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2nd International Workshop on Tritium Effects in Plasma
Facing Components '

Report on the Workshop held before the 11th PSI Conference
Nagoya, Japan
19-20 May, 1994

R. A. Causey ,

Advanced Materials Research Department, 8347
Sandia National Laboratories

Livermore, California

United States of America

K. Morita

Department of Crystalline Materials Science
School of Engineering

Nagoya University

Nagoya, Japan

The 2nd International Workshop on Tritium Effects in Plasma Facing
Components was held at Nagoya University in Nagoya, Japan on 19 and 20
May, 1994. Reflecting the growing importance of tritium effects in fusion
reactor materials, the number of participants increased from about 30 for the
first workshop in Livermore, California to 46 for the present workshop. A total
of 30 talks by participants from 9 different countries made this a very
interesting workshop. The workshop was hosted by Professor K. Morita of
Nagoya University and Dr. N. Noda of the National Institute for Fusion Science.
Organization of the Workshop was assisted by Dr. R. Causey, Dr. E. Vietzke, Dr.
C. Wuy, and Dr. M. Yamawaki.

Approximately 1/3 of the talks discussed the migration and retention of
tritium in graphite and other forms of carbon. This topic has more or less come
to maturity with general agreement on most of the different aspects of tritium
reactions with the carbon. At lower temperatures(<800K), a tritium plasma
interacts with graphite by forming a saturated layer on the geometrical
surface, by forming a codeposited layer of sputtered carbon and tritium in
areas of net deposition, and by allowing tritium diffusion along pore surfaces
fairly deep into the graphite. At higher temperatures(>800K), the principal
reaction of tritium with carbon is intergranular diffusion with high energy
trapping. If graphite is used in ITER, the main sources of tritium inventory will
be codeposition of tritium with carbon in the cool areas surrounding the
divertor and trapping at high energy sites created by neutron irradiation.

(v)



Because beryllium is now the reference plasma facing material for ITER,
several presentations on the reaction of tritium with beryllium were
presented. For beryllium the consistent theme is inconsistency. There is no
agreement on the diffusivity, solubility, trapping, or surface recombination
rate coefficient for tritium in beryllium. The oxide layer appears to be the
principal reason for the differences in the data generated for the tritium
interaction. It was agreed at the workshop thar tritium retention in the ITER
beryllium will not be as bad as it would have been for graphite, but the
inventory may still reach the kilogram level.

There were also several presentations on tritium permeation through
metals other than beryllium. These presentations varied from tritium
superpermeability to tritium migration in thermal and electrical gradients.

The first talk of the workshop was presented by D. Mueller of the TFTR
Group. He presented the most recent results of the DT operation in TFTR. After
a few small glitches in the beginning, the use of tritium in this tokamak has
gone very smoothly. Results show enhanced magnetic confinement of the
tritium(greater than deuterium which is greater than protium). While the
inventory of tritium in TFTR is steadily increasing with time, the invessel
retention remains significantly below the imposed 1 gram limit. New records.
for fusion energy in controlled devices are being set almost on a weekly basis.

The workshop closed with a decision to definitely hold a 3rd workshop
somewhere in Europe immediately before or after the 12th PSI. Preparing for
DT operation in ITER will continue to make this an important workshop for the
next several years.

(vi)
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Results of TFTR D-T Experiments’
D. Mueller
and the TFTR Group
Princeton Plasma Physics Laboratory

The deuterium-tritium (D-T) experimental program on the Tokamak Fusion Test
Reactor (TFTR) has begun. The initial phase of this program has achieved the goals of
1)} demonstration of greater than 5 MW of fusion power, 2) measurement of escaping
alpha particles, 3) testing of diagnostics for confined alpha particles and 4) the
measurement of tritium transport. The total injected fraction of tritium used in the
neutral beam injectors was increased from less than 2 % to 100 % for a series of
discharges during this initiat phase. The highest fusion power achieved in this phase
was 6.2 MW. Comparisons of the D-T discharges with similar D-D shots indicate that
plasmas with significant tritium content exhibit higher plasma stored energy (W ), ion
and electron temperatures (T (O) and T ( )) and energy confinement time ("EE ﬁ%an the

'D-D plasmas. With 30 MW of neutral beam heating power (10 MW D and 20 MW T)
the Wtot rose from 4.2t0 4.7 MJ, T (O) 27 5 37keV, T (0) 9.5-+10.3 keV and ’C

0.15 — 0.18 s. Measurements mdlcate that the tritium recychng at the plasma edge is
quite low so that the tritium concentration in the plasma is lower than the tritium fraction
of the neutral beams used to fuel the plasmas

‘No instability behavior (eg. TAE modes or kinetic balloonlng modes) which could be
attributed to the presence of alpha particles was observed in the D-T discharges. The
normalized Beta, B of the D-T discharges was higher than that in the comparison D-D
plasmas. The a!pha particles appear to be well-confined and alpha-particle-loss
measurements are consistent with no anomalous particle loss.

Detailed analysis is underway to ascertain the relative importance of the power
deposition profile, tritium transport, tritium and deuterium recycling and alpha particle
heating on the changes observed for the D-T plasmas. Preliminary analysis indicates
an isotopic scaling in the energy confinement time.

The vacuum-vessel tritium decontamination of TFTR will be accomplished by He-O
glow discharge cleaning. It is expected a few months of He-O glow wili be sufficient to
remove >10 jim of graphite from the internal hardware. Methods to measure the in-
vessel tritium inventory are under investigation and are expected to be valuable to
determine the end-point of He-O glow. '

*Work Supported by U.S.D.0.E. Contract No. DE-AC02-76-CHO-3073
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B dMuoceller
and the TFFR Group
Princeton Universily

Plasma Physies Laboratory

Presented at
Ind INTERNATIONAL WORKSHOP ON
TRITIUM EFFECTS IN PLASMA FACING
COMPONENTS

Nagoya University, Tapaun
May 19.20, 1994

*Work sponsored by U.S.D.O.E. Contract No.
DL-ACH2.76-CHH0-30723
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Why do D-T' Plasmas on TIHTR?

Encrgy Demonstration

*  First clear demonstration of substantial amount of
Muagnetic Fusion Power { 5 - 10 MW)

- Phase [ Goal: § MW
- Phase 2 Goal: 10 MW

Potentigl Tffects of Plasma

*  Different mays for main plasma - isolope cilecls

*  e-particles can be = 10% of the central electron power
balance b.e. alpha eleetron heating

+  o-particles and or Tritium ean influence plasma slabilily,
e.g. JIET X-event, or TAE modes

i or T ASyrements
*  Tritivm Transport - ‘Trace Tritium

*  Lnergetic Alpha Parlicte Tranaport
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Loss of Tast jons were significant in our DD

experiments
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s TAE Inslabilitics Could Cause Loss of Self-Heating
or Damage to the First Wall Components

* Wil the alpha particles drive TAE modes unstable
during DT operation?

DT versus DD Signals in 90° Detector

Fusion product signal (rel)

&

4

a4

24

TFTR
D+ D = Hed (0.8 McV) + n (2.5 MeV)
D+D=p(3MeV)+T (1 MeV)
D+T=n(ld MeV) + a (3.5 MeV)
1.8 MA

DT {#73452)

Lost alpha signal

DD (#73455)

P B i Seaha.

e 85 40
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Inerease in fusion produet signal for DT plasmas is
due to a-particles

a-particle signal is = correct on the basis of Lhe
detector responce

Escaping alphd {lux iz similar in magnitude
to classical first orbit losses
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« Absolute calibration of detector in good
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INSTANTANEQUS CARBON REMOVAL RATE
BY He/O GDC

(Mov 12-14, 1992)

[

1 ¥ 1 T
I o ftrom O
Y 2 & ilramn CD,1

I w a3l {1 + 1)

Carbnn erosion rale, rr/(.\ s™h)

Pt oAty s

0 b b e e

a 20 40 [Tt) i) 1 Oﬂ

Litne, L/]l

L] E)&PECTED THICKNESS OF CODEPOSITED LAYER 1S
~3000x40A=12x10°A

« REMOVALRATE - 0.05 A/s

=>24x10%s, i.e. 28 DAYS NEEDED

MEASUREMENT OF
TRITIUM INVENTORY

« In situ measurement of the trilium inventory in the
TFTR vacuum vessel is important to permit compliance
with the in-vessel limil, lo provide guidance regarding
the lengih of He-O glow required and to provide liilium
inventory for disposal.

= The tritium is expected to be found dislributed roughly:
1/2 on carbon lile faces <€ 10 pm
1/4 in cracks between carbon tiles < 10 ym
1/4 on recessed metal walls <1 pm

speetrum of hetas emitted Mrom o tritium reference suurce (vell §)
measured usipg an encrgy-resobving PTN diode delector

o
A

\ Tutine 'Ihzmy
~ Yaguum
§ .
\ Backipaunt

e —
o
2%

EHERGY (haV)

¢  [Energy speclrum ~ unchanged by 1 jm of carbon

Tritinm Betas from TITR Walls

Assume tritium lmoan =10.000 G o822 legal lmit)

Assume all ol this is on gurfive u['wnll (5 1um duep)

Asssume uniform over =108 ¢ = whale vessel area)

Tatal heta ciisgion:

Fotal beta cmission:
==3> =Ix1014 hetas/see o Ci= 260l disint’see)

==3> =0} walls of heta enerpy (<=5 keviheta)

Local heta cmisgion:

¥ :

==%> ={x108 beatsfemi-see ewitled Mvom wall

==55 =3x10-7 watts/em? emitied Mrom wall,

These averaged emission levels will most
likely vary by at least an ovder-of-magnitude
around Lhe vessel wall, with higher levels on
the inner earbon tile wall where the plasma-
surface internction hias heen Lavgest.

MEASUREMENT OF
TRITIUM INVENTORY

+  Three non destructive techniques are being

investigated.

*+  Firgt, a Channel Electron Mulliplier, CEM, to detect
belas emilted from Lhe surface. TFTR verlical and
lerizontal fields of ~ 100 G wilt be used to sleer beias
from wall to GEM detector inserted inta TFTR.

« Secand, ionization chamber method. Gas viill be used
10 iifl torus and e current coilected on biased probe will
be measured (e from efi pairs produced by ionizing
betas). Possible problem due lo ~ 10 G stray field.

« Third, scintillating gas. Fill torus with scinlillator gas
and view wilh camera. Law light, but potentially good
lor imaging wail.

* Finally, aiter cessation of eperation, core sainples of
tha graphite timiter could be removed with a remote
arm for ex sily analysis,
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Status of the Tritium Plasma Experiment
R. A. Causey
Sandia National Laboratories

The recentdy upgraded Tritium Plasma Experiment (TPE) is
being transferred to the Tritium System' Test Assembly (TSTA)
building at Las Alamos National Laboratory in New Mexico. The
upgrade has increased the maximum 100eV triton flux from 1017
T/ cm2-s to 1019 T/ cm?-s. The use of a LaBg cathode source in place
of rf heating reduces the background tritium (or D + T) pressure
signifantly. Vacuum condiﬁons are also improved by the addition of
a 2200 e/s turbomolecular punping system.

TPE should be operational in its new location by August or
September of 1994. Experiments in support of ITER should begin
shortly afterwards. The most important of these experiments is the
direct measurement of tritium migration through a mock- up of the
Be/ Cu duplex structure for the ITER divertor.

Because TPE is such a unique and important experimental
device, collaborators from across the world are invited td join us in
new experiments. Please contact Sandia National Laboratories in

Livermore, California to arrange the joint research.

10



Status of the Ti'iif@fm Plasma Experiment (TPE)

Kign A. Cousey

Sandia National Laborutories
Liverinore, California

Presenicd al:

20d Tpternational Workshop on Tritium Effects in
Plusma Facing Componenis

May 19-20

Nuagoya University

TRITIUM PLASMA EXPERIMENT.

2

waLvl

ALIOELICTRG

Schematlc dlagram of Trilus Plame Experimont. AES w= Axger electron spsclrometar, QMA = quad-

- ropole Dass saalyser,

TMP = lwimolecalar pamp, MFE = molscular Brw slemant, CW = tapacilance

majomekdr.
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Fusion Research Programmes of Russian -

Its Principles and Future,

A. Sherbak

Ministry of Science and Technical Policy of Russian

Federation

Ministry of Science and Technical Policy of Russian Federation
control about 40 state Scientific Programmes. The aim of each State
Scientific Programme is a Realisation one of the modern scientific
Priority. Control Scheme of State Scientific Programme is

Ministry of Science and Technical Policy

A A
) )
o g ¢ 3
2 g8 &9
Q g A
e & gl & &
Scientific g
Council Y
with '
proposals |Research
: scientific :
Expert account Laboratories
Groups -

In these Programmes to take place a block fundamental
physical programumes, These are :

o~ O U b N

. Astronomy

. Fundamental Nuclear Physics

. Physics of High Energies

. Synchrotonic Radiation

. High Temperature Superconductivity
. Nuclear Fusion and Plasma Processes
. Fundamental Space Researches

. Fundamental Metrology

The State Scientific Programume " Nuclear Fusion and Plasma
Processes" was constructed in 1990 and its main Research

Directions are :
1. Magnetic Confinement
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- Tokamak : Kurchatov Inst., Moscow
: Triniti Inst., Troitsk

loffe Inst., St- Peferburg

High Temperature Inst., Moscow
- Mirror : Kurchatov Inst.

Trinid Inst.

: Budker Inst., Novosibirsk

- Stellarator: Inst. of Physics, Moscow

2. Inertial Confinement

- Laser Fusion : Lebedev Inst., Moscow

Inst. of Experimental Physics, Arsamas.
- Beam Fusion : Trinid Inst.

3. Fusion Researches in Higher School
7 Inst. in Moscow

3 Inst. in St.- Peterburg
2 Inst. in N. Novgorod
1 Inst. in Novosibirsk

4. Researches of ITER - programme (1991 - 1993)
Now(in 1994) these directions have a status of State Scientific

" Programme and Russian Ministry of Atomic Energy controls these

Programme.
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Transport of Hydrocarbon in the Laboratory Plasma MAP
(Materials And Plasma)
Satoru Tanaka, Seiji Matsuyana and Michio Yamawaki

Faculty of Engncering, University of Tokyo, llongo, Bunkyo, Tokyo, Japan.

Carbon is one of the most widely used materials for first walt and divertor plate. However, car-
bon shows strong chemical reactions with oxygen and hydrogen, which can lead to an enhanced
erosion by chemical sputtering. Therefore, it is important to know to which extent carbon
containing molecules like CHy or CO play a role in fueling and impurity release during plasma
discharges. A part of the gencrated impurity enters into the core plasima or redeposits on the di-
vertor plate via many atoniic and molecular processes in the divertor plasma. Hence it is vitally
important to have thorough knowledge on impurity transport inciuding atomic/molecular pro-
cesses and rate constants of them. These studies can he cffectively conducted by a steady-state
plasma souce like MAP (Materials And Plasma). Tn the present pé'.per. twa kinds of hydrocar-
bons, CHy, Cyl,, were fed into the plasma. Luminescenses from the lragments of these species
were measured and space distributions ol them were investigated. These results were compared
with a modeling study.

The MAP facility has been successful in generating-linear steady-state plasma of hydrogen,
argon and helium. The plasma density of 16! = 10" em =% and electron tem perature of 5~ 15¢V
have been achieved. The neutral pressure of plasma working gas in the main chamber is in
the order of 10™* Torr. In experiments hydrocarbons (C Iy, Colly) were verticaly introduced
through a nozzle into a steady state hydrogen plasma and the emission in 380nm-660nm region
from their excited or breakup species due to clectronic collision etc. was recorded at various
axial and radial points in the plasma. A specific intercst of this work is to study transport of
carbon containing impurities, breakup processes of molecules and radicals, and atom ionization
processes. ' '

Main results of the experiments were as follows: :

(1) When CII, was introduced into the plasma, the hand (A2A — X211 of the CH-radical
was identified near 430um, and when Cy /5 was introduced, not onty Cll-radical but also large
C? band were identified, particularly the (0,0)-band of the ('_!'13}“'!9 — X214, )-transition at 516nm
and the (1,2)-transition at 558 of the Swan system. ,

(2) Luminescence intensity of C' H-radical band decreased more rapidly than that of Cp radical
in the process of radial and axial transport in the plasma. This was attributable to the larger
dissociation rate coefficient of C'77 than that of (.

(3) Axial and radial profiles of clectric charged state of carbon atom (CLCILCHILCIV) were
obtained in both CH, and CyHy injection. Regardless of axial or radial distribution and CH,
or C2 Hy injection, the state of Cll was dominant. But the fraction of Clin Cy i injection is a
little larger than in CH,. ‘

Numerical model was constructed and compared with experimental results. This model in-
cludes radial and axial transports of impurities of molecules, radicals and various charged atoms,

Electron impact dissociation aund ionization were mainly considered.

18
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Transport of Hydrocarben in the Laboratory Plasma

MAP { Materials And Pltasma ).

Satoru Tanaka. Seiji Masuyama, and Michio Yamawaki

Faculty of Engineering, The University of Tokyo

_ 2nd International Workshop on
Tritium Effects in Plasma Facing Components

May 19, 1994 Sympesium Fall, Nagoya University

Contents
1. Introduction

2. Experimental Apparatus MAP

and Measurement System

3. Results and Discussion

3.1 Specrra Identification

(W3]

.2 Spatial Profiles of Carbon Contaiming Radicals

33 Spatial Profiles of Carbon Atom of Various

Charged Srtates

4. Summary

INTROI_)UCTION
(1) BACKGROUND

Impuritics generation in cirbon based materials
due to chemical reaction
and erosion by physical and chemical sputiering.

Impurities behavior near first wall

Physical phenomena of edge plasma
Impurities gencration proéesses.
Transport of impurities in the edge plasma.
Atomic and molecular processes.

Tmpurities redeposition processes to the
first wall.
(2y SCOPE

Transport of carbon vontaining molecules in the
divertor simulation experimenial facility.

