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ABSTRACT

The influence of a number of parameters on the cleaning and preconditioning

efficiency of a combined rf and glow (RG) discharge i3 studied experimentuTly.

The emphasis is laid on problems of oxygen removal from the surface . The im-

portant parameters are the wall temperature T ., the pump speed Sp, the current

I
GD

of the glow diocMorge and the hydrogen pressure P
2
. In a device with a ratio

o
Sp/S = 0,1 ms

-I
/S : inner area), a rapid deoxidation is achieved when T.> 200 C.

At room temperature, the oxide layer is reduced from a /carbon-free\ surface

when 1 to 2 % of methane is added to the hydrogen : carbon monoxide is formed

and evacuated . Admixture of other gases such as He, Ne do not increase the

cleaning efffciency.

An equation derived from a simplified model describes semi-quantitatively the

observed parametric dependances.

The tendency for arc Spots to occur during the initial phases of the discharge

depends on the preconditioning of the wall : a prolonged bake-out at 200 °C leads

to the non-appearance of orcs in all cases examined.

Problems arise when a quadrupole residual gas analyser is used to measure the

partial pressure of water in hydrogen . These are analysed und a conditioning

technique is described which has proven to be appropriate in our measurements .
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1 . INTRODUCTION

The presence of Iow Z impurities, mostly carhon (C) and oxygen (0), fnfluences

strongly the temperature and the confinement of tokamak plasmas . An extensive

literature survey is to be found in a recent review paper /1/.

The coocantration of C und 0 in the lattices of the wall materials - usually

stainless steels or imconels

	

generally used in fusion devices is low ; it is

however well established /2, 3/ that the surfaces of these metals are covered

with a layer of 0- and 0-rieh cmnpounds, even after the application of refined

UHV cleaning procedures such os etehing, electrnp0lishimg, ultrasonic rinsing,

vacuum outgasing at elevnted temperatures . . . This layer has a thickness of

several tens of Ä for a well prepared surface and represents thus a (finite)

reservoir of C and 0, if these substaneos can be released to the plasma.

Low Z impurities appear early in the plasma discharge3, when the ion energy is

still lnw . Henee physical sputtering does not seem to be the main release me-

cMvmiom . As has bemn shown previously /4, 5/, chemical reacti0ms between the

surface impurity layer and (atomic) hydrogen which has escaped from the plasma

lead to the appearmncn of nignificant omounts of wnter, carbwn oxides and hvdro-

carbons . The released gaseous products, dissociated arid ionized by the plasma,

are prubmbly the dominant origin of the Iow Z contaminatinn . The chemico7 reuc-

tioms occur

	

after the hydrogen has thermally equi3ibrnted with the

lottice : the H concehtratfon and the wall temperature are much more important

as parameters than the energy at which H penetrates into the lattice /6/ . Since

the chemical production rates are moreover observed to be iarge, the early ap-

pearances of C and 0 in the tokamak plasmas is easily understood.

Cleurly " in situ prehamdling procedures must be applied to remove the surface

layers ff oxygen and carbon free plasma are to be mbtained : the chemical produc-

tion of volatile substamoes containimg C and/or 0 atoms must be suppressed or

at least cnnsiderably reduced . A

	

review /7/ has described the recemt de-

velopments in this area . The methods applied can be subdivided into gettering

and discharge cleaning techniques ^

A prominent representative of the first type is titanium (Ti) gettmring . lt was

first opplied to the ATC tokamak /8/ and has been utilised since on a number of

other toroidal experiments . The method allows to ubtain nearly owygem-free

p!usmas . The gettering procedure does not remove the contami qanto from the system

but acts by burying them and by virtue of the very strong chemical bonds which

are formed between the impurities and the getter and which camnot be easily re-
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duced by the hydrogen . Since the bonding capacity of the film is limited ° a

frequent deposftimn of fresh gettering lmyers is necessary, in particular

after each exposure to air or to a vacuum lenk . Serious problems are associated

with the repetitive use of the method : multiple Ti-layers tend to peel uff

(flaking) /9/ as had been observed in mirror machines, the hydrogen inventory

in a thick Ti coating is large, a problem which will be serious (tritium in-

ventory) in JET 0r TFTR if the walls, covered by multiple Ti layers, are later

exposed to a deuterium-tritium mixture.

Methods based on (physical) sputter cleaning, e .g . on the exposure of the wall

to energetic ions of noble gases, are inefficient in the toroidal geometry : the

impurity atoms released are not removed from the vessel but redeposited nn some

other part of the wall just as sparrows chased with stones fron a corner of a

large wheat field fly off to resume their eating in another corner.

Plasma discharges in hydrogen are well adapted to the clemning task provided that

the plasma temperature and density are maintained at sufficiently lnw values to

avoid an appreciable dissociation and ionisation of the released impurity moTecules.

Taylnr discharge cleaning (TDC) /10/ and gluw discharge cleaning (GM) in a

throughflow of hydrogen have been used successfully and led to an important

reduction in the lnw Z contamination of tokamaks discharges . Both lead to

appreciable release of hydrocarbons and CO ; in TDC, the release of cmnsiderable

amounts of 8
2
0 has been reported . The conditions under which H 2 0 is formed and

released in GDC are part of an open question . In experiments such ao ASDEX /11/

and PDX /12/, the release is pranƒically undetectable, whereas significant H 20

release was reported in simulation experiments /5/ and in TFR 600 /13/.

The aim of this work is to simulate the glow discharge cleaning in experiments

like JET and T2XTQR and to study the paremetric variation of the cleaning effi-

ciency . Particular emphasis hms been laid on the investigation of the deoxidation

chamnel via water formution since it represents the only way to deoxidize a nur-

face mhich hud been decarburized beforehand (case of a tokamak which has been

air-flnoded after prolonged operation) . lt is not the aim of this study to inve-

stigate the notual surface composition during and after an exposure to a glow dis-

charge in hydrogen /11, 12/ or to atomic hydrogen /I4/ . The emphasis has rather

been leid on the following qumstfnn ; can the vessel surface be so preconditioned

b« the GDC that it con	 nm longer release C- or O	 t i i	 gases even under_es	

the subsequent exposure to powerful discharges? At the end of the prehandling



procedure, some metal oxides may remain clnse to the surface . lt is only

important that the bonding energies of these residual oxides be so high

that the metal-oxygen bond cannot be reduced by H at an appreciable rate:

the chemical contamination source can then be deemed to have been elimi-

nated.

As will be shown in the subsequent para0raphs, an important scaling para-

meter for the eFfeotivity in a syStem is the ratio Sp/S of the pump

speed Sp in the system to the effective area S of the wall to be cleaned.

The simulation system has therefore been dimensioned to have approximately

the same ratio Sp/A s5 0 .1 m
s-l

as JET and TEXT0R will have . Another impor-

tant aspect is the time history of the experimemt " i .e . the prehandling of

the surfaces before GDC is applied . A strong correlation between the occu-

rence of arc spots and the temperature history of the surface has been ob-

served ^ Because of the rapid and continous evolution of the system (deoxi-

dation) during a mensurement, the separation of the influence of several

variables is not easy to nmke ; special methods of evaluation have to be used.

Moreover to carry out a systematic study of H
2
0 releune ° a reproducible re-

contamination method had to be develnped and applied.

The variablen which determine the cleaning effectivity have turned out to

he the wall temperature Tw , the glow discharge current density
jGD,

the

pump

	

speed Sp and the hydrogen pressure p
H

. In order to operate a dis-
2

eharge at the desirably lmx hydrogen pressures, a modified type of glow dfs-

chorge, the RG-discharge (combined rf- and glow-dischorge\, has been developed;

its characteristic properties had to be investigated ; they are described in

8 111 .1.

In the fnllowing sections, the experimental set up with its characteristic

data will be described first . After the characterisativn of the RG-discharge,

a discussion on the appropriate handling of the quadrupole b/-pass is presented,

the temperature manipulations in the system and the reoxidation procedure are

out]imed ^ The measurement of the fluxes of particles to the wall are given in

an additional paragraph, including measurements on the destruction of gaseous

products in the discharge . The cleaning renults are discussed in separate sec-

tions dealing with the "first clean down" of the system and with later experi-

ments in a decarburized vessel wherein the parametric variation of the deoxidation

efficiency was examined, followed by the discussion of the results and the

cooclusfons .
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11 . DESCRIPTION OF THE EXPERIMENT

The apparatus (fig . 1) consists of a glow discharge vessel (GDV) and a

quadrupole bv-pass (QBP) . They are evacuated by separate turbomolecular pump

umit3 (lMU 1 and 2) but joined via the connection tube (CT) with the throttle

valve (TV 2) . The total inner area and volume of the GDV ° imcludin9 the fifteen
.

appended sidearms and portholes, are 2 .98 x 104=2 and 2 .15 x lO
5
om

3
reSpactively.

The inner area ° neglectin0 portholes, usually exposed to the glow-discharge, is

°4__Z

	

O n
2 .ul x lw cm . The

,,,h
ahne., ~BP cam be heated up to 608 C and 40O C, During ~he

measurements reported here (except for the first clean-down of the apparatus)

the temperature of each porthole was ca . 200 °C (cf . § 11I,4\ . The only part of

the apparatus which was not heated up is the gate valve (GV) of the GDV.

The radio frequency gonerator (RFG), uperatimg at 13,6 MHz at a power

100 Watt, is matched to the radio frequency coil /RFC\ ° consisting of 5 1/2

windings of 5 cm diameter . The coil length is 7 cm . The material is stainless

steel /maked, i .e. in direct cmntact with the plasma) . The radio frequency syotGm

allows to initiate and maintain an rf plasma discharge in H
2

at low pressures.

A dc voltage /

	

1500 V) can be applied by the Demerator /DCG\ between the RFC

and the vessel walls . This modifies the rf discharge into a hollow cathode glow

discharge (PG discharge) . The virtual ahode is the plasma within the rf coil.

When the current in the discharge i3 larAe, the RFC might be overheated ; this

is avoided by diverting pmrt of the anode corront into an auxiliary electrode

The throttle valve (TV 1) allows to reduce the pump speed in die GDV by a factor

of up to about 2 für H
2
and 4 for H20 . The specific pump speed für H2`O /and CO 2

)

in the GDV can be imcreased by use of a cryopump (OF) . This consists of a liquid

nitrogen
(
LN2 ) rooled finger with an area of 600 cm 2 .

	

`A lamellar grid system /vene-^

tiam blind) protects that part of the cold surface which protrudes into the GDV

from the RG dischnrge ^ This avoids the ion-induced re8vaporation of nondensed gases.

The outer urea (exposed to the discharge) of the venetiam blind is 630 cm
2

.

[

	

~]A squirrel cage array (SC) of tumg g ten filaments

	

cf . [~/~)allows to compare the

H 20, CH4° CU ^ " production rates achieved using either rf or RG plasmas with

those which result from 7nw energy /0 .2 eV) hydrogen atoms produced by contact dis-

sm:iation [43~/7-f H 2 nn a hot (2100 K) tmngaten surface (total area = 1,5 - 9 cm2 ).

Hydrogen is stVred in an iron-titanium fla3k . lt is fed into either the GOV

or directly into the QBP through appropriate imlet valves (E 1 and E 3) after

having passed over LN
2

traps .

	

`Other gases /He, NH3" OH4 , H2O" Ne, N2 ,Ar or CO 2 )

Can addftiOnally be fntroduced into the GDV through another va7ve E 2 . Whenever

possible, these additional gases were further purified by an LN 2 trap .,



E1

E2

TM0 2

	

T M[1 1

Fig l	 Experimental a	 a	 t s  GDV~ glow discharge vessel ; 08P : quadrupole 8y-pass.

radio frequency generator ; DCG : d .t . power supply ; AE : auniliary anode ; SC : squirrel cage

CF : crynpump ; TVl ^ TV2 : throttle valves ; CT : connection tube ;GV : gate valve ; TMUl, 2 : turbomolecular pump units;
El, E2, E3 : gas inlet valves ; RGA1, RGA2 : residual gas ama!yzerS ; I~l, IM2 : ion manometers



Additional instrumentation in the GDV includes an Ion manometer (IM 1),

a quadrupole residual gas analyser (RGA 1) and a Langmuir electrostatic probe to

measure the floating potential of the plasma.

The instrumentation within the QBP comprises an ion mamometer (IM 2), a

quadrupole residual gas analyser /REA 2) (Balzers, type QMG 511) ~ and the H
2

inlet
(
RGA

valve (E 3) . A residual gas spectrum of the DBP is shown in fig . 2 . The walls were

at room temperature and the base pressure was 1 x 10-9 torr . The H
2
peak is not

shown on the figure . CO, CO 2 , hydrocarbon of the methane
, ethane and propane groups

and traces of

	

water can be seen . Also Cl (m = 35,37), K (m = 39,41) and

F (m = 19), probably from the filament, are detected.

Table 1 summarizes some of the main parameters of the pump system for

various gases:

- The pump speed /3p~
J

in the GDV, with TV 1 and GV open, for the gas of mass m`

	

.,

- the relative calibratiom of the partial pressures in the GDV as measured by

the RGA 2 (in QBP) at some fixed sens1tivity (2 x I0
-I0

A) and for the throttle

factor of TV 2 used in our experiments and

- the relative calibration of the partial pressures in the DBP for the same

setting of the RGA.

The pump speed (Sm)j in the GD y is plotted as a function of the molecular mass nr

	

j
on fig . 3.

The variation of (Sp) 2 versus hydrogen pressure is illustrated on fig . 4 ^ The dia-

meter of our pump port is 15 cm ; the pump speeds for H 2 and for traces of impurity

gases are then practically equal when p> 3 x I0
-3

torr.

The apparatus allows to vary and to measure practically independent7y of one

another:

- the temperatures of the walls of the GDV and of the QBP os well as those of

the portholes and of the connection tVbe,

- the pump speed by using TV 1 in general and the cryopump CF in the particular

case of H2`O /and CO2
) "

- the power of the rf discharge,

- the current of the RG discharge,

- the pressure of H 2 in the GOV (via E 1) and when needed in the QBP (via E 3),

- the partial pressure of admixed gases (via E 2).

Summing up the resulting parametric variations allows to assess and optimize



et

19 16 14 12
18 1541

	

37

/e

Fig 2.

Residual gas spectrum in the QBP ; Tw = 30
o

C, P tot = 1 x 10-' Torr,

the partial pressure of CO (largest impurity peak) is 1 .7 x 10-11 Torr .



2 .0-

CH 4 N e

to
10 20 L.0

Fig 3.

Pump speeds (Sp) for gares

	

different assen m at 200 °C and at P j = 6,6 x 10

	

Pa



Fig  4.

Pump Speed for H 2 as a function of pressure

A : TV1 open

	

B : TV1 closed



Table I .

	

` 'Pump Speeds (3p\j and calibration factors K
j

was measured for the various substances with the oame sensitivity of the

RGA in the UBP . The measurements relating to the GDV were made with a throttle

factor of 100 for H
2

over TV 2 .

	

` 'The values of /5p\ J were measured at a pressure

-*

	

o
of z 3 x 10 4

	

and at Tw = 200 C . For NH und H O interpolated values are
3

	

Z ,

given in brackets .

