxwellian｡ These carbon atoms can thus be treated in a similar

mannei' aS thermally evaporated atoms vith respect to the

ioni2:ation mean free pat:h. Experimental confirmation of the

effect of this mechanism on redeposition is required.

2.4.5 Caron/Carbon com

(i) Carbon/car

osites and carbon fiユms

First results on the erosion of C/C composites show a
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reduction of erosion yield compared Lwith graphite during plasma

exposure in PISCES･

(ii) Diamond-like carbon films

First results with diamond-like cabon films, produced by CVD

at 1200 R( show lower erosion rates than pyrolytic graphite.

(iii)軸(a-c:H)

under energetic H+ impactr the chemical erosion rate of a-c:H

is similar to that of graphite● Under thermal HO impactt howeverl

the erosion of a-c=H films is considerably higher than the

graphite case,I in fact, it is almost as high as the erosion due to

H+ impact'

2.4.6 0utstandi

(i.) Chemical erosion

-

need a+すC erosion data forく50eV energies and flu又es
■

>1016/cm2s

-

need data for synergistic erosion (energetic H+ and thermal

HO) in presence of surface impurities

-

need fi･rther 0+すC erosion datap･ need flux dependence and

influence of surface impurities

-

need controlled experiments to investigate erosion rates

due to combined 冗+ and 0+ impact on carbon

(ii) Radiation-enhanced sublimation (RES)

-

need z!+ (and He+) flux dependence data for graphite

temperatures 1200 RくTく2000 K

l.

-

need data for く50eV (threshold for interstitial C-formation)
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(iii) Erosion data
with tritium im act on carbon

r.･
.

-

need erosion data for ℡十C to confirm exもrapola七i,on of H′ D

′

data to tritium

(●iiT) Carbon/Carbon com osites and carbon film

-

need erosion data for C/C composites

-

properties of dense carbon films rleed to be further

investigated

-

need erosion data for redeposited/codeposited films

●

produced in七okamaks

(v) Erosion modellin

- further development of carbon erosion models, especially

for tokamak-relevant fluxesp is recommended

2.4.7 Erosion data from current tokamaks

Available data on the different erosion processes (physical,
●

chemical. RES) contributing to the observed C-erosion'in current

tokamaks are inconsistent. Different results reported for

TEXTOR. JET and D工TE may be due to different edge condi'tions

(mainly.ion temperatures)･. Under higher edge temperatures' as in

JET, it is likely that physical sputtering dominates the carbon

erosion for limiters, whereas at low ion edge temperatures

(TEXTOR) chemical.erosion might be predominant.

Chemical formation of thermal hydrocarbons is likely to

result in a high redeposition rate of eroded molecules. Strong

redeposition of carbon in the form of hydrogellated carbon films

(a-C･.a) has been observed in tokamaks. Thi･s behaviour strongly

influences estimates of net erosion rates of carbon structures.

Carbon impurity r･adiation is expected to affect edge plasma
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behaviour.

2.4.8 Conclusions

(i) Normal o elation (1imiters/divertor)

under normal operating conditionsr with -1019
H+/cm2s at the

limiters/divertor (with temperature rising to -2000 R). an erosion

rate of about i cm/loヰ shots (of -4 s duration each) is estimated′

based on maximum chemical erosion yields. Under more realistic

temperatures, however, the erosion is more likely to be about an

order of magnitude lowerr ioe'r -1 mm/104 shots for CIT. Net

erosion, will also be strongly influenced by redeposition.

(ii) Off-normal conditions (1imiters/divertor)

The net erosion yield, however, is expected to be controlled

by erosion during off-normal conditions.

(iii) Wall tiles

wall erosion at anticipated flu又es of -1016 E+/cm2s and tile

tem盲)erature Of -800-900E (where maximum chemical erosion occurs)

is expected to be negligibly small.
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2.5 RECYCLING AND TRITIUM INVENTORY

l(. Ich.imura

T. Tanabe

K. Wilson

M. YamawaLki

1. 7NTRODUCTIOhT

The interaction orf hydrogen with graphite is important to

■l

fu'ell recycling between the plasma and limiter in †oday's Toka【11akti

such as･J:ET and TFTR. 1t will also determiTle the in-vessel

tritium inverT.tory in these devices as well as in future carbon-

based machines such as CIT and ETA. While much has been learned

about hydrogen-graphite interactions from laboratory stlldies and

device Observations, aL lack of several fundamental hydrogen

transport parameters greatly hampers our modelling er forts. 1n

this workshop summary, the database on hydrogen-graphite

interactions is reviewed in section 2. 1n section 3, supershot

conditioning in TFTR and wall pumping in JET are discusspil.,

Finally in section 4 the status of tritium inventory estimates is

eritiqued. For more detailed discussions, tllere are Several

recent review papers such as those of Wilso73 (SNL) and Dylla

(PPPL), as well as many topical reports in the 7th Pst

Proceedings, 1986 AVS Proceedings, etc.

2.RETEⅣTIOⅣ MECHAⅣI SMS

Three mechanisms have been identified for hydrogen l･etention

in grap･hite･ Hydrogen implanted into graphite can bef!()rnC trapped

within a saturated layer that extends to a depth equal to the ion

range; it can diffuse along interconnected porosity; or it can

undergo trtle laLttice diffusion and †rappi†噌. 1n addition p18Sma

intera･ction with graphite sul･faces can lead to hydrogen tr叩ping

by means or a Co-deposition me(thanism where eroded c,1rbon

combines with plasn-a hydrogen and is doposited on npal･by ～=t･r>暮PPS
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as a hydrogenated carbon film･ The status of our understanding

♂

of each of the･se mechanisms will be discussed in the following

sections.

′

2.1でhe saturated layer

The Formation of the saturated layer during hydrogen
′

ヽ

bombardment of graphite has receiv'ed much study over the last 15

years･ An extensive database exists for the saturated layer

behavior, and phenomenologieal models exist to predict its

recycling and isotope exchange behavior. Some information also

exists on the physics and chemistry of the saturated layer. At

room temperature, the saturated layer has a hydrogen to carbon

ratio or 0.4. This layer is observed to thermally decompose at

temperatures below 1000 K. Hence the saturated layer will form

only in Cooler regions or a Tokamak, sueb as the inner bumper

limiter of TFTR. In CIT where graphite temperatures are expectc'd

■

to rise in many locations to 2200 C by the end or a discharge the

saturated layer will only be､a- transient phenomenon, which forms

at the start of a discharge, but decomposes as the surface

temperature illereaSeS. Little further work is reeomended ror

stl･ldv of the saturated layer, except for research on the

chemistry of the microstructure.

2･2 Porosity diffusion

Graphite is essentially a porous material so that gaseous

diffusion through pores and atomic diffusion on po･l･e Surfaces a1'e

intrinsically imporlant to eva･1uate the hydrogen retention or

grapllite. Gaseous diffusion is principally Poisseul's (or

molecular flow), so there is resistance against flow which has to

be considered in (･valuating the retention in graphite･

As roy g･"ド(1u､ dirftlSion through poresl the data base is
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quite poor at present. Yamawaki has recently initiated gaseous

perme.1tion in graphites, and the data appear to be incompaLtible

wittl existing mode.1s｡ New data or new research are needed in the
ホ

}

following items.

(1) Relation between permeability and porosity (pore sip:e

distribution, shape or pores, tortuosit〉■ raetor ete.)

(2) Pressure dependence of permeability or i-･elative contributions

from viscous and slip flows to the total permeability.

(3) Terrlperature dependence of permeability; is there any

discrepancy from the py.Jediction by Carman-s eq. ?

(4) Impurity and implantation effects

As for surface diffusion of pore_s) fundamental measurements

have to be made in conjunction with those of lattice diffusion

£oy various grades or grapb主te. Surraee dirrusion of atomic

tritium has also been observed to oeeur on the porosity or

nuclear grade graphites. Causey has re.ported a tritillm Surface

diffusivity on the order of 10-5 em2/s at 500｡c during tritium

plasma exposure of POCO AXF-5Q. The sur･face diffusion of atoms

as well as the dissociation of molecules on pore surraees

provides a short eireuit pathway for tr主tium to reach tlle

interior graLPhite g･rains. The database on these effects is

small, and the impact or this l¶eetl∂llism orl fuel reeyeling and

tritium inventory is unknown.

2.3 Lattiee dirrusion solubility and moleelllaI, reeombillatioll

At elevated temperatures (I- lOOO'c) hydropD･en is observed †o

migrate in the graphite lattice. Knowledge of fundamenta,1

hydrogen transport parameters (e･g･ diffusivity, solubility, and

molecular recombination) are key to our understanding and

successful modelling of hydrogen recycling and tritiunl inventory
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for Tokamaks with graphite as the plasma facing material.

A few data are available at rather high temperatures. But

the data scattering is very large and critically depends on the

model employed for the experimental data analysis, because of the

lack in the knowledge of the_ interactior. of hydl.Ogen and

grapbite･

2.3.1 Lattice diffusion

There are only a limited number of often contradictory

datasets available. 1Recent measurement by Atsumi et al. give the

values of around 10-12 cm2/s at l100 Kwhich is in a fair

●

agreement with the magnitude of diffusivity given by Causey.

However, the values of diffusivity are often scattered because of

trapping in intrinsic and/or extrinsic defects, and the apparent

activation energy fop diffusion becomes very large (as mu.ch as 5

eV) because of trap delaye!d diffusion. Below 500 K, absorption

of hydrogen at the very large inner surface or pores make the

lattice diffusion measureme､nts very difficult.

2･3･2 Lattice
I(iOlubility

Two opposite temperature dependeれeeS have been reported for

hydrogen solubility at el占vated temperature. Causey reported

exottlermic solution which means a higher solubility at lower

temperatures, where as Ats71jT!i et al. showed the opposite･ The

latter
authors also reported a maximum solubility at about 1100 K

with the value or around 10-2 STP cc/g･ atml/2 and attributed･the

decrease of the solubility at higher temperatures to diffusional

release during the quenching procedure for the measurements･

2.3.3 Recombination factor: Recycling
- Inventory

c'raphitesl having different structuresI are modified with
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ion bombardment above fluence lol lO18 10!9`/cふ･2, and show the

steady-state (reproducible) trapping-release behaviors･

Trapping-release behavi.ors consist of three mechムnisms: that is,

three●pe&ks appear in thermal desorption spectra ■6tfhydrogen

isoto?es after ion implantation. On the basis of kinetic

meastlrementS and analyses, the desopption of Peak I, which appear

in the lowest temperatures among the three, obeys the second

order kinetics: namely, the rate-determining step is the

association reaction of hydrogen isotope atoms on the surface.

The rate-determining step of the second desorption (Peak lI) is

the same as the peak i. The third desorption (Peak III〉, which

appears at the highest temperatures among the three, occurs with

the diffusion-1imit･ The rate constants kd Of Peak i and II for

desorption are determined.

From the observed rate constants for desorption. the

recombination factors and/or sllrface rらcombin8.lion factors fop

Peak I
一and ll are evaluated. These surface recombination factors

k K2 of Peak i showgood agreement with the A.ata obtained by
S

Balooch and Olander. The evaluated 1･eCOmbination factors kr of

Peak I are about･10JVll order of magnitude smallel' thall those for

■

the stainless steel at 500 C.

On the basis of temperature dependences of recombinatio-1

factors, the dominant factor is different with operating

Q

temperatures of graphite; below 6OO C, the recombination factor I

(association reaction-limited) is dominant; Peak li (association

reaction-limited) dominates in the temperature region from 600oC

O

to 1000 C; and that of Peak lⅠⅠ (diffusion-limited) is dominant

P

above loco C.

To obtain the solution of dyr'amics rol･ recycling and

inventory, it is important to.compile the data on il fluence rate
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and energy Of particles such as TO, ℡空o, T+, etc･, 2) operating

temperattlre Of graphite, 3) effect of re-deposited hydrocarbon

film on graphite, and so on.

tJntil a coherent and re?roducible picture of hydrogen

transport in graphite aLt elevated temperatures enerR'ies from the

laboratoily Studies, no accurate modelling of hydrogen recycling

and tpitium inventory can be made.

2.4 Co-deposition

Co-deposition romoval of hydrogen in laboratory experiments

has recently been demonstrated by Hsu (SNL), Clausing (ORNL) and

Langley (ORNL). In all cases removal of hydrogen is obsやrVed to

be unsaturable, since the eroded carbon and hydrogen atop.1S are

Co-deposited OII Surfaces that are not in eontaet with the pl.asma.

Evidence of Co-deposition has been seen in a number of tokamaks

that have graphite plasma-interactive components. Co-deposited

layers with 1017-1018 D/cm2 are observed on the walls and

limiters of both TFTR and JET. While the exact mechanism of Co-

deposition is'not understood, our understanding is sufficient to

identify Co-deposition as a potentially important source of

tritillm retention in devices like TFTR and JET. Its impact on

CIT and ETA can not be determined without a better definition of

the operating scenarios.

3. MODEL.LING

Applying DIFFUSF. code, based on the diffusion and trapping

theory which describes the hydrogen behavior in metals well, to

estinlate the tritium illVentOry in †わe graphite in TアTR IlaS met

With only limited sucLleS㌔･ Therefore we have to think about two

tssueq. 1llL,It iti (1) Adequ.I_1･,y Of The rnodel and (2) Selection (1r

matcri.1! p(1l･an岬Iers.
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1. Adequacy of the model

亡
L

Because of its porous natui'e, graphite has a very la1'ge

inner surface area which show a quite different physical

properties compared with that of the metal･ ln the metal,

hydrogen behavior is generally well described by solution,

d'iffusion and trapping with consideration of surface

reeombination. Beeause the matbematieal analysis based on the

one dimensional Fiek-s dirrusiorl equation is well established, it

seems reasonable to start with this model available as DIFFUSE

code. Howevep, the problem arises as to what way shall we

introduce the porous nature of the graphite? We can not use a

simple one dimensional equation when we have to take into aeeoullt

the morphology of the graphite. At present there are no adequate

models. The presen･t recycling model also lacks any co-deposition

mechanism. Co-deposil:ion can remove hydrogen and thus reduce

reeyeling. The eo-deposited layer also is potentially a main

source of tritium inventory in a D-T device. The effects of

metalli'c deposits and SUI-face roughness must also be addressed.

2. Selection of Material Parameters

As described in the previous section, the available data for

solution, diffusilon, permeation, recombination and trapping are

very poor and show large scattering. Because of the critical

importance roy the estimation or tritium inventory and reeyeling,

data production is highly desired.

4. RECYCTJING IN FUSION DEVICES

4.1 Supershots in TFTR

Tbe present bigb ion temperatures aellieved in T下TR have

resulted from a number of factorsl including conditioning of the

graphite limiters･ Supershots require approximately ten
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discharges of low density helium or deuterium. Due

sputtering of the limiter these discharges become carbon

ominated, with Zeff equal to six･ T･hese conditioning discharges

reduce the global recycling coefficient from 1.0 to 0.5 for a

limited number of shots. A gas input of 100 tory liter will

reload the graphite and degrade per formance. Dylla (PPPL) has

concluded that the depletion of the hydrogen saturated layer by

ion illduced desorption during the conditioning shots is

responsible roy the reduced reeyeling. The 100 tory liter

pumping reservoir is equivalent to the amount of hydrogen stored

in a 10 nm saturated layer over the 20 m2 graphite bumper

limiter. Ion induced d'esorption is a well-researched phenomenon.

Recently Clausing and Langley (ORⅣL) have demonstrated outgassing

of the saturated layer in a helium discharge, and Doyle (SNL) has

recently shown that carbon ions have an even high ion induced

Cross section roy release or bydroge】1 from a saturated layer ttlan

helium. Supershot conditioning therefore can be explained by the

simple 'fbathtubTf behavior of the saturated layer and does not

need additional study.

4･2 Wall pumping in JET

Recently the interaction of plasmas with graphite limiters

has led to a --wall pumping" phenomenon in JET and other tokamak

devices. This is distinct from supeTShot conditioning in TFTR

whicll requires plasma conditioning to achieve a limited pumping

erfect. In JET when the plasma is●moved onto the inner graph.ite

O

bumper limiter (which is at 350 C), a particle removal l'ate Of

tlP tO 100 tory liter/see has been observed. While the pumping

effect may show some deterioration in a given dischargel the

erfect continues without evidence of saturation from discharge to

discharge. (lt should be r10ted that no similar wall pumping is
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observed in TFTR, where the bumper limiter is 50 C/)- The source

of this large wall pumping is not well understood. tt has been

proposed that wall pumping might result from:

(1) lhward diffusion of hydrogen into the graphite･

(2) A transient pumping where the hydrogen super-saturation

d6velops, and is released when the plasma is removed.

(3) Co-deposition of eroded carbon and hydrogen.

Understanding wall pumping is critical since it has such a strong

efreet on reeyeling, and it Can potentially dominate tritium

inventory if the pumped hydrogen is retained in the graphite or

in a eo-deposited layer. However, the database is-insufrieient

to identify the mechanism responsible for wall pumping. Detailed

particle balance accounting must be conducted in Tokamaks

exhibiting wall pumping, and efforts must be made in the

laboratory to simulate and model the phenomenon.

5. TRITIUM IⅣVENTORY

Ou'r current understanding of hydrogen-graphite interactions

is too limited to make detailed theoretical calculations of

tritium inventory in CIT or an ETA-device. Instea^ tritium

inventory estimat●es are made using empirical observations from

experience in operating Tokamaks and laboratory experiments.

Study of graphite tiles and wall Coupons removed from TFでR

provide estimates of Co-deposition rates on surfaces and bulk

uptake in graphite tiles. Measurements made on TFTR-ら moveable

limiter tiles are relevant to Ct'T since temperatures well in

O

excess or 2000 C were achieved during TFでR operation｡ Using

these empirical observations from TFTR, coupled with surface

areas and graphite volumes in CIT, a crude tritium inventory

estimate Can be made. It must be stressed that this estimate
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does not inL'1ude kinet･ic (i.e. time-dependent) effectぎ nOr does

it allow for extrapolation to CIT operating scenarios that differ

(!xtensively
from TFTR procedures･ Tritium inventory and

permeation estimates for graphite plasma-interactive components

in a Steady-state
ETR device are beyond the scope of our present

understanding or tritium-graphite interactions. Improvements in

tritium inventory and permeation estimates can only come from

increased knowledge of fundamentaLl mechanisms plus extensive

benehmarking or models and predictions with observations in

operating devices sueb as JET and TFTR.

6. StJMMARY AND CONCLUSⅠONS

Four mechanisms dominate the retention and release behavior

or hydrogen in graphite: (1) Saturated layer; (2) Dirrusion on

porosity; (3) Transgi'anular diffusion and molecular

recombination･, (4) Co-deposition. The lack of understanding of

hydrogen transport in the graphite lattice at elevated

temperature (i.e. mechanism (含)) severely hampers modelling of

hydrogen recycling and tritium inventory in graphite. The models

themselves need to be improved in the areas of graphite

mierostrueture and in the eo-deposition mechanism. While

supershot conditioning in TFTR is well understood, wall pumping

in JET remains a puzzling phenomenon･ Tritium.inventory

estimates are forced to use empirical approaches because or the

lack or reliable theoretical modelling.

The irrmediated needs in the area of recycling and inventory

are;

(1) Data roy hydrogen transport (dirrusionI SOltlbility† trappingl

recombination) in graphite at elevated tempet'atures･

(21 Improved modellingl especially in the area of porosity

effects and co-deposition or eroded carbon and hydros･en･
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(3) Detailed particle aeeountillg in devices e∑hibitir唱.Wall

t

pumplng･
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Sub9rOup: 2.7 Mode11ing
''

T. Uchikawa, m. Shibui, R. HcGrath, S. Gotoh, W. Ulickson,

A. Deet2:, H. Seki, S. Sake, T. Eawamura

A better knowledge of the plasma edge is required for the

design Of C=T and future machines to be successful. These issues
●

are plasma physics related and ou七of the scope of this wo●rkshop.

This will require additional effort on the part of the plasma

physics community.

Other issues such as modelling of sputtering, tritium

retention. and runaway electrons are discussed 土n other sections.
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Subgroup 2･8: Engineering and Design Aspects
&.

T. Uchikawa,班.Shibui, 氏.Hcgrath, S. Gotoh, W. Ulricksonl

冗. Diet2:, M. Sekit S. Sakot and T. Kawamura

Several critical issues have been identified for three

groups of machines. They are near term machines (JET, JT-60,

TflTR. D-=ZエD, C=T), long pulse (Tore Supra, NET, PER), and ETA

type devices having large neutron fluences. The first two

categories have no significant radiation damage issues. The
●

topics COnSidered are heat fluxes, design aspects, COOling,
●

■

fa.brication, remote handling, and cost.

2.8.1 Heat Flu又es

a) Exis阜in lar e Toka聖坐

Th与POWer loads on in-vessel components such as inner wall,

1imiters. d土vertor plate are reasonably well known for normal

operation conditions. They range from O●2 MW/m2 for walls up to

5耶/m2 for limiters or dump plates. These loads can comfortably

be handled by inertia coolin9 for times below lOs.

℡b土s picture changes COmpletely as soon as either abno工･mal

operating conditions(runaways or disruptions) are concerned or

components are subjected to loads for which they are not

●

deslgn色d.