Molecular breakup and atom ionization processes

3. OBJECTIVES

Inrroduction of Hydrocarbons to the Sready-Stata
plasma facility. MAP ( Materials And Plasma }.

Measurement of impurities emission by the
tzchnique of spzctroscopy.

Spectra Identification

Transpert of Carbon-Containing Radicals

Transport of Carbon of Various Charged
States { CI, CII, CIIT, CIV }

ri\ffoda]ing study considering collision procasse#
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3.1 Spectra Idemtification

Spectra line from 380nm to 660nm.

INTERESTS
Spectrum Bands of Carbon Containing Radicals

Spectirum of Carbon Atom in Various
Charged States ( CL CIL CliL, CIV}

A e TE TR R SR

Spectral Line ( 300nm - 480nm )

ik

AT épecmlm from Cu or W i R 'r

i SmVI &

M Wi \.«J& WM

in s 3 54: Sh £ S ::- s

bt G

L

' = . ! T
m f:om Cu or Wln IOmV;

r ) ‘_"—
'l ;|1| | <
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Spectral Line (480nm - 660nm )

3.2 Spatial Profiles of Carbon-Containing
Radicals.

Spatial profiles of carbon-containing radicals
(CH, C, } were measured.
Intensity difference between CH, and C;H,

njection.

Comparison with modeling study.
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odelj

[Mass conservative equation

ws o
CH+e - C+tH+e (@)
Ci+e —=2C + e ()

CH and C,are monotonously reduced by electron collision.

S= - <ov> nh (2)

<ov>: rate cogfficient of electron collision
Inthe case of {8). < ov>gyae = 2.0% 10713 s
Inthe case of (B). <ovr>ooc = 1.0x 107" mY/s

Reference: H.Tawara et al.

Radial velocity: v= -D%—"xﬁl; 3)
Anomalous diffusion coefficient D=1.0mYs
Axial velpcity: u= [ (4)

Te = 10eV Constant

Ne ne=2.0x10"x (1 -0.82)(1 ~0.1x7) (5)

(from expenment z.x (cm)ll

Processes not considered .

Particles reflection at target.

Particles neutralization at target

Charge exchange and recombination with neutral partictes.
Acceleration by sheath potential.

CH and C, were assumed to be produced
at the nozzle.
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33 Spatial Profiles of Carbon Atorn
in Various Charged State

Typical Spectrum

o C, and CH-radical

Wave Length Constant of Exciting Probability
658.Tnm 2.5
CIL | 505.3nm 13
477 2nm 1.2
658.2nm 1.3
CII | 437.4nm 1.5
426.7am 2.0
418.6nm 1.5
crvt 440.00m 13
418.2nm 1.9

Intensity in each charged state was obrained by
normalizing each emission intensity by
constant of exciting probabillity, and by taking an
average ineach charged starte.
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nlensity [A. U, |

Axial Direction (cm}

Axjal profiles {experimental values ) of carbon atom in each of
charged state when C H, is introduced.

Axizl Di

Axial profiles {experimentai values 3 of catbon atom in each of
charged state whes C) A, is inrroduced.

' v ] Ansuoy

By - £yl [l

Radial Directionfcm)

Radial profites {experimental values } of carbon atom in each of

charged stats when CH, is introduced.

IR

b .
l Ragiai Direstisn (o)

Radial profiles {experimental values j of carbon atom in each of

charged state when CiH, is inteacduced.

Modeling for distribution of charged state of carhon atom
Mass conservative equation
(Electron impact dissociation and ionization were considered.)

Avm) | Aun) _

B EF; L OV > i1 Helin| =< OV > inyinl Mellj

Source term Sink term
Applying this equation for particles of CI~CIV.
n, is density of each carbon particles.

Rate coefficients for each electron collision reaction:
CH+e" =5 C+Hae :<ove=20x10"17"s

Ci+e =2C+e c<ouy=1.0x 10" Yms

C +e = Cr+12e cegve»=1.5x10"mils
Ct+e o C¥F 4 2e ccove=1.0x107%mi/s
CHie- »CF 420" <ov>=20x10""m/ls
C*4+e = C™42  <av>=20x 10-"8m3/s

lonization by electron collision is assumed to occur

stepwisely .
CHCy = C - C = > (ot

Intensity [A. U]
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Axial Direction (cm)

Axial profiles { madeling } of carbon atom in
each of charged states when CHais introduced.
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[ntensity

Axial Direction {cm)

Axial profiles (modeled values ) of carhon alow in each of charged

state when Oy Hs 15 mrracluced.

4. Summary

Hydrocarbons (CH,, G, H, ) were introduced into
the laborarory plasma MAP { Maerinls’ And

Piasma ), and impurities sranspori and somic

and molecular porocesses were swudied by
measuring spatia) distriburion of emissions from
racicals and various charged states of carbon atom.

(1} Idemification of Spectra

(A) When CH , was introduced into ihe plasma.

The band of Cil-radical was tdentified near 430am.
As carbon atoms, emissions from CI, CII, ClIL, CTV
were also identified. ’

(B) When C,H, was tntroduced into the plasma.

Large C, band ( Swan Band ) was idennfied

at 560am, 513pm and 4650m and CH-band

was also idemified. But i1 was smaller

comparing with that in CH yinjection.

And as carbon atoms, Emissions from CI, CII, CIIL
CIV were identificd.

(2) Spatial Profiles of Carbon-Containing Radicals

Luminescence intensity of CH-band .decreased
more Ttapidly than that of C ;radical in the
"process of radial and axial transport in the plasma.

This was atfributable to the larger dissociation
rate coefficient of CH than that of C 5

€] Spatial Profiles of Various Charged State of
Carbon Atom.

Axial and radial profiles of various charged states
of carbon atam ( CL.CII, CUl, CIV) were obrained
in both CH 4, C3Hz injection. '

Regardless of axial and radial profiles and of the
molecules injected, the fraction of CIT was larges\.

And this was also verified by modeling
considering electron collision processes.

{4)

From these experimental and modeling studies,
it could be concluded that transport of
hydrocarpon and carbon atom can be simutated
if sufficient database are supplied.

Processes ar the solid target and inclusion of
more sophisiticated molecular processes are

the next subjects (o be studied and modeled.
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Design of Carbon Sheet Pump for LHD and
Demonstration of Hydrogen Pumping

A.Sagara , H.Suzuki, N.Ohyabu and O.Motojima

National Institute for Fusion Science,
Nagoya 464-01, Japan

The first design of Carbon Sheet Pump (CSP) for the Large Helical
Device (LHD) is presented. The CSP is a new hydrogen pumping
scheme with high efficiency, which has been proposed to achieve low
overall recycling ratio below 0.7 and hence high divertor plasma
temperature above lkeV, hopefully leading to a significant
improvement in the core energy confinement.

The designed-operation cycle of the CSP is as follows; (1) pumping
of charge-exchanged(CX) fast H neutrals by trapping them in the sub-
surface layers of the carbon at temperatures below 200°C, and, after
main discharge operation with total duration time of about 100sec, (2)
degassing of trapped hydrogen atoms by direct Joule heating of the
carbon sheet at a temperature above 700°C, and then (3) cooling down
to the operation temperature below 200°C. :

According to our elastic recoil detection (ERD) experiments
performed for 3keV D,* implantation on carbon samples, the pumping
duration time is expected to be at least 100 sec, which is estimated from
the maximum trapped amount of about 5x10!17D atoms/cm2 and an
expected CX fast neutrals in the order of 1015/cmZ2.s. This pumping
duration time is sufficient for the LHD confinement experiments. The
'CSP sheets are mounted on the vessel wall near the divertor plate at the
small major radius side of the torus, where a high flux of CX neutrals
is expected but the heat flux level is less than 0.05SMW/mZ2. In order to
reduce the overall recycling ratio, a total CSP surface area of 60m? is
required. The three dimensionally shaped CSP made of C/C composite
can be degassed by direct Joule heating with a total electric power of
about 3MW for 100sec which is enough to desorb most of trapped
hydrogen atoms. The cooling time 1s estimated to be about 30min.

In order to demonstrate and confirm the design properties of CSP,
hydrogen pumping capacity and degassing efficiency are successfully
measured by using DC glow discharges in a plasma processing

teststand.
26
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APPLICATIONS OF SUPERPERMEABLE MEMBRANES
IN FUSION: THE FLUX DENSITY PROBLEMS

A. L Livshits!, M. E. Notkin!, V. I. Pistunovich ?, M. Bacal 2,
| and A. O. Busnyuk!'
! Bonch-Bruyevich University, 61 Moika, St. Petersburg 191065, Russia

? Kurchatov Institute, Kurchatov Sq., Moscow 123182, Russia
3 Ecole Polytechnique, 91128 Palaiseau, France

It has been established that metal membranes may be almost as “transpar-
ent” to suprathermal hydrogen (i.e., to energetic particles, or even to thermal
hydrogen atoms) as an orifice in a wall: the superpermeability phenomenon.

Such membranes may be employed in the exhaust pumping ducts of a
fusion machine (e.g., of ITER) for an effective separation of D/T from He,
its compression and return into the fuel cycle. For instance, a membrane of a
reasonable surface area, if incorporated into the newest ‘gas target” divertor
concept for ITER, might pump out > 90% of D/T with a very small tritium
retention (1.5 g).

Installment of the membrane may also deliver an opportunity for arranging
of a D/T recirculation contour in the divertor. Still the membranes should
let through the fluxes of up to 1016 — 1017 cm-2 s-1 and operate at pressures
of up to 3 x 10-% —2 x 10-3 mbar in this case, which exceeds by a factor of
10 - 100 the values dealt with up to date. |

The fheory predicts that superpermeability with even much larger fluxes
can be obtained on the V Group metals. Superpermeation with flux densities
of up to 3 x 1016 cm-2 s-! was reached up to date in direct membrane ex-
periments on  Nb. Model absorption experiments indicate at the possibility of
superpermeation with a flux density of > 4 x 1017 cm-2 s-1 and a pressure of

> 5 x 10~2 mbar. A further advancement to higher densities was only limited

by the experimental equi_pmént capabilities.

30



31

2nd Iiternational Workshop
on Tritium Effects in Plasma — Facing Components
May 19 — 20, 1994, Nngoya University, Nagoya, Japan

APPLICATIONS OF SUPERPERMEABLE
MEMBRANES IN FUSION :
THE FLUX DENSITY PROBLEMS

A. 1. Livsbits 2, M. E. Notkin ?, V. L. Pistunovich b,

M, Dacal® and A, O. Dusnyuk?

3 Bonch-Bruyevich University, St. Petersburg, Russia
b Kurchatov tnstitute, Moscow, Russia

¢ Ecole Polytechnique, Palaiseau, France

SUPERPERMEABILITY:  WHAT 1S 1T ?

Metal memibranes may be superperheable to

hydrogen particles whose energy

A. 1. Livehits
Sov. Phys. Tech.Phys.

(kinetic, internal or chemical) ex-
i 21 (19%6) 187

ceeds =1 eV. The term super-

permeability means that:

permeability approaches its conceivable limit:
the permeability of an opening of the same

area.

Superpermeability to thermal atoms and fast
ions was experimentally abserved ‘on membranes of Fe,
Ni, Pd, and Nb.

Superpermeablc membranes are able to automat-
ically compress the perrneatirng hydrogen and to purge

it of any impurity, including He

‘I'he proposal has been put forward Lo install superpermeable mem-
branes in the ITER purping ducls in arder o isolale ihe major parl
of D/T-mixture and thiis to reduce the Lrilium load on the cryopumps

scrving to pump helivim.

membrane
/ | |

\% v {uelbing

- TW—/I‘T sgistem

fueffing

memBrane -

atomizers.

Making an atomizer of the same material climinates negative eflecls

fram the evaporation of farcign mnalcrials oato the membrane.

system olomizen—{
He
CYOpUMp
The V Group metals (V, Nb and
ia) nre the most suitable materials
V, Nb, Ta
for superpermeable membranes, while
Nb and Ta may Le also employed for
;~—{]~— Nb, Ta

There were  tiwo key points  that reqiiired further

examination:

1. What is the upper limit of flux density at superperine-

alion, and is this sufficient for fusion applications?

2. Will the membrane operate reliably enough, and partic-

ularly, in the presence of the expected gas impurities ?

THE IDEA OF SUPERPERMEABILITY

Potential diagram of an

“H - metal membrane”
system The superpermenble membrane

free 11 is a “trap” for hydrogen. Supra-

2 thermal hydrogen particles pass

recombination frecly into the metal, jn spite of

/ barrier

the barrier generated by 2 mon-

cnergy, eV

4
atomic nonmetal film, but Lheir

. back release through recombina-
Hin 1, 0 :

g . . - hl
3 F tion into molegules is effeclively

nonmetal .
suppresses by this very barrier.
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Physical factots fimiling the ftux densily
Disofved atoms difeticome
___i-&r

the wecombinalion bannier
b only by associating in
W!M& puins: 0 Second oiden puo-
cess.—The tnapping efficie-
ney dmeusas u.nlh flux densily nise - Supen-
permeabifity may Be destroyed. Convesponding
fur density uppen fimil ie delenmined by the
sunface Bevien: A3 Livehits. Sou. Phus

. hus. 1876
jo v en2(6r GRS HUR

It is this mechanism thal usualty timils the
ftux density. Bul il is no’[ 11ue foq the V

gruoup metals CAINF 0-Ng-H | s-0d-u

wheie this ban. AL -
“nien 1% inhenen- 3‘00 TR

tly veny high, 02
-0][‘

eneng

Phisicat factons fimiting the ffux densily
An exact equation nefeing to Uhis mechanism,
I D* —iffusion carfficiont

'!moc,( |2 Krl_'wcomﬁmatmn tonstont
= thiceness

it applied 1o NG mesults 'm
. >1020c 2¢! gt Let0?mm and T< 300K,

when taxing info accourt out expeimentaf

dafa fon Ky oo 8000 600 T

..0'1\ i . ‘
10290is! s ahuge 1O A2 ;,4 j-5J L8
ffux density (T0W/em? ane 103/T, K~
releaced even in the case of themal cloms). Thus
this mechanism put no actual fimitations.

Physical. factos Limiting the tfux density
Effect of induced 'e-emission

The batien inhiBits only themal re-emission
and nol the we-emission induced by enevgelic
hydnogen, So cupetpgimeation is onty possible
when the wale of induced "e-emitsion is negligidle,

In the cose of themal alome Lhe induced we-
emission is the &fey-Rideaf necomb '&ecom%l H /
notion which qoes due to the free
alom chemicaf enenqy. OCS/

The 6tey-Rideal mecombinalion is neqhglﬁfe
when the snface tovenage with W alome is much
smaffer than a monofayen. Covzespondingly it is
the §0ux whith feads to a monofayen covenage
that wit? 8¢ o maximum one:

//_—.—‘fé
SR LTS T
g0 2 e?sh

> byql-

Flux density fimitations due to the induced
(Efey-Rideal) ne-emission (continuation)
lmu“mis (0840 a(f.'t;%ad) (2<h &

T3 800K }_*J >10 02t 60 =
A %0
bn-Bg£0,6¢Y, (fo lﬂuu AT
[This condition) is usualty met us indicated By owr

wperimental ctudies of the potential nefieks o
Hometal systems wilh cobvolfed sunuce:

system _
(B Bg) oV [£042[<042 [£0,56

20,55

That means thai the monatomic nonmetal fifme

"es ponsible fou_ the E1ctean <1, | with noameaf
barvien dramalicalfy o Wy fitm

reduce ul the came

~ time the depth of adeovption well. As.a vesult

the induced ne-emission would nol pruclicaffy fimit

the Rux densify, ot feast, in 4he cuge of thermaf
atomg .

M-tmpusity-metafiy o ol og [i-06-u6 oll-Fe |
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Physicae factors Pimiting the ffux density
Limilalions due to ihe fimilalions on cantentaalion
Both the diffusion flux hnough The membuane

. = |y e - D=10"4emRs]
Jdlg-émmax/‘-' u and Ta; D=10"%em~ 2 |

T2 800K
and the desonplion ffux Uhouah the oulfel foundaw
KIS 10724 amd et at Ty o0
acconding to owt membnane
expeniments with N8

out 0wt o
Ades &K Chyay

wie fimited By a moximum peamissiBle hydrogen
concenination, Cpg,, tn metoaf.
¥ we take the moximum tolenable concen-

© tuation in WB(V, Ta) of Sat %, we come lo

coinciding estimals of maximum ffux density
from the Both aefafions ; ,
ldnox =108 em 2 s4] gt L=0,3mm, T3 800%

hopanentfy | this value chould be consideved as the

theqnelical ffux_densily uppen [imil af Peact with
thenmal alomic Tudrogen.

MN-1 DEVICE

Hy e, CHg  ele:

= —#]‘/—memg'mne

cuperation
)4
Al
-[r-
—

‘ ___-AtomizeT
3] :
=
X [
7 F
g ]
pump N B

Ty

Hytie CF, el

APl SEr AGAR] #eperisunty. 111 M er

0 ¢
hereocoupl e

I
-1
E

[EYINEY)

ST 3 G0t
l5>=C— ==,

Expanimental stheme

Ta «ilbbon sampte
_ (425cma suf avea)

*ptgm'p (TP
25¢ fon Ha)

~{-Ta wite cathode
(30.cm2 sunf azea)

dischargqe current S0-1004
Vthaqe 50-100Vv

ASBML— (G | |. U

pEosmg

/ & —-45cm
Automalic messme
maintoinance system

Two experimeniaf _modes: -
{.The colhode is xept hol Bul the discharge is swilched
off. In Lhis coee, he cothode genwes s o hydrogen
afomizer.
2 The diechatge is swilthed on Lhe sample (s ol a
{loaiing puten}iaf. Diffenent soals of huydtogen panticley
can e Gbeerbed ofong with oloms in thic gase.

Expenimentol procedune ie based ‘on the shaip deptndente
on temperatine of the Ta abifity to ebearf hydnogen.