K/Torr/5cale unit)`j `

	

'

Substance (cm
3
s GDV QBP

He

NH 3

H4 (m =l5`~

	

15)

5
2,12 x 10

2,07 x IO

(2,08 x IQ
5

\

2,12 x 10 5

5
(2,06 x 10 \

1,96 x I0
5

1,26 x lO

I,15 x 10 5

9,1 x IO
-8

4,3 x 10
-7

4,1 x IU
-7

4,5 x l0
-7

3,5 x IO_ 7

-8
1,1 x 10

3,8 x lO
-7

3,0 x l0
-7

3,7 x l0
-7

9,0 x 10-1

4,0 x l0-9

1,6 x I0
-q

Ne

N 2

CO
2
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111 . EXPERIMENTAL PROCEDURES

111 .1 . Rf and RG discharges in hydrogen atlmWpressures

The cleaning efficiency of a glow discharge decreases rapidly when the hydrogen

pressure is increased above a few mtorr (cf . § Vl . 5 and 6 and ~ VIl) . This

reSu7ts to a larg8 extent from the reduced pump npeed . Hollmv cathode dischargeS

with plain metal anodes are initiated,in vessels of the size of TEXTOR and JET,

*ben the h'drogem pressures reoches a few times I8
-2

torr . Once a plusmm hus been

produced, the pressure can be reduced down to about 1O
-2

torr, after which

the discharge quenches . The relatively high operating pressure limits the pump

speed when turbnmolecular pumps are used.

When [ 4, 5a] a naked radio frequency coil is used as anode, the minimum pressure

at which the discharge can be initiated is lowered . The RG discharge can moreover

be maintained at much lnwer pressures without quenching . The available pump system

is used more efficiently.

Operation at low discharge currents and measurements in the absence of any dis-

charge current (pure rf plasma) become possible . The extended operation range

facilitates the interpretation of the observed phenomenm . In what f*llow;, we

briefly summarize some ohnructeristic properties of such rf and

	

discharges.

IlI	 I .a	 The rf dischar	

The minimum pressure p
I
at which the rf discharge can be initiated and the pres-

sure 9. at which it quenches are p7otted on fig . 5a as functions of the applied
V

rf power Wrf~

	

~-lnYestigations at hvdroBen pressures as lo* ms one millit prr are

possible in a broad rf power range even in our relatiYely Small vessel (radius

22,5 cm) . Low rf powers (a few Watt ) suffice to maintain the discharge in this

pressure domain ^ An increa8e of
Wrf

beyond a few tens of Watt does not extend

the range of working pressures further downwards.

Fig . 5b shows how the floating potential
Ufl

of the rf plasma und the product

of the sticking factor o{ times the flux density u)
j
of hydrogen to the wall

vary at P 2 = 2 .8 x lD
-^

torr as functions of the applied rf power . The method

to meaSure m< qp
f

	

~ is detcribed in 8 IV . I
`

	

^

The floating potential, of the order of 7 to 13 volts, depends weakly on Wrf
. lt

decreases Slmvly with increasing pressure . Sputtering of wall material by gas ions

accelerated in the voltage drop should be negligible . Some sputtering is however

expected at the rf coil where high rf voltages are applied .
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AS will be discussed in § VII, the rates at which oxides and carbides are

transformed into gaseous products increase ropidly with the flux density czeD of

hydrogen penetrating into the moterial . This flux density becomes larger when

the rf power is increased /proportional

	

to WI/2 ) . Operation`

	

rf
with lxrge rf power appears thus to be advantageous if a pure rf cleaning of the

wall is aimed at . The effect is however partially compensated by an increased

destruction of the gaseous products in the plasma (§ IV .2).

The mean free paths are large in the Iow pressure domain where the highest

cleaning rates are obtained ; to achieve a more or less uniform cleaning efficiency

around the torus by means of rf discharges alone ° a considerable number of rf

coils should be useU . The cleaning of portholes and sidearms, if desired, intro-

duces additional complications . Gluw discharges should be better adapted to

these requirements.

TTT 1 k\ 7k, Or

i) Imitation and quenching pressures

The pressure
PI

at which the RG discharge can be initiated is plotted in fig . 6 " u

as a function of the dc voltage U
a
which is initiolly applied between the RFC and

the walls of the GDV . The curves correspond to different power levels
Wrf

supplied

by the rf generator . F i g . 6b i s a s i m i l a r plot showing the Inwost pressure P Q

at which the discharge can be maintained . For these meusurements, the value of

the load resistor had been increased to 1 k g-� . For all other measurements a re-

sistor of 250 Q was used.

The rf discharge allmws, already at Iow power levels, to extend the pressure do-

main wherein a R8 discharge can be maintained down to a few mturr . This is lo*er

by a faetor of more than twenty than in a pure glow discharge (fig . 7) . As we

shall see in § VI,4, nur results suggest that the cleamimg discharge should be

operated with RG current densities of 10-25/uA cm
-2

. The latter value corresponds

to a total current of 0 .5 A for our vessel and to an initially applied voltage of

500 V . An rf power level of 32 Watt has therefore been chosem for all except the

first measurements described in the following paragraphs.

Fig . 7) summarizes the P I and PQ values measured for this particular condition.

The minimum pressure for plasma ignition is low, but still the Pressure munt be

increased during a short time by a factor of five to initiate the dischur8e . This

is achieved by reducing the pump speed, by short puffs of hydrogen or of some

inert gas ° for instunce helium neon or argon .
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The current-voltage chdracteristics of the RG discharge and the floating potential

Uf] of the plasma at a hydrogen pressure of 4 x I0
-3

torr are shown om fig . 8 for

different power 7evels W . Additional measurements with Wrf = 18 and 8 Watt have

not been plntted here to avoid overcrowding the figure ; they fall smoothly between

the curves obtained with Wrf = 32 and 3 Watt ^ The linset picture describes how

U
G
D and U

	

vary with W

	

at this pressure when I nn = 0 ` 5 A.fl

	

rf

Except in the domain of very low discharge current « 50 mA) and at very low

pressures, the following behaviour is observed:

-
UGD

and
Ufl

increase slowly from 350 V to 500 V when
lGD

is increased

from 0 .1 to 1 .8 A,

- the difference
UGD-Ufl

is usually equal to 20 V or smaller ' showing a pronounced

sparing of the anode by using the RF plasma as virtual anode ; it increases to

50 V at low
Wrf

values,

- the variation of
UGD

and U
fl

as a function of Wrf

	

`is cmall ( -- 10 % when W
rf

increases from 3 to 72 Watt ) : increased rf powers do not lnwer the plasma

potential, i .e . reduce the sputter yield.

iii) Influence of the pressure

The current-voltage caracteristics of the RG discharge and the variation of Uf

with l
GD

are plotted on fig . 9 for different values of the hydrogen pressure

at a rf power level of 32 Watt:

At the lmwer pressures~ as expected from fig . 6b, the discharge quenches when a

limiting current is reaohed . In this pressure range, U~u.. and
Ufl

are higher than

at moderate pressmres ^ The potential difference
UGD-Ufl (

largeis large /anode po-

tential drop\, due to the small anode area.

From 3 x I0
-3

torr upwards ` the full available range of currents can be explored:

the shape of the I-U-charact2risticu varies little with pressure but
UGD

and Ufl

decrease when the pressure is raised . The difference U G	decreoses also with
-

incremsfng pressure ; it changes sign when P 2 > 2 x I~

	

torr.

The Floating potential of the plasma decreases by 15 % when the pressure is raised

from 3 x 18-3 to 8 x I0
-3

torr . This should reduce the sputter rates
vsp

from

the vessel walls . The pump speed is however higher at lower pressures (fig . 4),

decreasing /5 VI66\ the clean-down time 7~

	

during which the wall has to be
6)

	

ud

exposed to the aoceleruted ions of the RG discharge . The contamination (e .g . of

the windows) by sputtering during the discharge is reduced when the product

v
Sp

rcd is minimized . This is best achieved at the lower pressures .
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The current-voltage characteristics /und floating potential curves) measured at

higher pressures in a simple glow discharge in H 2 are compared in fig . 10 with

those observed in a typical R8 dischurge . Here again, unless a larye effort is de-

voted to optimize the pump system, the product v sp ~rcd is larger when the simple

glow discharge is used.

The current-voltage characteristics of the RG discharge and its floating potential

have also been measured when noble gases such as He or Ne are added to the hydrogen

/e.g . fig . 11) . They differ little from the pure H
2

case ^ Sputterin8, in`

particular in the case of admixed neon, could raise serious problems as already

Under the usuol RG discharge conditions described in § II .2 .b, the plasma is

concentrated in the main volume of the 8DV . The discharge can be extended into

the narrower channels offered by the ports and side-arms : when the pressure of H2

is increased to several times I0
-2

torr, it reaches the JarQp r /15 cm diameter)

portholes ; at 10 -1 torr it penetrates into the portholes of 6 cm dianeter . For

this it is advantageous to increase l
GD

up to 1 ' 5 A and to use the LN
2
cryopump,

in order to maintain a lurge pump speed for H 20.

	 2	 1)y-Pass

lt is difficult to measure quantitatively the concentrations of gaseous species

such as water, hydrocarbons and carbon oxides in a background of hydrogen when

a residual gas analyser (RGA) is used . This results [ 4, 53 from the dissociation of

hydrogen molecules on the hot filaments of the RGA and of the ion manometer ; the

resulting H-atmns " impinging onto surrounding walls, produce gaseous impurities

by chemical reactions with the surface contaminants . These impurities, created

in situ within the QBP, must be distinguished from the ones which originate from

the reaction chumber 'GDV or a toroidal veasel\ and which stream into the ona]yser.

The problem is serious since, in order to keep the pressure in the QBP sufficiently

Iow for the RGA to operate properly, a throttle ratio of about 150 mmst be estab-

7ished over TV 2 . Increases of the partial pressures of H2O, CH
4

or CO of " say,

I0-8 torr in the QBP can then be erroneously attributed to inrremses of

1 .5 x IQ
-v

torr in the GDV!
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[m the case of H
2
O ° a further problem is encountered, particularily when the

walls of the QBP and of the CT are at low (e .g . room) temperature : rapid varia-

tions of the water pressure P
18

cannot be fOllowed ectmrately- This results

probably from the adsorption-desorption equflibrium between the H 20 vapour and

the partly oxidized surface layers of the QBP and CT ; an increase of P18 in-~

creases the amount of water adsorbed ; a decrease of 12 18 would decreases it . The

resulting time lag buffers out the rapid variations of P . This phemomenon~
se

which in this interpretation would be amalnqous to the one which occurs olomg

a gas chromatographic column, makes accurate measurements of rapid P 18 changes

in the reaction chamber impossible.

Fig . 12 illustrates the temporal variations of the partial pressures of water

(P
1 8

) , methane ( p
5

) and CO (
8

) which arise at room temperature when hydrogen

is introduced directly into the OBP ; ~ increases quusi-instan±aneously b
y
w a`

	

l5

factor of 30 and remains almost constant thereafter ; p28

	

-^increases by a factor

of 6 within one minute ; a further slow increase (10 %) is observed during orte

or two hours . In the case of H 2O,

	

'the effect is mmre serious :
pIB

increases at

first rapidly by a factor of 8 ; it continues to increase slowly thereafter, to-

wards an asymptotic value which is opproxim*tely one hundred times larger than the

initial outgasing va7ue ; the characteristic (exponential) equilibration time is

about 4 hours . The same phenomena had been observed F 43 with a quadrupole analyser

and an ion manometer surrounded by metallic walls at higher temperatures . The eqmi-

librati0n time is much shorter at higher temperatures : volues of the order of 2

minutes have been measured at 300
o
C.

In seleCtfng the working te0peröture of the QBP, it appeared important to ensure

that wall oxidation effects discussed in § VII be kept at a low level ; this has

lcd us to choose a temperature of ca . 160 °C for the measurements . The resulting

response of the RGA to the introduction of pure H
2

is shown on fig ^ 13 ' About

30 minutes are necessary for the H} signal to reach 95 % of its stationary um-

plitude.

111 .2	

At the beginning of the experiment shown on fig . 14, H0 has been introduced into

the QBP via TV 2 . The quadrupole by pass and the connection tube were at room

temperature;' P 2 was negligibly small ` The signal rose at first rapidly to about

35 % of its final va]ue ; thereafter a slow exponentiation towards the final equi-

librium value ocourred . The exponentiation time is 75 minutes . Most of the time

lag appears to result from phenmmena occuring mn the walls of the QBP itnelf :
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Evolution of the partial Pressures of methane (P 15 ), waten (P 18 ) and
CO(P 28 ) after direct admission of pure H2 in the RGA T w = 160 °C,

2 = 1 .62 x 10 5 mbar



	 14.

Vuriation of the H 20 signal in the RGA after introduction of M
Z
0 vapour at constant inlet pressure

-9
through TV2 ( p 2 = 3,4 x I0

	

mbar) . QBP and CT at room temperature



When the temperature of the quadrupole by-pass was raised to 160 or" the expo-

nentiation time T
e
was reduced to three minutes, althOugh the 70 cm long con-

nection tube CT was still at 40
o
C . Still, if one accepts that accurate measure-

mentS cnn first be made after times longer thah 3 'rep phenomena evolvinQ on a

time scale shorter than 10 minutes cannot be followed quantitatively when the CT

is at that temperoture ; 1'" decreases when the temperature of the CT is raised

(fig . 15) . For uur measureme*tn, we have limited (again in order to reduce oxida-

o
tim effects) the value of TrT to 180 C . This leads to 7' = 0 .9 minutes . Phenmnena

which Mange with characteristic times of 2 1/2 minutes cmn then be followed.

Fig . 18 shows how a rectangalar pulse of
plD

applied just belOw TV l, is transmit-

ted to the QBP . Even with "imprnved" comditions ° rapid variations are strongly

distorted.

111 .3 .	 Bi	 i	 d end of a	 l	 i

As discussed above, the gaseous impurities set free by the glow discharge must

be distinguished from those which are released in the DBP when hvdrogen is intro-

duced into it . The time lags in the evuluti0n of the water signals /fiOs . 13 and

16 for example) must be minimized . Finally, the effect of the short pressure rise

produced in the GDV to ignite the dicharge (8 111 .1-b ° i) must be suppressed : The

resulting increase of the hvdrogen pressure in the QBP, if TV 2 is partly opened,

and if the filaments in the QBP are hot, produces a short but large increuse of

the impuri~y release in the by-pass which cou3d mfstokenlY be attributed to pheno-

mena occuring within the GDV.

The procedure used to minimize these effects has beeil to maintain the QBP and

cunnection tube at 160 °C und 180 o0 respectively during the mexsurememts . The

residual gas spectra are first measured in the GDV und DBP . Keeping TV 2 closed,

pure bmdroQen is then introduced directly via E 1 and E 3 into the two parts of

the apparatus at the pressures lotcr required for the cleaming phase (e .g . 2 .8 x I0_ 3

and 1 .6 x 10_ 5 torr respectively) ; afteh about 30 minutes /cf .fig 13), the resi-

dual gas signa7s in the DBP have become conStaot ; these values are used as the

true zero signalS of the DBP.

