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THERMAL OUTGASSING

Karl Jousten
Physikali sch-Tednische Bundesanstalt, Berlin, Germany

Abstract
The physics and pradicd consequences of thermal outgassng in vaaium
chambers are described in this article.
1. INTRODUCTION Desorption
Outgassng means usually two things (Fig. 1):

1. Moleaules diffusing through the buk $
material of a vaauum chamber, entering the

surface &d desorbing from it. s |~ Ditfusion
2. Moleaules which have been adsorbed P |~ Adsorption

previously, usualy duing venting o the c
vaauum chamber, that desorb again, when ég/ Permenti
the chamber is pumped to vacuum. crmeation

Both eff eds have the same cnsequences:
they limit the lowest achievable presaure in a A S
vaauum chamber, they considerably extend the To pump
time for high and dtrahigh vaauum to be
readed, and the outgasing molealles are a
source of impurities in a vaauum chamber
which is, for example, extremely inconvenient
in the semicondwtor industry. Espedally in metallizaion pocesses, oxygen contaminants are
disastrous because they reduce onductivity, and the smaller the structures on the integrated circuit
(IC), the fewer particles can make it fail. In acceerators the residual gas particles limit the
performance and its life time and can finally make high energy physics experiments impasshle. In
gravitational wave observatories the residual gas may limit the resolution o Michelson
interferometers.

Fig. 1 Themain physicd effedswhich occur
for thermal outgassngin avaaium chamber.

A further source of outgassngis the vaporisation a sublimation o atoms or moleaules from a
material with a vapour presaure higher or comparable to the vaauum presaure to be gplied to a
chamber. Althoughthis fad is trivia, it grealy limits the number of materials that can be used in
high and dtrahigh vacuum chambers and can sometimes be adifficult problem to overcome. But the
caeful sdedion d materials will not be the subjed of this paper and we restrict ourselves to the
effeds of desorption, ou-diffusionand permeaion d materials siitable for UHV applications.

2. PUMP-DOWN BEHAVIOUR AND DESORPTION

Consider a perfed vaauum vessl, meaning a ves®l with zero le&kage, gas permeability and
outgassng. Suppase that it is of volume V and pumped by a pump with zero utimate presaure and a
volumetric pumping speed S. If at timet the presaureis p, the presaure-timerelationis

dp _ (1)
VE =-5(t)

or

P=po exp(—vét) (2)
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where p, isthe presaure & the beginning o pumping. On alnp versus time plot the pressure deaease
will belinea. V/IScan be mnsidered as the time cnstant of the system.

In ared chamber, in the initial phase of pumping there will be this linea behaviour in aInp
versus time plot [1], bu then there will be amuch slower deaease with much longer time mnstants
than V/S with finally an asymptotic behaviour. If the dhamber had been exposed to atmospheric
presaure before, this is due to gas adsorbed onthe surfacethat desorbs only slowly under vacuum.
The rate of desorption will depend onthe binding energies of the various gases to the surface the
surfacetemperature and surface overage. Desorption ounumbers the dfed of out-diffusion gedly
inthisinitial phase.

Adsorption takes place by physicd adsorption o
chemicd adsorption. In physicd adsorption gas moleaules
are dtraded wedkly by van der Wads forces with binding : Langmuir
energies of lessthan 40 kmol (10 kcd/moal or 0.4 eV), in % 9%
chemisorption adual chemicad bondng accurs between the .
gas moleaules and the moleaules and atoms on the surfaceof amati—a8)
the vacuum material. These binding energies vary between
80 kI¥mol and 800 K/mol (20to 200 kcd/mol or 0.8to V). P SR N

The quantity of gas adsorbed at constant temperature : Froundiich
on a given surfaceincreases with the presaure of gas in the § a=—q'Ine
gas phase. The relationship between the quantity adsorbed :
and the presaire is cdled the alsorption isotherm. There 0 CE 1
exist several models to describe these isotherms, the three
most important can be atributed to Langmuir, Freundich,
and Temkin (Fig. 2. praviing

Freundlich
p(Q) = peexp — 4/q’

Langmuir-lsotherm

The Langmuir Isotherm assumes that the alsorption _
energy is independent of surface overage. It is therefore — #@
applicable, where surface overage fislow (6< 0.3.

