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Report of Warkshop on Particle Material Interactions
for Fusion Research

The Research Committee on A & M Data of JAERI
(Received October 8, 1981)

The discussion meeting of workshop on the particle material interaction
for fusion research was held at a conference room in the JAERI Headquarters,
Tokyo, January 12&13, 1981. The meeting was sponsored by the Research
Committee on A&M data of JAERI. The aim of this workshop has been not only
to stress the problems connected with the A& data to the relevant materials
for fusion research, but also to obtain an overview of the approaches that
should be developed for solving the problems.

in the workshop, nineteen papers were presented. These are three
general reviews and sixteen comprehensive surveys on topical subjects which
have been developed very intensively in recent years. The proceedings are
divided into three sessions which are essentially connected each other:

1) general reviews, 2) hydrogen recycling processes which cover the area
of trapping, re-emission, reflection and desorption, and 3) wall materials
and their radiation damage by ion and neutron irradiation.

The editors would Tike to thank all participants for their assistance
and cooperation in making possible a publication of these proceedings.

Keywords: Fusion Research, Plasma-wall Interaction, Hydrogen Isotope,
Trapping, Re-emission, Reflection, Desorption, Radiation

Damage, Ion, Neutron.
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[ PLASMA-TO-WALL PROCESSES |

e Heat and particle fluxes to limiter and wall
« Plasma edge cooling

e Impurity tramsport in boundary plasmas _
» Shielding with diverters and magnetic limiters

e Helium exhaust

[ SURFACE PROCESSES |

e Chemical reaction with hydrogen isotopes

e Desorption
» Electron stimulated desorption
e« Ion induced desorption

e Sputtering
» Chemical sputtering of low-Z materials
» Sputtering by impurity ions
e Surface erosion by high flux hydrogen bLeams’
¢ Sputtering in oxidizing atmosphere

e Vaporization and decomposition due to plasma irradiation

s Blistering and flaking
e by neutral beams (v100keV)
e by alpha-particles (up to 3.5MeV)

¢ Unipolar arcing

e Trapping and detrapping
e Recycling rate of hydrogen isotopes
e« Tritium buildup and recovery by ion induced replacement

s Adsorption
e Titanium gettering
e Sticking probability of impurity particles

e Tritium-related surface effects
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e Marerial
« Technological materials

e Low-Z coatings
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e Film adhesion (thermal fatigue,_thermal shock test)
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Atomic & Molecular Particles Entering Plasma from Surfaces

by E. W. Thomas

A. Introduction

1. Relevant Surfaces
(1} Tokamak Vacuum wall or Tiner. Bombarded by uncharged particles
{photons, neutrals); unconfined particles (generally low energy
ions & electrons); all particies during disruption.
(i1} Limiter. Bombarded by all species at plasma edge. Protects
wall. Takes high power load.
(iii) Divertor plates. High power flux of impurities, electrons and
hydrogen. ‘
2. Nature of Surfaces
(i) Wall- structured metal (generally steel).
(i) Limiter- refractory metals are often used but these give high Z
impurities. Experiments with carbon and Tow Z coatings
TiBZ, TiC, B . Limiter is expendable and replaceable.
{1711) Divertor plates- Refractory metals.
3. Variables
(i) Material.
{i7) Temperature.
(i11) Fluxes.
4, Processes
(1) Atomistic. Reflection, Sputtering, Desorption.
(i1) Collective. Thermal evaporation, Melting-Arcs, Melting-Runaway el.

(111) Synergistic,

B. Reflection of Light Ions

Occurence: Inevitable,
Conditions: Injector Energy to zero.
Parameters: Reflection Coefficient, Energy Distribution, Charge
State Distribution.
Experimental Data: Copious, Consistent, Data can readily be scaled
' permitting estimates for materials.
Theoretical: Reflection coefficient & energy distribution can be
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accurately modelled by TRIM & MARLOWE codes. Charge
state distribution seems to be given by same formulation
as equilibrium of beam in a thick gas,

Major References: W.Eckstein. H.Verbeck. MPI Garching. Report

IPP 9/32 August 1979. Bibliography and Data Comendium.

Needs: None
Input on plasma: Cooling.

C. Trapping & Re-emission

Occurence: Inevitable.

Conditions: Injector energies down to zero. Strong function of
temperature. Re-emission may be negligible for materials
with Targe positive heats of solution.

Experimental data: Good for Fe, C, Steel, Ni, Ti, ZIr. Can be readily

measured as need arises,

Theoretical: Semi-empirical models based on bath tub model and

diffusion can be fitted to data. No a-priori treatment,

Major references: None. See general review by McCracken and Stott

Nucl. Fusion.

Needs: Work continues - mainly in Garching and Sandia.

Input on plasma: Major component in recycling models. Influences

the density as a function of time during discharge.
Relates to Tritium inventory. Probably need to
avoid materials which react with H.

D. Sputtering by Light Tons

Occurence: Inevitable.
Conditions: Injector Energy down to zero,
Parameters: Sputtering Coefficient, Energy Distribution, Charge State.
Experimental data: Coefficients - copious data which can be scaled
together,
Energy - Little information but generally Tow
(few 10s of eV)
Charge - Predominant1y neutral except for low
work function materials,
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Theoretical: Coefficients fit simple semi-empirical equations.
Energy and Charge States poorly understood.
Major references: Matsunami et al. Nagoya Report IPPJ-AM-14, June 1980.
Roth, Bohdansky & Ottenberger. MPI Garching
Report IPP 9/28, May 1979. Both include data compendia.
Needs: Understand charge states.
Input on plasma: Contaminants. By maximising jon component may
enhance divertor action. Wall erosion- structural
failure.

E. Chemical Sputtering by H, D & T

Occurence: Observed with C and conpounds of C. If target is at
elevated temperature one gets enhancement of sputtering
coefficient by orders of magnitude. Due to formation of
volatile hydrocarbons which evaporate at the elevated
temperature,

Conditions: Elevated temperatures. Probably will be significant

only for carbides and some oxides,

Experimental data: Fragmentary. Mainly for C. Varies greatly with

origin of the carbon studied.

Theoretical: No treatment.

Major references: McCracken & Stott, Review Nuclear Fusion.

Needs: Determine whether this occurs also for oxides.

Imput on plasma: Will influence choice of wall. Probably makes

use of C unfeasible. Influences decision on
allowable wall temperature.

F. Sputtering by Heavy Ions

Occurence: Depends on impurity content of plasma.

Conditions: Threshold to a few hundred eV.

Experimental data: What is needed is sputtering of the wall material
by C, 0 and the constituents of the wall {or Timiter)
itself. Generally this is available.
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Theoretical: Adequate treatments available, Semi-empirical formulations
fit the data.
Major references: Matsunami et al. IPP Nagoya Report IPPJ-AM-14,
June 1980, Data compendium.

Needs: Nothing obvious.

Input on plasma: Contaminants,

Note: Sputter coefficients for heavy ions can be orders of magnitude
greater than for H & D. So small fluxes can be significant.
Unless impurity content is small Tokamak will not achieve
Break-even so heavy ion sputtering may not be important in
practise.

G. Desorption

(a) By Photons: Quantum process. Excitation of bonding electrons,
(b) By Electrons: Quantum process. Excitation of bonding electrons.
Also of inner shells,
(c) By Atoms: Energy transfer- same as sputtering. Cross section for
H and D impact ::10_18 cmz. Quantum effects for high
energy light ions, Excites inner shell electrons, Recent

work by Thomas, ¢ = 10710 ¢,
(d) Thermal:
dc o E ¢ = concentration
— = —  exp— (—) -
dt T, KT T = temperature
Ed = binding energy
For Ed =1 eV

T = 300 K —— 1 monolayer removed 10 hrs
600 K —— monolayer removed 1 sec
For present Tokamaks
temperature rise =1 K, Thermal effects negligible,
Desorbing species: H, €, 0 and combinations therof, '
Preliminary treatment of wall (baking and discharge cleaning) will
reduce material adsorbed. However does not eliminate such material
as it is replenished by diffusion from bulk.



JAERI-M 9775

H. Arcing
Localized arcs primarily to limiter - some to wall.
Related to sheath potentia!. Occurs at specific sites (e.g., points
and oxide spots)
Material eroded as vapour, ions, drops {(blobs?)}
Erosion rate. For W 0.03 atoms/e
Al 0.43 atoms/e
(yield increases as melting point goes down)
Very ill-defined phenomena.
Precautions are needed to inhibit arcing.
{a) Good materials preparation.

(b) Utilize slow rise of plasma current,
(c) Use smaller diameter limiter.
{d) Condition machine (in DITE arcing decreased by an order of

magnitude in a year).

I. Blistering
Precipitation of implanted gases.
Unlikely in present machines.

J. Macroscopic Particles

Swarf

Ti Flakes
Blobs
Dust

must be avoided.

K. Synergistic Effects

Largely unexplored.

L. Diagnostics

Concerned with monitoring incident and ejected fluxes at wall and
plasma edge conditions,

Largely rudimentary,

Will give typical examples to indicate fluxes and consequent generation
of impurities,
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(1) Heavy impurities
Time resolved flux in DITE. Correlation with arcing and

disruption. See Ti (from wall) - in other machines get Fe and Cr.
Also Mo from Timiter., C, 0 and S show similar behaviour, Heavy

impurities from arcing and from sputtering (probably by 0).
10

1MW neutral lonization o
- Arcing ineetion
[ ——
= Box Disruptions
Ky
E
£
w
E
-8
o
™~
2
2 \ Plasma 3 Wall
£ %
2 2
A S
N %
[s] / xL i L k. 1 1 N Il L L 1 I
<20 0 40 80 120 160 200 lons
Time inte discharge {ms) /Oqlé 0\@\9
Cr. o
Metal flux as a function of time for DITL shots 11039 & o

and 11040 normalized to a single shot. 1 MW of neutral beam
heating power was injected during the indicated time period;
disruptive instabilities were observed as a result of injection
during the period indicatzd.

Schematic of the processes considered in the extended
global model of recycling {86}

{?2) Moderate mass
0, C, S principally from desorption. Can be greatly reduced

by preliminary cleaning but always present due to diffusion from bulk.
Possibility of using Be or B or C as liner or limiter coating. They
would then replace Ti, Mo, Cr and Fe as principal impurities,
(3) Hydrogen

Recycled fuel from wall constitutes as impurity. Flux of H
to wall about 1017 atoms/cm2 sec, About 50% reflected, mostly
neutral with some energy loss. Hydrogen trapped in wall eventually
returns to plasma. Recent experiment (10/24/80) on ISX suggests that
in any given shot half the fuel comes from hydrogen adsorbed in the wall,
{4) Electrons

Particularly impact on Timiter,
{5) Photons

Large fluxes from impurity radiation, 50 kw/mz. Mainly from
0, H and multiply ionized impurity radiation.
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Conclusion

Materials entering plasma from the wall
(i) Reflected H (energetic)
(i) Re-emitted H (thermal)
(ii1) Sputtered metals (few eV)
(iv) Arc ejected metals {thermal)
(v) Desorbed C, 0, S (few eV)
Ejection mechanisms are generally atomic; exception is arcing.

Prognosis

Reflection and Re-emission of H inevitable,

Sputtering by H inevitable,

Production of heavy species must be reduced by proper design (to
inhibit arcing) and operation (discharge cleaning). Moderate
mass species (C, 0, S) can be reduced also,

Some interest in low Z coatings so that if impurities are produced
they have minimal effect on plasma.

. ROV SRS,
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Evolution of depth profiles after low dose implanta-
tion at 70 K and heating to different temperatures. The tem-
perature was varied stepwise; profiles were measured within
~ 30 min at constant temperature,
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Isotopes into or from Materials.



Fig. 2 (ref. 80-Mo) HEILL Zr it WK THEA S D D& S DR OFEABORERFE
HESNTOE, 250K P ETREMIERAHO € — 2 HBbI5, CDE— 73 DOLHE
STidtnd, BEEOZr ORI, Hr0EFASHADICERLZY hIE R £ S trapping
LELONL, FHZrDED fﬂkiﬂi’*%gfﬂ/hﬁﬁ"é%’Ef’ﬂﬁﬂjﬂ)ﬁ/ EC trapping A5 & 5,
B ©10" Do HEOEAETRY EOBRETIT»7 Ze iz y -, d-hydride OFTHIAS
BAlxhTvb,  (ref. 80 —Mo)

Fig. 3 (ref. 80 ~Mo) (F Zrhic/f U BEHREMEC D A trapping SNc T &amd. A
Flo 437512 pre - implantation 2 L7330 IE&OD D4 (Fig. 4 OB L RE 0, pre -
implantation (8 x 107D cm’ ) MO BHICHELEEE LS, |

$7:Fe itk 50 UBIEAS N7 Y & ABICH®S N7 Fe hOBILE OB EHHY —H
Eof L TDA®E trapping § 52 EAHE SN T %, (Fig 57 ref 80-My)

LI E @@ A S trapping (detrapping) B i blistering , BE5HAS, il EBELLOH
BEZELTAIEAEMIN 5, Ch5>OMEFEKIICFig 6ITRLTRI. ThoDi
WHEEDFRFRICOOTHY, He® @ trapping FHAFTET 5 LT ROBEATH S, C
HORBERIC & A trapping 1200 T, B random - walk € 7L TERIERAEEH SN B
CELERE, (Figs 7 and 8. ref. 80-Er) '

90
32-10%cm? at 300K
50 e ————— T —'50 OF gy +29-10"%emi? ot 335K
o 810" em? ot 335K
e Annealed to 550K
5 ko Cooled Io 350K NG - o~ -
o a 810" i al 345K bl ‘m//
= [ Additionai) o
g kL I -180 % 0 L ! i 1 T PN
4
g U
5 o 3 335K o 18
2 20 5 sol- -o,n.:_.. .;._L...._.._:: 100 N
g N b) ' X,
a i 0 A }
4 Q 50 . .
0 B R S Y (\i 17t \ 1 \
0 5 0 1 0 20 \ 17107 10-10%m? N |
: DEPTH {10"at/cm?) " N
Fig 3 i . / \ 83108 " 7
Reappearance of the deuteron profile after annealing oy T R“f-n.L,L ]
(dotted line) and reimplantation profile (dashed linc). ) 0 0 P 8 8 12 16
. PTH (107 ?
Fig 4 DE {10 atfem* §

{a) Influence of prebombardment at [ower tempera-
ture on an impiantation profile at 335 K. (b) Dose depen-
dence of the implantation profiles of 10 keV deuterons in Zr
at 335 K.