“Tniliafti an W, pressute is esfobfiched, then ihe afo-

mizen ov dischange (s ewitched on whife the sampfe
temperatune it high cnough fou the steady-stale con-
centation of wbsonbed Tudrogen to Be negtigible Alter
thai, the sample tempenotuat is quitkfy neduced to
the operalisant ane and the samplt storle 1o absarf
the hol' ydnogen. Thus, the obsorption is statted
By o sawple tempergtute decvense in the hot” iydiogen.
@
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hign ftux densily probbem: experiment
Supenpenmeation expeniments with ffux densi-

ties no highen than 5304 e85t wene only

ctaged untit vey recently.

dun folest expeniments:

Bonch-Bruevich Univensily + Kunchalov Gentne

Bonch-Bauevich Univ. + Ecofe Pobytechnique (Francd)

NB memBnane 600 cm? . de. VB nibbon
‘U\Umllﬂ o Lp0ert

Lfem2s)
2

- 00

& 0o © 1

.?:fgi Dinect membrane Wodel obeorplion

2 | epeniment oxpentiment

2 |8+ theamad alomg) (N2 + thenmal atorg)

E'% Oml?a ml"\ 10\5 1616 10['} 1058 Cmas

pemeation ftux denzily H/Agwds)

High §0ux density problem: expeniment

The nansient times und steady state contentalions
in oun memBrane ard abeonplion eapenitigiits Sehaved
fhemselves in aceondance with the modef that we were
using at own estimations fou the moxinum $tx densilie

~ L 1 (&"ﬁ'm' &,e:/““\\’
oSy e

Qe

r=\} oul’
- ]K_l e¥p

Thal pentaing,in particlan, to

dences and such dependenices ane presewved up titf
the highest $tux densities expenimentafly examined.
That means: that these expenimental data indicale at
the actual possibifity of neaching Lhe fux densily
given By obove theonetica etimations. Tt was
onby expenimentol equipment Bimi talions 1hat stoppe
oun Swither advancement to the highest Hux densi-

{ieg,

MEMBRANE SYSTEM
JN THE UP-TO-DATE ITER CQNCEPT

In order to take away a major part of tritium, the
membrane should pump DfT much faster than the
cryopumip, while one must at the same time maintain
high enough a pressure in the divertor.

Lz Limiling diaphnogm '

I
& Cbl—i JE __memBlane

to divenion ﬁ __olomozet
| .
Tue?[’mg Wec&gogumo
system

There are two ways to achive the fatter:

{1) To cut the conductivily of the duct before the mem-
brane dewn to a minimum value that would still guarantee the
rernuired pumping speed for e,  or,

{2) To return a part of /T back into divertor.

What shall we have with the first way, if we employ
only the distant membrane with an atomizer?

MEMBRANE SYSTEM
IN THE UP-TQ-DATE /TER CONCEPT

Proceeding from:

Specific membrane pumping speed:
S~ 16 m3/s per 1 m2

Total eryopump speed: accepled (n 1Tt
22200 m3/s gl the momen

If we oceupy with the membranes;
1.6 m length in each of the 24 ducts

We get:
D/T separation efficiency:
90 — 95.9%

Total consumption of power:

0.05 - 5 MW

Tota! tritium inventory:
<15 g

Attainable degree of compression:
103 - 104
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nisttifution of O/ T concentriations and

Fuxes al the maximum fuelfing nale and CONCLUSIONS
moximum cyopump speed
i 20. m> Fmiling {1) The V Group metals are the most suitable materi-
46"1_5 R4 0 5/_6“(1[)}1‘1_[}%];] als for superpermeable membranes operating with high
L~ l flux densities.
B 3, 164 \
} ) A0 Tem ™t TO} ‘ (2) The theoretical upper kit for flux density at super-
~ g 3-1016071_25— E permeation is ~ 101% cm=2 571
/ LM_T—& = f
. o R “ 16 - L. .
SEpG"l_thOH v l 2 g ~5-j0215_1 (3) A. flux density of 3 = 10 crr.: -5 1 was obtained in
Qﬂedlvnegs ) io S PRS—— direcl superpermeation experiments.
0% to fuef. syst. 7
.- 200mYs 4 i
P4 : (4) Superpermeable membranes of a reasonable size may

, . . 00 ot s
The o pressue ne the memBuane io 1athen secure separation of 90 — 99.9% of .D/T within the

fow (~11'£O"4Tm'1) even ot the moximum fuel-
ling nale (due to a veny high membrane
pumping speed). The flux densily wilt not
enceed S-SOLE’tm'as‘i, t.e., o value alieady
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VALIDITY OF NIOBIUM AS SUPERPERMEABLE MEMBRANE

V. Bandurke, M. Yamawaki, K. Yamaguchi
Nuclear Engineering Research Laboratory, University of Tokyo

In the last time several technical design have been proposed to particles pumping in
the divertor chamber, which allows of the employment of superpermeable membranes.
Hydrogen superpermeation through a pufe iron membrane exposed to H-atoms have been
investigated by Hackfort et. al.[1]. Livshits proposed to make the membrane and atomizer
of the V Group metals [2]. Several experimental facts which are associated with the surface
chemical composition were obtained by Livshits’ group [2,3]: no “permeation spike” was
observed under the H-ion bombardment; admitting of Cy;H, at the inlet side leads to
adramatic increase in permeability of the membrane due to the deposition of a carbon film
at C,H, pirolysis; there was no appreciable change in the hydrogen pumping speed during
‘the CH, admission. A possible explanation of the observed facts was proposed by Livshits
et.al., but they did not perform any surface analysis during permeation. measurements. The
attempt of ivestigation the correlation between the permeation rate and surface impurity
composition was undertaken in present study.

The ion and gas driven deuterium permeation behawor in Nb was investigated (Figs. 1-

4). 1t was shown that IDP and GDP are the recombination-recombination- limited process.
Recombination rate coefficient evaluated from the measured permeation rate coincide with
the calculated result using the expression of Pick and Sonnenberg (Fig. 5). The Auger
electron spectroscopy revealed that the specimen surface is covered by S, C and O. GDP rate
through Nb depends on C and O surface cocentration. Increasing of C surface concentration
suppress GDP rate (Fig. 6). In the presence O on the Nb surface no appreciable change in
the C concentration was observed during CH, admission that can explain the deutermm

permeation behavior at the presence of methane (Fig. 7).

Referances. _
1. H. Hackfort et.al.- J.Nucl.Mater. 144(1987)10-16.
2. A.O. Busnyuk, A.I. Livshits, M.E. Notkin.- Proc. 2nd Japan-CIS Workshop IFPI'M,
St.-Petersburg (1994) 58-74.
3. A.L Livshits et.al.- J.Nucl.Mater. 178(1991) 1.
4. M. Yamawaki et.al.- J.Nucl.Mater. 122&123(1984)1573.
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VALIDITY ©F HIODIUN  AS  SUFERPCERMEARLE  MENRRANE

Y.landurke, mavak |, 1. Vamanguehi
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Fig. 1. A schematic drawing of the permecation sysiem.
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In the above equation, (fa}, and {La}s are the reconihinalion 1ale coelficients for upsticam-

{drle =

side and downsireani-side, 1eapectively, iy = {Ws)oexpl—Es/ AT} is Ihe hydeagen solubil-

ity with £ being the heat of solution.
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Isotopic Effects on Hydrogen Trapping and Permeation in
Plasma Facing Materials |

E. Abramov and D. Eliezer

Ben-Gurion University of the Negev, P.O. Box 653
Beer-Sheva, ISRAEL

Abstract

The differences between tritium and hydrogen on deuterium regarding
their diffusion and solubility in plasma facing matenals are discussed. The
main differences might arise from dissociation and recombination
coefficients on the surface. Considerable contribution is also trittum decay
to helium follow by clusters and bubbles formation.

Special examination should be conducted regarding the isotopic effects in
‘beryllium, mainly due to the interaction of hydrogen isotopes with BeO. - -

Spcculat.we curve for long-tcnn tritium pcnneauon through first-wall
materials is suggested.
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Isotopic Effects on Hydrogen Trapping and
Permeation in Plasma Facing Materials

. E. Abramov and D. Eliezer

Ben-Gurion University of the Negev
P.O. Box 653, Beer-Sheva, ISRAEL

The Differnces Between Tritiunt and

Hydrogen { Deuterinm

Diffusion DT/ DH o MH/{MT = 1/f3
Solubility Dissociation rate might be higher

Surface behavior Recombination coefficicat might be lower
Decay to Helium

Trapping characteristics 7

rapping of Tritium due to the prese 41

- Increases effective (ritium solubility

- Decreses effective tritium diffusivity

Trapping is affected by:
- host material
- helium content
helium configuration

- thermal cycling

- existance of other traps for tritium

The naiure of frapping

.- Chemisorption - like trapping at the bubbles wall

- Interaction with the strains associated with:
* Helium bubbles

* Dislocation loops




Short - circuit diffusion patl

- microcracks

- intrconnected bubbles

- elongated bubbles along grain boundaries

AN

permeation rate

- surface blistering and exfoliation

=T T l T 1
time

Speculative curves for hydrogen isotope

permeation through I.W. materials.

#1 normal hydrogen permeation

#2long term tritium permeation

- Tritium i Beryllium

- Characteristic of BeH vs. BeT
- Intreraciion with BeO

- Formation of Tritizm bubbles

- Lack of data needed




Tritium Migration in Group-V Metals

under Thermal and Electric Potential Gradient

M. Sugisaki and K. Hashizume
Kyushu University, Department of Nuclear Engineering

Faculty of En_gineering, Fukuoka 812, Japan

It is irhportant to examine whethér isotdpe effect exists or not on diffusion process of
hydrogen isotopes in plasma facing materials under fusion reactor chditions, because
accuréte estimation of diffusiori flux of each hydrogen isotopes is essential to evaluate the
hydrogen isotope recycling rate and tritium permeétion rate. From such viewpoints, we have
studied the diffusion behavior of hydrogen isotopes in group-V metals (V, Nb and Ta)
under thermal and electric potential gradients.

In the present paper, our recent experimental results of those sfudies are given. The '
details of thermomigration and electromigration experiments are explained and the
characteristic points of the experimental results are summarized. On the basis of these
experimental data, the magnitude of contributions of thermomigration and
electfomigration are numerically evaluated by supposing the possible values of thermal and
electric botential gradients and the followings are conciuded:

(1) The contribution of thermomigration should not be neglected when the thermal
gradiént larger than 100 K/cm exists; in particular it is largest iﬁ the case of tritium. Then,
the isotope dependence of Q* should be taken into consideration.

(2) The contribution of electromigration should not be neglected when the electric current

larger than 1000 A/cm’ exists continuously in the definite direction.
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Tritium Migration in Group-V Metals
under Thermal and Electric Potential Gradient

GOALS

(1) to accumulate the experimental data of hydrogen
isotopes concerning the dilfusional behavior in -
melals and alioys under some potential gradienis,
in particular dala for tritium.

{2) \o understand the ditfusional behavlor of hydrogen
isolopes, and in particular 1o understand the

microscopic origin of isotope effect.

IMPACTS

{1) Ditfusion data are important from asf;ecls of
hydrogen isotope recycling and tritium safely
problems,

(2) Hydrogen isolopes are most appropriale to study
isotope elfect because of their largest relative

mass difference.

Diffusion Equation under
Thermal and Electric Potential Gradients

ac Q'C 3T ., 2'eC &8¢
= _.D .
J = ( * RTZ OX * “RT ax)

orgﬂinary thermo- electro-
diffusion migration migration

D : diffusion coefficient
Q* : heat of transport
Z* . effective vaience

ordinary diffusion flux

Q*=0 —

Flasma Lthermomigration Cooter

side Q*<0 A side

4 | electric current
e oy (]

>0 _+-
electromigratian
Z* <0 ..ﬁ-—-

Thermomigration of Hydrogen in Metal
& Determination of Q*

T=To T=To

initial State

Hydrogen
Concentration

] axial position of specimen
Thermal Gradient

T=To+aT T=To

Stationary State

Concentration

Hydrogen

axial position of specimen
Hydrbgen Flux J
ca*
-D dC dT
( F{T2 dx)

In a Stationary State (J=0)
Distribution C(x)

n C{x) = Q*/ (RT(x)) + cbnst.-




45

Electromigration of Hydrogen in Metals

& Determination of Z*

Experimental condition:

"% - $pecimen size : 2 mm in diameter; 50 mm in length
Initia[ State ﬂg‘,g uniform Initial hydrogen concentration @ 0.5 at%, a-phase
'§ E Temperature region 1 320K-550K
e %
axial position of specimen ) lhérmomigration:
Electric Field E thermal gradient 10 Kiem
5 {2) electromigration:
c & electric bias 5mViem
Stationary State §a § _electric current 150 Afem’
28
axial position of specimen
Hydrogen Flux J
J = _D(dC _Z2*eC E)
Cdx RT
In a Stationary State (J=0)
Distribution C(x) '
In C(x) = Z*eEx / (RT) + const.
(@] ° H o
T O m a D
a4 0
é - o T Ta A
(o]
£
= 301
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1.5 T T ] T
14 | b
Characterislics of Q* 3r ]
*
N 12T 1
{1} Q' Is positive; i.e. hydrogen isotopes are driven to
colder side. ' 11 | “
(2} Isotope dependence is appreciably large.
Q'(T) > Q*(D) > Q'(H) 1ok ]
Tritium data of Q° is important,
0.9 ~d : 1 L
300 350 400 450 500 550
T/K
Temperature dependence of Z*
of protium and tritium in V
2.5 T T T 0.8 T T T
Nb
23k A 0.7 [ T
s H 0.6 I T
2.1 -
0.5 | ]
* o
] 1.9 ~ N 0.4 -
1.7 F N 0.3 | ~
0.2 v 7]
1.5 17 7
0.1 r ]
1.3 . 1 1 0.0 1 L 1
350 400 450 500 550 350 400 450 500 550
T/K T/K-
Tempet'ature depende.nce ‘of Z|; Temperature dependence of Z*
of protium and deuterium in N of hydrogen isotapes in Ta
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2.5 T T 1] T T
2.0 | 1
’ H,D in Nb
-
1.5 F s
x®
N TinV
1.0 ' HinV -
. .HinTa
0.5 F T DinTa 4
/Tin-ra
0 L 1 L L 1

300 350 400 450 500 550 600
T/K

Temperature dependence of Z* of
hydrogen isatopes in group-V metals

Characteristics of 2¥

(1} 2" is positive and not necessarily +1.
Hydrogen isotopes are driven in the direction
against electric current.

(2) Z* is dependent upon temperalure,

(3) Common trend of isctope dependence is not
observed.

Q* : 30 kJ/mol

1 J AN |
C (at%h) . : Tav @ 700K

0 0 p (electric reslsllvlh-' of material)

’ 50 pflem

1cm

J=Jc+ Jr+ Je

|@| = 1 at% /cm, |ﬂ| =10K/cm, | =100A / cm’
ax| - X

| Je| || [ ] = 1:0.04:0.04

|ﬂ| = 1 at% Jem, ‘ﬂ|=1no Kicm, 1 = 1000 Afem’
ox ax

| Je| ]| 2| de| = 1:0.4:0.4

Conclusions

{1) The contributions of Ihermamigralion' should not be
neglected when the thermal gradient larger than
100 K/cm exists. The isolope dependence of Q°
should be taken into consideralion.

{2) The contribution of electromigration should not be
neglected when the electric current larger than
1060 A/cm’ exists continuously in the definite

direction.
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INTERACTION OF ATOMIC HYDROGEN WITH METALS

Takashi Kiriyama and Tetsuo Tanabe
Department of Nuclear Engineering, Osaka University,
Yamada-oka, Suita Osaka 565, Japan
TEL +81-6-879-7884 FAX +81-6-875-5696

Although hydrogen reflection ts well understood physical phenomena, those for low energy

incidence especially below 100eV is still an open question both theoretically and experimental-
ly.
Hydrogen physisorption and Lhemlborptlon at very low temperatures have been one of the
most important subject in surface science. And particularly such metals like Ni, Pd and W
have been extensively studied. Energetic hydrogen atoms or ions, owing to  its high energy
states compared to molecutar hydrogen, can easily penetrate to the bulk over-through the
surface. Such implanted hydrogen often desorbed more easily having hyper-thermal energy
than chemisorbed one which makes the analysis of behavior of implanted hydrogen very
difficult. On the other hand, determination of direct reflected hydrogen at the surface is not
so difficult as the behavior of implanted hydrogen and also theoretlcal estimation using an
elastic potential fits very well with experiments.

In case the initial kinetic energy of injected hydrogen becomes lower, one can not get the
beam source easily to make experiment nor rely on an elastic potential often used in
Monte-Carlo simulation such as TRIM.  Thus the estimation of reflection coefficient
becomes difficult too. :

However if the initial energy state of hydrogen is near the potential barrier, it may be
directly reflected. In this respect, endothermic hydrogen occluders like Pt and W do not allow
hydrogen to penetrate to the bulk even if the barrier dose not exist.

In the present work, interaction of atomic hydrogen with metals is studied through the
determination of hydrogen retention in metals after exposing to atomic hydrogen by means
of thermal desorption, in terms of Z numbers and heat of solutions at temperatures above
400K where one can neglect physisorption and chemsirobed site always occupied.