For disruptions it is agreed now that the thermal energy is

lost within a short time (typical hundreds of 叫S) to the

limiters' whereas 七he ma9net土cally stored energy is dumped onto

limiter and wa111 The time scale is typICa11y 2 - 20 ms for
●

l

machines like TFTR or JET. =t can be assumed that about 50% of

the magnetic energy is dissipated in the limiter.
●

There are only a few detailed neasurements during

disruptions and the above assumptions are based on the scarce

data available.

The knowledge on runaway behavior is even more sketchy. =n

JET for example runaways are mostly observed in con3unCtion with
■

disruptions' but they generally do not present problems with the
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graphite protection of the inner waユ1･ As JET operates routinely

at 5拭A (design value 4･8比良) there are no
major problems

expected even when JET will be operated at 7 MA during 1987･ ℡o

date it is not clear which role the runaways will play for the

future machines.

=n the exis;ting Tokamaks graphite is the preferred material

for wall armour and limiters. The operating experience so far

has been good. Abnormal operating conditions could be handled

without resulting in excessive damage.

b) Short term develo men七

The next generation of machines will show the transition

from inertia cooling (CZT) to active cooling (NET) and problems

of radiation compatibility (insulators, expoxy resins,

superconductors) will have to be solved. Disruptions will be the

main ha2:ard for in vessel components.

c) Long term

For machines like ZNTOR, ETA, PER there will be two main

problems :

-

radiation damage of material

- disruptions

The former will influence the heat loading limits of inner

wall componentsr whereas theL second will introduce the highest

stresses and the highest erosion. Radiation is intrinsic to the

fusion process and as such its consequences must be minimi2:ed by

proper choice of materials and size of machine. 工t seems,

however. necessary to develop means 七o control frequency of

disruptions. 工n case七bat this cannot be achieved durin9七he

next 20 years, it is difficult to solve the engineering problems
●

inberent 七o fusion.

2.8.2 Design =ssues

After the heat load and its distribution are specified for a

particular machine then the design Of the limiter or first wall
コ

component can begin･ The first calculation that is typically
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done is a thermal response model. The calculation of the

temperature of the component requires knowledge of the thermal

properties of the material e.g. thermal conductivity (k) ,

specific heat (Cp), and density･ These properties are known as a

function of temperature for a large number of graphites and

seve.ral carbon/carbon composites. Data on the change of

properties due to radiation damage is known for several graphites

but not for any c/c composites. The materials properties data

base needs to be expanded before ETA design Can Proceed without
●

unnecessarily restricting the range of material choices. The

thermal calculation requires specification of the cooling method,

see section 2.8.3.

Temperature limits for components are determined by the

erosion rate of carbon and the transport of the eroded carbon in

the plasma as well as stress considerations as discussed belowL

The transport of impurities in a plasma is very pool-1y understood

at七bis 七ime. ℡here is also evide血ce tba七the 七ransport is

influenced by things like pellet inject.ion and/or the confinement

mode(H-mode). This makes for a large uncertainty in the allowed

maximum temperature. This is not a materials issue however since

the solution rests in the plasma physics area. Better estimates

of transport would allow for a smaller margin Of safety in the
●

enqlneering design.
∴

The thermal calculations are followed by stress

calculations. The required material properties are in general

known, e.g. elastic modulus (E) , Poisons Ratio (y). and the

thermal expansion coefficient (cL). Again the radiation damage

effects on these properties are much less well known. This

information will be required for ETA. Since all of the machines

are not steady state devices, thermal cycle fatigue must be

considered in evaluating the allowable stress･ Fatigue

allowables (both flexural and tensile) are quite well known for

structural 9praPhites at room temperature･ There is very little

data for carbon/carbon composites. There is also very little

data on the fatigue behavior of carbon or graphite materials at

elevated temperatures. This is a serious need even in the short
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term･ Radiation damage effects on fatigue are largely unknown.

This is a longer term need･ Cycuc thermal fatigue data would be

very useful because the stress distribution is unique in surface
●

heated materialst i･e･ there is no good mechanical analog.

Any of the low Z materials, including graphite,

carbon/carbon composites, and beryllium are considered viable

candidates for components･ There are fairly strong plasma physics

reservations concerning the use of high Z materials. The bonding

technique chosen for long pulse machines will restrict the choice

of materials compared to near term passively cooled components

e.g. the use of pyrolytic graphite in Tore Supra. The choice of

a bending technique is critical for long pulse and ETA type

machines.

2.8.3 Cooling of Plasma Interactive Components - Near Term

Devices with Short pulse 工一en ths (C工℡)

工n the near 七erm for short pulse length operation. it is

●

advantag.eous to keep the design Of. plasma interactive components

as simple as possible. For a machine stlCh as C=T, pulse

length=3.6s, inertia and radiative cooling is probably sufficient

for normal operation. Our major concern in this mode of
=

operation is the surface temperature maximum of the plasma facing

material. From this point of view graphite is well suited for

this application. Surface temperatures in excess of 2000oC have

●

been observed on TFrPR graphite tiles with no significant increase

in plasma contamination. Even for longer pulse lengths, inertia

cooling is a viable option if it is supplemented with base plate

cooling in between shots. This cooling method is in use in

TFTR(water cooling) and JT-60 where nitrogen gas is used to (プOOL

the molybdenum divertor plates. and will be used on JE℡･where

water cooling of base plate mounting system cools large blocks of

graphite or beryllium. Each of these machines has a pulse length

of 2 - 10 seconds.

For cooling in between shotst the base plate holding the

plasma facing material (assumed to be graphite in this

discussion) has coolant lines brazed onto it or machined as an
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integral part of the support structure. Sufficient thermal

contact between the graphite tiles and the base

●

cooling can be achieved by bolting or clamping.

capable of providing better thermal contact but

design and increases the cost. For short pulse

(C=T) design simplicity and low co宅t are tO be

There are a number of concerns associated

the plasma 土nteract土ve components in a machine

plate for passive

Bra2:ing is

complicates the

length operation

emphasized.

with operation of

such as C=T. 出any

of these are discussed in other sections'of this report･ Those

specifically associated with cooling of the plasma contacting

material are outgassing, sputter and chemical erosion and isotope

exchange, all of which have strong dependence on the graphite

temperature. Temperature of graphite surfaces contacting the

plasma must be controlled witLl these items in mind. From an

●

engineering point of view, reliability of the entire coolant

system is impor七an七.

Near teHr町Long Pulse Operation

When pulse lengths extend beyond 10 seconds, active cooling

of the plasma contacting surface during the pulse is required.

Thermal gradients across graphite surfaces are large. and good

thermal contact with the coolant line its essential. For these

application.sr pyrolitic graphite has the advantage of excellent

thermal c:onductivity in the a-b plane. =ts use allows one to

maximi2:e the graphite armor thickness for 'a
given Surface

■

temperature limit. This is highly desirable since it optimi2:eS

disruption protection. Good thermal contact i7n.plies that brazing

or diffusion bonding of the graphite to the coolant line.is

required･ The incorporation of brazes or bonds into the design
●

generally produces additional design COnStrai蛇s, Such as limits
●

on bra2:e temperature and increased thermal stresses.

A11 operational concerns listed in the table for short pulse

operation are again concerns for long pulse lenqths. Active

cooling produces several serious addition'･II problems･ Thus

attention must be paid to limits on peak heat fluxes for water or

for gas coolants in order to avoid coolant line melting or brae:e
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.:allure.
Operationally this implies close monitoring of heat

･=1ux
loads on P=Cs･ Global monitoring of coolant t甲Per阜ture

:ise provides a measure of the integrated power loading.

iowever. burn opt generally ocurs in local.i2:ed hot spots and

nonitoring of all activity cooled Plc surface is difficult.

1dditional contsrns for water cooling are header effects such as

flow stagnation, vibration of complex coolant assemblies and

channel erosion at very high flow velocities. Gas coolants ar,e

an alternative to water but their high temperature and high

pressure operation and cost are congerns.

E℡R ℡ e Dev土ces

All of the issues discussed above are concerns for. an ETR

type device. The extended pulse length may. actually reduce some

earlier restrictions imposed by cyclic failures. The extended
●

duty cycle and increased complexity in design make reliability an

even more important issue. For fusion reactor operation,

compatibility of the first wall and i?エC coolant with that used in

the tritium breeding blanket is a serious consideration. While

this is not an absolute requirement for an ETA it is certainly

desirable to begin tO address this problem. Compatibility of
●

blanket and PIG coolant stimulates interest ill liquid metal

coolants. One leading candidate is liquid lithium. The use of

liquid metal coolants brings ih a variety of HHD effects such as

enhanced corrosion and large pressure drops.

A great deal of testing must be done to fully understand all

of the complexities in PエC des19nS imposed by liquid metal
●

cooling. =f liquid metals are t1.0 be considered for PZC･s in an

ETR design this testing must be甘In Within the next few years.
■

●

-79-



2.8.4

(1〉 Ⅹnow/知eeds/Priority

RNOW NEED

ガDesign Criteria 1. QA/QC Criteria

★Haterial properties 2.

★Analyt土cal method

★product examination

method

*possibility of damage

■

tolerant design.

3.

Allowable

flow si2:e

tempe rature

stress

strain rate

swelling

pretreatment

.pb
盲,-'. ､

･甘J､事

PRZORエTY

sh9_r t

term

3

5

2

4

1

bakin9

cleaning

packing

4. Finishing / Dimension

5. properties

℡herma 1

Hechanica1

~Fatigue / creep

●

Radiation

(14 lrleV Fusion)

'
i

lo ng ETIR

pulse

2

i

4

5

i

5

1

2

4

3

(2) Topics

(a) ェnspec七ion血etbods

The following inspection methods are available, but the

first two seem to be promising.

X-C℡‥‥Relevan七 to de七ec七ion of isolated flow/void.

UT .... Void density or cluster of flows.

MT ... Sensitivity problem

R℡ .‥ Sensi七土Ⅴ土ty problem
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(ら) flow should we assure productsf争

℡hree methods can be considered=

1. Assurance by analysis

2･ Assurance by product inspection based o･n regulation or

data base

3･ Assurance by laboratory verification i.e. simulation

A七1east 七wo items should be covered;

* failure against heat loadings

*
neutron irradiation effects

(c) Feasibility assessment 触fQLf

For long term machine, feasibility studies will be

important.

Feasibility includes=

availability, fabricability, compatibility with machine.

maintainabil土七y and エSエ.

For long term machines, maintainability will be top priority for

4 J I J 1
4

1I I I A I

design COmPOnentS Within damage tolerant regime. For next term

availability and fabr土cab土1ity will be top.

2.8.5 Remote Handling

Remote installation of a component into the torus is

required if the component is ever to be remotely nainta.ined or

repaired. This is because a remote handling machine will not

have the same capability as a person for a long time･ A remote

ali9nmen七capab土1土ty 土s necessary if七be des19n bea七loads are to
●

be realized. This is due to the motion of the machine due to

vacuum loads and thermal expansion at operating conditiohs. Any

remote work will require a good inspection system･ The remote

handling
requirements do not change significantly for machines

コ

beyond C=T because the radiation levels of even TFTR require

remote maintenance after DT Q=1 experiments. Experience gained

from TFTR and J王:T will be very valuable for C=T, i:TR, NET and

FEE.
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A few general remarks_ can be
made.co.p甲rnirlg C9St,S..from an

■

t

●

englneering■ standpoint. =n general a comp阜ex pa阜.?rial is more

expensive thap a simLPle orle･ Thus.野aPhit弓与ts (申eaper than

carbon/carbon composites or beryllium or high Z m?terials which

ar.e cheaper than pyrolytic graphite･ The qomp主e革主ty_ of the

cooling method is also a strong. cost driver. e..q. active cooling

is more expensive than passive cooling. A mitigating faqtor for

cost is that a highly
reliable des1叩may be initi冬IIy more

■

costly.but che.aper in the long run. zn general the costs are

■

very design dependal･1t.



ECarbon
Based Material

T. Hino ¥. Sakamoto-(RIKEN)

エn the subgroup meeting, it is号mPhasi2:ed to establish. the

rnethod､ to make carbon films with desirable properties=

(1) low hydrogen content for reduction of recycling, and

(2) hard and dense film for enhancemen七of the lifetime.

Since the plasma condi七土on depends on the type of the plasma

discharge, both glow and ECR discharge should be more carefully

studied for the carboni2:ation. We so far found that the ECR

plasma can produce the carbon film with hard/dense structure and

low hydrogen content. However, the relation between the film

proper七土es and七he plasma condition has not been clearly

obtained. So the further メ_nvestigation is needed.

=t has been demonstrated in TEXTOR that a-C･.H films deported

by glow 'discharge (RF-assisted) on the whole inner wall improve

the plasma performance. ℡beir iso七op土c ratio can be handled and

they can be removed by glわw- discharge cleaning. Details can be

found in review articles given at the 7th PS= as･we11 as at the
●

AYS conference (Baltimore). From the TEXTOR experiences

temperature control of the walls to at least 3500 should be

highly descriable when applying the a-C:H films. ℡he

carboni2:ation experiments performed in ECR-== (RZXEN) and

Heliotron E(Kyoto University) are summari2:ed in the fo11owing･

(1) carboni2:ation丑Ⅹperiments in ECR一工= (Electron Cyclotron

Resonance plasma)

For
carbon coating films produced by electron cycldtron

resonance
plasma in ECR-2 (R=KEN) , the depth composition profiles

were
analy2:ed by Auger electron spectroscopy (AES) ･ =n the ASS
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analysisp the sputter-etching rate v革息･twoEt申申0軍e
-1坤e女thah

that produced by a RF assisted glow discharge plasma in LⅦ正ⅩTOR
.

.A/

tokamak. This羊eSult indicateモS軸t
a.丸&3rla一箱r義範car轟軽重ih

.1

1 ヾ.｢=_n_
1'■

=Jl
~~▼I-J~ヽ■■Iー 1ゼヽ

c噂ra鼠'J'4&f
-

_
▼

【ヨ;r=

.
･y

.7'J>

r

was produced by the ECR-plasma.嘗he hydrogen･
:::･'

- -

I_

the film was determined by thermal desorption spec七rOSCOPY けDS:

The hydrogen content was approximately (20 - 30･I竜･

The ca血相n fま.4EnS紳cLed by the ECR-plasma with different

operation pariEme恵ers wer専eXaEnind. As地e increase of the gas

pressure, the hydrogen concentrati¢n was increased･ For the

s由bstrate negatively biased, impurities f3:皿tbe substra七e were

わbserved in the film. When the qubstrate was heated. no ca也n

film was fomed.

(2) Carboni2:ation Experiments in Heliotron E (Glow Discharge

Plasma)

=n Heliotron-E device, carbonization experiments were

successfully performed by using a DC glow discharge with mixturl

gas of hydrogen an阜methane. The properties of carbon films

produced on surface probes of the surface analysis station were

analy2;ed by Auger
･electron spectroscopy(A玉:S). The film thicknei

was 40-50 nn, aha almost no impurities were found'in the film

layer. The radial distribution of the film thickness was also

analy2:ed. After the carboni2;ation, the radiation loss of iron

from the plasma of a main discharge was remarkably reduced∴

From the depth profile analysis′ it was found that D2 0r fll

discharge cleaning effectively removed the film. =n add.ition,

●

the formation of Tic in the film region Was Observed, afte･r mai一

discharges with Ti-flashing in the carboni2:ed chamber.～
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DEVELOPMENT AND TECHNOLOGY

FY87 BUDGET D!STRⅠBUT10N
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14.5‡

PLASMA HEATING
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SAFETY l$1.63MI

NIA6NET暮C SYSTEMS -

BAflE TECH. H暮6H FIEuI

ANlb PULSED t13mM)

FUSION SYSTEA4S

ANALYSIS ･- CIT (13.98MI

FUSION MATER!ALS ⊥

PLASMA 8N了ERAr,TtV∈

($6.3BI

FUSIOPJ

NUCLEAfI
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PFtOCESSINQ BLANKETS AND
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I粥.24I

NEAft･AND

INTeRR&EDIATE･TモRM

APPuCATIONS

FUSfON SYSTEMS

ANALYSIS - fIEACTOFt

STUDほS II2.68I

FUG(ON SYST∈MS ANALYSTS - ETfI

I～.43M I
>

FUStON

MAT∈RIALS ･-

NEUTRON

8何丁EFt ACTIV E

`$8.46)

圏
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THE

U｡S. DOE

. OFFICE OF FUSION ENERGY

訓V!S70N OF DEVELOPMENT白. TECHNOLOGY

PROGRAM

tN
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AN0

日IGfl HEAT FLUX MAT∈R[ALS a

COMPONENTS
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STRATEG Y

● TO DEVELOP AND UT(u7_E HIGH HEAT FLUX DfAGNOSTIC

TOOLS AND SZMULATJON TECHNiQUES.

+ TO DEVELOP PLASMA COMPATIBLE MATERIALS,

COATINGS, AND IN･VESSEL COMPONENTS WH(CH ARE

CAPABLE OF W汀HSTAND]NG丁目E川G日日EAT LOAD,

PARTICLE, AND NEUTROMC ENV(RONMENTS EXPECTED

tN A FU引ON REACTOR.

● TO DEVELOP MATERIALS AND COAT圭NGS FOR IMPU剛TY.

EROS(ON, AND DfSRUPTION CONTROL. SURFACE CONDI･

TION!NG AND RECYCuNG.

● TO DEVELOP PLASMA/EDGE DfAGNOSTJC TOOLS AND

MODELS.
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INTERNATIQNAL
:COLLABO'RATtON

IS A叩IMPORTANT
ELEM巨NT

N芭CESSARY細R THE SUCCESS
OF THtE U.S二

PLASMAJMATERIALS INTERACTION
AND

HEG日日EAT FLUX MATERIALS AND

COMPONENT DEVELOPMENT

PROGRAMS

● TNTERNATIONAL COLLABORATION STRATEGY DOCUMENT
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● ■■

P一asma Surface lnteractions in Compact lgnition Devices

M. Ulrickson

Princeton University

◆Princeton■ New Jersey USA

Abstract

Conditionin9 0f the TFTR Bumper Liml:ter with He一ium dis_
ヽ

;tbar9eS has resu一ted in a substantial reduction of the re-

cycling coefficient during deuterium
operation. Values of

･%- Tp/(") as small as "oms have been.bserved. Using

absolute Hd me弓Su･rements a recyc=ng coefficient of o.5 is

inferced･The effect is not well understood but may be due

to ion induced desorption･ Anticipated heat Loads in CIT

are a一so presented.
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I･ A brief description of CIT

II･ Heat and particle loads to the limiter･ and divertor･

III･Disruption effects

IV･ Impurity generation and particle handling

V. Conclusions
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Limit,er･ heat, loads
+r

Power to the limiter 42 MW

Limiter･ ar･ea is 6 mP･

Average limiter･ heat flux is 7.0 MW/m2

A peaking factor of 1.4: is used fort the limiter
Peak heat flux is then 9.5 MW/m2

In/outasymmethes ar･e 1:2 inner･ and 1:4 outer

An additional factor･ of 1.5 is taken for

misalignments and up/down asymmetr･ies

The heat flux to the plates is then
･

1 1 〔 ^lL -I rTAT/
2

Tu;e?rrJp?Iaatteess==89.･5?諾挺
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Disr'uptions on Cわmpact De七ices

Stor'ed energy
Thermal energy - 36 MJ
Magnetic energy - 42 MJ

Peak heat flux in 100 psec thermal血mp - 45 GW/m之

Peak heat flux in 10 msec current decay - 470 MW/m2
Total energy deposited 920 i/cm2

I)ISRU PT IONS

D-ⅠⅠIresults showed about 507. of the stored

eneTgy lost in about 100 psec

PDX found 20 to J307o of the magnetic energy
dissIPated in the plasma with a <200 iLSeC

●

r～止eof rise

PDX found the disruptibn heat load peaked at the

mid-plane on the ihner bumper limiter･
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CONC IiUS ION S

I･The highheat fluxes during normal oper･ation
●

leave a small mar･gln for errorinthe scrape-off
●

length, separ.atrix location, and plasma shape.

ⅠⅠ･The impact of disruptions is very severe w比h
large amounts of material being eroded二

ⅠⅠⅠ･

aTshtehree
ilPm?itSet:/OdTvge

rptrperfe,TleantCeei?artegrTiaafh

ite
■

ⅠⅤ･The use of Zr:/Algetter pumps in the divertor

chamber should be considered.

-99-



Some Considerations on plasma Facingmiterials･

in Tokamak F'usion Devices

Yoshio Hurakami

Japan Atomic Energy Research Institute,

Naka Fusion Research Establishment

Abstract

=n order to assess the materials problems for the next

●

step ignition and steady state fusion devices, the author

discusses the cri･tical issues of plasma facing materials,

the comparison between low-Z materials and high-Z materials,

and the future prospects of plasma facing materials develop-

ment.
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Experience with b'raphite jn

K.J. Dietz
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Abstract

A summary of in vessel components employlng gr-aPhite as
=

the materia一s facing the plasma is glVen.

This relate in particular to inner wal一 protection, be一t

limiter and separaty.ix dump plates.