JAERI-M 9775

4
L0 g
F eV~keV H He
[ % B o
I precipitate
8 - -
ver .
DIN IMPLANFED Fe
&80 11 L
a0
Fig 5 TEAPERATURE K1
Deuterium release during linear ramping of temperature {or Fe . .
implanted with Y, Kr, Ti, or Fe jons. . O trapping position
—— direct process
L gl e » indirect
Fig. 6 “» process
1.5 1
i ’ T
s i
5 ) -+
g of
[+]
= 15
3% -
Y _y E 5.0
o
05
% T+ g 5.0l
. ;
; s
i : ) . ) &
% 5 10 E 2.5
Fig 7 Ton fluence  [10' em®)
Deuterons trapped per unit area of carbon targetasa
function of incident ion influence, for normal bombardment . ) .
with 8 keV deuterons. The solid lines are the predictions of 000 7000
the model and the experimental points are from ref. 9. The Fig 8 Depth 3 (10" em)
values of A and A used are: Density of trapped denterons in units of 1022 cm™

as a function of depth in the carbon target as predicted by
Curve A My the mode! for incident deuteron f{luences ranging from

{traps/deuteron) em™) . 4x1017 em™? to 10!? ecm™2. Deuteron energy 8 keV. 4 =
2.5 traps/deuteron. N = 6.8 X 1022 cm™3,

1 2 1020
1 2 10t?
11 2 10t8
v 3 1017
v 1.5 107

It should be noted that curves II and IIT cannot be resolved
on the scale for which the figure is drawn.



Referen

78-Ab

78~-Al

78-A1-2

78-Ba

78-Ba-2

78-Be

78-B1

78-Br

78-Cl

78-Fa

78~Ho

78-Ko

JAERI-M 9775

ces (from 1978)

Abraham et al; Diffusion and trapping of tritium in grain boundaries
of 304L stainless steel

J. N. M. 73, 77 (1978) thermal T2 + S8

Altstetter et al: Depth profiling of deuterium Implanted into stain-
less steel at room temperature

Nuel. Instru. Methods 149, 59 (1978) 7 keV D' + S8

Altstetter et al: Trapping of deutrium implanted intec stainless
steel at low temperatures

+
J. Vac. Sci. Techmol. 15, 706 (1978) 7 keV D + SS
Bauer: Surface processes in plasma wall interactions
J. Nucl. Mat. 76&77, 3 (1978) review

Bauer et al: Diffusion of hydrogen and deutrium in Nb and Ta at
high concentrations

Z. Phys. B 29, 17 (1978) exp. thermal (H,D)+(Nb,Ta)

Benninghoven et al: Hydrogen detection by SIMS:hydrogen on polycrys-
talline vanadium

Surface Sci. 78, 565 (1978) exp. H2+V

Blewer et al: Trapping and replacement of 1-14 keV hydrogen and
deuterium in 316 stainless steel

J. N, M. 76-77, 305 (1978)
Braganza et al: J. Nucl. Mat. 76&77 (1978) 298 D+30488S

Clausing et al: Studies of hydrogen recycle from the walls in
Tokamaks using a Plasma-wall interaction simulator

J. N, M. 76477, 267 (1978)  30-200 eV H', H2+ + 85 304L

Farrel and Donnelly: Thermal desorption and bombardment-induced
release of deuterium implanted into stainless steel

JNM 76477, 322 (1978)  15-3000 eV Iy, D, + SS 304, 8 321
(trapping)

Hoston: The choice of Materials for divertor targets
+
JNM 76+77, 536 (1978) <31 keV I trapping in Li, Ti, V, Zr, Nb, Ta

Kompanietz et al: Study of the Kinetics of hydrogen penetration
through copper membranes (in Russian)

Fiz, Tverd. Tela 20, 3533 (1978) H2 trapping on Cu {membrane)



78-1La

78-M6

JAERI-M 9775

Langley et al: J. Nucl. Mat. 76&77 (1978) 316 D, HetC

M&ller et al: J. Nucl. Mat, 76&77 (1978) 287 D+Zr

78-M&~-2 Miller: Background reduction in D(3He,a)H depth profiling

78-Ro

78-Sc

78-St

78-Th

78-Wi

79-Al1

79-Bi

79-Do

experiments using a simple electrostatic deflector

N. T. M. 157, 223 (1978)  exp. 10-20 keV D + AL 0, , Ta,0,

Roth et al: Nucl. Instru. Meth, 149 (1978) 53 3He, 4He+Nb

Scherzer et al: Depth profiling of helium in Ni and Nb - comparison
of different methods

NIM 157, 75 (1978) exp, 30 keVv + Ni, Nb

Stel'makh et al: Accumulation of radiation defects and amorphization
of silicon during boron ion implantation (in Russian) : Fiz. Tverd.
Tela 20, 2074 (1978) 100keV B trapping in S5i

Thomas and Wilson: Microstructure of low energy deutrium implanted
stainless steel

JNM 76477, 332 (1978) 10 keV D' trapping in Ba

Wilson and Baskes: Deuterium trapping in Trradiated 316 stainless
steel

J. N. M, 76+77, 291 (1978) T + 85316

Alimov et al: Helium accumulation and distribution in molybdenum
bombarded by He ions at 1-9 keV

Sov. Phys.-Tech Phys. 24, 705 (1979) exp. 1-9 keV He+ + Mo

Biersack et al: Range profiles and thermal release of helium
implanted into various metals

INM 85-6 part B, 1165 (1979)  0.2-340 keV exp. He' + Ni, Cu, Ag,
Au, Pt, Be, Zr, Fe, Nb, Mo

Doyle and Vook: Hydrogen retention and release in first wall
coatings for Tokamaks

Thin Solid Films 63, 277 (1979)  exp. 60 keV ut o+ TiB,, B,C

79-Do-2 Doyle and Vook: Hydrogen trapping and re-emission in TiB2 coatings

79-Ga

for tokamaks upon thermal, pulsed electron and laser annealing

JNM 85-6, part B, 1019 (1979)  exp. 60 keV H' + TiB,
Carr and Pard: Effect of high helium and hydrogen concentrations
on the microstructure of SAP

+

JNM 853-6, part B, 919 (1979) exp, 1.8 MeV He+, H,

2= + sintered
alminium (SAP)



79-~La

79-1o

79-Ma

79-Mc

79-0k

79-Po

79-Ra

79-Sc¢

79-Wa

79-Wi

JAERI-M 9775

Langley: Interaction of implanted deuterium and helium with
beryllium radiation enhanced oxidation

INM 85-6 part B, 1123 (1979) exp. 5 kev D', He' + Be

Look and Baskes: Hydrogen profiles in tokamak fusion reactor lst
walls

JNM 85-6, part B, 995 (1979) 10 keV D; + S, Tnconel, TZM, Ti
alloy

Magee et al: Depth distibutions of low energy deuterium implanted
into silicon as determined by SIMS

P;inceton University Report PPPL-1575, August 1979 exp. 0.1-5 keV
D + Si

McCraken and Stott
Nucl. Fusion 19, 889 (1979)

Okude et al: Depth prifiles of implanted H and He in Metal Mo
Determined with backscattered Protons -

JIAP 18, 465 (1979)  exp. 2-12 keV He', Hy, + Yo
Pontau et al: Deuterium profiles in titannium and alloys
+
JNM 85-6 part B, 1013 (1979) exp. 10 keV D3 + Ti and Ti alloys

Razdow et al: Thermal desorption measurements of hydrogen-isotope
retention in alcator-A

Princeton University Report PPPL-1616, December 1979 exp. D + 85

Scherzer et al:; Radiation induced detrapping of implanted deutrium
in BeO by high energy He-3 and proton irradiation

INM 85-6 part B, 1025 (1979) exp. 5 keV D' + BeO

Wampler et al: J. Nucl. Mat. 85&86 (1979) 983 D+ C, Si

Wilson: Hydrogen trapping studies in fusion lst wall Materials
IEEE Trans. Nucl. Sci. 26, 1296 (1979) 5-60 keV D', H' + S5, Ti,

Mo Trapping of D(H) on metals reviewed as a function of tempera-
ture and fluence

79-Wi-2 Wilson and Pontou: J. Nucl. Mat. 85&86 (1979) 989

E0-Er

D + Ti-6A1-4V, 304SS, TZM, Inconel-625

Erents and Hoston: A simple model for the trapping of deuterons
in a carbon target

Nuel. Tnstru. Meth. 170, 449 (1980) D' + C



JAERI-M 9775

80-Er-2 Erents: Low energy proton induced re-emission of deuterium from

80-Gr

80-Ma

80-Mo

80-My

80-Ro

80-Sc

80-Th

carben

Nucl. Tostru. Meth. 170, 455 (1980) H' + (D+0)
Greger et al: Diffusion of tritium in zircaloy-2
JNM 88, 15 (1980)

Magee et al: Depth distributions of low energy deuterium implanted
into silicon as determined by SIMS

Nucl. Tnstru. Meth. 168, 383 (1980) D' + Si

MU1ler and Bfttiger: Retention and precipitation of 10 keV deutrons
implanted into zirconium

JNM §§} 95 (1980) exp. 10 keV D+ + Zr Nuclear reaction depth
profiling studies; the diffusion of D implanted in Zr as a function
of temperature

Myers et al: Deep deuterium traps in Y-implanted Fe
Appl. Phys. Lett. 37, 168 (1980) exp. 15 keV D + Fe

Roth et al: Depth profiling of D implanted into Ti at different
temperatures

radiat. Effects 48, 231 (1980) D' + Ti

Schulz et al: D and 3He trapping and mutual replacement in
Molybdenum
Nucl. Instru. Meth. 168, 295 (1980)  “He + Mo

Thomas: Retention and reemission of 0.125-1.0 keV deuterium in
stainless steel

J. Appl. Phys. 51, 1176 (1980) D' + S5 fexp?



JAERI-M 9775

II - 3 Reflection of Low-Energy Light-Element Tons

from Solid Surfaces
Kazuo GESI

Solid State Physies I Laboratory, Division of Physics, JAERI, Tokai

81, Introduction

Reflection data of 1ight—elemént ions with low incident energies from
solid surfaces provide important pieces of information in the course of the
fusion research to estimate the interaction between plasma and first wall
materials. The needs of the reflection data were stressed in the report of
Fontenay aux Roses l’*be_etiI'ig,.1~ and it was emphasized that the reflection data
of H* and He* with incident energy range of thermal ('*lO-2 eV) to 10 keV
should be requested. Where the asterisk indicates all isotope, charged, and
molecular states of atoms. In the recent few years, many investigations
have been done both experimentally and theoretically on the particle reflec-
tion phenomena from solid surfaces. These studes seem to devided into two
categories: One treats the particle reflection with incident energies
ranging from 0.1 keV to 20 keV. While the other is referred to very low
incident energy molecular beam scattering (incident energy ~ 100 meV). The
latter group of works intend to use the particle reflection as a sensitive
probe for research of surface structures of solids. Then, if one draw the
distribution of experimental data available against the incident particle
energy, one would obtain a curve having two maxima in the ranges of 0.1 keV
- 10 keV and below 0.1 eV, respectively. In the intermediate range of inci-
dent energy (0.1 ~ 100 eV) experimental data seem to be very scarce.

As to the data obtained by the works of the first group, two biblio-
graphic reports were published, 1PP 9/32 [1] and ORNL~5207/Rl [2]. These

reports widely collected reflection data which could be referred till the

+K.Katsonis (ed.): Report of Working Groups of 2nd Technical Committee
Meeting on Atomic and Molecular Data for Fusion, Fontenay aux Roses,19-22

May, 1980.
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middle of 1979. Some of data, for example the total particle reflectivity

RN showed a beautiful universality when it is plotted against the reduced

incident energy as shown in Fig. 5. Agreement between experimental results

and computer calculation seems quite satisfactorily. This gives a hope to
use the computer calculation instead of experimental measurements when
experimental results are hardly obtainable, especially in the intermediate
incident energy range of 0.1 — 100 eV. In fact, at the U. S. - Japan Work-
shop at Boulder,+ Thomas mentioned that almost all data of light element
ion reflection necessary for the fusion research were gathered up in these
two reports, and that there were no additional needs of data compilation.

However, there would still remain the following problems as to the
low incident energy light element ion reflection:

(1) Is the computer calculation safely applied to the incident energies
lower than 100 eV where experimental data were hardly obtainable ?

(2) Usually experimental measurements were done with monochromatized inci-
dent beam and obtained corresponding information of reflected particles.
However, in the real plasma-wall interaction processes, the wall mate-
rials would be exposed with panchromatic incident beam, namely, parti-
cles with various energies fall into the wall surface. In addition, the
incident particles may consit of a variety of species. Can we expect
that there is a law of superposing with respect to the reflection
phenomena ? If the law of superposing does not held in the real situ-
ation, the panchromatic incident beam problem can hardly be deduced
from the meonochromatic cases.

(3) Is there a linear relation in the reflection phenomena 7 For example,
the reflectivity of the particle is independent of beam intensity 7 If
nonlinear effect is appreciable, the reflection of heavily irradiated
cases are not treated on the basis of experimental results obtained.

(4) There are not sufficient data with regard to the anisotropic reflection.
Most of available data are concerned with fixed angle of incidence.
Reflections with varying the incident and scattering angles have been
studied since very recent years.

(5) Experiments and calculations were carried out for very clean and well

defined surfaces. Effects of surface contamination, defective struc-—

tReport at U. S. - Japan Workshop on Atomic Collision Data for Fusien,

held at Boulder, October 27-31, 1980.
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ture caused by irradiation, forming of surface layer or oxidation, and

g0 on will be studied in future.

In the present report, the author would like to present a brief descrip-
tion of reflection process and to give definitions of parameters which de-

scribe the process. Then, a list of references is given.

8§72, Reflection Process of Particles from Solid Surfaces

As shown in Fig. 1, the re- Incident Reflected
flection process of the particles Particles Particles
from solid surface as the target
can be described by specifying ) \\Egﬁ Target
the states of (1) the incident (Surface of
particles, (2) the target (surface Solid )

of the solid), and (3) reflected

, + s
particles. In the followings, the Fig. 1 Reflection process of

parameters which specify the in- particles from solid surface.
cident particles, target, and re-
flected particles are shortly described.