At 410K initial retention cocfficients(T) normalized to incident atoms are 0.1 to 0.5 and
above 0.6 for endothermic and exothermic hydrogen occluding metals, respectively. On the
other hand no clear relation between T and Z number. is observed comparing with
reflection coefficients for high energy ion injection. This indicates the importance of
chemical effect in reflection of low energy hydrogen. With increasing the temperature T is
markedly reduced in the endothermic occluders, while it stays rather constant in the
exothermic ones.  Since the kinetic energy of the atomic hydrogen presently used is around
0.3 eV, atomic hydrogen is very likely to directly reflected at those metals of which heat of
solution are over this value. - Unfortunately we could not distinguish the atomic hydrogen
directly reflected at the surface from the reemitted molecules once absorbed and recombined
at the surface. Further studies on an observation of directly reflected atoms and a
measurement of their energy distributions are necessary.
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3nd Int. Wockshop 0a Tritiam Effect in Masma Facing Comgoncnts
19.20 hay 1994, Nagoya University Japan

INTERACTION OF ATOMIC LIV DROGEN WITH METALS

“Takashi Kiciyama snd Teisuo Tanabe, Oaaka University

MOTIVATION
Question to reflection of low encrpy hyd:sogen
‘ar higher lemperatures
Na experimental data
Adequacy of theorstical calculation

DIFFICULTY
Law cnergy hydrogen source
Distingtion berween rellecicd atams and recmitted molceulss

POINT
Surface barrier
Energy state 0r temperature ol
reflccted aloms and reemitted molecules
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Retention Coefficient

Yig.

«0.3eV
Tad ©

Nb
0.5(
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0 , __oPL
-1 0 1 2 3
Heat of Solution Es (eV)

Letention coefficient as a funetion of heat of salution Es for cach

mectalx. The curve dnner liguieis anly for a guide w she cye.

SUMMARY )

Interaction of atomic hydregen wilh metals is sindicd
through the determinalion of  hydrogea retention in metals
allcr exposing to atomic hydrogen in terms of Z numbers
and heat of selutions.

{1) At 410K initiol retention coclficients normalized lo

incident atoms are 0.1 1o 0.5 and above 0.6 lor endothermic
and exathermie hydropen occluding metals, respectively. With
increasing the temperature T 15 markedly reduced in the
exothermic occluders, while it slays sather constant in the
cndolhermic ones.

{2) Since the kinctic cnergy of the atomic hydrogen presemly
used is around 0.3 ¢V, atemic hydrogen is very likely 1o
directly reflecied at those metals of which heal of solutien are
over this value.

(3) No clear rclation between the retention coclTicienl and
Z number »s observed diffcrenl from celicction cocflicients ol
higlh cnergy ions.

We could not distingwish  the  afomic hydragen directly
reflecicd at the surface frem the reemilled molecules once
absarbed and recombined at the surface.  Further shwdics on
observation af directly reflected aloms and  measurements of
their cnergy distributions are necessary.




TRITIUM PERMEATION

THROUGH BERYLLIUM AND VANADIUM.

M.V. Zhuk, V.I. Pistunovich.
Nuclear Fusion Institute,

RRC - Kurchatov Institute, Moscow, Russia.

1. Summary.

The problem of emergence and.accumulation of tritium is
one of the probléms emerging in the option of the first wall
material for a fusion reactor. A great attention is paid to
the theoretical and experimental consideration of this
"problem. The following model is usually proposed: hydrogen
atoms incident wupon the wall from the plasma penetrate the
wall their raﬁge R deep, being decelerated, and then diffuse
within the bulk. Determination of boundary condition in
the stationary case has been reaiized in a given paper,
withoutrconside:ation of a thermedynamic equilibrium state,
that allows one to take into account of radiation-induced
desorption. It has shown that the square flow dependence of
concentration does not belong .to the general case: linear
dependence is realized in some cases. The results of
model calculation of hydrogen isotopes 'pérmeation through
berillium and vanadium are given in present paper. Permeabi-
lity of Be 1is significantly lower compared with V. An
additional experiments are necessary to obtain a reliable

data for Be-H interaction.
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Table 1. Llterature data on berylllum-hydrogen intaraction.

Oktfurivity, D=0, axp{-Ly/XT)

1sctope Dy, en?re T, K nat.
" 33077 o 1133 - 1172 123!
-1
T 3-10 Q,1% 87y - 1173 [L}]
r 1,.71-1077 a1 573 - #71 !
T 15007 0 > ah 3"
3 ¢, 7078 9.3 520 - 773 0
.3 24073 8,11 &10 - 178 ST
Solubllity, S=3, expi+E./%T)
2
pat! v T, K Rer.
Z ) 5
1,82:10 “id, 1010 71 - 1173 [}

-1,9-10 221 - 1173 [3)
12 3 - 7 (Y
1.9 (E1)

Perusahllity, 2 (Ku[d]-p\’lmxpt-!‘fk‘lj, vhera p - gas
prazaurs bsfors mewbrana.

1notopa 3 :K' av T. X Raf.
T a,19 e7] = 1173 1+1
M 0. 13 - 43 't
1 0,28 773 = 1) TR

1) - data of mnother authors, collected Un (2}
2] - contant af ba In cample - 99,4 at.t;
1) + vontant of Bs In nesple - 99,0 at.ft.

Table I. Sets of pacamebers, using in calculationc for Be.

4 of ast By, oaifn - - Eg. ¥
i 340" 7 . 6,19 ERTE
2 'RIBT i 8,14 .1 02:107°
- P TRY 0,3 -102-187°
N 6,510 6,17 —1,02-1072
£ 1120873 0,19 1,17
. 5.4707% 0,3 1,17

All pre-axponentisl fectors of dlffusivity recalculats for

tritlus by the lav of Invarss squars rogt of isctaps mass,

Other pacamsterst 3y, = 1612 cu ¥t

d=1nrm,
=107 on.

Tsble 3, Lltersture dats on vansdiun-hydrogen intersction.

Dittuslviry, D=D, axp(-T,/¥T)

1sotops Dg. cu'in o &Y T, % Rat.
[ 1,4107" 0,11 711 - B3 T3]
D 5,1-10" 6,04 . TR
o . 9-10"" .1 16!

solubllity, S=5; expi-Eg/kT)

Isatopa , ealf? £, av LA AeC.
" 1,5.18°% -0, 1oyt
n ) -, (e

1] - dats of anather authars, collected in [8].

Yable 8, Sets of paramatecs, using in calculatlons for Va.

F of sst 04 enisa £y WY gL o
1 1ane107t Bt -0,34
¥ 14107t 6,11 . -0.117
3 4,158t 0,00 —0, 34
4 voas1ett 0,08 -0.217
s 3,11 007* 6,13 -0,34
. 7,071874 °,13 —8,347

All pre-wxponential factors of dlffvelvity recalculats tor

tritlum by the law of Lnvarss sguate Toot of I1sotops mass,
ather paramsters: Jp. = 1w0'd onfe?
d =% mx,

R= 10" cm. -
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Fig. 1. A sghezatic alagtam of potential energy of
hydrogen atom near matal surfaca.
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SURFACE EFFECTS ON MARTENSITIC STAINLESS STEELS
A. Perujo, S. Alberici' and E. Serra
European Commission, Jeint Research Centre, Ispra Site. Salety Technology Institute,
' lspra (VA), 21020 Italy,
'Dipartimento di Energetica. Politecnico di Torino, Corso Duca degli Abruzi 24, 10129 Toriho. ltaly

The martensitic steel DIN 1.4914 (MArtensitic for NET, MANET) is a Nb bearing steel that has better
swelling resistance, lower sensitivity to helium embritttement, and more suitable thermophysical
properties when compared with austenitic stainiess steel AlS| 316L. A further development of this steel
has lead to MANET II. It is a candidate material for the first wall and structure tor the demonstration
power reactor DEMO., . ‘ .

Low or/and reduced activation steels are of great interest for fusion reactor applications as structural
and first wall materials (FW). Their reduced activation will lower the radioactive waste preduced during
reactor operations and simplify its handling, storage and final disposal. The davelopment of low
activation martensitic (LAMS) and ferritic steels have been pursued by substituting Molybdenum and
Niobium (the primary producer of long lived activity) by tungsten and vanadium, and by using lower
carboh and nitrogen content (table 1)

Table 1, Chemical analysis of (he steels considered in wit%.

Steel Fe C Si Mn |Cr |V W N Ta | Change
factor

flta7raLN | Balance | 0.18 [0.04 070 [11.1 [0.24 | 296 |0.006 | 0.10 2
LA12TaLC | Balance |0.09 |0.03 (1 .0_1 8.9 039 |0.76 | 0.019 | 0.09 100
LA12TalN | Balance |0.17 [0.02 [0.74 |91 |025 [0.77 |0.004 |00 [ 10
MANET | Baance |0.13 | 037 | 082 | 108 |022 |. |oo2 |_ 700

MANET conlains in wit: Ni=0.87, Mo=0,77 and Nb =~ 0.1,

The study the interaction of hydrogen with MANET and LAMS has been done by gas evolution and
gas permesation methods. It was found that the diffusivity of these materials suffered a strong reduction
when they were heat treated at 900 K in presence of hydrogen, while the solubility remains invariable.

Further study of the absorpticn and recombination coefficients yielded the following vajues:
ok, = 3.4210° exp (-54887/RT) (mol m* Pa’ 8)
ok, = 2.895-10° exp (-6133/RT) (mol’ m* s™)
. where O is the surface roughness, R=8.314 J mol”" K" and T is the temperature in Kelvin.

However these surface coefficient values together with the independence of the diffusivity with varying
pressure (ie, remain in the diffusion limited regime) in the studied range cannot justify the strong
raduction observed. Studies of the surface composition of the material by ESCA {(XPS) showed a strong
increase of chromium and manganese oxide when compared with the untreated material (around 120
A). Cr and Mn at the temperatures of this study {800 - 800 K) have sufficient diffusivity in the bulk of
tha material to come 1o the surtace and oxidise, increasing tha thickness of the preexisting oxide layer.

The magnitude of the diffusivity reduction has been observed to depend on the amount of Mn presant
in the alloy. Thal is, for those alloys where the amount of Mn is relatively large and the amount of Cr
is small (ex. LA12TaLC) the effect is more pronounced. This effect can be explained by a competition
eftect between the natural oxide present at the surface (chromium oxide) and the new produced oxide
during the heat treatment due to the Mn migration 1o the surface of the sample. This is confirmed by
the maximum change observed presented in the last row of table 1.
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Measurements of D Concentration Profile in Metal Films

During D Imp1éntation

S . Yamaguchi, 5. Nagata, K. Takahiro and 5. Yamamoto®

Inslitute for Materials Research, Tohoku Universily. Sendai 930; Japan

Re-emission. relenlion and pérmgatfon behaviors of deuterium in Al, Ni, Cu
and 304 5S membranes have been sludiéd for 5 keV D.* implantation at tem-
peratures between RT and 493 K. The D atoms trapped in ihe membranes as
well as the permealing D aloms were detected simultanecously by means of the
elaslic recoil detection(ERD) analysis Lechnique of lransmiSsion geometry:
The amounls of the trapped and permeated D atoms were measured as a funclion
of {lvence at various lcmperafures. From Lhese experiments, we estimated
the fractions of trapped. permeated and.re—emittnd D fluxes at the steady
stale, where the re-emission fraclion was evalualed by sublraction of Llhe
Lrapping and permeating fluxes from the incident flux. The observcd-lraﬁs—
port behavi.ors were analyzed to determine Uhe recombinalion coefficients in

these melals.

*Present adress: Takasaki Radiation Chemistry Research Establishment,

Japan Atomic Cnergy Research Institule, Takasaki 370-12. Japan.
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Deuterium Capture and Release during Low Energy
Ion Implantation in Beryllium

- V.A.Kurnaev,D.P.Levchuk,A A Pisarev,V.M.Sotnikov,0.V.Zabeida

Be is one of the most interesting PFC for fusion devices. So data on fuel
particle interaction with Be in reactor relevant conditions are needed.

This report presents some preliminary experimental and computer sim-
ulation results which seem to be of interest for T - Be interaction. Ex-
periments has been performed on ion mass-separator with deep differential
pumping which can be used for measurement of particle reflection Ry and
retention coefficients in a broad range of ion energies (10 - 2500 eV) and
angles of incidence 0° < 8 < 75° . : |

‘Measurements with two different ways for 0. 5keV D ions incidént on
Be surface at 8§ = 30° showed that Ry have exceed calculated one. For
computer simulations TRIM like code is used. Possible reason of deviation
is connected with BeO layer.

Thermodesorption measurements agree with known data and show leV
and 1.8eV TDS spectra maxima. For high fluences TDS become more com-
plicated. ' |

Computer simulations showed that there is a great difference between
- Ry values for normal and sliding incidence. Very strong isotop-effect is
seen at normal incidence on Be :Ry(H) = 1.5Ry(D) = 2.5Ry(T). Binding
energy, modeled with attractive potential Eg, influences Ry at low energies
noticeably. Energy corresponding to the maximum value of Ry increases
with @ and M;. .

Computer simulations of regular relief showed weak dependence of re-
- tention coeflicient on relief consisting from triangle ridges with slope angle
inclination 30°-60° for proton 20 -1000eV energy, bombarding Be at 8 = 0.
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19-20 May 1994, Nagoya University Japan

HYDROGEN DIFIFUSTON ANID PERMIEATION TN BERYLLIUM
Kaname Kizu and Telsue Tanabe
Depariment of Nuclear Engineering, FFaculily of Engineering,
Osaka University. Yamada-oka, Suila, Osaka 565 Japan

TEL +81-6-879-7884, FAX +81-6-875-56896

Hydrogen behavior in Bec has extensively stludied for the

applicalion of Be as a plasma facing material and in Lhe blankel.

There remains, however, some discrepancy in Llhe interpretation
of hydrogen migralion mechanism in Be. And even the release
mecchanism under thermal desorption of tritium in neuwtron irradi-
ated Be is not clarified yel. Wiﬂe-daia scaltering for diflu-
sion, Lrapping and permcation are mosl likely the reason. The

inf[uence of surface oxygen on Be is considered Lo be also large.
We have made a hydrogen permeation study with gaseous hydroggn
drive permeation technique(GDP) and determined the diffusion
coeflficient (D) and. permeation coeflicient () independently-,
which made an estimalion of the solubility possible aécording the
relation ® = D S,
llydrogen permeation rate is [ound to be propurtional to the
square roolt of hydrogen pressure (P]/z) without any anomaly in
its lemperalure dependence, which indicales Lhal the diffusion
is a rate contlrolled prucesé. Consequently we can detltermine -lhe
diffusion coclficient from the perméation transicnl.

Preliminary values of D and & thus determined are

D= 1.3 x 1078 cxp(-49(kJ/mo1) /R m2sl

and

® = 1.4 x 1070 exp(-74(kJ/mol) /RT) mol m~ts~lpa=1/2,

S is calcuiatled from the relalion G =D S as ‘

S = 1.1 x 10% exp(-26(kJ/mol)/RT) mol m 3pa~1/2

These values, however, are still influenced by surface oxide

which is very stable and hard Lo be removed.
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HYDROGEN PERMEATION AND
DIFFUSION IN BERYLLIUM

Kaname Kizu and Tetuo Tanabe
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2nd International Workshop on Triium: Effects in Plasma Facing Components
May 19-20, 1994, Nagoya University

Secondary ion emission from beryllium surfaces
Kan ASHIDA', Hiroshi KAWAMURA’, and Kuniaki WATANABE!

An effort has been made to reduce the radiation loss of burning plasma by
heavy impurity 1ons in controlled thermonuclear fusion devices. One solution is
to use low-Z materials such as graphite and/or carbon composite as the first wall.
The recent successful operations of the Joint European Torus (JET) showed that
. Be is a leading candidate for plasma-facing material. Extensive investigation has .
been carried out to understand the interactions, such as fuel retention, erosion ‘by
sputtering, and so on, between Be and energetié particles. Little is known,
however, about the chemical forms or species emitted from the Be surface owing
to physical énd/or chemical sputtering as well as trapped states olf hydrogen
isotopes.

In the present study, we investigated the chemical forms or species of Be
emitted by sputtering with ions of argon and/or a mixture of argon and
~ deuterium by means of secondary ion mass spectrometry (SIMS) along with
surface characterization using x-ray photoelectron spectroscopy (XPS). The
results indicate that the secondary ion species emitted from the Be surface could
be classified into three groups when Ar and/or (Ar + D,) probes were used:
namely, (i) Be and Be-cluster, (ii) oxide and hydroxide, and (iii) hydride an/or
deuteride. They appear to be strongly related each other.

1. Hydrogen Isclope Research Center, Toyama University
2. JAERI, Oarai establishment
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Classification of Observed Secondary lens '
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1 Summary I
Temiperature Dependence .
: Varieties of cluster ions such as Be ", Be X7, Be 0, and
Ar+D,} as Mixed lon Probe )
(¢ 2} ) BeO X, (X=11, D, n=1-3, k, m=1,2) were observed when Ar
and/or an (Ar -k D,) mixture was used as source of probe ions,
——— T — T These secomdary ion specics enilted Trom the Be surface
‘0.04 (a) 7 could be classiticd into three graups:
0.02 —_ . oo (i) Be and Bc~CI‘ut°.lur,
ES W 1 (it oxide and hydrexide, and
- 0 ————— j (i) I))’drldc and/or deuteride.
. Be02™ ryy ] - .
2 0.04 " . 4o Fhey appear to be strongly relaled each other and atowic
= T Al or BeODy h )
— 1 contigrations of them could be proposed based on the

observations:

{1) ions containing onc X are formed for Be" (m=1,2) and
BeO’, on the other hakl, they are not tor Be,0" (I=2),

(2) twe X's arc captured by Be@,' and X-O-Be-O-X
conﬁguralion.is proposcd tor BeQ,X,", and

(3) Be-0O-Be configuration is proposed for Be,O'.
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A Critical Review of the Data Available
for Tritium in Bervilium
A. A. Pisarev -
Moscow Engineering Physics Institute

The data on both solubility and diffusivity of T in Be available
from literature differ many orders of magnitude. These data are
strongly influenced by oxide layer on the surface, internal network
of oxide, lattce damage, and impurities.

