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ABSTRACT

~The,erosionlof ferrous- and nickel-alloy

wallé in fusion reactors from impinging,
energetic D—,.T-} He-, and Ar - ions and
. neutrals is discussed. .The two major mecha-
nisms of erosion - are sputtering and blistering.
Pertinent data are-reﬁiewed to obtain esti-
mated or experimental spﬁttering yields in the
B energy fange 100 eV to 10 keV. The sputtering
'coefficients for Ar, He, and T are roughly.
102; 10, and 1.5 times the value for D (at the
same energf). .Erosion from blistering is
unimpbrtant~for Ar, ﬁnexamined for D or T, and
probably comparable to spﬁttering for ~ 10 kev
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I. INTRODUCTION

Ion and fast neutral bombardment (hydrogen isotopes, helium,

impurities) of surfaces in controlled fusion devices affect the

“influx of cold particles to the plasma, the lifetime of reactor

walls,'and the tritium hold up and recovery route. Erosion due

to .the physical and chemical sputtering or blistering and embrit-

tlément resulting from gas hold up may.preclude reasonable wall

lifetimes. Data on the sputtering coefficients for all plasma

. particles over a wide energy range are not available nor are hard

‘numbers available to predict the identity, number, and energy

distribution of the bombarding particles.
Erosion due to physical sputtering is strongly dependent on
the mass and atomic number oflboth‘the?bombarding species and the

wall atoms as well as the energy and flux of the incoming energetic

" ions and neutrals. The implantation of energetic gaseous ions

and neutrals produces drastic changes in the sﬁrface,layers of
metals: a large number of metal lattice vacancies and interstitials;

a gas atom concentration that may equal the metal atom concentra-

tion; and electron excitation and thermal heating. The majority

of these implanted gas atoms will be re-emitted at the bombarded -

. surface for the metals that we consider, such as ferrous- and

nickel-alloys, at temperatures around?5005;c. Under certain
unpredictable4conditions some of this're?emission'may‘result from
the bursting of gas-filled bubbles that form in the surface layer
by a coalescence of gas trapped at vacancies. This phenbmenon,

which is referred to as blistering, has recently been observed



for He bombarding stainless steell and nlckel 2 Some of the
‘1mplanted hydrOgen may migrate 1nto the bulk of the metal wall
and either become trapped at energetlcally favored 51tes, form a
dllute solution in the metal, or be,emltted at the unbombarded
side. Too high a concentration of hydrogen,in the bulk of the
metal is undesirable because of degradation of mechanical strength
by hydrogen embrittlement (especially important on cool down) and
the desire to keep the tritium inventofy as low as possible. o
The aim of Sec. II is to indieate the gross cnaracteristice
of the bombarding particles impinging on the first wall. 1In
Sec. III we present pertinent sputtering data, make necessary
extrapolations to obtain estimates for needed sputtering coeffi-
~cients and then calculate the wall erosion resulting from possible
bombardment situations. The problem of blistering is addressed
in Sec. IV. Finally in Sec. V we summarize the implications of
our analysis.totboth reactots and experimental plasma devices

and the areas where more experiments are needed.

IT. THE BOMBARDING SPECIES

A D-T reactor plasma-such as that proposed by the Princeton

. ' : L. + +
Reactor Studies Group (PR SG) contains D , T , Ar18+, and -

impurities, e.g;, Fe26+) with an average energy of about 15 keVv

and He2+ ions with energies from 3.5 MeV down. The average He2+

energy in this burning plasma. is expected to be in the range

Ve
3 Our reference to ~ 10 keV ions is meant to include

10-50 kevV.
these 10-50 keVv He2+ ions. The question of how many ~ 10 keV

paiticleé'feaéh the first wall is difficult to answer and
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model dependent (The lowest estimate is essentially none.3)
Bombardment of the first wall by > 10 keV ions may result from
plasma instabilities. Bombardment by . 10 keV neutrals, primar—r'
ily D and T, can result from charge exchange if cold neutrals

Lo ;or partialiyfstripped ions enter the burning plasma. (The proba-
Abiiity'of He2+ acquiring Egg‘electréns via charge exchange is .

“thought to be low so that bombardment by > 10 keV—He neutrals

* may be negligible.)

