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Summary of Q219
Jan. 9-11, 1996

T. Hino

37 participants
46 presentations

PFC in devices:

HHFC: 1
PFM:

Tritium:

Material damage:
Session summaries:
General:

WO OTh NbDN

PFC in Devices

e Tore Supra
Numerous HHFCs be developed

e TRIAM-IM
Suitable for PSI studies

e LHD
Construction be on schedule
Conditioning be needed for wall with T < 100° C
LID experiments in CHS be promising

o JT-60U
New boronization
New divertor experiment




HHFC
o Silverless Be/Cu and W/Cu be developed
e Thermal fatigue tests for numerous Be

e Many works for manufacturing and testing

e CFC (ID)/Cu brazed material
— normal operation of ITER

PFM

o Systematic data of H retention
(SiC, Be, W, B and C, doped material)

e Erosion study requires surface contamination effect

Tritium
o First T retention experiment in JAERI
e TFTR: T recycling and D GDC

e T inventory vs. Radiation damage

Material Damage

o Disruption studies modeling & diagnostics



Present data discussed are very useful for
next devices in terms of

Heat & particle control,
Reliabili'ty of In-vessel comp.,
Improvement of confinement,

Safety.
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Welcome to
JAERI

Next Workshop will be
held at JAERI-Naka.

* Place: JAERI-Naka

* Date: December 9-13, 1996

or

December 16-20, 1996
(depending on TAC meeting)

e Local Host: M. Akiba
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complimentary dinner and reception possible:

Brush Wellman
General Atomics
McDonnell Douglas
Sandia National Laboratories
and
Lockheed Martin




Session I

Welcome,
Organization and
Overviews

Chaired by: T. Hino and M. Ulrickson







Opening Remarks
by

Professor T. Hino
Hokkaido University

US-J Workshop Q219
Jan. 9-11, 1996, Colorad Springs
Opening Talk

US-Japan Workshop on PFC/PSI

OMost important workshop as
exchange program

OHistrical workshop

v

OVery important to continue

Q1/HINO




Fusion Engineering Studies in Japan

JAERI ITER/EDA

OSuperconducting magnet
ORector structure/Remote handling
OHeating/Current drive

OPlasma facing components
OBlanket/Neutronics

OTritium fuel cycle

OStructure material

ODiagnostics

MOE/Universities

OBasic studies have been conducted
in numerous fields, independently so far.

L

ONIFS:Head quarter

L

OThe project, Systematization and
Promotion of Fusion Research,
has been organized since 1991.

Q2/HINO



[ Systematization and Promotion of
Fusion Research] Project

Leader : A.liyoshi
Members : ~50
Period : 1991-1995

Purpose °Pick up important R&D
°Promotion of fusion research in universities
°Construction of network system

Group °Fusion Engineering (T.Yamashina)
-Fusion Science (T.Tanabe)

Magnetic & inetia conferment

Plasma Science (H.Nishida)
oBasic plasma study




Fusion Engineering Group

Number of Researchers
Approximately 1000 (including graduate students)

Major fields (3 working groups/10 fields)

(1) Material /Fuel Group

« Control of recycling, impurity
and heat &particle flow

PSI/PFC |« HHFC

« High Z material

o Tritium inventory

¢ Reduction of heat flux

Structure | * Material damage
Material | ¢ Material behavior under irradiation

Blanket « Blanket system and safety
o Breeding material

o Tritium handling system
Tritium o Tritium material interaction
Science | « Recovering and disposal

Q4/HINO



(2) Reactor System/Safety Group

Tritium * Risk to human
Biology |® Behavior in environment

e Heat removal
Heatand |e Energy conversion
Structure |* Material strength
e Remote control

Reactor Design| ¢ Problems in several devices
and Safety | ® Helical reactor

o Particle transport

Fusion * Experiment in high intensity
Neutron | neutron source

o Plasma Diagnostics

(3) Magnet and Electromagnetic Structure

* Super conductor
Magnet o Electromagnetic properties
e Safety and protection

Electromagnetic | ¢ Electromagnetic behavior and
structure structure design

QS5/HINO




Research Target

Near Term (LHD, ITER)

PSI/PFC
Magnet

Long Term (Demo, Reactor)
Structure Material

Both

All fields (except Structure
Material Field)

Q6/HINO



Network of PSI/PFC Field

Headquarter  :NIFS (both for R&D and information)
2-3Major Sites :Collaborative experiments

Headquarter
NIFS

Collaborative Exp.

Base Site

Collaborative Exp

~ Base Site

Collaborative Exp

PFC
Tritium
JT-60U




Present Meeting in PSI/PFC Field

o Evaluation of LHD Plasma Facing Wall
(NIFS Collaborative Study, T.Yamashina)
~70 Members
o Evaluation of Plasma Facing Materials
(Future Energy Institute, N.Yoshida)
~80 Members
o PSI in Burning Plasma State
(Atomic Energy Society of Japan, T.Hino)
~40 Members
o First Wall Engineering for Heat & Particle Control

(Japan Society of Plasma Science and Nuclear Fusion Research)

~30 Members
o R&D Project for LHD LID
(NIFS, T.Yamashina & O.Motojima) |
~20 Members
o JAERI PFC Meeting
(JAERI, M.Akiba)
~60 Members

Q8/HINO



US-J Workshop Q219
Jan.9-11,1996, Colorad Springs
Overview Talk

Japanese Activities for PFC/PSI

T.Hino
Hokkaido University

Contents

1. PFC/PSI Meetings in J apan
2. PFC/PSI in Devices

3. PFC Development

4. Evaluation of PFM

R1/HINO -




1.Meetings After Workshop P243

(1) First PFC/PSI Meeting
NIFS (Toki Site)
June 16, 1995

Topics: Brazed mater, Disruption erosion,
PSI in JT-60U, TRIAM-1M and CHS

(2) Second PFC/PSI Meeting
JAERI (Naka)

Oct.16, 1995

Topics: LHD/JT-60U/ TRIAM-1M/ TEXTOR,
PFC for TEXTOR and LHD, JFT-2M divertor,
Li, Mater. damage, Tritium

(3) Third PFC/PSI Meeting
Kyushu Univ.
Feb.15-16, 1996

R2/HINO



2.PFC/PSI in Devices

JT-60U

O Reduction of H content (B -film)

" He discharge+decaborane(B,,H,,) —H: 10-14 %
* (D,+He) discharge+decaborane —H: 2-4 %
l
Effect of H disappeared

O Tritium measurement for tiles (1991-0ct.1993)

* Total inventory of all tiles: 50 % of produced T

(3.2X101°Bq)
- Low at striking point and high at tile
edge (co-deposited region)

O Plan for divertor modification

» Reduction of heat flux
- Closed divertor configuration with low T and high n

R3/HINO
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Designed Divertor Shape

A ;__ | (( 1// @) /))/})/}\Yf} . .~..-._i5})___,; o
i \‘\\\\\\\\\}\\;éﬁ;{éﬁage )
N\ divertor tites (

\

N WG
\ w27 LF 3L

> - .
exhaust exit:\\;{:tﬁ\// — 5 V_&] /\\\
\\ W] [, W ] './
.2 water cooling plate-—

B
R e R L | g,
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Discharge types

10s discharge —10 MW/m?
Steady state — 0.75 MW/m?

Divertor in early operation phase (LID)

DR
. T A AR IR e,
. ._:?én.‘, i ~eee,, . o _'.

Pumping
Efficiency ~30%

Exhaust Duct

divertor head

Heat flux
~10 MW/m?

Prototype LID experiment —CHS

R8/HINO



TRIAM-1IM

O Material damage study

» Surface —Al, Cu, SS, Mo, W
- TEM, EPS, AES —Damage, Blistering,
Impurity deposition

TEXTOR
O High Z limiter experiment (W, Mo)

* Local shielding around at limiter

- Density limit for radiation to be enhanced

(OH discharge)

O RF bias experiment (positive potential)

= Reduction of ion saturation current
- Heat flow not changed

RY/HINO




3.PFC Development
JAERI

Disruption erosion

O Weight loss of CFC — reduced with increase

of thermal conductivity
o CVD-W — loss erosion than Powder Metal W or

Monocrystal W
i T Graphite s GO
A L . (4.1 MJ/m?) 1
o

Weight Loss (mg)

50 100 150 200 250 300 350
Mean Thermal Conductivity 0-1000°C
(W/m-K)

Be/OFHC-Copper mock-up
o Shear stress measurement

R10/HINO



1m-long divertor mock-up

-Saddle Type: MFC-1+ OFHC Cu
-Armor: MFC-1 (1D CFC)

(min. 10 mm thick, 25 mmW X25 mml)
-Cooling Tube: Swirl Tube (twisted ratio = 3)
-Support: Fully rigid, OFHC Cu
-Braze: Silver Braze

l
25 MW/m?, 1000 Cycles (30s Pulse)
30 MW/m?, 900 Cycles (30s Pulse)* * * cracked

Hot cell electron beam facility (OHBIS)

50 KW power
Thermal response of irradiated brazed material
Disruption erosion measurement

R11/HINO
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NIFS

Divertor —Helical divertor (helical running array)
LID

CFC or Graphite/Cu brazed material

(Flat plate, Saddle, Monoblock)
!
10 MW/m?, 5000 cycles (30s Pulse)

Mechanical joint type
Bolt structure
Carbon sheet (0.1-0.2 mm)

E.beam
Graphite \L ‘4[ \‘l Molybdenum
or carbon\ V bolts
C
block
m——
Coolin
water
A) B)
! !
5-7 MW/m?2 Best result
2100 Cycles 13 MW/m?

RI13/HINO




4. Evaluation of PFM

Gettering of Li
o Li deposited wall = reactive with O,, H,0, CO, CH,
o Oxygen gettering — O/Li= 1/2 (Li,0)
O H, gas — no reactive
o H atom or ion — reactive, H/Li=1 at T<200 °C
(Most H desorbs at T~200 °C)

Hydrogen Retention
o Retained amounts

1.2

0.8 - i
06 |

04 L

02 -

Hydrogen Retention (x10'® H/cm?)

0 |

B4aC Conv_cncd SiC Converted
Graphile Graphite

Isotropic

T
unglen Graphite

R14/HINO
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Deuterium Desorption of Be

8 KeV-D,*

1 X 102! D/cm?

TDS: 1K/s

Homologous Temperature (K]

200
!

300
|

400
|

500
1

600 700 800
1 | BT |

10 =

- A

(o)

*

Desorption Rate [10"® D,/ m?s]

|

0

300 400

i
300 K

373 K
673 K

500

S

.‘. ®00 oy

!

600

1 ¢ i ' i

I
o
a

w T
o>
’f.. ¢ ¢

42 4 TS
»m
I
(¢}

4G
$
;;s..».

> >
.24 2

I AR

.
L.,
2
w\

\

A
1

-

700 800 900

Temperature [K]

Desorption peaks : 600 K, 900 K
Trapped amount : 1 order higher than metal

1000

R16/HINO

1100



"040-g [euonuaAuod pue (00
H/LTY ~-dX0) DD PaXIU-U0Iog 0] SORIAIONPOO
[ewIat) Jo saouspuadap ainjeradura],

[Do] samesradway,

00Zt 000T 008 009 OOF 0OOC 0

T 4 T T T Y T ¥ T d O
- 00T
4 002
030-d
[RUONUDAUGD
1009-9X0 @
00€

DI w/m] Snanonpuo) jewisay ]

04D paxtw-uoIoq jo

UOIenju20U0d U0I10q Jo 9jijoid yideg

AEEH :._QOQ oum.t:w

€l 0] S

0

T T Y u v T T

100¥-9XD

(1) JIW/M 002 =3

wo/34° 1 =d

90BJINS JB 0 JB G = "oU0d g
DAJ £q PIXIJ «— JUIXIW I9pMoJ DV'g

0

o
(2}

001

o
2]

00t

T00b-9X)) - - - (K31aponpuo)) y3if) I)AD pPIzZiuoaog

[¢ wo/Bw} uonenuasuoy nolog

I-27




Acknowledgments

M.Saidoh (JAERI)
N.Hosonaga (JAERI)
O.Motojima (NIFS)
N.Noda (NIFS)
Y.Kubota (NIFS)
A.Komori (NIFS)
A.Sagara (NIFS)
N.Yoshida (kyushu Univ.)
M.Araki (JAERI)
K.Nakamura (JAERI)
H.Sugai (Nagoya Univ.)
T.Sogabe (Toyo Tanso)

R18/HINO



An Overview of US Activities

M. Ulrickson

Presented at the US-Japan Workshop
January 9-11, 1996

Sandia National Laboratories @

Activities

* Development of thermally compliant silver free joints
between Be and Cu, and W and Cu

* Critical heat flux experiments with long heated
lengths

* Design and scale-up to full size divertor components

* Tritium retention, inventory, and permeation with
duplex structures

* Erosion studies of Be and mixed materials
* Measurement of erosion in the divertor region

Sandia National Laboratories @




Activities

 Modeling of disruption and erosion measurements

« Measurements of the characteristics of disruption
induced erosion

» Plasma edge modeling

Sandia National Laboratories @

Critical Issues

« Heat removal in steady state with low activation
materials
— Heat sink materials
— Coolants
— Joints
» Neutron irradiation effects
— Strengthening
—~ Embrittlement
- Diffusion of materials
— Tritium generation and trapping

e Mixed materials effects

Sandia National Laboratories @
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Session I1

PFC/PSI in Tokamak
and
Helical Devices

Chaired by: R. Nygren and N. Yoshida

II.1 Yoshida PSI Under Long Pulse Operation in
TRIAM-1M

II.2 Komori/Motojima LID Experiments on CHS

II.3 Masuzaki/Motojima  Study of Impurity Transport in LID
Configuration in CHS

Il.4 Morisaki/Motojima  LID Design for LHD

IL5 Sagara/Noda Wall Conditioning Scenario in LHD
II.6 Saidoh PFC/PSI Studies in JT-60U
II7 Nygren Experience with the Tore Supra Phase III

Outboard Pump Limiter
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US-JAPAN WORKSHOP ON HHFC
9-11 JANUARY 1996, COLORADO SPRINGS, USA

LID EXPERIMENTS ON CHS

A. Komori, N. Chyabu, S. Masuzaki, T. Morisaki,
H. Suzuki, C. Takahashi, S. Sakakibara, K. Watanabe,
T. Watanabe, T. Minami, S. Morita, K. Tanaka,
S. Ohdachi, S. Kubo, N. Inoue, H. Yamada, K. Nishimura,
S. Okamura, K. Matsuoka, O. Motojima, and M. Fujiwara

National Institute for Fusion Sience
Nagoya 464-01, Japan

C. C.Klepper, A. C. England, J. A. Rome, and J. F. Lyon

Oak Ridge National Laboratory
Oak Ridge, TN 37831-8072, USA

(1) Status of LHD construction

The construction of the eight year project is going almost on
schedule.

(a)Helical coil
Completed 600 turns out of 900 turns in total.
Winding accuracy is as good as 2mm.

(b)Poloidal coil
Lower OV coil winding was completed.
Upper OV coil winding started.

(c)Recently, LHD vacuum pumping system has been ordered
to a fabricator, which will be completed next March.
Hus
(d)LHD vacuum vessel system has been also ordered to a
fabricator, which will be completed in 1997.

(e)The National Diet passed the bill of the second
supplementary budget at the end of October 1995, and a
capital budget was approved to construct an LID system for
the LHD. In this fiscal year, we will fabricate 20 copper
coils that generate resonant perturbation fields, and 3
clectric power supplies that provide the electric currents into
the coils.

Contents

1. Status of the Large Helical Device
(LHD) construction

2. Introduction to the local island divertor
(LID}

3. Basic properties of the LID

4. LID experiments on the Compact
Helical System (CHS)
2) LID design for the CHS

b) Effects of the LID on plasma
discharges, particularly on 7,

¢) Experimental results indicating
fundamental LID functions

d) Impurity transport in LID
configuration

¢) Heat transport in LID
configuration

5. LID design for LHD
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(2) Helical coil winding

The helical coil 1s wound in a helical coil can made of a
thick stainlcss steel case. The case is used as a bobbin as well as
a liqud heliem bath. The helical couls have 450 tums for each
and the total length is 37 km. Ground insulation is pasted
directly on the can and cured by auto-cleave method. The
winding of helical coils on site has started at the beginning of
1995 and will be completed by the summer of 1996.

Table | Major parameters of helical coil :
Ttems Phase | Phase [T ,:l

Coil temperature 14K 18K 3
Current 13.0kA 17.3kA ¢
Current density 40 A/mm’® 53 A/mm® :
Maximum field 69T 92T
Magnetic stored energy  0.92 GJ 1.64 GJ
Tum number 430 (150 x 3)
Spacer factor 30%-70%
Spacer pitch 49 2 mm-64.3 mm
Positioning error <2mm
Stress on the conductor < 290 MPa

Average gap between layers < 63 mm

II-9




(3) Fabncaton of polowdal cosls

The poloidal coils are made of forced flow type conductors
which are called Cable-in-Conduit Conductor (CICC).
Fabrication of two pairs of poloidal coils: an inner vertical field
coil (IV) and an wner shaping field coils (IS) have been
completed. The largest poloidal coils, the outer vertical coils,
are being constructed w the LHD experimental hall. The coil is
composed of eight double pancakes with a nominal current of
30 kA. The major radius of the coil is 5.5m and its thickness is
0.54m. The specification of the coils are listed in the Table 3 &
4.

(4) Experiment of a single 1V coil (EXSIV)

The initial cool down of the IV-L coil has been carried out
successfully. It took about 250 hours to cool down the coil from
room temperature 10 4.4K. To prevent thermal stresses within
the coil, the coil was covled with less than 50K temperature
gradient between the inlet and the outlet. Fundamental tests for
checking the electrical insulaton and the joint between the
conductors, were performed with energizing the coil at 2.2 kA.
The'final test which energizes the [V-L coil with 20.8kA
current, was conducted in December 1995.

IT-10

(5) Activity of the Plasma Heating Division
1. The development of high current negative ion beam

1) A 1/3 model of the real LHD ion source was used to extract
the current of 16.3 A with a current denstty of 30 mA/em’.

2) The working gas pressuse was reduced down to 0.5 Pa.

3) The extracted negative 10n beam was aceelerated up to 125
keV.

4) The beam current density already satisfies the specification
required for LHD neutral beam injector.

5) Based on the success of the bearn accelerauion and physical
study of the beam penetration, the design value of the beam
energy was raised to 180keV for hydrogen.

[I. Test of the ICRF power source

1) The test of the ICRF power source is progressing rapidly
after improvements were made on the dummy load and on
the cooling of the cavity of the final amplifier.

2) Long pulse operations, 1.5MW/1hour and 1.9MW/10sec,
has been conducted successfully. The former is regarded as
a steady state operation.

3) Since the power source consists of two such tetrodes, this
result suggests a capability of 3SMW ICRF power injection in

steady state.




4) R&D of water cooled antenna and transmission line is going
on,

III. ECH gyrotron and transmission line development

1) 84GHz gyrotron (NIFS/Varian) was tested successfully on
the test bench in Toki site with following records:
400KW/10sec, 500kW/2.2sec

2) Reflection from the dummy load was reduced carefully prior
to the high power test. This is essential for development of
steady state gyrotrons.