{a) Incident particles

Up to date experimental and computer calculation works were usually
carried out for the monochromatic incident particle beam. So that the
important parameters which specify the incident particles are:

(i) Species:Element, charged, molecular, isotope states; H+, HO, H;,

Hg, D+, e

(ii) Energy: EO‘

(#i) Direction of incident beam with regard to the target surface:
o, ¢. Where o denotes the angle between the incident beam direc-
tion and the normal to the surface as shown in Fig. 2. The angle‘
¢ denoted the deviation of the plane which includes the incident

beam direction and the normal to the surface from a special di-

+The author prefer to use reflection rather than backscattering though the

latter has been often used in literature. Because the reflection is not
necessarily restricted in the back direction.(Namely, we meet often the

case of & < 90 °.)
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Incident
beam /

SPECTROMETER

Fig. 2  Angular relation of the incident and reflected
beams. Z: normal direction to the solid surface,
g: a special direction of the anisotropic solid.
If the target material is isotropic the reflection

does not depend the angle ¢

rection. If the target material is polycrystalline and the grain
size is sufficiently small and the anisotropic pfoperty is well
averaged out over the area of incident beam spread, the reflec-
tion process would be independent of the angle ¢. However, if
the target material is a single crystal or having anisotropic
nature, the ¢-dependence of the refléction becomes important.

(b) Target

For the target material, the following would be defined:

(i) Species: Element, alloy, compound, composit elements or chemical

formula.

(ii) Crystalline or surface states: Single crystal, polycrystal, glassy
or amorphous. What is surface cleaning ? ; mechanically polished,
chemically etched, thermally annealed, sputter-cleaned by ion
or electron beam, etc. |

(ii) Temperature of the target during beam irradiation, ultimate vac-
uum in the target chember.

(iv) Pre-treatments of the target material: Thermal, mechanical, or
irradiative treatments.

(v) TIndex of the surface plane if the target material is single

. cryatal.

{¢) Reflected particles

One can get all information about the reflected particle by knowing
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the scattering function F(*)(Er’ v, 8) for all reflected particle energy
Er’ spatial direction ( vy, ¢), and ionic states denoted by (*). The defi-
nition of F(*)(Er’ v, 8) 1is;

(i) F(*)(Er, Y G)dErdQ : the number of the reflected particles in the

energy range of Er~ Er + dEr and in the solid angle d& around

the spatial direction ( v, 8). Where the superscript (*) inddicates
one of possible charged, excited, or molecular states of reflect-
ed particles.

In practice, however, the scattering function F(*) for all charged
state, energy, spatial direction are hardly obtainable both from experi-
ments and from computer calculations. Instead, some integrated or aver-
aged-out values were often discussed as follows:

(ii) Energy distribution of all particles reflected: F(Er) =
Efﬁaff(*)(Er, v, 8)d? . The summation is carried out over all
charged states of reflected particles.

(i) Spatial distribution of reflected particles: rN( v,0 j=
Z(*)_fF(*)(Er, Y, §)dE_ :

(iv) TFraction of the charged state of reflected particles: n(*)(Er) =
[JFF(*)(Er, v, 6)df ]/[F(Er)]' The superscript (*) indicates
one of charged states of the reflected particles. As indicated
later, reflected particles are almost all neutralized. (See
Fig. 7)

{(v) Total particle reflectivity: RN = \{F(Er)dEr/N' Where N repre-
sents the number of the incident particles.

{(vi) Mean reflected energy:< Er> = [-fErF(Er)dEr]/[\f%(Er)dEr]'

(vii) Total energy reflectivity: RE = RN‘ < Er> /EO.

Parameters F(Er) and IN( v, 8) can be also defined for each charged
state, (%), of reflected particles. The above parameters are dependent upon

the incident energy EO and incident angle ( o, ).

§3. Examples of Experimental Results

As to the experimental procedures, the following references would be
referred; [1], [6], [47]. Figure 3 indicates the experimental arrangement
of BOMBARDON which is the instrument of low energy ion reflection research

used by the Garching group [1], [6]. Figure 4 shows the arrangement to
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Fig. 3 BOMBARDON; an instrument for the study of the low energy

particle reflection [1].

detectaor
6.

spectrometer

Fig. 4 Experimental arrangement of the reflection study. The inci-

dent and reflection angles, a , &, can be changed [47].
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investigate the anisotropic reflection of the low energy ion beam [47].
The reliability and reproducibility of the experimental data would
depend upon various factors, for example, ultimate vacuum in the target
chamber, monochromatiaation of the incident beam, accuracy of measurement
of EO, sengitivity of the detector, efficiency of energy analyzer, and
so on. As will be mentioned in (3-2), most parts of the reflected particles
are neutralized. So that, the efficiency of charge stripping cell serious-
1y affect the error in counting the reflected particle number. The exper-
imental error becomes larger as the energy of particle decreases. Eckstein
and Verbeek [27] gave an estimation of experimental errors Involved in
the total particle reflectivity RN' They concluded that when H+ ions are
incident on W surface the error in RN is about 30 7 and 10 % with EO =1.5
keV and 15 keV, respectively. When low energy ions fall on lower atomic
number materials, the experimental error becomes much larger because of
increase in statistical error. If H+ ions are incident on C surface, the
error in RN is estimated to be about 50 % [27]. Such error estimation
should be taken in one's mind, when one wants to deduce empirical formulae
from experimental results.

In the following sections, some of experimental results will be shown.

(3-1) Total particle reflectivity RN

The total particle reflectivity RN as a function of reduced incident
energy has been given for various combinations of incident particle spe-
cies and target materials. Figure 5 shows the total particle reflectivities

against Lindhard's reduced energy ¢ which is defined as
¢ = B aM /[Qf, + M)Z 7 e’] (1)
072 1 277172 '
Tn eq. (1), a is Firsov's screening length in the interaction potential;

12 M2y=213 gy (2)

a = 0.4683( Zy 5

where M and 7Z indicate atomic mass and atomic number, respectively, and
subscripts 1 and 2 respectively correspond to incident and target. If the
target material is alloy or compound composed by plural elements, some
procedure of average out over composit elements is necessary to define

the reduced energy e [31].
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Figure 5 shows the relation between the total particle reflectivity
RN and the reduced incident energy € for various combinations of incident
particles and target materials [1]. There seems to be a universal relation
of RN vs. € , and it can be represented by an empirical formula. Theoreti-
cal calculation based upon Monte Calro simulation were also widely done
to represent the RN vs.e relation. The below figure in Fig. 5 shows the
results of calculation [1]. Similar universal relation between total

energy reflectivity R_ and the reduced energy € was also observed [187].

E

(3-2) Charged states of reflected particles

Figure 6 shows the energy distribution profiles of the reflected

helium atoms when Ni surface is

bombarded with leow energy He+ ions. H:::g;, ///

If the incident energy EO is suf-

ficiently low, there is a sharp ///

peak slightly below the incident ’//

energy. The peak is called surface //// . 4///;4PJ

peak, and it is caused by a single %:: ] 1 4////Wn

elastic collision of incident éi. — ﬂ

particles against surface atoms. Eous

Then the energy of the surface %2- v:r,

peak locates at Er = EO[(l—x)/ L ST PR E;'ua

(1+x)]2, where x represents the Er/Eo

atomic mass ratio of the inci- Fig. 6 Energy distribution of He
dent particle to the solid atom, reflected from Ni surface
X = Ml/MZ' As the incident energy for different EO' The in-—
of the particle increases there tensity is normalized to

is a continuous distribution of the surface peak height.

particles in the lower reflected
energy region. These lower energy reflections are caused by multiple—col-‘
lision processes in somewhat deeper region from the surface, and as the
results of multiple collisons with solid atoms almost all the reflected
particles are neutralized. When the incident energy further increases the
surface peak becomes more and more insignificént and finally masked in
the continuous distribution spectrum as seen in Fig. 6.

Figure 7 shows the fractional intensities of the various charged states

of reflected particles when Au is bombarded with H; ions with EO = 16 keV.
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Figure 7 shows the fractiomal 16 keV Hy —Au
120 » + » NEUTRALS
intensities of the various charged o © e+sPOSITIVES]
: ) « » »NEGATIVE
states of reflected particles when 001 o, &
. . + . et N e 45%
Au is bombarded with H2 ions with 80 . - e t:
. a '..
Eq = 16 keV. Such a charged state > {1 “ T
o L] L] . »
. wn . .
analysis of the reflected particles é aﬁ . ‘"fy”%?.m
is important in the plasma engineer- £ ol . ~ “ﬂi*b
. - e
ing since only neutral particles - Q%kﬂ
20+ ~ n,
reenter into plasma and change tem- le & "
. LI .
perature. gt
6 10 20 30 40 50 &0 70 80
E (keV)
{3-3) Spatial dependence of the T
reflection
Fig. 7 Energy distribution of

Early works on the particle re-

flection were carried out by fixing various charged states of

reflected particles, when
+ . _

angle § . Recently, small angle H, with E; = 16 keV are
incident on Au surfacel41].

the incident angle ¢ and reflection

reflection ( §<90°) and spatial de-
| pendence of the reflection have been
studied [241,[381,[47], [48], [49].
In the same time, computer simulations were carried out to represent the
spatical dependence of particle reflection [47]. Figure 8 shows a result

of the spatial distribution of the particle reflection when H+ ions with

E. = 5 keV are incident on stainless steel surface. The computer simulation

0
seems moderately good in agreement with observed results.

nr SkeV H® —= S5
- ) ) r= o = £5°

rN( ¥,8 )

Fig. 8 Spatial distribution of the reflected particle intensity when H+

ions with various incident energies EO are incident on stainless steel [47].
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4, Bibliography of Reflection Data

In the table of reference the author list up those references which
could be referred in Japan at the end of 1980. Most of the references
published before the middle of 1979 were also cited in Refs. [1l] and [2].
This list would never be a complete one, but we hope that it can be used
as a supplement to the bibliographies of [1] and [2].

(a) For the theoretical study, the interaction potential between the
particles and solid atoms is a fundamental information to calculate
reflection process. References [3], [4], [5], [40], [46] are connected
to this problem. Computer calculations were carried out by using Monte
Carlo simulation. Computer codes TRIM, MARLORE, TAVERN, SAVOY were
used for this object. Description and comparison of these computer
codes were given by [39] and [44) (and references cited in them). As
to the empirical formulation of RN VS.E Or RE vs.g relation, see
[20] and the report by Dr. Hatano presented at the present Meeting.

(b) As to the very low energy particle reflection (E0 < 0.1 eV)] Ref. [36]
gave a good review article. Since the very low energy particle reflec-
tion is very sensitive to the surface structure and the data would

be difficult to apply to engineering problems directly.
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11 - 4 Empirical Formulas for the Reflection of
Light Ions from Sclids*

Tatsuo Tabata, Radiation Center of Osaka Prefecture

1. Introduction
As a commentary to Gesi's review on the reflection of

light ions from solids, our preliminary result of formulating
empirical equations related to the phenomenon is described.
We consider the following parameters:

(1) the number-reflection coefficient RN defined as the ratio
of the total number of reflected_particles, charged and
neutrals, to the number of primary particles,

(2) the energy-reflection coefficient Ry defined as the ratio
of the total energy reflected to the total incident
energy, '

(3) the relative mean energy ry, of reflected particleé.

The last quantity is expressed by the ratio of the former

two:

= 1
rp RE/RN . (1)
The projectiles considered are H, D and He ions normally in-

cident on effectively semiinfinite targets.

2. Formulation

Following the theoretical predictionl_3)

that RN and
Rp for a given light projectile are respectively scaled on to
a single curve as a function of Thomas-Fermi reduced energy ¢,

we express RN by the equation of the form:

a

R, = a,/l¢ 2(1 + age + ael (2)

x B A 4 v ofEED LR ICET S B
Work performed under the joint research program of data compilation at
the Research Information Center, Institute of Plasma Physics, Nagova
University. Coworkers are Rinsuke Ito from Radiation Center of Osaka
Prefecture, Noriaki Ito and Kenji Morita from Fuculty of Engineering,

Nagoya University.
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where the symbols a; {(i=1, 2, 3, 4) denote constants for a

given projectile. The reduced energy ¢ is given by

2/3 + Z

2/3,1/2
1 2

£ = 32.5EA2/[(Z Ayt AZ)ZIZZ] (E in kevV) ,{3)
where E is the incident kinetic energy of the projectile, and
Zys Ay Z, and A, are the atomic and mass numbers for the
projectile and target atoms, respectively.

While experimental and Monte Carlo studies have shown
that the aforementioned scaling law is reasonably well valid
for some targets, the experimental data for other targets lie
on a different curve with nearly equal slopes in . logarith-
mic scales. One of main reasons for this deviation from the
scaling law is considered to be the effect of Zz—oscillations
of the stopping power.4) To take account of this fact, we
classify targets into two groups, and assume that only the
parameter al takes on different values for the two groups (al
for group 2 is denoted as a; 'Yy.

On the basis of the finding of Robinson et al. '6)

that
re of light ions varies in a universal manner as a function

of RN, we express Ip by

= 2 '
rp = bl + (1 - bl)RN ' (4)
where bl and b2 are constants independent of projectile and

target material. From eq. (1), RE is then expressed also by
a function only of & defined as the product of right sides of

egs. (2) and (4).

3. Determination of the Constants

. values of the constants in egs. (2) and (4) have been
determined through the least-squares fit to available experi-
mental data and representative sets of Monte Carlo data at

lower energies. The sources of data used are shown in Table

I.
The classification, mentioned in the previous section,

of targets into two groups has been made by using the experi-
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7} 8)

results of the electronic stop-

ping power for 7Li+ and 14N+ ions. Materials with the stop-

mental and theoretical
ping power near the minima of ZZ-OSCillations have been clas-
sified into group 1, and those with the stopping power near
the maxima, into group 2. The classification of targets for
the data used is shown in Table IT.

First, values of a; (i=1, 2, 3, 4), al' and bj (ij=1, 2)
have been determined for H ions with a single run of least-
squares fit, in which the functions for RN and RE have been
fitted to the respective sets of data so as to minimize the
rms relative error for the combined set of data. Next,
values of ay and a.' for D and He ions have been sought by

1
using the values of bj determined from the H-ion data.

4, Results

The values of the constants obtained are given in Table
I1I. 1In the last row of the table, values of the rms relative
error § are also shown. Examples of comparison of the empiri-
cal formulas with the data points are shown in Figs. 1-3.
Generally, satisfactory agreement is seen.