The experience faired with graphite components shos on

the one hand that graphite
does not show damage as 一ong as

it js operated within the deslgn limits and on the after
●

hand exhibits high flu色nce against over一oading conditions.
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U･S･ Efforts on Graphite and Carbon

ヽ

Related Material Studies

K.L. Wilson

Sandia National Laboratories

Livermore, california USA

Abstract

The U･S･ Plasma- Materia一 interaction and high heat

flux programs on graphite and carbon-based materials is

reviewed･ Highlights of research at Sandia} Oak Ridge,

and UCLA are included.
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SANDJA HAS A COMPREHENSNE RESEARCH PROGRAM

FOR CARBON APPuCATIONS IN MAGNETIC FUSION ENERGY

● CHARACTE削ZATION

● PLASMA MATE削ÅL tNTERACT10NS

- EROSfON･R∈DEPOSIT10N

一日YDROQEN
RECYCLtNQ/TR暮TtUM INVENTORY

- CONDITIONtNQ

● H暮8日HEAT FLUX TESTINQ

o ADVANCED MATERIALS DEVELOPMENT

● COMPONENT DEVELOPMENT
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pLÅSMA悶ATER!ALS TEST FAe‡uTY

(PMTF)

. o DEDICATED TO THE DEVELOPMENT AND TESTING

O亭HIGH HEAT FLUX COMPONENTS

:
● FACILITY CONSISTS OF:

o ELECTRON BEA臥TEST SYSTEM(E野S)

o MuLJ炉LE BEA朗TEST SYSTEM(NBfS)

- 140-

■

▲ -■ノ.

∫

鮎血Natid LB肋



-

I

_T..

ヽ
●

■

電
ぢ
.3IE■==_ご一

×
コ

【こ

>･

P
む

良
C)
0

磨
L_

a

Cr)

LO

c<

tl)
Ir

tD

a

●
●
●
′′■

●
●
●
●
●

■
●
●
●

■

I

●
●

I

t

S;

+B

萱憎
I.宕

専 ▲: 吊▲ .

(甲r/)SS甲甲!LLLuO!lPu)!fqnS

13
12

EZ
10

9

8
7

6

S

EI
ヨ

2
I

i:
工

I
I

I

‡l.
長

■

ー

RtI
一l

l

一
i

#.

n

屯
⊂コ⊂rB⊂king

四n○⊂m亡king

l l妄.I阜lI.

【ヨ
○ヽ

○ヽ

一′l
▼一●

●-

同
Li一
uJ
u●

t=l
一′ヽ
□
uー I..

e1-

t^LL豆
冒

■ー

日l

`E

衰 >'

''く>

ー=

;t3_

≡-一

ヒ
a

O&

t=

○

-l⊃
■■

C1
U

ー■●

≡
u■

EE)

lヨ
<
Eヨ

I

ゝ亡

しJ

○ヽ

Pー
▼-

lヨ
∪【ヨ LA) E] )く >く, -tt3 CD

_t5
>ヽ

uJ u- <+ < lヨ L^ ':- I_I.

a:8 E)
tゴ

Eg
⊂一一finegrQir)grB.Phiーes

⊂Qrb○n
VeBye

sam?lesi王e25mmx25mmx10mm*snnple.ーhicknessless紬qn10m

hr帥亡htLIcAl bhA▼1or oL dlEL4r48t
t'8rfphlltt

†♯■亡●rl11■･

-141-

⊂

.9
･3;0
a
也)

(⊃

>

P
a)

LUG
くD
∽
⊂

B

.⊆

Ill

r～

:r.:3
▲ヽ

■l

■-

1.A-

■■
･･l

E=
瓜

局
∽

コ
Q

U

!=

.⊆局

.≡i
Zi:

覇臣･･≧目



■■■■

宅
L

匂

∽

E]
J

一芸
た
0
1■

■
■
U

■●
○

壁
[=

臼
■■
○
血

色■

凸
ヒヨ
<

臼
;⊃

_O
七
日

臼
】■

):
○

岩
<
N
●l■■

巨∃
○
l白
■‡

<
U

●

冶
h
■l■

也
A
<
｢二]

t3

氏

義
A
O

壁
卜
二】
A)

A
O
[≡

A

●

t>
2E
■l■

A
■l

<
■

伝
良

≡
良
互
こ=】

l

瓦
○
:==｢

●

笥
色■

○
ト
○

盟

名

誉
a
卜
壁

h

O

巨∃

三

岳
売
■

良
玉

i
t>
ち

冒

.岳～

●

め
J

⊂｣
■■■

l貞
[三｢
[=
こ1

)
■I
a

a
l

∈｣

)
的
<

A
Al

■l

O
■

冶
:⊃

富
;E
tZ)

畠
巨=

t>
去
[ニコ

毛
○

≡
&)
巨∃
O
U

●

- 142_

育
Al

苫

8

守
=1

岳
至:
帆

h

O

冗
○
■■

トl

<1

>.*
～
O

岳
a
i
<

瓦
○

≡

監

≡
●
ココヨ



●

[=コ

Z

く

章毎
U

王
LAJI

o 芦

三 宮
ul

O
O

1■

書 芸
等 ピ
3 o
uI O

Q'J) tn

富
-

▼ ○

二=コ

l▲J

∝
⊃

真 義
L

Z:
uJ

>

c壷
●

■■l

d:
L

負

コ●ヨ8niV古3dN3⊥

○
l∩

一

d
LA,.

臼
○
U

皇 ◆

i
‖

【ヨ
■■ ■■ー

I
■■

■ー

f1

t○

～

ヽ

ヽヽ

ヽ

ヽ I
ド

Lf

､､､､l
堅牢 ､､ーヽヽ

i ヽ一

AJJJJJ Ill+lI一l

JM...-II I..l‖一一I

Te ?d ち
u∀89/ZJヨ⊥n一山10⊥

当

事
■■

■
l■

……妻‥…喜
● ●

≡
tD

≡ヽ
■

tl一

｢事｢

(⊃
U

ul

冨u'
■■

霊
i司
′■

⊃●3古n⊥∀とヨdJJヨ⊥
蜜
'｣f

a OI-

O ⊂I

Ln O:
⊂二:二.

E】
一■

t○

己】も巴
■ー

E】

i
i

ト
I

ド､
暮､､,卜.

■

i
!

f

･J
ヽ

ヽ

ヽ

JJ4LfIJ4 一一一●■■▲■
uLL■l‥i

il

l

空

:1E ｢E

12 f巴

LJ▼a9/竜三⊥n-ZJ古0⊥

ど
≡
■■

t亡

l正

一■

【モ]

≡
貞
一亡

ヒ=
■■

143

t■■

貞
bI

卓

く
[=

･<
`⊃

tD

≡
lル
∽l

く
tZI
≡;コ

⊃

O

>

ヒ
●J
■-

O

<
■■

O

Z

誓
⊆
○

■■
Z
a

ら

丘 忘
互



苧JlhJ?i>

.轟

...･Td

･4:.でユ

亀

■■

▲▲
■■

手書
ぎ t

l
■

v.
L

＼

●
-

=

←j亡し1t
Tl(

l■l

巨-

ヒ

i
Ld

旨

蔓

l
I

■巨=
■L

I
tn

毒
I

蔓

吉

tO

¢

l
●

>

lさ.`

･EE:

.リ.
∫

壱
′i

.望
ら

Z
<

≡
J

G:

二¶｣
=

ト

牢
ら

冒.
U

≡
ZJ
r'

5
1∋

Z

宝
玩
'tfI

;I
J

ど
畠
IE

n'

亨 ヨ
U
>

畠
IE

;'蔓
__∋

l●
ー

…_妻~享享-
■J■

i｢
L･q

l■

王
[=

■I N ■■ ○

当量

胃冒=

｣
LJJ
山

ト･
∽

∽
∽
LJJ
J

Z
｣

=_｣

声
∽

≡
○
∝
一L

∃=
Z

LJJ
∝

llJ
LA_
lL

石

>
∝

LAJ

>.

∽
L_ 】

∽し

≡

⊇
LJ_

之
0
也

(E

さ
皇
○
∝
LL-

LLJ
J

-ぎ

冒
:己
LJ)L
(ク

0
(こ
⊂l
>_

≡

だ

. !
皇l

誉
Lt

善

.き
'′

1. I▲

･JV:)

ORNL-DWG 86-180之7

:;SCHEMATIC
OF RICS CHAMBER W汀H GRAPHITE LINER

od

-･1.44
-



S･ S･ 芸 3
(之LU3/HLIOl) CヨNfV1ヨ臼Nヨ90日Q^=

NT
∈
O
i=!

エ

望

thci呈
LJJ
U

ヒヨ
l▲J
=〉
｣

LL.

蔓富蓋さ胃
+

喜昌萱喜
岩室..5窒
ト･ (⊃ ∝ I-

LLJ
≡

-=

q
■■

ト

当萱
U U

絹
U

O.
～

:17

i.i
盲
■l

-～.

5--.

T?

⊂l
LLJ
LL.

･'<
th
の

偏
J

tb
-0

.t9>
a
lー
｣

.冨
一∝

.g

■

●

ゝ_

○

ト
■~

-.･



_

114.6
-



′-ヽ

U
Ov

岩
⊃
ト
<

l¥

ど
=

ど

蓋

害

守

′-I

U
O
ヽ-′

江I

Et:
⊃

･t■
<
f宅
LZ)
仁一

邑

≡

竃

守

真

-14クー

t>

tI
=コ

[こ｣

E

.i㌔ 夢
.l<

t.af-< 8

湾夢ug5ggi;堰
【⊃.

篭

ヨ
臼
>

′■ヽ

O 2:

喜･･喜
'g岳
UYS Y1

岩室
7.. ⊃

2･･氏

賀E書

●

>
1け

ヨ

∧

TIU

$
75

ち
∧

lI

.t=

巨
>

頭…
=El

当
岩

田
E:

琶t
ヨー
g.I
t4

Y.

0

盟

貞
e
=

星
ヨ

S'

;刀
ト
■■■

耳

蔓ヨ
0<

重き
ug

=o

藁与
U

七■

L屯

Lロ
汁
I-1

;王

.Q～I< :

C<

p

【L

'.P
'之

,,_O

･L<EZi]

2
LzI

C)

岩.

zQ<

看
a
O

(i
LJJ



ー.

Jrt
A-㌔

r;ヨ こ:1

.
.▲一

己eiJ
⊂コ

~~ヽ-

rlr
A

ヽ■

l
■●

- ヽ⊇
r

I

ヽレ.

E

.L:.A

トー
ゝ

′､

.■ヽ

-1J

--1r

コt- ･･d'

I:_二L':

I-一
･t

L･=:.=
=

1'J

■■1

oUヽ
■′

.i)

･芦
･aCL

:=

.･.
~P

守

Ji

LI-

ヽ.

1■

■■

6

こ

.g

iiJ

ilJ

i3J

I.く

ヽ_

3

●

･■
t

-I

′■

,[･th
ヽ.

T
-■

-キミ

ーt

〇.

i,_～

/

■
Ll

■~■

▲

l_l

r{

TL
:l

こi
己

∴ L!

ヽ ■-

TL

.･■

ゝ し

∴
≡｢

■～

(

■ t

▼

～. -j-

ヽ.
}

■▲

}
-亡一

書

ヽ-■

i/

i

tも
ヂ･

l

l苛･

12コ ⊂｣

▲ヽ

ヽ

.T.!

■▼

′
I

/

･1L
･P

′

曽

ー｣■

~
F ~~ti′■●■ ■■･■･ i-I

､

.-i.L>

tヽ
t_

､
ヽ

-_-, Tぎ
､I-ー

ヽ

′
● -

E:'

{S

-●
ヽト｢ ▲

j t ,t きき~.!･.ト
i:･':!

fl

'o

l■■■

qlヨ1^ 9NnI乱u血dS

-I

●

≡喜書~享…
?

.
P.

i
T-
1

1

●

:

1

手

I

■ ▼

I

t■

ヽi

■ ● t

◆●
I

▲
●■ 一止-

プコ詣

ー■ ;

-

.
●ヽ

･-l■
■

3P
4

-I

L-L
?

▲.

■益J.i

-コヨ
■コ

▼■.-
(}

≡iLコ

(3

毒
⊃
C)

旨,I)q
2:-<

∑
O
U



1て.
′主f-主

→
･L-. I .'Ff -I

Japah占i'さ七f干6iモ5'トon`chiiac七6rizatlyOn Of lsbJtropぅc

Graphite Matepii占1s fo羊 Fusion Reactor

一1.
ヽ一I I /

1
I-.

･t

I

Toshiro Yamashina

nokkaido University

●

●

Abstract

Current activities of Japane･se university 一inkage for

characterization of isotropIC graphite mai:erials were
●

introduced briefly.

I.n t･his research pro3'ect, 15 graphjte materia一s from

7 Japanese companies have been selected as common test-

ing materials.

Now, characterization of those graphite materia一s is

beeing made by 15 different institutes} in terms of

their str･L4Cture and physica一 p.roperties from the view-

point of p一asma-walトinteractions･
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SpeciQ! Res甲rCh Project OP Nuclear Fusi,op
i

円OE, JopQn

Plosrn(卜W81､1 Inter8Ctions Rese(】rch Group

1986 - 1987

円Qy, 1986 Selection of CQndidQte Graphite MclteriQIs

(7 co印p(】nies)

Mcly, 1986 Group Meeting on PWI Reset)rch (Tokyo)

July, 1986 I)elivery of 15 Kinds of Grc[phite to 15 Groups

●▲

July, 1986 Domestic Rese8rCh~Me4ting, on PWI Reseorch (ScIPPOrO)

25 pcpers presented.

Nov., 1986 -Mid-terhl Meeting oh Graphite Mate(iclls (Tokyo)

Jcln., 1987 Group MeetingL On Grc)Phite'Mdteric]1S IScIPporo)

17) people morkers

15 people universities

MQr., 1987 FinQI Meeting 1986 on Grqphite nQteriqls (Tokyo)

June, 1987 PublicQtion]of lReport on G佃Phite M'clteriQlls

_1:50
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昭和61年度

エネルギー特別研究く技監合) 炉材科及び7'ラスマ空相互作用

抜放合炉黒鉛材料の特性評価研究グルー7'(代表者 山科俊郎)

'_鮎sEARCH伽ou鰐(牙細朗CTcTgj朗訂ON
Cb-on中井d･td4ね釣甲がね

研究後閑 研究評価境目

l
･北大工 具鉛の真空工学的特性評価

飽良無漉u?e.giの絵描一也i/Jb･地-埠--I

妻妾_-:__-I__

-

日'･琴夜明 . TDSによる脱ガス判定

広地富子 . SRFの醜定

且良品謁eT榊●志望芸;言諾芸孟是照

エS脚O Pj_C｣:掃月PH]_TE_ Co桁mO T7 _

PIcLITi2n'4 I
坤瞳黒鍵_L
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感静…言';芋蔓芸諾ニゼ一芸蒜芸

_K77iR:;…iw:;v..:::;…≡とリテンションの一望三三
I-A:.'GTぷ…訂'一芸墓誌冨霊挽とリテンションの二鵠誕cpL4IT_壁

二愛車三言享…ミ≡ニ…;

≡

=i-;:I;:-;:三三tl9.理研

_A
i打芝〟

坂本辻-I

I:良知籾0{0

2.阪大三

助4Lka._～伽～y.

3.富山大

_K.触ね榊ふe

E C Rプラズマによる炭窯旗の血〝 Li&1u!.,4･_βL･E･C克Ai&3.,･･+作成

.水苦溝度の評価

. RGとECR戊の比攻

.放電)iラメ一夕と族の塩文との
関係

億エネルギー水繋イオ3,によ.ち

嘉鉛のエロ-ジョン

.加点脱ガス淵定

.水雲イオンによる表
表面散文

=紐f.壇

&JTJt'J_ H1･;4.a(7I-･aL1･aJ!.･

≡-亡=監慧窃+,I.
n

ヽ

黒鉛と? !)チウムの相互作用

Tb7a習回折tTy･

.ー_
_.

. .冗､
D､

Tの昇法規定と同位体｣恕rt姓t[7･P.4Lnf!_!7･･EZ,yz･E批T･/0〝S効果

･触叩永莞同位件の網棚堪.･.･砺･.･
. Tイ_./ベント7)-I

4.東大エ 最鉛中の水窯透通と拡散
血出班T/:.～.

,_助辞ま!*'[LJ叫.～
_

･鵬人乳畑批弼_J7:dqniP,-%F*_:flo_?:ニ=
ヽ

拭y.及び罵気圧と魚拡散串の拝.

両

s･苧*.t. 黒鉛中の水菜の定立測定 払出Zi11:.e.7:/盟_.4.A,!.a(>･!s.∠且_
Na30yq#kP･.V･.,k丑不沌物｡測定

学山1L''''-i比` lZT''''''M:}'-

s.触",yq

･.水雲同…吸配放出二歩-so曙
Il
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13･横浜国大 永安t)サイクI)ングにおけるP_

路如ぬ湘抽II炉の表面反射現象
宇佐真誠ニ･低率水繋庶子との表市反応と付

a. ysATWt. 着任串

･仕事師故測定による電子放出蛇

14.阪大エ

■■Fl■ ■●■- ≡⊆≡=
I

M ･ Pg･.y4如
15.見抜科大

ToyohASh･'T･Un
蓮井苫次 .

Pl. SAた負l.

敏硬炉内材料の魚的疲労特性

Osqた句y3?;v.
三宅正王

･魚衝撃と赴サイクル拭駄.(電子
ビーム)

最強材料の亀裂進展低抗性

I.V.
破壊力学パラメータの止l)定と評

価

.高法度下､天空下での破壊試食

●

ll.金材研

NR Ify?
岡田雅年

〟. 0紬(紘

低エネルギー水菜イオ31による

黒鉛のエロージョン

マイクロ波イオン銃による水繋

イオン.8E射

レーザによる撤五分折

黒鉛の魚サイクルの安定性

.赤外及び電子抜によろ始サイク
ル拭怠

.電子抜による蝕街輩試敦･

12..名大エ

K. PQ¢r;.紘

低エネルギーイオンと炉材料の

相互作用

黒鉛中の永繋イオンのリテンシ

ョン

希ガスイオンa)I)テンショ3l
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Carbon Erosion processes for CIT and ETR applications

A.A. Haasz

University of Tronto

Abstract

Graphite has been identified as a primary candidate

material for next generation Tokamak (eg, CIT, ETR).

Under plasna expo主ure, graphite erosion occurs through

physical sputtering, chemica一 erosi叩 and radiation-

●

enhanced sublimation. The temperature r.eglmeS Where

these processes dominate the erosion have been identified,

and the dependence of erosion yield on graphite tempera-

ture and incident plasma par.ticle (H', HO, H:) energies

and fluxes have been discussed. The effects of surface

and bulk impurities in graphite, as well as oxygen impurity

in the plasma, on the erosion rate have been considered.

-156-



V

.～

｢た
tl
<

セ㌻
S!

･･ S d

tト

～

書蔓音量
S

●○

･蔓計:j
～

i:::】

音量■･をミ
( ( I

■■

ヽ●

t4

ミ
Q
ヽ

叫

亀

吉

㌣ ..

..増
i,I.

fI享~享う

■l

[三｣

.i
irI

勺
i:∃

i音∴
も号.?享子~
.童i:喜竜1:浸

こ｢

t4

¢ t

遥言寄七,.
I

㌻鼻音.皇
I

I

■■

▼l

ノ

l

′事

●●

◆▲

■l

も .,..

甘

3

⊂事
v ■l

鶴
f l`

Vl

言､
t'n

u ( T3･

言

l■■

ヰ▲ く t

<
<

ヽ

｣ニコ

Q'盲

.6
-.t?こ t5

1

号音･ぎミ董言
E!
U

て

･i三食･㌻弓.ト巷
t)

損JV謹言.3:L盲遺
｢∃

157

i=b
i

思遥ぜ

隻TS.

ヰ今
i.蛋

ヽ

t

%

?
.∀ヽ

も

･だ
寸

‡

か
d

尊
＼_′

鮎
i
%
U

も

!
Q

篭
k
U

Ei

斡

Vヽ

U
T~二_

爪

>-

=E

P-



香

? ?

総ぞ言一t;-･雪
ミ事

違 ミui

6
=日=?El-葛:旨々ぎ

､ e貰

賢･･''号音言
七写
I/ l)

モ ーl

Ej!

.OL=
i=｢

a
U

tJ

苛

､も

.;＼E5
ミ

I;i
th

ヰ
S

Ej

t■

古

○

tu
ト
■■■

王

i:tb

LL

Q

?
0
｢~_エコ

t^

C
凸乙

･山

●●

∫
L L5]

i

itl
<
ヽI
叫

ヽI

ら
･.tA

東
i

ゝ

れ

苛
U

哩

158

=t

.ytLQ6与

qゝ
t
こT]

ヽ
t
t

I

I

ヽ
[]

圭
%
＼一.;

?=･蔓.
填'ミ;I

■ V

ら,モ..

､雀苛.

