oo

e,

b i s

e o e A Rl AN T W DT T e F g TR L P TN I e A

RECYCLING AND SURFACE EROSION PROCESSES
IN CONTEMPORARY TOKAMAKS*

by

G. M. McCracken**

PPP1,-1536 iarch 1979

Abstract

A number of global models have recently had considerable
success in describing recycling, These are briefly reviewed.
It is shown that large gas concentrations can build up  n the
walls and that these concentrations are seriously affectzd by
erosion and deposition processes and by deliberate gettering
with titanium. Finally, the measurement of the concentr:*tion
of hydrogen in probes is discussed as 2 means of measurir:
plasma edge characteristics.
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1. INTRODUCTION

Understanding recycling of plasmas at the
walls of plasma containment devices is in many
ways the most important and fundamental aspect
of nlasma surface interactions. Once the inci-
dent fluxes, energies and angular distributions
of plasma particles arriving at the surfaces in
containment devices are known, many of the im-
purity mechanisms which lead to plasma contami-
nation can be calculated from fundamental data
available from ion beam experiments. Particle
loss rates are also necessary to determine the
overall energy balance. The processes leading
to the release of gas from surfaces are impor-
tant, as they determine the' rate of change of
plasma density, the build-up of gas concentra-
tion in the surfaces, and the associated pro~
blems of gas diffusion and hydrogen embrittle-
ment of the solid surface.

Considerable progress has been made in de-
veloping models of recycling fn the last two
years and a detailed review of the effects on
the plasma has been published recently.{1] It
1s now widely recognized that a considerable
concentration of hydrogen builds up in the
walls and that this "wall-hydrogen"” plays an
important role in recycling. Isotope exchange
experiments with hydrogen and deuterium in
TZ{e], DITE{3), ALCATORI1) and PLT{4) have
shoyn that the gas in the wall determines the
specles of gas in the plasma almost indepen-~
dantly of the nature of the gas fed in at the
beginnming of the discharge. This is explained
by the’'fact that the total amount of gas in the
wall frequently 2xceeds that in the discharge
by one to two oriers of magnirude.

Recently it his been recognized that the
erosion processes oceurring in tokamaks are not
uniform but that there are highly localized im-
Purity sources (iormally the limiter and sur-
faces close to tie plasma) and sinks, (normally
the walls). This continuous erosion and depo-
sition of metal has important consequences for
tecycling. A simtlar effect is produced by
titanium gettering, now becoming a widespread
method of reducing contamination by low Z im~
purities such as oxygen, carbon ‘and nitrogen.
It also has the effect of reducing recycling,
by the chemical “rapping of hydrogen, and at the
Same time increasing the total quantity of
hydrogen tied up in the vacuum vessel.

" vhich can contribute to recycling.

In the present paper, after discussing re-
cycling models briefly, we will concentrate on
the measurements of gas implantation in the
wall in situ in tokamaks. 1In this we hope to
complE;ent,the earlier reviews which have con—
centrated either on the effects of recycling on
the plasma{l} or on the fundamental processes
as investigated with ion beams.[5,6]

2. MODELS OF RECYCLING

There are a number of physical processes
Energetic
ions or atoms arriving at the wall can be re-
flected with an appreciable fraction of their
incident energy, and gas which is adsorbed on
or trapped in the walls can be released by a
variety of desorption processes. A number of
global models bawve beem put forward to describe
the general recycling behavior in magnetic con-
finemenr devices.[3,7,8] Essentially they are
of the form

=

dN N N, N ’
P .. P P M
i -+ + Rp o T-+F(D (1)

where Np and Nw are the total quantity of

hydrogen in the plasma and the wall respectively,
RP is the particle reflection coefficient, A is

the surface area involved in the interaction,
F(t) is an external source of plasma due, for
example, to gas feed, g is the cross section
for gas release from tite wall, and T is the
global confinement time avercged over ions and
neutrals. Considering the case where there is
no gas feed and the plasma density remains con-
stant, we can obtain the equilibrium value of
the wall concentration ny = (l—Rpf/a. Taking

the reflection coefficient for 100 eV H+ ions
on walls df medium atomic number Z to be
typically 0.5 {9) and the wall concentration to