Using the ratio of stopping power formulas to remove the
effect of Zz—oscillations of the stopping power, we have
recently developed improved formulas. The new results will

be reported elsewhere.
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Table I sources of the data used

Projectile ‘Author Ref.
H Andersen et al. g
Eckstein, Verbeek 10

Sidenius, Lenskjaer 11

Sgrensen _ 12

Oen, Robinsona) 13

D " Eckstein, Verbeek 10
Eckstein, Verbeeka) 10

He Andersen et al. 9
Eckstein, Verbeek 10
Hildebrandt, Manns 4

Schou et al. 14

Oen, Robinsona) 13

a) Monte Carlo data.
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Table II Classification of targets.

Group Atomic number of target material
1 21-32, 34, 46-48, 50~52, 78, 79, 82
2 6, 12-14, 22, 23, 40-42, 73, 74

Table III Values of the constants in the empirical formulas

and the rms relative error & of fit.

H ion D ion He ion
a, 0.253 £0.018 0.310 £10.034 0.197 40010
a/ 0.186 *+0.013 0.222 = 0.021 0.161+0.009
a, 0.219 £0.020 0.156 = 0.023 0.234 £0.0186
a, 0.437 *0.070 0.46 *0.13 0.293 +0.044
a, 0.0046+0.0022 0.0049+0.0066 O
b, 0.192 £ 0017 0.192 0.192
b, 1.056 =+0.12 1.05 1.05
& 0.18 0.20 0. 24
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* Reflection of Low-energy Light-element Ions from Solid Surfaces.
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-7 BEEERTOHRTOZRG
ERF A = O E

S EOELT 7 A7 RHES baNAE 8T, 77 X —eHAFA (PWD & HAFR
X NBELOBENREL, 75 AT~ MEMEAPE - BOBEFELSISET, TIXVE
BE 2 KE, HBV I KEORIGKE, (LERCEELH T TH 08, ERRTTOHE T
LRI, PWIBRC B WTEELEEEE LT b, FIAE, 77 X=BHEOmFLITK
FORESHRESHEL, R EFEICERSHRT S EBREICTRE LIRE, BRELL
OBEOILERIC L T, 77 XBEM OB LB CEREA 4 v OKPEREN S L &% F|
HLTWD (BAIED, (13)), 27, 77 A7 RBREROARM L ORERHIER O KRR
PETS T, HEHBEANE C, 77 X R E LTOFFRERS (BT T HERT
£ EHEOBE—BAOEASRIE SN TS K, BHCEF ST 2ERFESHINL, T
RECF O EMEETH b, -7, SEOHRTHIASOMBEEEL LBICHELET 5H
BT L oMo ERIGBEE, BEATRRETS b,
%ﬁ,Mdkm@n&Swuﬁ(hﬁvﬁmﬁﬁéfif?%MEﬁﬁj&“5%®%ﬁ%§é
1WM£§T®Y§%%%LTV%Q%LT,%ﬁﬁKﬂ%ﬁkﬁﬁmloébf,@mﬁﬁﬁ
DHE T OBV THE TV B0 -7, EEOXMSLIVZOPIRFESNTOS
vighicid, Ao, $RINTORORERZT 52 L &F %0
Hﬁ?&®&$§mﬁﬁﬁﬁ@ﬁmwﬁﬁénfw5®m,ﬁ%ﬁﬂ?%éomﬁ&ﬁﬁ@%
T, APERIEIC D A 4 AR E R A, DTOSEMPHORICENTY 5o
(1) A% YERCESTAKEGHLSFTREL, ##LAHRTFTHS (2,3.4)
©) A& ARG, REMEONETRESEITES (912),
@) A4 VERGEE, BEMTEEKEEARL, 500C~ 600 COITRALES (6~9,
11 ~15,17),

@) AR HETO 100 ARSI NAEo i vE— T 4 4 VAHEOBE, Hx il
F_OHETABS LIS eIChNT, A5 VERESK2RHEERE O (T,

B) 25 VSRR, BB DAL EEEERL, 1keVITETRAEES (20)0

6) A4 VHERSRE, 744y BE @R ICIMeHkEE @EKER) 2795, ST
L RN/ NE {0 E (20D,

L EOERIC AT, B, HEFAREMECEE LEsoBF (18) , H50EH 14
v o(91) AABIKCBET 3 ERSES SN, 45 VERBREO LD FHRTHANE S NTY 50

ﬁi@%%%m%bfu,%ﬁ,ﬁh%mﬂﬁénfgfwéﬁ,&C,&Off¢7$&$

SRR R RO EESEYE (6) dnb—F, SIC, TC TOERRMECL S A/ ¥y ¥
v R, BECHLTRDENCAASAKBOVEEDRSE (19, 22) HH D, HBRENUC
EEEET OGRS B, [LAMOBSICERIERRL LT, RMICET HHES,

* Chemical Reactions of H Particies at Solid Surface.
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BB SESBERI NS,
S E
* (IO{ L73@iE, WDIceis Nty 5,
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399
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M-8 AFLRUBEFERCE D 2KEFHMN
B A 5 OB —

EranE-OHT 44y, BF, ATFHE) PERTOHERE S U EEETH SHliEn
2B TORRIE < GifteF) »ORRShTY 5,

FEENE LTE, (NASKSEEOHN, (K TERIBokms, & CERMFTCEY
54 RS, ETERERIC BT B E— AEEORMECE BN RIEL S, §DICEE
. (EREEOETREDHES, (MEMSHNLORENST oD,

B s pTV AERF 4%, (DAMET %) ORNETH 7, (IRHETFOx 2 vE— -
2y bk EUHEES . (AR FO = 20+ — B, BERFHRCOESND.

1. 44 BRI ZKET
ERERAEC L oI, BANIKEY 5B TOMR e, EE T F A F -
NEFIEH SV, COTAVF—OHBEE LT, RO 22PRISN5.
A A & IO S C ot 7 vF — | potential electron emission (PEE)
AEHA A BB T 4 ovF— | Kkinetic electron emission (KEE)
i) PEE
AT A v ERERTRRSAS SO EhAHE T v v p v fvE— R 73 [& (D
HEEH D2 LD bAT VST b, CORROMPUTDVTH, Oliphant @7 — v
A (1930) LUk, %< OFEAHMBREESNLY, AEMCELVEZTRARA AV EH
W%l?@%%%&bféé%@f,SmmeDMgmﬁ%(wﬁ)ﬁ%ﬂTﬁéo
Hagstrum ( 1954 ) {4, =& - MHBOTE E S PEEABMENICHFR L. 2hitkD, T
OEmOATRBS N EEA NS, BB, 1 EEERDTEERES Kishinevski (1973 )
iC ki st L (Fig. 1 8D

7 = 02 (08E1 — 2¢ ),/ Efemi

| T— 1 T LI LI

osol- 7
Qaok 7
azok i

Xp osof 7
w7 7 ' :
- i Fig. 1. PEE yields vp versus 0.72E; - 2¢; (A, &)

Arifov [6} for Ne* and Ar® jons respectively;
aoal . (e v, v, 0, w) Hagstrum [7] for He', Ne®, Ar”,
a0 - Kz" and Xe® lons respectively; (o) Oechsmer {9]
for Ar* ions. The line is a least-square fit,
L i 'R | b1 ] 1

Q2 G Q5 47 1 23;:;10 20
078E;-2% (V)

* Secondary Electron Emission by Ienic and Electronic Bombardment.
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i) KEE

A4 A YOI HFF—B1keVRL LTS &, PEEZDTIE {KEE &b 3%, 2N T
CH S, BROETMREBIC L - Tr MR (EHTEL BHICE - TR0,
MBI FO T 7 0 E— 1000 LREIEICK LT 7 AERIICHMINT 3Ba55 1, 20 (ASHKT
DEFED) BLOZ, EMOETED) KEESS5, AU TOBMIKEE ST HEL,
DNFAAVYNREEIDLIZITHEEETSH %0

AR b L R ATES BICE L THOMESLSNTVL B, WhE, OEKNE Gk
i HOES x DHIL) IKEF 3 TREFRERDEY, @ bh bEREEOETOHIE,
BEEETH COEBTFORBO I 2O 702 Z2P LBRKIND, BT 0 ALEDLIBET
NAERT BHIC L DR A D G ATIREE 1 B,

fo & ZE, Sternglass (1957) DEH LA v E,

r=4

ZE;.. P '_k(Vi , .x)e;t:p(—L))dx

THb, SiBEFREOMEILGE, E GANA4 Vi & 5B FAROEH L A vE L, %
l®¢?%wﬁcdhbnK&%%?@@ﬂbfhﬁcmmmnK&%%%ﬁﬁﬁﬁ{&bt
HFY%asH05, kv, , 2) RS #IC LB FERICHT SHE, #R,

1
H(Vt,x):ﬁt; X ‘;—Slk(vi,x)

BUEE v, DA AV ASIZ LD EFEP SORES 2 LI AR EBETHEED T, L 3ETHR
TRt B EHEHRTE, PAEmMIcE T 3BT OME TSternglassid 05 & & ~75
&7, Parilis, Kishinevski (1950, 1962 ) S BFRAOHEME LT, FirsovERICED
(BT - EANOTR (FhickE{ Auger decay) KL B DEEZ I, £/, Harrison
(1965) (3, WHSNEBET I ~CEEERmMICHERET % projectile 2 5K D EE A,

2. BTEBCHEI_REF
EZTEBRPOEFREE, KL SN2 BEFOLAAF-—IHESM TS L, ODAHETORH,
OEFERETOL # L F -BEAEIRH, @4 — VBT, @EOTRET (@ 50eVELT)
5 EBRE N B, THAF—SFOHERFEDRE R Marton (1954 ), Harrower (1854)
HitkoTHatnt, BETRBIZETO 3 vF—RABICE LTE, Bohm, Pines
(1953 ) SO LRET 2 plasma FIHEREL & Band - to- band FIEHRASH L L T b, SHRIRETIT
9L Tid, Kadyshevich (1940 ) LLEE universal yield curve DEHDPHS SN T 5o

3. F&0D

SEEEICIENEL A vE~ (< 1keV) DA A VHBAHT EI 0O TIRETICDO0TH,
202 A =X ADERSH, NEAROTERRANSEL L, 2BUAOEE CH>LTOEAY
DOEEFBEREN TS,
RS T A F—HRED (O 1keV) &EFOBFRE, WHWBKEEIZ 20 Td "&b
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SREEDF 4 BRESNTO L, LHLAENS, @F/4 itk HEKTOETRED £ 7
- Z LEHAARC BB AW T, BEahi Fo s OBEASNSNELE I - T
VB, BEREDA 7 =X L E B E, A4 Ik HKEE EBFEEICH S TIRETHILEE
IEEOEHS O LE FUTEIRS T ENTE S, & SICHIBEFOREREE, THLF—AX
7R CoNTDE (R, SBROFREFLIETNIELE0,

4 SO
Review & 3070 &IFTH (o EF T, FH 10 HEEOMEH Phys. Rev., Surface Sci.,
Radiat. Effects, J. Appl.Phys., J. Phys. D EFCBEIN TS,
o U.A. Arifov, 'Interaction of Atomic Particles with a Solid Surface',
Consultant Bureau N.Y. (1969).
o G. Carter, 'Ion Bombardment of Solids', Heinemann, London (1968).
o R.A. Baragiola, et al., 'Ion-induced Electron Fmission from Clean

Metals', Surface Sci., 90, 240-255 (1979).
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-1 Bekk e L Com#mE (e.g V. Nb, Ta, Mo. W and alloys)
BoaE b NI K

b A s BUG AL SR OB BRI O BRI, BAREH LTS A0 EORENEERNS S
5. 1960 HEATE Moss, T0ERFETEND 750 L TZM, SUS316, PE—16, Mo&®i
COY BETETIASORH S LE -, SUSBIEAEA — AT F A PRAVLEY =
54 CRIEBBOWTERTTH 3, ML, X7 ¥ L REDERE, #4 FE2E 8T L0
RENWBEFHELTESNTWAEEDLATO 4,
| Lo AT, FROBRICIEHEMED BRI B EKE (L TV 20
SE Y, FSHEERD T EAMICIHASHBTH S &5, RRORSUROF LT
WD, BED HASHEEFELL- LHE/ REO,HERPM TS S LOBAITLST, &
LIZ5< TRRFEE] 07 7 7 5 —FH0T, SMEIENRS 565 —E, BB ERE
L TaFBER S, £945E, GANERBOIETE, V, Ta, Wi &bk, &AL 5
HEANTETVAES DY Nb oMo & Tati &b N0 DR /I% b - TRMICEH T.E
MaTLBEHTI D, '

P, EEEBICOOTREEASEEIL T o,

i) #7 - B (Physical and thermal properties)
if,Tmm1@6”£ﬁ-ﬁ%@%@ﬁ%ﬁﬁﬁﬁ%gﬁmm%ﬂﬁﬁmomfzfsz'

Table ). Comparative Properties of the
Refractory Metals and Their Alloys

Group ¥ Group VI Stainless Desired
¥ Nb Ta cr Mo W Steel Yalue

p | Melting Temperature, °C 1890 Z4e8 2996 1875 2610 2410 .1550 High

g1 bensity (25°C), grem? 6.1 8.6 16.6 7.2 12.2 19.2 8.0 Low

R : o

g | Thermal Expansion (606°C) 9.5 8.3 6.7 8.3 5.8 a6 21 Low

M | Thermal Conductivity (600°C}) - N -

¢ cal/emd/sec/ C/em 0.09 0.15 0.16 0.6 0.28 0.3 0.05 High

T | S$pecific Heat [20°C), . .