Possible sources of neutrals or partially-stripped iens

%i%"aentering a burning plasma are re-fueling by injection of neutral
';pellets or neutral beams as well as:neutrals coming from the
;1first wall or divertor region. A proposed model4 for the
“;dimerter and-scrape?off region keeps unwanted neutrals from the
*gburning plasma; however, it is probabli overly optimistic to
t{assume that no neutrals will get to its edge. In this model4 the
=first wall will also be bombarded by iens and neutrals having
"ienergies characteristic of the scrape-dff region (~ 5 eV) and the
;tran51t10n region between the burning plasma and scrape-off
‘ reglon (~. 5 eV to 10 keV).
The damage to the first wall from bombardment is assumed
to be directly proportlonal to the flux, for a given energy and
1dent;ty of bombarding partlcles. (It is essentially independent
} of=thebcharge on the particle so that damage from ions and neutrals
} of the same species and energy will be similar.) Since uncer-
: tainties existvin the fluxes, energies, and identity of the
particles that will bombarad the various regions of the first wall,

we. consider the damage associated with a wide span of energies.




Using existing experimental data we will estlmate erosion rates
for assumed fluxes to indicate requlred llmlts on these fluxes

commensurate w1th reasonable flrst wall 11fet1mes.

III. SPUTTERING

When energetic particles bombard target materials with energy
" above a threshold value (~ 10.eV), they penetrate the surface
and initiate a transfer of energy to target atoms so that some of
them are ejected from the surface. This process is referred te
as sputteéring. .The number of ejected target atoms per incident
particle is the sputtering coefficient. The incident particles
in most sputtering experiments have been ions, however, the
sputteiing yield is assumed to be independent of the charge on
the bombarding particle. . . |
A qualitative picture of sputtering from a random target
follows. - An  impinging particle undergoes’avseries of collisions
in the target; atoms that recoil with enough energy undergo sec-
ondary collisions, thereby creating another. generation of recoil-
ing atoms. The incident_particles-and,energetiC‘recoii atoms have
. the possibility-of getting back-scattered out of the taréet sur-
faceiwith an appreciable fraction. of their initial energy. Since
the seeona generation-.of seattered‘target atoms have much lower
recoil.energy ana consequently shorter range, only those located
originally within~e'feWxatomic layers .of the_surface.will retain
sufficient enérgy to overcome the;surface binding force and be
ejected. The majority of the&sputtered-atems resu1t from these

o, o “ L B
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secondary collisions in'the surface’region. Heénce the sputtering

yield depends primarily on: (1) thé{energy deposited in the‘surj
‘face region of the target by both the bombarding particle and
energetic recoil atomsdand (2) the surface binding energy.

The surface blndlng energy depends on surface impurities,
absorbed or adsorbed gas, and the crystallographlc plane or planesA
at the surface. Thus sputterlng ylelds are dependent on the
existing surface condltlons. The temperature of polycrystalline
targets is not likely to be a 51gn1f1cant factor as long as its

well below the melting point. 1In the case of reactive bombarding

-species, such as hydrogen, chemical_forces may play a significant
role in the sputtering process and molecules like NiH could be

. ejected.

Tne maximum energy that can be'transferred in a two-body
collision is iimited by conservation of nomentum and energy to
4m m2/(m C+ m2)2'El, where my and El ;re the mass and energy of
the 1nc1dent:partic1e in the reference frame where the second

particle of mass m, is at rest. When my, =-m, all of the energy

-can be transferred. The transferred energy decreases as the mass

ratlo ml/m departs from one; this is reflected in similar

decreases in sputtering ylelds, however, this simplified model

”does not quantitatively give the mass dependence of the sputtering

y1elds.
The sputtering yleld exhibits a maximum when the angle of
incidence is- about 60° - 70° from normal.5 Most sputtering data

are for normal incidence; incidence at ~ 60° from normal could

-increase the yield by an order of magnitude.