3) Development of transmission system including quasi-optical
launcher has been mostly finished: a)Sufficiently low
transmission loss of the corrugated wave guide was
demonstrated by use of 62 meter long test wave guide (b) A
systematic method to design 3D quasi-optical transmission
system was established, and (c) it has been examined in
CHS supporting experiments in various aspects.

4) Development of windows needs 1o be continued.

O Realizes localized recycling.
* Easier pumping — Modest cost
* Plasma heating power up to
3 MW (steady state) on LHD
1.5 MW (150 msec) on CHS

O Has the following properties.
* No leading edge problem
» Efficient discharge cleaning

Local Island Divertor

O Utilizes a magnetic island (m/n=1/1) as a divertor
magnetic configuration, which can be generated by
an additional set of small island control coils.

O Has two operational modes with a closed system, as
well as helical divertor.
* Low recycling operation by high pumping
efficiency
" High temperature and low density”

High efficient pumping
!

High edge temperature
A significant enhancement in the core energy
confinement
(deep fueling such as NBI or pellet fueling is

needed.)
* High recycling operation by high plasma plugging
efficiency

"Low temperature and High density"

Impurity trapping in the edge by plasma flow
l

Radiative cooling

Principle of LID




Motivation & Rationale of LID Project

O Closed full helical divertor will not be completed in
the early experimental phase, because of high
fabrication and installation costs.

!
We decided to construct the LID for the LHD edge
plasma control in the early experimental phase.

- Information about edge plasma behavior, obtained
with LID, will be utilized for optimizing the design
of the closed full helical divertor.

- It is a good test bed for high heat flux component
system.

+ The LID experiment will provide insights into the
relation between edge and core plasma
confinement, and will motivate exploration of
advanced divertor concepts.

O The principle of LID should be demonstrated
experimentally.
!
LID experiments on CHS

TSR

-

T

W, ¢

Compact Helical System
Poloidal mode number

—_— N 19

Toroidal mode number =

Major radius
Averaged plasma minor
radius ~ 0.2 m
£27T
= {50 kW at 53.2GHz
= 1.5 MW with 40 keV

Magnetic field
Microwave power
NBI power

Design of the LID Head
Magnetic field=1T
Currents of island control coils = 10 ~ 11 KAT
- Island full size ~ 4 cm
+ Width of the divertor head ~ 49 cm
- Length of the divertor head ~ 21 e¢m

Pumping System
« Geometrical shapes of the divertor head and
pumping duct are designed to form a closed
divertor configuration.
+ The particles recycled on the diverior head are
pumped out by a cryogenic pump with pumping
speed of 21.000 I/s.
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Fundamental LID Functions

OThe outward heat and particle fluxes are guided to the
back side of the divertor head by the island magnetic
field structure.

OThe particles which strike upon the back side of the
divertor head are pumped out with high pumping
efficiency.

OThe leading edge of the divertor head is protected

from the high outward heat flux from the core,
because it is situated inside the island.

Expected Effects of LID on CHS Plasma Parameters

High efficient pumping
High edge temperature
A significant enhancement in the core energy
confinement
r T T
)
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2 : T T
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Summary

LHD scabing
OLID experiment on CHS has just started.

D) TSB 0 S-ln 0 o°p €038
¢ e T OPlasma parameters were found to change when the

island was formed.

1, = 0047’ R

a :averaged plasma radius
R :major radius OV.Vith the perturbation ﬁeld‘on and at fixed gas puffing,
B, : toroidal magnetic field lu}e av.erage elec:rf)n density decrease.s. compared
R with discharges without the perturbation field. On the
a, : electron density other hand, stored energy decreases a little, being
P, : total input power accompanied by an increase in electron temperature.
OaA comparison of the stored energy at the fixed line
Rk average density shows that the stored energies in
s prch nesy discharges with the perturbation field are about 20%
. — higher than those without the perturbation field,
indicating a modest improvement of energy
. g: confinement.
<f \/\ The experimental data shown here are still
" preliminary and further experimental study is needed.
° sf —s, i But the results so far are encouraging in terms of the
: wio By effectiveness of the LID. The LID experiment will be
g continued untill the end of March 1996.
% ocz oo0s o095 o008 o3 01z o1

Timetsec)
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Schematic of LID Concept

U.S.-Japan Workshop on HHFC (9-11 Jan. 1996, Colorado Springs)

LID Design for LHD

T. Morisaki, A.Komori, N. Ohyabu, S.Masuzaki
H. Suzuki, K. Watanabe, T.Watanabe, Y. Kubota, ad
N. Noda, O. Motojima and M. Fujiwara ’

National Institute for Fusion Science -
Nogoya 464-01, Japan :

Pumping Duct
Contents
1) Design of LID Coil
2) Design of Divertor Head ) Since the core region is surrounded by the separatrix of the island,
2-1 Structure How Siomg she. R ncs o e back e of the and. where sorge
2-2 Heat Transport inLID Configuration :LI::;: are placed on a divertor head to receive the heat and particle

2-3 Divertor Head Cooling
3) Pumping System
4) Summary

Perturbation Coils

(@)

Application of m/n=1/1 component. m/n = 2/1 island is alst

Island Control produced by toroidal coupling.

Coils
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Final Design of LID Coil

NIFS

LID Installed in LHD

TR

v




350303 )

s = 8 b‘
LID Installed in LHD - Leading-edge Problem %

Divertor head

1 , i

i .

L U ! |§’
SO |
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Viewing Area of IR Camera =
NIFS

S
Material and Structure of Divertor Head% e
NIFS
Heat Load to the Tile
Heating Power in Steady State 3MW
Power to Divertor Head 1.5MwW
Head Surface Area 0.4m?

4AMW/m2 (6MW/m2 in max.)

Surface Plate C/C or Graphite

Brazing

Back Plate (Water Cooled)

Cu

I1-25
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Thermal Responses of Brazed Material Divertor Head Cooling

NIFS
Necessary Water Flow
Divertor Head consists of ~32 segments.
£G-aCY 1995.2.4
1500 F e T T T T 315
E 3 Heat Load ~ 47 kW/segment
5 ] E
1000 [~ Ji1oZ
o b _ _ _ o,
5 - 3 % AT = Toutlet Tilet = 50°C
N ], ¢
zF —— E Water Flow ~ 14 ¢/min
= 3 / Ju i 2 _—
- S e — 3
- - Ti ~ 3
ok — TN, Water Tube
[} 10 20 30 40 50 60 "
TIME(sec) Diameter Tcm
Length ~ 100 cm
Typical thermal responses and heat Toad(fF) of brazed > ~ 14 l.‘/n'lin
material during heat loading 1est.Ts.Tu, Tl are temperatures AP = P tlet - P let —_—
at surface of tile, at upper brazing region, at lower outle infe
brazing region, respectinely = O"l 5 kgf/cmz
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!
Principle of Superpermeable Membrane Pump  ~__..
NIFS
THE PERMEATION PROBABILITY
APPROACHES TO ~1 (SUPERPERMEATIO:

Energetic hydrogen atoms pass through a
superpermeable membrane ONLY ONE

DIRECTION.
// Nonmetallic film Nonmetallic ilm
‘// plasma side /
‘ H .

é -

/ “D

0.2eV

Experimental Results Performance of the Membrane Pump &

Maximum pumping speed

Inlet side(10 4Torr) Qutlet side(Torr) 3
2.5 ey 102 ~1000 ¢/s (P < 10~3Torr)
2ol g 100 ¢fs (P=10-"Tor)

[3)

S5k _i\._Pumping Speed

A -\ 4705|104 )

Lol L Maximum permeation flux

a Ty 5
osb T T e 10 7 x 106 H/cm?s (s=1000 ¢/s)
O = ] M - .. .. - .

y . .

0.0 L1Amzer ON | AromizerOFF 1168 3 x 1017 H/cm?s (s=400 ¢/s)
70 4 8 12 16 20 24 28

Time(min) .
(Preliminary result. Still in progress)
 Atomizer area : 125cm? (2 section)

» Atomizer temperature : 1870K
(Atomization probability ~0.12)
¢ Membrane area : 1000cm?

¢ Membrane temperature : ~850K

I1-27
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Advantage of the Superpermeable Membrane Pump

o Highly efficient hydrogen pumping

« No mechanical parts. It may operate in high
magnetic field.

 No cold parts. The acceptable temperature for
operation is 500~1000°C.

« Continuous operation
o Easy to make any shape.
o Low tritium inventory

« Separation of D/T mixture from He and any im-
purities. Only hydrogen isotops permeates

Superpermeable Membrane Pump is suit-
able for pumping hydrogen in plasma devices.

T,
¢
Summary d

1) LID coil design was presented.

2) Heat load measurement of the divertor head was
performed on CHS with IR camera, and it was
demonstrated that there is no leading-edge problem in
LID configuration.

3) Precise design of Divertor head was presented.
* Divertor head consists of ~32 segments.
* Materials of surface tile and back plate are C/C
(or graphite) and Cu, respectively.
*Cooling system was designed, and the cooling tube
with a diameter of 1cm can supply enough water for
cooling the tile.

4) Pumping system for LID was presented, i.e., cryogenic
pump and metal membrane pump.
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US-Japan WS on HHFC and PSI, Jan. 9-11, '96, Colorado Springs.

Wall Conditioning Scenario in LHD

A. Sagara
N. Noda, N. Ohyabu, O. Motojima

1. Standard stage
[ w/o high magnetic field ]
(1) Baking
a) Temp.< 100°C due to SC
(2) Coating & Gettering
a) Boronization
b) Ti flashing(arrangements)
(3) Low power DC

Baking

CsP
(advanced)

Thermal
desorption

Low power

High power

a) GIOW 10kW Boronlzation e
b) ECH 20kW (2.45GHz) (standard) -
C) ICH(?) (advanced)
2. Advanced stage
[with high magnetic field of 1.5 - 4 T between shots ]
(4) High power discharge cleaning
Phase Scheme Duration Cycle Pump Power Control
I A 1-2sec 1/60Hz main ECH:05-2MW H
I (B1) 1-2sec 1/60Hz limiter ECH:0.5-2MW H
I B2 1-10sec 1/60Hz LID ECH:05-2MW H
II B3 - 4 min LID ECH:05-3MW H
I C CW -2h LID * ECH:0.5MW ol
* High Efficient Oxygen Removal
Using LID
(within ~ 1 h << I month) |Magnetic field LIDhead ____
— graphite ———

[main points]

[a] Active use of magnetic field
[b] H2 gas puffing to release O
[c] CO production on graphite
[d] Efficient removal of CO & H2

----> R&D required
in real machines

¢f. A.Sagara et al, Trans. of Fusion
Technology, 27 (1995) 523 (6th ITC).

(5) Carbon Sheet Pump
a) Usable as a local heater

Iin
H2 gas
puffing

~13 Torr Lis
@e-00!

co

Ev 1 h to remve oxygen )

or
Ti getter

i

KNIFS 940218 / A Sagara 20d N Obybo

¢f. A.Sagara et al,J. Nucl. Mater., 220-222 (1995) 627 (11th PSI ).
H. Suzuki et al, Trans. of Fusion Technology, 27 (1995) 523 (6th ITC).
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3. Scenario for long-time operations :
with mode-changes on heating , magnetic field, etc.

(a) Purpose
1. Density control : thermal desorption of H2,
particularly from divertor graphite plates
(at 400 ~ 600°C)

2. Impurity control : accumulation in core plasma, €.g. OXygen.

(b) Methods
1. Pre-conditioning
2. Divertor pumping :
LID -- under R&D in CHS
3. Real Time Boronization (RTB):( submitted to the 12th PSI)
good results in CHS by puffing BioHi4
- efficient reduction of O up to higher density plasma
- with only a small amount of B used (~ 1% of non-RTB)
, resulting in low density operations even after RTB.

5
- RTB/CHS#53672-53730
4 i B, :1.2T.
N before RTB NBI : 0.8 MW
— [ B H :total 53 mg
=] 3 f 1014
S 90 *Ai-----a
£ of & -
% under RTB W
1L o
- after RTB
O:....1....1....|..,.|....l....1....|..,
0 1 2 3 4 5 6 7 8
n.l[ 1013¢m3] 951227

i Real Time Boronization by Puffing BioHs
in CHS
ccp-Tv
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Real Time Boronization by Puffing BioHi4

in CHS
CCD-TV
\ N\
INNER
/Puffing\
I
i A .
E N
S m
\\{\\\\\\ i E:
I=w
Heaé P-\’\ W
1€z0 ™)
— 7] | Valve || 77 CCD-TV
NN ) NN
N\ - N
NN [[{Reservoirf NN
| I !!—CE> i
T =1L
NN\ TMP i\\\ NIFS-950320 A.S
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US-Japan Workshop Q219 on High Heat Flux Components and Plasma Surface Interactions

for Next Devices, Colorado Springs, Colorado USA, 9-11 January 1996

PFC/PSI Studies in JT-60U

M. Saidoh
Department of Fusion Facility
JAERI

Collaborator: K. Kodama
K. Masaki
J. Yagyu
T. Arai
H. Hiratsuka
N. Hosogane
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Cohtents

1. Wall conditioning in JT-60U
2. Deuterated boronization carried out on March

1995
3. Tritium measurement of the inner wall tiles

(divertor + first wall tiles) in JT-60U
4. New divertor plan in JT-60U
5. Summary
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Wall conditioning in JT-60U

O Baking
up to 300 C : Vacuum Vessel
up to 150 C : NBI ports, Diagnostic ports etc.

O Discharge cleaning (DC) |
# Taylor DC (TDC)---during shots
# Glow DC (GDC)---lunch/dinner time and during
night
# DC using Tokamak discharge

O Boronization
# Plasma-assisted Chemical Vapor Deposition(CVD)
using Decaborane (B,,H,,) since July 1992
Decaborane (~100g)
— 300 nm deposited boron film in

average thickness
Deposited boron film is well characterized.
Deuterated boronization has been carried out on
March 199S.
# Solid Target Boronization (STB) since January
1994---real time boronization
Plasma impact on B,C-converted CFC divertor

tiles (row-e) causes B,C evaporation.
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The 6th (deuterated) Boronization
(March 1995)

Objective
Reduction of hydrogen content in deposited boron

due to H-D exchange during boronization using
mixed dilution gas of He and D,

Dilution gas

Up to 5th boronization: He + decaborane(B, H,,)
6th boronization: He(62%) + D.(38%) + decaborane

Results

Hydrogen/deuterium content in deposited boron

1) Reduction of hydrogen content —> 1/4 (12%—>3%)
2) Increase of total content (D, + H,)—>3 (12%—>32%)

Effects on plasma performance
1) Remarkable reduction of H/D ratio
(~ 10 = < 0.3)
2) Low recycling as the same as previous ones
3) Oxygen reduction even for NB-heated plasma,
which is the first time after boronizations

3') Remarkable reduction of re-ionization loss of

neutral beam from NBI
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H/D ratio after 5th and 6th

Boronization
O After 6th boronization, H/D ratio was extremely
low (below 0.3) compared with the 5th one (~ 10).

e H/D (Lim)
5 o H/D (NB)
}—_:3 2/14 ' x pellets shots
?, 10.0 ¢ ) 1st shot after GDC
u ist shot after
g - 2/15
L ° 2/16 /17
. ©
0 o x X ! 2/18
-_g ° o |° l.new conf. B
© l'..ll - . New conf
~ 1.0 ¢ wﬁ# .
% € 0p ¢ '$.w ° ; ° H B
= 2%, . oR e ¥ &,
. o 0 R0, el
= a AR
g 0.3 © |
S o S T @0 o8
© 5th boronization
()]
N P I
I 19750 19800 19850 19300
shot number
0.5 [ T T T 1 : T .l =T LI T S I LI i T 1 T L‘l’_
- 6th boronizatio O OH(Lim) &
- O  OH(Div) §-
0.4 M7 = NB( ) ]
- F Mak. ]
7 L < .
— 0.3
o i
= 0.2 F
o ol
0.1F
ok
22980 23000 23020 23040 23060 23080 23100

Shot




Recycling after 6th boronization

O Recycling is very low and the same as those

obtained in the previous boronization.

Recycling (Rei. Config.)

10 23 T T T T T L] T T T 2 L] T L) ] T T
- H o n,>1.0X1019 o
o = ‘S @ Xp=0.14m
i S Volume=72m?
o} S
— o o o4
~ O O
&n - 2 o og :
5 o % o
£ 1022l o8 g o
- F g 3
o] - 8 C oy eele 7
O L g © d) o N
e | g g
- 8 o © .
I o OH o O -
2 NB 8 O
{1021 [ T I i [ S TR S T | [ SN T W
22730 22830 22930 23030 23130
SHOT

Recycling (Ref. Config.)
~150 shots before/after 6th Boronization

1023 : T T T T i T 1 T T T IDI g i T 1 T :
' ig® O
1 0 o :
— i fe>} & i
— [ H
3 ‘@9
m 102 0.y - .
- - p=0.14m -
8 E ge ® .Vo!ume=72m3 E
Y
o i Vg o OH (Before) !
i 8 hd O NB (Before) {1
’ @ e OH (After) [ |
i ® B NB (After)
1021 1 1 1 i i 1 1 1 1 b ] 13 1 1 I 1 1 1 1
1 2 3 4

ne(U2) [1019 m-3]
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Impurity reduction effects

after 6th boronization
O Zeff values are the same as those in the
previous five boronizations.
O Oxygen is reduced even in the
NB-heated plasma, which is the first
time after boronizations.

~150 shots before/after 6th Boronization

4 =7 T T T T T T T T T T T T T T
H O i
i i Xp=0.14m = |
H Volume=72m3 |+
cP o O OH (Before}
3 @O o 0O NB (Before
- - % e OH (After)
— I $35.°0 M NB (After)
T “
» : o)) o
N s @ bﬁ o ® b
2 80' ...... '.O - »
= * [ J ° o o P
)
1 :
0 1 2 3 2
4 IDI l
Xp=0.14m -
o Volume=72m3 |7
3L Q 1
. = o OH (Before)
) a O NB (Before)
&, Po @ e OH (After)
o E NB (After)
C(D 2 8 ..... O O
ko) ° o
c o 09 &
1 :8 0O e
o gy in:} . & :
ol * ° 1
0 1 2 3 4

ne(U2) [1019 m-3]
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Tritium measurement of the inner wall
tiles in JT-60U

Objectives

# Retention of tritium generated D-D fusion in the
tiles and their poloidal distribution

# Comparison with tritium inventory in the tiles
estimated from tritinm concentration measurement

in exhaust gases

Samples and procedure

# Long term exposed tiles from July 1991 to October
1993 (generated tritinm ~32GBq)

# Conbustion in dry air
—> Tritiated water (oxidation of tritium)
—> Scintillation counting of HTO in the collected

water
l Samﬁle Piecel Ion Chamber

_ﬁ

= Exhaust
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Tritium released (10 4 Bg/cm? )

Tritium inventory in the inner wall tiles

# Tritium poloidal distribution
1) Tritium concentration in the divertor tiles was
higher than that in the first wall tiles.
2) The highest tritium concentration was in the
divertor tile faced to the private zone.
3) The lowest tritium concentration was in the strike

point on the divertor.