Temkin

Freundlich-lsotherm \ (@ = constant
This asaumes that the adsorption energy deaeases

exporentially with surface overage. It is applicable to

higher surface overages. w %

q
. Fig. 2 Heda of adsorption g versus relative
Temkin-Isotherm surface overage (6 =1 mondayer coverage)

This assumes that the alsorption energy deaesses for three maor isotherms (top) and the

linealy with surface overage. correspondng density of adsorption sites p as
. . a function d g (bottom). From Ref [5].
The desorptionrate can be described by Copyright American Vaaium Society.
dn 3
8 = Vo (6) exelEe /RT) ©

With n, the number of moleaules on the surface n_, number of moleales in a mondayer, v,
frequency of oscillation d a moleaule on the surface f(68) function d surface overage (isotherm
function), and E,_ the adivation energy for desorption.

Theresidencetime 1 of aparticle onthe surface ca be described as

T= Viexp(Ed% /RT) (4)
0

For v, = 10" s', E=42kJmol and T = 300K this gives T = 2 pis. Gases that are physisorbed desorb
very quickly at room temperature.

It ispossbleto derive an equation for the pump down:
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» Gas removed by the pump: n, c/4 A (n, molealle density in the volume, ¢ mean thermal
velocity, A effedive pump area

* Gas desorbed from the surface n/t A, (n, number density of moleaules on surfaceA, surface
ared.

» Gasbeingre-adsorbed onthe surface n, c/4 sA_ (s sticking probability).
So, finaly
vV dny, ¢ nsAs ¢ (5)

where & the same time the ejuation

dﬁz_”sAs (6)

dt T

has to be fulfilled for the surface From Eq. (6) it can be seen that the net outgasdng rate for
desorbing gps particles depends generally on presaire.

c
Ty A

Combining the two equations gives a diff erential equationfor n,

d’ny  AOc 1pdny ¢ A (7)
@ s A g =

With some simplifications, Hobson [2] has plotted a solution d this equation for various values of E,_
that you can dften seein the literature. The system shown in Fig. 3 has been cdculated for V=11,
A= 100cm’ and S=1 L/s, first-order desorption and T = 295 K. Hobson also assimed a pressure
independent sticking probability, which is a simplificaion that limits the usefulnessof this approad.
Asin apump dowvn o asystem withou desorption (Eg. (2)) the logarithmic presaure fall s with the
inverse of time, but with time anstants generally much greder than V/S.

5 -5
107 [' T = 295K 107~
106 106}
107 107}
< kcal/mole =
g 10® S 108
R a,
[} (4]
5 9 5 109
a 1 E; 23 kcal/mole a
g @
& 10—10 o 10—10 .
1011 E,; 25 kcal/mole 10-11 |-
12 | { 12 | I J
10° 0 50 100 10 (4] 10 20 30
Time (min) Time (sec)

Fig. 3 Calculated presaure vs. time airves for the pumpdown of vaauum chambers having adsorbed layers with the
adsorption energies indicaed. From Ref. [3]. Copyright 1961 American Vaaium Society. Reprinted by permisson o John
Wiley & Sons, Inc

Two pants can be @ncluded from Fig. 3. For small values of E__ the desorption rates are so
high that the arrespondng moleaules quickly disappea out of the volume and cause no further
problem. For very high values of E__ the desorption rates are too small to be of any consequence. It is
only the intermediate range that is redly troudesome since gas canna be diminated from the
vaauum system in areasonable time.
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Andwhat nature did was to pu the desorption energy of water on stainless $ed and aluminium
exadly in this intermediate range. The desorption energy of water on these surfaces lies in the range
of 80to 92 ki¥mol (19 to 23kcd/mol). So, at the start of pumping, H,O will be the major comporent
(abou 85% [3]) in the system and this will cortinue to be for days and weeks, if nothing is changed.
Other minor outgassng moleaules are H,, CO, CO, and CH, [2]. We note & this point that H,O-
outgassng is not only generated by moleaules previously adsorbed, bu also by the readion d iron
oxides[4] inthe cae of stainless $ed:

Fe,O,+2H - Fe+H,0
In red systemsthe net desorption rate will follow a power law

g =Kt™ (8)
and when the pumping sped is constant, the presaure in the system will foll ow
p=k™" 9)

Severa authors have measured n and it typicdly varies between 0.9and 1.3.This indicaes that there
ismore than ore type of adsorption site for water asis also clea from the fad that atedhnicd surface
is not uniform but very complex and it is rather improbable that there would be only onre desorption
energy passble. Recattly, Redheal [5] has explained the goproximate t* behaviour by a distribution
of binding energies (Fig. 4), whereby severa i sotherm gave the same general behaviour.