A representative curve showing‘the dependence of ﬁhe_sputter—
ing coefficient S(E) on the energy E is shown .in Fig. 1. The
rather broad maximum which occurs around 1 keV to 10. keV reflects
the energy region where the increasing penetration depth of the
bombarding particle results in a smaller fracfion,of its toﬁal

energy being deposited in the surface region.
‘Available Data

. A number of review_articles-on éputtering contain collectidns
of existing data and details of various theoretical models.> 1
No pertinent sputtering data found for the PRSG proposed first wall
alloy, NimoniclP.E;IG containing primarily 44% Ni, 17% Cr, 1% Ti,
3% Mo, and 35% Fe; however, its sputtering coefficient is not
likely to differ appreciably from that of Fe and Ni. (The availa-
ble sputtering coefficients for these two metals are within a
factor of two.) Figures 2-8 are plots of the more pertinent
sputtering data to the first wall erosion of ferrous- or nickel-
~based alloys.

.Guseva's data12 on the,sputtering'yiélds for stainless steel
bombarded by 5 - 30 kev DT (Fig. 2) show that S is essentially
the same-at 5 and 10 keV and decreases at higher energies.

The most extensive collection of sputtering data comes from
13-16

Wehner and co-workers, who measured the sputtering yields

for the inert gases over the energy range 0 to 600 eV and for H;

and H; with an energy of 7 keV on many metal -targets. Their
data for Hel3'14~and Ar13’15'bombardment of Fe, Cr, and Ni are

plottedlin Figs. 3 and 4. Similar values for Ar bombardment have



been reported by Weijsenfield 95_2£;L7'1Notaat5 were found for

hydrogen in this low ‘energy range: however, later in this section
we will scale“some data on silver-tbleStiméte a value for 700 eV D.
Figures 5 and 6 are plots of the sputterlng yield of 300 eV He' 14

r
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and 7 keV H2, as a function of the atomlc number of the target

- material. A strong perlodlc dependence of the y1e1d exists in

metals for all ‘bombarding ions with maxima occurring at Cu, Ag,'
‘gnd Au, yhich is eorrelated to the filling.of the 34, 4d,.and_5d
shell. This consistency gives us a”certain‘aﬁount of confidence
in sealing.the rather extensive sputtering data of Gronlund and
Moorelg on silver shown in Figs. 7 and 8 to obtain estlmated 4
sputterlng ylelds on 1ron and nlckel |

| The sputtering yield for moleculan iene such as 7 kevVv H; in :
'-Fi§;'7 is used to.calculate the yield for 3.5 keV H+ by assuming‘gf ,&
that the energy,is:equally divided beﬁween,the H'nuclei which
Ehenrsputter independently. Similarly the data for 2 keV H; on
siiﬁefiin Fig..8 can be used-to obtafn sputtering yields for:
700.e§ gt on silver. ~This implies that the séuttering yield for
Vﬁ and. D is roughly constant err tne‘energyArange'l keV to 12 keV
wieh the value of D falling off more'et the higher energies than
that for H. Also the value for D is more than twice the value : <i
for H.

7

A summary of experimental sputtering yields for H+, D+, He+,

Ar+; Fe+, Ni+, and‘Cr+ bembardment'Qf Fe, Ni, Cr, and stainless

steel targets is given in Table I. Except for Af+ on Fe we can .
see that the existing data fail to cover a wide spectrum of

enetgies. Sputtering data for Fe, Cr, and Ni bombarding ions are oL



of interest since sputtered wall atoﬁs.may become energized in

the plasma and return to the wall to.produce additional sputtering;
Assuming that the data on silver aﬁd iron scale as in Figs. 5-8

we estimate sputterihg yields on iron- nickel-chromium ailoys in
the_energy range 1 keV to 10 keV to be 0.03 for D, 0.04 for T,

0.3 for He, and 2.0 for Ar. These values are expected to be good
tbﬁbetterlthan an order of magnitude-and( in fact, the value
obtained this wéy falls within a factor of two of the experimental-
data in Fig. 2.f6r D on stainless steel. We feel less certain
about scaling and extrapolating'the sputtering data for H to
estimate the yielaé fbr D and T at energies below 1 keV; however;'

we assume that they fall off linearly below 1 keV.
Wall Erosion

For a twenty year lifetime the wall erosion rates cannot
appreciably exceed 10-2 cm/year. The yearly erosion rate from

sputtering by particle i with energy E is
T,(B) = C 5, (E) J.(E) = 3.8 x 10716 SmseC__ o (5 5 (g
i ' i i ' year atom “i i

— 7 sec -1
C = (3.16 x 10 year) n

22 atoms
8.4 x 10 <

s
e

Here Ti is the thiéknesé that is erpded in cm/year; C is'a constant
that varies with the atomic density of the Wall, n, as shown and is
aséigned a value that is typical of ferrous- and nickel-alloys,
Si(E) is the'sPuttéring coefficient of projectile i with energy E

in atoms/ion, and Ji(E) is the flux in ions (or neutrals)/dm? sec .