5 -
4L E
3f . E
- Strike Point :
o [ Strike Point B
1 E E ! w /;,
E \ % ﬂ - &

0k . ]
MEBbrara~b¥c*d ‘e {1 g heERHcLE

Tile Name
¢ al *pl cl dl el fl gl hi
\
] e = = \ —
_ N
| | | E § B %]
b2 c2 a2 e2 2 (B4C Tile)
10 mm
Surfa <>
. o \10 mm  pboard & = Outboard
5 Poloidal Direction

24 mm
T~ | = Eroded Area
BN — Sample Pieces
Strike Point

Sample piece
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Tritium inventory in the inner wall tiles

# Tritium toroidal distribution
1) The highest tritium concentration was in the
sample piece which had severe erosion area.
This value was about 3 times larger than those of

the other sample pieces.

o - ] Inboard
\U‘ i 4 _ ¢ ] nboar 6H18-b1-1
£ - ' ] A
< o ! - - 4
= ; ¢
: 1.2 i / i —]
SO , 5
2 1.0f ; s 2
g i I. a % 4—— Plasma
E 0.8 / 5 QR\
-3 . .S
- -6 % - i
E oe 'I s % LErosion
= 3 Teesld 7
E o b i Y ) |6H18-b1-2
3 2 1 Oulboard H
- Sample No. o Toroidal Direction
- Pl

) Divertor Tile
Toroidal Direction

# Tritium inventory in the inner wall tiles
1) From both poloidal and toroidal distribution
total tritium inventory was estimated to be 1.6 x
10"°Bq, which corresponds to approximately 50%
(10% in divertor tiles and 40% in first wall tiles)
of the tritium generated from July 1991 to October

1993.
(K. Masaki et al., Accepted for publication in Fusion Eng. & Des.)
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Obijectives of Divertor
Modification

1. Divertor study as R&D for designing ITER
and JT-60SU

ITER Physics R&D Issues:

2.20 Target Geometry

2.21 Baffle Geometry

2.22 Pulses and Geometry
2.23 Pumping Locations
2.24 Impurities + Geometry
2.25 Helium and Geometry

2. Improved performance of JT-60U plasmas

«compatibility of good confinement with high
density divertor---> ITER, JT-60SU

-divertor compatible with relatively low
density plasmas;
1) high Bp plasmas
2) ELMy H-mode
3) Steady tokamak operations by NBCD
with N-NBI + bootstrap current
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A New JT-60U Divertor

1. W-type geometry with central dome

- capability of forming high recycling state

- dome for separating inner, private and
outer divertor regions, and for baffling the
influx of impurity gases to the x-point region.

2. Pumping by NB cryo-pumps:

° Se =35 m¥s(0.1 Pa) - 72 m¥s(1 Pa)

« D/He/(D+He) pumping with/without Ar frost

* two pumping regions: 1) only the inner
region, 2) both the inner and outer regions.

* control of pumping speed during a shot.

divertor tiles with
water cooled backing plates

& outer y,
7 pumping ¢

’ NBI Cropumps
_, s X (23 mP/s/portx3)
e with a variable shutter

inner -
pumping ‘open/close
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Discharge Parameters

1. Plasma size

R=3.32, a=1.1,
k=1.4(1.2)-1.7, 6=0-0.2(0.4)
( )--> high triangularity coil configuration

2. Heating power

positive ion based NBI
perpendicular injection < 18 MW

tangential injection =10 MW
negative ion based NBI
tangential injection =10 MW

3. Plasma current = 3 MA
4. Toroidal magnetic field £ 4 T

5. Duration time of
divertor configurations < 8 s for 3 MA
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Designed Divertor Shape

/////w

bafﬂe leakage < 2 m /s)J '

‘ > \
- V/JI/X’ \/

\/ /\\\m wate;r c—:oollng plate/

e —— T s l




Scheaule of

Divertor Modification

'94

'97

ITER
EDA

divertor
modification

JT-60U
experiments

JFT-2M |

deSIgn factory

manufacturmg

T

N
N

N N
INOSONNONNNN

&\\\\\\S
= XP3

NN
EXP

..

ANNNNSNY

NN
EXP:

ANNNARNY

dlvertor

- NN S A AN

EXP & minor modifications
T Y
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Summary

@ Deuterated decaborane-based boronization has
been successfully carried out on March 1995
using a mixed gas of He and D,.

@ Measurement of tritium retention has been made by
scintillation counting of HTO in the collected
water, results of which showed that 50% of tritium
generated from July 1991 to October 1993 retained
in the inner wall tiles (10% in divertor tiles and
40% in first wall tiles).

@ JT-60U new divertor plan is presented.
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Tore Supra Vented Limiter

i

concept: Franck-Condon dissociation
near surface produces some neutrals
which scatter back into vents.

port for Vertical Limiter.

Experiments performed

on pumping and gas

Vented Limiter is used in
injection in the 1995

campaign.

Sandia National Laboratories
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RECENT RESULTS
FOR
BONDING S-65C GRADE Be TO COPPER ALLOYS

David E. Dombrowski

Brush Wellman Inc.

Presented at US-Japan Workshop Q219 on High Heat Flux Components and
Plasma Surface Interactions for Next Fusion Devices

9-11 January 1996
Colorado Springs, Colorado
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Outline

Background on Bond Strengths in Be Bonding Processes
Bond Strengths Achieved in Present Work

Significance of Bond Strength Results

Failure Modes

Effect of Test Specimen Geometry

Conclusions

Future Work




Background

Bond Strengths (MPa) Achieved in Other Candidate Processes

Process Room 200 °C 400 °C
Temperature

JET (1993) Ag Based 220 MPa = 215 ~ 157
Induction

Be to Cu Alloy | Brazing at 250°C

MSC (1993) | Ag Sputtered 32.5 NA NA
on Be and Cu

Be to Cu Alloy | followed by
HIP

O’Brien, Rice, | Ag sputtered 434 NA NA

and Olson on Be

(1976) followed by
Diffusion

Be to Be Bonding

Be to Be Al Based 102 64 NA
Brazing

Be to Be Zn Based 88 52 20
Brazing




Bond Strength Determination

S-65C qrade Be Bonded to Cu (C10100)

Rectanqular Tensile Samples

Tensile Strength of Bond

(MPa)
Process Room 200°C 400°C
Temp.
A 73.8 NA 49.6
B 49.6 NA 356.2

Reduced Section Tensile Samples

Tensile Strength of Bond

(MPa)
Process Room 200°C 400°C
Temp.
A 142 141 96.5
95.8
B 88.2 112 90.3
94.5




Significance of Results

No Ag Used
All Materials Used Have Lower Radiation Hazard Than Ag

Room Temperature Bond Strength Exceeds MSC HIP Bond
Process

Elevated Temperature Strength Exceeds Al Based and Zn
Based Be to Be Brazing

Some Elevated Temperature Failures Were In the Copper
Reduced Section

e Good sign when Bond is Stronger Than Base Metal
Bonds Are Robust Enough That Conventional Machining

Methods Can Be Used to Make Reduced Section Specimens
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Comparison of Macroscopic Appearance of Room
Temperature and 400°C Straight Sided Rectangular
Tensile Specimens

BWI Process A
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Comparison of Macroscopic Appearance of Room
Temperature and 400°C Straight Sided Rectanqular

Tensile Specimens

BWI Process B
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Comparison of Macroscopic Appearance of Room
Temperature, 200°C, and 400°C Reduced Section
Tensile Specimens

BWI Process A
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Comparison of Macroscopic Appearance of Room
Temperature, 200°C, and 400°C Reduced Section
Tensile Specimens

BW!I Process B
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Comparison of Macroscopic Appearance of 400°C
Rectanaular and Reduced Section Tensile Specimens
Specimens

BWI Process A
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Comparison of Macroscopic Appearance of 400°C
Rectangular and Reduced Section Tensile Specimens

Specimens

BW!I Process B




Summary of Tensile Sample Failure Location

Process A Process B
Rect. Reduced Rect. Reduced
Section Section
Room Flat Fracture | Flat Fracture | Flat Fracture | Flat Fracture
Temp. at Be/Bond |in Bond at Be/Bond | at Be/Bond
Interface Interface Interface
200 °C NA Uneven NA Flat Fracture
Fracture in at Be/Bond
Bond Interface
400 °C Failed In Cu | Failed in Failed in Cu | Uneven
Pin Hole Main Body Pin Hole Fracture in
of Cu Bond and at
Be/Bond
Interface
NA = Not Available

ITII-30




Discussion of Effect of Test Specimen Geometry
on

Measured Bad Strength

« Straight Sided Rectangular Tensile Specimens with
Pin Hole Grips
« Provide Easy to Machine Geometry for Low
Strength Bonds

« Measured Bond Strengths Are Lower Than Those
Derived With Reduced Section Specimens

+ Indicated Magnitude of Difference Between
BWI Process A and B at Room Temperature

 Elevated Temperature Testing Fails in Pin Hole
Grips

« Reduced Section Tensile Specimens With Pin Hole

Grips
« Constrains location of highest strain

« Can be made when moderate bond strength
achieved

« Bond Strengths are higher than those measured
with simple rectangular geometry

 Avoid Failure in Pin Hole Grips at Elevated
temperature

- — e —




CONCLUSIONS

« Novel Brush Wellman Processes Show Promising
Bond Strengths Without Use of Ag

e Reduced Section Tensile Strengths of > 140 MPa
at Room Temperature and 200°C were achieved

e The strengths at elevated temperatures exceed
those for beryllium to beryllium bonding using
aluminum based and zinc based brazing
processes.

e Bond resistance to degradation during handling
and machining is good.

e There is a significant difference in bond strengths
measured by straight sided rectangular and reduced
section tensile specimens.

e Bond strengths measured with reduced section
specimens are twice as high as when measured
with straight sided, rectangular specimens.

e Straight sided, rectangular specimens should
only be used to indicate room temperature
trends.

ITI-32




Recommendations

Future work should include optimization of the
process parameters. '

Now that the robust nature of the bond is known,
testing should be conducted with thinner but better
designed sample geometries.

Accurate characterization of elevated temperature
bond strength can only be done with copper alloys
which have higher elevated temperature strength, are
thermally stable during the bonding process and are
age hardenable.

High heat flux testing of the bonds should be delayed
until the bond characteristics are optimized for use
with a higher strength copper alloy.

III-33
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Fundamental Aspects of Be Oxidation
and
Implications for Fusion Experiments

by

David E. Dombrowski

Brush Wellman, Inc.
Cleveland, OH
USA

Presented at US-Japan Workshop Q219 on High Heat Flux Components and
Plasma Surface Interactions for Next Fusion Devices

9-11 January 1996
Colorado Springs, Colorado

BRUSH WELLMAWN INC. J




N

Qutline

e Thermodynamics of Oxidation

e Kinetics of Be Oxidation

Kinetics of Oxidation in Vacuum

e Implications for Fusion Research

\_

III-35

e Reasons to Examine Fundamentals of Be oxidation

e Two Fundamental limits: Thermodynamics and Kinetics

e General Kinetics of Metal Oxidation

e Colors on Be Surface: Interference Films

b,

BRUSH WELLMAN INC. _—J

T



s b

Reasons to Examine Fundamentals of Be Oxidation

e Phenomological Questions from High Heat Flux Testing and
Low Cycle Thermal Fatigue Testing

e Significance of 700°C

« Significance of color change
 Significance of emissivity change

e Questions Related to Development of Be to Cu Alloy
Bonding

e Can surface condition be improved by heating in vacuum?

e What is baseline surface condition?
e Can there be Be metal on top of Be oxide?

e Questions Related to Be Characterization Studies in
Moderate to High Vacuum

e« What is baseline surface condition?

~

BRUSH WELLMAN INC. J
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Thermodynamics and Kinetics

—

Two Fundamental Limits:

e Thermodynamics:

¢ [s there sufficient chemical driving force for a reaction

to occur?

Kinetics:

If there is sufficient chemical driving force, how quickly will

the reaction occur?

BRUSH WELLMAN INC. J
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AGg = Chemical Driving Force for Reaction at Temperature T

AGg < O :

AGg

AGg > 0:

AGR - AG°f(BeO) - AGof(Be) - AGof(Oz)

+ RT In (ag.o/(age X Po2

Po2 =

0:

)

Thermodynamics of Oxidation

Simple Case: Oxygen Gas

Be + 1/20, — BeO

Enough Chemical Driving Force for reaction to
Proceed

Dividing Point Between Sufficient and
Insufficient Chemical Driving Force

Not enough Chemical Driving Force for reaction
to Proceed

1/2
)

(AG°f(BeO)/0.5RT)

BRUSH WELLMAN INC. J
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Thermodynamics of Oxidation, cont.

Simple Case: Oxygen Gas

® As shown on the Ellingham Diagram, BeO formation from
Be and O, is very energetically favorable

e Can only decrease energy available if py, is decreased.

e How low would pg, need to be decreased to stop
reaction?

e At Room Temperature, pg, would need to be
lower than 1.6E-197 torr

e At 700°C, pg, would need to be lower than
3.7E-50 torr

BRUSH WELLMAN INC.
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Thermodynamics of Oxidation

e Other Oxidizing Species

° '“2

e CO,/CO

e H,O/H,

e Analysis is similar to that for oxygen gas.

~
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Thermodynamics of Oxidation:

Implications for Fusion lssues

e Phenomological Observations at 700°C
e NOT due to BeO decomposition

e BeO will form and continue to grow in most low and high
vacuum regimes

e Cannot decompose BeO to Be metal by heat treatment at
elevated temperatures

e Even in vacuum

e Unlikely that Be metal will diffuse through BeO and form
metallic layer on top of BeO

e Thermodynamic calculations do not support this

e All fundamental theories of oxidation are based on
diffusion of cations and anions through the oxide
lattice

-

/
BRUSH WELLMAN INC. —_-/
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Kinetics are usually limited by one of two processes
e diffusion of metal cation (ex.: Be
e diffusion of oxygen anion (0%)

Structure of Oxide Layer Can Affect These Kinetics

e Tight

Experimental Techniques
e Weight Gain vs. Exposure Time
e Tracer Diffusion Measurements vs. Time

General Forms of Equations for Weight Gain vs. Time
e logarithmic

e parabolic

=~

General Kinetics of Metal Oxidation

2+)

Coherent Oxide Layers vs. Porous Oxide Layers

BRUSH WELLMAN INC. J
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e Parabolic Oxidation Kinetics at T< 700°C
w? = kt+C

Ervin and Mackay have shown that k;, varies with
oxygen pressure according to p" where n = 1/4.6

k, = parabolic rate constant

e For old productior: grade of Be

Effect of Impurity Content and Fabrication Method
e Impurities (Be,C, Fe, etc.) Enhance Corrosion Rate

e Value of k, and C vary with Impurity Content and
Fabrication Method

e Temperature range of Parabolic Oxidation Behavior

varies

Kinetics of Be Oxidation

k, = 1.8x10"%exp(-8,500/RT) g°/ cm*
from 350 - 700°C

BRUSH WELLMAN INC. —_—/
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Kinetics of Be Oxidation

e Linear or Accelerating Kinetics at T> 700°C

e “Breakaway” Oxidation
w = Kt
e For 1960°s production grades of Be at 930°C
e K = 0.055 mg/cm>-min
(approx. 0.2 pum thick BeO layer in 1 min.)
e Lattice Mismatch Stresses in Thicker Oxide Layers
e Cation Vacancy Accumulation

e Intergranular Attack
e Below =1050°C

» Projecting Needles and Flakes Can Form

BRUSH WELLMAN INC.
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Kinetics of Oxidation in Vacuum

¢ Kinetics of Monolayer Formation as a function of chamber
pressure

e it takes about one second for a monolayer to form in a
vacuum chamber at 10 torr and

e 5 seconds for a monolayer to form at 1077 torr.

® Once a Monolayer is formed, oxidation should be rapid

e p" relationship used to extrapolate oxidation rates to lower
pressures

e indicates that at 10°° torr oxidation rate is 2% of 1 atm
rate
e Still rapid

e Oxidation of Be at 0.1 atm O, (Gulbransen and Andrew)

e 1 pg/cm*-hr at 350°C
e 88 pg/cm®-hr at 950°C (4.7 nm BeO/min)

-

BRUSH WELLMAN INC. :JJ
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4 )

Colors on Be Surface: Interference Films

* Interference of White Light Beams reflected from front and
back surfaces of a thin parallel films yield Newton’s Colors

* A uniform series of colors dependent on film thickness
starting at thicknesses as low as 18 nm

e Uniform thickness and a smooth, surface morphology

results in an uniform series of colors which is a function of
thickness.

e As soon as you mix thicknesses and increase
roughness you deviate from that series.

e Scott looked at the growth of BeO on Be single crystals.

e 600°C: projecting needles of BeO up to 5 pm in length
and thin distorted BeO flakes form.\

e 800°C: pronounced (001) habit of randomly developed
BeO crystals was developed.

» Conclusion: Above 600°C the surface roughness
increases due to a number of mechanisms.

-

/
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Implications for Fusion Research

e Phenomological Questions from High Heat Flux Testing and
Low Cycle Thermal Fatigue Testing

e Significance of 700°C: Increased Oxidation Rate with
subsequent Change in Oxide Structure

e Significance of color change: Interference Film Effects

e Significance of emissivity change: Surface Roughness
and Morphology

e Questions Related to Development of Be to Cu Alloy
Bonding

e Can surface condition be improved by heating in vacuum?
e NO

e What is baseline surface condition?
e BeO whose thickness and morphology depend on
impurities and processing

e Can there be Be metal on top of Be oxide?: NO

e Questions Related to Be Characterization Studies in
Moderate to High Vacuum

K e What is baseline surface condition? (See Above)

BRUSH WELLMARN INC. J
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T-222 HHF tests will use Sandia’s new EB-1200 facility.

e-Beam Test Facilities
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The EB-1200 System offers enormous flexibility.
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All U.S. medium-scale mock-ups use the EB-1200 mount.

Inlet / Outlet cootant line hardware does not interfere with mounting

hardware

Sandia National Laboratories

Force common mock-up thickness and connections so center mock-

mounting structure to ease coolant line manufacturing tolerances
up is interchangable

testing of center mock-up.

independent testing

» Mock-up alignment/ mechanical support provided by separate

» High-pressure coolant lines float inside low-pressure vacuum bellows
o Outer mack-ups absorb high power edge beam spill-over during CHF
« Separate coolant supply / instrumentation to each mock-up for

« Unlique coolant line adapters for each mock-up location
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Sandia’s EB-1200 is a flexible HHF facility.

fusion test regimes
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Critical heat flux experiment on the screw
tube under one-sided heating conditions
M. Araki, K. Sato, S. Suzuki and M. Akiba
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a.é‘mggthlugg 1T T T T T

> A I R
lﬁﬂ A& Outer diameter, mm 110 g ]
\ i Inner diameter, mm 17 [=2 - -
: Length of test seclion, mm ;400 > 08— —
3 ]
b. Externally-Finned Swirl Tube 2 g6l 3
4‘“" . Aé Outer diameter, mm 110 E’ C 1
‘i e Inner diameter, mm 17 s L ]
wizczve B 4 Length of test section, mm +400 3 0.4p— -
< 15 Tape twist ratio . 3 « B b
Thickness of the twisted tape, mm ;0,35 X B ]
External fin length, mm ;15 @ oo -
External fin hight, mm ;3 g Tk ]
I — -
C. prgr\/apgtrgn 0 ax o b0 oo by w0 b,
-100 -50 0 50 100

Width of the surface, mm
Thickness of wall, mm
Length of test section, mm
Fin height, mm

Fin width, mm
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IV.1
IV.2

Iv.3
IV4

IV.6
Iv.7

Session IV

Plasma Surface Interactions

and

Plasma Facing Materials

Chaired by: A. Hassanein and Y. Hirohata

Hirohata/Hino

Tokunaga/
Yoshida

Doerner
Hirooka
Brooks/
Hassanein
Cohen/Skinner

Cohen/Skinner

PSI Studies at Hokkaido University

Erosion and Gas Impurity Emission of B,C
Converted CFC

Reduced Be Erosion in PISCES-B

Be Erosion and Compatibility with C and
W as Other PFM

Erosion and Redeposition Analysis for
ITER and DIII-D

Arc Jets for PFC - High Heat Flux Testing

Studies of Thermally Collapsed Plasmas
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PSI Studies at Hokkaido University

Presented by Y. Hirohata and T. Hino

Major Studies at Hokkaido Univ.