遠㌢ぎ
I I l

･

?
●

£
i

こコ

守
＼′

萄【
f6

JF

●Q

溝
LT

tt

令息
Q I)

I ヽミ
キ 壬

･喜も葺I l `I

Je

ヽ
○
～
｣こコ

A

ト

~ヽ
■h

旦

㌔･層
I

E75q

笹
L

零

ヽl
I
～
ヽ

邑
≒
小.

ヾ

甘 や

ミ謹毒

its;i-i;星寺号せ
tA

lし

= I

T>
●●

漣 芯
q

遷 さ
ぜ

t^

巷 †
､ ●Q

ミ う

言 草

t^

亡]

ち

S
i

I
勺

lへ

ト
U

岨1

杜
qI



Q
へ

葺きミミ罵言
■●

ヽ

･ti
●

■■

富貴がせ

;iL;i-f~斗_
ま3'ナ鴇‡
I l

Jヽ

>4I

I-′

ち
【ビ

山
冒
山J

2
O
-■■■

qt

･聖
q
b

q

2
～
tJ

も
■ト

↓

毒
.tI

i

ヽ
ヽ

ヒ

4

も

杏
q

i
h

.∫こ｢

ヽし ヽ.

記こ
ヽ ヽ

■■

■■

藁e

Y

ヽ 主ヽ

S･･`喜阜
{

机き豊吉
l

つ
モ

.tl
ヽ

毒 〇
モ ～<

通宝七

3.…ぎ
ヽ

ヽ
b

hii毒

吉.古
i:∃

5Ag
～.毒

Vl

議･茎
可
>

.L5患

iEBu

1

､ヽYヱ よ 甘

藷5s･
i
ち
iコ

UL

Q
SL

4l

′■ヽ

(
<tl

･､ 空

I;･盲遥
か苛qL

､もぅtA ＼ノq<S
t, d
iエコ

<

EjFq岳L

､も･_t4げ

§u ～

ぢ く

遥謹.'i

gtS自

L二!

書

tt)

｢枯
U

<
tl
L

i=｢

ぜ

.U■■

‡

ギ<tl

Q U

勺

空iS

^h

ト遥
｢ト

且芸
●れiコ

tA

3tL t^

芝澄

?
～)

a

i

E
く
ミ
[=■

ヽl

守
帆

4

恕
a

葺
iヨ
tu

I

i;
ち

E
i

LE
■亡

lむ

冒+lgjqa扇
′

/ち′
′

/

/

/
∫

∫
I

～
～
＼

~~---

-さ､----r--_________.
iZI

-■■ -■
■■■■

｣=コこ-
｣二::=コ

i::::｢
i::::コ

i=ヨ
i=!

i:ヨ

こココ
ヽ

ヽ

ヽ
ヽ

ヽ

1

J +

I O
l

I

1
1
I
1
I

一
I

ヽ

～
1

ヽ

ヽ
ヽ

ヽ

ヽヽ

ヽ

(Not/S川0⊥∀7 C｢a]人即l絹iindS

-159-

豊
iコ

<

･氏
.tIU

.モ■■

Aitb

旨
芭

ヽ

苛
○

牝



C托Eht印L EROSl｡N tHOす亡)
I

皇工担- STnTE ⊂F/I FoRMA.TIOd

(sub-eV H' cN
GR,4PHrTE)

7="d4一^VS /紺T

5''1-I/4･
re5〝紡ケ

V,.ef=ん
■:｣.二.=■

盟

●≡
=I

leglコ
T=こ=▼

巨i

邑
+ :

∽

tE)
=:=二二

4E)
4n
O

≡

▲
/▲●JLAiA?/-?AI環oTt

l

i

i

●

▲
l

＼王

~も
2
▲▲

▲

▲

ヽ
●

一軒

6f4/ (知/･tL)

At

Al

.(
王
●●

▲

▲

●

●

600 8∞

TemperQture (Kl

1000 1200

300 S00 βE可 1500 /e 6e Z∝氾

TEMP∈R∬URE (K)
軸]･ TemperJtUTe句-血れ句OE ihc spgtl甲8 yield or P^PYEX c一加叩巧粁and py-olytic 8-aPhile tO- I heV D･ -nd =÷･

A > kcV Hc'bomhrd脚I aS meJLIV,一ed hhy yei8ht I8月L The yield血e to C由. (ormJLtion iJ ir)4icated(or hydioi-a

ム払･･ Ap4n- iL Art-こ.角ん彰一J止, {F･J花?sl-tlJJLL''-}')I

- 160-



=二⊥:コ

4h

～

≡

董漣
>■

壷 L,

山
⊂)

>く q

∋ 隻
ヾ
b

S
O_

t^

S;1
ヽ

′

/

/
J

チ
ノ

∫

I
ト･M

t
l
l
l

⊆=ご⊆岩

＼
＼
㌔
ヽ
ヽ I

-･-･ヽ○---}
ヽ
ヽ
ヽ

I I

転
LZI

′■ヽ

i
i=::コ

■ゝ

JZ
==

-′

,～il

良
ト

ヽ

i
i

te!

害 oi･ 喜
(.H/●=つ) C｢ヨt^ ◆H〇

≡

ま芸
こ:~二J

志望
妄

声望LLJ

ト■

§

§

(⊃
｣

～

E=

l■
ユ

隻
r=

l山
王

JL

くr
ll∫
一L

tL
O

1リ
J

a
Iu

♪
ユ
LLJ

■■

一山

a

i~=】

=l

己

161



c=. yLELDー. VS LL+ENERGLy

H十o,.下.G･.

I

=
ヽヽ

=<

i)

(⊃
｣
山
l■■■■■

>-

■

･
I

.i=
lコ

=T
IきI

`⊃

_.∫
[¶1
L二二二

>

l■

=
O

FLuy PEPEUDEL)(∈ oF- HFT㈹U巳 YJELD AT

¥

巨コ
● ● ●

′

′

ケ

▲′/●

0.08

0.06

__ ｣1
B

､

■ヽ

iZ!
ヽ■

8
●●●●_

Co!JS丁付kJT T

7∫○
- 800 I(

7# p3;(

●o IOOOeV/H●

A 300eV/H+

○

@
¢

■■
■■

loo ●∨′H◆

払d&L
UoIT
7SD- 8年t(

ID%eV/&Lsc5s㌢
dJ

X bHD細川†l帥

K)
13

K)
J4

(gJ5 IOI6 10rT tdB 暮O
I9

FLUX由ENSITY (H◆/cm2s)

-162-



H◆ ○～Ly

SyNE紳t5TI乙 C句戸棚棚T/0･V

800 暮0∞ 600 800 I∞

丁己MPERATURE (K)

-163-

COO

10

8

6

4

こ二..=

tA

～

∈

ど
=<
U
モ==●

Ld

旨
∝

Z

S2

5
=I
a

0
(E
a.