, A ralfe/ot 4. 11% 0.065 0.036 0.1 0.061 0.032 0.14 kigh
L | Young's Modulus (257°C), GPa 130 a7 185 290 325 400 140 Righ
5 o i

{Avprox. ) Recystallization 500 1150 1350 900 1200 1500 650 Rign
Mechanical Properties

{0-1000°C} (0-800%C}

e Tensile/Creep Strength High ¥.High V.High High ¥.High V.High - High High
» Fatigue Sirengtn Gooed Good Good -- Good Gaod? Goed High
9 DBTT (bending} <(°C < 0°C < 0°C »» 0°C ¥0°C - >>3°C - Low

A

L Chemical Properties

e Liq. Metal Compatibflity Good GSood Good -- ¥.Good ¥,Good fair Good
e Gas-Mtl. Interactions Poor Poor Poar Fair Fair Fair Good Good

0 .

v FabricabiTity )

s | ® Farming Goad Good Good Foor Diff. Poor Gand Good
s Joining {welding) Good Good Sood Poor Diff. V.Poer Good Geod
Dpmestic Availability High V.Low V.low V. Low V.High High High High
Cost (Sheet) A1l are high: ~$B0/%g (Ma) to >$200/kg {others) Low Low
Nuclear Properties Widely variable; not Yikely to dominate selection, - -

% Refractory Materials for the First Walil (e.g. V¥, Nb, Ta, Mo, W and
alloys).

| ~79 -
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8L DHEAFTHS &, Nb, Ta, Mo THEMETOLMBOEHSEL MIC/NENT EBIUE
EATa, Mo, WTKEWZ LML, Bhirhd ChiBlEELTOEE 51 5.

1) #fHHE (Radiation damage response)

Fig. 11 UWNMAX— 1 (b= 2) FTRAR 126 MW/ m’, 2 FEEROSEH R ORETHE
RESRENTOEY Bhs, VEREMSR, WOTCr, Mo &AM AT ¥ VRIBFig.2&
apaEr B e Mo LK 4 HITFICH 50K 1000 EOMMEET 5, BIciFizns, Ta,
W& &R FRE S Fed 10 fE ¢ Kx bk, L@l & Ta T 116d, WT73dDMRIC r Bisnd

>T, FOMOEESZWEEHEREEELT,

T T T T T T 7 T T T
FiRST FALL RaDIGACTIVITY EDF SEVERAL (u-u.rs AR L K?E C GJJ\IZU—E-‘ V Jp MO, Nb fci-‘ E‘; D % Eﬁ 0) 5
1 TEMA OPERATION
b 11 e m? MEUTEON RALL LOADING B yabi—Fbs5o L,ﬂ) L/’ C _5 Lf;ﬁfﬂ‘]f&ﬁg@
[*orereme s a - . .
e — M BEELFAE, MLV FTH RN L
e, %
o Peell " 5 3 - sz
SN RIEVNESEAL LN,
- T . -\ 3 . . P ﬁ@*ﬁﬂﬁ o
, \ s j\ Fig. 31iC, f {5 || % D RRIE BD
10~ . \ -~
P } PR sp B
AL HB AT - bDEL P .
0 - l \-QR ‘: ]
- . } 0% ¢ T T -
S A SN .
- i, A, R
S ) — iy
N Al /1[ V.\_ \ i |
’_;_“ T '.| \ \ ;5 D Ti-Bai-av
Gt | RN :
1 Y
=] i S 4
& ; \_; \ vt
: Si {l \ ( \ : -
1079 f— ! — = TIM
» M . >
| ! E/\ ™ g wH ( n
+ W i AY = -
w0-? 1 ‘ I'- i X_ g \
- l Sn l \ ‘ §
|\ \ ad o 1 - T
ol "k‘t::k iy
. - ol o
10 GOOY 1 . . il
.T If" 1 " Tu L I!Y ;° i' T lmi‘“ I ‘loolcm'['"" 0% ol 10 Lo
» ;
° ° l:J' |ln’ o* o vL' o ' e * e o 0% TIME AFTER SHUTDOWN-SEC
TIME AFTER SHUTDOWN
Fig.1 Radioactivity of fusion reactor first wall/blanket Fig. 2 Radioactivity in CTR Blankets After
.structural materials Shutdown Following Two Years of Operation
1
; m-.': 71 !Illlll L llll”l T T IIIIIII Tr lll‘(II T |IIIIIII T Ii‘l“; L) llllllls T 1 Illllll T 1 *l]flll LENLEL RN
: o S RTPR (Nb—1% Zr, Tx 5 yv, by = 6.7 M¥/m?)]
F T ——— - Fission Products'® (T = o8] RTPR (Nb— 1% Zr, T 5 yr, Iy = 2.0 MW/m?)
N i S Tokamokb){ Wb — 1% Zr, T= 10 yr, 4
3 T — Ty = 1.0 MW/m?)
o0 - Tokomakl e ivh— 1% Zr, T= 10 v, .
E - —— Iy = 1.1 MW/m?) 3
2 F—r—r——r—— Tokomakd ) Nb—1% Zr, T = 10y, 1
5 Pl < hyz 1.25 MW/m?) 3
& E =7 S Tokamok{d{[¥ —20% Ti, T= 10y, 4
< e \':"‘---"-‘:" — - Iy 1.25 MW/m?)
f w03 - . :
H E e . \__ . E
o, - ———— -, - ——_— .. E
§ - \‘\ \\ h\"' 3
£ | RTPR (V=20 Ti, =35 SN .
& L - i, T=3yr, \ N 1
< gl we021 6.7 MW/m?) < / \
S rokomadeiy, T= 10y, iw=1.0 MW/mn/ -.‘_\\‘ \ e
E TokomekW(Y, T =10 e, by = 1.0 MW/m?) '-\}Z\.‘ ______ ':
[ RTPR {Cu cails, T=5 yr, Iy = 2.0 MW/ml) LN T T AL ]
. 1h 1 doy N Y month 4
1 . ;
lo-s L1 leIiII 1 ’I“I:‘I-'IIII ] lll"l 1 l{:ll!ll] J_ 1 LLILL Ll N\IIII ]ll L lllll;\]‘ | K {
10! o2 103 104 109 1o o7 08 0P 0%

Time After Shutdown, Iy (sac)

Fig, 3. Comparison of nuclear afterheat, P/Po, for the RTPR (Nb—1% Zr and V—20% T4, I, = 2.0 and 6.7 MW/m?,
T = 5 yr) with other fugion reactors and figsion reactors: (a) Ref. 35, (b) Ref. 9, (¢) Ref. 10, and (d} Ref. 12,
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ST, BEWHTESSMEE 1, Table 2 1MW, IR0 suoKTAT

T HDIE, B—BEHHOBER M b v SraeAzooam
o X . Mo 76x107° | Cr L1x107* | Mn 12107
B TORERF~NY 9 HADER |z 1310 | Ti 24x107 | v 18x10
35 - Y 69%10~* Sc g1x107" i | 45%107
DRETSH 5o Table 2ITHEND, V, He 33x10~* | He 72x10°° | He 28%10~
SUS 316 DEEIT20T, 7777y H Box10~* H 12x107*t H £Ax10™
Nb -i4x10-* v ~18x%107" Cr +24%107
b FACEHE LA LIS D O - P
e - . a _ Ni -18x10™
FHGENRBAAR | MW/ mf & L TR TR
6)
ENTH D, | Table 3 HRAFT I H DR
[Ei#kic Table 3 1Cid, MIBRELO®R — Y 04T 45 2
Gt BT AR o At | ERERR At BE LMW/ mt0) | FIAR (ot %)
Al Si Ex107* {06
o E & EBER A R Lo b D0 Mg 005 4
TENTHEY Ta, Cr, WOBAD | geq, Ma o1s 0
- Ti 5610~ 3
SERERIR AV, BeeFaT  (FTYVAR v 0022 20
DB > THBL HDDEEDD 5 ak | 10
v ~ Cr 0013 & &
L BicE 2, Ti 2008 ~70
Table 4 i Kulcinski ’ /384 D Mo Te e =
* Tm:RAK
Bz oW T EnikE, N T sk "
Tabhle 4  BFHFOBUSXUN ALROLE

Fusion Reactor First Fissicn Test

WROBET, MsrHE—E
& J:tfi@ FAls) %@bﬂ EBR — First Wall Reactor-EBR-IT
' 1 My/m? {max)
& ot Hf.fﬂ?f 1543 T > So Material dpafyr appm He/yr  appm H/y dpal/yr appm He/yr appm H/yr

ERESBORTE, VA s
BEHAEC, RICMo,NbD
MBIzt - T b LTS Mo
Ta, Cr, WoRtHEAREH

17 410 790 76 7.9 50
316552) 10 200 540 44 270
7 24 79 28 1 6.6
8 47 95 10 1.8 1.5
12 57 100 54 0.5 14
10 2700 Neg. 3 130 Neg.
(d) 2800 130%) ) 3300 Yeg.

%o Be®

L AT, Table 4 DT
ECHBDG, BRAEE LEE
i LB s, KOYEE

a) SAP = Sintered Aluminum Product, 5-10% Al;03 in Al
b) S8~ Stainless Steel
¢) ~Typical of 5 cnm from first well

" d) displacement cross-section not available

e) Tritium

U@@,&E%ﬁ%ﬁ&ﬁ%ﬁ@%%w~4w%ﬁﬁkéhiﬁfé6cCﬂmﬁtrdbéﬁ
LigER i, HEDRHES THERFOFIHMEHE D 3 ~ 4 fEREV, LaL, s
Th & bR BB ML | ~ 2 ETRBRI A0 L, RBEFORAOBEME, 3
5mm5mm@tb@bn%@ﬁ,%ﬁmmwaﬁm,ﬁ&@&gm@5ﬁoce£ﬁﬁﬁ@%,
wBE HENE S v N R R OB T S 5. dpail i LTAY v LAEREAK
F0C 0, BUSELLEERSARCEST AHREBRFORTPRHTRETSC LA N
oL, X, Feok 0 EEEETLEE, EFRFEODBOERLNEETS, ~ ) v LEIZ 600~
mmpmm@éﬁaﬁ,C®;5m%wv&w@«0vA%§UHﬂ®ﬁEM,iﬁ%AEﬁ&
ST i (CoBREE, ATRRORR HOKELE) .
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T(C)

T¢(°C)

- T(C)
;300 800 700 600 500 g 900 800 700 600 5%0 104200 803 700 600 500
162 v 102 Nb

SOLUBILITY (alem fraction-atm ')
=)

—
— ]
10" ]
107
w
1g° i
Fig.5
R - T R TRt T B
19407 LK) “—-Fig.4

ST ARSI TOH, DELY
TouuEnD FLUTRLT 2
Table 5 #- Q) ogmtis

bt
PERMEATION CONSTANT [cc{STP}mm-crfR atni’™)

12

10 1
11T (K"

&I L B AGH DI IR

AR R
16°
SRR B DIKAAN 8 g 10 1 12 13
[ A TR 16T (K

HEBEIUAZIIESS

Fig.6 jypgssonmus

(DFDQEXD( ];C{I‘: ))
T T T ) {bgpie, mok (Compatibility)
oy [ of [ o7 [ ef [ a5 ] aj o o .
RITE R — LEOBREMEL T, R PR EOL
N (730 | 704 | 527 |a32 | 943 | 924 | 910 MBS EEEOEVERD ~2TH S, UT
v (85| 088 - - 25 - - EaEeEOF— 7 THICDL HDEFTET S
e T s 7, WELSCLTOEVA, Hoblyikes
Mo (85) |255 - - int I - , )
W (61 | 41 - - 90 - — DHLTH o
30455, |s7o 84| — | 1883 | 1s488f — 141083 ¢, Fig. 4 CREBICE B KREREDOE
ik — ) .8 5
Y Nb Mo S~®DO,N.C BEIRFrE &R L7
Table 6 @## ¥ic, Fig, 5 L& EBITH T 5 RKEDITEHRE
r DEBEELSTRENTO Y 4 HHE OHE »
B W8 W %
S R T 1060 C LILE DG A ¥ — bR FE S8, SRICE
T 1.9% U B EBRI A Table 5 1R LT Bo
Nl B el Fig. 6 iIC 2R E LUSRICEY 5 KRERF
Mo cB2x 107 | 4,263 %107
v | ssmaxt | 1727 OBEKGHES RIS T zY
N | N |217x107 | 3.482%107 Table 6 KIZKELADO, N, COV, Nb,
T Mot~ B & it 7227 (L, %4 Ref,
v 9 238x% 10 1,973 = |©
c | wb {a2mrxipt | 5963%10° SIIEmE N TVEDAE5[HALI) o
Mo | emx 107 | 5935 107 Table 7iid, B—HTEELY, WEHM
Tahle 7 “Hs = . o1
Coolant/structural material compatibility. ﬁbj & L‘)"CO) = mﬂﬁ\%%%Q Comp atlblhty f‘rﬁ}
- - i v
CORKING ELUIDY MAXIMUM TEVPERATURE FOR COVIPATIBILITY . ‘
COBLANT STAmLESS| NICKEL| N Pl b S, MDA TIZV, Nbd#E HREES
STEEL BASE
LIQUID LITHIUM 5002C 450°C 'SUDOC 10000C a00oc %ZJ ‘C L/_C i)’ MO’ qu‘: &‘ Giﬁ% L: —C A 7-4 YR
HELUM ALT | asoee | raes | <a00ec | <a00ac | <3000 FOBVWEMEE - TWALEAFTITH b, C
Ha0 ~4009C | ~4500C § <3000C | <3000C | <3500Cial .
: CTbTaDF— 7D RITOHOMBELENS.

{2l MO PERTINENT DATA; NUMBER CITED IS BASED ON SIMILARITY TO

ZIRCALOY.
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V) AT (Mechanical properties)
%Q%Hﬂmﬁﬁéﬂéﬁé%§$®~ou,Hﬂ®$m%ﬁﬁf&éowa8m%~¥®
/% 05, m,IEm&Lt%%,MLk%,Vﬁ;@&ﬁ@ﬁﬁ%f%ﬁﬁ%&%ﬂw£é
s A S L ES TR EATO 55 AR T 7 X< b o OIS 25 REARAL
LraW/om®, SICHIET & 7 BIC L ARABEBINT S, $72, FHEG/HEL DL LBH
FTRRABIRSNTN S, 2 THELNTLELTE, ASME code AHEELELTEREIUME
MEETOLESS DY, REOWMAOK, $4EREETOMNO 09O MO R/NMISE S
T B, HEE, EBIETE SUSHRE (, | MW, /mt OBER B TESUSH A 1 eml) iCd
57 & IRV STl B, O, SRGEBMER, ENERTHS .