‘the boﬁbarding ions are 200 eV He
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‘The fluxes Ji(E) that produce a yearly erosion rate of
O;Oi cm/year using the above equations together with experimental
data or our estimates for Si(E) for D, T, He, and Argat two

characteristic energies are given in Table II. The maximum

‘acceptable (D,T) flux at 100 eV is about 5 x 1013 ions/cmz. This

ehérgy was chosen as fypical of the erosion rate from low energy
particle bombardment and is in a fegion where the.sputtering‘ . )

scales roughly linearly with énergy. The existence of a pl%sma

~ sheath near the walls that is ~ 4 kT (T, is the électron,%empera-

tufe) results in mult;-charged ions bombafding the walls at higher
energies and producing more damage. Table II éhows that if 8% of
2+, thg»erosioﬁ rate doubles,

and if 2% are argon, the erosion rate inéreaseslby a factor of two

or moré depending on the ionization states of the argﬁn.

The erosion rate in the 1 - 10 keV region is not expected to

vary much with the bombarding energy (seg Table I).’ The data for

.

‘D on stainless steel

12 and H, D, and He on silver (Figs. 7 and 8)

both support this. If all of the plasma ions leaving the PRSG

reactor were to uniformly hit the first Wall once, the flux would

15 2

be 1.5 x 10 ions/cm“-sec. (This is the number of exiting

particles divided by the first wall area.)

These calculations suggest that the wall erosion rate from

,D, T, and He particles that escape from the plasma will be tolerable

provided: (1) these escaping particles strike the wall no more
than once before they are pumped. (The divertor should prevent B
most of them from striking the wall even once.), (2) there are

not locally high fluxes such as at the divertor entrance or near
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the refueling entrance, and (3) the estimated sputtering‘yields
are écéufate._ The higher sputtering coefficient for argon
necessitates a correépondingly lower flux that bombards the first
wall. As'mentioned earlier ~ 10 keV argon and helium bombardment
- of the first wall occurs primarily by instabilities in confine-
ment and not by charge exchange with neutrals.

Erosion by the spuftered wall particles (e.g., Fe and Ni),
will be negligible as longlas their bombarding energy is below

~ 1 keV. The divertor and scrape-off region4

is designed to pre-
vent bombardment of these ions at higher energies.

In chcluding this section on erosion bf,sputtéring we wish
to‘re-emphasize-the lack of sputtering data on the proposed first
wall alloy, and the uncertainty §f the particle fluxes and
energies that will bombard the wall. The combination of these

two unknowns prevents an accurate prediction of the first wall

erosion rate due to sputtering at this time.

‘IV. BLISTERING AND ASSOCIATED PHENOMENA

Blistering, pitting, flaking, and exfoliation of surfaces
‘subjected to bombardment by Hf, D+; and He' have been reported

for both metals and insulators.lr?s23-28

The évailable data
indicate that blistering is favored by a low gas solubility and
a high number of rédiation-produced‘latticeVvacancies which pro-
motes the coalescence of'thé injected gas and vacancies to form
gaséfilléd-ﬁubbleé?' Tﬁeliegibh'dt'Whiéh bubble gfowth initiates
corresponds to thejﬁrbjeétéd éénde or ﬁeﬁééfﬁtiéh'depéh'for the

- bombarding ion (lO3 R for ~ 10 keV H or He).
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‘Many factors are expected to influence the growth, migrétion;
and eventual ruptﬁre of these bubbles. - These include tempera-
ture, implantation rate and'depth; re-éolution probability of
pfecipitated‘gés, radiation damage,floéal stréés, yield stfength,-
and target micrbstructure including grain size, crystallite
orientation, and precipifatéd soiid(phases:suéh as carbides.
ﬁhexpectedly high surface‘teméefaiurés may develop due to sub-
surface bubbles lowérihguthe.thermal céﬁductivity and result in

evaporation, enhanced bubble growth, or surface rupture at a

_lower dose. Presently, the theoreticallmodels for formation,
 growth, and rupture of gas bubbles cannot predict the magnitude

and nature of the surface damage thus produced and experimental

data on blistering of iron- or nickel-alloys are scant. The short

: _ o o _ .
range (50 A) and high sputtering coefficient for 10 keV argon

imply that it will not cause blistering. On the other hand, we
expect blistering to occur from bombardment with 5 10 keV He and
do not"know about - bombardment with ~ 10 kev H, D, or T.