16 -2
be ~1¢7" om © 110) we obtain & release cross

section ~10"16 cmz. Although the ion induced
release has been clearly observed in beam
experiments, the physical mechanism of the re-
lease process i3 still not fully understood.
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Fig. 2. Coumparisen of the exparimantal Emuity '

with the recycling model in the DITE
tokymak with a gettersd torus, (3]

3. GAS CONCENTRATION IN THE' WALL

The amount of gas.teleased from the wall
after it has been subjected to plasma bombard-
‘ment has been investigatad in a number of
systems.[10,13,14,14a] Sowe of the results
are shown in Flg. 3. It 14 observed that the
release tate is of similar form in different
experiments. There 1s apparently e lower out-
gassing rete in larger devices.. This may be
. because the total wall sres was used o calcu-
lete che specific cutgassing rate in each case
vhareas the interaction area.may be much :
ssaller that the: toul uan ‘surface,

‘OUTGASSING RATE (torr- 4 5% ca®)

lo' |o' no‘ lo"
:‘ TIHE AFTEII olscmnes ).

‘Fig.. 3. -
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Fig. . Time dcpcndmcg _of :he roiease of Ez
(mags 2), HD mass (3) and D, (mass &)

after a series of discharges in
deuterium {a) First discharge 4in
deuterium, (b) Second discharge, .
(e¢) Pourth discharge. Data from. ths
DITE tokamsk [3]. .

At the end af ‘the diuhanc clu ncu:nl gu
density is low. After the plasua goes to the
walls it is released thersally and. the: pressure
in the vessel rises to a. maximum in:a fow
uconda. Since the relesse rate must:-be’ de~
nda; o the . ration of the:gis In the,
u.u. e observe that the dsuterium cuncntn- :
s atill only ;
11




T’m ‘first- mea Fembnts o the ‘depth diatri—

“bution of the ges implsncted:in-a ‘surface by &
plasma were made on . sanp expoud in’ PLT.
[16,41 Subuqueutly. measurements: have baen .

_made on:sasples from-DITE{l7,18] and TFR. (197 ..

" Some of the results are shown in Fig. 5. It 1a
difficult to.interprat these. ueuureunts be=. -
cause they were made on samples which were ex-
posed to short bursts of plasma over -a lomg
period of time and. then left for time ~ mnths
‘before analysis. However, they. do show clearly
thit there is a relatively lerge concentration:
of hydrogen retained at considerable depths .
and that at least some of tie hydrogen is
trapped at the surface and has a low effective
diffusion coefficient ({otlierwiga it would have
diffused out and desorbed from the surface,.
The concentration-is sufficient to account for
the gas relesse from the walls during dis=-
charges. In fact, the depth distribution ex-
tends to depths much grester than the range of
most incident ions so that as far as ion in-
duced release of gas into the plasma is con-
cerned, the plasma can cnly interact with a
relatively swall fraction of the ges in the
wall during a dischuge wiile between dis- s

charges the gas may diffuse into or out of the

surface layer.

The immobility of the trapped gas in the
surface layer is in some ways rather surprising
in that beam experiments [20] on the trapping
and release of gas have been explained in terms
of simple diffusion with only a small contri-
bution of trapping. The immobility could be
due to the presence of oxide although this
seems unlikely after many hydrogen dischazges.
Morz probably it is" due to the deposition of
other material on the wall. As mentioned
earlier, it 1s observed in many tokamsls that
there is a continuous deposition of metals from
the limiter onto the walls during discharges.

With the zetal, thére is a significant per-

" centage of low Z i-pur:l.t:l.u, particularly
oxygen and carbon.{4,18,19] Thus, hydrogen is
not in gereral viq)hn:ed_ in the wall muterial

" but in the deposited layer of metal, oxide and
carbide: The coubination of hydrogen, carbom
and oxygen in the metal could be- due ir: part to

" the deposition .of ‘meral during a discharge and
adsorption of the gases on the clean metal sur-
face betweon dischargés. Thus, che’ depth .
distribution of the-hydrogen - r.auld be deur— -
mined. by-the thickiess ‘of ‘the metal depoli: .
rather than-the ringe of the- 1ncidonc 1.on-. It-

. has been suggested’ by Cohi : '

 1omobility of -the-hydrogen' in " the u:i'ace layer

".’-is due sto- :he pre -of r.hc dcpotited cu-b:l.dc.