However, ancther model has been propcsed to explain the t* behaviour of the pump-down
curve. Dayton [6] suggested a medhanism based onthe diffusion d water vapou moleaules out of
caoillaries in a thin oxide layer covering the metal surface We will see later that for the cae of
diffusion the outgassng rate or pressure varies with the square roat of the pumping time, whereass at™
behaviour has to be explained. The Dayton theory asaumes that diameter and length of pores and
caoill aries in the surface oxide layer vary, giving rise to a range of diffusion coefficients. A time
constant T is introduced and when the pumping time is greaer than 1, the outgassng shoud start to
decay exporentialy. With a distribution d T, the final sum curve will aso follow at* behaviour

(Fig. 5).
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Fig. 4 Calculated presaure vs. time for a chamber with an  Fig. 5 Temperature dependence of CO outgassng o
adsorbed layer obeying the Temkin isotherm. From Ref. [5]. stainless sed showing dfferent adivation energies above
The sum of the arves follows approximately the and below abou 250°C. From Ref. [7]. Copyright American
experimentally observed t* behaviour. Copyright American  Vaauum Society.

Vaauum Society.

In conclusion, from the very easily measurable pumping curve useful information can be
ohtained, espedaly in pradice where dter a while one has gedfic experience how the system
pumps down. By comparison d a pumping curve to a normal one, ore can easily deted problems
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such as avirtua or red le&, because in this case the logarithmic pump down curve versus time will
approach asymptoticdly a anstant presaure value, determined by the le& rate divided by the
pumping sped, instead o falling with t*. But also theory can draw useful information from a
pumping curve, becaise different isotherms give different pumping curves. Redhead [5] found that
the Temkin isotherm withou any approximations gave the best results compared with experimental
data.

3. VACUUM SYSTEMSAFTER BAKE-OUT AND OUT-DIFFUSION

The dea conclusion from Fig. 3 is that a vaauum chamber has to be heaed up to remove the
adsorbed gas moleaules with binding energies in the range of 17 to 25 kcd/mol or somewhat higher.
To what temperature and for which time length a system has to be raised to remove alsorbed
moleaules, namely H,O, is dependent on the ultimate presaure that is desired after bake-out and cool-
down to room temperature, on the binding energies of the alsorbed moleaules, the materia of the
vessl andthe sedings and onthe surfaceof the vessl and its pre-treament.

The latter two pants are very important in the author’s 100

opinion, kecaise the surface hiemistry grealy depends on o | e fullydegassed (main)
the material, its pre-treament and temperature since the
surface before, duing and after a bake-out will not be the

o

fully degassed (manifold)

10F o A oxidized (manifold)

same. As an example, we report on measurements of
Ishikawa ad Yoshimura [7], who have aaysed the
temperature dependence of H,, H,0, CO, CO, and CH,
outgassng o 316 L stainless sed (Fig. 6. They found a
clea change of adivation energy at 250°C for CO that also
occurred for H,0, CO,, and CH,. At temperatures > 250°C
apparently these moleaules are chemisorbed whereas they are
only physisorbed below 250°C. 001 |

It is not as smple & was though with ealy UHV
metal systems that a system has to be baked to as high a

0.1 |

lon current increment (nA)

temperature & possble, usually to more than 35C0C, to 15 2 25 3 35
remove dl water from the system to oltain the lowest 1T (10°K")
outgassng rates. Perhaps this view came from experience

with the previously used dass ystems, which contained a
large anourt of dissolved water which had to be removed at
temperatures up to 500C. We will come bad to this paint

Fig. 6 Temperature dependence of CO
outgassng d stainless $ed showing dfferent
adivation energies above and below abou

when we have further discused the problems of out- 250°C. From Ref. [7]. Copyright American
diffusion, permedion and petreament. Because today’'s Vaum Society.
vaauum systems are dmost exclusively manufadured from

stainless $ed or aluminium, only these materials will be

discussed in the foll owing.

It shoud be nated here that for bake-out ion pumps shoud na be used since they soon saturate
and gve apoa ultimate presaure dter bake-out, and re-emisson o pumped gases may also occur.