Fig. 714 Thermal stress parameter M £ B MigEIcH L TR 72 60T " MBRR TEES

b,
zgyk(lfl-*)

M == :
aF

Z 7 Tay ldvield strength, k(3 thermal conductivity, » !4 Poisson tb, o3 EE IR RE
Eif Young B TH 5, MOMEAKEVEE, thermal stress AR T HOICHEMNTH b, SUSK
Y. Mo, Ta&&mgicd intwsl S OSMTH S, '

THERMAL STRESS PARAMETER
VS, TEMPERATURE

Table 8 ,RxzsIUREADEHHDMRE(Wall loading: | MW/ m')
) . : 500 Ta-10W — 1500
N N Mo v sus® _
A £L=C0cm 646 LR - 749 1498 500“% 1000
£
L8 ) 10 cm| M—8 | Lo28 1081 2032 2640
- 400 — 400
() 15 cm 3827 . | 2119 3839 5531 =
w7 | £=05cm 054(74) | 046(1300] 082(118) | 325(33) | 7| 200 a0
) 10em!| m—s | 170024} | 140¢43) | 176042 | 650C18) | S|4
1 kgsmu 15 cm 321012y | 281C2D) 341022) 1352008) | &l 200 200
W N | £=05cm 060(35) | 048(67) | 073(28) :
m—iR ’ - . - -
o 0cm | m—m | 188(L1) | 148122) | 208¢18) 100k__Ti-8A1-4 100
ke /nm? 15 cm 355(08) | 207t11y | 403¢05) N
. R o} 100 200 300 400 500
L s SUSOARERRY OMRAEETLL MAXIMUM TUBE TEMPERATURE (*C)

2 BEHORON v IACRIERIFTLALDK _
{#M FCR Cu AT 20°C T27Wscm)
Figure 77

wic, BEHC £ ARG S Lm0k, BlrAx ) v (B4 KAL) ¥ PRET
70—7@%%@g§¢@@ﬁ@@m@ugmwu&c%ﬁ,ciwotﬁﬁm;éﬁm%ﬁﬁ
DEIEDVTOF — 5§ BRTRICEBRTH S5, Thicbhhbod, mEPHT7ve 22
10 LT 108 At P ek S BRARIRICVTE, AT ) YRR U -TID0T,
aﬁ3m®$5ﬂﬁgmtﬁﬂmomf,@6nt%#F®I$%?4&ﬁ£%K¢§f,@@
ﬁ%ﬁMﬂ,%K%ﬂﬁﬁﬁﬁﬂ@ﬁ%%%%@lﬁ%?—?%%66&m,é<%%®#%ﬁ
550x:ny&ﬁU—fﬁ%@%%mowfé,MH&wéﬁﬁﬁ%@@&A&%ﬁowg
NTVHODBRIRDE I TH 5.
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V) £ (Surface properties)

BBEMTETEEL MR BH,  CAheat pulse £ U, ion P neutron OIS &2
Bo BrDA 4+ vONRE, M, Hbirisbh, sputtering ®blistering OFED S O TH
BHMBHEROBRTH S LELLTREE 50,

TEMPERATURE [0}
__ 800 1200 1600 2000 2400 2800 320¢ 3600 4000 4400

L AE AT - 0
i i
= =T

2, YAPOR PRESSURE (Toer)

n {T) EVAPORATION RATES {atoms cm™2 1ac™')

3 I N L[+ 3
4400 4800 5200

L ; = T : E——
i o 1200 1600 2000 2400 2800 3200 3600 4000
T, TEMPERATURE ( X)

-
Rl
o[ I8

II)’z

Fig 8 Vapour pressure data and evaporation rafes for different first wall materials s a functivn of the temperuture [21-23],

£ (Dimensionless)

Flg. 8 fi%ﬁ*{*#@ﬁﬁ&%;ﬁﬁ@%ﬁ & L/ ’Cﬁb\f:ma%%'t Fig,.g Farticle erd energy reflection coeffi-

cients (R,J end Ra, respectively)l a3 a function

12~14 - . . of the reduced energy £ (see‘texs.] for all the
,;'6 %)o Mo, Nb! Ta’ W f; & ii%g{t‘fcj‘ < dlf:ij‘i‘ff_%% %3’_)0 cnlculgted resuits shown in Fig. 1.
Fig. 9 —a)it, Rn (number or particle
10
reflection coefficient )%, —(bliZRe (energy [ ey o Satn
. 08 . T Terget Approx,
reflection coefficient) %, W, Be, MolKU .. N Tergst feﬁ?;:"t{c) enerqr;n(kcv!
T ol N ° Mo 100 10
Fe DHEEICDHLUTEAHR LB A>T §°° 3 thooe0 X0
Kb bDTH B S o R R
n ) £ ot 100 19
Fig.10ic i, H A A voofisEoRgIc § 0%
EABARS AT AT ™m S, 100 TTIO o
keVOH A4 vABH LMo Tid 3% 10 c02lo i o v i v i
N . i 19" 10" 0% 1" 10" 10"
H/Cm2 *SCE@{&L‘BE%T%T H CD%% (2 figfnic Dose Cioas/em?)
- - - 19 ¢4 - ) N
EL T o, TaTB 07 BORENEL) 3 pig 1y w42 vonmsseommmc s
THHEBICLAE/{LEZL L, ik

— 84 —
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Implantation  of - 235°C
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a
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Fig.] 2lon retention {open circles and dashed lines) and
surface deformation (full points) under implantation of
10keV deuterons and subsequent thermal annealing for Ni,
Pd, Mo, and Ta.

Fig11i2 (3, D OHED RS FAIE Nb T3 300
KTEEF100%ici 505, BHEENINL LIS
THELTH, MEOHRI BTN LB L

MRERTOUEPYV Mo, Ta, W HETHED
— BRI TVS LS CBDhILS,

Figl2 it, 10keVODAEKBLBicA v 77 v
v a v L Bo44 v IEE S RRIOEE EIC
%ﬂ%@@ﬁ%ﬂﬁLt%%@%é?@ﬁ%%mi
B, EHOLENLCEEN T -y THAEEDNS

Fig.13 (%, sputtering yield DA #4 ¥ T R F—
M ETaB L TaCle oW THNIBERERL
£ OT, IEEE EBREILICHANTO A Ta

DL RNy 5 —ERE—JIET A I ALY
AW & & TS KD TH D,

EC, Figlds L UFigls T, #h®8hMo %

L UEWIZD T, sputtering yield D& 14 v
EBAEOERERL Y
10": T - . T
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Fig. 13 Sputtering yield for Ta and TaC [77]. Comparison
of measured data and empirical relation (solid lines eq. (8)).
The upper curve has been calculated assuming the mean
mass of the compound.
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M, Anidecsen, ML Bay

g-yietd data for pi
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Table 9

(EEahrz@BLT) PECELFRUTTLERT ST LA

Ll oids, L (Fabricability, Join -
ability %&&¢s) ©FERAM (Avalability) & o
i cost 75 EDO B A, S & RBEOMEHRIRAR
EANLTNEESHEWC LG EEAATE S,
Col, EAEEBIRELTY 7 7EEL
CH D, BEHICH LA SIRENE BEA
AEOBEEAET 5, bLEBEOEGLS
A B AR T 5 L o, o AR
FHC R L TR oL, FrRL
THF 3 EES, LEEREHAOEIID o
Table 912, R. W.Comn™ic £-THA SN
Fe B MEOFMAE i . (HLESTa i
DT, BHEOLRE, BEEAPAODSTD
FMAbDTH S,

Criteria for Selacting First Wall Materials* in Fusion Reactors in General Priority Qrder

Criteria

Favored Materials Less Favored

!.Radiation damage and 1lifetlime
a. Sweliing (dim. stability)
b. Embrittiement
¢. Surface properties

2. Compatibilfty with coolants and tritium
a. Lithium
b, Helium
c, Water
d. Tritium

3.Mechanlcal and thermal properties (lIrradiated)

a. Yield strength

b, Fracture toughness

c. Creep strength

d, Thermal stress parameter M

k,Fabricability and joinlng
5.!nduslf|al capabillty and data base
b, Cast

7.Long llved Induced radivactivity

8, Resource avallabitity (USA)

Ti, ¥, Ho, 38 Ta M. ALL
C, Wb, v, Ti, SS Mo, Al
v, Ti, A1, L Ya S5, Nb, Mo

Ti, ¥, Na, Mo, 55 (A1, Chws
55, TI, Mo, Al, (™o (b, V)&=
§5, Al, Ti Ta (C1#*

#o, AY, 5§ Ti, ¥, Wb, L

Mo, Nb, ¥, TI, S5 Ta A1, C
55, Ti, Al V, Nb, Mo, C

ool v} o, v, TI, 88  Ta € A, N

1383

——_lio, Al, Hb, ¥ Ta Ti, 55, C

85, AL, TI Ta b, V, Mo, €

§5, A1, TI, C Ha, Wb, ¥ Ty
¢, A, 85, T Bo, Mo, ¥V Ta
v, L, TI, Al §5, Nb, Mo Tq
t, TI, Mo, Al, §S hb, ¥ To

* Allays. Ti-GAl-LY, V-20T[, T2M, Nb-12r, 316 §§, A1-6061. This 1¢ an [)lustrative Hst,
#% Materlals in parenthesis are unacceptadle with stated coolant,

— 87 —
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Table I Lattice sites of low-Z impurities determined
by channeling technique
I?Pu_ Host Intr?— D?tec— Lattice Site References
rity duction tion
’n Be I near basal plane ViaB0,Jac00,KaulC
Mg I *He,p T(50K,dil.),R-T(110K), Lig78,Cha78
R(230K)
Al I *He,p  T(33-175K),R(300K) Bug76,79
Si T ‘He,p I(anti-bond,296K) Pic78
v M He,p  T(296K) 0za78
VOX M 3He,p 0 0za7®
cr T *He,p  T(90K,dil.),0(d,296K) Pic74,76
Fe I He,p 0(d) Mye79
Cu I d,n T (304K} Fis69
I Me,p  0(25-300K) Bug79
Nb D d,p T (150K) Ife67,Car72,72a
D e, T Ska75,Ant00
T (295K) Ant00
Mo I *He,p  T(90K,dil.),0(d) Pic76
Pd D ‘He,p  0(295K) Car78
1 ‘He,p  0(25-90K),T(90-180K) Bug79
Pd jAu , D d,p 0(296K) Tak78
Ag 1 Me,p  0(25-320%) Bug79
Ta D *He,p T(296K) Ant76
D d,p T(296K) Tak78
TaNx D N-D dumbhell (83K) Card0
W I He,p T I(50-296K) Pic74,74a,75,76
Pt I *He,p  0(25-70K),T(70-310K) Bug79
e Be I R Via80,Jac00,Kauld?
W I d,p S(d) Pic74
bLi Be I d,a S(100%) Kau79,vVia80
‘11 31 i D,0 I-R Gib68
bLi Ge D n,o I(~T) Bie74a
Nb I n,o I-D Bie74
*Be Cu M d,p <100>-mixed dumbbell Mat'78,Swa80
d,o (1.324d)
10p Be I BS R-S Vvia80,Jac00,Kau00
lig Al I P,0 R And72
Si 1 P,0 S(30%)-1 Nor79,Aka73
I PG S Sig73
I P,0 I-S(irrad. eff.) Gibk&,Fla’7l
I p,3a on {111}-R Pel75
Fe I P, 1 And72
Ni I 0,0 R And72
Cu I P, R And72
Ta I D,0 R And72
W I PO 0 And72
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Impu- Intro- Detec—

rity Host 4  iion tion Lattice Site References
12C Fe I d,p 0(2/3)-R(1/3) Fel73
C
2¢ Ni surf., d,p long-bridge Var80
15N si T d,o R Mit75
—-SicC I p,C $(70%,HTI),S(50%,ann) Cam75
Ly Ge T d,a R-5(<15%) Cam75a
15y .
Ly Ta 0 CarQ0
160 Ti M d,p 0 Del7s,74a
180 T PO 0 Ale78
180 v M d,p o Tak78a
Ni surf. d,p long-bridge Var80
‘89 Nb D P, 0 Mat74
189 D d,p 0 . Car76
180 D P,0 0+0(<100>0.5Ad) Kai79
l9g Fe I D0 R Mac00 ,Kau00
| Ni I DL R Mac00
|
Ne Be I BS I-S-R Via80
**Na 51 I P, T (40%) Ska73
Mg Al S-D Swa80
Al Be I BS I-5-R Via80
P 51 D BS g Fuj7?
B —em S(700°C ann) Gib68
Ge I X $(93%,di1.),5(63%) Che74
S Ge I X S(<25%)-1 Che74
AT Fe I K-X R-S(<5%) Mac75
Introduction

I:ion implantation, M:melt, D:diffusien, gsurf:surface adscrption

Detection
BS:ion backscattering, =x,y:nuclear reaction, em:emission, X:ion induced

X~ray

Lattice Site
S:substitutional, T:tetrahedral, O:octahedral, I:interstitial, D:defect
associated, R:random, A-B:multiple site, dil.:dilute case, d:displaced,
ann:annealed, HTI:high temperature implantation, ~»:beam effect
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34,59,85) )

Ni—alloy  (N(45), Ni (1542,6582), p (88) )

Si (Ar {51), As(47,68), B (1.37.68), Ge (67), Mg(68), N (38),

P (47,51,68), Sb (868,693, Si ( 39,51,53)
Ti—alloy (Ni (101) )

U (Ar (20 )
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BRSF T, HMARFICHRT, dfFor 2 vE—-AE0, PETFOT R vF SN
LEEMETE, BT0ORUEHLIBED ), BERITLD~Y 7 AOLERBEIRE (Y
Do COC LILLBLBHEOBROSICBELTE, EEOETER ) ¥ 7iC L5 THENL
AT A & HRERIC TS 30 BP0 U LIBEAAE L C LOsBiE, BT~k ki,
TR A - BRI L » THET AL ENTE S, $/, ATV LVAOI L=y
FoEESE 4 HHE TR, AT EEN Lo BROgIGERAM LT, HFIR (High Flux
Isotope Reactor ) @& HHEEOBPEFFOREICE-T, ZEONT T LAEHEREE LT
Laiea 3P LmL, HFIR MV BERR T, appm He/dpa BMEFICAZLOT, iR

(> 500 C) TOMEHMSHOSOEESY, EBROKMAFOEE L DERICHET 5 L05FE
A 5N B,

K& HRHLE S BT EARA T, TR <7 P VERBTLLITEST, R
L 2 S0 B EER T appm He dpa A Mg S EREBICT 2 L &M TE 5, MHEBREFT
b, D TR EEREFO RN TR DNS VDT, 77 77y P EBEMRO L
AT BRI BRI SEL T4, 1A, ORR (Ozk Ridge Research Reactor )
ARIET 28, 5MW- yr/m? YT 5 BHEET OO 0F4 8T 5, 45, JMTRTH,
T H IFORR L EIEE TH AV BEERMEHOT, 5MW- yr/m i 5 A =T
O EDHEBLETDH S,