(i) Reduction of heat flux (Concept)
(Di’vertor configuration)
Vapor shielding

(ii) Disruption Erosion (Modeling)
Particle emission

(iii) Reduction of He ash concentration (Concept)
Use of selective pumping metal
Divertor configuration

(iv) Hydrogen adsorption of Ti-alloy (Data)
with Toshiba
(Ti-V-Al alloy)

(v) Gas desorption of CFC/Cu brazed material (Data)
with JAERI

(vi) Hydrogen retention and oxygen gettering of boron
film (Data) with NIFS

IvV-3




(vii) Oxygen gettering of lithium (Data)

(viii) Thermal response of boronized or siliconized
CFC/Cu brazed material (Data) with NIFS

(ix) Hydrogen retention properties of several plasma

i C, B4C, SiC, W;

(x)_Helium selective pumping properties of nickel and

tungsten (Data)

(xi) Analysis for loss of coolant accident, LOCA
(Concept)

We here introduce the subjects of (ix) and (x).
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SBESSHSTN

Experiment

@ample)

SiC converted graphite
(Toyo Tanso Co.Ltd. )

Si0+2C—SiC+CO

Si concentration : 40 at.%
Isotropic graphite (Hitachi Chemical)
B4C converted graphite

(Hitachi Chemical)

@on Irradiation (Hs" or He' ))

ECR Ion Irradiation Apparatus

@Valuation Method)

Thermal Desorption Spectroscopy

(ITDS)




ECR Ion Source

Extractor

Sector Magnet

[Hs’f 5 keV)

Thermocouple

[Procedure)

(1) Evaluation of hydrogen retention properties

Hs" irradiation = TDS
(5x10"™ H/cm?)
(2) Reduction of hydrogen by He" bombardment

Hstirradiation — He™ irradiation
—TDS (up to 3x10'" He/cm?)

[TDS Condition)

RT—1000 °C
Resistive heating (50 "C/min)

Iv-8



Results 1|
ol

Hydrogen Retention Properties
of S1C Converted Graphite

(1)Thermal Desorption Spectra of H,

H* Fluence=5x10'% H/cm?

Irrad. Temp.=RT

6 1200
7 hite
N' 1000
=
S 0 =
% § 4 < ° o’ \ 800 g
A g o \ Isotropic Graphite 'S
.S« B °...,.-" / ? \P/ i 600 E;r
i ...ao .:.o. _]_ E
53 v I 2\ -4 400 °
5] S o o )
& e N 1200 °
0 mmmﬂé/ ! - 0
0 500 1000 1500 2000
Time (s)
OH, desorption for Si-H bonding * -600°C
©Si-H >C-H
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(2)Thermal Desorption Spectra of CH,
H* Fluence=5x1018 H/cm? Irrad.Temp.=RT

1.5 | e 1200
—~ /\ sotropic Graphite
3 \
NE l v' .'.."" - . 1000
RS L
28 1= -+ |7 > 800
o .
-y [\ 1 600
B, o
= AT 2
é’ X 05 - 400 @
3 / \ SiC Converted ’8
O / Graphite - 200 ~

. , . | 0
0 500 1000 1500 2000
Time (5)

©Chemical sputtering yield
10 times smaller than that of isotropic graphite
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Hydrogen Retention Properties

of B,C Converted Graphite

(3)Thermal Desorption Spectra of H,
H* Fluence=5x10'8 H/cm? Irrad. Temp.=RT

5.0 '

T T T 1é00

y _B4C converted ~ 4 1000
2 ? "
g ‘e Isotropic 1 800 Fgo-'
G 30 |- aphi
5 5% L~ greentte E
= 0 _ @
e 5 w8
2 E a0 - S
D o )
;)] vb 7 400 3
£ X 2
10 |
4 200
bond NSNS
0 ! > 1 1 0
o 3008, 800 700 C 1200 1600 2000

Time [g]

OH, desorption for B-H bonding- - - 300°C
©B-H < C-H
1 .3
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Hydrogen Desorption Amounts

SiC Converted
Graphite

(4) Comparison

B4C Converted

Isotropic

Graphite

6

Graphite

( o/ "99[0W4;0T¥)

junoury uordiosa( vHO 038 QT X)U30IPAH

(zuo/sw
pPauIe)ay JO Junoury [ejof,

A N.Eo\ "o9ou SOHNV
junoury uordroso( z{
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(5)Annealing Temperature Dependence
of Hydrogen Retention

H* Fluence=5x10'® H/cm? Irrad. Temp.=RT

1.2 | I I I I
SiC Converted Graphite

1 ~~ _ / B4C Converted Graphite ]
phite
N %;
_ N i
oo

Ratio of Hydrogen Retention
/l\E

0 200 400 600 800 1000 1200
Anealing Temperature (°C)

OSiC Converted graphite
Temperature to become a half :
-100°C lower than that of isotropic graphite

due to desorpti()@n of Si-H bondings
OB,C Converted graphite : rapid decrease

due to desorption of B-H bondings
-10% removed by baking (300°C)
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Results 2

3 T T o
e e SR R

Helium Ton Impact Desorption
for SiC Converted Graphite

(1) H, Desorption Spectrum after He Ion
Bombardment

H* Fluence=5x10!8 H/cm?

Irrad. Temp.=RT

He* Bombardment=2.9x10!8 He/cm?

6

N

(x10"* molec./cm? -s)

Hz Desorption Rate
[\

T . T
Before He Jon Bombarment

| >
=< ? . After He Ion
Bombardment
/ /(2.9x1018 He/em?) -]

0 500

-1 400

1000
Time (s)

1500

1200

1000

(@0]
-
o

600

(D,) aanjeradway,

0
2000

©Total amount of retained hydrogen - - -

40 % reduced

©Hydrogen amount in form of S-H bonding

- - largely reduced (50%)
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(2) He Ion Fluence Dependence of
Hydrogen Retention

H* Fluence=5x10'® H/cm? Irrad. Temp.=RT

He™ Bombardment: (0.75-2.9)x10!8 He/cm?
6 , ,

Total

}?

=
f
:

Amount of Retained Hydrogen
(x10" atoms/cm?)
e
e

o
o
=
N -
W

He Ion Fluence (x10' ions/cm®)

©Total amount of Si-H bonding
rapid decrease within fluence up to 1x10'8 He/cm?

©C-H bonding- - -little decreased by
He ion impact
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(3) Comparison : Effects of He Ion Impact
Desorption

H* Fluence=5x10!8 H/cm? Irrad.Temp.=RT
He* Bombardment: (0.75-2.9)x1018 He/cm?

1.2 ' T ' T

SiC Converted Graphite

Isotropic Graphite

-
-~
-
......

e mane.
--------
hhdabaded 2 P

B4C Converted ( Graplﬁt; |

Ratio of Hydrogen Retention
o .
(O
]
w
/

0 1 1 ' ] 1
0 1 2 3
He Ion Fluence (x10™ ions/cm®)

OSiC Converted graphite
Ratio of decrease : not large

OB,C Converted graphite
very rapidly decreased
largely reduced also by He ion impact
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Hydrogen Retention Properties
of SiC Converted Graphite

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

O Two peaks appeared in Hz desbrption

spectrum, corresponding to detrappings of
Si-H and C-H bonds.

O Amount of retained hydrogen was comparable
with that of isotropic graphite.

O Hydrogen retention of SiC converted graphite
becomes a half at ~600 °C, which is

approximately 100 °C lower than that of
isotropic graphite.

O By He ion impact, amount of retained
hydrogen was as high as 40 % reduced.

O In particular, hydrogen amount in form of
Si-H bond was largely reduced.
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LExperiment

(1.Sample): Nickel (99.9%)
Tungsten (99.95%)

@. Plasma irradia’[ion)
ECR plasma irradiation apparatus

U

MEFC

Permaneni Magneils [

Co-axial Cable fﬂ, <— Microwave
—

\'
Oplical

Monochromefler

Marpulator

Optica
Fiber Cable

Lens _@ "~ ECR Plasma
Sample Holder " Power Supply L angmuir Probe
o T;LM‘P : X-Y Recoraer
R.P

Pre-treatment
l Degassing : 800°C, 2hrs

Irradiation

Iv-20




[2. Condition of plasma irradiatiorﬂ

[rradiation temperature dependence
(Ni and W)

#/cm 2

He or H plasma irradiatioq o
‘He or H fluence : ~5x10
-Bias voltage : -1 kV
‘Irradiation temperature : RT~700°C

He fluence dependence of Ni (He plasma)

-(0~7)x10"®He/cm?
-1 kV
-200°C, 600°C

He energy dependence of Ni (He plasma)

.~2x10'® He/cm?
0~-1 KV
.200°C, 600°C

[ 3.Evaluation method of trapped-He]

Thermal desorption spectroscopy(TDS)
Heating rate : 10°C/min
Range : RT~1000°C
(Holding at 1000°C for 30 min)

Iv-21




Results 1 %

R

He selectwe pumping (Ni and W)

1. Irradiation Temperature Dependence for
Trapped He-Thermal Desorption Spectra

T T

———
| Nickel

| 700 °C 3

[ ° -”“V. 1 )
600 °C ]

. 500 .C ‘M

400°C A~ '
S ot

300 °C T~ A
[200°C / \ W 7

100G o

Desorption rate of He (arb.units)

RT 1
R mv 3 N\_,-—f"
0 200 400 600 800 1000

Temperature ("C)

Two desorption peaks :Peak-L, Peak-H
I -Peak temperature shift to higher Temp.
with increase of irrad .Temp.
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. Irradiation Temperature Dependence for
Amount of Trapped He or H in Ni

—~ 3 T T T
e
O
3t
©
o
= o -
[/2]
0
(6]
-O--—-
X
. .
l—.
% — Hydrogen
g 0 o—o—90o—6— o oo
< 0 200 400 600 800

Irradiation Temperature ("C)

- =100°C —> No H trapping

Maximum at { ~200°C

* ~600°C

Nickel can selectively trap He

- Total amount of irapped He
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3. Irradiation Temperature Dependence for
Amount of Trapped He or Hin W

(\JA 4 T T T T T
£
(&)
w®
©
= — Hydrogen
S L _
38 °
Sa
;‘% e
= O/Q/—O\Q_/O———a/
S
£ " Helium
o : 1 ? 1 : 1 1
£ %0 200 400 600 800

Irradiation Temperature ("C)

Amount of trapped He did not exceed that
of trapped H in entire temperature range.

}

No He selective pumping
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Results 2

He fluence and energy dependences |
of trapped He in nlckel

ORI CTTTTOrOOOOOr L

1. He ﬂuence dependenceof rpped
He in nickel

3"'1'."I"‘l“

t

§ 200C

© 2 .
T
20
&
I- [+
- <—600°C T
1=
8 ) R
£ Bias Voltage : -1kV
< O e ! | ]

0o 2 4 6 8
Helium Fluence (10'® #/cm?)

- 200°C
Saturation of trapped He -+ ~2x10'®He/cm®

-600°C
Increase of trapped amount

\

Diffusion of He into bulk
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2. He energy dependence of trapped
He in nickel

2 T T T T

°E He Fluence : ~2.0x10"°He/cnf

S

S

©
'Fgg 1} joo°c .
&
= 0
5 e
c(:_; O/) /600 C

£ . ! \
< 95" 0a 0.8 12

Bias Voltage (-kV)

.200°C

Amount of trapped He linearly increased.
-600°C

No He trapping below [-0.7.kV |
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KApplication of nickel to fusion reactor)\

Temperature in vicinity

of divertor :~300°C

-Trapping amount : 1.5x1016He/c:m2

/

Suitable temperature : 200°C or 600°C

‘Trapping amount : (2~3)x1016He/Cm2

Iv-27




S ‘-m\.\ﬁ s R A

E . Helium selective pumping
(nickel and tungsten)

-Nickel has He selective pumping capability.

-For Nickel, two peaks of trapped He appeared
at 200°C and 600°C.

2. He fluence and energy dependences
for amount of trapped He in nickel

-At low irradiation temperature, trapped He amount

saturated at low fluence. Saturation level was
small.

-At high irradiation temperature, energy of He ion
has to be higher than some critical level.

IvV-28
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XPS Analysis Detects Little Carbide Formation
within the Impurity Surface Layer

Date: 4/4/1998 Flood Bun: 4.0 eV |Spot Size: 600 U

gpar: MAD L of Scans: 5 |
Description: HIGH TEMP Be 4, ION ETCHED 3608

Fila: UCDO42

fAesolution: 2

CFS: 5000

Ensrgy Width Arss x Bond

263,08 1,82 080 6.2 Bal

284,72 1.84 887 80,3 c-c

286,17 2.98 o784 20.4 c-a0 o4
290.02 2.78 aRie 1.0 _ro3

296.2 292.2 288.2 284.2 280.2 276.2
Binding Energy (eV)
File: UCDO26 Date: 1/4/1886 Flood Gun: ‘4.0 a¥ | Spot Size: 600 u
oper: MAD |# ot Scans: 4 Rasolution: 2
Oascription: Ti #5, NO ION ETCH
Tro 5300 T r T " T v v T
Knscgy Wigth  Arew % sond &
981.88 R.08 8130  13.8 TiC !
294,67 41.54 90424 67.2 O-0 f‘
| cos.o 4.4a B3R0 4.0 C-O g 4
eas.00 1.8 2418 6.8

= h
q
/]
]
I
]
I3
i
i

N A 2

286.9 282.9 278.9 274.9
Binding Enorgy (eV)

284.89 230.9
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Erosion/Redeposition Modeling
for ITER and DIlI-D

Jeffrey N. Brooks
(Ahmed Hassanein)
Argonne National Laboratory
9700 South Cass Avenue
Argonne, lllinois 60439 USA

U.S - JAPAN WORKSHOP
JANUARY 1996
COLORADO SPRINGS
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Erosion/Redeposition Modeling

for ITER and DIII-D

Objectives: Analyze erosion lifetime, plasma

Current

contamination, and tritium co-
deposition for ITER PFC's;
benchmark erosion codes.

Activities:

ITER Vertical Divertor Erosion Analysis
[with JCT,SNL,U of ILL.]

— Be, C, W erosion, T co-dep. WBC and REDEP

code analysis for several plasma solutions
including radiative plasma solution (Coster et
al. ~1% neon), and detached plasma solution
(Kukushkin et al.) .

ITER Sheath Analysis

— BPHI sheath code analysis of oblique -

incidence sheath conditions with in-sheath
ionization of surface emitted particles.

DIll-D DiMES Probe Erosion Analysis [with
GA, SNL]

- Be, C,V, Mo, W sputtered particle transport

jnb/US-Japan/01-96

along divertor analyzed and compared to data.
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ITER Vertical Divertor
Erosion/Redeposition Analysis

o Radiative plasma solution of Coster et al., used in
REDEP/WBC -

(~1% neon SOL seeding, Te < 10 eV, Ne = 1021 m-3 at strike
point)

— Results (without neon near-surface recycle considered)
- Peak gross erosion rate (Be) = 600 cm/burn-yr
- Peak net erosion rate (Be) = 30 cm/burn-yr
- Net erosion rate (W) =0
J Results for Be are up to an order of magnitude better than

gas-bag geometry (depending on assumed plasma solution
for the latter).

. Higher redeposition rate is due to: a) non-tangential field-
line geometry, b) high plasma density.

. Little contamination of core plasma by divertor sputtering
predicted.

— Results with neon near-surface recycling examined in
detail (J.. N. Brooks "Analysis of Noble Gas Recycling at a Fusion Plasma Divertor", Physics
of Plasmas, to be published):

J Inhibited backflow to SOL, high sputtering and other
effects predicted for neon/Be case. Factor of ~100 surface
neon flux amplification appears possible.

J Neon/W case does not result in apparent problems due to
high neon reflection at surface.

| Results are speculative- data, additional analysis required.

jnb/US-Japan/01-96 IV-76
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Lifetime Estimation - "Vertical Divertor"
(for 5 mm coating thickness)*

Material Peak Net Duty cycle | Lifetime**
Erosion rate,
cm/burn.yr
Beryllium ~30 100% 6 days
2% 0.8 yrs
Carbon ~12 100% 15 days
2% 2yrs
Tungsten ~0 100% ~unlimited

* REDEP/ITER analysis (7/95), radiative plasma solution
(Coster et al.) w/o neon surface effect

** due to sputtering erosion

inb/US-Japan/01-96
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Required Future Work

* ITER Divertor - Plasma Surface Interactions
— Neon/beryllium compatibility

— Carbon erosion/co-deposition with rigorous
chemical sputtering analysis and surrounding
divertor region transport, and with additional
plasma solutions.

— Tungsten - impurity effects, plasma
temperature limits

— Sheath issues/performance e.g. overheating
effects, geometry effects

— Tri-material (C, Be, W) effects
— 1st wall erosion

— ICRF faraday screen and related RF
component erosion, particularly due to RF
induced sputtering

jnb/US-Japan/01-96 IV-83




jnb/US-Tapan/01-96

Conclusions

The erosion/redeposition process is critical
to ITER divertor performance, e.g., net Be
erosion is ~1/10 gross erosion. Erosion/
redeposition data generation and code
validation is a critical need for ITER.

Net erosion rates for the vertical divertor are
an order of magnitude lower then the gas-
bag design. Predicted core contamination by
sputtering is low. Tritium co-deposition in
carbon is high. (All results are uncertain.)

Plasma Radiation Seeding may not work with
low-Z materials. We are formulating plans
for experimental tests of this issue in, e.g.,
PISCES.

Erosion code benchmarking with DIMES is
encouraging - good agreement with Be, W,
Mo, C redeposition data. Modeling results
explain the substantial difference in
spgt‘tl\?red transport distances between Be
and W.

Work is ongoing to examine some of the
critical plasma surface interaction issues,
e.g., sensitivity to plasma solutions, tri-
material (C, Be, W) effects and sheath issues.

Iv-84



Lifetesting of Divertor and Plasma-facing

Components

Samuel A. Cohen

Plasma Physics Laboratory

Princeton University
8 January 1996

Full-scale prototype models of divertor and plasma-
facing components, such as

e divertor tiles,
e wall tiles,
» tile support,

1071

1020 High strength steel: ASME data
i e/
e tile attachment, c.g., braze A2

joints,
* cooling structures,
e ducts to pumps, and
* pumps

dicted strain range for DEMO S~ .

103F <

Expec cts of embrittiement

104 | |

]
102 103 104 105
Mean cycles to failure

108

must be qualified, via full lifecycle testing, in a high heat flux
environment, complete with exposure to reactive, hyperthermal
ionic, atomic, and molecular hydrogen. These tests will include
heat flux limits, thermal fatigue, pumping speed, and radiating

layers.