Within a few setonds E 3 is clnsed and TV 2 opened in such a way that hvdrVgen

leaks into the QBP over the GOV at the Same pressure as before . After a few minutes

/cf . hg . 16), a new stationary mass spectrum is nbtainedv from which the outgasing

rate in the GDV ix deduced .
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Just before

	

in0 the discharge, the filaments of the ion mmnometer and of

the residual mass analyser in the quadrupole by-pass are switched off . The gate

valve of the glow discharge vessel is clQsed . The hvdr0geh pressure increases

umti7 ignitiom occurs, at which time the gate valve i5 reopened . Some twenty

seconds after the start of this sequence, the pressures within the GDV and the

DBP have retwrned to their initial values and the filaments in the QBP are

again switched on~ The evolution of the H
2
O= CH

4`
CO . . . signals oan be followed ^

Tests made withQut rf power (ho f9niti0m
`
have shnwn that this sequenee of ope-

ration does not introduce hoticeable errors into the measurememts.

At the end of a cleaning ruh the glow discharge voltage and the rf power are

switched off (simUltaneoQ5ly or one after the other) . Residual gas spectra are

taken . TV 2 is then closed and E 3 openod ° introducing anew the same pressure of

hvdrogen directly into the QBP . The difference between the two last spectra

yields the outgasing rates at the end of the cleaning procedure . Finally the two

inlet valves E 1 and E 3 are clo3ed ° and the outgasing spectra in the absenCe

of hvdro0en are obtufned.

This 3equenC8 of operations is easy to tramscribe into the general steering

routine of a tokamak . This showld allow to start and terminate discharge cleahing

operations at preselected times during the night, even in the absence of operators.

Towards the end of the first clean-down phase, the only sighificaht partial

pressure in the GDV, except for hydrogen, was that of water /pI8)" This was`

high, of the order of IO
-v

torr in the presence of the RG discharge and at a

wall temperature of 400 °C but it was nn lonBer decreasing with time . In order

to ascertain the degree of wall cleanl .hness already achieved, the discharge was

switched off and nn and the reSulting variatiOn of
PID

mea8ured ^ This was sma}l '

i .e . P18 was large in the abaence of the discharge. This ied to the suSpiScimn

that some cooler surfaces were involved~ which had not beeil "yeen p by the glow

discharge . Water, of which the partial pressure had risen to high values in the

eorly phases of the :leaming ruh, Could have been ad- and absorbed by these sur-

faces . After the end of the cleanfmg procedure, a slow release (outgas) from

these surfaces would now b8 taking place and a recontamination of the freshly

deoxidized surfaces by this H 20 vapour after the end of the cleaning procedure-~

had to be feared . We have therefore tried to minimize the c0nde85otinn of mater

om such hidden surfaces during the clemning phase .
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anns of which the extremities had remained almmst at room temperature whilst the

GDV was first cleaned down at 400
~
C . In Order to check this hypothesis, the ten-

perature of fourteen of the fifteen portholes were first raised to 200 °C and the

large amount of water released was nOted . The fifteenth porthole was then also

heated up to 200 °C and the amount of water desorbed, was measured . This was equi-

a7eUt to several hUMdredS of monolayers . For all measurements reported here with

the exception of the first clean-down of the uessel ° the temperature of each pVrt-

Mole was thereafter ma1ntained at 200 C . This should reduce the absorption of

water b
y
v these surfaces during the deuxidatfon ^ In a tokamak, the residual P

18

level should then become very 7o* when the temperature of the portholes is reauced

a± the end of the cleaning ruh . Another advantage resulted from the increased

porthole temperatures : as mentioned in § V, 2, arc spots were observed in the cold

portholes when the first KG discharges were produced there using the procedure

described in § IlI .I .c\ . These arc phenomena were suppressed when the temperature

of the sidearms was raised to 200
o
C . They did not reoccur even when new windows

were built in and discharge cleaned at 200
o
C.

111 .5 .	 ReoXid ti	 md sutgasing procedures

At wall temperatures higher than 200
o
C, a few hours of RG discharge ~n hydrogen

decrease the release rates of water, hydrocarbons and carbon oxides down to such

lnw values that accurate measurements are no longer possible . When a new discharge

is initiated, even one or two weeks later, the amplitudes of the corresponding

signals are still negligibly small . In order to study the cleaning efficiency over

a broad parameter range, a systematic recontamination procedure had to be aPplied.

We have chosen the technique previously used by Dietz et al . [ 5h l ~ the inner

surface of the GUV is exposed to laboratory air at one atomosphere for one hour

with the walls at T
w

= 200 °C . The vessel is then evacuated . This simulates a

rather serious accident in a bokamak.

On the *hole, a fairly reproducible state of surface oxidation resu7ts as far

as the impurity release i3 Cnncerned . lt is however probable that the surface

o
state is not the same when one or when fourteen hours at T = 200 C have elapsed

after an oxidation prncedure . This i3 mainly a consequence of the diffusion and

reactions of onygem in the surface-near layers . The deoxidation seems to proceed

faster when the time since the last oxidation is 5horter.

Also different surface oxidation states probably prevail when the surface is

kept at 200 °C after reoxidation, or when its temperature is raised overnight to

e .g . 400 C . A difficulty is therefore encountered in comparing the absolute am-
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plitudes of the signals and their decrease with time (cleaning rates) at diffe-

rent

Except for the first clean-down of the apparatus (6 V), no extensive or systematic

outgasing procedure was used in this work . As a rule, the surface was oxidized as

described above towards the end of the day . After reevacuation, the vessel tem-

perature was adjusted if required to the desired value which was reached in about

one hour . Some outgasing occured overnight at thut temperature and the glow dis-

thar8e was initiated in the next morning.

111 .6 .	 MeaS reme t 0f parametric dependances

lt would be tedious, time consuming and misleading to investigate the para-

metr1c dependance of the cleaning rate `/l8 by~ making one deoxidatiVn run for

each set of parameters . Uncertainties would resVlt, as pointed out in the pre-

ceeding parograph,from the lad< of precise knowledge of the state of oxidation

at the start of each run . The calibration of the RGA varies by a few percents

from day to day . Finally, as shall be seen in 6 VI .2 .b, at T
w
. › 200

"
0 ° the'

tial valme of after an oxidation procedure is more strongly limited by

the amount of active H reaching the wall than by other parameter : practically

all the H atoms penetrating into the wall return in the form of H 20 molecules.

We have therefore studied the parametric dependances ms fol7ows, All Parame-

ters but one were frozen for a given run . The rf discharge was started and the

RG discharge allowed to burn for ab$ut one hour, until
V'lO

varied moderately

slowly . The free parameter was then varied at regular interVals . In order to mini-

mize the evolution of the surface between two measurements, these intervals were

kept as short us justifiable, usually six to twelve minutes . Ichematically, a curve

as fllustrated on fig . 17 is obtained.

/ b / c / d /e/d!b /
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Fig . 17 : IlluStrating the procedure used to measure the variation of P 18 as

function of a parameter X.
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We must correct for the progressive decrease of the amount C.0 of oxides

in the surfoce-near layers . To du this ^ we assume that, at least over mode-

rate -1y mi-tort time ihterYals,
\Fl8

1s a linear fumetion of
CM0^

We can then

write that, if C

	

remained constunt, we wnuld have had:

\Fl8 /̀x2'\ =

	

Y
l8`

x
V18` xI)

	

b
i

y18 /̀x0 )

	

a
f

and, in generai :
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.
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from which the dependance of

	

`~

	

on the parameter x has been deduced,^

A contrnl of the aDsumption that

	

is proportional to
CMO

iS fnund in
lO

the fact that ^ whereas both the prnduCt Sp nlB
of the pump Speed Sp times the

cVnc8ntration
nI9

of water vapour in the GDV and the siope din n18/dt usually

change strnngly when a discharge parameter is varied, their ratio remains uh-
.

ohanged - within the limits of experlmental errors - in the course of this va-

riation . No evidence of abrupt effects whi~h could result e .g . from a thresb'

hold phenomennn ° could be detected . Some «nntrols have been made, as indicated

on fig . 17 by returning after a time to a previous parameter setting . They have

shown that the prouedure outlined hehe is acceptable.

Still the progres3ion evo7utium of the surface during the measuremente limits

IV . FLUXES TO THE WALL

V .l .

	

l	 	 i	 effect

lt has b8en repnrted previously (4, 5 °3 that the rates at which *oter ° methane,

cmrbQh oxides are prnduced within the surfaoe-near layers of the wall are propor-

tional to the flmx density xx4»j of hvdrogen which penetrates into the lattice

frnm the gas phase ; o( is a sticking factor.

ln the case of atomic hvdrogen produced by cuntact dissociation of molecuiar

hwdrngen on hot metal surfaces ^ the fiux density 4)
j
of atoms to the wall can be

~

	

~ levaluated from equatinns 9iven by Hickmott [ ~lG~ and Gould ~ l7 ) ~ for this, the tem-

perature und orea of the hot metal and the surrounding pressure of H
2
must be

kmnwn . A second method is to measure the permeatinn flmx of hvdrogen thrOugh a

membrane exposed to H-atoms . If the H-Cnnoentratiom in this membrone is kept

7Vw, surface effects are rate determining Ll8j ; the pehmeatfon flux density is

then practically equal to half the flux density o(p i of atoms sticking to the



wall on the primary side of the membrane (the other half of o\D , recombines to.

	

~

A third methodr similar to the one used by Langmuir P.51 ° is particularly well

adapted to the me8ourement of o/~L in the present case : when a source leading to

hydrogen absorption by the wall, e .g . a hot fflament ' a rf, glow or RG discharge,

is switched oh in hydrogam gas, a pressuhe drop (fig, 18) results which can be

correlated with the rate at which hvdrogen penetrates i .e . is " pUmp0d " into the

wall material . The resu7ts of this method, which we shall name
»
Langmmir effect"

in the fnl70Wimg, have beeil found to agree quantitatively with those of the two

fit-st . A full descriptfom of the tethnique will be published else*here.

We discuss here Dhly the early phases of the phenumemJn:

a) The RG discharge in H 2 is sudden7y initiated . If the surrmundinO walls have

been deoxidized and well $utgased, the fluxes of H
2

or H20 released from the

waTl are neoliQihl8 at thevery beginmjngof the discharge . Let

	

be the volume

of the vessel, 3
o

the exposed area, N
2
the total number of H

2
molecules in the

vessel and n
2
the concentratiom in the gas, which is direct7y related to the

H
2

preaaure . Immediately after the start of the discharge we have:

dNo/dt = 2 So(i .e.

dn
	 2

dt

The factmr of 2 emerges because two atoms penetrate into the lattice for each

molecule leaving the gas phase.

After a long exposure of the wall to the discharge, a state of quasi-equilibrium

is reached : the release rate of H
2
from the wall in the presehee of the d1scharge,

I\
v ` ' is Practically equal to the rate of penetratiVn S u(~~ . When the discharge--r-

	

o ` l
1s interrupted "

9i
becomes abruptly equal to zero ^ A transient inCrease of the

0 )
pressure results of which the initial rate is direCtly r8lat6d to v

/̀
', the

release rate of H 2 in the absence of the discharge ^ The relation is similar

to equot1on (1) :

/0l
v

` '

r

3o 2S

	

dt
o

(IV .2)
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Fig 18.

Observed decrease of the H2 pressure in the GDV at the start of the RG discharge

"Langmuir effect



lf v
r

does not change discontiouously when the discharge is imterrupted,

v ` n) °',:z v` (I)

	

d
9

. 1-) . The phenomenon evolves rapidly;' it is important to
r

	

r

	

u

Both methods (a) and (b) have beeil applied to the case of the R6 discharge.

Good agreement has been found in the investigated T domain between the values

of e und v (o) determined from eq (1) and (2).

In the case of the rf discharge, only method /bx could be used ° sfnce th8 preS-

sure increase neccessary to initiate the plasma discharges (cf . § III .2 .b and

III,3\ masks the Langmuir effect in case a).

Fig . 19 . shows the variation ofdvp measured at 200 °C as a function of the

~glow discharge current . Measurements made at I30 0 , 2400 , 3000 and 400
o
ran be

superposed within the limits of experimental errors on the same line.

We obtain :

~n
,4 x l0

~~
+ 6,0 x lQ

^~
x ,̂ GD atoms cm` o~~= /

	

'`~i) rf +~ A xl GD

where j GD is the current density expressed in A cm -2 .

	

(IV .3)

The nunhor of particlea sticking to the wall is close to twice that

of the number of charged atens which strike the surfaoe . Since the potential

drop at the cathode is high /450 voltsl, H 2 2 (or H
+

3
) ions should dissociate upon

impact with the wall, givin~ ~ise to two (or three) atoms which then penetrate in-

to the lattioe . Same additional

reactions such as

H2 + e --~ 2 H 0 - e

-is also expected.

The Langmuir effect has also been used to measure the (partial) flux density of H

entering into the wall material in the more complicated situation where the dis-

churge is initiated in mixtures of hydrogen and noble gases.

mgmuir-HinShelwVUd mechanism ( I9 l of surface r8-

c0mbinatiVn between adatoms governs the release . The Eley-Ridoal mmdel, f20 1 which

assumes that the main recombination reSults from reactions between impinging atoms

and ad-at0ms / and models
r l, 213 according to which surface release is dominated

by the ion-induced desorption of hydrogen from trapping centers close to the sur-

face wVu3d 3ead to a discontinuous variation of the release rate when the discharge
(0)

	

I
is interrupted : v`

	

would be much smaller than v ` ' und t~am ~ cKu9
r

	

r

	

o

	

` i'
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Fig 19.

Flux density d€..? i of atomic hydrogen penetrating into the

wall as a function of the RG - current



IV 2	 Des	 i	 of the reaction	

When an RG discharge is initiated in hydrogen to which CH 4 has been added,

the methane partial pressure P 16 is reduced, provided that the walls had been

decarburized beforehand . P
16

decreases further when the RG current
IGD

increases

(see also .5 VI .8 and fig . 37 and 38) : the plasma destroys the methane molecules,

4

+
"pr0bably through the formation of CH CH-

3,
CH, . ^i0ms'' some of these, accele-

rated b" the cathode drop potential, are dissociated back to C and H when they

strike the wall.

The methane balance equation can be written, in a First approximation, as:

EI6

	

(
=

SP) IG
n
l6

	

u
+ K

n 16

EI6 is the rate at which methane is introduced via E2 into the vessel ' ( Sp)
l ö

the pump speed for methane,
nIö

the methane concentration in the gas and K~
u

a phenomenological rate constant for the destruction of methane molecules by the

plasma . KD is expected to depend on the intensity of the discharge and

(cf . G VII .3~ 'a\ on the plasma density, i .e . on the filling H2 pressures P2^

	

~'

o
Writing n

I6
= EI .Sp'~l6 for the methane concentration in the absence of the RG~'// `

discharge (KD = 0), we obtain,at constant P2 :

	D	 	
n
	 16

-

/Sp)`

	

'I6

	

n
I5

Fig . 20 shows how KD varies as a function of l
Gu

in three distinct experimental

cases at a pressure P 2 = 2 .8 x I0
-3

torr . Fig . 21 is a similar plot measured when

The hydrogen atoms und ions from the RG discharge reduce some of the carbon und

of the nitrogen deposited on the wall back to CH
4
and to NH 3 . Correctfons have been

evaluated from the rates at which CH
4

and NH
3
continued to be released fron the

wall when the CH
4

0r NH
3

inlet value was suddenly Cl0Sed~ This is however a fast

transient effect which tends to be more strongly underevaluated a) in the case

of NH 3 than in that of CH4` b
)

b\ when the peree0tüge of admixed CH
4

is low and

c) when the wall temperoture is high . We believe therefore that K
D

should approxi-

matelymmtely be represented (in the case of CH * \ by an equation of the type:

KD/Sp = kD` /S
o
/3p\ ~~ 0 " 2 + 4 IGD

	

(̀VI .5)

SinCe the plasma destroys continxously a fraction of the CM
4

and NH
3
gas, it

is natural to expect a similar phenomenon also in the case of H 2 0 . I .e, a

o~

	

~
K

/IV .4\
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Fig . 2

Rate K at which CH

charges . The abscissa is the glQw discharge current I m .