Q

=
O

き誓
書蔓

2

ぎ 毒
Qt

u
也

仁
一n
i:コ

tb

笥
責
trL



ぐよ帥`.e&/er.sIふれ山号左

驚LHA,I,A::叫gQWyO'7d7g//"--5僻
~~~~II一IIllllIIl●一

ロD｣C.0.5./.B

.H'.-C.◆ム./.Sic

2.&V'

之Rtv/
′

′ヽ

.I/Ikth_

i 怒き7Lop'Lio.'t.i.I-
′

′
′

′′

′′ノ

El

nD掛
HAL-v'-

∫

v/Q

′~
′

′
′

ヽ ′
Q

●

ヽ

ーや､-.-.-4

′
′

L?-Tここ..-

■-●lllーl

I
,

1000

TEMPERÅrURE ( K )

10･2

[ここコ

=

望
r

ii::ヨ

∽

≡
⊂〉

%
p

U
こ:=

l⊃
J

山

P

O

≡
α
Lil

E
=)

【L
∽

†車重
キミ
ト3

<
q

･q
弓 ～

-

Ql

lqi
≦

荒
.壬＼J

慕
UIp

l■i~i

E∃
[==:コ

色l

芳書
ヨ
β

-a
■.I

e
8.,1

烹

[i=中一
-,

ヽO A.

(o 'IU申!】U.1J叩!_1Jt)drpt3!^

, I

_164-

I

+

Q

卓
也
苫

A

E]
Q
iコ

t^
勺
4(

u

i

て
U
t■■

隻
b



→●

●

てl

卦誉･話語も詣

■l?
tJ

f

宅
4
ヽl

子
▲○

号
■■

料
V

i
●■■

U

･よ h～甘

竜三.Yも享
U

l I I I

lZ
■

i

チ音
■■

ミ

甘

tl
U

EI

EBl肖日
甘

tI
U

r

V
■

V

i.

･&_ .

.～
■■

∫ ヽ■

･ミーこ

i.:>
●V

tr

騨
良

i

i

i

3
●

£

チ冒+

tA

.V

>
■ヽ t

I I

葦蔓ま王r■ヽ

..

...'旨

Ji -:旨

■■ヽ

●■■

●も

165

ミ
i

■
■

■ t■

音量
●■■

ごヽれ

≡:/u3

>ト

S-:
l■

王ヽ
■ ●●

ミT5 tii::ヨ

iき竜
呂当=∃
ll A- ≦
tlー

V

>
-
1 -

'< t

争 7r

i
ヽ■

≠

章
一

i5
ヾ

■l

i
●■■

th

S

･占
*
tJ

>

■■

S

毒.毒?_
;:㌔マ且弓

邑青畳誌;;'ぷ
●

●ヽ

ヰ 書

ゝ

一己

i
ミ
ミ
3

Vヽ



semi- emplrical equations for modelling of chemical
●

erosion of graphite

Noriaki Itoh

Nagoya University

Abstract

A semi-emplrical equations for modelling chemical erosion

of graphite by energetic hydrogen ions have been developed.

The equations are found to explain semi-quantitatively se-

veral important features, energy dependence, flux dependence

and synergistic effects under simultaneous multi-particle

ir･radiation.

_166-



■

t4

Il lt)
q) - E=

Jニ q) d

C[ ～>
亡

●■- O

t) O1-
コ ■■

暮■ I■ J=
●■

○ ■l
抄 一■■ ●■

J= > 4)

0 4 A4

tl.C

QJ亡
0.白 4)
●■ b

4) O

hJ= 一■

■一
●■ ｢ロ

均 4) >●
= ≡■■J∈
O d! ○
■■■ ∈ -

■■
亡 ∈

■ ●0 0

ニ ー■.I-■■

Cr<●■ ¢

4) ら d O

b凸1- L

■叫 ヨ 4J

I)-≡
もl句- -

-, ∈ ∽ ∈

一■- ○

■- - 一■一■■

A O
■J

≡ cJ- tJ

4).ニ ーひ
■一 t^ ■一

■〉 ¢ ヽ■

.=エー_
41

- tl O I- =
モ tI C)

●一 O bb-･

I) td bb= tA

三 三.=･- th

I● i-･･マ1-

●一<-=≡
功 4)一 中

∈ 019 V I

冨f'茎三巴
●

tl

∈｢

∈
=二二

>
■■●

■■

b 4)

巨1 i≒｣
■■■

■● 亡

FE =⊥

●■

●■ -ロ

ゴ 4) Q

凸● Lll ●■

tB O pl

lt) 3
-

■一 甘1

■ tkI 4)

V ∈ ■

盲 冨 _

1p d

J∈ OI ●■

[づ F< E∃

0

言 _e 芸.;王
■■ 0 0 ■■

功 一 -■ ○
lカ ●■ ■一 ●▲ h

J= Il q ■ N tb

O コ
ー∈

コ ■■ 4? &
- ¢ O P ヨ ■■

●■ 4) -● 少 V J= &

a I- ●■ - ●- ∈
;ゴ 句 I1～ ■ - tp

P -1･コ ■ CJ > ■

0' d 甘● ○
●■ 中 - - L= l■

■■ l= ■ 0 0 J=

■ ○ ■■ 一 中 ･■-

g ∈ ■ & め 一 一ロ
1-

-

v ∈ ●■ JJ コ
■■ Ll一■■ V - ■ 一■

･.■ 4) JIJ コ h V

h 凸.･- > 中 ∈ E

∈ 9(a. v O O O
LLl b) ∈ 之 E< O O

O

●

●
●■■ ● ●

● ･- ･一 >･ ● -

●- ●- ･一 ･→ > >

167

●l■l

■

I)
二_二二

二う'

h

.亡
[≠∃

亡

h Olt?
[コ[=- :蛋

■ t4 Lb

I-●■ ○ コ

g J: ■l

O 4) 4J■一

･-∈
○

■■ む-'O

■■■ ■ ○

一中 t)≡
コ ー

tlJ= ≡ 4?
- 中 4)■∈
i dJ=■J

tl d) 9
■■■

■■■■- 0

0 0 0

h
tカ 亡 4 V
●■ ○ ∈ ∈
■･■.- 4)中

コ●■ ∈-
V)ヨ O V

Q)& 亡-I
h-● ¢-

td.∈ 4)

.E
●J a.ち

●J ∈
- ○-■ む

> t)-.こ

句●■

d 4) L4

●■.亡 C)●■

■●J > ヲ

ーウ C) O

巨≡｢

-4- = ■l

a- 01-
●■ ■■ bb

= e l乃 =
a) - th-

∈ v4)tr.
- tl

i. 0 0 0

9)トJ'f-
J) I Li

X
t ●

4I
l-

J>

■

lI

O

J= h

O●■
■●l■ -

t) A

t凸 ■

O
t凸 >
■■ ■■●

d J=

一三ヨ
■

○ ■
■J h

■ ○

≡b
■

争え
j=
■■■ ■■

⊂= [≡コ
J～ J=

■-●
Jp* ■

功 O

h4?
■ G

O-･
■○

- J=

O b)

1■■ -

亡 O

al

∈h
●■ ●■

■▲ ■■■

4 ゴ

白■U
■I ■

`コh

●

I

O
h

d

41 凸-
> E
d O

J= tJ

■■ ○

■ ●■

.L=
⊂=. [E

l=

td l的 C>

J=
l■ 1一

一- q) ●J

■▲ ●■ d

ヱ ぎ き
■■ d 4)

コ ■

凸一 d -

tカ 凸■ d

tJ

■●■l ヽ■ -

■ ○ ■

tJ ■■■

･-→ t'l ELl

∈ 4) tA ∈
4J

.凸一-
4J

J= ∈ v)

t) コ ql bb

亡.;⊃ 亡
h -

○ - ■一 ●■

一■ ∈ 4 t)

41 t) コ

t4
･･- - h

J= t)坊
●■

巨] = 巨≡コ 記

■■■ ■■ J= 亡

■■ - & O

d コ tl

コ tJ) 15

F 4) -

0 ■一 也= ○

■J ニー-I

I1 ∈ 一一- t乃

苫 茎_4'?名 畠
●■■ tp 亡.■■ ( 4
■ レ ∈中一▲ ●←

■■■
-■一- ∈ ■･■

J=

h コl【t ･■
4J I:q

貞 訂‥> 名
だ 4J5 <

● ∵ -.■

●■l■

巨≡コ

●■

■■●

■■

寧 ;
J 凹 ●一●

…書: :-
空言 壬.毒

害望雪空;
= 望 =

&h芸

蔓喜;;蓋
■

A J ●■ ヽ■

< < + 亡 ○

書芸至至=-
義胃

= 喜…
I tLl ■ l⊃A

衰to 言･
tZ) ;買



4J

蓋∈ ■

iO 4
コ

_:ち
.J=

亡
I-

FE

.コ> -≡
二■l

ld

E:∃ F3

■

･糾 ≡
■

t>l■l d
■■

■ 4J
.B

JD一∈ lp
4;●■&

亡 O d
●■

や E

41- ■■

b 41

=> >
4 & O
Lt.i亡 &

白
l■■

⊂=

A
■■

g
●■

4A

_q>
■一 4J

tfi a

a
⊂==監｣

1i ●

:こコ
■-

==

⊂:=:｣

:==コ

(.;?

~■l

■

コ

I)

I)

∈O

i∃

.-

･JP
.=

ラヽ

壬
=l

≡
=二二

∈]

き
中

■∈
l■■

中
l●

41

S
こ二..｣

こ:~■

ヒ芦言--e
●-

>ヽ - tR

bA ■■

FT =コ 巨∃

～
J_

C.

= eJ=三
S,ニー--

CJ Lp

FJ ≡G' 61

= e_- i

ぎ■=ト X

C} 6J

■-

■■
i1一

■■■
-

- 4
-

C.

●

ヱ
｣:二

■l■

GI tr.

王ゝ■
.I

1-

て ●一

二=

>l ■■

ヽ■
■■

=二 =ー二

l一 句

L =
■■■

●一

.T.
-

≡二=コ

■l

●■i
℡t

_:=,=】E

卓■ロ

≡喜
>遥
->･ 0

0 4J

こ=コこ~コ

¢ ○-

○ 中
三 中

中 t) ●I

I I-.-

= 4J廿I

d)-_-

i i⊆ -

4) ■l ■l

l= i 一

中 OI

さヽ-v >ヽ

也
.≡

[∃ 巨コ

6) = eJ
=-a

王£ Li舌-

■■

+LL 1-

■■■ 一PJL -

==≡≡ 二= -

■■■ V t■ll

≡

■1

l●

ヨ

tl

tI
O

-中
一■

■I
==≡

>■

■■

コ

~■･コ

空
E

■I

E∃
●■

■
●■

lp

i

_:ど
占J

■-

■■■

■コ
■■■

i
Eij

｢■｢ 巨∃

｢:二｣ :∃

年≡
･_- e

■■

ち.～
-

■暮l■

計 i

●

&

tII

≡
> C)

■■
- t■■

こ=
:~~二

:_上ー:==二

41年
■■■ l■

iヽミI
■■

+-

-
_

C)

こ -

二=

k &'

E: J=

三ト

勺

■1

■■

aO

.■O

'=
亡

O

JI

jO

i.Ef:

盟
○

中 t)
●■ ;≡
- ■)

∋ ｢ロ

ーカ ニ

中 む

ト i

亡;
- 1G

■ qL
●■ 4A 4;

】E ■一■■

■I ∋一-

E -1一

一- 1モ ー

■■ I■ 芸

中 4' c

且■ 三●≡

3<
.=

F

JJ) qJ

｣ト ●

■ ●
■

二= 二=

-I

●■

■

､J= tA
●■ 三

･~~~.○ ■

■I ■l
:てコ

-■ ●■

ぢ コ

■こ白-

C_句

1=

一L

き■ <'

4, tl
●■ ■■l

tlJ =:
7 4･

(> i;

it も●

■■

■▲

｢=.Eg:

d

t)..I
●-

･41
tY) LL

>}=

-- --.

与.(卓

.rむ
′i -

.a
こ~~二｡≡二二

<

- ▲

○ む

>

■一 三 ■〉

4J S '^

lg-

○ ●■ ■l

= { 4)

L_.E)
■■ ●- -

Fjこ■｢巨コ
4l- tJ

lたて Vl

■; O Cl

■≡勺
E事∃

<-
● ■■■

[召

■I ■

E･
0

- I

i

■■
■一

か

ヽ8

0
■■

i∃

さ.
■■■l

=:=一

亡

l=

l■

S>

｢~二_.二一

■■●

■■

○
-

二~
■■

■~4;
■■

>ヽ

Lむ
●■■

ー~............I■一

-

○

&'

一I
●■

, G)

L-=
l ■-

tJ
[~∃=二二

E●■
○ ヰ

■■ -

ヨ[三iT71
h -

き こ tp
- か

-._

句 ヽ8>l
一■ O tb

AJ td

こi■i∃こ∃

E >■J己

47 _-
■一

■■

-■ロ
td亡 =

･丘 ≡ ■

一■■ l■

.a
S> lカ

ー･=
三

l■■一 O

tl
-

01 ■■

4J O =

't?- 中
tdI

三■= 壬

○･- L

一･･ 4; ■ロ
ー■■■ h

ヨ 己コ巨∃

∋

≡■4) tJ

L.三■-
■一 -

■亡 1L

41- b4
■- ○ ■■

屯 &.

JI &' =

O L1 4;

.a
王

J■ G) I-

■-

tD

OO

t■
二=

i:I:■

lた

=

>

亡

一⊃

l=
L_ニコ

こヨ

bl
▼▲

■

a
●-

■tI

(叫

tp

■l

e-

[二｢ [づ

≡ち [j]

E; &1ヨ-

< も =-

1t
J= ■l

■一

■一

】ひ
JLI

■■

:二っコ

O

O

二=

●■

■l

-I

t4
■■

○

占

巨=コ
d

tlO

l=
r~=コ

&
=二ニ

■

V
功

N 名
■■●

中

■ロ
○

∈

巨∃
4J

■■

め

I

O

>
●■

-■

d
t)

r=

th

巨=｢

.G
A

±E

j亡

5

◆

′-

と
◆

■■■l

.;ピ
ー■

ql

I1

0■

■■■

芸
の

-

ヽ■l′

4J

■I
■I

th

d

≡

一日
`=

Eq

J=

ら
■■

ニコ

●

t)

td

巨1
=r:｢~

J3

-1)
■■ ■■■

tlむ
喜二=二｣

41き■

`ウ
[∃

●ヨ
廿∈
■■ ■■■

亡Iく

41匂

占∈
Ft]

A.=

A-

∈■一

0 0
=

●■ 切

句 ○
コ t)
qJ=

41 4J

`tコ
ql t=

J= 中
■■ &

4)
iT- i享]

■l
X

∈ コ

○■一
■■● -

■■

ct)1コ

亡I】=
｢

Eヨ
ヽ■

=｢巨≡コ
■tl tlO
O 1■

E41
E

d 4J

トI

.Zd
ii:ヨ

lFI

チ
4J

l■■1

1
0

レ

◆

■

⊂∃

ト
FT]

l己!l

T-
4J

tB

■●

コ

tl

O

O

勺
==｣

4)
⊂::=:=

ト≡l

t■

⊆
=ニー

■

F弓
■■

■■■

コ

J1
切

1E

O
二=

●■

d

=㌔
■■

0

0 ■

.G
コ

●■ ●■

■

lt? Jd

亡 4) 1

d ロー.

>宕≡●■

■■

○ ¢
占■

¢●■■

○

1=■01

-p ∈

■ウ d
亡

(p >ヽ

A bD.

lp ■

llヲJP
1=■

〈p 411
■■

∋ ■■

■J 亡

d 色I

t■ -ロ
4)I

a. I)

≡ 三･

rlp
･■一

J～
'

4);
tlO.;⊆

l= ●■,

- 1

.凸l=J
｢~｢ Fち

暮■ AI

り >
tO ■■■

屯I Q).

`1⊃■l

■■ ■■ヽ

コ
ED

∈
l

光
一●

重 言 一

､4,
芸Ij_

F⇒ L_｣

一一
一一 Jロ

4J 41
1ト

f4 ■ロ ヽ一

芸 …. s

> >

=

J)

ト

.;■iヨ

亡I一

O-
J

41
:二=｣

l

E<

ト

◆

b

I

S

>■

｢⊥_二'

t4

J=

○
-I

l■■

a ■■ヽ

コ GD

声i [三コ

4I(お F･
■■■

.BL
A一 ヽ-■ ヽ

句 一■

i? ● 0■
一一■ I-● l

■● d 4)

h●一

E 4J
中

01

t5A I-

l= J=
一

中
●■ ■■

trl bi

* +

叫 d
I-



16【)0

くク

ヽJ

l之

10

8

6

ム

2

0

`冨
_==`~
三=

(=
コ

A.
t-

ロ

___
-･････~

⊂1
J
uJ
:

>-

Z
⊂〉
==

トー
U

<
uJ

∝

=ヨ
ー■

8

A



=1･ hpJrJcAJ
eqIJ^IJo.JIS

q8k,
■■

qk2. (B.r=q◆k))

-17O-



中
4J

.J=
V ●■

q)
- ■■

■ tひ 0 4J

コJ=ヽ■ tl
q-

d
E/こ!｢

○ 亡●■ ■

Eコ=- ≡コ巨｣
-■

■ コ t●

●■■■
O

tl a-tl I?

Q? * qJ=
- 中 ■●■
ヽ■

o o-∈
■一一- 0

0 ■I

∈ J=1ヲ ●1JI

O ●■ 中 h
- 1コーIt)

●■ b4I- O

a l= O d tL

コ 一 三 tI ■

tP ●■ 一
旬

○ 亡 ⇔ tB■一

41- >10
1■ t4

.=
■

●■ OI `ウAJ

J= t4 J= I

O 色■■ -

■● ○ ●

I I-= t9=
●■

O Jd- V d

:萱･:芸:…茎
三…J書芸:=N
B 芸 一.邑≡芯;
*

■
-

-IIJ=

ぷ -
d∈L.-

○ 中
tl g d

O_～

J'< ･一言王冨
[∃ P二∈≒∃こコ

I■ ■■

●

J3

O

J=

■l■■

.;■
′■■

h

◆

ヒヨ

ヽ■■

亡II

■l

Eヨ

b

近

q

C-

JF
ミ

==】

_ 甲

th

14)

-

●
■

8
^ *

■ヽ

■■● -

E] ET-

●

■

_171-



一曲

J=

○

■l

tl
O

g

&中

三B
誓書
志望

誓…
■●

t[J

■

■I
41
■■■

t)

コ

J=

■~~

慧l暑

引き
E

=こ壬二

.)i

●

't?

O

J}

○
■■

也

∈
○
■■

■

亡

O

iT

O
■●

Jt)

巨=l

J= ∈

O

t*..'一

再 三言

盲 盲忘

暮 雪董
- -CI

O
-o

o
O●■

冨
_s三

-
●■ ●■

空･f㌔き室tl ー1o

●●

句L ■■

匂｣

●

V

172-



l■■

こコ

○

■l

■

○■

■【

⊂~コ

iニコ

O

t■

■

句L

■■l■

f→
■l
i:｢

■■

I■

I

i
1■

i:∃

○
■l■■

◆

O

q一

zr～

e-
F3
■■■

==｣

l■

J

む
一■

t■′

l

●

【享コ

∈

E]

■亡
O

qL

■■l■

○
ヽ■■

▲tl

I

I

I

.)L
i:コ

■l

td

●

[二コ

■

○

◆

qL

?
a
i:!

■■l■

■■l●

FL7

I

ヒ
b4
ヽ′

I

●

EiG-

+

Ol

■tI

O

∈
■■

ヱ

●
d

■
○

⊂ニコ

■l

-

⊂:コ
ニニニ

冒o
O

● ■

○■■

J=凸-
｢~ニ

■l ●

■l

一■
tI ■■

亡 ○

ト ○●■

FTj
ヽ J=

A)8盲;
■三言喜

■l

=t富S
■

Jb

b -モ

●

●



O l■

三 三 …

萱.重言書
h

-■ ■

■● ■ ta

J= 1ト○ 中 亡

○ ヽ さ･ 0 0

tI O ■亡 -I

[可 巳1 E]

tI
- ●■ ■■

∈ ■ ■ l=

o Ll O 4I O

ヨ tp ■■ V ■lコ

■■ > ∈ -●

- ○ 王 4? tI

′ヽ J= d Fl 勺 --

tカ ■一 G -

●■ 6B - ■ロ 0.

J= tA ■ O g h ■-

○ ■ 4) - d 4? O

LI O ●■ 'E?

書,v萱…浅量≡毒害重量毒
_:-≡盲蔓言;喜三董卓量重

量妻妾
≡ I q

d

ム三 三■ヱ忘邑 缶宏>Q 巴芸lgi

ヱ ヒ
h三 己空 言岩&尊名 忘¢&

4'hO

∈∈凸●

≡(A
C4~

芸 昌凹点さ:･音声a
b ● ● ●

d
+ ■■ ○■ 一句

h >
■●■

■■■

′■ヽ

ミ己
ヽ-′

トー

_lワb-



)

[iJ

l⊂〉
▼-

(SII.Un 'qJモ)A

●

O

E

O

tl >
亡 0

0 ■■

■■

4 J*

■ロ ○
■■

●■

冨 ■句
丘

○ ■■

一8 0
[∃

○ 広

丘● O

Ei.
=二

一ウ ●■

■

>■ ■

l■竹 ヨ

h O●■
■l ■l ■
∈ 4.G4

4? tlヽ■

■■&′■
○■■ tI

O-

:J3..tI
一L亡

∋■--■■ I

●■ ○ 亡 ●■

A?

.王■
O tI

O O 4 ■l- ○

亡> 41-●■ ヽ■ 0

o●■>tld - O

tl ■■ ●■ 0 1=

`=- 1■.■■ l王 ● 0
0 I)- CB d tJ 41勺

凸● 一,一■
-■ > 亡

O P AL) L 由一 ●■ l■ ○

■ロt) 41∈ pヨh

J= l≡●■-
■一 0 0

>■0 0 1p b `tI

冨三..<喜…て●≡
_J'- I( 一 ■l さ■ ■■

l■P-0亡 q⊃>h
O O

●
●

■■ ■■

■■

>■■ tJ

b O
:二≡Fコ｣=｢

qJヨ■●

l=- 1■
0 1■■

*

[∃ [当こ二

0 0 1特
■■

il I? Ll

tl i) 4

亡 _p■■

EJ: EE こ｢

`1ヨ℡ ;ヽ

E =&

0 0

a.丘lO

4I 4J&

1訂1p ■▲

■ヽ
T=二

■ヽ ■■■ -

_~
二= ~~~~:

■■■ーヽ-

J=

■

●

■

一

■■

○
■一

○

=二

E

O
==二

■■

■
● ■

■■ ●■

●■ 亡

ヨ ○

巾 Cl

中l=
■ O

tI
■■●

d O *

●■ t? O

J= J
･

>
○- ■●

EJJ qJ5
- コ tl O
■■ ■ l=

0 0F■
貞-O J* tl
X_- 4I 亡l

●■■･- ○

`.書
き>

●■
1p ■ JtI中

一 ■ 一

>-■ ○●■
○ 凸■ ■

】∈ コ●■

0 0 0 ■■ ○

■l =■● q

一･･一一
■■ ○

■
■l ■ O A

d >■■ 色-一8

A O EJ=
E O3 od

oJ=一`■ B.
t) F■tJ ●

■ ● ■
●

■l■l

巨コ



′,8
ミ己

No

■■■

ヽ■l■■

㌔
7

忘r一章ーー.-i･.at,一T---･･一音---｣80/c (cm-2)

-176-



a

b

⊂

d

e

千

g

_177-



!oN FLUX (H/cnS.s)

′■■ヽ

ヽ′
:

ヽ一′

也
【こ
=)

宅
∝
也

a.

≡
也
[=

王己
<
山
EL

-178-



≡
(⊃
L===｣

L=コ

U

<
∝

LL

10 key

1 key

- 179-



′-ヽ

∽
■■■

●己
コ

D'
巨T!

吋
ヽ■■■

>･

5 10

¢/c (1d3｡m12)

/ ′
′■■

く⊃
O

S2

●

(
./+･

/

＼･こ
iiZ!

/･-･^ /
■′

7/
o

iZ5

J■
J

l
＼

}r～
ヾ

･th

fO ～

O' c5

(.H′●HO) PtaI.人-Hつ

_ 180-

l=i=

三亡
=｢■=コ

巴
=l

ち
a
≡

芦

.ie!_

言
古



●

■l 壬■ ● ●■ ltI

O1 ■■ l= 】E O

- ●I■■ O tI王■

ヨ ー ■ -∈- 一ウ
■■ - ●■ ●■ 0 1∈

■ 0 0 - ■ 甘I>O F= ■

○ ●■ 0 1 0 =.凸 tI O

■一 h J= Jd ∋ ■- d

O ■I O▲■ 1?■■■■ J=
●■ -■■ V t) lロ 41 ■ ■ 4)I

亡 ○むVコぎ∈o
d J= - G■一=ヨ 巾 FO■ロ

■一 ○ ■■ ○ 凸■-1t? 41 1= ○

芸 =冨冨=至芸巴B_Bv
A 亡 ≡tp■竹○ ●■■hl■

E o■一○- J-O tl 忘
- ■- ■ I一句

● 一■■-○-

●■ tl勺 d >ヽ- ■ ■J=■■

- ■ ■■ >■■● b- 5～ -●■一

己
.~`三富=宣言EEL..名○ ■-●一 E: l舟 - O J= ○

> ●■o o t4 0 ウ■■ -E
OI ■ ;ヲ ■I一 句■■1ロ

切 ｢ロ ー亡 ○■■1- ○ ■ 亡 亡bB

J* ○- 1王 --■一 4I I) J=

○
-

○- ■● 4?■■■∋ヽt= t乃●■-

JE) 4 ■■●■ ■｢ロ 0 0 4I tn●■

- ■■ 竹 ■ >- ■ td tl l■ ■ d
■■

J=-
LJ tlコ = E B'■l ■■

冨ぎ宣`.=忘三笠=冨.r=B
O-- ■一 V■ロ ーI O J= 9 ■

1> ■■ ■ コ tl l= ●■●■ J=●■ ■■

■I 4J 41 0 亡 ヲ)< EL.■■ 0 一■ ○

& =●一JL- 0 3 コ bP■■ ○

■ ■■■ X > C) tJ■一 亡JL O ■- td

a C) = 0 0I ■■ OJ tb ■.∈ J=

∈ h ■柑- bA lヲ■J4I-

u t-■ tA b A I) ○ ■○-■ h ▼ロ●■

■ O G ■ O I■ C&1?- 1ひ

ウ■一- ○- ∈ ■`ロ tJ む= ヨ

tp O ■ ∈_- ■ ○ コ >l.- td)ELlね○一

己∈t)-●.∋･一一一占≡∈○ ●■

■-
-

■
也■一 ■ AJ-■亡d l乃

■ロ41 ∈■一亡 d I-●■.= V) ∈

?- 4J.a O ¢ ヲ 中 E tl ■ 巾 trl O

■■ 丘.& ○ &■■ 凸■4J 41-tJ g

o≡tl 't?一d E-4?b -

∈･- g- > tpJ5.= V■■ ■l ■

○め--･d_-Ld一■≡ト∈1-･-O
I) ○ & ○

ヽ-
■

-
おヽ■■

● ● ●
● ●

● ■
.a

tI ■ロ P

>･
●■■

181



Cement on Plasma Facing比ater主al Studies for E℡R

Akira J4iyahara

エnstitute of Plasma Physics. Nagoya University

Nagoya 464 Japan

●tb

Abstract

E℡R faminly ha畠been defined as the next generation machine

after present day's devices like m-COT TFTR. JET'and ~the next

step machine like CZT and TORE SUPRA′ ASDEX-tl, L琵S｡ The

requirements to plasma facing materials for BTR are discussed

and summari2:ed.
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1. Introduction

Recently' the definition of ETA as the next generation

fusion爪aChine beca血e more concreteユS the result of present

day large tokamak researches which gave hopeful issues to

discus白the relation between the next step devices such as

ignition and long pulse devices and E℡R familyT namelyt NETr

T工B玉R. PER. OTR and IN℡OR.

Global st~eps of the nuclear fusion reactor research and

development are as shown in fig. 1. The next generation

machine is in the third step and we must demonstrate long DT

burning, namely, the BCientific feasibility in accuara.te

sense. The fourth step must be dedicated to study energy

conversion scheme of higher effiLliency in order ヒo fill up the

requirement of easier acceptance by public. The last Step is

commercial feasibility. those are 8afety. compactness and

small impact to environment to obtain good net energy balance

including decommissionin9.

Plinimum requirement for E℡R is "
to perform long pulse

operation with DT burns
II.

Herer long pulse means longer time

than one primary fuel cyclet namely unloading of unburnt fuel'

He and impurities exhau5tT Purification and isotope

separationr ice pellet preparation and inコeCtions' aS shown'
●

in fig. 2.

when we started =NTOR de$1gn, the primary object of the work
●

was to define the problem related to ET丘 de81gn Clearly･
■

present day.s de51gn efforts both froJn Physics and engineering
●

●

sideさare COnCentrated to obtain the reality.

_183-



●

2. Requirement from ETA de$1gn

zn order to obtain the set of well defined problems for ETA

plasma facing materials. we have to consider the requirements

during fabrication and construction. operation dismantling and

decommission as have been done to squee2;e COndidate materials

for BCX. For 玉TR. remarkable additional conditions are

required as mentioned in the following.

(1) To meet requirement of long pulse operation, active

cooling is necessary tO introduce.

(2) Compatibility with coolant must be占onsidered.

(3) Becal1さe Of higher neutron fluences up to 5×1025-3×1026n/m2,

activation of PF拘including active cooling component must

be seriously taken into account.

(4) Radiation damage of PF朗by 1細eV neutron is not too

Serious but still importan与' becou8e the change of

phyさical properties as thermal cond也ctivity will be

introduced.

(5) Tritium permeation through cooling pipe wall is important

if the coolant temperature is high enough.

Capability of active cooling with PF拭if widely investigated

with connection to ASDEX-U and ℡OR玉: SUPRA. Prelizhinary

investigations for PF拭of PER are performed in several

Japanese industrieさ′ but more realistic approch i5 necessary

to fill up requirement5･ Ztem昆described by Dr･ W･B･

Gauster(i) as in fig･ 3t are very important problem to be

solved. For ET丘 family. plasma parameters are given in

several papers(2)(3)(4)7 howeverr corresponding requirements to

●

plasma facing materials are not yet clearly glVen. The aim of
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this comment is to stimulate to define the requirements 0f PF軌

for ETR and to survey the relation between 氏 and D e[fforts of

the next step devices (CZ℡′ long pulse nO burn) and E℡R.

Activation8 0f cooling components by 14b4eV neutronさare

serious problem although people are expecting to avoid the

problem by adopting remote maintenance technique, From the

stand point of repair and maintenance. activitie昏Of the

component should be reduced to one thouさaJtdth within resonable

●

time for example one month. Also materials with slgnificant

activation after 100 years cooling down time must be avoide as

discussed by Dr･ R･ Eancox et al. for structural materials.(5)

Radiation damage of 匂rap.bite and C-C composite must be

investigated from the aspect of the degradiation of physical

properties. For example, change of thermal conductivity will

introduce change of surface temperature of graphite and

enhance the sublimation.

王n order to meet such a wide spread requrements to PFJ4 for

即R, we must ask many effort5 tO be done by plasma phyさisi5t,

namely to reduce the conditions imposed by plasma side.

Perhaps the most important requirement to them is to reduce

the number of serious off normal operations Such a8

distruptions and runaway electz'on8.

3. Conclusion

zn conclusion,工甘i11 try to identify the即R-a requirenentさ

for pFJ4. Followings areコuSt the preliminary list up of the
●

ploblem area.

(1) Neutron fluences and their effects on each ET丘 design･

(2)琵eat and particle loadings to various COmPOnent5 during

-Ⅰ85-



normal operations.

(3) Nominate the candidate off normal operations and define

the loading conditions.

(4') Estimate the ldcal IIe loading and its effects.

(5) Evaluate the edge plasma parameters COnSi5tent With

plasma scenario.

(6) Can divertor concept allow to introduce high宅materia18?

('zmpurities.エーmode operation)

(7) I卓aCtivation of materials critical issue or not?

(8) Does neutron irradiation introduce serious change of

physical propertie乙Of graphite?

(9) Realisitic concept of active cooling must be established.

(10)ヱigh frequency absorption by wall
-

material itself and

by means of structureさCOmparable to wave length -

must

be considered especially for BynChrotron radiation and

ECR heating. power.

Descriptio申Of TIBER-IZ/ETA is attached by courtesy･of

Dr. 氏.i. Wilson.
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Tnt; FOUR NATIONAL ETR STUDIES

TIBER･ⅠⅠ (USA)
A coI叩aCt. 3 m radius, stcady･sもatc tokamak wiもII ECH/LH currcllt･dril･C alld如o6Ic

control. Modcratc-lligll end-o[-1i(c tluence goal.

FER (Japan)
A 5.2 m pulsed inductiyc tokamak with conservative desigII PCrformance. Lo､v wall

loading and etld･of･1ire
nucnce goal.

NET (Eurol)Ca一lCommunity)
A 5.2 m pulsed inductive tokamak cllVisaged to be the only step beも＼veen JET and the

DEMO/1FF. Moderate end･of･lifc flucIICC goal.

OTR (USSR)
A 6.2 111 pulsed inductive tokanlak dcsihr(lCdもo dell10nStrate electricity and fissile rucI

production ＼vithcol叩Iete triLium sclトstlrtTtciency
'I(I rtnal pha/jC. High elld-

of･lire nuencc goal.

(JSan)
｢駄II (照.)至芯R

Fu如on power (榔)

t.hjor radiu8 (m)

Au#ary
RF pcwer

Tbum (s)

■■

㍗ (w/m2)

n?tenMC訂演
Availability goa1書

Trモ駄亨orutmPt
ion'

520

6.2

50

670

297

5.2

50

23∝1

0.88

0.3

60 - 70'/. tm

290 6CX) 57 O

3.0 5.18 4.9

47 50 4O

St eady-

8tate

2.0

3

_q'/.
18 Low 4.5

67 0 20O

1.5 1.3

0.8 0.3-3

25./. 25'/.

7.7 6.1

'h final phaBe.
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TIBER Ⅰ‡accomodates alternate current drive options,
blanket test modules, and materials testing

uh4

Why steady-state

● A large OH coil leadstoa targetokamak.

- 100 vo一t-see corresponds to a 5-m major radius.
●

一丁帽ER (3m〉 hasabout5voltsecondsofOH.

● Pulsed OH drives leadto:

- tower current densities in magnets.
-

slgnificant eddy current heat toads.
●

- 一arger structures due to fatigue.
- thermal fatigue of first-wal一 and Eimiter.

● High-fluence nuclear tests requlre Steady-state or
●

very high-duty factor.

● Thermal fatigue of b一anket modules may precede

damage due to neutrons.

o Equilibr'Ium testing of nuclear components I's

necessary for realistic results･
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T4blc I. Opcratlns ユCenArlo3 rOr. TIBER-tl.

l

LH ra叩-UP
● L′R dec■1

iL
ul r■叩-t[P.

OH IflducLIye

(1at1-top ■

I.′R decay

pru31on (MV)

r (HV/n2)

-burn (3)

No. or llretl巾e

cICle9

p.;㌫r壬:;:S;
TrltltJ8 COn3tJ叩tlotl

(k‡′yr)

AyJIIJbIIIll

3tt2

2.3

Sol

25100O4

0.55

O.Q6

- 4.8‡b

iii
CtJrrent-drl ye

e lO‡ ayall.

主上
CuT･reTt一-dr I ve

e )0‡ ayall.

3q2 之90

～.王 ～.0

72tJ Steady-8tate Steady-3Late

lqfOOOJ <くqlaX. CyCle4 く( ¢…･ cyCle与

0.73 1.9 5.8

0.6t 1.6 Q.8

I 6.叫b lOS 30‡

【N3Chlne o?er･4tlng llre 10
yr･】

I.sot
or proJected cycles tO (allure.

b叫ulred
to -plモte拍‡･ nO■ ○( CrCle=n lO yr llretlme.

Table lエ･ Compar18On Or Current drlye methods. ( 5'▲,I. /9P()

ECH NBl -ECH◆LH N81+LH

Pr(MW)

pcd(MW)

q

r(MW/m2 )

(r)(w/m2

1t(MA)

√rr/Eb

ned(A川)

nelec

nelecQ

くTe〉 (ヒev)

くTl〉 (key)

<ne> ("20m13)

ど
tT.aP

282

30′21

5.5

I.9

1.2

10

278

57

I.9

I.9

I.2

10

185/168中之 500keV

0.19

0.q5

2.ち

26

1丁_

l.I

0.Tl

lFUEL(pellet)(A) 2q5

〟
k`′一･C'･(JIん1

(P> .
I
.

1.56

E.3

√

0.16

0.J45

2.2

27

38

0.T2

0.76

93

3.2

?.0

t.3

く
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320 271

23/18 LIO/15

7.9 う.0

2.2 l.8

1.～ 1.2

6.6/3.q 6.7/3.3

168/5 GHz 500 key/5 GH之

0.29/O.19 0.15/0.22.

0.q5/0.q1 0.q5/0.q1

3.LJ 2.2

2L1 28

17 32

1.2 0.77

O.81/0.85 0.76/o.83

279 133

2.6

1.56 2.O

I.3 /･)
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Table ～-6. Relaいve merits or thr･ee plasma race materials.

･L'･aterlal
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l

Craphlte

ea｢bon/Carbon
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Disadvantages

● しov 之

● 8ra之able

● Can be plasma 8Prayed

● Good ther'mal conductlvlty

● Lov 乙

4 Brazable

● Hlgh thermal Shock

re$1stance

● 8e8t behayiort under pla8ma-

dl8ruPtlon condltlon8

● Near一之erO erO81on l､ate rOr

ETR application
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● Ero31on

● Lov melting point
+ Susceptlble to minor

pla与ma d18ruPtlons

(naJ.OV OPeratlng vlndov)

● RF ab80rPtlon
I Ero81on

● Expen81ve (carbon-

earbon)

● Plasma conta乃1natlon

vlth hlgh一之mateT.1al

● Susceptlble to plasma

dlsruptlon8
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D/VECTOR PLATE DESIGN REOulF7EMENTS

■■

DIyerしoTI Plate8 Should bc remotely replaceable.

Thermal loads 'ye as rollovs

-

q. 6 MW/m2 1s derlned a=he de31sn load ror Steady-state

operatlon (appr･oximately 2 tlmes higher than the nominal load on

dlyeT'tOr Plates).

-

Pla3ma thermal-energy quench time duJ'Ing plasma dlsruptlon.

1 . 0.5 ms.

EM load8 ar､e a3 rOllov8

-

Nornal operation due to pla5ma 8tartuP and shutdown.

I

Plasma dlsruptlon due to current dt3Cay ln the plasma

(器･-A,m8)･

Minimum liretlme requirements and time between replacementl trl are

a3 f.ollovs

-

tLu爪ber or (ull-poveT' plasma dlsruptlons between replacement.

N - 1う0.
P

A33uLbln8 an aYallabillty racto｢ or 25I. approximately 1.5 years o[

operation vlll be allowed between replac如Ient･

frIOCL印rACCELERA,OR
//

jo
u

E=

I
r1

｣,..と.u｣

FEL DR川EN T柑ER
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Table 叫17. PerroT.nanCe Par､ameter8 rOT.い1e COOlant channel.

De51gn heat Flux

Be coating thickness

Maximum Be tel叩erature

8e/Cu lnterrace temperature

F.axlmum thermal Stress ln Be

Channel hydraulic dlaLqeteT.

Flow yeloclty

Flow rate/channel

Pressure drop ln channel

Inlet pressuT'e

Total rlov rate through plates

6 ～/m2

う …

叫65oC

18ooC

380 日Pa

5 mm

10-.叫 m/8

0.62 kg/8

0.18 MPa

l.36 MPa

1500 kg/a
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5
■

App一ication of gr早phite materials to

the next generation machine

Masahiro Seki

Japan Atomic Energy Research Institute

Abstract

Performance of graphite tiles to protect the first

wall against plasma disruption is discussed.

Two dimensjonal elastic analysis of the first wal一

with a bonded graphite 七ile shows that the stress in
t

the graphite exceeds the Su of IG-1l equivalent graphite

to a depth of 0.4mm.
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Table I.1-1 Design constraints for the
evaluation of first yalュ/blanket

Lifeti瓜e neutron fluence

Availability goal

.TtTeutron Wall loading

Divertor performance

Installation of blankets

Burn ti血e

Cycle time

Number of burn cycles

h7et tritium breeding

Blanket coverase

!由ximun external T suplly

Blanket/shield thickness

王nboard

outboard

Surface heat flux during nor正aエ

operation

Local heat deposition due to

a-particles

run-ayay electrons

Frequency of major disruptions

Peak energy flux and deposition

tiELe at a ZBajor disrtlPtion

Peaking factor

Sputtering erosion fron first官a!1

Structural a[aterial

AdditioEtal passive stabiliヱatioTt

shell

First 官all protectioTl for

disruptions

Li皿iters during start-up

Perz8itted T level iTI FW coolaJlt

Electricity generatioT)

3 耶･Y/zn2

25 %

I- 1
.Itv/Ⅲ之

Single null

Outboard and
top regions

≧200 sec

`≧270 sec

2× 105 for fully inductive case

2× 1 0■ for recharge transformer case

一-1.
0

≧0. 6

1. 5 冗g/Y

0. 8 n

-･1. 5 皿

0. 2
.W/n2

for clean plasma Option

0. 4
.W.W/n2

for radiation edge o?tion

0. 8 珊/m2 for steady state operation zDOde

0. 2 五和/皿2

TBD

5×10-Sat Stage I

lxlO-Sat Stage Ⅱ･and Ⅲ

84 I/c皿2
.2

zns for fast phase

76 I/cn2
.20

ms for slow phase

3

0. 2 広n/珊･Y･皿~2 for SS

2. 0 m.ハ押･Y･皿~全for graphite

Austenitic Stainless Steel

T3D

Ar皿Or Or guard li皿iter at least on the

lnboard area (if necessary)

Log-Z皿aterials (if necessary)

10 Ci/1

none
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T8hlc Ⅱ.2-2 nesults oE DisrtJPtioJl Analysis for 川TOR First恥II

Material StainlessStee1 G-.aphite ^1iinu■

lAitialTe叩erat}re SOUR

PeakSur18CeTe叩erature 241OK ヱ740X 1380託

Ev8pOrati○nL○ss(disruption) 4.Sx10--p中 5.Ox18~-pI 7.4x10-`pTL

Evap○rati○llLoss(lifetime). 9.Oyzb 0.01p■ 0.15pI

出eltLayerThickness 3.8x10-I?A 一ー C.17JL暮

StartTi4eOf班卓lting" 0.83ユSeC 0.48ISeC

ElldTileOfueltinSJLJL 3.8ZJtSeC 6.75J[SeC

heltingDtJmtion 2.19ISeC 6.之7JSeC

暮 三 三00 disruptioELS during TeaCtOr lifetiAe are aSStJned.

暮暮: title after dismption st)rt.

Table Ⅱ･2-1ChaてaCteri2ation of Major and Minor

Plasma Disruptions

担 Hinor

Frequency

Stage =

Stage エ= and Stage エエ=

Time

fast phase (energy quench)

slow phase (cturent quench)

Energy Deposition

divertor plate(during fast phase)1)

first va11 (during fast phase)

(dtuin9 Slow phaseI

peakin9 factor for first Wall

Peakヱnergy Den,sity

diveEtOr Plate(dtzring fast phase)

first va11 (during fast phase)

(during $1ov phase)

5 Ⅹ10-3

10-3

1¢-2

5x 10-3

2 ms 2 m5

20 ms

100 HJ 25 HJ

IOO HJ 25 HJ

90 ZIJ

3

29O a/cm2 7O I/印2

84 I/cn2 21 I/cm2

76 a/cm2

1) by a factor 3 Wider than the distribution of operating

pover load.
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Some Brief Remarks on Several Critical Aspects of

Gtraphite Rat,a Bases for Fusion Energy Applications

W.P. Eatherly

Oak Ridge National Laboratory

Oak Ridge, Tennessee USA

Abstract

The theory of graphite thermal conductivity is briefly

reviewed and the data requirements and manufactures. 1imi-

tation are summay.ized. The existence of multiple flaw field

in graphite and their' role in failure strength and its sta-

tistうcs is traced. The use of fracture mechanics concepts

is key and leads to non-destructive(sonic) techniques to

predict actur'al failure strength.
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GONCLU$10N$

1. GRAPHITE fS ∈SSENTJALLY A LATTICE 丁目ERhtAしC(刑DLR:TOR

2. THE帆九倍ER OF Pば派別S IS VERY LARGE (I.ど..BANDS EXfST

AT VERY.し伽rR⊂00ENCIES)

3･ THEREF珊E-,Lt9FAPHITEJS AN EXCELLENT丁目E私仇L C㈹UCTOR
t= J==■■~-

4. THE AMSOTRCPY 州THE LATTICE V柑RATl餅肌L 8E仙V10R IS

SO GREAT. THE INiLANE THERh仏しEXPANS暮CN CAN BE

NEGATIVE
~一-I

V(.VVO I tI-MOY-●き

!NTRODUCTION

GRAPHrTE MAY 8E CHARACTERIZED AS A

MEIAL

SEMトCONDUCTOR

INSULATOR

CERAMtC

PSEUDO-PLASTIC CERAM(C

DEPEND]NG ON WHAT PROPERTY YOU ARE ATTEMPTING TO DESCR旺

THIS SIMPL:I REPRESEm THE SAME VERSATiUTY OF THE CARBON

AmM AS DくEM札嗣ED IN ORGANIC AND B10LJOGICAL CHEM暮STfU
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H-451 IMPROVEMENT

DISPARATE FLAW SYSTEM

D王SPARATE FLAWS COMPLETELY DOMINATE TOLERANCE LIMIT･S.･

t5ACKGROUND DISPARATE

POPULATION

MEAN

STD DEV

Aす 99J95=

CUT OFF

COtLTR工8UTIO円

96.2%

X

1.36 MPa

3.8%

(¥- 5.03) MPa

l.O7 llPa

〈言-4.03)即a (言 + 1.00) MPa

27i 72%

THUS, ABOUT THREE-FOURTHS OF OUR PROBLEM IS REMOVED !F

TトtERE WERE NO DISPARATES

I和)lVi:DUAL nEASUREMENTS ARE nOT怖RMALLY D!STRtBUTED

脚L一郎el -tt494
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FRACTURE †oUGHNESS DECREASES

EXPONE=TtALLY･W汀H
POROSITY

c洲PuTER PRQGRARS ALSO uSE蛇1BuLL STATISTICS l…E CELL ELEnENTS

ORNL-DWG抑-18650
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GRAPHITE 王S NOT A CLASS王CAL 8RITTLE MATERⅠAL
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FRACTURE MEC'HANICs
･t;i (A

t
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1. A8ILITY OF PSEUDO-PLASTIC FRACTUltEトIECHANICS TU P(ほuICT FAILURE

AT LEAST SEMI-QUANTITATIVELY IS NO LOrJGER 川 Dげt)BT

▲

2. SURFACE ENERGY PARAMETER GIc 王S THE MORE FUiluA川ENTAL qUANTITY
◆ ′･

I

3. MUCH UORK REMAINS TU PLACE THEORY Url QUA!i･T.1TAT卜VE LEVEL.AND

FOLD 川TO NONDESTRUCTIVE EVALUATIUPJ METHODS A川t)I sT･ATISTl●cs

PARTICLE SIZE t)OES NOT AFFEC･T FRACTURE TOUG㈹ESS

[RO8!NSON FILLER - i･85
g/cm3 DENS;TY】･

Partic一e Fracture

sニ,zne
K言冒:ghMn,;…孟1･

/2

1.55

1.59

1.65

1.55

I

1.54

1.62

1.63

1.62

Brittle Ring

Fracture

Strength, MP8

1 Q

46.2

52.4

68･3.I

71.0

t'_宇

Critical

Defect

2a, pm

ill ii

586
′

3ア2

3 0:13

79.0 242

81.4 252
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characterization of graphites and C-CICOmPOSites

Tatsuo Oku

Japan Atomic Energy Research lnstitute,

Abstract

physi=al and chemical properties
are important tO

foresee the behaviour of graphite
ti-esunder fusion

plasma enVironment･
Data base of this aspect has

been overVうewed.
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Sandia Livermore Conditioning Studies

K.L. wilson

Sandia National Laboytatories

Liver.more, California USA

Abstract

The Sandia Livermore outgassing database for graphite

and carbon-carbon composites is summarized, and testing

of a･ 4-D carbon-carbon composite in TEXTOR is reported.
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Therma一 Outgassing of Various Kinds of Graphite

Yusuke Kubota

Institute of Plasma Physics, Nagoya University

Nagoya 464 Japan

Abstract

Thermal outgassing of various kinds of graphites
has

been measured by using a TDS devicL> and valance for

fusion app-うcation･
The TDS device and a set of results

for the effect of kind, pretreatment, and surface area

of graphite on the outgassing were reported･
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ロutgassing of graphites

Y. Xubota IPP-Japan

1)旦虹investigatiDq

For applica'tion 8f graphite to invessel皿aterials of

fusま8n teSt 丘evices.

. a)
Evaltl己tion of the 8utgaSSiニg 8f gra9hites

b) EsモaもIishnent of han丘Iing for gi-aphites

Tぎ謂(PDCO AXE--5Q), JET( ), TEXT8R(Toyo.T. IG-llOU),

JT-60(Ibi由n ETP-10).

民主n丘s Qf sa印1es use丘 for the まnvesti_ga_tiq塁

a) Iso-graphite(1S sa叩1es)

b) aniso-graphite(1)

c) c/C sGnpBSite(3)
●

3)*

10m x lOE[皿Ⅹ 50EIZn (5 cc in vo工uzne)

A_) ‡eミミinq I)a蔓旦ロeモers

a)鮎af.ing ra叩=ate: loo°/1min.

b) Haximnm t皇mPeratur.a: 1400oC
｢二

c)翫1丘ing tま皿e at ld_00'C= 30min.

a) 1st heati由an丘2n丘heating
arti_5ta吾蜜憤avingぞ旬d

several hours each Other.

5) Measu=ements carried out
一三=.