Heat flux facilities that can produce the necessary
environment have been used for decades in the aerospace
industry. These devices, arcjets, produce steady streams of high

enthalpy plasma.

IV-85




Experimental facilities presently used in the
fusion program to develop the divertor
operational scenarios

Devices Number [Power Pulse length
(Total/US) [ (MW) /duty factor

Tokamaks 12/5 50 10/10-4

Linear plasma 10/5 1 1/10-1

E-beams 4 1 CW

Neutral beams 5 10 10/10-1

Iv-86



Gaps in the present program

low duty factor

low hydrogen fluence

poor accessibility

understanding of
radiation and energy transport
ablation

full life testing of large scale prototypes

Important fusion-related experiments could be
carried out in Arcjet facilities

* Materials and component qualification
* Fatigue lifetime

* Erosion lifetime

* Hydrogen inventory in materials

* Pump qualification

* Radiation transport

e Melt layer ablation

The use of arcjets for fusion would be a
cooperative effort between US goverment
agencies.

Iv-87




Typical arcjet geometries

| 6 — | 55— 15 > |—s5—]
2
S {2 |Plasma flowif,. IO |
16° ctgupetl I - ’ tOpl
Test chamber ﬁ
Test article
arc heater Heat
~100MW Throat Nozzle Diffuser exchanger

Typical arcjet geometries
(all dimensions in meters)

In the US, at least two hydrogen arcjets have been operated.
* Scramjet Combustor Facility

e Giant Planet Facility (GPF) qualified tile materials for
spacecraft entry into the Jovian atmosphere (Galileo exp.)

Scramjet: Rarely used, but still assembled
100 MW,
10kV, 10 kA, ~Im x 1m x 1 m test chamber

GPF: Now "on the shelf", ~3m x 2m x 2 m test chamber
85H-15He mixture, 110 MW heating power ->400 MJ/kg
Measured heat flows (blunt surfaces) > 250 MW/m?2
80 MW/m2 radiation (note relation to ITER)
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ENTHALPY, Mij/kg

100
S0
&0
70+

€0
50—

|

{

a0t

30+

251

ENTHALPY, Btu/lhm

20,000

10,000 :
60 70 80 100 200 300

PRESENT EXPERIMENT: D =8cm, L/D =4¢
ARCELO 11 SOLUTIONS: D=8cm, L/D =42
DATA CF REr.8 D=254cm,/D=5=
€q. (9), CONSTANT CCRE T=NiP. MOGEL

=

Pt = 1.4 -1.5awm

o3 Sedll

o

e

- Ag’(
.'

h, = (1/A)0-604, ARCFLO 11

[ = 1 ErS

CURRENT DENSITY, Afcm?

Fig. 7 General enthalpy scaling law for
constricted-arc heaters at counstaant pressule
and 49< L/D <55.
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Radiative heat load

A radiant heat load on the test article and chamber will occur when a
test article is in place. An incandescent gas layer is formed in the
sharp longitudinal gradients surrounding its blunt surface. This gas
cap region radiates a multiband spectrum nominally described as an
optically thin black body, hence there is an approximate T4
dependence on the gas temperature. The shock standoff distance, d,
and the article radius, 4, determine the radiating volume, in contrast
to an optically thick black body whose power losses depends on
surface area only.

Based on calculations and experiments performed for Earth, Tauber
and Sutton, and Jupiter reentry, Winovich and Carlson for the 110
MW arcjet Giant Planet Facility (GPF), scaling relations have been
determined as functions of Mach number and heat flow.

Figure 1 shows the radiative heat transfer coefficient, defined as Cgiy
= qr/(pU2/2), where qy is the radiant load onto the object. Essentially,
“CHr is the fraction of kinetic energy in the gas stream (initially
flowing directly towards the test article) that is converted to
radiation onto the target. Using the pe and Ue values from a high

enthalpy case we find the power flux density flowing towards the
test article to be 43 MW /m?2. Higher values can be obtained at higher
Mach numbers
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Comparison of devices

ITER requirement | Arc Jet capability
Characteristics :

Power input (MW) ~100 MW to SOL [to 110 MW
Enthalpy (MJ/kg) 3 (midplane) 1 to 400
Peak heat flow (GW/m?) 2 (Bu-soL) 0.05 -> 20 (axial)
Plasma flow ? to above Mach 10
Te,Ti 1-2 eV desired 1-2 eV obtained
Power to side walls (MW/m?2) | turbulence desired | turbulence 0.1
Pulse length (minutes) 15 > 25
Pulses 10,000 in life 1000/year
Cyclic heat load (Hz) 0.1 (sweeping) TBD
Hydrogen content 90H-10He to 100%
Chemical erosion expected observed
Test area (m?2) ~60 3
Plasma width (m) ~ 0.1 0.05->2m
Conductance (m3/s) depends on gas  |>1000 m3/s
Pumping speed (m3/s) 500 > 500
Pressure recovery 10 w- 0.05 atm | Yes, to 1 atm
Throughput (kg/s) 0.20 0.1-10.0
Throughput (atoms/sec) 5 x 1024 ->2 x 1026

*Possible Elm and disruption testing via pulsed bias

Note: Arcjets have no magnetic field and hence are not suitable
for testing the ITER divertor physics that occurs where the
plasma is fully ionized. But one ITER plan is to promote
plasma recombination away from the divertor plate. Then the
physics of the hot, partially ionized plasma gas streams are
similar. Navier-Stokes equations are being used to model both
the ITER plasma gas and arcjet plasmas.
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Radiative Heat Transfer Coefficient
(0.3 m Radius Hemisphere)

0.1 LI I} TTT T[T 1 LI N B N AR S N Y B O A B N I IR
R JUUTE B
- _,—"’— -2
I ol e i
,’l ’<>//
£ 0.01 pgomios .
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L 7 -]
-4 -0 - 01 atm
--i3--1i0 atn
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V (kmis)
Figure 1. Radiative heat transfer coefficient for the motion of a 0.6 m
diameter hemisphere through air.

The radiated power changes with stagnation pressure, Mach number, and
operating gases.
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Dates
1-4/96

4-8/96

8-12/96

1-6/97

6-12/97

Proposed workplan for ITER
Activity
1. Perform analytic derivations and numerical
evaluations to find arc heater/diffuser regimes most
representative to ITER divertor conditions: P, T,
Ma, HO/H>
Balboni: NASA Ames

Smits: Mechanical and Aerospace Engineering, Princeton
Cohen: PPPL

2. Perform 1- and 2-d Navier Stokes calculations
(with real gas chemistry) to determine gas flow
properties and radiation levels relative to ITER

divertor
Balboni et al: NASA Ames
Pigarov: Kurchatov, PPPL

3. Perform plasma calculations on heat flow to test
samples, including effects of pulsed bias and

radiative energy transfer
Cohen, Vesey: PPPL
Balboni: NASA Ames

4. Engineering analysis to determine facility

lifetesting capability (incl. materials) and resiting
PPPL engineering

5. Perform brief test runs in Interaction Heating
Facility (IHF) with 95Ne-5H or 95He-5H to assess
cyclic heat load capability, low pressure regimes,

and radiation levels predicted in 1 and 2
Balboni, NASA Ames
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1-6/98 6. Operation of scramjet facility in cyclic mode
with 100%H or D
a) no test article
b) with test article (prototype divertor plate)
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Further studies of
thermally collapsed plasmas
(STEPS)

J. Park, S. Cohen, G. Chiu
Princeton University
Plasma Physics Laborato
Princeton, N}  ~

US/Japan Workshop on
Plasma Surface Interactions and
High Heat Flux Components in

Magnetic Confinement Fusion Reactors
Colorado Springs, Jan 1996
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Heat flux and Tar

Motivation/history

Present tokamak experiments show high heat loads on

plasma facing components during attached plasma
operation.

Extrapolations to ITER indicate the heat loads and other
related effects will be more severe, if standard (attached)
tokamak operational modes occur.

We have continued studies of SOL plasma parameter
regimes which have markedly reduced heat loads, -

The mode we have studied, a thermally collapsed state
nicknamed STEPS - Steep Temperature and Electric
Poten!:ial Steps - is achieved by operating at increased
neutral pressure, plasma density, and divertor depth. It

may be related to detached divertor plasmas seen in
tokamaks.

Our goals are:

* to understand the basic physics processes that cause

the thermal collapse

* to assess which diagnostics are needed to compare

detached modes in tokamaks and STEPS in linear
machines, and

¢ to decide whether these modes can be useful to ITER

Heat flux (A.U.)
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Summary

. For Py~ 1 MW/m2, high gas pressures and long
channels, PL = 1 T.cm, cause He plasmas to
undergo thermal collapse to Te < 1 eV.

-

N

- Neutral gas pressure exceeds plasma pressure

3. Recombination radiation (n = 9,3 -> 2) is
observed. Resonance radiation is not.

. For recombination rates to explain the density

decrease, highly stagnated flow must occur. tp >
50 ms.

5. The cause of the thermal collapse is not simply
radiative energy loss but the establishment cf 2
strong By plasma potential gradient. The exact

roles of electron/ion scattering by neutrals is not
understood.

6. The measured space potential has a shape

similar to that found in ion acoustic double
layers.

7. Present tokamaks, e.g., C-mod, are operating in
regimes where these conditions may be found.
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Session V

Tritium

B. Odegard and M. Saidoh

Study of Tritium Retention in Graphite by
Simulating First Wall Circumstance

Measurements of Tritium Recycling and
Retention on TFTR

Graphites: Erosion and Retention

Results From Tritium Plasma Experiment
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US-Japan Workshop Q219 on High Heat Flux Components and Plasma Surface Interactions for Next Fusion Devices
January 9-11, 1996, Colorado Springs, Colorado

Measurements of Tritium Recycling

and Retention on TFTR

C H Skinner and the TFTR group

Interior of TFTR showing graphite limiter.

. Introduction to TFTR.
Prior results.

. Spectroscopic measurements of hydrogen,
deuterium, tritium influx. Isotope changeover
during tritium injection.

. Tritium retention measurements.
Efficacy of tritium removal techniques.

. Summary & conclusions.
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Prior deuterium retention resuits:

. Nuclear reaction analysis of graphite tiles
and wall coupons indicated the overall
fractional retention of deuterium in TFTR
was around 45%.

plasma facing
tile surface 22%

55%

gaps between
tiles 9%

vacuum vessel
wall 14%

. Comparison of different run periods
showed that the retention varied in the
range 22% - 63%, correlated with the
average neutral beam power. This pattern
was attributed to increased edge and
limiter temperatures leading to more co-
deposition at high beam powers.

. =35% of the tritium produced in DD
nuclear reactions was retained in the
internal components of TFTR.

‘Tritium Retention on TFTR',

H F Dylla and K L Wilson Ed.,

Princeton University, Plasma Physics Laboratory
Report PPPL-2523

(April 1988) 108 pp.

‘Tritium Retention and Conditioning of Graphite
Limiters in TFTR'
M Ulrickson et al. Nucl. Fus. Suppl. 3, 419 (1989)
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TFTR has produced Reactor-Level
Fusion Power Densities

Fusion Power Dansily (MW/m3)

D-T Supershot
(10.7 MW -2.7 MA)

'

ITER® (1.5 GW)
N

0.64 1.0 1.36
Normalized Major Radius F/Ro
McG 940318 M. Bell * Projecizd
S. Sabbagh
L Johnson
Significant fueling of plasma
core by influx from limiter
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Select shots with tritium only beam fueling -
- DT neutron rate dependent on D influx from limiter.

Compare DT neutron rate with standard scaling
for balanced D/T beam fueling.
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Intensity

Emission from neutral hydrogen, deuterium observed by
Fabry-Perot Interferometer

7.7 MW fusion power supershot

d13n 76770 @ 4.0 sec.
24 D-alpha
1.5+
% DEGAS
S 4 neutrals code
e ' predictions
incl. sputtering
Experimental
data
0.5 H-alpha prior version
DEGAS
without sputtering
0-F—— T x T : T r T r r - S
6564 6563 6562 6561 6560 6559 6558
Wavelength (A) decreasing
Predicted line profile convoluted with
Fabry-Perot Instrument function.
Components of spectral profile predicted by DEGAS
D energy in observation direction
0eV 30eV 100 eV 300 eV
| 1 I |
: - 46° 476770d13n
10, Dissoc.- 46%
Sput.- 30%
@ Refl.- 11%
/] CX-12%
0.5~
0 0 ot i e = : s End}
6564.956 6564 6563.04 6562.08 6561.12 6560.16 6559.2 6558.24 6557.28

Wavelength (A)
DEGAS simulation by D Stotler

Sputtering data from D Ruzic, B Turkot, U illinois
H sputtering not included




Weak tritium-o: emission on tritium neutral beam injection
7 T sources, no D sources
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Emission from neutral hydrogen, deuterium, tritium
with tritium gas injection.

89036
1.5+ D-alpha T-alpha
14
= ]
[2]
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2
£ .
0.5
] H-alpha
0 T T T T T T :
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Wavelength (A)
D,T velocities scale with ¥ mass
1.5
1 — H+ D-alpha
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> ]
G ]
2 ]
£
| H-alpha
0.5+ only present
in blue profile
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4 3 2 1 0 -1 -2 -3 -4

Delta wavelength (scaled Ym for T-alpha)

Spectral profile is Doppler broadened, velocities scale close to square root of mass.
Effect of differences in dissociation physics and spatial distributions small.




Tritium injection by gas puff and neutral beams (9/1/95)
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20000

Tritium inventory, exhaust Summary

15000

50004

« TFTR has a special opportunity to study tritium
recycling and retention since it has a graphite limiter
which experiences erosion, codeposition and neutron
flux from DT plasmas with core fusion power similar
to that expected for ITER.

inventory

pre-existing cumulative
inventory exhaust

« Observations of hydrogen, deuterium, tritium - alpha
spectral line shape benchmarks modelling code;

T .... monitors isotope changeover in limiter.
$5888 A8 L0 £ LRRLUSL AL ¥USELILYLRILAREAG L
Sgoos sasectus TRa22aR Al aaaf;’ﬁagggze Eeggaods . n .
5888533523222 58022223222528820008883324582  »  Active removal of tritium necessary to control inventory.

Short term tritium retention in TFTR high (>90%),
tritium removal campaign sucessful. After 2 years of DT
operation, present inventory less than 1/2 administrative
X . limit.
Retention of tritium input since 9/1/95

Fragtion of tdtium retained

« Analysis in progress: implications for current models
of tritium retention in graphite.
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« Review of deuterium-tritium results from the Tokomak Fusion Test
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US-Japan Workshop on High Heat FRux Components and Plasma Surface
Interactions for Next Devices, January 9-11, 1936, Colorado Springs.

Graphites: Erosion and Hydrogen Retention

J. W, Davis, A. A. Haasz, B. V. Mech and A. Y. K. Chen

Fusion Research Group
University of Toronto Institute for Aerospace Studies
4925 Dufferin St., North York, Ontario, Canada, M3H 5T6

A. DEUTERIUM RETENTION IN DOPED GRAPHITES:

A1 Introduction;

»  Graphite has many properties which make it suitable for use
as a plasma-facing material in fusion reactors.

* Its primary disddvantages are its susceptibility to erosion
under H and O bombardment and high levels of hydrogen
retention,

* It has long been recognized that some improvement of the
erosion characteristics may be achieved through the addition
of other elements fo the graphite: doping.

*  However, the doping may improve one characteristic property,
while having a negative effect on others.

*  We have tried to perform a comprehensive study of some
doped graphites by looking at 4 properties of interest for
fusion:

— Thermal conductivity
Radiation-enhanced sublimation

—)
- Chemical erosion
—

Hydrogen retention and reemission

OUTLINE:;

A. Deuterium Retention in Doped Graphites:

A.1 Introduction

A.2 Doped Graphite Samples

A3 Fluence dependence of retention

A4 TDS spectra

A5 Temperature dependence of retention

A6 Atom Reemission at Temperatures >1000K
A7 Summary

B. Low Energy H* and D* Erosion of Graphite:
B.1 Objectives/Experiment
B.2 Results
C. H+O Syﬁergisﬁc Erosion
C.1 Objectives/Experiment
C.2 Resuits

Future Plans

A. DEUTERIUM RETENTION IN DOPED GRAPHITES;

. A2 Doped Graphite Specimens:;

= Doped graphites were produced by Ceramics Kingston Inc.
(Ontario, Canada)

->  high density (~ 2060 kg/m® for undoped specimens)
— dopants: B (2, 10 and 20 at%)

Si (3,8 and 14 at%)

Ti (2,8 and 16 at%)

Ni (10 ats)
W (10 at%)
Al (10 at%)

—  Undoped reference specimens also prepared

*  Mechanically, most of the specimens are brittle and difficult to
work with.

« Inthe case of the Al-doped material, after several months of
air exposure at room temperature, the specimen block
completely disintegrated.

+  Problems were also encountered with the Ni-doped specimen;
Ni melting and evaporation.




DEUTERIUM RETENTION IN DOPED GRAPHITES:

A.3 Fluence Dependence of D Retention:

Previously we have found that D retention in graphite at high
fluences depends on the graphite structure.

- Do dopants influence the transport and trapping of
hydrogen beyond the implantation zone?

1 keV D* is loaded into the specimens through a 2 mm
aperture in a mask.

Specimens are heated on a separate heating stage.

D retention is evaluated from D,, HD and CD, observed in the
residual gas.

Retention at low fluences (< saturation of the implantation
zone) is not greatly affected by the dopants.

At high fluences, the doped specimens have a higher
retention of hydrogen than the undoped specimens.

- --The effect of sample porosity may be significant.

DEUTERIUM RETENTION IN DOPED GRAPHITES:

A4 Thermal Desorption Spectra:

This information is available as part of the previous study.
Reference and EK98 are almost identical.

Ti-doped specimen desorption spectrum has a clear 2-peak
structure, ~ 20% of D released in low-temperature branch.

Release from 8- and Si-doped specimens also starts at lower
temperature and has a high temperature shoulder.

This is evidence of a change (reduction) in the D trapping
energy in the doped specimens.

At higher fluences, there is a blending together of the peaks.

W-doped specimen behaves very similar to undoped
graphites, except that the retention is larger.
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DEUTERIUM RETENTION IN DOPED GRAPHITES:

Temperature Dependence of D Relention;

For these experiments, the samples could be heated in situ,
however, the beam spot was not defined by a mask.

Undoped graphites behave in a similar manner.

Ti-doped specimen has a different behaviour, consistent with
TDS spectra.

B-doped specimen may have slightly different shape, but data
Is not good enough to draw conclusions.

Direct comparison between samples is not possible as the
beam spot Is not well defined, and sample warping lead to
different spot sizes.

Other specimens could not be heated by direct current.

D RIUM R N IN DOPED GRAPHITES:

om_Reemission for Temperatures > 1000K:

Reemission experiments were performed using the fine-of-
sight detection system used for the RES experiments.

As was found for graphite, the reemission of D atoms during
D* bombardment was observed for temperatures > 1000 K.
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DEUTERIUM RETENTION IN DOPED GRAPHITES:

umm

Generally higher levels of D are retained in the doped
specimens, with the difference with undoped graphites
increasing at high fluences. This may, however, be due to the
specimen porosity/structure.