The solubility data obtained by Swansiger [1] and usually
used as the most reliable data seems to give wrong both absoclute
values and temperature dependence. These data do not follow the
universal temperature dependence as reviewed by Fromm & Jehn-
[2] for all other metals. The peculiar temperature dependence
obtained by Swansiger have not been observed for other metals
and can not be explained quantitatively using the expression
proposed for solubility. These experiments based on measurements
of T activity in acid after disolution of the sample in acid did not
take into account T that can be found not in acid but in gas over
acid as observed by Causey [3]. :

Other measurements, performed by Jones & Gibson [4],
Pemsler & Rapperport [5] Fromm & Jehn [2], Macaulay- Newcombe
et al [6] have their own uncertainties.

Solubility in BeO can be 30~100 times higher than that-in Be
according to Macaulay- Newcombe [6]. '

From qualitative speculations one may expect that solubility
of T in Be has the temperature dependence close to that in Fe.

Diffusion data obtained by Jones & Gibson [4] are usually used
as " the most reliable data " . They are measured using
thermodesorption after Be saturation. These data are influenced by
oxide layer and hydrogen- defect interaction and therefore can not
be considered as the most reliable data. Besides these ddta can be
influenced by diffusion and desorption of various T containing
species.

Diffusion through oxide is many orders of magnitude less than
diffusion through Be metal as shown by Fowler et al [2]. Therefore,
the effective diffusion coefficient can be several orders of
magnitude less than that through Be metal as shown by Abramov

[7].
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Abramov et al [7] give the diffusion data that can be
considered as the most reliable. The experiment was performed
with denterium using permeation technique and taking into account
influence of oxide layer. Nevertheless these data perhaps are
influenced by both heavy water and HD desorption that have not
been taken into account. '

Tritium can diffuse through oxide perhaps in the form of
heavy water molecules as suggested by Macanlay- Newcombe [6],
and water give rise pressure increase during desorption as shown
by Fowler et al [2].

Heterogeneous molecules HD or HT are often observed for
example in ion implantation experiments.
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Solubility (appin) T/Be atm'/?

Calculation of tritium content in
defects with various E" in Be in
equilibrium with T; in gas phase
at | atm and E;=1 eV given by
W.A.Swansiger

10
Es=1 eV

% 2

(=]

a o

Ll 1.3 1.5 1.7 1.9
1000/T K

Tritium solubility at I atm
in various metals reviewed
by E.Fromm & H.Jehn and the
experimental points for Be
obtained by W.A.Swansiger.

6_
4—
T 2r
(=9
< of
17¢) 5
g, ) 8 X

N\

NN

1000/T, K

_z

T, 10'°

Tritium retained in Be exposed
to a DT plasma and measured as
HTO in acid solution used to
dissolve Be samples and as HT
in a sweep gas sent over acid.

5
4 A‘ HTO
A .
3 -
2 -
1F
0 1 ] | = J
200 400 ' 80O 800 1000 1200

Temperature, K




88

Diffusivities of tritium in Be
o (wdde) £uqnies 1,2 - Bilone et al
= =) © -+ o &:8 3 — Jones & Gibson
— T Y : & 4 — Pemsler & Rapperport
9 — Abramov et alp
- 6.7 — D.z from Abramov et al
@ sul
] ngb =
Sy S249 3 ~or
c ogSend -
&.E:Euvﬂ 1
S F.mbs
P Swakn N YT 1ok T 777
PS5, 57328 IESe ‘n —10F
nvgEoh a4 = @
28y 9T B2 2 g
- 5
E‘_‘égg a’g:a' Jc; - ~11F 3
S8gRed, - ; ~
Lohyg @ 18 = = T~
oﬂh o b o o -
g 2Ev3g” o >
Ds'u:’v:t’ |3 & -12r
-3;:: U'.; u"n""' S
FEEE I o - 4
gfashRe o 1% -~
g“uEu = °
OB ESESa -13F
L A 1 3 1 o
[e] - ¥ o — Dg _14 i 1 i 1 1
Lo, 07 'y 07 08 1L 13 15 1.7
3 —3 -
1/T, 107%™

Diffusivities of tritium in BeQ
measured by Fowler et al in
different samples and diffusivities
in Be0Q calculated from experiment
performed by Abramov et al with
two samples of different thickness

-9

-11F

-15F

17 F




Hydrogen Isotope Exchange in Boronization
M. Yamage, T. Saito, H. Toyoda, M. Saidoh*, N. Ogiwara* and H. Sugai

Department of Electrical Engineering, Nagoya University, Nagoya 464-01, Japan
* Japan Atomic Energy Research Institute, Naka-machi, Ibaraki-ken 311-01, Japan

 Extensive basic studies on the control of hydrogen concentration and the isotope
exchange in boronization are reported. The H content of boron layer depends on
species of boron-source gas (B,H,, B, H ,) and dilution gas (He, H,) and it is considerably
reduced by heating up the vessel wall from 50 to 300°C. Furthermore, a low—.pressure
ECH discharge turned out to give the remarkably low H content in spite of room
temperature, in comparison with a conventional DC glow discharge.

Two methods of deuterated boronization, i.e., isotope exchange from H to D,
are proposed to solve a dilution problem caused by H desorption from boronized
walls. One is the H-D exchange in a continuous deposition mode where deuterium is
used as a dilution gas. The other is the H-D exchange 'in a digital deposition mode
where thin layer deposition and subsequent deuterium glow conditioning are repeated.
The deuteration ratio D/(D+H) attains to 80-95 % in both methods. The hydrogen
desorption in the deuterium glow discharge is almost proportional to the residual

hydrogen concentration in the deuterated boron film, irrespective to the deposition

conditions.
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Hydrogen Isotope Exchange in Boronization

M. Yamage, T. Saito, H. Toyeda, M. Saidoh*, N. Ogiwara*
and H. Sugai

Nagoya University
*Fapan Atomic Energy Research Institute

Background
1) Boronization by decabarane (B gH 4}

less h:\_znrclaus than diborane (Bll-lﬁ)
2) Dilution of deuterivm by hydrogen
D shols afier boronization
= Hj desomtion from boron film

(e.z., H¥/D* ~1 during a shot just after boronization)
in JT-60U
need to prepare deuterated boron film

Deuterated boronization

B1oDy4 —» Very cxPensivc, .
not available from companics

Purpose .
Biotia )—:» Deulerated boronization
Dy :

Te find optimum conditions

1) Deuteration ratio  D/(D+H) 7
2) Total concentration  (D+I) ~ |

Experimental apparatus—|
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Factors determining
the hydrogen content

( Before deuteration )

1) Wall temperalure
2) Boron-source gas {B,H,, B, H }
3) Plasma (DC glow plasma, ECH plasma}

Heliogn E
2.45GHz2, 2kW
B = 0.046T
0.4 — T v
. Is
&
o 03} ¢ Decaborane &
= AN / £
o
gL ! LT | 12
E o2} : -
g DC Glow ‘% Diborane E
Piasma / =
@ & t§ 11 2
I g1t .. &
. 0 ot
$ T
ECH Plasma
O 1. 1
¢ 100 200 300
Wall Temperature {"C)
NRA

5N ion beag‘b'H Ly -ray

BN 4 H = 20 4 He 5 ¥ - ray (4.43MeV)
Count number o= FHf8 alomic ratio

Film properties of deuterated boronization

measured by ERD

He D

ospa 1) Deuteration ratio (~80% ) 0% Pa
BH, 100 = B Hia
0.088Pa 3® g4l ——— 4 0.058 Pa
v, ~400V = 60| { v, ~550v
lg=0C7A "4 I, =C.07A
o 40¢ 12 .
T, =250C 2 T, =250C
~ 20}
Film O Film
thickness a thickness
~180am ] Conventional Deuterated —130nm
beron film baoran film

2) Total Concentration

Caonventional  Deuterated

boron film boron film




91

Gas ratio BmHM/DZ

Vs
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Summary of digital deposition mode

Digital depasition Conveniional
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Conclusion

|. Faclors delermining the hydrogen conten

1) Wall temperature
2) Boron-source and dilution gas
3) Plasma (DC glow , EGH)

1. H-O exchange in gontinirous deposition mode *
8gH 4/D2 boranization

D,euter‘alinn ratio O/{D4H) > 80%

Tolal concentration {0-+H} > Gonventional baranization
(31 OH 1 4:'H8)

1l H-0 exchange in digital deposition mode

Deuleration ratio DA(D+H) > 90%

Tolal concentration {D+H) ~ Canventional boronization




EFFECT OF a-B/C:H FILMS POROSITY ON
DIFFUSION AND EROSION UNDER DEUTERIUM
PLASMA IRRADIATION -

V.M .Sharapov, A.l.Kanaev, S.Yu. Rybakov
and L.E.Gavrilov

Institute for Physical Chemistry, Russian Academy

of Sciences |
Leninsky prospect, 31, Moscow 117915, Russia
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EFFECT OF a-B/C:H FILMS POROSITY ON
DIFFUSION AND EROSION UNDER DEUTERIUM
PLASMA IRRADIATION

V.M.Sharapov, AlKanaev, S.Yu.Rybakov
and L.E . Gavrilov

Institute for Physical Chemistry, Russian Academy
of Sciences
Leninsky piospect, 31, Moscow 117915, Russia
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g ° < & SUMMARY
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&« bl o i P f o The boronized carben a-B/C:H films were produced
5 | 1 & 95 by PCVD-method using non-toxic and non-explosive
‘ oA ’g R % solid powder of carborane C2B1gH12 as a precursor.
8 * o g I Due to high pressure of saturated vapour (~ 100 tors at
o o] } -!z =80 1500C) carbarane can be used for boronization of large
,g . chambers. This technique was applied for boronization
=] - . of Russian tokamaks T-11M, T- 3M, TUMAN-3 and T-
3 10. The specific fealure of the film which were obtained
© q N ) with using carborane is a wide range of variation of B/C
i g 'E rato from 1 to 3.6 depending on the deposition
n A o canditions.
n i The influence of porosity of these films on the
b4 . o - e ; h A
ooow o diffusion and erosion under deuterium plasma irradiation
29 M is being considered.
L2 = ) The set-up with ion-plasma source on the base of
ﬁ ﬁ h bt d.c glow discharge with heated cathode was used for the
@ e ! l.9a experiments, ‘
g W g In the permeation experiments with nickel the
—_ h = plasma-chemical deposition of films was being initiated
Hal o - - . -
o0 simultaneously with the deuterium permeation start.
o B = The analysis of non-steady slage of permeation
o3 \ . . o leads to conclusions that ihe kinelic curve reflects the
~ a =3 8 =} peculiarities of film growth. Film coverage of nickel
ﬂlil @ <+ & surface is not continvous. Film grows by island
«

mechanism and has porous structure.,
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The deulerium penelrates through a-B/C:H films by
two channels - afong the open pores and through the
fiim bulk. This determines non- typical diffusion kinelics
and the decreasing of the steady-state permeation
comparing with bare nickel by a factor of 5-7 at
temperatures lower than 5300C. ‘

The erosion experiments were fulfilled in the similar
device. The erosion yields were determined on lhe base
ol mass thickness loss measured by EPMA. It was
shown that erosion of film under the deuterium plasma
and in contact with thermal deulerium aloms has a
chemical nature and film erodes through the developing
of porosity. The erosion under thermal deuterium aloms
exposie is higher than that under plasma irradiation.
The reason is assumed lo be the smoothing down the
swiface relief during the ion bombardment which
decreases paitly lhe access to inner pores.

Thus, for the chemically aclive gases the porosily
increases the erosion yields in resuit of increasing of real
surface for chemical inleraction.




REFLECTION OF LOW ENERGY HYDROGEN FROM CARBON
AT OBLIQUE INCIDENCE

M.Mayer, W.Eckstein, B.M.U.Scherzer
Max-Planck-Institut fir Plasma Physik, D-85748 Garching, Germany
- EURATOM:-Association

The particle reflection coefficient is determined experimentally and by computer sim-
ulation_fo;‘ the bombardment of two different kinds of carbon with deuterium aé¢ normal
and obliqﬁe incidence in the energy range from 1 keV down to 33 eV. Well polished HOPG
graphite and EK98 served as targefs, the former as an example with a relatively flat sur-
face, the latter with a rough surface topography: The experimental technique.is based on
the measurement of the trapped amount by the nuclear reaction analysis using the reac-
tion d(* He, p)a; protons are detected with a surface barrier detector. It is found that the
usual assumption of complete trapping at low fluences is not fulfilled at low energies (<
100 eV). This is demonstrated by measuring the decrease of the implanted deuterium with
further bombardmer;ﬁ of protons at the same energy. This IOSS of implanted atoms can be
described by an exponential function which can be used to determine the corféct trapping
coefficient and from this the correct particle reflection coefficient.

The experimentally determined particle reflection coefficients for HOPG agree reason-
ably well with data calculated with the Monte Carlo program TRIM.SP (version TRVMC);
only at the lowest energy of 33 eV the experimental values are somewhat higher at inter-
mediate angles of incidence than the calculated ones. The rough surfaces of EX98 are
investigated with a scanning tunneling microscope. It is found that these surfaces can be
described by a fractal surface of dimension 2.05. For these surfaces agreement of the ex-
perimental values with those calculated with the program VFTRIM (based on TRIM.SP,

assumning a fractal surface) is found.
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Atomic Recinission of Hydrogen from Pure and Boronized Carbon

and Code Calculations for the Consequences in Tokamaks

E. Vielzke', P. Franzen™, D. Reiler‘, V. Philipps*, ALA, Haasz#, JW. Davis™
Insmut fur Plasmaphysik, Forschungszentrum KFA Jilich, Euratom Associalion, Jilich,FRG;
* Max Planck Institut fiir Plasmaphysik, Euratom Association, Garching, FRG;
Universily of Toronto, Instilute for Aerospace Studies, Nosth York, Ontario, Canada

The understanding of retention and releasé processes of hydrogen and its isotopes in carbon materials is
essential to plasma density control and trilium inventory considerations in future fusion devices. Experimental
results published by Erents in 1976 for D reemission during D+ implantation in graphite (measured in the
residual gas), as a function of temperature, sh_owed a decrease in the steady-state reemission with increasing
temperature above 1000 K. The observed D "loss" was ‘interpretated by the authors by inward diffusion of D
into graphite. The consequences of such a process would be a strong pumping effect and consequently a high
I'linventory, which is not acceptable for wall materials in a D-T burning reaclor. The explanation of iHe
‘observed decrease in FI recmission is the reemission of H atoms from graphite. The reemitted H atoms

recombine only partly at the chamber walls, the rest being pimped by the walls.

Thus, the release of implanted hydrogen from pure and boronized graphites was investigated for reemission
and thermal desorption experiments using a line-of-side quadrupole mass spektrometer. At both experim'ents,
also the release of hydrogén aloms was observed. At low .lemperalures the release of hydrogen occurs in form
of molecules only. Above temperalures of about 900 K to 1100 K an increasing fraction of the im]alanted
hydrogen is released in form of aloms. For the pure graphite the reemission of hydrogen atoms starts about
900 K, whereas the onset of the alomic reemission is shifted to higher lemperalure for the boronized C. At
the TDS experiments lhlc release of hydrogen molecules peaks around 1000~K, the release of atomic
lwydrogen peaks around 1200~K, being above this temperature higher than the release af molecular hydrogen.
At both expérimcnls, reemission and thermal desorption, the relative aamunt of released hydrogen atoms is

the same al a given temperature. Thus, the atomic release of hydrogen from graphite is a thermal effect.

In order to asses the implications of these results on edge physics, EIRENE code calculations have been

. performed for ohinic discharges in TEXTOR. No large differences in the penetration depth of the neutral
hydrogen was found.i.e.,, the radial distribution of D is very similar in molecular and atomic reemission. First
calculations for the behavior in a divertor have been consistenly taken into account the mutual influence of
ncutral and plasma transport. Théy indicate a significant shift of energy fluxes to the targets ( 30%) due to
reemission of thermal H atoms instead of molecules.
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Atamic Reemission of H from Pure and Boronized Carban
and Code Calculations for the Consequences in Takamaks

Temp. dependence of D re-emission in the residual gas:
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DEUTERIUM INTERACTION WITH CARBON COMPOSITES
DOPED WITH Si, SiC and TiC

M. Rubel!, B. Emmoth?!, L. Grobusch?, and C.H. Wu?

1Physics Department - Frescati, Royal Institute -of Technology, Association
EURATOM - NFR, Frescativigen 24, S-104 05 Stockholm, Sweden

2Institute of Plasma Physics, Forschungszentrum Jiilich,
Association EURATOM - KFA, D-52425 Jiilich, Germany

3The NET Team, Max-Planck-Institut fiir Plasmaphysik,
D-85748 Garching, Germany |,

Silicon or titanium containing carbon-based composites are considered
as candidate materials for plasma facing components in controlled fusion
devices. Comparative studies of deuterium interaction with carbon based
substrates were performed for: pure graphites and carbon fibres, graphite
~ silicon mixtures (5 - 50 wt % 8i), graphites doped with SiC or TiC, car-
bon fibres doped with SiC (2.5 - 40 %).. The materials were exposed to
the deuterium plasma both in fusion devices and laboratory simulators of
plasma-surface interactions. Target temperature during the irradiation was
from 50 to 700 °C.

Retention, thermal or ion induced release of deuterium and surface dam-
age caused by the irradiation were investigated. Characterization of the
non-exposed and deuterium irradiated surfaces was performed by means of
Rutherford backscattering spectroscopy, nuclear reaction analysis, energy
dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, laser pro-
filometry and electron microscopy. The most interesting results were con-
nected with migration of the deposited deuterium into the bulk (even a few
millimeters beneath the surface) of the composites. The rate of migration
was found to be related to the structure of materials and, to some extent,
to the content of dopants. Thermally stimulated desorption resulted in re-
lease of approx. 20, 70 and 98 % of the deposited deuterium at 300, 550
and 800 °C, respectively. Bombardment of the D-irradiated composites with
high energy He ions (MeV range) stimulated release of 20 - 60 % deuterium
atoms, dependently on the Si content in the material.
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4.