~~~.■~■~
_/■~

___■~■~_~~ . _ ■~
:｢..._

. . . ..~~
___二

a) TDS meas11ごementS for various as-received samples

b) Gas absorption o=- g=aphite丘uring storage

c)Effect of pre-treatment on out冒aSSing o=- graph洗e

a)三=-='ect of surface area of sample on outgassing

～
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Fig･ 1 Block diagzTam
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1･ On Gas I)ptakモOf Coaled'and Bar-e Graphl'te dwjr)守

eXPOSUre

2･ I)ydrogen aれ一 1)euterjum Retent紬m in舶11 Samples

ef JfT

羽. fckstejn

朋ax-Pl_anck-Institllt

Abstract

1. The gas release of carbon probes from djffrent manufac-

ture and the gas-uptake during air exporsure was investiga-

ted･ Sealjng of graphites with pyrocarbon (CVD) does not

reduce the short-time gas-uptake in 1 to 2 days, but slows

down the farther gas- uptake in one case but not in ar-other

one. A一so thle mass-SPeCtrOSCOPIC lnVe写tjgatjon of desorbed
● n ●

specjes shows 一arge differences in the composition and in

the desorptjon temperature at equal weight 一oss.

2. The amount of H and D

containing tokamaks is of

cm2 determined from long

The hydrogen is probably

D with carbon. The tota一

corresponds to about 100

the p一asma.

trapped in vessel wal一s of carbon-

the order of 2xlO17 to lO18(D+H)/

time samp一es in JET(rbTO3 discharges) I

trapped by codeposition of H and

amount of H and D in there layers

times the amou.nt of H and D in
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Absorpti,血and Desorprtion of D2 0n Graphf'･tte

}

H･ Atsumi aJld M･ Miyake

'Department of Nuclear En-glneering} Faculty of Engineering,
●

●

Osaka University, Yamada-Oka, Suita} Osaka 565} Japan

Abstract

Thermal-desorption 由easurements have･ been performed on

the graphite exposed to deuterium gas atmosphere at 200-

900 oC
under a glVen Pressure Within 0.05 - l atm for-

●

● i

Oi一
-■20h･

The typ-Gal results of this study are

summarized.
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High heat f一ux tests on C-materia一s

Jochen Linke

K F A

High heat

e一ectron be叩

sca一e sa汀岬1es

pyrocarbon) ;

were tested.

Main aspects

Abstract

flux sinlulation test

devices (SNLA, KFA)

(different grades of

besides this actively

were performed in r

mainly on laboratory

gr叩hite,C-C-qomposites

coo一ed compqnents a一so

of these experiments were:

-

erosion behavioEur,
専

--

thermal shock resistance,ニ

ー- thermal cycling behaviour_I

- investigation of particle emission.
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Graphite brazed to a wder-ccroted Mo-tube a托er 300 electron
beam pu芋ses

(F == 2･OkWcmー2,At = 20s,a≡- 15mm x 50mm)

Erosion of the graphJ'te surface by partic一e emJ.SSion due to e一ec-
tron beam bombardment (Tsu,f> 2400o C).
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? Ul]

EK 98

FE 159

* FE159▲i

AXF-5Q

AXF-5〔トG〔I

ATJ

⊂GW

5890 PT

IG ll

IG 110

* GrcLPhnoI

pyro〔nrbon if

FMI

*K-KARB
* ⊂⊂1〕9⊂

weI'ghナloss/mg
I-

く>

港 sample geone†py ofher紬qn 25mmx 25nm半10mm

Erosion of different grcLPh-itic mcLtericLIs
due to intense ele〔†ron beam bombardment

I
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Fm王勾O CARBON WEAVE

15 cycle

孟ヲ5put三s冨o乏芸nc急望

目EE5Hq.十∴目
Cr8Cki将behoviour of different gr8Phitic mcteriQIs

after successive electron becm shots of 1.5s durQtion,･

the power density wロS rQised stepwise from 0.5 to lOktdcm-9･.
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■ ヽ

Temperature pro用es in a graphite tile after 1.5 s e一ectron bom-

bardment (F - 4 kW cTTr2. beam area - 1 cm2); sample cut up

along thee midpfane.

Stresses along the Z-aD(‡s in a graphite tile after l･5 s etectror

beam exposure (ど- 4 kW cm~之. beam area
- 1 cm2). 771e dis･

tortion of the finite element mesh亨ndicaⅠes the deformation of the

tile due to therma( expans;on･
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1･ Disruption sinMlation experiments on graphite

by H+-beam at the 10MtJ Neu七ral Beam lnjection

test stand of the IPP Nagoya

2･ Ranaway-electron simulation by ele･ctron linear

accelerator二eXPeriments

H. Bo一t

lnstうtute: of Plasma PhysicsぅNagoya

Nagoya 464 Japan

Abstract

l･ The behaviour of e一even different graphite grades

(US-Japanese and European graphites) under disruption

conditions was evaluated. Large size samples (50mm x

50mTm Surface) were exposed to ion beam pu一ses of power

densities of 90‥.1000MW/m2 and pulse length of about

200ms. High strength graphites tended to crack under

the heat fluxes whereas isotropIC fine grain graphites
●

behaved well.

2' Electron beam of energleS 0.f 20 to 30MeV produced by

an electron linear accelerator have been used to simu-

一ate runaway e一ectron events.

Bulk gra.phite showed for superior behaviour to MeV-

electron bombardment than stainless steel.

In activity cooled structu'{es the metal cooling tubes

may undergo serious thermal excursions to their failure.
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TfIERMAL SHOCK AND FlミACTURE TOUGHNESS

CONSIDERATIONS FOR GRAPHITE IN TOKAMAK

REACTO RS

presented by A.T.McGrath

Divi5ion 624S

pI-- JJ. Stephens

Division 1832

Sandia NationalLaboratories

Albuquerque, New Mexico $71$5

OUTLⅠNE

●

●

●

○

Survey of thcrmat shock parameter for exJ'sting

graphites
●

･ Both major directions

Fracture Toughness Testing or Graphites

･ Preヤious data base - 3 point bend or

○

compact tension specimens

(pre･cracking is required)
Present study

- use short bar specimen (no

pre-Cracking needed)

Problem: Graphites which rank highest in

thermal shock parameter do not rank highest孟n

什acture toughness

Possible new dI'rec土ions
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THERMAL SHOCK PARAMETER

●

●

●

A phenomeno)ogJ.CAT parameter whJ･ch is used (o rank varyJng
●

aerospace materialsl tendency for fracture dtJe tO rapid
暮hermal eransienls.