For a Ti-doped specimen, different trapping energies have
lead to as decrease in the amount of D retained in the 400 -
600K temperature range.

As with graphite, D is found to recycle as atoms for
temperatures > 1200K.

LOW ENERGY EROSION WITH H* AND D*;

Results;

In General our results have confirmed previous measurements
which have shown a broadening of the temperature profiles at
lower ion energies, leading to lower peak erosion yields, but
higher yields at low temperatures.

As the ion energy is decreased from 200 to 10 eV, the
maximum erosion yield decreases from 6 x 107 to 9 x 10°
and T,, decreases from ~725K to ~51 oK.

The AT CD, yields are a factor of 2-3 lower than resulls by
Roth and Bohdansky (1987) at 30, 50, 80, 100 eV.

Temperature dependent results at 50 and 200 eV for CD, are
in good agreement with Garcia-Rosales and Roth (1992),

although our peak erosion yields are somewhat (30-40%})
lower.

For the lowest energies, we still see a temperature
dependence, especially a decrease in yield above 500K.

There is no evidence for an energy threshold for chemical
erosion.

At 500K, the yield is relatively insensitive to ion energy.

At 800K, the yield decreases more than one order of
magnitude

At RT, the yield decreases for energies < 50 ev.

LOW ENERGY EROSION WITH H" AND D*:

B.1 Objectives / Experiment:

D+ —= Pyrolytic Graphite

Methane Yields

3
i
i
:
i

vV-26

The prfadiction of lower and lower edge temperatures in ITER
has stimulated the need for erosion results with lower and
lower ion energies.

Current experiments are under way using a mass selected ion
gun modified by the addition of a deceleration stage.

— Measurements of beam profiles indicate that the
deceleration stage is effectively slowing the beam
without altering the beam spatial profile.

Hyghr:é:arbon products are measured in the residual gas with
a 5

Measurements have been carried out measuring CD,
production for energies from 10 - 200 eV.

Measur.emems with H* ions are under way in the same energy
range; in these experiments we also hope to look for other
hydrocarbons.
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O* +H* CHEMICAL EROSION:

Results;

The production of H,0 is observed in the 600 to 1000K
temperature range, containing as much as 20% of the incident
oxygen.

Corresponding.reductions observed in CH, yield (due to the
addition of O* to H*) and in CO, yield (due fo the addition of
H* to O°).

Changes in the H, or CO signals difficult to determine.

To first order, the H* and O° reaction mechanisms are
independent, however, there is evidence of competing

chemical reactions leading to the production of water instead
of erosion products.

—

CO, CO, and H,0 Production (First Resuit)

O + H° CHEMICAL EROSION:

C.1 Objectives / Experiment;

In a fusion reactor with carbon walls, oxygen is known to be
one of the major plasma impurities.

The production of CO by O* bombardment of carbon has
been demonstrated previously.

- ltis thought that O reaching the walls will recycle as CO
with near 100% efficiency.

In a reactor, there will also be a much larger flux of hydrogen;
does this affect the CO production mechanism, ie., a negative
synergistic effect?

Expeﬁment was performed with dual beam accelerator with
beams of 1 keV H* and 6 keV O°.

—» Energies were chosen to provide the best overlap of
implantation ranges, and the largest beam currents.

- $ldor ~ 51030

Reaction products measured by line-of-sight quadrupole mass
spectrometry and RGA.

Observed H,, CH,, H,0, CO and CO,; specimen temperatures
300 to >1000 K.
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Session VI

Material Damage

Chaired by: R. Bastasz and A. Sagara

V1.1 Yoshida

V1.2 Watson

V1.3 Bastasz

VI.4 Hassanein

VI.5 Rockett

Damage of Plasma Facing Materials Due to
Low Energy Hydrogen or Helium Ion
Irradiation

Low Cycle Thermal Fatigue Damage of
Beryllium

Recent Results From the DiMES
Experiment

Recent Results of Comprehensive Plasma
Disruption Modeling and Simulation

Utility of X-ray Imaging for Disruption
Analysis
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ABSTRACT

A novel technique has been used to test the relative low cycle
thermal fatigue resistance of different grades of US and
Russian beryllium, which is proposed as plasma facing armor
for fusion reactor first wall, limiter, and divertor components.
The 30 kW electron beam test system at Sandia National
Laboratories was used to sweep the beam spot along one
direction at 1 Hz. This produces a localized temperature
"spike" of 750 °C for each pass of the beam. Large thermal
stresses in excess of the yield strength are generated due to
very high spot heat flux, 250 MW/m>. Cyclic plastic strains
on the order of 0.6% produced visible cracking on the heated
surface in less than 3000 cycles. An in-vacuo fiber optic
borescope was used to visually inspect.the beryllium surfaces
for crack initiation. Grades of US beryllium tested included:
$-65C, S-65H, S-200F, S-200F-H, SR-200, 1400, extruded
high purity, HIP'd spherical powder, porous beryllium ($4%
and 98% dense), Be/30% BeO, Be/60% BeO, and TiBej2.
Russian grades included: TGP-56, TShGT, DShG-200, and
TShG-56. Both the number of cycles to crack initiation, and
the depth of crack propagation, were measured.  The most
fatigue resistant grades were S-65C, DShG-200, TShGT, and
TShG-56. Rolled sheet Be (SR-200) showed excellent crack
propagation resistance in the plane of rolling, despite early
formation of delamination cracks. Only one sample showed
no evidence of surface melting, Extruded (T). Metallographic
and chemical analyses are provided. Good agreement was
found between the measured depth of cracks and a 2-D elastic-
plastic finite element stress analysis.

INTRODUCTION

Beryllium is proposed as a protective armor material on
plasma facing components (PFC’s) for the next generation of
tokamak experiments, including the International
Thermonuclear Experimental Reactor (ITER). Long-pulse
operation will require active cooling to maintain steady-state
surface temperatures of the 5-10 mm thick armor tiles in the
range of 600-800 °C. Beryllium tiles are bonded to a water
cooled copper alloy heat sink to provide active cooling.
Cracking of the beryllium armor should be avoided if it leads
to: (1) loss of material, (2) a reduction in thermal conductivity
if cracks run across the direction of heat flow, or (3) a water
leak if the cracks propagate through the tile and into the
copper heat sink.

In this paper, we will describe how the e-beam test facility at
Sandia National Laboratories (SNL) was used to screen the
relative resistance to low cycle fatigue damage on 14 US and
Russian grades of beryllium and 3 other beryllium materials.
This work was performed in support of the ITER technology
R&D task, T-221, “Beryllium and Other Armor Materials™.
This new screening technique reduces the high costs associated
with traditional methods of fatigue testing of beryllium at
elevated temperature, especially combined thermo-mechanical
fatigue testing. A more detailed version of this paper was
recently published [1].

FINITE ELEMENT ANALYSIS

The test geometry is shown in Fig. 1. -Fourteen tiles were
stacked side-by-side so that all samples were subjected to the
same heat flux history.

Electron Beam

Fig. 1 Test setup showing 2 mm diameter electron beam spot
swept at constant velocity across 14 tiles at 1 Hz.

A 2-D finite element mesh of the beryllium tile was generated
with PATRAN, and analysed with a finite element code,
ABAQUS 5.4, running on a HP 735/125 UNIX workstation.
Because the tile is thin (5 mm) relative to its other dimensions
(25.4 mm), a 2-D plane stress was used. First, a transient
thermal analysis was performed, and then the resulting
temperatures were then applied to an elastic-plastic stress
analysis. The model consists of 3804 nodes and 1221 8-noded
isoparametric quad elements (DC2D8 for thermal, and CPS8
for stress). A smaller mesh size was used in the region where
the steepest gradients were expected, i.c. undemeath the beam
spot. The size of the smallest elements was 0.2 mm x 0.2



mm, Temperature-dependent thermal and mechanical properties
of §-65C were used in the analysis [2).

A constant heat flux = 80 MW/m? was applied in ABAQUS
over a 2 mm wide spot on top of the tile for a pulse length =
0.06 seconds, then turned off for 0.94 seconds. Fig. 2 shows
the temperature response for a single on/off cycle at the hottest
point on the surface of the beryllium tile directly undemeath
the beam spot. The peak temperature rises from 25 °C to 750
°C during the 0.06 heating pulse. This agrees well with
cxperimental measurements. The hot spot has cooled back
down to 35 °C at the end of the 1 s cycle, indicating that only
a small amount of thermal ratcheting would occur with
multiple cycles. The steep temperature profile is
approximately 2 mm deep.

-8 T T T
[x103)
o .6
£
]
B4
:
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.00

TOTAL TIME
Fig. 2 Temperature (C) vs time (s) for the hottest element.

The same mesh used for the thermal analysis was subsequently
used for an elastic-plastic stress analysis. A bi-linear
stress/strain curve was used, with a kinematic hardening rule
and temperature-dependent yield strength. Fig. 3 shows the
deformed mesh plot (magnified by 200 times) at the end of the
0.06 s heating pulse,

il
Bl

Fig.3 Deformed ABAQUS mesh (magnified by 200 X) at the

end of the heating pulse (t=0.06 s). Undeformed mesh is
plotted underneath the deformed mesh.
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Fig. 4 shows the X-direction stress vs plastic strain response
of the hottest element undemeath the beam spot for a total of
12 on/off cycles. The mechanical self-constraint of cold
beryllium that surrounds the expanding hot spot creates a large
compressive stress inside the hot spot during heating. The
compressive stress increases  rapidly up to a maximum value
of -260 MPa (the yield $trength) during the first 3
milliseconds when the temperature has risen about 100 °C.
Then, with increasing temperature up to 750 °C, the yield
strength decreases and the peak compressive stress likewise
decreases to -130 MPa. Next, the heat flux is tumed off, and
the temperature gradient relaxes. The stress reverses sign and
becomes tensile, first elastically, then plastically, as the yield
strength is exceeded during cooldown. After 0.2 s, the
temperature pulse has relaxed sufficiently that only small
changes in the peak tensile stress (240 MPa) occur upto | s.

{x10°)

KINEMATIC HARDENING

STAESS - 811

-4
=-.012 -.010 ~.008 -.006 -.004

FLASTIC STRAIN - PELL

Fig. 4 Combined X-direction stress vs plastic strain for the
element directly underneath the beam spot. Cyclic stress = 500
MPaand cyclic plastic strain = 0.65% after 12 cycles.

=-.002 .000

The plastic strain increases continuously up to a peak value of
-0.9 % at the end of the first heating pulse. This value then
decreases as the temperature pulse decays during the cooldown,
leaving a permanent “residual” compressive plastic strain of -
0.3% at the end of the first cycle. Shakedown to a stable
response occurs during the first 6-8 cycles. The cyclic plastic
strain for this element, i.e. the difference in plastic strain
between the end of the heating pulse and the end of the cooling
cycle, is 0.65%. Likewise, the cyclic stress is 500 MPa. The
residual tensile stress at the heated surface is +240 MPa.

Fig. 5 plots the X-direction stress as a function of distance
from the heated surface into the bulk at the end of the heating
pulse, and at the end of the cooling cycle. The difference
between these two curves is equal to the cyclic stress. The
profile of cyclic stress remains rather constant for the first 1
mm, but then decays rapidly to zero at a depth of about 2 mm.
This indicates that fatigue cracks, once initiated, should grow

E




rapidly through the first 1 mm, but then slow down at they
approach a depth of 2 mm. The cyclic stress range is
sufficiently high, 500 MPa, that rapid crack growth would be
expected.

-4 T T T

[x103] OFF

2 F

STRESS ~ Sl1

ABSOLUTE DISTANCE

Fig. 5 Profile of X-direction stress through thickness (cm) at
end of heating pulse (t=0.06 s) and end of cycle (t=1).

Fig. 6 plots the X-direction plastic strain as function of
distance from the surface into the bulk at the end of the
heating pulse, and at the end of the cooling cycle. The
difference between these two curves is equal to the cyclic
plastic strain. The profile of cyclic plastic strain decays
rapidly to zero at a depth of 0:8 mm.  This would indicate that
fatigue crack initiation should be concentrated in a region than
0.8 mm deep. With the peak cyclic plastic strain values
exceeding 0.6%, crack initiation would be expected to occur
rather quickly.

.004 : r .
o
E .000 =
]
=
5 -.004 -
£
©v
§ -.008" .
1]
2
-.o12 ! ] 1

.0 .1 .2 .3 .4
ABSOLUTE DISTANCE

Fig. 6 Profile of X-direction plastic strain through thickness
(cm) at end of heating pulse (t=0.06 s) and end of cycle (t=1).

EXPERIMENTAL PROCEDURE

Grades of US beryllium tested included: S-65C, S-65H, S-
200F, S-200F-H, SR-200, I-400, extruded high purity, HIP'd
spherical powder, porous beryllium (94% and 98% dense),
Be/30% BeO, Be/60% BeO, and TiBej2. Russian grades
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included: TGP-56, TShGT, DShG-200, and TShG-56. Each
tile was 2.54 cm x 2.54 cm x 0.5 cm for the US grades, and
0.6 cm thick for the Russian grades. All of the US samples
were chemically etched after machining, and degreased with an
industrial grade, water based degreaser, then rinsed with acetone
and methanol. Some of the Russian samples have a silvery,
reflective finish which may be a the result of electropolishing.
All grades typically have BeO contents on the order of 1 wt%,
except 1-400, which has 6 wt% BeO. The US grades showed a
range of mean grain size from 5-12 microns. The mean grain
size for DShG-200, 18.8 microns, is ronghly twice as large
as typical US grades. Also, the RF grade, TShG-56, showed
an unusually large range of grain sizes, from 8 .to 105
microns, within one sample.

The 30 kW Electron Beam Test System (EBTS) was used to
apply a highly concentrated heat pulse to the surface of each
beryllium tile. This system, described in more detail in [3],
consists of a 30 kV, 1 amp (max) electron beam that can be
rastered in X- and Y-directions at frequencies up to 10 kHz.
For this experiment we chose to raster the beam only in one
direction at a frequency of 1 Hz with a constant velocity of 8.4
cm/s over a total length of 8.4 cm. A sawtooth raster pattern
was used, with a 20X faster return at the end. The tiles were
clamped on both sides by water-cooled copper blocks,
including a Papyex graphite paper gasket, which removed the
time-averaged power deposition and prevented thermal
ratcheting.

Post-test examination of the heat affected zone indicated that
the beam FWHM was approximately 2 mm wide. Rapid
changes in the surface due to oxidation, microcracking, and
melting prevented the use of optical pyrometry for accurate
surface temperature measurements. However, visual
observation of the color of the hot spot, after the beam had
moved on to the next tile, indicated peak temperatures of at
least 600 °C. Three cases (#3, 4, and 5) were run at 1300 W
gun power. Each tile was inspected after every 100 cycles
with an in-vacuo fiber optic borescope for any evidence of
cracking or melting. Cycling was then continued on all 14
tiles until the last sample of the set had cracked (no more than
3000 cycles).

EXPERIMENTAL RESULTS

There are a number of common features among the samples.
Looking down on the heated surface (top view) there is a
clearly defined heat affected zone (HAZ) which is usually dark
brown or black, with parallel bands of lighter color. It has the
appearance of heavily oxidized metal. Many of the samples
have a single major crack running down the middle of the
HAZ parallel to the beam path, but rolled sheet and extruded
samples have major cracks perpendicular to it.

The HAZ is typically 2 mm wide. In most samples, the HAZ
is wider, and the damage was more severe, on the side where
the beam exited the sample. Surface melting was also




observed, more so on the beam’s exit side. On many samples,
the tile’s width is namrower in the HAZ, more on the beam
exit side than on the entrance side, by as much as 0.4 mm.
Some tiles that cracked perpendicular to the beam’s path
expanded in width, rather than contracting.

Looking perpendicular to the heated surface (side view), all
samples show a elliptical-shaped discolored area undemeath the
beam spot, consisting of both darker and lighter bands. The
sharp change in color from dark brown to a light gray may be
caused by different thicknesses and morphology of the BeO
layer. All samples have a raised hump 0.2-04 mm tall

directly underneath the center of the beam path. This hump is
also characterized by a network of many fine cracks.
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Most samples showed evidence of surface melting. Some
showed evidence of net erosion of material, especially the
samples with high BeO content. Many samples show a single
thin, straight crack descending from the highest point of the
hump perpendicular to the heated surface. Crack depths range
from 0.1 mm to 2.0 mm, with the average being about 1.0
mm. These cracks were usually deeper on the side of the tile
where the beam exited the sample. A few samples showed
lateral cracks running parallel to the heated surface at a depth
of approximately 0.1 mm below the surface. Samples which
showed no evidence of surface melting were SR-200, S-65 (T),
and Extruded (T).

Fig. 7 Top view of S-200F after 2400 cycles. Longitudinal
VHP billet orientation is parallel to heated surface. Mag 18X.

Fig. 8 Side view of S-200F after 2400 cycles. Longitudinal

VHP billet orientation is parallel to heated surface. Mag 47X.

Fig. 9 Top view of S-65C after 2400 cycles. Longitudinal
VHP billet orientation is parallel to heated surface. Mag 18X.

Fig. 10 Top view of SR-200 rolled sheet after 2400 cycles.
Delamination crack is in the plane of rolling. Mag 18X.
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Fig. 11 Top view of I-400 after 2400 cycles. Longitudinal
VHP billet oricntation is parallel to heated surface. Mag 18X.

Fig. 12 Side view of I-400 after 2400 cycles. Longitudinal
VHP billet orientation is parallel to heated surface. Lateral
cracks can be seen running parallel to heated surface. Mag
47X.

The samples with the best resistance to crack initiation were:
§-65C (L), DShG-200, S-65C (T), TShGT, S-65H, and
TShG-56. The samples with the worst resistance to crack
initiation were: TiBel2, Be/60wt% BeO, Be/30wt% BeO, I-
400 (L), SR-200, 94% S-65. The samples with the shortest
cracks were: SR-200, TShGT, S-65C (L), DShG-200, Be/60%
BeO, and TShG-56. The samples with the longest cracks
were: TiBe,,, Extruded (L), S-200F (L), I-400 (T) and TGP-56.

The cracks tended to fall into two categories: either straight,
narrow and long or blunt, wide and short. The blunt, wide and
short crack morphology was comelated with the best crack
initiation resistance. Only one sample had both types of
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cracks: S-65C with the transverse direction parallel to the
heated surface. This sample shows a long, straight, narrow
crack propagation from one of the blunt cracks, There was no
strong correlation with microstructural features such as grain
size and inclusion concentration, but there was a complicated
relationship with texture. The highly textured grades (sheet
and extrusion) performed worse than partially textured grades
such as VHP. HIP grades, which have minimal texture,
performed worse than VHP grades. The average crack length
of all the samples was 0.8 mm (excluding TiBe,,). Typically,
the cracks on the beam’s exit side were 20% longer than on
the beam’s entrance side.