OUTLINE

INTRODUCTICN
MATERIALS & EXPOSURES & METHODS-A

RESULTS

STRUCTURE OF SILICON CONTAINING MATERIALS
RETENTION OF DEUTERIUM

IN-DEPTH DISTRIBUTION OF DEUTERIUM

|ON INDUCED RELEASE OF DEUTERIUM

SUMMARY [EVALUATION OF COMPOSITES]

INTRODUCTION

SILICON IN FUSION DEVICES
SILICONIZATION (WALL CONDITIONING)
Si - CONTAINING COMPOSITES AS CANDIDATES FOR PFC

PROPERTIES OF SILICON AS A PFM
MEDIUM Z (14) ELEMENT ’
INTERATOMIC COMPOUNDS WITH BORON AND CARBON
HIGH AFFINITY FOR OXYGEN {GETTERING)

LoW EROSION RATE BY HYDROGEN ISOTOPES

QUICKLY DECAYING RADIOATIVITY AFTER N - IRRADIATION

STABLE 1SOTOPES: ®gi 9223%
23 467%
Bg| 3.10%

RADIOACTIVE ISOTOPES: 258, 25, 7Si (kg = 0.1-35)
15i{r,; =2.620)

325 (A2 = 650 Y)

COMPQSITES
CAABON FIBRES: TWO-, THMEE -, UNIDIRECTIOHAL
CARBON FIBAES doped with SiC ‘
CARDOM FIBAES covered with CVD layer of SiC
GRAPHITE covered with CVD layer of 8iC
GRAPHITE doped with Si: 5, 10, 15, 20, 30, 50 w1, % Si
GRAPHITE daped with SiC
SILICON CARBIDES: , b, doped willh AN, Ti0,, C
SIC in plasma spayed layess of Al on Cu, S5 or C subsiratle
GRAPHITE doped wilh Ti

GRAPHITE - REFERENCE MATERIAL

EXPCSURES TO DEUTERIUM PLASMA

RF GLOW DISCHARGE: T=60°, D=10".10%cm?
HOLLOW CATHODE: T=60°C, D=107-10" cm?
MAGHETRON: . T=700°C, D = 0% 162" em'd
TEXTOR TOKAMAK: 1-30 EXPOSURAES (3-100s)

TO THE SCRAPE-QFF-LAYER PLASMA

ANALYTICAL METHODS
NUCLEAR REACTION AMALYSIS
RUTHERFORD BACKSC.A'!'TERING SPECTROSCOPY
ENERGY DISPERSIVE X-RAY SPECTROSCOPY |
X-RAY PHOTOELECTHO[\‘ S.F’ECTHOSCOPY
LASER PROFILOMETRY
SCANNING ELECTRON MICROSCOPY
ATOMIC FORCE MICROSCOPY
SCANNING TUNMELING MICROSCOPY

QUADRUPOL MASS SPECTROMETRY
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AREAL CONCENTRATION OF DEUTERIUM ON
SURFACES OF CARBON-BASED COMPOSITES
EXPOSED TO THE DEUTERIUM PLASMA
{(GLOW DISCHARGE 1N DEUTERIUM: 1x 10" em?)

AND SURFACE ROUGHNESS OF COMPOSITES

SAMPLE Cpx 10 em? R, (pm} R, (um)
SEP 9.3 6.5 44.4
CFC +2.5% SiC 10.2 10.2 67.0
CFC + 8 % SiC 8.5 7.1 53.5
CFC + 40 % SiC 1.0 10.4 69.1

R, = average roughness for the whole area under investigation (10 mm?)

R, = average of 5 highest ampliludes: top to vaitey

AREAL CONCENTRATION CGF DEUTERIUM ON
SURFACES OF CARBON-BASED COMPOSITES
EXPOSED TO THE DEUTERIUM PLASMA

(GLOW DISCHARGE IN DEUTERIUM: 1.5 x 10" em?)

AND SURFACE ROQUGHNESS OF COMPOSITES

SAMPLE Cg x 10" ¢m? R, (tm) A, (1m)
tsalrapic graphiie 14.5 28 21.6
C+5%SiC 9.4 16 13.4
C+10% SiC 126 1.5 13.1
C+5%TIC a8 1.4 13.0

C+10%TiC 8.8 1.5 Co13a

R, = averazge roughress for the whole asea under invesligation {10 mm?)

R, = average of 5 highest amplitudes: 1op to valley

IN-DEPTH PENETRATION OF DEUTERIM

BULK CONCENTRATION OF DEUTERIUM .
IN COMPOSITES EXPOSED TO 1 X 10% cm™ D* IONS
{MEASURED APPROX. 1.5 mm BENEATH “THE SURFACE)

MATERIAL BULK CONCENTRATION (ppm)
. TIME AFTER EXPOSURE {days)
7 90 270 450
CFC 3| 60 240
C-5i 15% 21 100 1000
C-Si 20% 12 72 600

SUMMARY

. NON-UNIFORM DISTRIBUTION QF DOPANTS

-

NON-UMIFORM GRAIN SIZE OF DOPANTS

~

w

COMPOSITION OF THE OUTER LAYER {"AS DELIVERED™} OF
COMPOSITES BIFFERS DISTINCTLY FROM THE BULK COMPOSITION

LIMPURITIES IN THE SURFACE LAYER AND IN THE BULK

F

. HIGH SURFACE ROUGHNESS

th

MIGRATION OF THE. DEPOSITED DEUTERIUM INTO THE BULK

o

OF THE COMPOSITES

THEAMAL ‘RELEASE OF DEUTERIUM FROM SILICON DOPED

bl

COMPOSITES SIMILAR AS FOR GRAPHITE
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Satellite Workshop of 11th PSI Conference on
Tritium Effects in Fusion Reactor Plasma Facing
Material, May 19-20, 1994, Nagoya

Hydrogen Retention of B,C Overlaid Graphite

T. Hino', Y. Yamauchi!, Y. Hirohata', T. Yamashina®,
T. Ando® and M. Akiba®

E Department of Nuclear Engeneering, Hokkaido University, Kita-13, Nishi-8,
Kita-ku, Sapporo, 060 Japan |

2 Japan Atomic Energy Rescarch Institute, Naka Institute, Naka-machi,
311-01 Japan | '

" Boron contained graphite has several advantages as piasma facing material,
e.g. low chemical sputtering yield and gettering action for oxygen impurities.
The properties of hydrogen reteation, however, are not sufficiently clarified yet.
In addition, the reduction of the hydrogen retention by such helium ion |

bombardment has not been systematically examined yet.

In the present study, the hydrogen retention of B4C converted graphité
was investigated by using ECR hydrogen ion irradiation apparatus. The retention
amount was measured by a technique of thermal desorption spectroscopy after
the irradiation. Compared with the graphite, the chemical sputtering yield was
observed to be 1/20 times smaller. The H2 desorption peaks appeared both at
400°C apd 700°C. The former peak is due to the formation of B4C layer, and
the latter the same as graphite. The Hz desorption data showed that the.retention
was (20-30)% reduced in the temperature range from 300 to 800°C, compared
with the graphite. The activation energics of H2 and CH4 desorptions were also
oblained, and these were compared with those of graphite.

In addition, the reduction of the retention by the irradiation of helium ions
was ted, and the fluence of helium ions required for the retention to be

considerably reduced was estimated.
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HYDROGEN TRANSPORT/RETENTION/REEMISSION

IN / FROM GRAPHITE

A. A. Haasz, S. Chiu, J. W. Davis, P. Franzen
University of Toronto ‘

Reemission of hydrogen and methane from graphite during H*/D+ irradiation and
postirradiation TDS has been investigated for graphite temperatures in the range
300 K - 1900 K. During simultaneous steady-state irradiation by H* and D+ the reemitted
hydrogen is in the form of H,/D,/HD and methane molecules. Based on the mixed HD and
CHD, results, we conclude that hydrogen diffuses in the form of atoms in the implantation
zone, andthat methane formation occurs atthe end of ion range. Methane diffusing through
the implantation zone may be fragmented by incident ions. Postirradiation TDS results
show that both H recombination and methane formation depend on the range separation
of H*and D*. Reemission, during D*irradiation at T > 1000 K, consists of both D, molecules
and D° atoms, with the atom fraction increasing with increasing temperature; essentially all
of the reemitted hydrogenis in the form of aloms at 2000 K. During postirradiation TDS, the
released deuteriumisin the form of D,, D°and C D, ; the D° atom fractionis ~15% of the total
D released for incident ion fluences above the satu'ration fluence.

H-retention of graphite for high H* fluences was also investigated. The amount of
retained hydrogenin polycrystalline graphite was found to increase with fluence, well above
the saturation levels observed in the implantation zone. The extent of the increase appears -
to depend on the structure of graphite. We proposed the hypothesis that “mobile H” from
the implantation zone, during Hirradiation, diffuses “deeper” into the material and becomes

trapped on “internal surfaces.”

2nd International Workshop on T- Effects in PFC, Nagoya, Japan, May 19-20, 1994
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HYDROGEN TRANSPORT / RETENTIOM f REEMISSION
IN / FROM GRAPHITE

A. A, Hpasz
Universily of Toronko

Coinvestigatars

S. Chiu

J. W, Davis

P. Franzen {from iPP, Garching)
1.  REEMISSIOQN AT T < 1000 K

Reemission of hydrogen and mathane molecules from
graphite

« during iradiation by H* and D
- during poslirradialion 105
2. REE_MISSIUHATT) 1000 K
!_\LOD_\E hydragen reemission
+ during irradialion by D*

* during postirradialion TDS

3.  H-RETENTION IM GRAPHITE FOR HIGH H* FLUENCES

2t Inlenalionat \Warksnop en T-Elects in PFC, Hagoya, Japan, tay 19-20, 1594

1. REEMISSION AT T « 1000 K
i Recmission of hydr'ogen and methane motecules
Chjeclives
+ To study the mechanisms for:
—  H-transpori and recombination in graphite

—  the eliect of graphite structure on H-rranspon
— ke methane formation and release process

Apparalus

- Dual beam ion accelerator (H, D, He®, lc))
— independently controlled fluxes and energies
« QMS for RGA

Specimens

« "As deposited” pyrolylic graphite (HPGS9, Union Carbide)

— 2.2 g/cny®; 30 mosaic spread
- Pseudo monocrystal cabon (Carboneg Lorraing)

—  2.26 g/on™; 0.4-3.4° niosaic spread; 10-80 pm crystallites
- Isolropic fine grain geaphile (EK98, Ringsdarfl) :

—  1.84 g/om?; 10-100 nm crystallites

Experiment

- H* and D* implanted into graphite, either individually or
simultanecusly (using dual ion beam accelerator)

Observe reemission of H,, HD, D, and CH D, during irradiallan
Thermal desarplion of M, HD, D, and CH,D, from previously
implanted graphite

2 Inlemationat Warkshiop on T-Etlects in PFC. Hagoya, Japan, kay 12-20, 1991
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2. REEMISSION AT T> 1000 K ‘o
o
@
# Atomic hydrogen reemission -
: =]
Objeclive . L 2
« Toinvesligale Lhe mix of malecular and alomic hydrogen -—
— during irradiation by D* {as a function of lemperalure) 8
—  during poslirradiation TDS I il
2 = o X
Apparatus g . g S =
- accelerator 8 I -
a8
+ ling-of-sight QMS detection 9 hio 4 2 2
w2 | _L 22
i %)
Specimen > é % o If!u.
" - [ [+ =
+ pyrelylic graphite = -5 ==
u} [=s I i)
& 5 -
Experimenls > w - [=3
{a) Sleady-State lrradialion =z -2 13
= — -
- irradialion of graphite with D* E&S’ 1 o o
. tine-ol-sight QMS datection of reemilled species = e a A
— D, DandCD, =
{B) Postirradiation TDS § ] ﬂ, , L L . \ , Q
- D+*implantation of gr2phite E O m o ¥ N g o g T A o™
+  subsequent heating to 1900 K and ling-of-sight CMS H - - - - -9 060 e=-s
. o - B .
deteciion of Dy, B"and CO, t NOISSIN3IY 03ZITYWHON
2rdd Imtemational Workshap on T-Citects in FFC, tagaya, Japan. slay 19-20, 1934
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3. H-RETENTION IN GRAPHITE FOR HIGH H* FLUENCES
&
v e o T A4 Trr T T T T e =
E i=
Objectives . , 1
‘ . i ]
- To study H retention in graphite as a lunction of H* lluence | = [
+ To investigate ihe effect of graphile slruclure on H retenlion M = g
: ' E 1o
Apparatus X ; E
K h 5 ]
+ Dual-beam ion acceleralor - : s3] w
« QMS for RGA ? all = 1w E
=] o - o =
) £ - i T T 4 2
Specimens S [5) o N = 2 - 1w
2 b l =z 2 - O
. 5 n uld i a : o
+ Pseudo monocrysial graphile =5 z 2 3] © 1 i
« Pyrolytic graphite 52 o) =4 & g L N
« Isotropic fine grain graphite xeg * x 8 —_ e =
w3k « 91 € 45 &
Experimenls & . = E - a
= s Q T o
. ) c £ o < D A
- Graphite spacimens were implanied wilh D' Lo fluences in the i = n -
range $107 - 167 Drfeny? K =4 ~
. - . % TSy 4 15
+ Retaincd D was measured using Thermal Desorplion Spectromelry F g L g 12
{TDS} up to 1900K a1 -15 K/s . 2 - o
- 2]
. o —
~
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SUMMARY

1. REEMISSION AT T < 1000 K

{2) Steady-State leradiation by H- and D~

‘Transient behaviour of HD reemission depends on graphile stauclura.

— structural dependence disappears at high fluences

During sleady-stale irradiation by H* and O, the lacmation of HD
maolecules is indreendant of the jon range separp ion,

— comgplele mixing of mobile H/D occurs

—H recombination oceurs throughaudt the impiantation zone,
passibly on internal surfaces ’

implication: hydrogen diffuses in the form of alems in the
implantation zone

Meihane formation during irradiation occurs ai end of ion fange
{consistent with previous lindings by Vietzke et allJdlich and Roth et

allPP Garching).

.

telhane dillusing through the implantation zone may be fragmented
by incident ions. .

— apparent threshold™ for incidentbeam gnergy, Hugnee, fluxandion
mass. -
{b) Thermal Descrption

- Postimplaniation TD'S resulls show that both H-recombina ion ond
methane formation depend en the range separalion of H- and D~ .

2y Intgmaticnat Wodksnop on T-Ellecta in PFC, Magord, Japan, Kay 13-20, 194

SUMMARY (continued)

2. REEMISSION AT T > 1000 K

(a) Sleady-State Irradiation by D*

. Below 100CK, implanled O om graphite is reemilted in the form
of D, molecutes (and G0, at ~BOOK).

« Above 1000¥, both D, molecules and D* aloms are recmilled;
the atom fraclion increases wilh increasing temperalure;
essentially all atoms at 2000K.

(b} Thermal Desorption

« During TDS, the released deuterium is in the tarm of O, O and
cD
— " the D° atom fraction is ~15% of total D released for
fluences above the saturalion (luence,

SUMMARY (concluded)

3. H-RETENTION IN GRAPHITE FOR HIGH H* FLUENCE

+ Theamaunioiretained hydrogenin polycryslailihe graphiteincreases
with increasing fluénce, well above the saturalion levels observed

in the implantation zone.

. The extent of Ihe increase appears 1o depend on Lhe slruciure of
graphite.

. Proposed Hypothesis: mobile Hirom the implantalion zone, during

Hrimpact, difluses "deeper”inlo the malerial and becomes trappad

on “internat surfaces.”




Thermal re-emission of hydrogen isotopes from graphite
' in the high temperature regime above 1000 K

B. Tsuchiya and K. Morita
Department of Crystalline Materials Science, School of Engineering, -
Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-01, Japan

Trapping and re-emission of hydrogen isotopes by plasma facing
materials control predominately fuel retention and recycling in magnetically
confined fusion devices. In order to establish the ignition condition in D-T
burning experiments, evaluation and prediction of the fuel recycling during
main discharge shots are of essential importance. However, the re-emission
process at high temperatures above 1000 K has been not sufficiently
understood yet. _

In this paper, change in the depth profile of hydrogen isotopes
implanted into graphite by annealing in the high temperature regime above
1000 K has been measured by means of an elastic recoil detection (ERD)
technique. Implantation of hydrogen isotopes into the specimén was done
with § keV Hy* or Dot ion beams up to saturation at room temperature. The -
specimen was isothermally annealed at temperatures from 850 °C to 1000
°C. As the annealing time increases, the concentration of retained hydrogen
decreases over the whole depth, while the relative retained number of
hydrogen decreases gradually with decreasing the depth toward the surface.
The results indicate that the thermal desorption of atomic hydrogen takes
place at the surface. |

The change in the depth profile of hydrogen isotopes retained in

_graphite by the annealing was analyzed using the mass-balance equations, in
which diffusion, thermal detrapping, retrapping and atomic emission of
hydrogen isotopes at the surface were taken into account. The experimental
data were found to be excellently well reproduced by the analytical solution of
mass-balance equations. The activation energies of the effective diffusion
constant and the thermal desorption rate constant were determined to be 3.1
eV and 3.8 eV, respectively. It is concluded that such high activation energies
of thermal detrapping and atomic ejection at the surface are ascribed to the
strong binding of hydrogen atoms at the lattice defects in the bulk and at the

surface.
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Thermal Re-emission of Hydrogen
Isotopes from Graphite in the High
Temperature Regime above 1000 K

B. Tsuchiya and I. Morita

Department of Crystalline Materials Science,
School of Engineering, Nagoya University

Introduction

Carbon materinls
« Excellent thermnl properties

* High hydrogen retention

Purpose of studies
» To evaluate and predict the translent recycling

fluxes of D and T from the plasma facing
components and the D/T ratio.

s To clarify the re-emission process of hydrogen
isotopes fram graphite nnd construct the model.