BRSIRD 75 vy FEEHMEE LTOR 7 v L AMOBBHBICEARFEHV L LE
&@%ﬁ@%I$W$#(LM%V)@$&%%%K;%Hﬂ%@@%W@,mu%&tﬁ%%
LUHERIC L~ 9 LEREMNE BICKEOC LIKERT 5 LV AREICESVNTN S, A
?yvz%@@ﬁ?%%ﬁ%ﬁ%hfi@ﬁﬁﬁﬁbEOC&HEWTHHPOC@ﬁiﬁﬁi
+ 57 kAR HIic, EBIC 14MeV O R T ORMRBAETL, TOMRELSRI LR
B L B B B s L Th 5 LEND 20 VRERS LTV 2 HARADS T F v F -
ik TR D — TG AR M3 2 RTNS— I (Rotating Target Neutron Source— 1) TH%5
s, EEE PR RBICRIATE 2RAORKNER 1090/ m BET, Y7y MREMRLIL
THIEEE & BTN AEEE 07 mP i T 5 Fr b BRSNS 0OT, RTNS— 1
ARALTTENLBRZARAT ST LEEBTER, _

TS T v ¥ — i FRERB AT S obic, KETFMIT (Fusion Materials Irra-
diation Test Facility ) OERZAHED ShTV5, COBSMERIE, Li (d,n) RIGIEL-T
EUk%I1w¥—®¢ﬁ¥%ﬂﬂjé%®ﬁ1mﬁﬁﬁ®méﬂéﬁﬁmééﬁlxw”w@ﬁs

(Bn > 01 MeV) Bl Lo ST ROBRATS 52 &AHESATO B DRI EHRT
m,ﬁ%ﬁ%ﬁ¢éw&m,%%EEK;%$%¥$®£kﬁx%w®f,%ﬁmﬁEK@Té
HEET HNKIERBE AEH LTI S, &51, Li (d, n) BULERA DS adast o
EAEBT, 1A VE—DHBETRAME 4MeVICLE S LT HEPYRFO T 7 LF -7,

A0MeVEEEIC 2 THEMA C EICABR LI TRESEY, ZOEELHMAFOREEEEL
i FHE R S L CERT A nIcE, MEOBE~Ox 2 v F—55 14MeV LI L@ htkF
DEEHFMTES LICLTHEOIE TREBH, TORDHITE, TAuF—7510 MeV L)
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EAE LTI DBA AT &4 LS UWRESEMETHEEBES K& VA, HEHEEAE (5L
SR, A, BEERBITETOBSN LS 50T 5INTOR (International
Tokamak Reactor )(IOXIZ)G‘E;*, PHEAREE LTORMBALEZ ST AM, ZOFEDOHMHE
¢m,aﬁﬁﬂ&LTQZ%VVX%HBMW-w/ﬁ%ﬁﬁﬁﬁﬁéﬁgéﬁﬁéﬁﬁgmm
COREORFERTI, MMAERFA RO TRHERR T -7 04056, BEMEOMA
REEA MFEIC FRI4 5 C & TE 10, MEEHEE & L TOERFORKOBREN, Hr5F
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BELAMESIT AT L TH S,
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BEISFED 77 v o MEEMEORRTRLEBRLL &3, SUBEES O R LD I
ROBHELES LT, MESFORNEIETHAICIHA 2 KE 316 27 ¥ L AFOHREREL
WOt iz LB IEBE OB T — 2 2185 L H OMERBREED 5 £ £ bIT, FORE -
BACLEMEA YD 22D ICH BT RSB T — 7 OHFFICED 5 T L Th 5, thdt &R
DO HTRIHEEOEE L, ol LS -0 B EREFB L R8T — 7 O AT
T 57 S TENV, S ORFEEREDERIFMLT, ERAFICET 5 BERED
TRIOEES EIFa L5 L TR LHD, £/, B BHEETESNIE®RT 4
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0 ERRT 5 MW - yr/m? IR A RHRBREIT S T EDTE B T, 10MW: yr/m’ i
HidM4 2 WA ERER 7 — 4 1851013, # 7R ORE, FIREER, BTG L 2HREEL
FOREBRBCET ZEEAMAS &, N TFEOMEPLETSH L,

Sy LOHBEAFE~S I, HFIR 2FATHIE, BREROMEMESS JU5HRREIC
A AMASE LTOE 5 ERTAY v LERBIE LT ISMW - yr/m’ IKEHT 5 RE
R T v EBACENTED, 15k, CORFHTRESLIVNELOT, AL 7V OE
BHIF L (RETH S,

KX 11 E#HFLE b -7 ORR Tid, appm He.”/dpa % ¥ M &P OREFECEOELBHET
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ML CTEHETS3HRT— 7 AERTECLEABERNUILETHEL L,
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- 8 &ﬁ%ﬁﬂﬂ@%%ﬁ%&?—7&-i

R o5 B R K

M SEDE—EE - 75 vy MEEMENCE D 3T IREHEE O B E WA B
e, BEICE 2 a8 G COMBMAEO TR OBESRED—D2THL,
B 14 MeV OEV I F AF—OF L ~vohW TR TR, SR TR ShHBEHRcs
HB0hWwE Ay OREHEER, BIUERPOOETOREEHLE (n,a), (n, p) FOK
RISTHEL 2~ 946, KEZOH ZEFICERT 5, tORELT, BESOLERENFT
TOMEIDFMERD 5 RE RS Table 1ITRT L5 ICRIRBE Do

= R R O B R AR
B ThHEERIchFREIC LS Table 1 BULK RADIATION EFFECTS ON PROPERTIES THAT
HEAH: U 575, Table 2 Cmd MAY LIMIT CTR FIRST-WALL LIFETIME

ko BE ATV ENL 2~ 3 ~Property : Limitation

®@bﬁﬁ®%,%ﬂﬁ@$n%o

L I Swelling Dimensional Tolerances
Ci’LGCﬁL77 YT H“%EMH Strain Imposed on System
OIEEHEE A A CFHF TR

s Tensile Properties Stress Limitation
— AT -
wétlﬁlﬁ%m’ ﬁiﬂ*ﬁ.&@%% Strain to Failure
THRE S4B 7] 45 & L TREAEY
BT 4 B B AR B, Thermal Creep Deformation'Rate .
o . Component Time to Failure
LEOE A AP OBEME S L
Tid, SEPEOBREEETHE L Radiation (reep Deformation Rate
e e SR 4o .
LTHRMES T— 7 BRE 316 Fatigue and Strain per Cycle
AT LA, BAUINEN— Creep Fatiue Cycles to Failure

ACHBEMA A AT FA b
27 v L ARMUAITIED DTV,
Ui UK BB O ML DBIREIC & » THBMES © & 13, 316 <~ ZADHRHC 20T HEED FHE
#Kﬁwﬁ%%#TT®ﬁﬁﬁ%mé,ﬁ@%ﬁiﬁ@ﬁﬁ%ﬁ@ﬂﬁ%&ﬁo%?ﬁﬁ@ﬁ%
F— s ABACLEBRENCETEEV, $AEENABESE,» b, MEORKERNLT S
W%ﬁﬂﬂ@ﬁ%ﬁ%ﬁ%?%ﬁ%@,&@%ﬁ?mmﬁ?%%%ﬁﬁtii:v—vayﬁ
BHOIK S & 4BV, T AENERIERSHORITIRIES, HEOEREHCONT

150 &a2EANE, FORTARLGMBMNAILOTHS LEDLND,

RSO 75 vy MEEMENC B 3 BEHBECET AES O Ly i@ THNED
BE, MEO v BEHREICET 3BRRRF — s A ERT S L & bic, HETHMIRELS
TR 7 DREMTELF—F -2 VA FLEEHET LT &1, BEMHOMREDR

* Data Base Systems for Radiation Damage Problems in Structural
Materials of Fusion Reactors.
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TS B HICEE TH b, FFIC, FEHREOREDHALHOMHMEEE L THO R ICER
STOMEORS T s B, 2 YR T Y MCRITE 5X I BRTEORBEAE
Vo

Fep N RICERE N Ty AT LT U 3 2 b— v s VEEHBRTE SN MBI O
VL © 1A B AF O 1 M TOMBIO RSB L NMICHER T 5010, RARGHEOR
BTSRRI A B K TH %o

LT, MEO v ORSHREICNA R - 1o HME T — 5 N R L RENBEORITICLENY
EERO WL 2 OFmIZ >0 TR~ 5,

Table 2 Anticipated Structural Materials Requirements
. 1
for Fusion Reactor.

Parameter LMFBR Magnetically Inertially
Confined Fusion Confined Fusion
Temperature{°C) 300 - 500 400 - 600
Austenitic steel {316,304,etc.)
500 - 700 .
Ni-based alloy (PE}G,Inéone1,etq
800 -100Q0

Refractory meta]s(Mo.Nb,V.a]Toys)

7

dpa/s (max) ~10 3-10x10" ~1-10
{Tokamaks ,Mirrors)
1-10x107>(Theta pinch)
dpa/yr(70%PF) ~ 50 10 - 30 10 - 39
He production ~ 10 200-600(steel) 200-600{steel}
{at.ppm/yr} : 15-150{Refract.) 15-150(Re fract.)
Nurmber of power
cyc]es(yr'1} ~10 ~10(Mirrors} 107 - 109
10° - 10° (Tokamaks)
3x10% (Theta pinch)
Stress level{MPa} 60 - 120 60 - 120 100 - 200 -

Desired lifetime

condition ]
< i11-defined, but commercial feasibilit
dpa‘ ]00"]50 *t**********ﬂﬂ****tt:&iit*ti*t***iﬂ
300-1000
He{at.ppm} 20-30 6000-20000(steel)

800-5000 {Refract.)
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1. M F - N— v AT A

W SRV BRI k1 B v 7 BEHBERRO T — 7 R~ RV AT ADREIEAIE ST R
RHNT Fig, L ot S2MHORE7—4 13, aems, B, BEEek SRA% eRd
By MEOBMEL LTOSEEE AISEBREREST 57 FHEPERTH L PR
MTH L, BELE LTA-AFFA4 FRF VLA OVT, £4 FRA T2 1) 7 (Table 3
RIS NS A — 5 AR, PUFEEE) |, BEF2 ) —7 (Table 4) & RUBH KM (Ta-
ble 5) KT E7-7 %

FORM — | (Fig, 2, 1&E#E & 7— & OEH Lrcidid s KURBHEHRICHET ST —5)
FORM— I (Fig.3, m%, B, fifisJO0RREHCETE7—9) LU

FORM-— Tl {(Fig.4, B&7—%)
D3 oORDAS v — b A, TIEL, HEF— R Fig. 5ICRTEIIET 1 I5 4 F— %

BRSEHMERCBTAF -2 N—R v 27 a0E-TY (BHEEBHERZ

K% R & bR R
E = [— GraouE T ()4 MeV
& B RE (> 167 nAem™

\ Bl B [ 3> 500 ppr

MR e

HHF -8 T —- R AT L {
w R = . v
N P
s € =42 2 F vz (REFE) Mo g (AT, MAHE. (BEH ] )
=y 5o B E
[€:3:374: B (BEmMR, REAR)

(&M
T o b A
|_E'_| 14 MgV th ¥ F &

e H'.Ni "kBLIf
%o BREFEDET

FMIT

& @ 18 P S
l m o
HFIR [_’
l—__“ Ay - FIE® ‘_|JOYO |
ol 20 MV
§ Y FL

Fig. 1 HalaWFMHEREF -9 N-A VAT A
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o THEAE(L R A L, FACOM M— 200 AGMESBEICHEM LTV 5,

D DEMEEICME A F 4 1L, BEMCF - Y —2 CEIFHR) LXINTJ0 5 TED,
e E—BHECEOCHED B A5ME @AERy ) v/ R) AREEPRMNRESE
oA e LTRELRE - RS TELEIR Y A7 aREHLTVA]

Table 3  swELLiG Table 4 12RA0IATION cREer
Cause § Cayse;

Vacancies and gas atams precipitate
Biased flow of paoint dafects cantral gefarmation

Het valume incredse result X
Deformation riates exceed aut-of-reactor rate

Critical Paramsrerss
Fluence - dpa and gas drtow production {He}
Temperature of irradiatian

« Eritizal Paramecerss

flux - dpa generation rate

Lompaositian
Metallurgical scate

Modffying Paramerers:

Fluence

- str
Modifying Parameters: ess

Tem
Pamage raté perature

Stress state
dpa/He ratio
Duty Cycle ?