WewiJJ use the roHowJ'ng deEim'(J'om.･

M'=SITrS k/(αE) (Watts/Meter)

S(TrS = Tensile Strength (MPa)

k = Thermal Conductivity (Watts/meter/oC)
α ≡ Therma一 Expansion Coemcien( (/oC)

E ≡ Young-s Modu]us (measured J'n暮ens)eon, nrs=舶djng)
(MP免)

All Pour quantI'ties vary as a funct]'on o( temperature, thus M'

a一so shows strong tempera(tJre dependence.

･ ETTec( oranisotropy･･ WG gives higher MII hence po･<esses

be触r thermal shock resistance thall ÅG

R9f2Ai33SAAPEAAltTTtE PROPERTIES F RAPHTTE

TI暮ERM^t. YOtJNGIS TENSI I.E TJ IEttM^1. TIIERM^t. FR^CTtJR I;

TYPE& PFt?n_11∈ftJL 亜!≦些些 ぢ0印T)UCnVllT gODULg!
tg帆/cc) (wa Ium/O C I

AXF･SQ pPOCO～

UNfON OJL

AT)

UNION CARlltDE

▲TJ
･S

UNION CATtllllJE

r;RAII打NOt. N3M

I;ItE^T LAKES CARBON

lrT'5890

CARIION.LOIIR^INE

I.88 100.

Z 7占 Ⅰ2S.(WG)

IOO.(^G)

I&3 T30.(WG)

10 J.(^G)

i.85 185.くWG)

I.8I 8S.1 (WG)

12^(AG)

(IOI Ml'a) tMP^) (loヤe)

uo
1

64.6 7.4

0.84(WG) 29.9(WG)

0.SS(AG) 271(^G)

J.Ⅰ4(WG1 363(W(;I

0.拝S(^G) 30.0(^G)

0.SO(WG) 421(WGI

0.1-I(^G) 383(^G)

I.17(WG) 42&(WG)

0.99(^一;) 413(^G)

-31i-

2J(WG)

3.4(^6 )

3.2(W(; )

41(^G)

53(W6)

5.8(AGI

3.8(WGI

3.7S(^G )

SHOCK P^ltAM. Tpり叩墨

(101 watl〟m) tMP&(m)lIII

l.? I.67

17.7(WG)

タ.4(Aa)

J3.OLWG)

8J!(A GJ

I 8.6(WG)

I丘&(^G)

D.93tWG)

0.89(^G)

I.44(^G )

83(WG) IJ3

8.I(^G)

J.J. Stoph8nS. SNLA DJv. 1832



THERMAL SHOCK PARAMETER, ACROSS GR,NN
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l･:LEVATEDユ1'EMPERATURE FJミACTUlミE YOU(I.HNESS

TESTING OF GRAPHITE

F7G･ 1一心l,ndlf'r ithJJ7,uJ'onJ Q/
1EJ(

DPPOrDtA'J ■d JPWiNW/b(JIW
dtt18n /or

delrrJWJII&ノねEIJI,I10-Bh,JJ 0/ ETDP^L'lLEmL)(trldJJ dL EIq4(Ld lLnPrTOIJdtJ.

REF: L.R. Hettche and T.氏. Tucker, ASTM STY Sol, 1976.

FRACTURE T10UGHNESS TESTING

･ FractLJre toughness provides
a measure oI'tlle load a slruc暮ure

can v/ilhsland ヽvithoutca(as(TOPIlicrailure
due to rraclure

･ The p)a]1CStrain rrilClure lougllnCSS･ KIL･, is rclaled lo (he

crit;L･alenergy release rate, GIc, for Crack extension:

(Klc)2= GIc(1･v2) E

where v IS POISSOnls ratio and E is暮he elastic modulus･
●

ASTM E39t) isthe standard Tor fracture mechanics tesling'

usJng either compact tension or bend test specimens･ These●

tests requlre a PreCraCked specimen･
●

p ThK･kn亡S､ B

宅当^･-e宗･i"(L'･)''.
-

1"A (:.I
-4叫.I:

)''･叫,;l'∫-

).'･1.m(E･T']
Thh:kn<～ヽ fI

A.I
D"I,'.

1トl.':I-
''-･85･t(
■

●

-丁(::)
I-[n"
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POSSIBLE NEW EXI}ERIMENTAL DIRECTIONS

｡ Development of standardized thermal shock

testing appropriate for Tokamak environment?

｡ Fracture toughness testing after exposure to

actualservice conditions?

RELATIVE RANKING OF AVAILABLE GRAPliITES

THERMAL SHOCK FRACTURE

TY I}E
二_~

~~~■

GrahpnoJ N3M

AT.トS

PT5 $9 0

AXF5Q Poco

PARAMETFJ
l

(104 WATTS/m)

1S.6 (WG)

16.8 (AG)

13.0 (WG)

8.8 (AG)

S.5 (WG)
S.I (AG)

7.9

TOUGHNF.SS

(MPa(m)I/2)

1.44 (AG)

0.93 (WG)

0.89 (AG)

1.23*

1.丘7♯

*
average oT 6 dirrerent orientations x 2 blocks (duplicate

specimen tor each condi(ion)･
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High Flux
LPrlasma

B･ombard叩en七:of GraPhi-:七e

Yoshihiko Hirooka

U C L A

Abstract

Resent experimental results of h1'gh flux

hyd'rogen plasma bombardment experiments in

on graphite, are reviewed. Under a typical

ditions, the erosion yield is reduced by a

Various graphite materials including ATJ,

and 3D C-C we●ave are compared with respect

(ー～1018 ions/see/cm2)

PISCES, Particulary

redeposition con-

factor of 2 ～ 3.

POCO, Pyro-graphite

to the erosion yield.

The C-C weave is found to beJthe best materl.al so far.

AIso the fir･st experimental result of controlled graphite

pumplng experiments is presented. High fluence helium plasma

(1021122 ions/cm2) activates the graphite surface for pumping

neutrals･ The activated graphite surface showed retarded hydro-

ger. reemission characteristic which might be one of the key

factor for TFTR■s supershot.
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TnBLE Or CONTEN†S

I. I)ftlEF tN†RODUCTION OF P]SCES-r爪CluTV

-PL爪S日付CfmnnCTEnfSTICS

2. EnOS古ON OF 6ftnPHIT亡MnTEnlnLS

-MECl川NISM Or EROSJON氏ND REDEPOS汀ION OF 6RnPH]TE

-nECENT EnOSfON DJ]Tn ron 6nJIPMTE MnTEnlnLS

3. PUMPING DV PLnSMn-nCTItJllTED 6RnPlftT亡

-KEV rnCTOn TO T暮tE SUPEnStfOTS nT TrTn 7

-MECl川NISM Or nCTIUnTlgN

-亡FFECT ON IIVDl柑G亡N R亡CVCuN6

4. SUMMl川V nND DnTn NEE泣S
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Assessment of graphite for limiter/divertor and first

wall tiles in CIT and ETR-type machines

A.A. Haasz

University of Tronto

Abstract

The expected range of operating graphite temperature and

p一asma parameters for CIT and ETR-type machines were id占ntト

fled. The available database for graphite erosion was evalu-

ated with respect to fir･st wall and limiter/divert'or require-

ments. Physical sputtey.ing, chemical erosion, radiation/enhan-

ced sublimation an.d synergistic erosion were discussed. The

effects of surface impuritjes, bulk impurities, p一asma impu-

rities, redeposition/codeposition and use of carbon/carbon

composites were a一so addressed.
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Ion-Induced Sputtering and Inteytfacial Reaction of

Metals or Metal Carbides Deposited on Graphite at

Temperatures

KenJ'i Mom.ta

DeparLtment Of Crystal一ine Materia一s Science

Faculty of Englneering, Nagoya University

Nagoya 464
･Japan

Abstract

It has been shown, concerning of suppression of chemical

sputtering, that sputtering of metal atoms from meta一 一ayer

(Ni) or meta一 carbide layer (Tic, CrブC3) deposited on gra-

phite is substantia一ly suppre･ssed, below certain crLitical

ion flux, by ccverage off the surface with segregated carbon

atoms, which are continuously supp一ied via diffusion from

graphite substrate.
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Chemical Erosion of graphite and Diamond materials

due to 一ow energy hydrogen bombardment

Reiji Yamada

Japan Atomic Energy Research Institute

Abstract

Chemical erosion of graphite due to hydrogen ion bombard-

ment in the regime of low energy(≦several key) and 一ow f一ux

(≦1016/cm2 sec) bombadment measured by JAERI was compared

with the data of Toronto group and Garching group. The differ-

ence between three groups is rather small and consistent.

O

Diamond compacts and film produced by CVD method at 900 C

for the subrate temperature shows low chemical erosion com-

pared with graphite.
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Comment on erosion of graphite

Volker Philipps

K F A

Abstract

Radiation enhanced sublimation; The interstitial model to

explain the radiation enhanced sublimation has been further

●

proofed. If predicts a threshold down to small energleS Si-

milar as for the production of Frenhel pairs. A flux depen-

dence is predicted, so that the yield ciell decrease propar-

tional to (P)3日(p: Frenhel pair production rate).
Chemical erosion' of hydrocarbon films; Which the chemical

erosion of pure graphite differs slgnificantly when using
●

either thermal atomic hydrogen or energetic ions (yield in-

creases from 5×10叫 toJb5×10-2 c/H), a-C.･H films are highly

reactive agains't atoms a一one.

The erosion yield of a-C:H films when bombarded with ther-

ma一 atoms js in the maximum 800k of the order 0/10-1 and so

similar as that of energetic ions on these films which is

quite similar to the yield of pure graphite.

If has been further found that hydrogen

layer.s shows also a high reactivity against

-342-
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Thermal Desorption Prof:eSS and Surface Roughness

of POCO Graphite Irradiated by Hydrogen Ion Beam

Tomoaki Hino

Hokkaido University

Abstract

pしCO Graphite samples were irradiated by日吉ion beam

( 9keV ), and the thermal desorptions of H2 and CH叫 Were

studied by thermal desorption spectroscopy. The peak tem-

●

perature, which glVeS a maximum of H2 desorption, incr'eas-

ed at lower irradiation number but decreased at higher

irradiation number. For CH4, the peak temperature was

rough一y constant for the irr､Idiation number. The surface

roughness factor of the graphite decreased as the irradi-

atjon number.
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~･一人寸一-
1tt .

Estina-tibn of Retention, Permeation and Resycling

●

Tetsuo Ta汀abe

Osaka Univer'sity.

Abstract

For estimation of hydrogen recyc一ing properties, the

importance of effeclt Of gaseous hydrogen background is

empha.sized based on the recent dat･a showing the rather

high silubiljty of hydrogen in graphite. The inlPOrtanCe

of time transient behavjoiうs a一so mentioned.
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同一

Estimation Retention, Permeation 8nd Recycling

T. TQnQbe(OsqkQ Univ.)

王mportQnCe Of tin'ie tr8nSient behQVior

Import(】nce of b8Ckground hydrogen g8S

E作ect of impurity

M□in problem seems to be o｢iginqted from

high retnetion in'the first WCII

LQrge tritium inventory

High probQVility of DT Cnd DD reaction

LQrge Perme8tion

ヽ

L8rge frQCtuOtion of hydrogen recycling

Hydrogen emb｢ittlement

ReconTnendQt ion

High (but no so high) temer8ture operation
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Tritium Inventory

K.L. Wilson

Sandia National Laboratories

Livermore California, USA

Abstract

Tritium inventory estimates for TFTR and CIT ar-e

summarrized･ Modeling is too imprecise to provide

accurate calculations. Instead, tritium inventory is

estimated using an emplr'ical approach･
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HYDROGEN-GRAPH(TE RECYCUNG

i. HYDROGEN■RETENTION ZN GRAPHITE
=~=_~=_二~二

,- MECHANISMS

-- SUPERSHOT CONDtT‡ONING [N TFTR

H. THE CO-DEPOS汀ION MECHANISM

-WALL
PUMPING IN JET

-- LABORATORY S(MULATJON

=. TR(TIUM INVENTORY IN G.RAPH汀E DEV(CES

-- THEORETICAL APPROACH

-- EMPIRICAL APPROACH

presented by:

K. L. Wi一son

Sandia Naモiona! Laboratories
Livermore CA 94550
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THERE ARE AT LEAST FOUR MECHANISMS

FOR HYDROGEN RETENTION DURING

PLASMA-GRAPHITE INTERACTION

● SATURATED UIYER

● POROSITY
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LABORATORY STUDIES HAVE IDENT肝壬ED

丁目RE賢SQり吊CES OF HYDROGEN RETENTION
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THE LOCAL MiXJNG MODEL CAN PREDICT !SOTOPE

EXCHANGE IN THE SATURATED LAYER
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CO･DEPOSIT‡ON IS THE DOMINANT HYDROGEN

REMOVAL MECHANISM
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Hydro9en Remov8I With SS日ectrodes is
Consistent With Theory Based on DfFFUSE
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DEUTERfUM IS RETAiNED IN丁目E REDEPOSETED
●TOKAMAKZUM- LAYER

DtSTANCE (cm)

wAMPL∈R et &I. (1988)
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TFTR HAS OVER 2000 kg OF GRAPH汀E
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GEOMETRY USED tN TFTR RECYCLE CALCULATIONS W汀H DEGAS
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KEY EXP∈R肌臆NTAL OBSERVAT10NS

TFTR TILES:

AVERAGE SURFACE LOADfNG: 1017 cm･2

MAXJMUM SURFACE LOAD!NG: 1018 cm･2

BULK LOADING: 5 ppm

LÅBORATORY:

BULK LOADING MAX(MUM: 20 ppm
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Trapplng-Release Behaviours of Hydrogen Isotopes

in/from Graphite

-- Modificati･on by the Presence Fe Impurity I--

Kenji Ichimura

Toyama University

Abstract

ln trapping-release of hydrogen isotopes in/from graphite

●

trapplng States and thermal release mechanisms were deter-

mined, and recombination factor and Inventory were evaluated･

Graphite characteristics was modified by ‥on bombardments

(D+
and日吉)and by presence Fe impurity･ The surface recom-

2

bination factor of the iron-coated graphite was smallerthan

O

that of pure graphite below 600 C.
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INTERACTIONS BETWEEN TRITIUM AND GRAPHITE

K. IcLhimur年,.K. Ashida, M. Matsuyama, and K. Watanabe

Tritium【 Research Center事Toyalma University

1. Trapping-tReleas占Behaviodrs of Hydrogen工sotopes in/from Graphite

l-i. Trapping States : XPS
-SINS ( - TDS )

1-2. Therma一 Re一ease :

_Mass
Analyzed Lhennal Besorption Spectroscopy (弧TDS)

I-3. Recombination Factor
●

1-4. Inventor'y and/or Retention

2.他difications oT- Graphite Characteristics by lrradiation and/or
lmpurity

2-i. By Ion 8Qmbardment (Hydrogen Isotopes and Helium) : XPS-SINS-Raman

2-2. By Presence of Fe Impur･ity : XPS (- SINS) - MATDS

TRAPPING-RELEASE 8EHAVIORS OF HYDROGEN ISOTOPES IN/FROM GRAPHITE

- MOOIFICATION BY THE PRESENCE Fe IMPURITY -

K. Ichimuf.a, K. Ashida, M. Matsuyama, and K. Watanabe

Tritium Research Center, Toyama University
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Pump

or (SYST計トIデor Hz, Dz and CD止)
●

工mplan七aモion :

C ryog∈nfc
Pu汀℃

5 kV (独A/cm2)
aて rOOm temロ.

●

pres.<･6x-0-8 pa

▼

(QHS) (ArT as a probe)

監遜Ⅰon･gun

Samp一e : pyrol

(..5x- Ox2岩rS3h
⊂コ

ytic
ite

)

Pump

7Turbomc!e⊂utQr Spu_tier Ion

Ion一石un

Pump了nQ Soeed .･

80 1/sec' for H2 a 02
こ~｢｣

(by T.M.P.)

(sysT恥Ⅱ fo_r T2 and D之)
or 02 gQS-inlet

S.王.冒 C.宍 巳.GP.

p√es.く-x-0-7 pa

T.帆P.

(o.5xlOx20 m3)

Pumping Speed : 40 1/see for T2

(by S.Ⅰ.P. &B.G.P.)
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chQnge in the desorption･ spectre Of D2

with repeQting impIQntCtion-deso｢ption･ cycle

Deute=ilm ion子t脚Ce : 6 Ⅹ 1017 ions/tn2
(J

L With 5 keVt 26. pA/cm2)

Tenpe=己ture r邑mP = 5 o⊂/s･ec

afteご18th run, the.spectご阜I shape己na the amount

of desorption became reproducibie･
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Hydrogen Permeation through Graphite

■

Michio Yamawaki

University of Tokyo

Abstract

Graphite is porous material so that gaseous diffusion

thr･ough pores and atomic diffusion on pores are intrinsi-

cally important in eve-1uating the hydrogen retention and

permeation rate of graphite. Linear pressure dependence of

permeability was found in the down to～10~2 pa reg10n Sug-
●

●

gesting the viscous'flow limiting kineticsI Extremely large

temperature dependence of permeability was observed, but

could not be adequately explained by the existing models.

Extensive studies are needed to understand this aspect of

hydrogen behavior in graphite.
･
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Comm,ents on recycling and hydrogen inventory

Volker Philipps

K F A

Ilヽ､

Abstract

Recycl･ing behaviour in tokamaks with metals walls can be

understood based on materl'als parameters of diffusion con-

stants, recombination rates, solubilities etc of hydrogen
■

in metals. The expected recycling in fusion devices with

carbon walls is believed to be determined by the satura-

tion of graphite du白 to hydrogen impact. This world result

in R=1 after a transient pumplng With R<1 and further

change in the recycling would be only caused by tempera-

ture excurtions of the walls. In contrast, present obser-

vations in tokamaks(JET, TFTR, TEXTOR) can not be explain-

ed by this simple picture. The fina一 clarうfication of the

observed phenomena is still open. The answer of this beha-

viour will also drastica一ly influence the expected tritium

investory in fusion machines.
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Some ConsideratioりS Qn SLぎ1ectionCriteria
for GraphitesL.aS fusion Ma_ter`ials7

†L

.T.
Oku

Japan Atomic Energy Research Institute

辞暮

Abstract

Some considerations are made on the selection criteria for

graphite matey.ials when they ar-e used for the fusion reactor

components. The selection criteria are examined considering

that the graphite might fracture due to internal stresses.

The interna一 stresses consist of a thermal stress based on

temperature gr-adient in the components and irradiation-induced

stress associated with dimensional changes due to neutron
′>

irradiation. It is st.ressed that the irradiation-induced

stress is particularly important.

There may be impossible for the graphite to fracture if a

stress generated is smaller than the fracture stress and a

stress intensity factor or a a-integral value which controls

initiation and extension of cracks is smaller than the respec-

tive fracture toughness vallue. From such viewpoilltS the se一ec-

tion criteria for graphite materials are examined and the

present status of the data base on properties which a.re con-

sidered to be slgnificant is reviewed. As a result, the data

group which shou一d be intensive一y obtained are defined.
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Presentations on Graphite Technology

u.P. Eatherly

Oak Ridge National Laboratory

Oak Ridge, Tennessee USA

Abstract

The properties Kic, E, and ultimate tensile strength

have been measured on three graphite tirradiated to

neutron fluences beyond dimensional turn-around.

Kic is relatively uneffected, while the effective flaw

size monotonically decreases.

Gic as caluculated from Kic monotonically decreases con-､

sistent with the model of orlglnal flaw heating accom-
●

panied by generation of many new small flaws.
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and Low-Z-ceramics

t

一- ● t -■■l■ ●

t

l

~ヰ:

I
･ヽf)

Jocheり Linke

K F A

Abstract

A short repor't is glVen On the irradiation test which
●

are p一anned on have 8.lready started in the frame of the

KFA programme. These includEe neutron irradiation tests on

graphites and low-Z ceramics in a fission neutron environ-

ment(HFR-Petten) and in a spallation neutron flux(LAMPF-

Los Alamos), respectively.
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･v; ∴Ran Aw,ay Electron Ana一ysis for TORE SUPRA

ぎ

▲tー

▲L
= ⊥E1

R.T. McGrath

Sandia National Laboratories

Abstract

The localized energy deposition of runaway electrons can

have discontinous effects for tokamak interior components,

especially there operating with active cooling. Experience

on JET implies that as much as 40kJ can be deposited over

small surface areas) ～5cm2> per runaway event･ presented

here is the analysis of electron slowing d･own in graphite

armor and coolant lines for the actively cooled limiters･to

●

be_used on TORE SUPRA･ Me find that slgnificant energy is de-

p-osited outside the projected
beam aria due to large al;gle

scattering events and that 2･O cp or more of graphite armor

is r叫uired七o reduce localized heating of t帖 coblant lines

to a m'anageable leVel･
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Fusion applicatヰon of C-C composites

Takashi Uchikawa

Mitsubishi Heavy Industries

Abstract

C-C composites have high potentialies for fusion applica-

tions, although limitation on fabricability and long time

needed for production, etc. are englneering subjects at pre-

sent.

As one step to realize a lay.ge C-C composite fusion com-

ponent, advanced ALT-II limiter blades of C-C composite are

now being developed.

C-C composites should be characterized consideyl'ng the

factors such as fiber properties, composite production me-

thods, weave configuration, treatment conditions, etc.
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FuS･IOH APPLICAnOtt OF C-C COHPOSITB

T. U血王k8Ya. Xitsubish王tkayy ln血str王es. Ltd.

1｡ Geztral Descr'Lpt王on
●

carb甲-Carbon co耶S王tes hare high

TPOtential鳴s
a声high heat flux mterial for fusion

appl王亡at王ons. The adyantages of c-c conposites are
'･

1)技王ghstrength and stiffness

2) High thertBalshock res;stance. tLainly due to large strength znd snall也ernl

岱p8nSion coeff王cient.

3).t&r8er electrical res王stiv王ty vh王ch leads to stnller electroELagnet王c forces

induce丘on compared yi也zBetal structure

取e aboye feattqes yould be zLtl訂aCtiye王n order to stlpply h王sh heat flux conponents

l血ich are exposed to虫Yere heat load copd王t;ons.

8n the other hand. the亡一C CO正pOSites 8t present also stlffer disadvantages as folloys:

■

A) L;zLitat王on ozt fabri亡ab王l王ty･' ‡n general i七王s rather d王ff王cul七to su??ly.larger

three dizLenS王onally shaped product.

8) Long period of七三fLe needed for屯ZltePial pFQduction= 4-8 10nths

C) Eish cost王 S350-5COO佃

Faster and nope inexpensiye production. ZLS Yell丑S appropriate design application.

of crc cotLPCSites is a crtlC王al eng;neering subJ'cct.

2. DeyelopnerLt Of rc conpQSite liliter blade for ALT-Ⅱ 8dyaJtCe配nt

As otle Ste? tO re且l王ze a large three d王tens王¢nal cI COtpOSite ft6ioTL-CO呼Onent｡

ALT-Ⅱ 8dyattced l享iiterblade nee of cIC00叩CSite is nor being deyeloped. The

deyelo押ent Stage at this pizlt王s goins irLtO aft actual fahr王cat王ortof the blade

Aaterial based orL the saAple plate prQduct王ctt and properties eyaluation.
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prob一ems with Cri.teria for Ma･teria卜S芦Iectio-∩

and Failure Assessmeゎt

Masanao Shibuう

Tosh~iba Corporation

f}

Abstract

criteria for material selection and failure assessment

have been discussed and reviewed with particular emphasis

on the loca一ized erosion due to intense pulsed energy de-

position and･ failure mode of graphite under biaxial stress

state.
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- Haterial selection

- NDT

- Surface nicrostructure

changes due to high

energy particles

- Residual strength of

irradiated graphite

- Failure under disruptive

plasma heating condition

- Failure under tension-

compression biaxial

stress state
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9.5 kW/cm2 7:4 kW/cm2 6.0 kW/cm2

Af†e｢ 150ms-4shofs (ET-10)

-451_



ActiveTtooling with Swirl Tube Enhancement with App一ication

to -th.e. Tore.SupTT･争･MQdu･lar Limiter Design
h

･T

l､l

-
1～

白=

｣■

ヽ

R.丁. McGrath

tLt

sa'nd.ia Nationa一 Laborratories

Abstract

Tokamaks operating with pulse length greater than 10

seconds will require active coo一ing of plasma contacting

surfaces. Fort limiter leading edges heat fluxes as high

as 3-5kW/cm2 are to be expected. Testing at the electron

beam test facility at Sandia shows that these limits can

be achieved using high flow velocity, subcooled water

with enhancement of the heat transfer with twisted tapes･

In addition, surface temperatures of graphite armoy･ tiles

O

can be kept below 1200 C using pyrolytic graphite･
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PO〔O AXト5Q GRAPHITE
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DITTUS-BOELTER CORRELATION
二:I:_二二二二~~r-二__二:I:~~二_=二二=

~~■■ -- ■
一~ニー

■- -
:I-

Nu - 0.023 rteO･8prO･4 (ILw如b)0･18

where.

Nu

Re

Pr

- Nussett NしImber, hD/k
=二___

: ~~~~∵

｣ 二

~

Revnolds Nunlber. β∨叫↓
PrandtI Number, FLCp/k

pw
≡ Viscosity at watt tem'. )erature

FLb
= Viscosity at fluidbulk temperature

&j-iri二.:;I:::二~~II---~~~~~..I.I
~~.~~~1-■■■■■■二こ~~二~~.I ~~~~-~

■二諾

BOluNG MODEL (Finiteelement ca書cs.)

港
Assumes correlations can be applied local(y

around tube yvalt

♯
Thom's correlation used for subcooled boiling

★ Dittus - Boelter correlation used for convection

* Program chooses boiling if better than convection

and Twalf > Tsat

*
Approach expe一:¶enta]ty verified in Sandia e-beam

'4
6'l'314

'''Ak
- b

画
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CHF Correlations - Tore Supra Cond'Itions
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敬 Sandia‡曲血nat･Laboratodes

CHF Comparison - Straight Tube
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CRmCAL HEAT FLUX CORRELATIONS
:_

_二~~二二__

_ ~ ･ --･ __

I Most existing CHF correlations:
-

uniform circumferential heat f(ux
-

vertica一tubes
-

Saturated boi一ingconditions
-

aimed at predicting DNB for.nuclear power app一ications

I
Subcooled boi一ingcorre一ations:

-Gunther (1951)

-Westinghouse (1963,1968)

★ Peak heat flux suggested as best correlation
Parameter for subcooted f一ows by Leontiev (1981)
(confirmed experimentally with Sandia e-beam)

1I'6t-J924JLi.ド-4

匝)

EXPERI'MENTAL ARRANGEMENT

せSandia e-b.eam apparatus
- 30 kV, 30 kW electron beam
- beam ｢aste｢ed over 8 cm 一ength
- 15'kW max. delivered to water

*
Water at 0.3-2 MPa (50-300 pst)

井Ftow ve一ocities2

-
. 20 m/s

*
Glidcop copper tube targets 9.5 mm OD
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CRITICAL HEβ汀FLUX

i Vapor blanket forms at walt
★ Limits heat transfer
* Wall. superheats preventing further

tiquid contact

尊Prevention:

-incr甲Se
flow

-increase subcoortng

-increase pressure

♯
Maj'or problem: burnout of tube
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CFtYO6ENICS

HEAT I(PES

ftAt))AT10N

tAND SEEDED FLOW)
SACfltF暮CAt.

(LtELTING. ADLAT10N.

TR▲NSPJFtATJON)

繭L L._..

AND 8LA帖ET IBEA■.DUNP9 AND

lFrFrST VIALL OF COPAeT
I ftEACTOf18
I
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I
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NEAT FL此柵ンc7A2
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IN THE PftESENCE OF A T7tANSYEF[SE
LIAQ#ET(c触

USE OF SUBCOOLED FLOW BO!L!NG

Advanta9eS:
*

Higher heat f(uxes

甘Lower仙id pressure
♯

Lower flow rates

Potential Disadvantages:
* Cavitation, erosion
*

Vibration, noise
～

Burn-?ut (criticalheat flux)
♯

F7ovv lnStabilities,surges
～

High pressure drop
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仙ト

CO2 Laser Beam Test of an Actively~Cooled First-wall

Element with a Graphite-clad Sic Armor Tile

Yoshitake Gl)tOh

Hitachi Research Laboratory

Abstract

A graphite-clad Sic tile of 29mm dia and 15mm thickness

is bonded･to a base metal (Cu or 316 SS) with insertion of

Cu-35 vol%C composite sheet. The elements are tested under

active cooling cond1'tion by using 3.5kM CO芝 laser beam at

heat flux condうtion･of O･3ru -.7ktJ/cm2 and a pulse 一ength

of 40s.
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Limiter Heat Loads in TFTR Due to Disruptions

M. Ulrickson

P'rinceton University

Princeton, New Jersey USA

Abstract

A fast infrared thermometer was

the temperature of the TFTR Bumper

tions with 10usec time resolution.

peak surface temperatures of 1800C

The rise time of the temperature is

The heat flux is found to be up to

constructed to measure

Limiter during disrupI

The results indicate

at 10MJ of NB heating.

as short a早 20usec.

40kM/cm2. The energy

もdeposition
is up to 200Jrc.m2･ Extrapolation to CIT is

made.
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TEMPERRTURE PROFILE

ー30.0 -20.0 -1C.0 0.O 10.O

POLOIDRL ∩NGLE (DEB)
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CONCuJSIONS

I:plahsaT;abCeuernre.nbtsedrevceadY.rates Of up to 600 kA/msec

II.The fastest disruptions occur at low q･

ⅠⅠⅠ･
Tphseercmwalltantehregyfadsetce冨ft.irmheiS#pe

between 20 and 100

dis ruptions ･

Ⅳ ･

u,7utsot5hOe

r%koafl)tPse
gel,?.sziae

dSt.Onretdhe??lPLglre㌢
agnetic

v. up to 200 I/cm2 has been deposited.

TFTR Disruptions

Stored ene摺y
Thermal energy

- 1･1 MJ
Magnetic energy

- 5･3 MJ

Energy to the bumper limiter - 3･4j:1･4 MJ

Energy radiated
- 3.Oi=1.0 MJ

ir

L.
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ぢ毒

Disruptions on Compact Devices

乱ored energy
Thermal energy - 36 MJ
Magnetic energy

= 42 MJ

Peak heat flux in 100 psec thermal dump - 45 GW/m2

Peak heat flux in 10 msec current decay
_-

470 MW/m之

Total energy deposited 920 i/cm2
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D RELEASE CROSS-SECTION
v5. ENERGY INTO ATOMIC COLLISIONS
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SUMMÅRY: L‡M汀;良 PfJrl?弼G EFF;CTS

王短軸is consistent with TFTR observations:

1)pumping capacity is of the orderof 一oo torr-1jters･

which equa一s the capacity of the saturated are己Of the

bumper liml'ter

ヽ′

2) strong p.umping effects ( 1'e･ Sma-- va-ues of lp℡)`have

been Seen On一yon the bumper limiter w･nich operates

at 一ow tさmperature (く6bc)

5) satu｢atl'on concentration fa--≡rapid-y with temperature;

ve｢y little bu一kabso｢ptjon capac-ty at m.oveable ljml'ter
●

●

temepratures ( ) I000C)

4) 〔film5 Observed on TFTR wan (March,-g86) have on-y
トら冗deuterl;um

5) calculatedD f一uxat･wall i5 a 5mall fraction (卜5,q) of the

t,3tal pa｢ticle flux (Heifetz)

6) pump7'ngeT'fect7'sobserved when pl己Sma is moved from

moveeble 11'm托e｢ to bumper 7imite｢

地封on mode一 fs more re一evant to JET and TEXTOR

了)with limiter base temperature at 500C. C sputtenng by D

i5 increased

2) pumping capacity inJET is larger

(〉I000 torr-一iters,Cohen)
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Sao フpQ Ip Q

〃ect士 FLIL.X: C叫んL)

PURPOSE

1･ Shield the ~ⅠCRFa血enna fmm plasma loads｡

2･ Serve as the limiter br plasma star叫p･

3. Pump limiter ■testmodule.
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F･･3外{e i

Dimensions of the shield lim辻ers

1. Major radius of the ⅠCRF plasma
- 261･6 cm･

2. Minor radius of ICRF plasma
- 96･ cm.

3. Major rad山s of shield lim比er at mid-plane
- 360･6 cm･

4. Poloidal radius of curvature of shield tim. - 99. cm.

5. Tbroidal radius of curv血re of shield lim. - 155. cⅡ1.

(Away from the
plasma).
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Design Aspects of in Vessel Components

K.J. Dietz

J E T

Abstract

-+

The proc?ss leading from the deslgn idea to the procure-

ment of in vessel components is shown, starting from the

physics input the iterative process of the deslgn is demon-

strated in form of functional blocs.
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Experiment on First Wall Carbon Coating-I:ocusing

Hydrogen Concentration

Yuichi Sakamoto

ITIStitute of Physical and Chemical Research

Abstract

A simulation experiment on the first wall carbon coating

has been carried out by the use of RIKEN ECR-2 device･.

Main results are as fol一ows,

l) we have hard, high density and amorphous carbon films

on SUS 304 samples by ECR discharge in CHJH2(l/l) mixture

gaS}

2) high energ.y ion bombardment seems to be effective 土o

decrease in H/C value,

3) we can clean up harmful carbon films deposited on ob-

servation windows and so on, by a local pure hyd斗,ogen

p一asma.
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EXPERIMENT ON FIRST WALL CARBON COATⅠNG

-FOCUSING
HYDROGEN CONCENTRATION

Y. SAKAMOTO

Cnd coworkers

ll Ⅰnt｢Oduction

2. RIKEN ECR-2 Device

5. ExperimentQI Res.ults

5.'i PlロSmQ BehQVior

5&2 ChQrQCteristics of CQrbon Films

515 Cle□ning o･f HQrmful CQrbon Films

ち. Conclusion
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Ⅰnt｢oduction

C⊂汀bonizQtion of

く

≡
○

DIVA

TEXTOR

JIPPT-II U

ASDEX

JET

目ELIOTRON

Dec｢eqse of

Metql □nd

Oxygen

Aim of RIKEN-ECR 2 Expe｢iment

DecreQSe Of Hydrogen Concentrc)lion

in C〔汀bon Film
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丁血1e 2.I ChqrロC七eristics of corbon films

items

cohditionEsモiふ竺竺コ
St｢UCtu｢e CHq/H2=1′1RHEED□morphous

PtotQ1忘0.01-0.1PQFTiR□morphous

Pmic｢o=200W

VbiロS,=0-100V

u

hardness Vbi○s=OV870kgmm-2

specific
weight

pe｢pendicu1□r-5gcm-5

I

hydrogen
H/C Y旨三岩…Q-;hO-V.,ov,NRAO.28

TQble i. CompQrison of H/C evQIuロtion methods

:■■■■

methods.

sロmPleNO.

NRAキER⊃A桝丁DSAPQrti□1Pressure
MeロSU｢ement

`NOt.147 0.220,2勾O.120.勾2

NO.156 0.250.500..26-0.勾2
■

NO.195 O.160.2年0.!2-

事1H{--吋メT)1&c
,伯c (i,p)17c

'.り4r的Pt〟
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CONCLUSION

SimulQtion experiments hove been cqrried

out qnd the m□in results q｢e
1

1) we hc)ve hqrd high density Cnd c)morphous

cQrbon films on SUS 50q sqmples by ECR

dis'chqrge in C‖斗/H2 ( 1/1 ) mixture gqs}

2) high energy ion bombqrdment seems to be

effective to dec｢eose H/C v□1ueノ

5) we con cle□n up hqrmful cqrbon films de-

posited on obserVQtion wlindows c]nd so on

by □ 1oc□1 pure hydrogen plqsmq.

Tc)bュe 5. Relqtion between theは/C vqlue
c)nd the bids VOltQge

Vbiqs H′CbyNRAconditions

OV o,26PT-5.5x10-5pQ

OI22

0.19CH4/H2-1′1

o.16Pm=200W

-100dc

-150dc

175｢f
(20MHz)
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Properties of Carbon Coating Films Produced by Glow,

RF and ECR Discharges

Tomoaki Hino

Hokkaido University

Abstract

Carbonization experiments have been sucessfully per-

formed in Heliotron E, JIPP-ⅡU, TEXTOR and ECR-Ⅱ(RIKEN).

ue have investigated the properties of C-films pr､〕duced

in above devices; film thickness, depth composition pro-

file, hydrogen content, chemical binding state and cry-
O

stal structure. The film depositp;on rates are rb10A/min
O

in glow discharge and rb50A jn ECR discharge. The dense/

hard carbon fi一m can be obtained by ECR plasmas.

The hydrogen content of C-films due to ECR plasmas is

一ower.

In Heliotron E, the erosion rate of the carbon film
O

due to hydrogen plasmas is estimated as 20A/hr, which

is much smal一er than the film deposition rate. In addト

tion, the Tic ceramics is formed at the wall both with

carbonization and Ti-flashing.
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i?[KEN ECR-E
~~~