DISCUSSION

Fig. 13 summarizes the experimental results; it shows both
the crack initiation cycles and crack propagation depths.
TiBe,, is not shown, because the crack depths are off the scale
(16 mm). If we look at just the grades of beryllium metal
with isotropic and near-isotropic properties (S-65C, S-65H, S-
200F, S-200F-H, 94% S-65, 98% S-65, 1-400, TGP-56), we
see a clear trend. Samples in this group with high number of
cycles to crack initiation also have low crack propagation
depths, and visa-versa. This could be because they are
tougher, or simply because there haven’t been many cycles
after crack initiation to propagate cracks deeper. Likewise,
samples which initiate cracks early on have more time (e.g.

cycles) to grow the crack deeper.
2500 g T T
®S.65C (L)
2000 | *DShG-200
c
S ° s65C (1) ssom
S (] *TShG-56 *S-65-
= 1500 TShaT ® s.200F (1)
= °98% S-65
g ® $-200F (L}
(]
S 1000 Extruded (T)® ¢ TGP-56 1
E Extruded (L)
o
> S-200F-H e
© *SR-200 % ses* U0 M
500
e  eBe/30%Be0
Be/60%Be0
0 1
0 0.5 1 1.5 2

Side Crack Propagation Depth (mm)

Fig. 13 Summary of experimental results. Samples with the
best overall fatigue resistance are S-65C, DShG-200, TShGT,
and TShG-56.

For the case of SR-200 (TShGT also), the low strength and
ductility in the direction perpendicular to the plane of rolling
explains why these samples formed a delamination crack
relatively quickly. However, in-plane, vertical cracks (when




viewed from the side), show excellent resistance to growth.
This is probably due to the outstanding mechanical properties
in the plane of rolling (350 MPa Yield, 550 MPa Ultimate,
and 25% clongation, at room temperature for SR-200, from
Table 4). Use of beryllium in this form, as sheet “lamellae”,
bonded to a copper tube with the tube running perpendicular to
the plane of the sheet, has been proposed for ITER high heat
flux components by Merola et. al. [4].

The good resistance to melting of the SR-200 and S-65
samples correlate well to the short crack depths that was
observed. In the case of extruded (T) sample, the lack of
melting, despite a deeper crack (1 mm), indicates that the
crack was vertical and did not hinder heat conduction.

The rankings shown here are only done to illustrate the
differences in ranking which can result from the two different
ranking measurements. The rankings are pot statistically
significant. Much more data is needed to make these rankings
valid because fatigue measurements generally exhibit a large
amount of scatter.

CONCLUSIONS

A novel technique has been developed to rapidly and efficiently
determine the relative low cycle fatigue resistance of a number
of different beryllium materials, Operating the electron beam
at 1 Hz produces a localized temperature spike of sufficient
intensity such that cyclic plastic strains on the order of 0.6%
and cyclic stresses of 500 MPa are created, producing visible
cracking in less than 3000 cycles.

A number of features were correctly predicted by a 2-D elastic-
plastic finite clement analysis, including: peak temperatures,
width of the heat affected zone, orientation of the main crack,
formation, of a bump on the surface, depth of crack
propagation, curvature of crack near a compressive zone, and
residual tensile stresses causing crack opening upon cooldown.
The 2-D, plane stress model did not account for two features:
(1) out-of-plane stresses that caused delamination cracks in
rolled sheet beryllium, arid (2) narrowing of the tile due to
plastic deformation. Future efforts in finite element modeling
should include: (1) using a 3-D model, with 2 moving e-beam
spot, (2) anisotropic material’s properties, (3) improved
description of the yield surfaces (e.g. kinematic vs isotropic
hardening).

The most fatigue resistant grades were S-65C, DShG-200,
TShGT, and TShG-56. Rolled sheet Be (SR-200) and TShGT
showed excellent crack propagation resistance in the plane of
rolling, despite early formation of delamination cracks. Only
one sample showed no evidence of surface melting, extruded
(T), despite cracking. The good thermal conduction is
preserved because cracks only grow perpendicular to the heated
surface because of the highly aligned grain structure in the
extruded form.

16Th IEEE/NPSS Symposiom on Fusion Engineering
Champaign, lllinois Sept. 30-Oct. 5, 1995.

The degree and morphology of cracking is strongly dependent
on the metallographic texture. Vacuum hot pressed grades
generally perform better than hot isostatic pressed grades.
Likewise for the longitudinal direction oriented parallel to the
heated surface. Lower metallic impurity contents correlates
well with increased fatigue resistance, but BeO content does
not correlate well. The use of highly textured beryllium, i.c.
rolled sheet, in the form of thin *lamellas” proposed by
Merola appears to be an attractive concept for improving
fatigue lifetime of high heat flux components.

A second round of electron beam experiments is recommended
in order to genemate better statistics, and to, improve our
understanding of low cycle fatigue behavior. More tests using
pre~cracked or notched samples could be performed to focus
only on the crack propagation aspects. Also, samples which
have previously been exposed to simulated plasma disruptions
(plasma guns) could be tested. Neutron-imadiated samples
could be tested in the JUDITH facility. Finally, samples of
plasma sprayed beryllium should be tested.
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Introduction

Plasma disruptions are considered one of the
most limiting factors for successful operation
of magnetic fusion reactors.

Comprehensive self-consistent model is
developed and used to predict material
erosion during plasma disruptions and
simulation experiments.

The model dynamically links target
thermodynamics, vapor-cloud magneto-
hydrodynamics, and photon transport for
accurate evaluation of material erosion and
lifetime.

The model is extended to simulate various
laboratory experiments on disruption. Results
are in good agreement with recent data.

AH/US-Japan/1-96/02 VI-19




Major Disruption Effects

\ ¢ Vaporization of plasma-facing components.

\ ¢ Melting of metallic plasma-facing
materials.

? « High temperatures and thermal stresses in
structural materials.

? « Redeposition of eroded materials on
various facing components.

AH/US-J/1-96/03 VI-20



Objectives

* Model and evaluate the erosion of plasma-
facing components during reactor disruptions
and ELMs.

* Model, analyze, and evaluate various
disruption simulation experiments (e-beams,
plasma-guns, etc...).

* Evaluate melt-layer behavior of metallic
components under various forces during the
disruption.

AH/US-1/1-96/08 VI-21
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Stages of the Disruption Model

Three major modeling stages are required during
the plasma/material interaction:

(1) Plasma - Material Interaction
(2) Plasma - Vapor Interaction

(3) Radiation Transport

AH/US-J/1-96/19 VI-22
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Self-Consistent Kinetic Model

¢ Optical properties are calculated for a real
plasma conditions.

¢ At each time step, quantities such as density,
temperature, and spectral radiation flux are
used to calculate absorption and emission
coefficients.

¢ This is achieved by solving the Kinetic
equations for ion concentration and for level
populations of each charge state.

¢ Calculation of emission and absorption
coefficients includes the three kinds of
radiation

- bremsstrahlung radiation
- recombination radiation

- line radiation

AH/US-J/1-96/20 vI-24



(SUPERATOM Code)

¢ The atomic data base of the SUPERATOM
code is used in these calculations.

¢ Some of the data includes:

. Tonization potentials
. Energy levels

. Statistical weights

. Quantum levels

. Degeneracy levels

. Oscillator force

. Line transition probabilities
. Ionization cross sections

AH/US-J/1-96/21 VIi-25




Reactor-Disruption Parameters

e Plasma-Particles:

lons + Electrons
Kinetic Energy (20 — 1 keV)

 Energy Deposited:
Energy-Densities (10 — 200 MJ/m?2)

e Deposition-Time:

Duration (0.1 — 10 ms)

e Deposition-Area:

Size (tens of square-meters)

e Plasma-Facing Materials:

Low-Z (Be and Carbon)
High-Z (Tungsten)

AH/US-J/1-96/13 VIi-26
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Reactor Disruption vs. Experiments

* Higher plasma-particle kinetic and total
energies will result in more erosion and
less shielding effect.

* Vapor shielding may be less effective for
electrons than for ions with the same
particle energy.

* Longer disruption times (14 ~ 10 ms) may
result in less vapor shielding and more
erosion.

* Magnetic field effects (oblique incidence).
— Vapor diffusion

- Edge effects

* Higher operating surface temperatures of
plasma-facing components can result in
more melting thickness for metallic
materials.

AH/US-J/1-96/14 VI-37




Concerns and Future Studies

e  Vapor - Cloud Effects

- Turbulence
- Instabilities

- Expansion

e Magnetic Field Effects

- Edge effects

- Diffusion across magnetic field

e Vapor - Plasma Mixing Effects

- Impurities effect

- Disruption scenario

e Melt-Layer Erosion

- Splashing
- Hydrodynamic Instabilities

- Flow and Dripping

AH/US-J/1-96/16 vI-38




Important Issues to Disruption
Lifetime

The developed vapor-cloud from initial
vaporization is very important in protecting
and further reducing erosion of the divertor
plate.

However, intense radiations from the
expanding shielding layer can cause damage
to other reactor components particularly in a
closed-configuration design.

More experimental data is required to

~ evaluate disruption conditions relevant to

ITER such as the influence of magnetic field,
longer disruption time (td ~ 1-5 ms), and high
energy deposition (up to 100 MJ/m2).

AH/US-J/1-96/05 VI-39




Melt-Layer Erosion

The SPLASH code has been developed to
study the erosion of melt layer during

disruptions and ELMs.

Hydrodynamic instabilities as well as melt-
layer splashing from plasma-momentum and
bubble vaporization can lead to melt-layer
loss.

Results are in good agreement with available
experimental data.

Melt-layer losses during disruptions and
ELM:s will significantly reduce the lifetime of
metallic PFM.

More-relevant simulation experiments are
required to correctly evaluate melt-layer
erosion in reactor environment.

AH/US-J/1-96/18 VI-40



Conclusions -1

The self-consistent comprehensive numerical
model (A*THERMAL-S Code) to evaluate PFC
response to disruptions, ELMs, and high
power excursions is enhanced to include a
kinetic multispecies radiation transport
model.

The model integrate, with sufficient details,
target thermodynamics with phase change,
developed vapor-cloud magnetohydro-
dynamics, and a time-dependent photon
radiation transport field.

Erosion from surface vaporization is
determined by the complex interplay of
material thermodynamics and properties,
vapor magnetohydrodynamics, and detailed
radiation properties linked in a self-consistent
way to correctly evaluate divertor lifetime.

Disruption simulation experiments using
plasma guns and electron beams, with detail
diagnostics, are in good agreement with the
computer model.
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Conclusions - 11

e An order of magnitude increase in the disruption
energy density (10 — 100 MJ/m2) only increases
erosion rate by a factor of 2.

e Carbon ablation thickness is larger than that of
beryllium for similar disruption conditions.

e Magnetic field appears to reduce erosion rate at
lower energy densities by a factor of 30-50%.

e If the melt layer of metallic PFC is lost during the
disruption (SPLASH code), the erosion lifetime
will be drastically reduced. |

AH/US-J/1-96/10 VI-42
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300 um Mo sheet with70 kV electron irradiation

X-ray Pinhole Image on JEBIS
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300 um Mo sheet with 40 kV electron irradiation

X-ray Pinhole Image on JEBIS
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Summary of:
Session ll

PFC/PSI in Tokamak
and Helical Devices

Chaired by
R. Nygren and N. Yoshida

. PSI Under Long Pulse Operation in
TRIAM-1M

. LID Experiments on CHS

. Study of Impurity Transport in LID
Configuration in CHS

. LID Design for LHD

. Wall Conditioning Scenario in LHD

. PFC/PSI Studies in JT-60U

. Experience with the Tore Supra
Phase Il Outboard Pump Limiter
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Session ITT

Developments
of
High Heat Flux Components

Summary Viewgraphs

Compiled by
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8.

Summary of:
Session lll

Developments of
High Heat Flux Components

Chaired by
K. Sato and R. Watson

. PFC Developments at JAERI

Overview of US T-221 Activities

Recent Results for Bonding S-65C Grade Be
Fundamental Aspects of Be Oxidation
Cu-Be Joining Tech

Materials & Joining Development for PFCs

Structure, Properties & Performance
of Plasma Sprayed Be

Dev. of W Structures for PFCs

9. T-222 R&D Activities

10. Divertor Mockup Design and Fabrication

11. Manufacturing of ITER PFCs

12. The CHF Experiment in Screw Tube

13. Thermal Hydraulic Analysis of ITER

14. Post-CHF and LOFA Experiments at Sandia
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PFC Development

Armor Materials

Joining methods

HHF testing

CHF / thermal hydraulics

PFC monitoring
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Armor Issues

Does surface damage to PFCs from irradiation by CX
neutrals pose a problem for LHD or ITER?

What is the fatigue lifetime of Be and W coatings (pure and
contaminated, W/Be, Be/W)?

CX neutral irradiation may not cause additional problems in
high erosion area, unless in low erosion area (e.g.
blistering...)

What is effect of resolidified metal layers (Be, W) on fatigue
lifetime?

What is optimum Be, W tile size (width)?

VII-10



PFC / Cu Joining

Simple strength tests (shear or tensile) are good for
screening different joining methods. However, relationship
between strength of joint and thermal fatigue lifetime is
unclear.

Measurements of joint ductility and toughness may provide
a better understanding of fatigue lifetime because:
- cyclic stresses are secondary,

- flaws will be present at joint

VII-11




Joining / Fabrication

What is the criteria for rating PFC bond quality?

strength?

- ductility?

- fatigue?

- conductivity?
- toughness?

What is correlation between mechanical tests and thermal
fatigue results?

VIiI-1l2




HHF Testing

Are small-scale e-beam mock-ups the primary screening
method for determining preferred (joining) technique?

If yes, is there any important property for which this testing
will not discriminate?

Mechanical tests preferred for initial screening joining
methods.

Mechanical tests cannot replace HHF tests.

However, HHF tests suffer from,
- little creep damage

- Nno neutrons

- poor statistics

- no EM forces

- Nno combined disruptions + HHF

Need improved NDE methods to eliminate HHF screening.

Accelerated Creep with higher temps???
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CHF / Thermal Hydraulics

Experimental studies should be carried out so that complete
heat transfer characteristics are known.

- single phase flow

- subcooling boiling

- bulk boiling

- CHF

- corrosion test

- parallel flow instabilities

VIiIi-14



e Need to downselect soon from:
- twisted tape swirl flow
- hypervapotron
- porous coating
- parallel fins
- cross-cut fins
- swirl rod insert

* Needs common basis for comparison:
(figures of Merit)

CHF
P.P.

HT Coef.
P.P.

— Normal Flow

— Accident (low) Flow

- o - = o o]

cost

stresses

corrosion
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General

1) Develop strategies for monitoring of water cooled PFCs in LHD
and ITER

2) Consider mixed material surfaces & impurities analyses of
erosion and redeposition




Discussion of Strategy for Monitoring PFCs

Objective: strategy for design of PFCs diagnostics and philosophy
of operation that provides safe operation.

Measurements: many techniques used but most imply large

number of measurements.

Technigue

1. IR monitoring 1a.
1b.

2. TC’s - calorimetry 2a.

3. Strain gauges 3a.
3b.

4. Laser flash? 4

5. Acoustic monitoring 5.

6. Location tags of 6.

embedded elements
7. In-situ inspection & 7.

metrology

Comment

Are all views available
Cameras/ports overwhelming

Many channels needed to
locate hot spots

Operation in plasma may not
work

Too many s.q. required
intermittent testing

Signal discrimination may not
be well understood

Volatization would show
erosion or vaporization

High gamma-field effect on
optics/electronics

Clear that some progress needs to be made toward this objective.
Perhaps qualification testing of PFCs can produce some useful
information for monitoring of PFCs during operation.
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Group’s General Comments

Focus on testing redeposited materials since this seems to be what will be in contact
with plasma the majority of the time. Understand the structure and composition of the
redeposited layer as well as its properties.

Is Cu - back plate safe from high energy charge exchange particles?

What are highest priority tasks for LANL Plasma Spraying Effort? Mockup fab?
Mechanical and physical property Characteristics?

How select a W reference grade?

Selection of cooling option (heat transfer enhancement technique) for ITER divertor
components completed in CYS6.

Optimize wall conditioning for improved plasma performance in JT-60 (e.g. fast
changeover D > H)

High heat flux fatigue lifetime of Be and W coatings.
Is transpiration cooling a viable approach to protect tungsten from melting during a

disruption or ELM?

What tungsten microstructure is most resistant to thermal stresses or thermal shock?

What is the impact of porous coating process (1000° C) on properties of materials
and thermal distortion of structure.

Does surface damage to PFCs from irradiation by CX neutrals pose problem for LHD
or ITER?

VIiI-18




Characterization of plasma-sprayed material

Beryllium

(mechanical, thermal) - Tungsten
irradiated, unirradiated - Aluminum
- Graded Matls.

We assume plasma-sprayed material will behave like conventional process material.

What are the expected ITER operating conditions and operational requirements which
must be met by the PFC’s. Incorporate these requirements into a set of standards for
prospective components. Also specify conditions not during plasma operation
(bakeout, B fields present conditioning) so that no unexpected conditions are
encountered during lifetime.

Consider mixed material surfaces and impurities in analyses of erosion and
redeposition.

Impurity transport with LID configuration.

Development of new/alternative wall conditioning techniques for LHD (e.g. high power
with field).

LID Experiments on CHS
The effect of the LID field itself is not clear.

Down selection of heat transfer enhancement schemes and development of robust
CHF correlations.

Continuing cross checks or CHF correlations and results from various HHF facilities.
Results need to be benchmarked in cross-testing so correlations can be
standardized.

LID Design for LHD
The choice of materials for the divertor head, especially the plasma facing side (C/C
or graphite).

Corrosion tests should be carried out for various channel geometries.
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Develop strategies for monitoring of PFCs for safe operation in LHD and ITER.

Parallel channel flow instability for ITER vertical target and wing (if necessary) under
abnormal operating conditions should be examined. Experimental studies which can
help generate database for circular channel with twisted tape inserts and other
channel geometries should be carried out so that complete heat transfer
characteristics (single phase flow, subcool boiling, bulk boiling, and CHF) can be
-obtained.

The pumping speed at the position of the fast ion gauge is not clear.

Fabrication of real size (full size) mockup of the ITER divertor components, and
shielding blanket module with the first wall. :

What is the criteria for rating PFC bond quality? Strength? Ductility? Fatigue?
Thermal conductivity?

Criteria for evaluating bond between beryllium to copper / beryllium to beryllium
- bond strength (4-pt bend, tensile, shear)
- interfacial energy
- fracture toughness
- others?

Standardized joining process evaluation / acceptance criteria. What is the correlation
between mechanical testing and thermal fatigue results? Thermal fatigue is the
ultimate objective.

What method should be used to rate PFC bonding performance?

Clearly define development path for silverless joining techniques for PFC armor to
copper. What are downselect criteria?

Non-Ag brazing, if necessary, plasma facing material to copper heat sink, and D.A. of
brazing parts.
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Manufacturing aspects of ITER PFCs should be further addressed.

High heat flux fatigue lifetime and reliability of silverless Be/Cu joints.

Include joint flow analysis and QA in design and testing programs for PFCs.

Specifying manufacturing techniques for ITER divertor PFCs.

Thermal-hydraulic and thermo-mechanic tests for large size mockups with simulated
boundary conditions.

LHD
Fabrication of the mechanical attached divertor module (introduced by Prof. Hino)

NDE criteria for bond joint interrogation

Maximum defect size criteria were presented based on thermal considerations.
These are larger than those driven by fatigue and crack growth considerations. Work
is needed to establish these more stringent defect conditions for the baseline ITER
joining processes. '

Are EBTS mock-ups the primary screening for determining preferred fabrication
technique?
If yes - is there any important property for which this testing will not discriminate?