Hydrogen re-emission
At temperntures below 960 K
+ Local molecular recombination between
activated bydrogen atoms in the bulk.

anlt) _ 3 noft) - 2(Co - nolthn{t) - aKuzoma{thnlt)

dt
- Knq{tin(t) - 2Kn(tP
ﬂ‘gﬂ - Sama{t) + Br{Co - mthnlt) - alycpnr{tin(t)

- Knq{t}n{t)

Y, Muto nnd K. Morita (1952)

At tempernturcs nbove 1000 X

» Thermal desorption of atomic hydrogen at the

surface.

P.Franzen E. Vielzhe A. A JHansz, J. W. Davig and
V. Philipps {1992)

Purpos'e of This Study

In order to establish the modeling of the hydrogen
recycling at temperntures above 1000 K, the depth
dependence of the hydrogen re-emission by isothermal
anneallng of graphite was measured by means of the
ERD techoique.

+ To confirm the thermal desorption of atomic hydrogen
at the surface

» To determine the actlvation energies of the thermal
desorption rate constant and the effective diffusion

constant

Mass Balance Equations: a model for re-cmission
of hydrogen in the high
. temperature
for mctivated hydrogen .

an(x,t) _ D Bén(x, t)
at ax?
+ Tanrx, t) - ZR{Co - n{x, thn{x,t)

far trapped hydrogen

Srtt] . samaf,t) + 31(Co - it bt
Cyp >> nrix,t)
initial condition Co': trap sites density

np{x,0) = n°

houndary condition

ID o b0 |

ax x=0

Analytical Solution: theoretical depth profile

. ¢ .
. _“_%.). = erf{y) + exp (2yz) exp {22) evfc (y + z)
n
y= z :]c)'t D' : effective diffusion constant
at ! thermal desorption rate constant
zZ=— .
YyD't X4 ! thermal detrupplng rate constant

D= Zq D ZI¢:trappiog rate constant IrednrrDE
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T

(°C)

1000 850 800
I

v T T T s T Ty

0.95

850
i
* H
1
0.90

Isothermal Annealing
aa a. b
0.85

0.80
1000/T

3.8+ 0.6 eV

E=
0.75

:
0.70

0
0.001

(s;vy} =

(K™Y

Discussion

Dosed on tho diffusion-limited renction model

Trappiug rate constant

Tr = dnrrDE
ry: the effective trapping radius
E :thetrapping probability {~1)

The effective dilfusion constant

D=2 p
ZrCo
]

- 4311‘1-00

The nctivation encrgy of D' reflects the activation
encrgy of thermal detrapping rate constant Zy.

vacuum - surface
—’J\ 1BuVfg 0.7e¥
- 3.1 eV
for X4
surface traps decp traps

Summary

In order Lo establish the modeling of the hydrogen
recycling al temperatures above 1000 K, the depth

dependence of the hydrogen re-emission by isothermal

annenling of graphite was mensured by menns of the
ENRD technique. : .

"It is found that as tho anncaling time increases the
concentration of retained hydrogen deercascs aver the
whoto depth, while the relative retained one decreases
grm.junlly with decreasing the depth toward Lhe surface.

1t Is shown that the nctivation energy of the

ellective diffuslon conslant {s 3.120.6 e¥ and rellects (ho

aclivation enerpy-of thermal detrapping. It is also shown

that the activalion energy of thermal desorplion of the

hydrogen ntom ix 3.8:0.8 eV It is concluded thnt such

high activation energies of thermnl delrnpping and
desorption reffect the steong bindinhg of hydrogen atoms -
at the lattice defects in the bulk and at the surfnce, which
1s responsible for the Isolated chemicnl bond between
corbon and hydrogen atoms, -
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INTERACTION OF HYDROGEN WITH DEFECT IN GRAPHITE

Naoki KANGAI and Tetsuo TANABE
Department of Nuclear Engineering, Osaka University,
Yamada-oka, Suita Osaka 565, Japan
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Hyogo University of Teacher Education, Yashiro-cho, Hyogo 673-14, Japan

Hisao ATSUMI
Department of Nuclear Reactor Engineering, Kinki University
Kowakae, Higasli-Osaka 577, Japan

Owing 1o recent extensive studies of hydrogen interaction with graphite, we could attribute
hydrogen retention in graphite to the defect trapping. Nevertheless chemical states of trapped
hydrogen or hydrogen trapping sites are not fully undersiood yet. [n addition sophisticated behavior
of imb]anted hydrogen such as various hydrocarbon formation, atomic hydrogen remission and
radiation enhanced sublimation at higher temperatures confuses us and makes difficult to interpret
such complex behaviors of hydrogen in graphite without any contradictions especially at high
te-mperalures. 7 .

[n order to get more clear information on behavior or chemical state of hydrogen in graphite and
on a role of hydrogen both for damaging and annealing processes, we have performed in-situ AES
analysis under hydrogen or inert gas (He or Ar) ion bombardment of graphite as weil as annealing and
compared the present results with already existing kno»'vledge on radiation damage of graphite given
by various analysis technique such as a laser Raman spectroscopy, a transmission electron microscopy,
an X-ray diffraction analysis, a thermal desorption spectroscopy and so on. The results are
summarized as following,

Damaging process introduced by either H, He dr Ar ion bombardment is found to be quite
similar with cach other depending only on the lattice displacement effect, and both electronic
excitation effect and chemical effect of implanted hydrogen are hardly seen in AES spectra as well as
laser Raman speclrﬁ. Considering the large enhancement of hydrogen retention in neutron irradiated
graphites it is very likely thal hydrogen is trapped damage sites prior produced. Suppose damaging
sites are related to sp’ single bond, it is difficult to distinguish the C-H bond and C-C single bond even
by the AES analysis. Accumulation of hydrogen molecules in closed pore or lenticular openings
in-between the basal planes introduced by ion bombard.ment, is also the possible explanation.
However, a certain difference does appear in the annealing behavior between the hydrogen implanted
graphite and He implanted ones. These makes us to conclude that hydrogen Is trapped with a

chemical bond to carbon atoms even at higher temperatures.
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Summary

I, » No differency is seen in damaging process introduced by

cither H, 12 or Ar fon bombardment.

+ Qnly depending an the lattice displacement.

« Chemiecal etizet of implanted hydrogen are havdly seen.

)

boad even by the AES analyvsis.

2.+ Uwdrogen is trapped at damagz sites prior produced.

3. his diffieudt w distinguish the C-H bond and C-C single

4.+ Accumulation of hydrogen molecules w closed pore or

lenticular openings may be the possible explanation, but...

3.« Some diftference does appear in the anacaling between

hydrogen imptanted graphite and helivn implanted one.

These makes us to conclude that hydrogen is

trapped with a chemieal bond to carbon atoms even

at higher temperatures.
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ABSTRUCT

Thermal desorption spectra were taken with
isotropic graphite (EPT-10) tiles exposed to deuterium
plasma for 1 hour or 5 hours.. From the analysis of
TDS, activation energies obtained are 1.90 = 0.15 eV
for the peak | around 800 K and 3.98 = 0.32 eV for
the peak Il around 1200 K.

Diffuse reflectance measurements of plasma-

“exposed graphite powder sample by FT-IR were tried

to find the evidence of the C-D bond in the bulk of
graphite, which is considered to be related to the peak
Il in the thermal desorption spectra. There were two
strong absorption bands observed at 3691 and 3652
cm-1 after the deuterium plasma exposure. The
peaks remained after 800 K annealing in vacuo but
disappeared after 1200 K annealing in vacuo. So
those peaks seemed to be related of the C-D bond
expected. But assuming they are absorption of C-D
bonds, the force constants calculated (13.7 md A for
the 3691 cm~1 peak and 13.4 md A for the 3652 cm-1
peak) are much larger than ones for normal C-H
bonds of ordinary hydrocarbons.
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Hydrogen Adsorption on and Solubility in Graphites.

A.P.Zakharov, S.L.Kanashenko, A.E.Gorodetsky, V.N.Chernikov
and A.V.Markin.

Institute of Physical Chemistry, Russian Academy of Sciences,
Russian Federation.

B.Doyle and W.Wampler

Sandia National Laboratories, Albuguerque, NM, USA.

Abstract

Tho Langmulrc type adsorption is propo:,od for the hydrogen
isotopes - graphites interaction. The dangling s sp2-bonds relaxation
was taken into account, the value of hydrogen adsorption enthalpy
depends upon the nearest environment of carbon atom. The main
variation of entropy under adsorption is caused by escaping of
translation and rotation parts of gaseous hydrogen entropy and
appearing of adsorbed hydrogen oscillation entropy.

Two kinds of traps are proposed:

Traps 1-carbon interstitial loops with the adsorption enthalpy of
-4.4 eV/H7 between the graphite planes;

Traps 2-carbon network edge atoms with the adsorpuon enthalpy
of -2.3 eV/Hp, |

Each type of graphite could be described with its own unique set
of traps. For instance POCO AXF-5Q has the numbers of Traps 1 and
Traps 2 of 20 and 200 appm respectively. The irradiation with
neutrons or carbon atoms increases the Traps 1 and Traps 2 numbers.
At damage level of ~ldpa under room temperature irradiation the
numbers of Traps 1 and Traps 2 inoreased up to 1500 and 5000 appm
respectively. Our adsorption experiments show that Traps 1 and Traps
2 are stable under high temperature annealing (1500K).
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Esperimentol basls.

Hydrogen-graphite | Temperature, | Pressure, Reference
energetic. S Pe
{mean hydrogen
concenirtion)

Binding &3 Vi V200-1800 | 0.66-133 | R.Causey

caLrgy (17 ppm) fu

Heat of 2.5eViHy 173 1-100 E.Hoinkis
sdsorption {140ppm) 2]

Heat of 0.1- 0.2¢VH nn-133 0¥ [H.Anwmi el

soltlion |  (200-300 ppm) d34]

R.Causcy ct al. have proposed hydrogen Lrapping wilh binding
energy of 4.3 eVAL

E.Hoinkis suggested that the hydrogen - graphile interaction
could be described in the teems of chemisorption. The Langmuire type
isotherma for the dissooiative sdsorption was caloulaled with the
assumption of AH= -2 5eV/Hi2 adsorption enthalpy.

FL.Atsumi et al. have proposed a Sicverls law for the hydrogen
solution in graphite with the following expresaion:

85=5,p!/2, where
Sg = 6.44:10°5 cxp(+0.2cVAT) at.fraction/atm1/2

Hydrogen-carbon Internction encrgetic.

To ous opinion the relaxation process of earbon edge atoms of
graphite network should be taken’ inta seeount at hydrogen adsorption

on graphiles,
This relaxation might be as high as -1 eV/C.

Graphite with adsorption sites

Pares

Time constants (1200 K) -
Slow — sorption on grain boundary (1E+4 sec}

Fast — uniform fiiling by gas {~ 1 sec)

Very Slow — diffusion and sorption in a bulk (le+8 sec)

. 5. [z |,
nd w7
Electron relaxation of carbon atams in graphile 2 ] o E g'%: g
. e o o & g [ 0
E L ] S -
o e E° [E &
~— L
I, &) @] o 4
0 0 Rolaxatien Energy ~ 1 e¥/at Q o O o %
o + oo + <
- Y=Y s N @ |
ANSNN NN NN I CHE N A
.Q o o o 0 "] d L1
R AR AR A N B o o R
exited condition relaxed condition e “ E:‘*
Carbon edge atoms *5.. o €
ke ™
Relaxation energy 3.3 e¥/Vacancy g t}"
| o \ —
-
e : \
) i ; A
Vacancy in graphite ?f' i :Ic:\J "
e : S -]
2 H o | @
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Adsorptlan Tsatheras (Langmuise type isotherms)

NN Mo
Inventary = + 1+ ’u e

A
E, P
where kA=kAg -expl-AH/RT), Ny and N2 -numbers of Traps | and
Traps 2
Adsorption Enthalpy AH
-AH=Heat of adserption/Hz = 2*EC-H - Ediaa(H2y-ElRclax
(2.1 - 2.5) eV (Experiment) = 244,45¢V - 4.56V - ERelax

Traps2  AH=.23cV/H2

ERelx ~1 eV/al.C for earban edge atom of graphite network.
Traps 1 AH=.d.4cVW/H2 .

ERclax =0 Inacase of interstitial laop.

Entropy fsctor kAg

We nasumc thet the main variation' of entropy iy ¢sused by
c30aping of imoslntion end rotation parts of gnacous hydrogen entropy
and appearing of adsorbed hydrogen oscillation gntrapy.

T mmk?
S 2T (o) *

kAg = expl-120{

-—) 1
exp2jr Y (Lexal )2
e Lk

Tsotope Exchonge,

In & caze of gaa mixture (Hz : 2 HD : D2) sorption on graphite

L while > kD> 4T =5.65:1.96:1

2w,
="y (8, 18,) =
PHD

ratio js weakly dependent upon temperziure.

fydrogen sorption at 1608 K

Concentration, ppm

an
Redmond & Walker [5]

© Total —= /
20 —_—
Traps 1/

Q0.1 b 1 100 1000
Pressure, Torr :

Hydrogen sorption sl 1768 K

Concentration, ppm

30 — ;
Redmond & Walker [3]=—

40

a0

20

0.1 1 1o i 100 1000
Pressure, Terr .

Temperal., K

—— 1073
1173
1273
1373
1473

—&— 973
——
—a
——
—o—

g
L E&
sz 8
oo
gl d 818
& gt
= L 7] a5
5 —< —e— S
5 al &
5
207 £le &
2 i -
(4]
]
] L o
o =]
& 3 x -
B \\
[~ 1] 3:-
b
5
ES
= o

250
200
150

100

50

Irradinted graphites.

a) Damage was produced at roam temperaturcs by ion irradiation
of POCO AXF-5Q with 200 keV C* jons up to a damage dosc of ~10
displacements per atom (dpa).

b} Following imadiation, the sample was soaked in deuterivum gas
ot a temperature of 1473 K under pressure of 0.66 Pa for 1 hour. The
concentration of D in the damaged region (0.5 mkm) was found as
~1400 2ppm.

¢) Further this sample was soaked in deutesium gas
temperature of 1173 K under pressurc of 133 Pa for | hour. The D
concentyation was found as ~7400 appm. It means that the aumber of
Traps 2 filled with deuteriom was ~1000 2ppm. The deuterium
fraction coverage for the adiorption in graphite with enthalpy of 2.3
$V/H? is ebaut 20%. The tatal number of Traps 2 should be estimated
21 ~5000 appm.

d) At lust the sample was souked in detterium gas again ot a
temperature of 1473 K under pressure of 133 Pa for 24 hours. The D
conoentration was decreased and found as ~1500 appm.

Coneluslon

1.The Langmuire Lype edsorption is proposed for the hydrogen
isotopes - graphiles interaction. Twe kinds of Lraps are proposed:

Traps 1-carbon interstitial loops with the adsorption enthalpy of
-4.4 ¢V/H2 between the graphils planes;

Trops 2-carbon nelwork edge atoma wilh e sdscrplion enthalpy
of -2.3 eV/H2,

Each type of graphite could be desoribed with ita own unique set
of traps, For instance POCG AXF-3(Q; has the numbers of Traps | and
Traps 2 of 20 end 200 oppm respectively. Ths imndiation with
neutrons or carbon atoms increases the Traps 1 and Traps 2 numbers.
At damags level of ~1dpa under room temperature imradistion the
numbers of Traps | and Trapa 2 increased up 10 1560 and 5000 appm
respectively. OQur adsorption experiments show that Traps 1 and Traps
2 arc slable under high temperature annealing {1 300K).

3. The proposed isotherma altow to describe the majority of
experimental data on high temperature hydrogen inventory mn initiat
and damaged graphites in a wide range of pressures.
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ON THE CHEMICAL FORM OF VOLATILE SPECIES RELEASED FROM
CARDBON-BASED MATERIALS

K. Yamaguchi, T. Nakaguma, S. Tanaka and M. Yamawaki

Nuclear Engineering Research Laboratory, University of Tokyo
Tokai-mura, Ibaraki-ken 319-11, Japan

One of the challenging problems in the field of plasma material interactions (PMI) involv-
ing graphite and its related materials is to clarify the factors which determine the chemical
forms of hydrocarbon, C,Il,, or carbon oxides, CO or CO;, due to chemical sputtering
or post-irradiation thermal release. In the present study, a thermochemical approach was
employed to examine the extent to which the experimental results of chemical sputtering
‘or thermal desorption may be explained from a point of view of thermochemistry.

To show an example of calculation, steady state chemical sputtering is assumed to be

caused by continuous exposure to H(g) whose mass balance equation is expressed by
Zu = 4Ry, + 4, + 6Re,n, + 6, + 8Rc,m, + 28y, + Ru (1)

where Zy is the impinging rate of H atoms, and R; is the release rate of chemical species
i. If one uses equilibrium constants {or formation reaction which can be obtained form a
thermochemical database, and assumes that solid-gas equilibrium is established, the R; of

- species ¢ can be calculated from its equilibrium partial pressure, F;.

A quasi-equilibrium approach such as demonstrated in the presenﬁ study enables to simplify
complicated calculation as'is often encountered in dealing with kinetic models. Although
the validity of assumptions employed in the calculation is widely open to questions, as
far as the experimental facts indicale the present approach may not be valid, so that the

hydrocarbon formation is unlikely to be taking place in the gas phase.