Bauer and Tho_masl havé found thaf 300.keV He implanted in
stainless steel in the temperaturé range -50° C tq 500° C produces

a large amount of surface flaking after a critical He dose of -

18

10 atoms/cm2 whereas at temperatures above 600° C it results in

ruptured surface blisters after doses of 5 x 1017

13

atoms/cmz.
Their heliumf@%@%flux was 6 x 10

ions/cmz—sec, ‘A similar
dependence'haﬁngen reported by Erents and McCracken for molybdenum
: & ) .

+ ' ' : :
bombarded by 36 keV He 1onsr2the temperature ranges differed but
17 '

- the critical dése was stil; ~ 5 x 10: He atoms/cmz}

Tw
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We will roughly estlmate the wall eros1on from He blister-
ing by assuming that (1). the 1njected He collects in bubbles at a
distance beneath the. surface determlned by the penetratlon depth
and (2) after a cr;tlcal dose (~ 1018 1ons/cm2-sec) the gas pres-
sure becomes sﬁfficient to result ih_the exfoliation of this
retaining surface. The penetration depth or projected range for
6 - 60 keV He in Fe or Ni is giqen by

R(R) = 31 E(keV)

which we calculate using the theory of shiott?® for light ion
ranges R as a function of energy E. The yearly erosion rate, B,
is

o0 » 2 :
B(cm) = Rﬁ%) . J(ions/cm —s;c) . 3.1 x 107

10° 2/cm 101® ions/cm

sec/year

3.1 x 10”12 Rr.g

where R is the range in A, J is the flux in ions (or atoms)/cmz-sec.
Substitution for R in terms of E gives’

~-18

B=9.6 x 10°13.3.E cm/year .

1 pe ions/cmz—sec at 50 keV causes an

Thus bembardment with 10
‘estimated erosion of 0.05 cm/year or 1014 He ions/cmz—sec at
10 kev causes.an estimated erosion-of 0.01 cm/year due to blistet—
ing. The sputtering-associated erosion in either case is esti-
mated to be 0.0l cm/year.

Hydrogen is known to permeate through metals and have a

higher solubility'than helium. This is the basis for predicting

that blistering from hydrogen implantation will occur less often
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and require larger'dosesg This has been somewhat verifiedgb§tthef<f

Qbseration that 250 kev D' bombardment of 700° C Nb*produces.
blistering afte; a fluence of ~ 10;9-ions/cm2’and that the*surfaee
"damage is less'seVerefthan'froﬁ‘soo keV He bombardment. However,
:bllsterlng 1n nloblum from 1mp1anted D was unexpected and 1nd1cate
’the important role that radlatlon damage and klnetlc effects must
play 1n~bubble formatlon-_ A smmple»steadyistate dlfquLon model
iusing'the'diffﬁsion coefficient for D in undamaged Nb would pre-
'¥dict a_maximum'implanted D concentration of ~ 10_2_appﬁ,.we11

-w1th1n the solublllty limits.

The fact that deuterlum-bombarded Nb blisters suggests that

deﬁterlum-bombarded iron- and,nlckel-based.alloys‘may.also bl;ster.>

' However, experiments will be'necessary.to;determine‘if blisteriﬁg
‘does occur and if significant wall erosion occurs by this mech-
aﬁism. Also the simultaneous-bombardment of D /T, and He could
result in synerglstlc effects associated with changes in the

}:”bombarded surface region due to the presence .of two 1njected
i:gases.' (The progected ranges for 10 keV D, 10 kev T, and 20»keV

. He are essentially the same.)