1on of " deuterium and .molybdénum on the -
ui\lxthal vu:incionl h&ve blen )
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':oroidll field coils.:: This’
all tokn-ku. However; no- det
tion in-the toroidsl plane has yet been umnder-
taken in.any other tokamak. -:Variations around
the ninor: eircumference of a factor of I or lo :
have: been observed: but no. consistmt pattem

has emrged 118, 19]
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Fig. 6. Spatiel distiibution of deuterium and
impurities. deposited on the wall of
TFR 400,-during ‘its whole lifetime, as
. tunctinn of azimuthal po-ition
Around :he tonu.[19] :

4.

In uu tokmkn titmiu- hu-bun evaporated
unto the
e ~.n1tro|¢u and water:
the  liniter’ :po-ici.ng
ro nbly ‘sinilar effect,
the: gu:tering

vapor. -
»utal on :hc wal -

1nvel:igl-5 o

" in hydrogen partial pressure aftér the dis-

" and’ the reduced recycling which results could

" the hydrogen may be- driven: out.”

: device and -‘puts-

u-wins tritim ni;ht

cnz {21,221- although T
sparu expnr.lunul e,

: e gas has to ht’,
uud‘m nitiating a 4 clurge: and gas has fo -,
be coutinuoully £8d in,during the discharge ‘to
maintain constant -density,. Thia gas appears
-to atay within ‘the tokamak system-as the rise

charge is one to two.orders of magnitude lower
than that observad in unn:ured digcharges.
The/ 'fact that gas is ‘puffed in during the dis-
Chll."! appears.to have the unforeseen benefi-
clal effect of cooling the plasma’ adge and’
results in a reduction in the .metal impurities
entering the plesma.(23,24] This could be due
to reduced arcing and/or sputtering at the
limiter. The high pumping speed of the getter

be of advantage in colliding beam =xperiments.

Although apparently uniformly beneficial in
present experiments, it -is questionable :Hhethet
gettering can be ussd as a long term solution
to impurity problems.  In the firat place, the
£iln of titanium evaporated on the all.may
become mechanically unstable and peel or flake,
introducing large amcunts of metal into the °
plasma. Secondly, hydrogen: build up in the - o
titanium film may be delatericus.in that it
changes the mechanical properties. of the film.

It also wgkes it difficult to change over from
one gas species to another since there isa - °
much larger inventory of gas in the wall than
is the case without titsnium gettering. This
has been shown explicitly in measurements of
the depth distribution of hydrogen in gettered
and non-ge%tered parts of the DITE torus.[1B]
(F1g. 5) A consequence of this build up is

. that in machines operating in DT fuel, a large

inventory of tritium will result. This pro~
blem is not unique to titanium for, ae dis-
cussed sarlier, the preeence of oxide or
carbide layers on the wall give rise t¢ a simi~
lar prablem and the use of carbon which has a -
high trapping coefficient. for hydrogen will be

expected to do the same.

The qmu:lon st thm be: conlidnred ae to
vhether the getter can be ‘made ‘regenerable. -
One poseibility is eimply thast by heating
Recent expe
ments by Malinowaki-:(25] have indicated.that a
tempereture of 250°C y . be: luffichnt LIm
prin.ci.plt. thcml de :

ae; ope: 1n; with a .
-coneider 1y to:the cost:of . darge co

othsr “aspects. of design:

hn‘n clelning -



L a tokamak .to" see what proportion of ‘the trepped :
-ges.’can’ be ‘recoverad,: ~slthough_ the hydrogen/ -
. -denteriym exchenge experiments 1ndicete ‘that it
is a promisin epptosch in non= ttered devic

: __5.' ‘MEASUREHEM‘ . PLASHA rmmns

'rhe'meesurenen of the concentntion and
. depth distribution of hydrogen implanted in

surfaces can, “in: principle, provide inforletion o

- about'.the, plune ‘characteristics.’ The:ion “flux

- to the. limiter will be given to; firet order by ;

:% nv Shere o is the ion denlity lnd v is- the |

. ion sound speed. The renge that the {ons. pe!ge-*-
“trate .into the solid is directly related to
their dncident | energy. Thus, if the mean lon

- energy could be .determined  from ‘the range dis~

: tribuuon, the ion* ‘density: could be ‘determined -

. from, the concentration in the surfdce. - However,
In. practice this: pproech turns out- to have a