Let us suppcse that, after a successul bake-out of a metal vess, al physisorbed and
chemisorbed moleaules have been desorbed and the surfaceis clean in this ®nse. Now, a different
medhanism of outgassng comes into adion. Hydrogen atoms dislved in the bulk diff use to regions
where the hydrogen concentration is lower. The region unckr the vacuum surfaceis such a region,
becaise eventualy hydrogen atoms diffuse to the surface ad recombine with a second hydogen
atom by surfacediffusion which enables the moleaule to desorb from the surfacesince the desorption
adivation energy o H, israther low. In aquasi-static equili brium there will be a onstant net flow of
hydrogen atoms to the vacuum surfacewhich then desorb.

Two guestions have to be answered at this point:
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1. Why is hydrogen present in the metal and can one avoid it being dissolved there?

Hydrogen has a very small atom with the lowest posgble mass has a high solubility in most
metals and dffuses easily throughthem. During the production d stainless $ed, when it is molten,
hydrogen, which is contained in air with abou 4-10° Pa diff uses quickly into the metal. An obvious
cure would be to carry ou this processuncder vacuum. This is adually dore for some dloys, but one
has to remember that this vaaua, in aroughindustrial environment at very high temperatures is only
of the order of 10 Pa. Additionaly, the material after coodown is processed with adds to remove
thick oxide layersin order to be ale to roll the sted and, probably, allows hydrogen to dffuse into
the material.

2. What isthe rate of diffusion to the surface?

The theory to solve this problem is discussed in anather article of this volume. The result for an
infinitely large shed of metal (a sufficient approximation, kecause the thicknessof al metal shedsis
much smaller than the lateral dimensions). With thickness 2d (defined in this manner for symmetry
reesons) and initial concentration ¢, the flow of atomsto the surfaceis

D& 2i 122 (10)
i i :TCO;GX% —( 4d)2 DtE
with the temperature dependent diff usion coefficient
D= DO exd_ Ediff /kT) . (11)

The dharaderistic time onstant

_ 4d? (12
te=——

%D
is grondy temperature dependent. For timest > 0.5 t_the higher orders of i > 0 contribute with less
than 2% to the total sum [8] and Eq. (10) can be simplified

) 2D 13
J gite r-Tcoexp(—t/tc) - (13

=220, [ (19
Jaitf d Vig °
We firstly estimate t, for stainless sed with D,= 0.012cm’/s, E,,= 0.56€eV, T=300K, d=1mm ©

£(300K) = 1.8-10's (57 yeas), while t (1200K) = 92s. "

Therefore, for the room temperature cae and the stainless $ed never heaed since production
(c,= 0.4mbar I/cm?)

For much small er times

jairr (107 s) = 10 mbai/scm?

We have chosen 10 s (116 days) as an average time between manufaduring the stainless $ed and
first pumping a vessel made from it. Althoughthis outgassng rate is sufficient to read HV, it is not
for UHV (consider A;= 10000cm?, S= 100L/s, it foll ows that p = 10° mbar or 10°Pa). It would take
afador of 100longer time, that means 30 yeas, to deaease this outgassng value by afador of 10!

However, because we want to desorb adsorbed moleaules from the surface let us suppcse, we
made a24-h in-situ bake-out at 250°C of our vacuum chamber (in-situ beke-outs are caried when the
vaauum system is completely installed and in operation). Due to the much higher temperature the
concentration profile of the hydrogen will be determined duing the bake-out time which is then
‘frozen-in’ at room temperature. Again, for t > 0.5t_ore obtains
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. 2D, Dyt (19
J giff _TCO €X 4d—2

where D, is the diffusion coefficient at room temperature, D, at bake-out temperature and t, the bake
out time. t(523K) = 25 h, so that Eq. (15) can be gplied. We obtain uncer the described bakeout
condtions

jan = 6010 mbar/scm? (16)

which is constant for pradicd times. This value is alrealy acceptable for modest UHV applicaions,
and an utimate presare of 610 mbar (6-10° Pa) can be expeded (A.= 10000cm?, S= 100 L/s as
abowve). A second keke-out would reduce the outgasdng rate by a fador of 2.6 acwording to this
cdculation.