V. DISCUSSION

Limited experimental data are available-on pertinent sputter-
1ng ylelds and bllsterlng of iron, nickel, and thelr alloys sub-
Jected to ion bombardment with H' ' D" ' He' or art. The sputterlng
data were obtained before blistering from injected H, D, and He.

had been observed. The study of blistering and associated

PR
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"size. (~ 10 ° - 10
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phenomena is in the stage of characterizingﬁthe dependence of
the surface damage on a.few parameters——fluence, temperatnre;'
target material; information.is not yet available to forecast the
cumulative wall damage and erosionAfromtlong term particle'bombard—'

ment. The large threshold dose (> 10%7

ions/cmz—sec),‘microsc0pic'
6 -3 '

cm) , and'impulsiVe gas release with surface
rupture typical of blistering.make it difficult to ascertain
whether possible erosion contribution from blistering were measured

in some of the early sputtering experiments.12’14’16’19

Considera-
tions of the depth of bubble formation and associated fluence

required for surface damage allows us to-estimate that blistering

‘and sputtering produce a comparable'amount of wall erosion for

10 kev He bombardment and that the erosion from blistering be—

. comes dominant at h;gher~energles. _Bllsterlng from H and D

bombardment'of-Fe, Ni, and their alloys has not . been observed but
could occur. ‘ ' |
" We estimate from existing sputtering data that bombardment of .

the first wall with a relatively large flux (5 x lO14 1ons/cm2—sec)-

'of 10 keV (D T) neutrals or ions w1ll erode the flrSt wall

0 01 cm/year, however, for a 51m11ar erosion rate the flux of

10 keV argon must be down by two orders of magnitude and the flux ‘

‘of 10 keVv He down'by one ‘'order of magnitude. The er051on rates

‘ are expected to remaln essentially constant over the energy range

l - 10 kev and decrease approx1mately llnearly w1th energy below

1 keV. The plasma sheath potentlal (~ 4 kT ) can result in
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éignificant acceleration of ions prior to wall bombardment and
add significantly to the erosion rate from low temperature

(~ 25 eV) plasmas, especially when multi;charged He- ana Ar-ions
are present.

No experimental data exist on nickel and -iron alloys_under
prolonged_and/or simultaneous bombardment with H-, D-, He;; and
Ar-ions or neutrals in the ehgrgy'range 5 eV to 50 keV. Such
experiments are needed since the erosion from combined bombard-
ment is unlikely to be the sum of separate erosion :atés——especia1iy
when blistering occurs. |

Egperimental programs are needed to study the bombardment of

' proposed first wall alloys at expected operating temperatures with

H+, D+, and Het at energies from ~ 50 keV down. It is hoped that

in our presentation of experimental data on Fe, Ni, and Cr and

~subsequent use of it to estimate erosion rates of ferrous- or

’Anickel—alloys that the scarcity of data and uncertainty in our

estimated erosion rates were noted. In addition to measuring
gross erosion rates, such a program should aim at characterizing
and understanding the factors that determine both (1) the migra-

tion, hold up and re-emission of the injected H, D, and He atoms

~and (2) the energy and identity of material eroded from the sur-

face. This is important because of possible plasma contamination

- and interest in anticipating the hold up or migration through the

- first wall of tritium.-
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_ Experimental Plasma Devices

The influx of eold neﬁtral atoms (metal ana H) from the
Ilimiters and vacuum walls are affecting quasiesteady-state.plasma
discharges such as the ATC and ST Tokamaks. The'piospect of
_higherlplasma temperatures resulting from a lowering of the
radiative energy losses through Bremsstrahlung and line radiation
' make it desirable to minimize high Z impurities in the plasma
either by using a magnetic divertor or "low-contaminating" materials
'for the limiter ahdrvacuum walls. The concentration of metal
impurities.entering the plasma'depends on the energy, charge,.and
spatial distribution of metai partiéles ejected from the limiter
and divertor under the existing set of bombardment conditions.
Such detailed informatioﬁ on sputtering (or possiblyjblistering
br_evaporation)-is}not generally. available. The sputtering.
yields for 300 eV He and 7.5 keVv H2+, for a variety of metals, ae
élotted in Figs. S'and 6, proQide a somewhat reliable gauge for
judging the felative contaﬁinating tendency of materials for |
‘1nter10r use in plasma devices.