- number of. difficulties. ' Firatly, if-the form ~
of the energy distributien is. not known, -1t is
impossible to: obtain a unique sojution for the
energy. distributien: -from :the concentration -
distribution.’ Secondly, the: energy loss rate -
of ions with energies below a' few keV'is still '~

ot -well known Thirdly, for ‘the- teckinique to
work it 1is necessary. te be sure that there is
eicher no’ signifiunt ‘numbexof. the. incident
ions released from'the surface by back. sce:—
tering;. -d1€£fusion. or. {oft induced release or -
that the number :releasedis reliably: known. ‘To -
reduce ‘back sesttering, it: 18 neceusry to

adventsgeoul to: choose either a
difiusion coefficient for

t has: recently been shown:.”
silic:m il iq:lented mtil

cident -energy- [28] -

méthod of overco-ing somt of the-prob-:

ocieted with’ obteinin‘ energiel from’

By ‘masavring’ chs’ 1

function of imlentntion
= d b

__dicted by ion beam experiments; and-this" sppears >
* _to be due to. the fact that a layer '

.wall which has wore eEficieut trapping

‘stainless steel substrate. I.eyers of. titsniun
. “used for. gettering aggravate: the: si"tustion. :

RFurther: inveetigetion 1ntoé -how these deposite
' Iayers can be minimized and:into nethods ‘of ’
B _releuing hydro;en trapped. in thém by

’ 'of hydro;en ‘in tha \u.lls s tot yét been con
: tidered in. eny deteil. that ie the ffect on’

g linur end give the incident Elu.x whﬂe th .
. !ltuntion Tevel will give ‘tht Reau’ mcident
- energy.. .'l.'he first exp-rinent of th

Ttype hu

: been recently curied out ‘on"“the TFR . tokeuk.

and the distribution of ion energies'-and angles:

of incidence ukes the. relult nore

pointed« out” thet the energy ‘of  the ‘fhcident’

o ‘1of1s ‘can be deduced from the depth profiles-if . '° ‘
the forl of .the distribution is known. )
[ initial resulrs from the PLT tokamak' are pre- o

" .Some’

iented at the preeent conference [3

It should of couue, be pointed mlt that the‘

" technique described 1s_fraught with.the same
_diffioulties as other probe diagnostics. _The' -

fact that’the probe will disturb the. plssma

~has to be considered. 1In psrticulsr, the”

sheath potentiel betveen the plasma- and:the
probe and ‘the depletion of lons in - the flux
tube intersected by the probe must -be -taken’
into account. {32). Nonetheless, .thera. are sio
few reliable techniques for plasma. edge diag=
nostica that. further developnent. of ‘the ! - -
technique seems justified. As ‘the ion tem=
perature increeses, the technigue becomes more

‘relisble both because backscattering decrezses

and the ion- -range ‘and ‘saturation dose increase.
Recent measurements of the flux and energy.
distribution.of neutral-beams:from:high power

ion’ sources have been perticularly ,éhcouraging T
[33] ' . g

6. sumr'

" High concem:rutions of gas in the walls ax-

posed to phsus ere now well established.

This results in ‘a*slow Eransition -from one lgo=
topic species to .another when the. uorking gas .

is changed. Moreover when operating with DT ic .
will result in a significant fnventory of ;
tritium in the wall. It .appesrs : thatat léast

in some tokamaks the amount:.of: gas-trapped in .
the wall is. significantly. larger that pre=:

- mixed .
netal, oxide ‘and carbide is deposited 'on the -




chmged and lhl machanical’ ltun;l:h om:l.dnnbly

:xeduced.
- problems mey. be -ou uvuu in the ahor: or

T openting machines.” Whea puwﬂ; ‘redctors, are
,built. the wall will be operating at a high
. temperature and si;nificlu:ly lower concentra=
v:ions of - hyd.:ngen in :hg nll w:l.ll ruult.

_discuss chie effeet of hydrogen concentrntion!
-»occu::ing in sutfuces u:poud to plasias and
- thevarious conuqulnccm

“ the: melpurn-nt of the concentration distri-. . -

bul:io in: the lurful:c zs a fuaction of incident - ‘_

flux can.be.of use.as 8’ dilgmu:ic for the .
" plasma boundary. region. This" techniqua is only
. at.ah‘early stage of its development, but
" further valuable infoimation uy be ohwﬂbh
from its cxplo:ltut.ion.
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