_ - -
-
I
-

__ー-iii

Corbon fi/m onolysIS
●

(i) crystal structure

XRD : X
-roy dI'ffrocfI'on

(2) fi!m Thickness

lnferferomefer : Tronsky method

(3) depth composift'on profile

AES : Auger elecfron spectroscopy

(4) hydrogen cot7CentrOTL･on
′

TDS
･'fhermol

desorpfion specfroscopy
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IPPJ-AM- I *

IPPJ-AM-2 *

IPPJ-AM-3
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IPPJ-AM-5 *

IPPJ-AM-6 *

IPPJ-AM-7 *

IPPJ-AM-8

IPPJ-AM-9

IPPJ-AM- 10

IPPJ-A･1td-1 i
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IPPJ-AM- 13
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LIST OF IPPJ-AM REPORTS

"Cross Sections for Charge Transfer of Hydrogen Beams in Gases and Vapors

in the Energy Range 10 eV-10 keV=

H･ Tawara (1977) 【PublishedinAtomic Data and Nuclear Data Tables 22,

491 (Ⅰ978)I

"Ionization and Excl'tation
of Ions by Electron Impact

-Review of Empirical

ーFormulae-=

T. Kato (1977)

"Grotrian Diagrams of Highly Ionized Iron FeVIII-FeXXVI"

K･ Mori, M･ Otsuka and T･ Kato (1977) 【Published in Atomic Data and
Nuclear Data Tables 23, 196 (1979)I

"Atomic Processes in Hot Plasmas and X-Ray Emission"

T. Kato (1978)

"Charge Transfer between a Proton
and a Heavy Metal Atom"

S･ Hiraide, Y･ Kigoshi and M. Matsuzawa (1978)

=Free-Free Transition in a Plasma
-Review or Cross Sections and Spectra-,,

T･ Kato and H. Narumi(1978)

"Bibliography on Electron Collisionswith Atomic Positive Ions.･ 1940

Through1977"

K･ Takayanagi
and T. Iwai (1978)

"Semi-Empirical Cross Sections and Rate Coefficients for Excltation
and

lonization by Electron Collision and Photoionizatioh of Helium-

T. Fujimoto (1978)

=Charge Changlng Cross Sections for Heavy-Particl(! Colhsions in the Energy

Range from O･l eV to 10 MeV I･ Incidence of He,Li, Be, B and lneir lons=

Kazuhiko Okuno (1978)

…Charge Changing Cross Sections for Heavy-Particle Collisions in the Energy

Range from O･1 eVto 10 MeV II･ Incidence ofC, N, 0 and Their Ions"

Kazuhiko Okuno (1978)

"Charge Changing Cross Ssctions for Heavy-Particle Collisions in the Energy

Range from O･1 eV to 10 MeV III･ Incidence ofF, Ne, Na and TYleir Ions"

Kazuhiko Okuno (1978)

"Electron Impact Excitation
of Positive Ions Calculated in the Coulomb-

BornApproxhation
-A

Data List and Comparative SurveyJ,

S･ Nakazaki and T. Hashino (1979)

"Atomic Processes in Fusion PIasmas - Proceedings of the Nagoya Seminar

on Atomic Processes in Fusion Plasmas Sept. 5-7, 1979"

Ed･ by Y･ Itikawa･ and T. Kato (1979)

=Energy Dependence or Sputtering Yields or Monatomic Solids=

N･ Matsunami･ Y･ Yamamura, Y･ Itikawa･ N･ Itoh, Y･ Kazumata, S･ Miyagawa,

K･ Morita and R. Sbimizu (1980)
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IPPJ-AM-20
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IPPJ-AM-2 2

IPPJ･AM-2 3

IPPJ-AM-24

IPPJ-AM-2 5

IPPJ-AM-26

IPPJ-AM-2 7

IPPJ-AM-2 8

"Cros,s Sections for Charge Transfer Collisions Involving Hydrogen Atoms"

Y･ Kaneko, T･ A∫ikawa, Y･王tikawa, T･ Iwai, T･.Kato, M･ Matsuzawa, Y. Nakai,

K･ Okubo, H･ Ryufuku, H. Tawara and T. Watanabe (1980)

"Two-Centre Coulomb Phaseshifts and RadialFunctionsM

H. 71akamura and H. Takagi(1 980)

"Empirical Formulas for Ionization Cross Section of Atomic Ions for Elec-

tron Collisions
-Critical

Review with Compilation of Experimental Data-n

Y. Itikawa and T. Kato (1981)

"Data on the Backscattering Coefficients of Light Ions from Solids"

T. Tabata, R. Ito, Y. Itikawa, N. Itoh and K. Morita (1981) 【Published in

Atomic Data and Nuclear Data Tab!eq 28, 493 ()983)]

"Recommended Values of Transport Cross Sections for Elastic Collisionand

Total Collision Cross Section fわr Electrons in Atomic and Molecular GasesM

M. Hayashi (1981)

"Electron Capture?nd Loss Cross Sections for Collisions between Heavy
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