(5p)
I5

is the pump speed for CH4;' P = 2-8 x10
-3

torr.`

	

`

Fig . 21

Rate K
D
. at which NH 3 is destroyed by the rf and RG dis-

charges . The abscissa is the glow discharge current I
GD`

3
( S P) 15 i s the pump speeds for NH 3 ; P = 2 .8 x 10

-
torr .



plosma-induced reoxidation of the wall is expected . This should be particularly

pronounced when l
GD

i3 large ` In what follows, we assume as a first a 	 ro imation

that the value of Kn for water is also given by equ (lV .5).

	 Thermal reoxidation	 the wall	

There is yet another mechanism through which water vapour can reoxidize the wall,

and this ovon n the absencc of an RQ discharge . We havc imdeed Vbserved that the

rate at which water vapour recontaminates our surface becomes appreciable when-

ever the wall temperature T
w
. is higher than 200

o
C, The corresponding rate constant

increases rapidly when T. is further ruised . Thus, unless the pump speed 3p is
~

very large, part of the oxygen which is releaaed in the form of H 20 O by the RG dis-

charge returns to the wall via this reoxidation mechanism instead of being eva-

cuated out of the syatom.

A way to evaluate the rate at which a gaseous substance j reacts with the walls

of the vesse7 is to evacuate the system at two different pump speeds SO ' / and

sp` 'I

	

/Sp` '
o

~~ sp` I)
\

	/o\

	

l\
and to measure the stationary densities n j ( °) and nj` '`

	

' 	~

which establish themselves in both cases . Assuming that the inl*t (or outgasing)

rate E of the substance is independent of Sp we have

m 00 ~

	

l\

	

I\
^

	\

	

/n)

	

/l= Sp` '

	

' = ~~` ' n ` '

	

i e

	

n (1) /nj ` ' = lp(0) /SP'

	

"

	

`
'

	

/lV . 'ö\
j

	

^ ^

	

j

if the substance j does not react with the wall . This behavfour i$ observed for

most substances (e .g . H
2

,

	

'CH4, C2H6" He, Ne
)

Ne\ in the whole temperature domain ex-

plored here . lt is also observed for H 2 0 vapour at lower wall temperature . But

at higher wall temperatures, the ratio nj/l\` '/n
j

(o)
	'

	

-~` ' is lower than oby

equ (IV .5)-

Demnte the release rate of H 20 O from the surface hv
vI&

and assume that it is
-

unaffected by the pump speed of the system (P 18 is of the order of %O
8

torr here).-~

	

`

+)

v

	

=

	

k

	

(1 -B\n

	

k

	

n ^ox

	

ox

	

I8

	

ox 18°

kox

	

`

	

'

	

(areais a /dependent) phenomenological constant . The surface /S)'

1s assumed to be sufficiently deoxidized for the surface coverage fraction 8 by

oxide to have become almost time-independent . When we consider the stationary con-

)

	

l/2
' Other dependences of v

ox
on n I8

(e
.g .

vox
cc n

	

\ could be assumed, but
l8 '

this would not affect fundamentally the qualitative comclusfons drawn

below and in § VIIl .
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centrations of H 20 which establish themselves fDr the two values of the pump speed,

	

dm
I	

dn
(1\'
	 18

U =	 =	 = v

	

dt

	

dt

o

	

,

	

('o\3p` ' + 5k

	

1 n= v
ox ~ 18

	

18
s `/ ' \	s k .

	

n(
l)'

P

	

ox ! IB
J

18

	

n`
I)

	

S.o)

	

k .'
~" * 3

	

18

	

~l)x

	

"18

	

pp

	

,

=	

i .e :

(IV77)

Accurate measurements are not easy to make . In addition to the 0xidatfon-re-

duction reactions mentioned aboVe ° a considerable amount of H20 ad/absorption

and desorption occurs on the oxidized surfaces which inevitably remain (e .g . in

the gate va7ve and in the neighbourhood of the pump) in the system . This leads

to very Iong measuring times (up to tens of hours) in the lower T . range and makes'

	

~
a careful control of the temperature homogeneity and constancy along the whole

surface indispensible . For the measurements at low T .~ Sp muSt be determined d :cu-
~

rutely . Also variations of the oxidation state of the surface must be avoided.

Pre7iminary measurements have however indicated that, at a partial pressure

^P18

	

o
z I0

-8
torr~ 3 k

x
varies rVuQhly between 40 and I000 l/sec when T

w
. is in-

creused from 250 nC to 400
o
C . The corresponding activation energy of k

ox
would

then be of the order of 10 to 20 kcal.

More important is the fact that, ms the temperature reaches about 400 00,

5
k^oÄ

becomes equal to or larRer than Sp + K D for IG
D
e 1 A, i .e . that above

400 "C the surface reoxidation by H20 vapour should become a dominant effect
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V . FIRSTCL[AMINGOFTHESURFACES

The study of the cleaning of surfaces during their first exposure to an RG dis-

chorge presents serious problems (cf . § 1,3) : the experimental conditions are

either such that the decontamination is slow - measurements areimaccurate

	

or

that the release rates of H 2O " CO, CH4 are rapid - only a limited parameter va-

riation can be made before the surface is cleaned down . Another difficulty was

encountered : the optimisation of the apparatus ° of the measuring devices and of the

discharge itself, the choices of throttling factors, of the pressure in the GDV

and of the temperature of the QBP had to be made during the first cleaning phase

of the GDV . The sensitivity of the RGA was progressively improved at that time,

so that the calibration factors corresponding to the very initial cleaning phase

(fig . 22) are not ovailable . We have however tried to gather as much Information

os possible on this critic&l phase of the cleaning procedure . Somewhat later, a

ne* surface (cryopump CF) was introduced in the GDV . Results on its conditioning

are also presented in this paragraph.

V .l . Time hist0	 of the apparatus

	

o

	

o

	

The @Q* was baked out for one week at wall temperatures T
w

of 2000	450 C.

lt was then cooled down to room temperature, exposed to air twice for one hour

for minor improvements and reevaouated . A new bake-out procedure was started

with 200 nC ~ T
w
. < 500 oC for ten days, a± the end of which T

w
was adjusted to

410 °C `	 T̀he base pressure /H2) was of the order of 10

	

torr;'
p 2

was raised

to 10-2 torr ° and a RG discharge /IGD = 0 ` 58 A, voltage U GD = 350 V) ~ was`

The vessel was thereafter maintained at 400 oC for a further fortnight . Short

exposures of the walls to RG discharges of various types were made to improve the

measuring techniques . During this time ^ some evolution (discharge cleaning, oxy-

gen diffusion in the lattice) of the walls unquestionably occvred.

On the twelfth day, a prolonged (7 hours) exposure to a RG discharge similar

to the first one but with I
GD

= 0 " 4 A and UGD = 300 V was made ^

The glow discharge was thereafter maintained practically unimterruptedly for

unnther fourtyeight hours ^ Towards the end of this exposure, the hydrogen pres-

sureSure in the GDV was increased to I0and loter 2 .6 x 18- torr leading to strongly
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luminescent phenomena in the pnrtholes.

The wall temperature was brought down to room temperature, and a RG discharge

was produced to check on the possible occurence of arc spots.

V .2 Are Spots

A striking observation made during this cleaning procedure was for us the

ubsence of any visible arc phenomenon when the first RG discharges were initiated

in the GDV.

In all the vessels wherein rf or RG discharges had been until theh produced in

this laboratory, a multitude of luminous points flickered around the surface

of the vessel during the first hours of aperutiom . Their occurence became less

and less frequent with increasing time of exposure . In earlier experiments hVw-

ever, the plasma discharge had been first initiated in a vessel of which the walls

were at room tempenature . Whem these walls had been preViously Gutgased " then ut

moderate tempersture /T
w	' < 200 °C

)
. The 8OV was the first vessel wherein the first`

In order to examine the role which T
w
might pTay on this phenomenon, the H 2

pressure was increased to > I0-1 torr towards the end of the cleaning run ° .

The plasma discharge penetrated into the portholes of which the temperature was

low /= room temperatQre, § 111 .4) . Are spots appeared in all the p0rtholes ° in

particular at the metal-glass junctions of the two larger windows . The resulting

evaporution was sufficient to decrease the transparency of one window . When the

temperature of the portholes was raised to 200
o
C~ arc spots no longer occured . The

windows were later replaced ; new glow discharges were initiated with the portholes

at 200
o
C . Nm evidence of arcing could be found then or afterwards in the portholes.

After the GDV had been discharge-cleaned et elevated wall temperatures, T was

decreased to room temperature . GlOW discharges were initiated and the operating

pressure varied in a broad domain . Even then, no arc spots could he observed.

When the cold finger C F was first built into the GDV, every standard UHY pro-

cedure (glass blasting, etChfng, rinsing in distilled water and in alcohol under

ultrasonic waves) was used to ensure its surface cleanliness . The RB discharge

was started at room temperature . Flickering spots were observed on the whole of

the exposed C .F . surface as soon as the discharge was initiated . As usual their fre-

quency of occurrence decreased with time, and increased strongly when the current

of the 8l0w discharge was raised . The arcs disappeared definitively after the wall



temperoture had been brought up to T
w
> I00

r
C.

The ewideMee gathered is yet iMsufficient to draw final comolusions ; it seems

however likely that arcs cun be avoided during the RG discharges when the walls

are first cnnditiun8d at a sufficiently high T
w

	200
o
C\ . lt has morenver`

	

'

beeil observed that, onCe a SufficieOt degree of wall conditioning has beeil achieved,

no ways could be fouhd to produce again arc spots in our apparatus, except by

brioging uncleoned elements into it . In particular, the reoxidation procedure

/§ 111, 5) used here does not recontam1nate the wall in such a way that arc spots

reoccur.

V 3	 I	 i	 Release from fresh Surfaces

The docrease of the partial pressures of water and of carbun monoxide during the

72 minutes of the first cleaning run of the glow discharge vessel is shown on

fig . 22.

The partial pressure of water was 1 .8 times langer thnn that of CO ; both signals

decreased at the same rate ( I-

	

= 75 minutes)

The further emo7ution of these partial pressures, measured twelve days later, is

illustrated on fig . 23 . At that time:

- the ratio of the water pressures of H 2 0 and CO was again of the order of two ^

- the partial pressure of methane was seven times smaller than that of water,

- the three partial pressures decreased pn}pnrtinnally to one nnother at that T
w

,

- although the parameters of this RG discharge were not the optimum for fast

cleaning, less than ten hours were suffiuient to bring the partial pressure of

methane down to a level where the sigmal to noise ratio limited the measuring

accuracy,

A stronU ohohge in the slope of the log P= f(t) plots took place between the

two cleaning exposures . lt is unlikely that this resulted from the (short) clea-

ning tests made in the meantime ^ Oxygen dfffusfon in the lattice has probably also

played a role here.

Additional information UD the impurity release from fresh surfaces was gained

*hem the oold finger (LN 2 cryopump CF) was built into the GDV :
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Fig 22.

First clean-down of the GDV : decrease of water (P,8 ) and CO(P 28 ) partial

pressures . Tw = 410 0 0, I GD = 0 .58 A, P2 z 10-2 torr, UGD = 350 V(3dI g /75

20



~
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Fig 23Fig	

Impurity release at the end of the first clean-down of the GDV by a RG dischorge.

Tw = 400 00° lGD = 0,40 A, P2 = 3 x I0 -3 torr, UGD = 300 V (I0/9/79) .



- At room temperature, only CH4 and CO were produced by the discharge.

- At 100 °C (fig . 24a
)

24a\ the removal of CO and CH
4

became rapid even when 0nly`

the radio frequency dischargees used . The amplitudes of these signals decreased

rapidly with time ^ They increased when the current of the RG discharge was raf8ed.

The release of H 20 O by the discharge became large enough to be measured . In con-

trast to those of CH
4

and CO, the water signal increased at first monotonously

with time ; P18 became equal to P
I5

	

~after about 40 minutes ; it remained however

smaller than r2
8`

- 0n the next day, the wall temperature was 200
~
C . When the discharge was initiated

(fig .

	

~24b\ " the partial pressures of CO, CH
4

and H 2O were larger by a factor

of more than 10 than the ones measured at 100 `C . All three signals decreased

for a given condition with increasing time and increased when the RG discharge

current was increased . Discharge cleaning was applied (partly with an admixture

of neon) for about one hour on the same day.

- Fig . 24c) shows the initial evolution of the partial pressures of H
2
O " CO and

CH
4

observed when a new RG discharge in H
2
was initiated two days luter, again'

at 200
o
C.

We conclude that, at room ±em	 t	 , the only gaseous products which can be

released from the surface by the RG discharge in hydrogen are hydrocarbons and

CO . This agrees with observations of other authors ClI1123 . At 100 `C, the re-

lease 'F H 20 is observable, but smaller than that of CO, When present ° the de-

crease /f p with time is s7ower than that of P	und p

	

At 200oC the partial
18

	

15

	

28^

pressure of H 2O is the largest . Again the H
2
0 signals decrease more slowly than

D
the others . Dnly at temperatures of 400~C do obtain similar c7eoning rates

for H 28 ° CO and CM
4 ~ 

/̀fig g - 22, 23) . At the lower temperatures, it is the reduc-

tion of the surface oxides via the H 2O reaction chanmel which limits the rate of

surface decontamination . We have therefore concentroted on this rate in the fol-

lowing rhapterS-

The abeissa of figs . 24 gives the c7eunfng rates in monolayers removed per hour.

The normalisation factor is the total internal area of the GDV . For the measure-

ments plotted here the source of methane and carbon monoxide was however limited

to the venetian blind of the cryopump CF, of which the area is only one fourtieth

of that of the GDV~ Adding the amounts of CH
4
and CO removed at room temperature

und during intermediate experiments to those shown on the fi8ure, the total amount

of carbon removed fron these limited surface is a few hundred monolayers in agree-

ment with measurements of other authors (123 .



Fig 24.

Release of impurity gases in an RG discharge after the introduction of a new element (CF)

into the GDV . (See § VII .4 . and /4/ f2r a discussion of the H 2 0 behaviour at T w = 100 °C)



-4g -

VI . SURFACEOEQXIDATION BYRFANDRG D1SCHARGES IN HYDROGEN

VI l D	 i ti	 f a	 i	 l expehimeht

a) S8quenCe of operati0ns

The vessel has been oxidized eocording to the procedure outlined in § 111 .5.

lmmediutely after evDcuution ^ its temperature was raised to 300 °C ; this tempe-

ratur8 was reached in about 3ne hour.