LHD

1. Develop new/alternative wall conditioning techniques for LHD (e.g. high power
discharge cleaning)

2. Determine the effect of LID field on plasma performance and impurity transport.
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Session IV

Plasma Surface Interactions
and
Plasma Facing Materials

Summary Viewgraphs

Compiled by

A. Hassanein
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Summary of:
Session IV

Plasma Surface Interactions
and Plasma Facing Materials

Chaired by
A. Hassanein and Y. Hirohata

. PSI Studies at Hokkaido University

. Erosion and Gas Impurity Emission of B,C
Converted CFC

. Reduced Be Erosion in PISCES-B

. Be erosion and Compatibility with C and W
as other PFM

. Erosion and Redeposition Analysis for
ITER and DIlI-D

. Arc Jets for PFC - HHFT

. Further Studies of Thermally Collapsed
Plasma

Hirohata

Tokunaga

Doerner

Hirooka

Hassanein

Skinner

Skinner




PSI Studies at Hokkaido University

Major studies include:

1.

2.

Modeling of Disruption Erosion

Gas desorption / retention of various PFC
Effect of HE ion Impact Desorption
Lithium gettering properties

Analysis of Loss-of-coolant accidents.

Others
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(3) Comparison : Effects of He Ion Impact
Desorption

H* Fluence=5x10'® H/em? Trrad. Temp.=RT
He™ Bombardment: (0.75-2.9)x10'8 He/cm?

1.2 : .

Sic

~e

—

Ratio of Hydrogen Retention
O
(@)

04 F B4C Converted Graphite |
' GuC
0.2 7]
O ) ] 1 ] 1
0 1 2 3

He Ion Fluence (x10" ions/cm®)

®SiC Converted graphite
Ratio of decrease : not large

@®B,C Converted graphite
very rapidly decres

largely reduced also by He ion impact
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(5)Annealing Temperature Dependence
of Hydrogen Retention

H* Fluence=5x10'8 H/cm? Irrad. Temp.=RT

1.2 I l el I
SiC Converted Graphite
1 ‘ -~ B4C Converted Graphite |
B+«C
0.8 - \ . ]

d SETEEENNN [ Groghite -
04 L N\ -
0.2 b B-H \ \

0 200 400 600 800 1000 1200

Annealing Temperature (°C)

Ratio of Hydrogen Retention
-
(@)Y

@SiC Converted graphite

Temperature to become a half :
~100°C lower than that of isotropic graphite

due to desorption of Si-H bondings
@B, C Converted graphite : rapid decrese

due to desorption of B-H bondings
-10% removed by baking (300°C)
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Erosion and Gas Impurity Emission of
B4C Converted CFC

B4C converted CFC tiles as divertor armor in JT-60 U showed
good PMI performance

- reduction of C and 0, impurities
This reduction of impurities can be more enhanced by optimizing

- B/C ratio
- B4C thickness

This particular study evaluated HHFT of B,C, emission of gases
and particles, and resulting erosion damage.
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PISCES-B Be Erosion Experiments

1. “Protective” impurity coatings form on Be surfaces bombarded
by plasma at elevated surface temperature (Ts > 250° C).

2. Net erosion of samples exposed at high temperature can be
reduced by large factors (10 - 100) depending on the plasma
impurity content.

3. Can these coating be controlled/manipulated to maximize their
benefits in a tokamak environment?
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Erosion and Redeposition Analysis for ITER and DIII-D

Erosion/redeposition process is critical to ITER divertor
performance. Data generation and modeling is -a critical need
for ITER.

Low-Z materials (Be,C) have much higher erosion rates than the
high-Z materials (W) for ITER plasma conditions.

Net erosion rates for vertical divertor is much lower than gas-bag
design. Tritium co-deposition in carbon is high (results are
uncertain).

Plasma radiation seeding may not work for low-Z materials.

Good agreement of modeling work with DIMES experiments.

Proposal to Use Arc Jets for PFC
High Heat Flux Testing

Present E-beams, neutral beams, linear plasma, etc. Have low
duty factor and low hydrogen fluence for full life testing of large
scale prototypes.

Hydrogen arc jets do exist in the US and can be used for various
needed divertor testing.

The use of arc jets for fusion would be a cooperative effort
between US government agencies.
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Comparison of devices

ITER requirement | Arc Jet capability
Characteristics

Power input (MW) ~100 MW to SOL {to 110 MW
Enthalpy (MJ/kg) 3.(midplane) 1 to 400
Peak heat flow (GW/m?2) 2 (Bi-soL) 0.05 -> 20 (axial)
Plasma flow ? to above Mach 10
Te.Tj 1-2 eV desired 1-2 eV obtained
Power to side walls MW/m?2) | turbulence desired | turbulence 0.1
Pulse length (minutes) 15 > 25
Pulses 10,000 in life 1000/year
Cyclic heat load (Hz) 0.1 (sweeping) TBD
Hydrogen content 90H-10He to 100%
Chemical erosion expected observed
Test area (m2) ~60 3
Plasma width (m) ~ 0.1 0.05->2m
Conductance (m/s) depends on gas >1000 m3/s
Pumping speed (m3/s) 500 > 500
Pressure recovery 10w -0.05atm |Yes.to I atm
Throughput (kg/s) 0.20 0.1-10.0
Throughput (atoms/sec) 5 x 1024 ->2 x 1026

*Possiblc EIm and disruption testing via pulsed bias

Note: Arcjets have no magnetic field and hence are not suitable
for testing the ITER divertor physics that occurs where the
plasma is fully ionized. But one ITER plan is to promote
plasma recombination away from the divertor plate. Then the
physics of the hot, partially ionized plasma gas streams are
similar. Navier-Stokes equations are being used to model both
the ITER plasma gas and arcjet plasmas.
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Studies of Thermally Collapsed Plasmas
Heat loads will be severe if standard (attached) tokamak
operational modes occur.
Steep temperature and electric potential steps (a detached
plasma state) is achieved by operating at increased neutral

pressure, plasma density, and divertor depth.

Present tokamaks (e.g. C-mod), are operating in regimes where
these conditions may be found.

Basic physics processes that cause this thermal collapse are not
well understoqd.

Studies are underway to examine whether these modes can be
useful to ITER.
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General Concerns/Comments

Impurity Content and its effect on PFC
- T - inventory
- Disruption erosion
- Sputtering erosion

Melt-layer erosion during disruptions and other plasma
instabilities.

Further analysis of vapor shielding effect during thermal quench
disruptions.

DIMES experiments (erosion and disruption) are very importan?
to continue.

Coupling modeling codes (disruption and sputtering erosion to
existing machines and facilities are important to ITER.

Concerns about the use of mixed materials for ITER includes:
- Actual erosion
- Plasma contamination
- Lack of existing data’




Sessions IV, V, and VI

Plasma Surface Interactions
and
Plasma Facing Materials
Tritium

Material Damage
Summary Viewgraphs

Compiled by

R. Bastasz
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Summary of:

SessionV
Tritium

Chaired by
B. Odegard and M. Saidoh

. Study of Tritium Retention in Graphite by
Simulating First Wall Circumstance

. Measurements of Tritium Recycling and

Retention on TFTR

. Graphites: Erosion and Retention

. Results from TPE

Session VI
Material Damage

Chaired by
R. Bastasz and A. Sagara

. Damage of PFMs Due to Low Energy Hydrogen

. Low Cycle Thermal Fatigue Damage of Be
. Recent Results from the DIMES Experiment

. Recent Results of Comprehensive Plasma

Disruption Modeling and Simulation

. Utility of X-ray Imaging for Disruption Analysis
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Summary of Working Group Session On

e Plasma Surface Interactions & Plasma Facing Materials
e Tritium
e Material Damage

Participants: N. Yoshida
C. Skinner
M. Saidoh
A. Sagara
P. Rockett
B. Odegard
Y. Hirooka
Y. Hirohata
A. Hassanein
J. Davis
R. Bastasz

Issues:
e Wall conditioning
e Erosion during normal operation
e Mixing of PFM / impurities
e Melt layer erosion during disruptions
e Thermal fatigue cracking

e Tritium inventory in co-deposited layers
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Research Needs

PSI & PFM

1. Effects of O and CO impurities on tungsten

2. Mixed material properties (Be, C, W)

3. Steady state erosion / deposition measurements

4. Probe studies in machines (DIII-D, LHD)

5. Model benchmarking

6. Isotope effects in graphite co-deposition

7. Beryllium / carbon erosion rate measurements

8. Carbon erosion at very low particle energies

9. Characterization of disrupting plasmas near PFMs
10. Technique development as needed for above work

Tritium

1. Studies of tritium co-deposition
2. Mixed material effects on tritium inventory
3.. Active control of tritium inventory

Material Damage

Modeling and measurement of melt layer erosion
Assessment of low-cycle thermal fatigue cracking (metals)
Effects of mixed materials on vapor layer properties

O~

Characterization of melt layers at inclined angles
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Summary of Material Damage Presentations

1.

“Damage of PFM Due to Low-Energy H lon Irradiation”
N. Yoshida, et al.

Damage Characteristics:

Microstructure H Trapping

Be: Bubbles, cavities very strong, above 900 K
(no hydrid)

Mo: I-loops, tangled dislocations no trapping above 473 K

W. Less damage, a few I-loops, no trapping above 473 K
cavities

W shows good performance, Be has many problems
“Low-Cycle Thermal Fatigue Damage of Be”
R. Watson, et al.

e Novel technique using swept 30 Kw d-beam used to test 17
beryllium materials

e S-65C (low oxygen) had best combined resistance to crack
initiation and propagation.
“Recent Results From the DIMES Experiment’

R. Bastasz, et al.

Disruption Studies

e Measurements of incident particles on the DIII-D divertor
indicate an average energy of 100 V during AR-induced
disruption

e Disruption model suggests that cold neutral layer reduces
divertor heat load by 30%
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Erosion Measurements

Net erosion beneath strikepoint during normal H-mode
plasmas is:

C = 4 nm/s
Be,V,Mo < 1nm/s
w < 0.1 nm/s

. “Recent Results of Comprehensive Plasma Disruption Modeling
and Simulation”
A. Hassanein

Kinetic multispecies radiation transport model has been
added to A* THERMAL-S code

Model includes: Target thermodynamics with phase
change developed vapor-cloud
magnetohydrodynamics time-dependent
photon radiation transport field

Erosion from surface vaporization is determined in self-
consistent way including all of the above physical processes

Disruption simulation experiments in good agreement with
model

. “Utility of X-Ray Imaging for Disruption Analysis”
P. Rockett

Designed x-ray pin-hole camera array to measure incident
e-spectrum and spatial distribution during a disruption

System tested in JEBIS using 3 materials (C, Mo, W) and 2
e-energies (40, 70 kV)
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Results encouraging and indicate technique is useful,
especially with - a prior knowledge of spectral shape
- low electron energies (2-100 KeV perhaps)
- four channels to estimate temperature

Questions

1.

2.

3. Q

4.

Q:

Q:

Q:

Q:

Can the TDS peaks be explained?
A: Yes, peaks attributed to release from vacancy clusters,
cavities, and other damage have been identified.

Any evidence for beryllium hydride formation?
A: No.

Tested plasma-sprayed beryllium?
A: No, haven't received samples yet.

Did you try to measure crack growth rate?
A: No.

COMMENT: The B-W grades are actually rather anisotropic

Q:

Q:

Q:

Have parametric studies been made to see if uncertainties
in plasma parameters can account for discrepancy between
data and model?

A: Yes, it will account for some of the discrepancy.

Is carbon present on the metal surfaces after exposure?
A: Yes, but some may also be due to environmental
contamination.

Does surface roughness affect measurements?
A: Possibly, but can use implant standards to check.

Why is vapor cloud so energetic?

A: Because shortly after disruption starts, vapor-cloud will
completely stop plasma particles and absorb all of its
energy. Vapor cloud can then damage other
components, so vapor shield doesn’t eliminate
disruption damage.
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5. Q: Does slow CCD response give temporal average?
A: Yes, CCD averages both temporally and spatially

Q: How does spot size of view compare with e-beam size?
A: They are similar.

Q: Could technique be used in 40 KV e-beam facility at SNL?
A: Yes.

Q: What are effects of surface contamination on

measurements made on actual PFCs?
A: Could be a problem.

VII-45







Appendix A

Workshop Agenda
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Agenda
US-Japan Workshop, Q219

High Heat Flux Components and

Plasma Surface Interactions for Next Fusion Devices

January 9-11, 1996
Colorado Springs, Colorado

Tuesday
9-January-96

Session I

8:00
8:10

8:20

Session II
8:30
8:50
9:10
9:30
9:50
10:10
10:30

10:50

Welcome, Organization and Overviews
Chaired by: T. Hino and M. Ulrickson

I-1. Opening

I-2. Japanese Activities for PFC/PSI

1-3. US Activities for PFC/PSI

PFC/PSI in Tokamak and Helical Devices
Chaired by: R. Nygren and N. Yoshida

I-1. PSI Under Long Pulse Operation in TRIAM
M

II-2. LID Experiments on CHS

II-3. Study of Impurity Transport in LID
Configuration in CHS

II-4. LID Design for LHD

II-5. Wall Conditioning Scenario in LHD

Break

II-6. PFC/PSI Studies in JT-60U

II-7. Experience with the Tore Supra Phase III
Outboard Pump Limiter

T. Hino/M. Ulrickson

T. Hino

M. Ulrickson

N. Yoshida

A. Komori/O. Motojima

S. Masuzaki/O. Motojima

T. Morisaki/O. Motojima

A. Sagara/N. Noda/

N. Ohyabw/O. Motojima

M. Saidoh

R. Nygren
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Tuesday
9-January-96

Session II1

11:10

11:30
11:50
1:00

1:20

1:40

2:00

2:20

2:40
3:00
3:20

3:40

4:00

4:20

4:40

5:00
6:30

Developments of High Heat Flux Components

Chaired by: K. Sato and R. Watson

II-1. PFC Developments at JAERI

II-2. Overview of US T-221 Activities
Lunch

. Recent Results for Bonding S-65C Grade
Be to Copper Alloys

. Fundamental Aspects of Be Oxidation and
Implications for Fusion Experiments

. Copper-Beryllium Joining Technology
. Materials and Joining Development for
Plasma Facing Components

ITI-7. Structure, Properties and Performance of

Plasma Sprayed Beryllium

II1-8. Development of Tungsten Structures for
PFCs
Break

OI-9. T-222 R&D Activities

IT-10. Divertor Mockup Design and Fabrication

I1-11. Manufacturing of ITER Plasma Facing
Components

III-12. The CHF Experiment in Screw Tube

III-13. Thermal Hydraulic Analyses of the ITER
Divertor High Heat Flux Components

1I1-14. Post-CHF and LOFA Experiments at SNL

Reception - The Sheraton Garden Atrium

K. Sato/M. Akiba

R. Watson

D. Dombrowski/D.
Butler

D. Dombrowski

C. Cadden/W. Bonivert/
B. Odegard/R. Watson

J. Ting

R. Castro/P. Stanek/
K. Elliott/A. Bartlett/
D. Youchison/

R. Watson/D. Walsh

J. Davis/K.Slattery/
M.Ulrickson

D. Youchison

D. Driemeyer

S. Yamazaki

M. Araki/K. Sato

N. Zhan

T. Marshall
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Wednesday
10-January-96

Session 1V

8:00
8:20

8:40

9:00

9:20 .

9:40
10:00

10:20

Session V
10:40

11:00
11:20
11:40

12:00

Plasma Surface Interactions and Plasma Facing Materials
Chaired by: A. Hassanein and Y. Hirohata

IV-1. PSI Studies at Hokkaido University

IV-2. Erosion and Gas Impurity Emission of B,C
Converted CFC by High Heat Load

IV-3. Beryllium Erosion and Compatibility with
Carbon and Tungsten under DT-Plasma
Bombardment

IV-4. Observation of Reduced Beryllium Erosion
in PISCES-B PSI Experiments

IV-5. Erosion and Redeposition Analysis for
ITER and DII-D

IV-6. Arc Jets for PEC High Heat Flux Testing in
a Reactive Hydrogen Environment

Break

IV-7. Further Studies of Thermally Collapsed
Plasmas

Tritium
Chaired by: B. Odegard and M. Saidoh

V-1. Study of Tritium Retention in Graphite by
Simulating First Wall Circumstance

V-2. Measurements of Tritium Recycling and
Retention on TFTR
V-3. Graphites: Erosion and Retention

V-4. Results From Tritium Plasma Experiment

Lunch

Y. Hirohata/T. Hino

K. Tokunaga/Y. Yoshida

Y. Hirooka

R. Doerner
J. Brooks/A. Hassanein
S. Cohen/T. Munsat/

J. Balboni

S. Cohen/J. Park

S. O’hira/K. Okuno/
M. Saidoh

C. Skinner

J. W. Davis

R. Bastasz/R. Causey




Wednesday
10-January-96

Session VI | Material Damage
Chaired by: R. Bastasz and A. Sagara

1:20 VI-1. Damage of Plasma Facing Materials Dueto N. Yoshida

Low Energy Hydrogen or Helium Ion

Irradiation .
1:40 VI-2. Low Cycle Thermal Fatigue Damage of R. Watson

Beryllium
2:00 VI-3. Recent Results From the DIMES R. Bastasz

Experiment
2:20 VI-4. Recent Results of Comprehensive Plasma A. Hassanein

Disruption Modeling and Simulation
2:40 VI-5. Utility of X-ray Imaging for Disruption P. Rockett

Analysis :
3:00 Break
3:20 Working Group Sessions
7:00 Group Dinner at Giuseppes Depot

Thursday
11-January-96
Session VII | Working Group Session Summaries
8:00 PFC/PSI in Tokamak and Helical Devices N. Yoshida/R. Nygren
8:20 Developments of High Heat Flux Components K. Sato/R. Watson
8:40 Plasma Surface Interactions and Plasma Facing Y. Hirohata/
Materials A. Hassanein

9:00 Tritium M. Saidoh/B. Odegard
9:20 Material Damage A. Sagara/R. Bastasz
9:40 Closing, Presentation of Next Meeting Site T. Hino/M. Ulrickson
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Bob Bastasz
Phone: 510-294-2013
Fax: 510-294-3231

Chuck Cadden
Phone: 510-294-3650
Fax: 510-294-3410

Rich Castro
Phone: 505-667-5191
Fax: 505-667-5266

Sam Cohen
Phone: 609-243-3185
Fax: 609-243-2160

Jim Davis
Phone; 416-667-7868
Fax: 416-667-7799

John Davis
Phone: 314-233-6200
Fax: 314-234-4506

Russ Doerner
Phone: 619-534-7830
Fax: 619-534-7716

Dave Dombrowski
Phone: 216-383-4007
Fax: 216-481-5480

Dan Driemeyer
Phone: 314-232-7596
Fax: 314-234-4506

Ahmed Hassanein
Phone: 708-252-5889
Fax: 708-252-5287

List of Participants

Sandia National Laboratories, MS9162
P. O. Box 969, Livermore, CA 94551
USA

e-mail: bastasz@ca.sandia.gov

Sandia National Laboratories, MS9403
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USA

e-mail: chcadde@sandia.gov

Los Alamos National Laboratory, MSG-770
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USA

e-mail: rcastro@lanl.gov

Princeton Plasma Physics Laboratory
Princeton University, P. O. Box 451

Princeton, NJ 08543, USA
e-mail: scohen@pppl.gov

Univ. of Toronto, Inst.for Aerospace Studies
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