The sputtering ylelds for bombardment w1th light partlcles,
such as H or He, decrease w1th increasing atomlc weight of the
target materlal- the sputtering ylelds -for any bombarding partlcle
‘on ttan51tlon metal'targets increase with the filling of the
d—electroh shell reaching maxima at Cu, Ag,.and Au. A comparison
of sputterlng ylelds from stalnless steel and gold (used in
ORMAK 1s of 1nterest but 1nconclu51ve since for 300 eV He bombard-

ment apparéntly the_lncrease in mass.domlnates the filling of the
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d-electron shell since the yield for Au is one-half the yield for
Fe. On the other hand, for bombardment with 7.5 kevVv Hg%
(3.7 keV H+) the reverse is true with the yield for Au beihg twice
the yield for Fe. Tﬂe advantage of gold-plating the walls is
duestionable for future'highér-energy pléSmaidevices, especiallyi.
for H plasmas. |

:Limiters, whiéh receive the heaviest particle bombardment,
are usually made from Mo or W, both of which are heavy early

transition metals and have low sputtering yields. These metals

B

might.ﬁake interesting liners for plasma devices as divertors
} " 'since they are lbw-sputtering metals and do nbt form stable
“ >hydrides.

The use of the earliest transition metais for interiors in
_Plasma devices ié certainly suggested by their low-sputtering
'yields in Figs. 5 and 6. However, Ti, V, Zv, Nb, and Ta form
4 . stable metal hydrides at low temperatures which ﬁay resﬁlt in a
i deteribration of mechanical properties. Numerous papers and

books on the metal hydrides are available30_32; however, the

; lmcharacteristics of metal hydrogen reactions ét low temperatures
1(% 3005 C) are poorly described and very sensitive to small
.details such as impurity content.

In cpnclusion we would like to point out‘thaﬁ experimental‘

‘programs characterizing the interaction of energetic H and He

particles with metal surfaces are pertinent both to reactor

technology and to current experimental plasma devices.

¥
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"TABLE I. Sputtering yield data on Fe, Cr, Ni

".Target Fe

vieldt
7.5 keV Hy 0.024%
8.0 keV H . 0.0172
7.5 keV Hy 0.030%
8.0 kev HY 0.0222
6-30 kev DY 0.05-0.02°"
35 kev H* 0.009°"
7 36 kev (1t HY) 0.009%"
51 kev (#%, H) 0.016%"
75 kev (u%, H}) 0.009%"
100 ev He' ~ 0.030°
600 eV He' . 0.170°
100 ev Art 0.20f 0.19
600 ev Ar® ~ 1.26f 0.99
1000 ev Ar® - 1,409
12000 ev Art 2.00*
5000 eV Art 2,50
1.1 kev F&* 1.1%
45 keV Fe' | 2.9%
 Target Ni.
7.2 kev Hy 0.0372
7.5 keV Hy 0.035°
7.2 kev HY 0.058%
7.5 kevlng 0.0582
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 TABLE I (Continued)

Target Ni (Cont'dqd)
100 eV He'

600 eV‘He+

100 ev art

600 eV Arf

1000 ev Ar

1 0 kev Nl

Target Cr

45 kev Ni't

100 eV He'

600 eV He'

100 ev Art

600 eV Ar'

45 kxev cr't

0.028€

1.18°

0.28% 0.259

1.52% 1.59

HDQ O QDo %

bombarding partlcle

stainless steel

ref.
ref.

ref.

ref.
refs.
refs.
ref.
ref.
ref.

16

12
22
19
13, 14
13, 15
17

21

20

- The yield is per bombarding partlcle where H2 is counted as'one

§
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TABLE II

2

' Bombarding - . . S (atoms/particle)? - J (particles/cm -sec)b

--Particle

'100evD - 0.005 s x a0t
100evT - . 0.007 . 4 x 1013
100 eVHe - . 0.04 | 7 x 10%% -

1200 eV He . 0.07 3 x 104

100- eV Ar | 0.3 | 9 x 1013
200 evar 0.6 | 4 x 1013
1-10 kev D .- . 0.05 5 x 1014
1-10 kev T S 007 4 x 10t
1-10 keV He . 0.3 | 9 x 1013
=14 e 5 .

1-10 kev Ar - 2.0 | 1 x 10
a Estimatéd:values,, See sputtering section

b Flux that is expected to producé an erosion
‘ rate of 0.0l cm/year.
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