0n the next mnrnimy, the Iareconditioning procedure for the residual gas unolys*r

<8 111 .3\ was Start8d . The residual gas spectra measured before, and thirty minutes

after the introduction of pure H
2

(P2 = I ^	' 0 x 10
-5

tmrr\ into the quadrupole by-

-pass are 3hnwn om fig . 25a and b . Memnwhile mnother throuyhflo* of H 2 had beeil

established throuQM the

	

at a pressure of 2,7 mtorr.

After spectrum b had beeil obtained, the imlet valve for H 2 into the QBP (E3) was

closed and TV 2 immediately opened unt!l the H 2 pressure within the QBP reached

again 1 .6 x I0
-5

torr . Thirty minutes later, the spectrum of fig . 25 .c was measured.

The rf discharge was initiated (§ 111 .5) . A typical 3pectrum, 0Utained ten

minutes later, is shown oh fig . 25 .d . After 30 minutes, a RG dfscharge rurremt

of 500 mA was established . Fig . 25 .e illuStrates the spectrum nbtained, again

ten minutes after this oPeration.

The spectrum obtained after 240 minutes of RG dischurge cleoning has been c0npared

with the ome resulting from the pure outnasing of the quadrupole by-pass : the

results corresponding to that time are Shm*n in the form of short horizontal bars

oh hg . 25 .b.

After 250 minutes of glow discharge * liquid mitrogen was poured into the LN 2

cryopump ,

	

These resultS will be presented in § VI .6 .b.

As mentioned in § II1 .2 .a and discussed in(43 " the introduCtion of H2 into the

quadrupole leads to a prnnounceö emhencemant of the observed impurity peaks (com-

Pare spectra a and b, see also fig . lZ) . On the basis of the craCking patterns,

we have ascribed the peaks at m = 17 and m = 18 to H20 . Because of the 0Verlap

of v =+/from H20) and Cn4, the interpretatioh of the m = 16 peak is ambiguous.

The peak at m = 15, due to CH
*

/hvdrncarbomS\, has beeil taken as a measure of

the methane partial pressure . This expluins whv ° in this report, the g ubscript 15

/not 15\ is used to characterize the peak amplitude U 15 , the cuncentrution(and

	

'

n
15

and the partial Pressure Pl5 of methane
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The peaks observed between m = 25 and 30 result from hydrocarbons and

CO (m = 28) . An umique assignment on the basis of spectrum b cannot be made;

the |ater development of the spectra (d and c) shows however that only CO

(m = 28) increases . The analysis of the m = 14 peak shows that the contribution

of N2 to the latter peak is negligible.

The mass peaks from m = 38 to 43 are also due to hydrocarbon . The assignment

of m = 44 is again nmbiguous . Fig . 25 .d and e show that no important release of

CO 2 (m = 44) occured during this cleaning run

The outgasing of water from the walls of the SDV after the oxidation procedure

is appreciable (compare spectra b and c) . Taking into account the throttle factor

/G = 150
)
, \ the H 0 partial pressure in the GDV is P 18 = 8 x I0

-7
torr;' the other

` r

	

2

	

l8

A large increase in the peaks corresponding to H 2 0 (m = 16, 17, 18\ is observed

c)

	

18

	

- 5l -

when the rf discharge is started . At the time when spectrum d was taken, we eva-

luate

	

= 9 4 x I0
-5

torr . The smaller increase of the CO peak corresponds to
18

	

°

a partial pressure R.~ = 1 x ID
-»

torr . Qualitatively the spectrum does not change

when the RG current of 600 mA is switched on.

The amplitudes of the other peaks fall, during the cleaning run, napidly back to

the background values of the spectrometer (fig . 25 .b) : The release of these sub-

stances from the GOV is negligible.

c\ Evolution of 8 and P 28

The rf discharge in hydrogen produces /fig . 26) an increase of the water pressure

p 18 in the GDV b
y
v more than a humdrcdfold'

	

reaches 2 x IO-4 torr and decreases
I8

	

" 18
thereafter by a factor of six during the following thirty minutes.

A second sudden rise of P18 , by a factor of 3,4, occurs when the RG discharge

current
lGD

is eStablisheo . Again a rather rapid decrease follo*s . The slmpe

dln
l8
/dt changes also by a factor of .t.3-4 when IGD is switched oh.

Except for the discontinuities which are associated with changes of 1GD° n
l8

decreases smoothly and cOntinuuusly . The slope dln m
lD
/dt decreases also slowly

with time ; it tends to become constant after about two hours of RG discharge

cleaning . The partial pressure of water in the discharge decreases down to
-6

0 x 10 6

	

during the first four hours .
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Fig 26.

H20 and CO reiease from a freshly oxidized

SS surface in a RG discharge



Fig . 27) illustrates the last phase of a cl*zming run started under similar con-

ditiom5 : the walls had been oxidized and exposed to ten hours of g7ow discharge

(IG0 = 0 ^ A
)

5 A\ in H
2
at 200

"
C ^ When the discharge is reinitiated, P

l8
incnsoses`

back to the value attained at the end of the previous exposure (IO
-v

torr in this

case) . A quasi exponential decrease follows during thirteen hours at the end of

P 18 -~hfch	 	 l x I0-8 torr i n the	 l	 discharge	 l in th	 of the

The initial evolution of the partial pressure of CO, p
28

is plotted

	

fig. 26 ;̀

behaves similarfly to P
18

but it is fourty times smaller ` After an hour of RG

discharge cleaning, the signal to noise ratio becomes too small to track the

siDnal further . This holds for all other peaks including those of metMane, and

of CO 2 , during the whole discharge, as can be deduced from fig . 25.

V1 .2 Comparison with other 	 l	 f	 initial clean-down rate and clean-down

time1-
- cd	

-dc

	

c

As was the case for new surfaces (6 V), rf and RG discharges in hydrogen do not

release measurable amounts of water when the reoxidized walis are at room tempe-

rature ` The evolutions of P
18

observed above 100 ~C are qualitatively similar

to those shown on fig . 24, 26, and 27.

a\ The rf discharge causes an initial rise of
Pl~

to 1 x 10 -6 torr at 100
O
C'

	

`
-5

	

o

	

-~

	

o
to 6 x 10 5

	

at 200 C and to 2 x 10 4

	

when T.> 250 C . The flux density
~-

duyj of hydrogen sticking to the wall during the rf discharge was measured to be
l3

	

-2 -I

	

o
/~u.~i = 2 x I0

	

atoms cm

	

S

	

for the experiment at Tw = 300 C shown Vn fig . 26.

The P,
8

value expected,

	

~if all the hvdrogen sticking to the wall returns os H
Z
O

~
mo7erule, is

	

'7'-; 2 ` 10
-4

torr . Thus the fact that the initial P
18

value in the

rf case does not rise above 2 x I0
-4

torr is not surprising : the rate at which

water is released from the wall is limited (see also (r .bl ) by the flux of hydrogen

which sticks to the surface.

b) We have always observed, us described under § Vl .lC), that the relative varia-

tion of
P18

which ocour3 when
I8D

is changed is equal to that of the siopes

dln ~ ./dt before and after the change . This is expected if the cleaning rate is
1Ö'

related linearly to the concentrations
cMU

(atoms

	

'atoms cm-2 ) of the reducible oxides

which are still present in the surface-near layars . We can then write as a first

approximation for the cleaning rate v ^
cd'

~
v

	

= S --~"-	M~
ou

	

o

	

o ~r
dt

	

od

Sp n
I8 ^

q~ =
co dt

	

)

	

~

	

dt

dln r~]-l Fdln n 1 I
~M~lB/

7-cd is the characteristic time for the decrease of P
18

and So the geometric
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VI 3 Variation with the Wall 	

The rate at which stainless steel surfaces are deoxidized depends strongly on

their temperature : As mentinned earlier, no water release by the discharge could

be detected at room temperature;' P18
(cf.

hg . 28
)

28\ increases rapidly between

IOvno and 350 oC und starts decreoving beyomd 400
o
C . This agrees with earlier

nbServatinns of Dietz et al (5b1 om the deoxidation of SS by hydrogen atoms pro-

duced by contact dissociation nn a tungsten fi3ament.

0C The cleuning rate at 300 »~ is eight und a half times larger thnn at 100
o
C;

at 400
o
C, the ratio i3 twelve and a half . Thus ff it takes (cf ~ VI .I\ about

10 hours to deoxidize a wall at 300
o
C ^ the time wnuld &e reduced to seven hours

at 400 00 ; the improvoment is not very significant . But is takes=fnur days of

contimuous disoharge c|eaning to achieve the Same reSulta if the wall tempera-

ture oannnt be raised above 100
o
C, Other means (see 6 VI .7 .) must be used to

remove the oxide 7ayer from a previ qusly decarburized wall if T
w
. cannot be raised

The reduced clean-down times at higher T. limit moreover the sputter effects

during the phase of glow discharge as discussed in § l .b .iif.

Of the m8aSoremants presented in 6 VI, that of the variot1on of y18

		

~
vs . T. is

§
most subject to error : the procedure (cf ~ IV,0\ has beeil to - (a) glow discharge

the vessel at a given T. for 26 minutes, (b) stop the RG discharge and let the

GDV outgas at that T. for thirty minutes, (c) increase T
w
. to a new value /30 mi-

nutes)

	

`

nutes) and let the GDV further outgas at that temperature (a further 30 minutes).

A new RG discharOe was then initiated . The amount of H
2
0 released during each

phase, expressed in equivalent monolayers, is plotted on the inset of hg . 28\.

We see in partfcular that 1 .6 and 2,4 monolayers of water have b8eh released
n

	

nfrom the walls as Tw was raised from lOO
o

to 200 C and from 2000 to 300 0 re-

spectively . Most of the removal (SS monolaycrs in total) occured however during the

phases of glow discharge . The error which results from the unavoidohle transitinn

phases from one temperature to the next are therefore probably not too serious.

VI .4 Effeo~ of ~he curr~nt 1

	

of ~he	 l	 dischahge

The rate of deoxidation increases when a glow discharge current flows (hg . 29).

At our normal operating pressure ° 100 mA of glow curreht double the cleaning

rate with respect to its value in the rf plasma alVne . The rate becomes larger

wben the current is further increased but a tendency towards a saturution is

observed . This holds for freshly oxidized walls (curve a) as well as for materials

which have beeil preexposed to H
2
-RG discharges (curve b) .



Fig 2Ö~~.

Variation of the partial pressure P
10

of water in the RG discharge as a function of the wall Lemp8rature T
w
.;

p
Z
= 2,8 x I0_ 3 torr, IGO = 0,5 8, Wrf = 32 W . Insert : equivalent number of m0n0layers of H

2
O released during the

successive steps of the procedure . Most of the release occurs during the discharge phases ; a considerable evolution of

the oxide layer takes place during the experiment . lt has been indespensible to utilize here the procedure outlined in

§ I1I .6 . to evaluate the values of P18 presented
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Fig 29.

Variation of the partial pressure of water P 18 as a function of the glow dis-

charge current 1 GD . T w	200oC.

o

	

11 .1 .1980, freshly oxidized walls, = 2 .8 x 10 3 torr
q 23 .11 .1979, partly deoxidized walls,

A.

	

15 .2 .1980, partly deoxidized walls and P 2 - 1 .2 x 10-2 torr



When P = 1 .2 x 10
-2

torr (curve c), the glow discharge nm longer fnereases

the deoxidation rate significantly ;
IGD

was not increased here bevond 0 ^ 5 A

to avoid a possible extention of the RG discharge into the portholes /6 lII .l .c\.

At still higher pressure /low 1 GD values
)
, the partial preSSure of water`

(outgas) decreases when the discharge in initiated! Such observations have also

	

The inverse of the cleaning rate gives a measure of the time 7~

	

necessary

to achieve a certain degree of deonidation ` If we normalize
~rcd

to 10 hours

at a current density of 25 /»~- A cm-2 (IQD = D ^	' 5 A), it increases to fourteen hours,

i .e . by fourty percent only when the current density is lowered down to IO/uA cm -2

(I GD = 0 .2 A\ . But rrcd reaches 20 hours at a current density of G /wA cm -2 only

and 45 hours in the case of an rf plasma.

On the other hand, an increase of the current density beyond 25/uA cm- 2 does

not reduce 'r'
cd

much : Even with a current density of 100/uA cm -2 ° 9-
cd

is de-

creased by leas than 30 %, down to 7 hours . This does nett seem to compensate the

increased power consumption and the risk that the discharge might become unstable

at very high currents.

Thus current densities lying between 10 and 25/uA cm-2 appear to be best adapted

for the procedure (See however ~ VII .3 ^ d) and ffg, eO).

	 Influence	

partial pressure of water

The concentration
nI8

of mater in the RG discharge decreases when the hydrogen

pressure P
2

in the GDV is raised ' The experimental results " plotted on fig . 30,

were obtained as foTlmws' P

	

was first measured in our standard experimental

	

'

	

18
conditions, i .e . a RG discharge with IGD = 0,5 A and P

2
= 2 .8 mtorr . The wall

had been partly deoxidized.

The throttle factmr 8 of TV 2 was then increased, leading to the expected de-

	

2

	

-I
crerse of the m = 18 signals of RGA 2 /U u< 8 \

The inl8t rate of H2 into the GDV was increased half a minute )ater ° increasing

P
Z
in the GDV and bringing the H 2 pressure in the O8P !pack to its initial value`

/1 .8 x lO
-ö

torr) . A decVnditiohing of the quadrupole /§ 111 .2) was thereby

ovoided . A decrease of the water signal resulted from this operatiom . The proCe-_

dure was repeated to obtain the measurements plotted on the figure umti7 the pres-
-2

sure in the GDV reached 1 .2 x 10

	

torr . This limit was set by the fear that

the cleaning of new surfaces in the portholes (§ [II .I .e) might affect the measure-

ments if the pressure were further imcreased .
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Fig 30.

Variation of the partial pressure of water P 18 in the GDV and of the

pump speed Sp with the hydrogen pressure P2 in the RG discharge.

T w = 200 0 C
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Thus, when the partial pressure in the GDV is increased, both pl8 (fig . 26)

and the pump speed (fig . 4) decrease . The resulting effect is almost moltipli-

+)Cative . This leads to the conclusion that the cleanin 	 rate /Sb n ) decreases

	

` , lO'

stronglyl when the	 in the GDV is	 i	 d

The results of these measurements show that a kind of water vapour pressure

equilibrium tends to establish itself in the GDV at moderately high wall tempe-

rature and glow discharge currents . The water release rate
VI8

from the wall is

practically fully balanced by the reoxidation rates of the wall by thermal

(vox, 6 IY,3\ and plmsma-imducad /kD" 6 1V .2
)

2\ effects ^ Phenomena associated with'

	

`

	

~

the pump speed become then second order effeotS . The results are easy to under-

stand starting from the simple
"
Gedankenexperiment" shown fig . 31,

^_~1

	

B~~

	

, ~T\/

	

M~~

	

P

	

,

	

.

H 2 --

		

H 2.H 0

-wvater----

A vessel B, at constant temperoture, contains some water . Hydrogen is forcibly

introduced at a constant rate E through the inlet valve E I and evacuated together

with some water vapour by the pump 1) with constant pumping speed Sp . The cmmCen-

trati0nS of H
2

and H
2
O in B are n

2
and n

l8
respectively and we have n

2
	n

l8
/n = n

2
+ n 18) . Between B and P we have intercalated:`

	

'

- a two-position valve TV which limits the pump Speed at the vessel B to the

values S/`I'\ (TV open) and S
{̀
2) (TV partially closed), and

- a small volume M where the concentrations 9
2

and
yI8

of H
2

and H 2O can be

measured.