Needless to say that both chemical sputtering and thermal desorption are kinetic processes,
by no means in true equilibrium, where it is the activation energy instead of the free energy
that controls the overall reaction rate. Furthermore, because of the simplicity, the present
approach fails to explain some other important experimental observations; enhanced for-
mation of heavier hydrocarbons at low incident energies, dependence of chemical forms on
the ratio of incident H* to I fluxes, effect of nitial graphite structure, etc.
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ON THE CHEMICAL FORMS OI
VOLATILE SPECIES RELEASED
FROM CARBON-BASED
MATERIALS

K. YAMAGUCHI, T. NAKAGUMA, S. TANAKA
and M., YAMAWAII '

Nuclear Engineering Research Laboratory
University of Tokyo

presented at

2nd International Workshop
on
Tritium Effects in Plasma
Facing Compenents

May 19-20, 1994
Nagoya, Japan-

CONTENTS

1. Introduction

9 Thermochemical Data and Calculation of Re-
lease Rate of CeH,y

3. Simulation of Chemical Sputtering
4. Application to Thermal Desorption
5. Discussion

6. Summary

1. INTRODUCTION

1. Main Challenges in Plasma Material [nteractions
(PMI) Concerning Graphite
« Hydrogen transport kinetics {discussed in the
previous Workshop}
« Clarification of the factors that determine the
chemical form of hydrocarbons due to chem-
ical sputtering and thermal desorption

2. Hydrocarbon Formation in Graphite
« Experimentally, cracking of hydrocarbons oc-
curs in a Quadrupole Mass Spectrometer.
» Calculation is often complicated by the fact
that there are various chemical reactions to

be considered.
= is thermochemical database applicable 7

3. Scope of the Present Study
« To apply a quasi-equilibrium calculation to
study thermochemical aspects of hydrogen-
graplite system.
e To clarify the validity and !imitation of such
approach

2. THERMOCHEMICAL DATA AND
CALCULATION OF RELEASE
RATE OF CH,

1. Basic Reactions

C(s) + 4H(g) = CHi(g) (1)
2C(s) + 4H(g) = Collu(g) , (2)
2C(s) + 6H(g) = CoHlg) , (3)
3C(s) + 61(g) = CaHelg) . (4)
3C(s) + 8H{g) = G;Hs(g) (5)

2. Equilibrium Constants ; .
Kcn, = Pen, /Py, (6)
Ko, = Pogn/Fi (7
Keag = Pogie P s (8)
Keyg = Pegi/ P, (9)
Ko = Pequie/ Pl » (10)

3. Relation of Release Rate, R;, and Equilibrium

Pressure, £ (In Molccular Flow Regime) ;
R
: " VIEMRT '
M;, Molecular Weight of the Gas
R ; Gas Constant
T ; Temperature.

(11)




149

_ GIBBS BNERGY OF FORMATION
FOR C,H,
on the Basis of 1 mol H{g)

3. SIMULATION OF CHEMICAL
SPUTTERING

. Chemical sputtering may be simulated as being

caused by continuous exposure to H{g).

. In addition to egs. (6) to {10), a mass balance

IIIIFPI

/

= T e e ‘of H atoms is required :
g C{s)+H(g)=({1/2)CaHy{g)
3 Zn = 4flcu, + 4Rc,m, + 6 gy + 6/cyu,
E_‘OD_ . ] +SRC;;H5 + 'ZR[;_, + Ry, : (l?)
E Zy ; impinging rate of I atoms.
‘-'_? 3. Equilibrium of H(g) and Hy(g) is also required ;
o g
F [CH Fu, = Ku, P (2H(g) = Halg)) .. (13)
3 CaHg ,
Y200t ., - 4. 1f Ry, flen, » e, Ren,,
ra} 4 Iy, | M ; 2x Moy, BT
5] o L P+ "'-\J oy ﬁ—‘/”,_c“"z Zy=0.
500 - 1000 e M, 4K cn,
Temperaiure [¥] (14)
=1 R. Yamada, J. Nuel. Mater. 1435-147 (1957) 305, .
IO H + T T L | ¥ T T 1+ 1110 = . _:: =
—_ :H_"C'__’.:,—:co‘?-:!}__,‘ T=Tmn 7 pd LE
Tt - ) ) ] 2 ) 32
~ i :'/E CH, 2 - & @ g %:
T -] o a a =£
e 3 g 2 L
= CH g 2c 8 Ei
~= 2 JT g
\\f 2 z Zs g 53
C T 3 AT L I3
= : 8 3
= PR - B
Se
2 38
S H

Hydrocarbon  Production Yield

//

ot LUty

i0

Fig. % Energy dependences of estimated C; and C, hydro-

carbon production yields at the iemperatuce of 7, In order Lo

obtain the chemical sputicring yietds, the hydrocarbon produc-

tion yields shoutd be multiplied by the number of carbon
atoms of the hydrocarbons. Scc texi.

H" ONLY

ib) SUB-ev

TEMPERATURE (K)

IONS ONLY
N 1 L 1

(a) 300 «v/H"

s

300 600 JC0 BCO S0 1000 500 600 MG 800 300

17

(H7 S2IR2AT0W) OI31A NOISOH3

Fig. 2 Hydrocyrbun yickls ua 3 function ol sample wemperature: |« wd y
C H, rH, (w) Tyl /H, {0} CyH, /M. The dilferent bonatba

eespectively.
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(Zy = 1.0x10" H m~7 57!}

CALCULATION OF R; OF C,H, AND H,

4. APPLICATION TO THERMAL
DESORPTION

1. Summary of the Experimental Observation

e Ren, > feay > foay > Ry, > Reyuy

« Rgy, is more than an order of magnitude smaller
than Ng,-

« It; of Cy hiydrocarbons are about an order of
magnitude smaller than that of C; hydrocar-
bons. '

» Results were cssentially the same at different
hicating conditions.

« The position of the desorption peak appeared
at the same temperature, regardless of the
chemicai forms — same rate-determining step
?

2. Relation to Thermochemical Data
« Qibbs energy of formation; CH, < C;Hp < ...

« Gibbs cnergy of CaHs is very large & No ther-
mal desorption of C;H; is observed.

20 T F L] T T T T T i 1 . _|

T

(%)
5

1S

Q@

@

@

&

3]

@

[i5)

©

o

3

-20} CaHa
i 1 L 1 1 i
500 1000
Temperalure (K}
108 1273

- —
< =1
=~ =]

=
o

Desorplion Rate (molecules/ m.sec )

jS
10 0

Graphite

1
160

e

1
200
Time (sec)

1
300

I Yamaguchi ¢t al.. Fusion Eng. Dos. 16 (1991) 387,

Fs)
~1
o
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=)
[
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10‘!? |

=
N

Desorption Rate (molecules/n¥-sec)
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Time (sec)

L
100 400

1. Yamaguchi et ab. Fusiou Eng. Des. 16 (1904) 337,
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CALCUtATION or TI—IERMAL
DESORPTION RATE OF C.Hy;

Basic Assumption :
= Reactions are so rapid that equilibrium is readily
achieved at cach temperature.

« Desorption rates are calculated relative to CHy,
where ficy, is taken [rom the experiment.

1. No precursor is assurned.
« Same reaciion equations used in the chemical
sputtering simulation can be cmployed.
.. 2. Precursor is assumed.
« Hydrocarbons are assumed io be formed spon-
tancously upon forming the precursor
« "Tnitial” state is the precursor state, C-Il3.

 The precursor should be released {rom graplite
and spontaneously become CHa(g) in the gas

phase (vacuum}.

+ Chemical reactions are expressed as follows;

CHa{g) + H(g) = CHulg) , (15)
2CH;(g) = CHu(g) + 2H(g) ,(16)
2CHy{g) = GCqHelg) , (17)
3CHy(g)} = Calls(g) + 3 H{g) .(18)

3CHy(g) = CyHs(g) + H(g}, (19)

with the new equilibrium constants being:

j\’f..'E-ll = F:?;IC—'“‘ , (20}
Ko, = ﬁf;‘éu—”f‘ S
Kew, = T (22)
Key, = Peas it '3};3“}3 i (23)
Kéw, = PCJ;E::% ! (24)

respectively.

» T'wo unknown parameters; Py are Fop,. 2 =
Peon,/ P is taken as adjustable parameter
(a) z=1,{(b} =001

RESULT OF CALCULATION
(1) No precursors are assumed

1000

4800

600

Log (Desorption Rale / m™2 s™")
Temperature (K)

400

0% 100 560 300
Time (s}

RESULT OF CALCULATION
(2a) Precursor, G-, is assumed ; z =1

= <1000

w

b

E

o - 1800 ¥
< 2
[ =2
2 ©
0 [
= {600 2
o @
e oad
e

it Ha00
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RESULT OF CALCULATION
(2b) Precursor, C-I3, is assumed ; z = 0.01

20— T T T
CH,

1

1000

Temperature (K)

CaHp

xxx)ﬂﬂ()ﬂﬂi)ﬂﬂﬂﬂﬂ(’ﬂ(n

Log (Desorption Rale i m™2 57"

(b) z = 0.01 7100
0 60 200 300
Time (s)

5. DISCUSSION

—

. Calculation revealed that the ratios of R/ Ry, (¢
= CH,) and R;/Rcn, (7 = Celly, x 2 2) were
considerably underestitnated when they were com-

pared with the experimental data.

b

. In the case of chemical sputtering, the presence
of precursor is required which is thermochemi-

cally stable at low temperatures.

w

. In thermal desorption, f; of heavier hydrecar-

bons increases with inereasing 2 = Poy,/ P

—

In the caleulation, Reu, 2 Aoy is generally
obtained. — Rea/fAcn, is determined by Fy.

FPoang 2 Poar = P = Ko /Keg,

Py 2 1.7 %1079 ~ 4.3%x107 Pa.

5. Under auyrccm(iition. Ren, was smaller than
Itey, by many orders of magnitude.

In
cate, the assumption of gas-solid equilibrium may

concluding, as far as Lhe experimental facts indi-

=

rot be valid.

6. SUMMATRY

A quasi-equilibrium approach was applied to calcu-

late chemical formss of hydrocarbon released from

graphite, .

1. Although the validity of assumptions employed
in the calculation is widely open to questions, it
enables to simplify complicated calculation. '

2. Hydrocarbon lormation is nnlikely to be taking
place in the gas phase.

3. 1t should be noled that chemical sputtering and
thermal desorption are kinelic processes = ac-
tivation cnergy is important {not {ree encrgy).

4. Because of the simplicity the present calculation
is not sullicient Lo explain some of the important
experimental observations.

() enhanced formalion of licavier hydrocarbons
at low incident encrgics (chemical sputtering),

(1) dependence of chemical forms on the ratio of
I1* to H fluses {chemical sputtering),

(e} the cffect of inilial graphite structure.




Effects of Deuterium Ion Irradiation on Gas Emission and Sublimation
of Graphite by Pulse High Heat Load

- K. Tokunaga, Y, Yagi*, S.Fukuda, T. Muroga and N. Yoshida

Research Institute for Applied Mechanics,
Kyushu University, Kasuga, Fukuoka 816, Japan
*Interdisciplinary Graduate School Of Engineering Science,
Kyushu University, Kasuga, Fukuoka 816, Japan

Release of gases and particles of deuterium irradiated graphite by high heat load
. using a pulse laser beam has been investigated. Especially, gas and particle analyses
using a high speed response quadupole mass $pectrometer{(QMS) made it possible to
examine dynamic process of the release by pulse high heat load.

Isotropic graphite was irradiated with 4 keV deuterium ion to 3 x 1021 jons/m? at
room temperature in a high vacuum chamber. Afterward, heat load experiment was

carried out using a ruby laser with a pulse length of about 1.5 msec and a wavelength of

694.3 nm. Heat load power was 29 MW/m2 to 830 MW/rnz. Gas/particle analyses and
measurement of vacuum pressure were carried. out with a QMS and a ionization
vacuum gauge, respectively. Surface temperature was measured with a quick-response
thermospot sensor. Surface morphology change was observed by a scanning electron
microscope(SEM). '

Maximum peak surface temperature during laser irradiation linearly increased
with increasing heat load. The temperature of deuterium irradiated specimen was
higher a few hundreds degree than that of un-irradiated specimen. This is expected to
be caused by decrease of thermal conductivity due to change of structure of near surface
of specimen by the deuterium ion irradiation. :

Degradation of vacuum degree in the case of ion irradiated specimen during
laser shot was larger than that of un-irradiated one. Particularly, the difference between

the irradiated and un-irradiated specimen was large at low heat power, which influences
surface layer mainly. This indicates that a large amount of gas release from deuterium

ion irradiated layer of specimen.

The measurement using the QMS showed that many kind of gases and particles
were emitted by pulse high heat load. The intensity of signal of Cl and CZ did not

changed, but the that of CZ decreased from the ion irradiated specimen in comparison
with that of un-irradiated one at 830 MW/mZ. These results suggest that formation of

CZDn increased in the case of deuterium ion irradiated specimen.

The present results show that hydrogen isotope irradiation from plasma
enhanced materials degradation near surface and gases and particle emission for pulse
high heat load(e.g. plasma disruption).
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Appendix A : Workshop Agenda



2nd International Workshop on

Tritium Effects in Plasma Facing Components
May 19-20 1994, Nagoya University, Japan

Workshop Agenda

Thursday May 19

8:30-9:00
9:00-9:10

Session 1
9:10-9:35

9:35-10:00

10:00-10:25

10:45-11:10

11:10-11:35

Session 2
13:00-13:25

13:25-13:50

Registration

Opening  Prof. M. Hasatani
| Prof. A. liyoshi

(Chairman: Dr.Noda)
e Results of TFTR D-T Experiments

by D. Mueller, and TFTR Group
¢ Status of the Tritium Plasma Experiment

by R. Causey -
¢ Fusion Research Programs of Russia - Its Principles

- "and Future
by A. Sherbak

Coffee Break(20min)-

¢ Transport of Hydrocarbon in the Laboratory Plasma
MAP
by S. Tanaka, M. Matsuyama and M. Yamawaki
¢ Design of Carbon Sheet Pump for LHD and
Demonstration of Hydrogen Pumping ‘
by A. Sagara, H. Suzuki, N. Ohyabu and O. Motojima

Lunch

(Chairman: Dr. E. Vietzke)
e Applications of Superpermeable Membranes in Fusion:
Physico-Chemical Aspects of Reliability
by A. 1. Livshits, M. E. Notkin, A. O. Busnyuk and
V. L Pistunovich
¢ Validation of Niobium as Superpermeable Membrane
by V. Bandurko, M. Yamawaki and K. Yamaguchi
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13:50-14:15

14:15-14:40

15:00-15:25

15:25-15:50
15:50-16:15

16:15-16:40

16:40-17:05

17:05-17:30

17:30-17:55

18:00-20:00

¢ Isotopic Effects on Hydrogen Trapping, Release and
Permeation in Plasma Facing Materials
by E. Abramov '_
¢ Tritium Migration in Group-V Metals under ’I‘herrnal
and Electric Potential Gradients
by M. Sugisaki and K. Hashizume

Coffee Break(20min)

¢ Interaction of Atomic Hydrogen with Metals
by T. Tanabe and T. Kiriyama
¢ Desorption of Hydrogen Isotopes from the Reactor
First Wall
by V. L Pistunovich
¢ Surface Effects on the Din 1.4914 Stainles Steel
(MANET) A
by A. Perujo, S. Alberici and E. Serra
¢ Measurements of D Concentration Profile in Metal
Films during D Implantation
by S. Yamaguchi, S Nagata, K. Takahiro and
S. Yamamoto
* Deuterium Capture and Release during Low-Energy
Ion Implantation in Beryllium
- by V. A, Kurnaev, D. P. Luvchuk, A. A, Pisarev and
O.V. Zabeida
¢ Hydrogen Permeation in Be
by T. Tanabe and K. Kizu
¢ Secondary Ion Emission from Beryllium Surface
¢ by K. Ashida, H. Kawamura and K. Watanabe

Reception ( Restaurant in Symposion Hall)



Friday May 20

Session 3
9:00-9:25

9:25-9:50

9:50-10:15

-10:35-11:00

11:00-11:25

11:25-11:50

Session 4

13:00-13:25.

13:25-13:50

13:50-14:15
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(Chairman: Prof. A. 1. Livshits)
e A Critical Review of the Data Available for Tritium in
Beryllium
by A. A. Pisarev
¢ Hydrogen Isotope Exchange in Boronization
by M. Yamage, T. Saito, H. Toyoda, M. Saidoh,
 N.Ogiwara and H. Sugai
e Effects of Alpha-Boron/C:H-film Porosity on the
Diffusion and Frosion under Deuterium Plasma
Irradiation
by V. Sharapov

Coffee Break(20min)

¢ Reflection of Low Energy Hydrogen from Carbon
by M. Mayer, W. Eckstein and B M. U. Scherzer
» Atomic Reemission of H from Pure and Boronized
Graphites and Code Calculations for the Consequences
in Tokamaks
by E. Vietzke, P. Franzen,' D. Reiters et al.

¢ Deuterium Interaction with Carbon Fibre Composites

Doped with SiC
by M. Rubel, B. Emmoth, H. Bergsaker and C. H. Wu

Lunch

(Chairman: Dr. R. Causey)
¢ Hydrogen Retention in B4C Overlaid graphite
by T. Hino, Y. Yamauchi, Y. Hirohata and
T. Yamashina
¢ Hydrogen Transport/ Retention/ Reemission in
Graphite
by A. A. Haasz, J. W. Davis and S. Chiu
* Termal Re-emission of Hydrogen Isotopes from
Graphite in the High Temperature Regime above
1000K



161

14:15-14:40

15:00-15:25

15:25-15:50

15:50-16:15

16:15-16:40

16:40

by B. Tsuchiya and K. Morita
¢ Hydrogen Trapping in Graphite at High Temperatures
by T. Tanabe, H. Atsumi, N. Kangai and K. Niwase

Coffee Break(20min)

¢ Study for Estimation of Tritium Inventory in Plasma
Facing Materials
by S. Ohira, K. Ashibe and K. Okuno
* Hydrogen Adsorption on and Solubility in Graphlte
by A. E. Gorodetsky, S. L. Kanashenko, V. N.
Chernikov, A. V. Markin, B. L. Doyle, and
W. R. Wampler ( A. Zakharov )
¢ On the Chemical Form of Volatile Species released
from Carbon-based Materials
by K. Yamaguchi, T. Nakaguma, S. Tanaka and
M, Yamawaki
¢ Effects of Déuterium Jon Irradiation on Gas Emission
and Sublimation of Graphite by Pulse High Heat Load
by K. Tokunaga, H. Yagi, S. Fukuda, T. Muroga and
N. Yoshida
Closing Prof. M. Yamawaki
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