Composition and metallographic state

Measure;
Stress, temperiture

Neasure: Straia with high precision

gverzl! dimensfcral c<hanges

bimensional changes between jon-bambarded
and unbombarded regions of a sample
Density by fmeersion

Hicrastructure &y TEM

Table 5 HECHANICAL PROPERTIES AFTER IARADIATION

Cause;
Microstructural changes contrel matrix strength

Insgluble gasis affect fracture mode

Ductility reduced by several processes
plastic instability, pBTT shift,
reduced fracture strength

Critical Parameters;
Filuence - dpa and gas generation

Temperature af {rradiation
Composition
Preirradiation microstructure

Measure;
Tensile, creep, or fatigue test

Strength values
Ductility values
Microstructure and fractaography

AR T 5 ~— R oA T L ORENRIR, 50 0 5¥ik  ma AFH BN ER S0
FEAFIED £ LTHIAL, 5560 oM GXRE) THENF- 5 ~— 210 L DA SIPRET & MEE
fpd s 74T THEDLNT B,
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2. EEFEROFHE

R 7 — 4 O FE{T & T BRET i B BB R O SHBES B RNICT A DS ndhiti, M
BHE BB O RBISBITHEETH b, 4R FF+4 FRF VLV AFOFA FRAY =) ¥ 7D
BT SO T IR RSEREA S, B4 FR Y =) v AT 2RI RE oS L D
HoTEfH, BHTTOs ) —7REFSICo0TE, £050EGEME R
FRINT A, $H-BETTOREZEECREI, A7) v/ PERNEEICEET SEE
HREETH B A, HBEANT & 2 BEE A RO G IR T SORBEHAEIICKS Choed
EROEHER TR,

ZSOL s OBEHRED A 41 = X LT TOMET B TS, RESEMEOE
RO S S ERIC Table 6 IKRT LA ¥ 3 & b — v s YEFFEEOFHABHFOTITE OND,
B4 AR E A - B ER 7 v OF@EIC B0 TR BOEDNEEON & I L
T T X RGO B OB EE TS b, Fig. 6 i0idKuspa 5D v A7 At L TH
FHE £ BB OB B OECOFMAEEFE K, v 24 VET (PKA) ElbEOFRE 7o
L ATRL, BRETEES NIBET 0 — I TRES O, 2hasDBITTFIEES oicH
BT AL EbiIT, BRF— s OBITCEFOFEAEMICHRE 52 ETREEED A 2 =
% L IR — B DA FAUETS S5, |
B ABREC L ABEHEEEORE L LTdpaid D HEE LTRAMBZATY 5,
7L RGHICK T 2O RE OB EDI U H LES (dpa) OFERREREEILsNTEHD,

Table 6 CTR RADTATION EFFECTS FACILITIES

10N BOMBARDMENT
{a) Characteristics

{b) Uses ;

allays
Sereening studies

: Available now, temparature control

Swelling and wicrostructural Tesponse
Radiaticon creep studies

Migratfon and
Accumytation of
Microscopic Damage
to form
Macrgscopic Defects

Radlation Self-
Anneating and

Ridiattan Radfation
Spectrum Transport
R
FIS510K REACTORS 43(5 ?14” calculation erimary Knock-o
{a) Characteristics ; Avatlabie now, temperature centrol Lkl Y ck-an
. Atom Spectrum
gifficult SP(E'_E.\")
Large valumes
Damage rates CTR Material
Transmutation products require Cross section
special stmylation data
Rdaptahie T Track_many
' . Hacroscopic
(b) uUses ; Generate base drts . 1 Property E
Match CTR conditions in Ni-containing 522237:1:n | Select Knotk-on

Properties smd
Nelghborfng
Crystal
Microstructure

Initial Knock-on
Conditions; E,

. go0d Crystsl size,
Very high damige rates Orientation,
Transmutation products can be inciuded E:;ﬂi?:?t Interfaces

Restrictied to thin samples Damage

Y

High Enerqy

Hicroscopic Damage Cascade
Saturation Calzulation
HYEM ELECTRON BOMBARDHENRTY Caleulations
{a} Characterfstics 3 Available now,temperature control DAIQUIRL MARLOKE
goad PAIQUIRL CASCADE /CLUSTER
Very high damage rates ;:::;:";:’ Low Energy
In-s1ty observation Materfal Knock-gn htons
Low Energy and Secondary
Restricted to thim samples tu:cadeq Recatl Atoms
{b) Uses 3 Swelkling and microstructural response Calculation
Radtation creep studies
GRAPE

HIGH ENERGY NEUTRON SQURGCES

{a) Characteristics 3 Low flux, small volume

(b) Vses ;

Spectrum approxieates CTR
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14 MeV BLFO T 5 v ¥F—DOTETFIci 402 U &b UIEREE ~ Y 9 4, KEN X FTARHT
AR BM SN TS/, L, FMITSETORSICE T S 20 MeV LI LD 2 v —Dmtk
Fiogd 212 0 & LIEEROFMizH VTR, (n, 2n) RIGHE A2 DRERUSHinsE = Kk
TFLF-OFHEFVFICAEEILEINTY 5o

OB UEH LT ALE—2%40eV & LABOFHFORUE B LETEEOCOET = 2 v —(KIF
AFig. 740, 27 YL ARMOTFERSTESCHTHEUEH LIAGEL~ ) ¥ 4, KEF AR
FEREE G OPDTHFHEA N pito0 T Table TiC/RE, £/ Table 8iTid 316 A7
VL AAGIREIC O 2O T RE THE L2388 0E U s LEEE (dpas), ~1 v
LHERBEFE T,

sy OFEGHEE & L TOMEI O ENELid dpa & BEHEMKIET A, ©LAFig. 60K
BHZR Lo & S ICBHE T o
kg TREED E D K DicpEhhic FE «ED = 4D.0 BV .
REHT LDITRTET %, HEh-T
BirtiBHsICE > T2 b
PKAD T 7 ¥ — 2~ FTH
%7 5o

ik BRG L Ao gk o R igic 2
WTEREEL (NTV), wJ#is%E
fLOINFV) AR LU0 E U

3 R, T B R R
- DUE TO (H.N1 RERCTION T T A RIRLACT IO

e?

T A T

U

DOISPLACEMENT CROSS SECTION LBRRN)
T

S UWEROPEF TR v E— ; 3
ficti A Pig. 8 1R L, Table 9ic E R N
34 At T T IRES L Aokl % s e

MEUTRON ENERGY (EVI

Fig. 7 Neutron energy dependence of displacement cross
sections for iron .3)

Table 7 calculated gas production ,dpa and appme/dpa- values .
Unit, dpa/vear and__apwm/ysar,S)

JXFR JO¥0-1I EBR-I1 HFIN JHMTR I JRR-2
Feutrog ilz? 1.22010% | 5. 3er0®? 2.79x10t 5.99x10%° 5ot | z.ooxaet?
) !
e /0 J P R D S S C 1 B L £ SRS ¥ Rt DO R ¥ P S B3 B
e (1581 2(57.9)2
U6.7)%181 0)
B. dpa jeppmite, [ T.58 5.1 634 @34 | 3,2 B.18 | 353 0.30 (E.F 0.37 [T 0.7%
{‘EEE"' 11.54;"
T 1.9 3003 (5707 7120 7030 354 (3.5 2.8 o7 165 |0.10 147
o (28.5) 2 (45.7) 2
d (17.5)°1(53.6)
5. TATES (R 0007 39 0058 |34 010 fe.e 0.01 | TI6 ED
(1,92
= S0 T3¢ TIIT T WeT [ USRS W8I [ 13T @iws . 0.0 d4gd |47
o (s5.5) 2 (1567 (740003 " 11008) (100
(63. %121 -
B. 233 300 [T 2F el 207 | S9A1450)° 757 4.0 [ 1.3 3.1
. bt I es @51 29, 07, 141 o 3.8, 085 §oe [ 017 TEC
Mo (8.0} (16.1} |. : 11..,8)7¢3.5) (3.1)° (6.0}
B, T U IT T 3v.d 017 [ 1%.9, 0.28 [3.7 0.27 0.3 ©U.Z0
{1450 . (30.) (26.) |
. a6, 150 . 0.581%6. 6131819 (12.31%]0.41 3.7
wons g
Hb (4.9 (17,937 — ___ng_jr_,g___,44._7r74—-——j—f4-———~4-————74————**-—-"
: B. - T3 138.4) (23.01 la.64 0.09
(1.23)
(124}
a T.1 ., 16.9 : ALt 5w an 32715015 6.1
v (9.8 (17,7
lia 03" (42, - -
B. T2 4.2 12.0) 154.) Ta.7 _n.017

* Neutron flux is 0.01 ~15x105ev integrated total.

“Non-pacanthesizod are calculsted using EMDF/B-IV data file.except for Mo [n.alpha),{n.plcross sections
wihith are not filed. These cross sectiong for Mo are referred ta KEDAK-IIL data file.

a.JENDL -1 data file used.(Japan Evaluated Nuclear Data Libraryl

b T.n.Gabriel, F.W.Wiffen et.al ,Nuc.Tech. Vol.38

c. Two step lie generating Thermal neutron reaction is evaluated by

d G.i,.Kulcinski et,al,STP-570 5

© The values for JYFR designated by b, d, are normalized to JXFR wall loading O.Ll7MW/m™.

the eguation of 5.Ganesan,J.Nuc. Mat. Vol B2
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DO PAK T vE—DR3HEITIR
L& LiEss, BREELENE
DPKA T F v — KFHEE DT

[power M4} Total

Tacle & Comparison of displacements and gas atom
production rates for proton and neutren irradiated
316 stalpless steel. 5}

Reattor  neutran flu:(!ﬂunfcmz.secl'] dpafsec appate/sec apprHe/dpa appci;.'nc

Auove 0.1 MeV 1107 X0 X10

FoEi (el) 3 M (n.el) o rahy 0,33 0.04 3.9 42 11 1i8
BN R o Teble 9501 PR M s e e
RN - . . . . 15
. . . . (713
MeVEILED BT x 0 F—D PKA Eat-it 2.8 2.4 2.4, 48 0. 0
52, i :
IR L - T #9930 % o R T N 5
ELHESPO HNEDIEHL, i T s (- S
. {175 (s.ni0.61). 7] 9.4 {43)
@ PKAW L - TTE AL f;:? 0.6 2.1 2.7 15.0n 15 2
_ JRa-2 0.2 3.054 47 0.2, 1.
s Ui (DPA) &HEZE7L | Poem T e
Prc:szv %08 H a0 15 ~{rrbik.)
(NTV) i4En $150%TH5 flo fasent,

depth §-200 pm Av,)

L Lhihh B, THIEFig. 8ICR
LtARlCSiRE (FBR) D58

*1. Neutrom flux was refacred te J.L. Jackaon b al. HEDL-TME 71-62{1971) fer EBR-II,

F.B.X.Xam #% al., CRNL-T®M-332201971) for HFIR.
ard others were referyed from private communications,

*2. Parenthesited quantities were referred te G.L.Xulcinsk!l et &I, ASTM-STP 570(1375'P.3129.
*3. Underiined helium production rates include the contrlbutlen through tha I-step

$3y; (o) gasnmad PInt (n, aiphar *ore reaction.

H~Ti#sE (CTR)TO 14

CROSS SECTION.BRRN: FE

1916, AT FIMG YOLOAZ TES

MeV BB T 23 —D

0 o*

oI meis ———  OISACTAENTY

PKA#%Z 2L AT &%ERL,

Eoadp oM ERE 28T
Fh, TOHOEIELPKADI Fv
F—x Ay P UOHEIE S A —
7 E Tl U HLAETH
EL OB KA O RS D
Bokuh, RIGEERTEDS
h 3 ERMOREOHREL L UH E

L

ga’

P

pereet rRaouct 1o cRoss secrion { by 5)
LS

-

'3 0 20 Q 7 ot 0 [\
|'|'?'|'J';|nu|7'lilnrn15u\wﬁ»rrﬂ‘in‘nl.u‘f“||‘|‘17‘r‘|"|'||r“i.:w‘|.“'F izl ““““‘r

LT

Yo

TR e TR T T

L hkdia 17 T LI
¢ —\D l{U‘.‘R?’L\ ENERCITU JEVI
Fig. 8 Nuetron energy dependence of displacement 5)
N and residuali defect production cross gsections for iron.
r Table 9 FKA spectrun and FKA energy dependence of
1= dispidcement rate and residual defect production rates
X for JXFR neutron irradiated iron. %)
; IPKALT) TOPA(T IRTV{T
{; - . PKA energy 1 1 M T . WAVT)
3 161_ range(ke¥) el, n.e e?, n.el el. n.el !L o g.el
£ R
L 1 - 1. . - 0.5  Z[-6 0.5 3(-6 3.2 2(-5
:'E 0.58 - 1.2 15.2 3(-4; 1.0 1(-& 1.6 z(-s} 5.5 a{—s
2 | 1.2 - 5.5 0.4 9.02 5.6 0.005 7.4 0006 zt.0 0.01
o 5.5 - 12 8.2 0.05 4.7  0.08 5.4 0.04 0.2 0.08
omz_, 12 - 52 9.9 D.63 15. 1.3 15. 1.3 0. 1.5
52 - 111 1.4 0.61 5.0 2.9 5.5 2.5 1.3 2.3
5 N 1M - 594 D.564 z.9 7.0 38, 6.4 35, 3.8 19,
E 500 - T, 0.22 0.4 5.7 13, 5.8 11, 2.3 5.1
a r Sum total §5.3 a7 §5.5 54.5 48,1 51,9 LA 28.1
Rl
o
© " .
Meutron spectrum averaged defect production cross senions’;burﬂs)
elastic 4.6 237 75 9.4
W tnelastd
elastic 0.3 168 5 2.3
L - {n,2n) 0.053 7% 21, 0.95
I E {n,p} 6.015 26 7.4 0.30
W ) P T {n.al 0.0048 13 4.4 0.13
105 ye Totsl 4.8 520 155 13

P | -
10 1? 100 10¢
PKA erergy eV}

Fig. 9 comparison of PKA energy spectra in
iron For 17 MeV proton, fusion reactor and)
fast breeder reactor neutron irradiations.

1. Td ¢ Displatement threshold energy, 40 e¥ for fe.
*7. 3(-1) reads 3:]0".
3. T' : Maximum possible transfered anargy,

— 145 —



JAERI-M 9775
HERIC & 08 4 DIREDTA & B BB A RIET,

10

n .
- 120 Me¥ Ni
- Displacement rate, dpa/sec
L ~—we Appm stopped ion / sec 4
v -
P 40 MeV N
r ﬂ 40 Me¥ C ]
w03 —

. x1D

4

[ v
e
il
|
|

i

60 MeV
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AN
N

Displacement rate, dpa/sec
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L
{
I
-
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—

Stopped fon density, appm fon/sec
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Fig. 10 Depth profiles of displacement rates and stopoed ions for vaious high

energy 1§ns incident op 316 s.5.{tron} with 1 particle-micrnAA/cmz,
6.24x10°° particles/cm .sec.

TEEARA L ABRHERTES 4 ik BEESBHEOE CGEFEOR SN/ fEEic R

BHOEAD 107~ 105 BEOES TS 505 (Fig 0BH) o 1 4 VBHIC L 5 MR LS
i, A9 vy, BEENICET AEBMECHELEIRICE - TORNLEHETH S, T,
7u bk vHEOBGA A YORBEIC L - TSRS TODFRE L D ERICHE TS SR RN
T, MASTFTOREREE BT LSABH Fo s ) ~ 7 PESIcd 2 ERAIRETSH D
(Table8, Fig. 9, 108H) , I 5OHEGHEEDOMIAILHFSTTLHDTH 5,

PLEFR Uz RS, 4 4 v BEICEY 2EEERIES SIcBi - AT oL bic, B
BIEERT — 2 ORI E X CHBMICHIA TE AL SR F— I N—2 ¥V A7 LITHEHA - BiET
BLESH A D, £1o, BEBECEITE L DERNICIT Y I, MEIGEmMEOER &+
27 b, PHFREOFEMICET ABELAT TN L & bIT, A4 VERFIKOOWTHHEY
JBIEOEMICRE T B AEEN D,
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