Consider first the stationary th 	 hfl	 rates of H2 .The fluxes streaming
/ll

	

/~~
through E I , TV and P are equal . With TV o n *e have :

	

= S(1) m ` ' = 3p V ` '
I

,

	

~~

	

'

	

2

	

2

	

,

and with TV partiaTly closed^ E = 5/`2'\ n2/2)` ' = Sp9 2 (2) . ThuS ^ since E and 3p'

are constant :

/l\~`'
^2 / 2

The stationary concentration of H 2 in M is independent of the setting of TV.

On the other hand, the stationary concentration of H
2

in B is larger when TV is

')
The streaming regime in the pump port varies in this pressure domain . A simple

multiplicat1ve relation might therefore not be
'
ustified .
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partially closed : n/̀ 2\ '/nI\~ ' = 5(l)/3(')
2

	

Z

	

'

Consider next the transient phase for H 2 :

Immediately after Cl0simg TV the H2

	

2
concentration in B is still n I)" i.e.

lmw. The flow through TV is reduced /3/`2')n2/l̀ '

	

S/`1'\ n
2
/l)

'\
` ' und the cnmcen-

(S
(2) n2 (1

)
tratimn v

2
in M decreases . A rapid increase of n

2
to its new stationary value

~~
n2(` ' follows, accompanied by a corresponding return of v2 to its original value.

Thuo a negative spike in`V
2
arises whenever TV is (partially) clnsed . Similarly,

a positive spike in 9
2
accompanies the opening of TV . The expected variation of

V
2

and n 2 are schematically shown in fig . 32.

~~~~
~ x ~~

~

	

!

	

!

T \/'open( 1 )=~`r4

	

d( -n	oPen (1 )

time
Fig . 32 : Expected variations of the hvconcentrations n

2
in B and V

2
in Mh

y
drogen

	

M.

Gases which d0 not significantly react with the wall should exhibit this

behaviVur.

In the limiting case where the rates of water evaporation and condensation in

B are much larger than that at which it is evacuated through TV ° we can write:
n (1

),
n` 2 / eq

	

eq~u n

	

where n

	

is the equilibrium concentration of the water
18

	

18

	

18

	

18
vapour in vessel B . In the stationary case " the flow of water vapour through

TV and P are again equal . We obtain (stationary flow\:

- with TV partially Cl0sed :

	

eq

	

I
= Ip v I8 '

	

mn~
18 l8 `

	

/2\ eq

	

2` ' n

	

=
Sp V18 '

	

I8

	

l&

	

^
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18(2)

	

s(2)

"V

	

( 1 )18

The expected behaviour is shown in fig . 33.

0)

Thus :

V'18

(V1 .2)

n 2)

	

n(2)
2

1)

	

(1)

n,n2

	

n 2

1

TV open ( 1) [ rx:irtclosed(2)1 open ( 1 )

time
Fig . 33 : Expected variation of the water concentration V 18 in M and of the

total concentration n

	

n2 in 8,

Let, in the general case, V ev be the evaporation rate and Vcond = Kcond n 18 the

recondensation rate of water in B . The water-balance requires that:

V

	

K

	

n ( 1 , 2 )

	

( 1 " 2 )

	

( 1 , 2 )
eV

	

cond18

	

=

	

n 18

	

and

s(1,2)n(1,2) =

	

.v (1,2)
18

	

18

	

'

Solving the First of these equations for n 18 1('2)
and inserting into the

second gives

Y 18
(1)

	

s(1

	

Kcond	

s (2)

('2)'

	

«2)'S
Kcond

	

S

In the limiting case where Kcond is much smaller than 5 (I ' 2) , we obtain equation

VI .1 . In the opposite limit (Kcond »S (I ' 2) ) equation V1 .2 is found . tue conclude

that in such a system, when the ratio v ( 2 )/vj () differs fron 1 for a substance

j, some mechanism exists through which this substance recondenses o nto the wall

of vessel B.

lt is easy to see from fig . 1 that our System is equivalent to the "Gedanken-

experiment" discussed above . The GOV corresponds to vessel B, TV 1 to TV and the

(1)n(l) n2

(V1 .3)



QBP to the measuring device in M . The evaporation rate of water is replaced by

the chemical prVduction rate of H
2
0 from the woll ^ The condensation mechanism

consists of two processes : reoxidation of the wall by the water vapour /§ lV .3\

The experimental results agree with the model as shown on hg . 34 (left hand

side) : The vessel walls had been partially deoxidized at 300
o
C . The glow dis-

(1)

	

2
charge current was 0 .5 A . The ratio S

	

/S ` ' is 1 ' 25 for H
2
and 2 ^ 03 for H

2
0

(interpolated from measurements in CH
4
and Ne) . The variation of the total pres-

sure in the GDV and that of the H
Z
pressure in the 03P are shown in fig, 34c

and a, respectively . The features are those expected from fi0 . 32 . The full line

in hg . 34^b is the water signal measured in the O8P . The broken line has been

caTculated from equ . VI .2, i .e. assuming that the condensation rate of water is

much larger than the evacuation rate . The right hand side presents similar measu-

rements made with liquid nitrogen in the cold finger.

Water recondensation phenomena set thus a serious limf± to the , uchieVuble cleaniwJ

rate . The QBP gives the partial pressure of H
2
0 immediately above TMU 1 where the

pump Speed is independent of the setting of TV 1 ; the results show therefore that

moderate changes of the pump speed at the vessel decrease significantly the rate

at which H20 is eliminated (factor of 2 in this case).

The cleaning rate should increase when the pump speed is increused ° ~ .e ^ when

the cry00mmp, which eliminates rapidly the water vapour, is activated . Fig . 35

shows that when LN 2 is poured at time t
o

into the cold finger CF, a quasi-in-

stantaneous drop of
pIR

results at first : - this results from the increased pump

speed . But at loter times, the slope of dlnP 18/dt/dt remains markedly larger (factor
o

of two and a half at T. = 200 C\ than without CF : the rapid condensation of the
~

	

'

water vapnwr onto the cold surfaces reduces strongly the rate at which the walls

are continuously being reoxidized by H 20.

Another example of the effect of the CF is shown on fig . 36, This is the con-

tinuation of the experiment described in § Vl .I .a), the beginning of which is

shown on fig . 26 . The wall temperature is 300 00 in this case and lm = 0 .5 A.

When the CF is activated after about 4 hours of RG dfscharge ^ the rapid drop

of P
18

and the later increased slope dln p
l
-/dt are again evidenced . Within about

one hour, y18

	

b
y

has decreased bv a factor of five .
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speed on the elimination rate of water
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Effect of the LN
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Effect of the LNz cryopump on the elimination rate of

	

water at the

end of the cleaning run illustrated on fig . 26
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In a tokamak device such as TEXTOR or JET, the Gold finger should be with-

drawn behind a gate valve before one Jets lt return to room temperature . This en-

sures that the water evaporation occurring at that time does not recontaminate

the freshly deoxidized surfaces.

VI .7 Admixed noble gases

The addition of helium or neon to the hydrogen of the RG discharge l cud s, atr::

	

rL

200 9C, to a certain decrease of the H 20 release rates . This decrease is prac-

tically proportional to the decrease of
e

i which is measured when the methods of

IV .1 cri used.

When a fresh surface (9 V .3) is exposed to a mixed H2 + Ne (2 - 5 %) RG dis-

charge, the release rate of 24 is decreased, with respect to the pure H 2 case, by

about the same ratio as that of H 2 0 . On the other hand, the amount of CO is larger

by a factor of about two than in the absence of neon.

In pure neon discharges, the release rates of water and methane from this fresh

surface vanish completely, whereas the release of CO remains high, an effect which

is also observed when neon is replaced by helium.

When the surface has been previously decarburized, (but reoxidized), neither

the neon nor the helium addition to the RG discharge increase the release rate of

CO above noise level.

VI .8 . Admixed methane

Attempts to release measureable amounts of water by the rf or RG discharge

have failed whenever the walls were at room temperature . CH 4 and CO are produced

whenever significant amounts of surface carbon are still available . But, as men-

tioned in the introduction, the deoxidation of surfaces which have been pre-

viously decarburized and later exposed to air, as will occur in TEXTOR when in-

fernal diagnostics are modified, raises a problem . The admixture of small amounts

of methane to the hydrogen of the cleaning discharge has been found to be a rather

efficient method todeoxidize the surface when this cannot be warmed up . This is

illustrated by the experiment which are summarized on figs . (37) and (38):

A routine oxidation procedure was applied to the walls on the preceding evening;

the wall temperature was decreased overnight to room temperature . Pure hydrogen

gas was introduced into the GDV and the partial pressures of methane, water and

carbon monoxide were measured in the rf and for various currents of the RG dis-

ckarge . After this ruh, 1 % of methane was added to the hydrogen and the same
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Cracking of CH4 in a RG discharge and corresponding appearance of CO with Walls

at roori temperature :I % C 4 , 99 % H 2 ,
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prVcedure was repeated . On the folln*ing day (without intermediate oxidation\

these experiments were reproduced using 2,5 % of methane in the mixture.

No relevant variation of the partial pressure of water was observed in any of

the runs . The

	

signuls are therefore not shown.
18

The RG discharges in pure hydrogen did not re\5aSe measureuble amount of CH 4 or

CO ; this is not surprising si~ce the walls hod beeo submitted during the previous

months to numerous cycles of strong oxidatisns und deoxidation ; the reducible

When 1 % of methane is present in the RG discharge, a dissociation of CH 4 ,

leading to surface deposition is observed /cf also § V .2\ . Most of the carbon n*-

tUrns rapidly to the gas phase, either in the form of CH
4 (

/ re-reduction by the

discharge) or in that of CO : as ahown oh fig . 37, the sum of the CO and CH 4

partial pressures remains practically constant Nhen
IGD

is thonged ^ We also nute

that the produetion rate of CO (i .e . the eliminution rate of surface oxygen\ 1s

rather high, of the order of 10 equivalent momulayers per hour, even though con-

siderably lower than that of H
2
O at higher wall temperature~ When the methane in-

troduction is interrupted, the further RG discharge in H
2

liberates on7y traces

of methmne . This indicates that the surface con±amination by carbom is not serious

when this percentage of CH4 is admixed.

When 2,5 % of methane were added to the H2 (fig . 38), the production rate of

CO was increased by 50 % with respect to the values obtained at the 1 % level.

The progressive redoction of the surface oxygen during the cleoning operation

may however have masked a possibly faster removal rate . The sum of Pl5 + P 1D

is mo longer conStant indicating a net deposition rate of carbmn om the surfaoe.

This is confirmed by the observation that, whem the valve 7etting CH
4
in is closed,

the RG discharge in pure H
2
mow release quantitien of CH

4
and CO which con easily

be detected . A further check was made by raising the wall temperature to 200
O
C,

starting a new discharge . Very large amQuntS of water were observed (as usual at

that temperature
)
\ but in addition ' the CH

4
arid CO signal3 were, although not

very large, still appreciably more important than in usual cases.

- although only CH
4
was let in, at values of IGD = 0 ' 35 A, the partial

pressure of CO became larger than that of CH4 .



- the same effects have Seen observed at higher temperatures (e .g . during the

experiments of curve c on fig . 20a\.

- the complicated chemistry which occurs at the wall may Partly explafn the

difference between the measurements of the K
D
values for methane which have

been presented in § Y .2.

Vl9	 Anotiied cieahirig
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Fig . 39 shows the evolution of P
18 a3 observed under the following experimental

c0nditions : wall temp8rature T = 300 "C, RG current I

	

= 0 .5 A, hvdrogen

-pressure P2 = 2 .8 x 10 3

	

liquid nitrogen was poured into the cryopump tvelve

minutes after the start of the discharge ; i .e . the conditiom3 are clOse to the

ones which other meosurements have indicated to be best appropriote for rapid de-

oxidation of the wall . The discharge was interrupted after four hours, the GDV was

evacuated, oTmsed and the pressure rise caused -'^ the evaporation of the H 2 0 cm-

densed on the CF was measured (the amount of CO
2
condensed was very small).

During the two minutes fOllowing the initfation of the discharge, the partial

pressure of water in the GDV increased [ `~IO
-7

torr
)
\ up to P 18 = 4 x 10

	

torr;(from

	

^

this corresponds to a removal rate of morse than 5 equivalemt m0mm7ayers of 0 per

m1nute from the exposed surfaces and to a pressure ratio P 18/P2/P- of

	

0 ' 14 in the

GDV,

When LN2 was introduced into the CF,
P18,

as observed by the RGA in the QBP, de-

crease8 by a factor of three as a consequence of the increased specific pump speed

für watet- . Simultaneously the total pressures in the 8QV dropped abruptly by = 5 %.

lt recovered slowly towards its initial value during the followimg hours . 3inee

the number E
2

of H
2
mo!ecules entering into the GOV via the inlet valve E

2
raust

be equal to the sum of the number of H
2
molecules which are evacuated and of

H
2O molecules which are produced (arid condensed on the cryopump), it is easy to

deduce from the Variation of the total pressure curve in the GDV the rate of

water prodoction and the corresPonding partial pressure . The values of P18 thus

evaluated are plotted as solid trfangle or fig . 33, agreeing nicely with the values

deduced from the RGA sigha7.

Four hours after the inftiation of the RG discharge p

	

is still
38

-§

Fig . 27 illustrates how P18 evolves overmight in a similar RG dfsohorge, with-

out cryopump .
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con be fitted from the I2th to the 240th minutes by the empirical equation

Main

	

l 2
ain curve) : P 18 = 1 .15 x IB

-3
/ [t/min\l ^

The amount of water collected on the CF during the four hours corresponding to

the exposure of hg . 39 was equivalent to 110 mnnoleyers of 0 removed from the ex-

posed surface . To this number should be added

	

50 monolayers removed during the

twelve minutes preceding the start of the cryopumping procedure, and co . 25 mono-

layers evuouated by the tarm0leculor pump system during the phase where CF was active.

Thus we can evaluate that about 200 equivalent monolayers of oxygen have been re-

mnved during this exposure of four hmars ^

VII ~	 S	 tte f	 d carbon	 ]

As pointed out in the introduction, discharge cleaning procedures are applied

to mfnfmize the amount of impurities which can later be released from the wall

during hot plasma discharges . They should be applied in such a way that vulnerable

parts of the apparatus such as windows and appendages are as little affected as

possible.

Only one serious alteration of nur windows occurred und this at an early time

of operation when, as mentioned in § V .2~ the glow discharge penetrated into cold

portholes . Serious arc spots developed at the metal-glass junctions and a sigmifi-

cant darkening of the windows resulted . After the replacement of these windows

and further prolonged operation (about five hundert hours of RG discharge) with

warm portholes, only a very thin, quasi transparent film could be detected on the

glass surfaces . lt is not possible to specify what fraction of this - probably

sputtered-on - deposit resulted from prolonged sets of measurements made with

nenn and argon plasmas of which the sputtering coefficients are much greater than

that of hydrogen . Brushing the windows with a soft cloth allowed to remove effort-

lessly the deposit which was not implanted into the glass.

Prehandling procedures cannot affect significantly the later contamination of cnm-

fined plasmas which results from the wall bombardment by energetic atoms and atomic

1ons,leading to sputtered atoms . The main aim is therefore to convert chemically

the low Z contaminants - present in the form of carbon and oxides in the surface-

near layers - into volatile components such ms hydrocarbons, water and carbon oxides,

to ensure that these are released from the wall and eliminated from the vessel via

the pump ports .
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Fig 39.

The beginning of an optimized cleaning ran



-74-

Our measurements indicate that a further source of plasma Cantamination,

namely arc spots (§ V .2), is considerably reduced and possibly completely sup-

pressed when our prehandling procedure is initiated with walls at moderate tem-

peratures (e .g . 200 °C) . This agrees with the earlier observations of Sfmonov /22/

on the tokamak T 2 and om his simulation experiment . lt is encnuragimg to note

that, =hen the prehandling had been applied once at elevated wall temperatures,

repeated reoxidation of the wall by exposure to air did not lend to the reap-

pexrance of ar~ spots, even when the RG discharge was restarted *ith *allG at

room temperature.

lt is likely that the arc spots which we have observed in our previous experi-

ments and in this device whenever new unboked told inserts were exposed to the

R8 discharge resulted primarily fron the presence of insulating films (probably

oll) on the surface /23/ and not from preexisting sharp surfaces edges or needle-

like structures /24/ . The latter would presumably have remained effective when

the wall temperature was raised . lt is moreover difficult to imagine how they

o
could smoothly disappear at T

w
. = 200 C and no longer act as trigger when dis-

chorges were later initiated at ruom temperature.

Another mechanism suggested /4, 25/ for the initiation of arcs bases mn the ob-

servation / 18h, 26/ that very large amounts of hydrogen become dissolved in

SS or inconel walls when their surfaces are exposed to high fluxes of atomic

o
H and H* particles ^ ~

	

`Hvdr0gen
(
H2 ) gas can then precipitate into lattice defects

or at gnain boundaries, building overpressurized gas pockets . Surface rraching,

leading to a localized release of H
2
at high densitfes ° could then trigger the

arc . The effect should only occur when the wall is near room temperature and

disappear when T. ?; 150
~
C . Evidence for such surface cracking has been found

earlier /27/ but Om7y when cooled probes had been exposed to intense flux densi----'

ties of atomic hydrogen during long times (

	

10 hours) : the diffusion constant

-l2

	

2 -I

	

n
of H in stainless steels is small ~)~I,4 x IU

	

cm 3

	

at T = 25 C) and hv-"-

	

N

	

'

	

~

drogen does not have time t$ reach the pockets and to precipitate into them in

the early phase of a first exposure to atomic hvdrogen . Thus the observatiom of

arc spots during the first minutes of the exposure of new parts of the apparatus

to an RG discharge cannot be accounted for by this mechanism.

As mentioned in § 5 .3, the amount of evidence gathered to date is still insuf-

ficient to draw definitive cVmclVsions . lt has however been observed that an ini-

tial bake-out of the surface at 200 oC (probably cracking or volatilizing the

oil Films before the exposure to the RG discharge) is sufficient to avoid the

occurence of arc Spots, even when the first plasma discharge is later initiated

with walls at room temperature .
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Qmr measurements (6 V,3) have confirmed the fact that the reduction /4/ of

the carbon lnyer ° down to a level where the expected rate of C contamination

during hot plasma discharges is very )ow ° does not present seri qUS difficulties:

large CH
4	'~
ond CO removal rates can already be achieved when the walls are at

room temperature . Similar observations have been matte concurrently during the

glow discharge cleaning of PDX /12/ and of ASDEX /11/ . We have therefore not

concentrated our effort on this aspect of the Problem . Our measurements have

simply confirmed the facts that:

- the clean-down time to a point where further release of hydro-carbons und of

carbnh oxides becomes negligible can be short,

- the removal rates increase with increasing wall temperature (see e .g . fig . 24,

and /4/) indicating that the reations proceeds probably via a surface-near

solid state chemical reaction, and that

- after the first clean-down of the inner wall and reexposures to air, the

amount of hydrocarbons and of carbon oxides released when discharges are re-

initfated is very small (see e .g . fig . 26`.

The small amounts of CO observed at the start of a new RG discharge after

an oxidation procedure cou]d either be due to a slight recontamination of the

surface from the gas phase (e .g . 6v oil vapour) or result from the migration

to the surface of some lattice carbon from the stainless Steel ^ The ratio P28/P 18

of the partial pressures of CO and of H
2
0 is somewhat larger when more time

elapses between the reoxidation procedure and the R8 discharge, However, even then,

the CO release rate has never been found to be larger than 3 % of that of H
2
O,

(except when methane was deliberately added to the filling gas).

Large amounts of CO are released from walls which are first exposed to RG or

glow discharges in hydrogen /5a, lI, 12/ . A similar release was observed earlier

/4/ during exposures to Tow energy hydrogen atoms and was tentatively ascribed

to the possible reduction of a compound, for instance a carbonate, in the sur-

face-near layer . The experiments described here ^ using the admixture of methane

/§ VI .b\ ' sug0est another
" 1imple o explanation which however applies nnly to the

case of the glow discharge in hvthe ionisation of CH 4 , " produced b
yv the

h
y
drogen:

reduction of the carbon layer, full0wed by the accel8ration of the resulting ions

in the cathode voltage drop, could lead to CO Formation via a surface reaction.

The existence of the effect is evidenced on fig . 37 and 38 . The enhanced release

of CO by an R8 discharge in pure neon shows however that an additional ion-

induced mechanism probably also exists . The CO formation mechanism appears

this to be quite COmplex!
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VlI .2 . Water release

VlI . 2 .a General remarks

Im discussing the deoxidisation of SS surfaces, it should be kept in mind that

- the alloy contains different elements ° mainly iron, nickel and chromium (Table 2).

- both bi- and trivalent oxides result from the oxidation procedures und that

- the oxygen concentration decreases rapidly as one goes from the surface into

the bulk material /2,3/.

Table II : Composition of SS I .4301 (type AISI 304) in percents:

Fe

	

: 68 - 73 Si „,5 1

Cr

	

: 27 - 20 C 0 .07

Ni

	

: 8 .5 -

	

10 P

	

s� 0 .045

Mn

	

: 5 m~

	

0 .03

The first point has been discussed recently by H .F . Dylla /7/ . lt is difficult

to deoxidize completely a surface since chromium oxide, even more so manganese

titanium and aluminium 0xides if traces of these metals are present in the alloy~

are strongly bonded ; their reduction should be slow even at elevated wall tempe-

ratures . This implies on the other hand that such residual "
irreducible" oxides

are not strong contaminating factors : little water release should result from

their reduction during hot plasma discharges.

For this reason, the emphasls has not been laid here en the achievement of

completely oxygen-"free surfaces, (as oould have been verified by Auger analysis

techniques) put rather 0m the development of a surface prehandling technique which

ensures that even at elevated tem 	 tu	 5and in the presence of a plasma discharge

in hydrogen, the release rate of water should be as Small as possible . Thus re-____~	 	 _

sidual gas analysis has been used as main diagnostics technique to follow the

evolution of the cleaning procedure . After all, the results of the Petula tokamak

/29/ with a chamher of aluminium oxide indicate that strongly bonded oxides behave

rather well as first wall material.
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During hot plasma disohorges, some °irreducible" oxides remaining on the stafn-

leS8 steel surface are sputtered off . Resulting oxygem ions " remndenSing on the

wall, may form bonds with for instance iron or mickel atoms ; easily redUCible

oxides re5uTt which build up a new source of O-comtamination unless they are eli-

minated by renewed diSCharge cleaning . This may be why the most Efficient dis-

Charge dcanimg prncedure in TFR has turned out to be /30/ to produee a successiom

of low T
e

toroidal discharges with a limited number of high power tokamak dischar-

ges in betweem . ln glow discharges, the plasma potential with respect tu the wall

is n;,-, + 400 V ; some (in this respect beoeficiaT) sputtering results, which w puld

not occur if a prchandling by a radio frequency plasma or by low energy hydrogen

atoms had beon used : in any case an increase of this sputtering through the admix-

ture of neon to the hydrogen at the end of an RG cleaning procedure was not found

to reincrease the H
2
O release rate up to a measurabie level.

The combinatino of the three factors indioated above leads to a c0mplex evolu-

tiQn of the H20 0 releaoo' trivalent Fe oxides, dosest to the surface /31/, should be

reduCed duriny the fast initial phase, leaving behind essentially divalent Fe oxf-

des ; nickel, irnn and chrmnimum oxides are reduced at different rates
+ '\ ; finally

effects associated with diffusion of deeper lying oxygen to the surface are also

expected . lt is therefore nnt surprisimg that the observed release rates do not

fVllow a simple exponemtfal time variation especiolly during the early clean-down

phase (see fig . 29, 39 ) .

VII	 2 .b	 A sim lfffed	 d l fV	 the d	 ƒd ti	 tf	 the RG	 dischahge

During the first minutes of the RG dischorge, transient phenomena occur which

are associated with the rapid build-up of the hvdrGgen comentrutfon c in the

3urfoce-near layers of the wall material and with the two-sta8e kineticsof the

chemica] heduction reaction ; these have beeil discussed previously /4 , 5h/, In addi-

tion, the cnncentration of the tri- and bival8nt oxides dosest to the surface

evolves rapidly . FinalTy, as shown in § I1I .2, inherent problems arise in the

interpretnt1on of the signals of the residual gas analyser whenever the H
2
0 con-

rentratfon n

	

(cm
-3

l in the gas phase varies rapidly, (time scales Z . 2 minutes).

The mndel presented here aims therefnre at the description of the water

release as it occurs some time after the deaning procedWre has started, hnmely

at the times when the parametric variations discussed in § VI have been examined.

lt seems reasonable to assume that the reducible oxides are then mainly bivalent

Quantitative evaluatinms are however made more difficult by the fact that the

b0nding energies in the SS lattice differ probably frnm values in the pure

metals .
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and to ussume that the fractional coverage 8 of the surface with oxides is no

longer c]nse to one.

Apart from this, the following assumptions are made:

c is proportional to ( o(T i )
I/2

where c$47~ is the flux density of atomic hvdro-

gen penetrating per unit time through the surfdce . The validity of this assump-

tiUn has beeil demonstrated elsewhere /lO' 26/ . The results presented in § IV .I

A1

	

^= /2 crk
r
) ° where cr is the surface roughness factor and k

r
the (phemmmemnlo-

gica]) rate constant for the recombination of dissolved H into gaseous H 2 on the

SS surface /4/.

- The rate v (i) at which water is released from the surface as a conseqaence of
18

	

jthe reductfon of the metal oxide MO` ' is proportional to the exposed area S,

to the cnncentr8tion cmQ~~u)nm-2`+') of the residual oxide MO
(j)

present under the`

	

'
~

surface and to c
Z

I e . we have v~ j '\ = S k~j~ c~\' c
2

18

	

18

	

MO

	

°

The total rate
vI8

of water release is then:----

	

'

	

v I8

	

~k

	

c

	

c2 =5k

	

I8

	

18 MO

	

I8
A

	

uVi

	

/̀mnlecules
I

	

^

_

	

(VII .2)

where we have used the abbreviatinn k

	

c

	

= ~- k (j)
c \++\ '

The linear vuriu-
I8 MD

	

18

	

MO

tion of v
18

with o(upj has beiert previously verified /4/.

, once released, leaves the vessel in three diffent ways:

5p n

	

/m0leculeS s
-l

\ "
'18 `

	

' (VII33)

-3
If K~

u
M~'

\
/cm ) is the volume concentration of MO

/̀j '\
° than c(j)' = JR) dx~

	

'

	

MO

where the integral is made over the depth of the oxide layer.

The relative amounts of the oxides vary with time, due to the different rate

con%tant k (j) Thus k

	

c

	

does not vary with time in a simple way . But
18 ^

	

18 MO
the short time tnterval 6t during which a parametric variation is examined ^

k

	

c

	

cun he assumed to be a constant provided that 6t/~ln c~*y
V
ut\

IB MO `

	

^

	

MO'

	

'

for every MO (j) Species.

+ + )
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- Water vapour reOxidizes the surface at the rate /§ lV .3~:	 ~~

	

'

v

	

= 5/l - 9 \ k

	

n
ox

	

`

	

o' ox lO

the phenomenological rate constant
knx

is again an average over the different

metal atoms covering the surface,

- Water vapour can finally be ionized in the RG p7usma /c lV .2> ; the resulting

(mainly) H
2
«+ and H~+

ions are aCcelerated by the cathode drop potential of about

400 V . Impact dissociation resuits, leading to an Ion induced reoxidation rate

v
I
. In analogy with the measuremets made in methane (fig . 20 ) and in ammonium

(fig . 21 \, *e write (cf eq . IV .5)for v at P 7,5 2 .8 x 10-3 torr :

(VII .4)

kI jGO )
3p/0,2 + 4 IGD^ \ n I8I8

(VII .5)

when
jGD

is the current density in the R6 discharge . lt seems likely that

	

I
and k

I
increase (because the electron density increases) when p 2 f5 raised.

Writing now the water particle balance and noting that the variation of n 18

dn

Y

	

18 -
dt

-v - v- v a~O
p

	

nx

	

I (VII .6)

Substituting equations (VII .I - VIl .5) into equ .
(
VII .6), solving for n`

	

'

	

I8

v

	

n18 Spk

Sp/S+/-6o' \k0z +u/
(1

	

~y \

	

+A'`

	

. i'rf

	

u
GD

3p/S + / 1 -8\k

	

" 1 +k j

(VIl .7)

v
p

is the rate at which water leaves the vessel, i .e- the cleaning rate .

For pure rf discharges /j

	

= 0) we have:

=\n A~-k--, /VII .81



VII 3	 Discussion of the parametric vari ti 	 of the cleaning rate	

P2 of hydrogen

The decrease of
pl8

which occurs when
P2

	

(
fig.increases /'30) is the only para-

mctric dependance which cannot be explicitly read from equ /VI[,7\ . As mentioned

in /31/ and in § YII ' 2 ' b " an increase of P2

	

`in the RG discharge /at constant j
GD

\~

	

'

is expected to increase the electron density in the plasma . This should increase

the rate of Ionisation of the H 20 molecules and consequently the value of k
l
~ To

~-
explain the measurements shown on fig . 30 and those discussed in the following

paragraph, one needs to assume that

	

increases by a factor of three to four when

P2 is raised from 2 .8 to 12 x 10
-3

torr . We write therefore tentatively'

'jGD' p
2

(VIl .9)

wherin {<I

	

~
and k/ are supposed to be independant of P 2 .

b) Variation as a function of t he 	 current d	 i	

	

The model predicts that v p	~'-should vary hvoerbo7ically with jGD" as has been

experimentally observed (fig . 29 and fig . 40, belmw} . Combining equ (VI},7 and 8),

we obtain indeed :

I+8'
^&D

l+Cj
GO

where

= A/( 6z(ej\rf

	

and

	

~ = k
I /

\Sp/s + (1 - ~o\kox + «

When the current density is increased, the cleaning rate should vary from /

towards an usymptmtic value (v )which can be higher or lower than (v ) ^

/ ( v p
p

The difference between the 8 values deduced from the two measurements at

P 2 = 2 .8

	

(
fig.x IO

-+
-brr /'29) results mainly from the reduction of the rf po*er,,

from 72 W in nnv . 1979 down to 32 W later . This lmwerS the ( «4,iYrf values

(fig . 5 .b) and increases the value of 0 (equ . VII .16) . The different 0 values

might result from the different surface coverage ratlos 8
o

during the two runs.

[D

/VII .lQ\

/VlI .Il\

/VII .l2\
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Whether the cleaning rate increases or decreases when the RG discharge is

started depends, for a given rf power level, on the values of Sp/S, of /l - 9
n
)k`

	

ox
and /throwgh k \ on P 2p

%'

	

2^

When p
Z

is raised, k
l
is expected to increase ; Sp decreases . This leads to a

rapid increase of C (equ . VI% .lI) . Already at a pressure of 1,2 x 10 -2 torr

(fig . 29), we reach the state where C = D ; the cleaning rate is independant of

the Dlow discharge current . As mentioned in § VI .5, at higher pressure and/or

when the pump

	

speed

	

deliberately reduced, the cleaning rate decreases

when the glow discharge current is applied and when its intensity is increased.

the pump speed ( i

	

the throttle valve

The measurements /§ VI .6\ during which the pump speed was changed using TV 1

can also be understood from equ . ( y lI .7) : at high wall temperatureo /T . � 300
»
Cl

and ]arge discharge currents
(IGD

	

0,6 A), both
kox

and kl
jGD

are larger than

Sp/3 . The ratio of the cleaning rates achieved with TV 1 opened (2) and throttled

down (1) is:

v (2
)

(2

	

sp '[Z}

	

s I\
' +

K

=	 .	 cund
T~«`-'

	

sp

` ~/

	

sp`^/ + K
p

	

cond

(VII .I3)

K

	

S/l8 \ k

	

+3

	

+Ik
cond

	

`

	

o' ox

	

I

	

I ~GD (UII .I3a)

Equations /VII .I3\ and (Vl .3) are equivalent and we have seen that they represent

well the experimental measurements (fig . 34).

To visualize the influence of a strongly enhanced pump speed, equ . [V7T,7) is

rewritten in the form :

	

Sk

	

S u<

	

3k	 ox	 I

	

I
+	 +____.

	

Sp

	

3p

	

Sp

« i ' )rf + A j
GD.

	

_ ~ "

	

. .

	

-vp~~ m
l

^
18 c

mO
8D

/VII,l4l

where kmx

	

`

	

'= /l - 8 o ' ~) k0x"

V = S A k

	

c
p

	

I 18 MO
/ uup i' )rf + A u'GD! = v`

	

'

	

l8^
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The cleaning rate cannot (obviously) become larger than v I8 , the rate at which

water mmlecules leave the surface . At lmv wall temperatures (T.,� 200
o
C)p small

current densities /"'GD ~~

	

'

	

(
Sp/S'/ 5

/mA cm-2\

	

~
and in a well evacuated ves66l /large),'

a crynpWmp, even of enormous size, cannot significantly improve the cleaning rate.

But at high wall temperatures, larger current densities, and in particular in de-

vices wherein adequate pump speeds CannVt be achieved otherwise, a significant

gain ShoUld result from the incorporation of a retractable cryopWmp.

The increase of Sp should (equ . VII, 14) broaden the domain wherein the cleaning

rate varies linearly with jGD'

	

~This has been verified experimemtally~fig ^ 40

compares the variation of
nl8

as a function of
ISD

which are measured at
n

Tw = 200 C without arid with liquid nitrogen in the cryopump . In the latter case,

the variation is practically linear, i .e . v

	

up to 1 .5 A.

The existence of an Optimum wall temperature (above which the cleaning rate

decreases) is a straightforward consequence of the model . This and our other

measurements indicates that it is probably mainly iron oxide which is reduced

during the main phase of the clean-down:

In equ (VII .7) " we have written in thick faced letters those coefficient wh~ch

are strongly (expomentially) temperature dependent . These are :

_(activation _ energy 018), u~~_ rate,~~~= constant - v/ ~ t he 	 ~w .~iw. n- x

	

'v~,_

	

'~

	

~v~~
l8
MO+2 ruIM+H

2
D~'

where ( Hj stands for hydrogen dissolved in the lattice,

- A = (2 0-k
r

)
-`

, where k
r ` `
/energy U

r
) is the rate constant for

I

	

`

the surface recombination of iH l into H
2
molecules und~

-

	

k /activation energy Q, the rate constant of the reacti0n +)'
ox ^

	

~x'
\

(M + H20 -~ MO + 2 [ul

) Permeation measurements,during which the upstream sides of iron or steel

membranes were exposed to water vapour ^ have shown that the main oxidation

chamnel produces dissolved F Hi atoms (and not directly H 2 moleculeS\
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Fig 40.

Variation of n I8 as a function of I GD : a) without LN 2 in the cryopump,

b) with LN 2 in the cryopump CF

without LN 2



At lVw wall temperatures,
k0x«

S
p
/S + my

I
+ k

I
o'GO^̂  the apparent activation

energy of the cleaning rate should b8+ ':

/l
cl '=Ol8 - O
`r

'

At high wall tempermtures, k »Sp/S +a + k '

	

shou)d decrease down to

	

ox

	

I

	

I*GO' cl
/2 '=~

	

-

	

=- H	-
`cl

	

18

	

r

	

nx

	

ox

	

r
Hnx in the enthalpy change involved in the reaction MO +

	

= M + H 20 + A M
ox

.^^

	

~

	

--

A reduction of Qo} b
y
bv 10 to 20 kcal should thus occur when T~ is raised up to

w
400

o
C " whera `~/~ IV .3\ k

ox
becomes the largest term in the denominat~~~ of'

equ /VlI .7\.

The results pl0tted on fig . 28 lead /at I0N T.\ to the value`

	

~'
8
(l)

= 5 ° 8 keal~mole`

which agrees well with that of 0 .8 kcal which had previously been measured for

the deoxidation rate constant of SS surfaces exposed to quasi-thermal H° atoms

/5 ° b/ . Recent experiments in this laboratory (to be published) have given, for

the same SS, the value

0

	

= 16 kcal/male

Thus a value

= 21 ` 8 kcal/molcO
l8

results from the present measurements, in fair agreement with the value of

20 .3 kcal/male given in the literoture /32/ for the water "des0rptinn" rate from

stainless ateel.

Combining the xalWe of U/`I'\ with the preliminary one of O0x = 10 to 20 kcal/mole

[6 IY .3) we deduce that
2)

the	 l	 f	 hn ld Iie	 hi hi	 the	 f	 5	 15	 k	 l	

	

I .e . the observed change of sign of 0

	

agrees with the model

If the hydrogen concentration c in the lattioe were independent of T ., the

activation energy of the cleaning rate would be Q18 . But " in the case of R8 dis-`

charge, c decreases rapidly when T. increases : the penetration rate v
j

of H ~~-

pends mainly on IGD: ' it has no activation energy ` But the release rate v
r

depends

on the nmbility of H on or to the surface ; it incremses " for a given c, rapidly

as T. is raised . When quasi-equilibrium is raached, i .e . when the rate of H diffu-

siun into the lattice has become much smaller than the rate of surface recmnbi-

nation, we have v
r

,p, ui' i .e . c
2

,e. a( 4,/2ork
r'

This leads to the appearance of

the term - O in the follnWimg equation . "Quasi-equilibrium establishes itself

in this respect in Qr,a to four minutes in the GDV (to be published) .
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Similarly, from the observed Yalue of Q
I8

and
Oox,

we deduce that the enthalpy

of the reaction should lie in the range:

	

Z1H

	

= Q

	

- Q

	

= 1,8 to - 11,8 kcal/mole
ox

	

ox

	

l~

	

~

Fron the reaction enthalpies at 200 `C :

I

	

Fe +

	

Q = Fe0 + 63,5 kcol/mVle
'7 2

	

H
2

+ -2 0 2 = H
Z'

+ 58 kcal/mole "

	

Ni +

	

0 = NiO + 57 kcal/mole, H2 = 2Fu~ - 4 kcal/male H
2

	

2

	

uu

	

2^
3

	2 Cr +

	

0 = Cr.~. + 272 kcal/mnle
-~ 2

	

2 '~

	

°

*e deduce the fnllowing .AH

	

values:

Ni() + 2U~! = Ni + H .0 + 5 kcal/male H 2D released,

FeO

	

^^

	

~

+ 2iH] = Fe + H2D - 1,5 kcnl/mnle H
Z
O released,

" ~

	

Cr203 * 2~o1 =

	

Cr + H20 - 29 kcal/mole H
2
O releosed,

Thus the experimental valu$, even if pre7iminory, of AM

	

given obove imdi-

cates that it is probably irnn oxide which is reduced during the main clean down

phase . This is note surprising in view of Table lI (p . 76).

This diScussimn supports the conclusions of Dylla /7/ and Staib /32/ according

to which, at room temperature, the main deoxidation results from the reduction

of Iran und nicke] oxides whilst chromiUm oxide is too strVngly bonded to be appre-

ciably reduced . Our measurements indicate that this conclusion remains valid at

T = 400 °C

The reduction of the oxide layers on SS and on inconels should moreover be simi-

lmr , and indeed the observations made on TFR /33/ with inconel walls agree with

our measurements and with the conclusions of the mode] presented above . If any-

thing, nickel-rich alloys should be more readily deoxidized, and should therefore

be prefered .

	 wall temperatures and in the 	

[m~
MO

	

+ LmJ z~ MOH

~MOH + [HI

	

M + H2 0,

(the intermediate produCt RUH has the character of a free radical) . This neglect

is justifiable when T
N
. is high (

	

200
"c\ ; the time lags which result fron the'

detailed reaction mechanism are then skort (

	

10 minutes) . The effects become

however evident at lmwer flux densities (e .g . in the 05P\ and when T.^ 200 ~ C

in the GDY /cf, fig . 24) . The plain curves p 18 = f/18\ drawn on figs . 12 and

13 have been calculated from the equatioms of /4/.

In .5 VTI .2 and VII .3r we have n8g7ected the effects which result from the fact

/4,5/ that the production of H 20 in the surface-near layers occurs in two successive

steps, namely :
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A± T
w
.

	

100
»
0 " hvdroxide (M

(
OH) 2 ) formation results frnm the reaction of

	

~

	

``

	

\

H2O with the residual oxides and impedes the release of H 20

	

as it is formed -

to the gas phase and to the pump system . That this effect plays an important role is

shown among others by the measurements of the
PI8

increase in the QBP after a step-`

increase of the water inlet rate (§ III .2,b) and by the large amounts of water

which "condensed" in the portholes of the GDV /§ 111 .4) when these were left

y Ill . C0NCLD5IONS

A parameter domain exists wherein glow discharges in hydrogen - when applied

for the first time to the walls of a stainless steel vessel

	

release large amounts

of water vapour in addition to hydrocarbons and carbon oXides . If the surface has

been pr8viDuSly decarburized and then exposed to afr ~ similar amounts of water can

mgaim be released ; the partial pressures of methane and of carbon oxides are

then almost undetectable . The volatile products can be eiiminated via the pump

pnrts . Thus glow discharges in hydrogen can provide an efficient tool for the

deoxidation and decarburization of the wall surface : as the discharge proceeds,

the amounts of releasable surface contaminants decrease with time ; the partial

pressures of the hydrogenated products in the discharge become, within twenty

four hours, smaller by a factor of IO
4

than the initial values (cf . fig . 26 and 27).

Typical parameters to achieve a rapid cleaning rate in a device having a pump

	

3 -I

	

2
speed 3p = 0,2 m s

	

and an inner area 3 = 2 m exposed to the glow discharge

(i .e . the same ratio Sp/S /t, 0 .1 m
n-l

as TEXT8R and JET) are:

- a base pressure of H 2 :P2 = 3 x I0-3 torr

- a current density:j GD
= 10 - 25 2uA cm -2 in the glow discharge and

- a wall temperature^T
W

= 300 - 400 00,'

One must operate at lmw P2 values:' when
p2

	

(thisis increased {also spoils the

pump speed) the cleaning rate deteriorotes- lt becomes independant of the 8low dis-

charge current at 10-2 torr (fig . 29) . At higher pressures, the cleaning rate

decreases when the glow discharge current i6 applied : the glow discharge reduces

then the cleaning action which results from the spontaneous H
2
0 outgasing of the

wall,

In order to sustain the glow disharge in the p v: 1 mtorr domain, it has proven
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wherebv a weak rf discharge serves ms a plasma source (virtual anode) for the

glow discharge.

When the walls are at low (for instance room) temperatures, a moderately rapid

release of hydrocarbons and carbon oxides is produced by the RG discharge as

lang as a carbon (C) Iayer is present on the sUrface. The release of water re-

mains negligible, whether a C Iayer is present or not . Thus, at those tempera-

tures, glow discharges in pure hydrogen canhot deoxidize the surfaces of plasma

devices which have been operated for some times, i .e . decarburized, and then ex-

posed to air for maintenance or the ad
'
ustment of dfagmostics . The admixture of

noble gases (He, Ne, Ar) does not enhance the H 2 0 release.

Operation of RG discharges in a mixture of 99 % H 2 and 1 % methane can however

deoxidize the surfaces at a moderately rapid rate even at room temperoture,

`-~~ VI .b and fig . 37) : CO is produced at the expense of CH4 . With 2,5 % of CH 4
4

some C becomes deposited . This can, however, easily be removed by a further ex-

posure to a RG discharge in pure H 2 .

At 180 °C, water release becomes appreciable when the R8 discharge in pure H2

is applied . Its rate increases rapidly when T w is raised up to 350 0C, but decreases

above T. = 400 "C (fig . 28) . Thus the achievement of very high wall temperatures is

not necessary for such cleaning purposes.

An increase of the current density is advantageous in the low '
.~

domain, but
2the cleaning rate tends to saturate when

jGD

	

25 /uA cm
-

(fig . 29) . Very high

glow discharge currents are not useful.

If the pump system of the device is too weak, a great benefit can be (drawn)

from the installation of a re±ractable cryopump operating at liquid nitrogen

temperature. The useful T. und jGD domains could moreover be extended to higher

values by the incorporation of this cryopump . The resultinQ advantages of such

a system raust however be weighted against the resulting l0sa of access for dio-

gnostiCS, design and construction problems to achieve the higher
"
*all temperatures

und inherent difficulties associated with the stable Operation of glow discharges

at large total plasma currents.

The model presented in § VII desaibes well all the main features of the para-

metric dependance. Its application is certainly 7imited to systems having roughly

the same ratio Sp/S z 0 .1 m
s-I

as investigated here . We feel however that

equ . (VII .7 and 9) can be used with confidence to scale the phenomena ms a function



The fact that arc spots have never been observed in our system after new

built-in elements had been baked out at T. >200 oC is prmbab7y due to the

UHV baking procedure . Here agafn ° wall heating to at least moderate tempe-

ratures is a useful provision.

Fimaily the procedure indicated in § 111 .3 to precondit1on our residual gas ana-

lysis system has turned out to be effective and allowed to make quantitative

measurements in the diFFicult surrounding of H
2
O and H

2
gases.
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