4, PRE-BAKE-OUTSTO REDUCE OUTGASSING

To further reduce outgassng rates below a level of 10 mbar I/'s cm®, Calder and Lewin [9]
investigated in the 19605, how high-temperature pre-bake-out in a vaauum furnace ould be used to
degas hydrogen from stainless $ed to reduce its bulk concentration (pre-bake-outs are caried ou
before the vaauum system is installed). Since Dt appeas in the exporent and D is exporentialy
dependent on temperature it seams much more dfedive to increase the temperature of the bake than
to increase the bake-out time.

With their available data, Calder and Lewin cdculated that a 1-h bake & 1000°C would
deaease the outgassng rate & room temperature to the same level as a 300°C bake for 2500 h.From
the permedion o hydrogen from the @mosphere into the material during in-situ bake-outs and the
resulting ougassng rate & room temperature, they concluded that outgassng rates as low as
10" mbar I/s cm’ could be atieved. Their experimental values were two orders of magnitudes larger,
but were dtributed to limitations in their apparatus. However, many other investigators after Calder
and Lewin failed to read lower outgassng rates than 10" mbar I/s cnm®.

From our present knowledge, Calder and Lewin were in error for several reasons.

1. Their diffusion coefficient values were based onan investigation by Eschbach [10] in 1963.
These values were determined by measurements of the permeaion d hydrogen through stainless
sted. In later investigations it becane dea that the surfaceoxide plays a very significant role when
permedion rates are measured. Louthan and Derrick [11] have caried ou a very careful experiment
to measure the permedion rate of deuterium through austenitic stainless ¢ed. The diffusion
coefficient of hydrogen and deuterium is very much the same and shoud scde with the square roct of
the mass which is probably within the uncertainty of the experimental values. Hence the hydrogen
diffusion coefficient shoud be larger by 1.4.Louthan analysed the time-temperature dependence of
deuterium flux through austenitic stainless $ed foils which were in contad with lithium deuteride
(LD) powder to prevent oxidation d the sted surfaceby Cr,0O, + 6LiD - 3Li,O+ 2Cr + 3D,. There
are dso similar readions to reduce iron and rickel oxides. Louthan found large differences of
permedion rates depending on surface preparation which, at a given temperature, were orders of
magnitude different. Their final result for the diffusionin 304type sted (304, 304N, 304.) was:

1
D = 6,600 exgt 222 Kea/molp, ¢ (17
O RT @O

where 12.9 kcd/mol correspondto 0.56eV. At room temperature this gives avalue of 2.4 - 10" cm’/s
to be compared with Eschbadh's value of 5 - 10™. This is consistent with the observation d Louthan
that oxide layers as probably present in Eschbad's experiment reduce the permedion rate
significantly.

The amnsequence of higher diffusion d hydrogen in stainless $ed is that Calder and Lewin
underestimated the total outgassng rates at room temperature acording to their pure diffusion
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limited theory, but their general conclusions are true
in bah cases (for example that a 1-h beke out at
1000°C is completely sufficient).

2. Their second error is related to the fad that
surfacelayer eff eds were negleded. For the example
of the permedion rate measurements, we have
already seen that oxide layers play a significant role.
If we believe that Eschbady's measurements were
corred, bu taken from a tedhnicd surface with a
normal oxide, and consider the results of Louthans
from an oxygen-free stainless sed surface than the
effed of the surfacelayer is abou a fador of 40 at
room temperature. Other investigators have mlleded
data that surface layers ggnificantly affed
outgassng rates. Odaka and Ueda (Fig. 7) have

10-10p

outgassing rate after baking
( PanmPs m?)

10-11
b

oxide layer thickness of Cr (nm)

Fig. 7 Outgasdng rate dter in-situ beking as a
function d the oxide layer thicknesson stainless sed.
Reprinted from Vaaium, 47, K. Odaka and S. Ueda,
p689 Copyright (1996, with permisson from
Elsevier Science

determined ougassng rates depending onthe Cr-oxide layer thickness on stainless sed [12]. The
outgassngrate & 3.6 rm thicknesswas abou afador of 5 lower than with 1.6nm thickness

3. An error, closely related to this, is that the permedion measurements were caried ou with
pure hydrogen. Eschbacdh, havever, naed that adding a few Torr of oxygen to the hydrogen caused
the permedion to deaease by a fador of 10 a more. Considering that in air 159 Torr (21 kPa) are
present the reduction effed is probably much greaer than afador of 10, perhaps 100.

4. When a hydrogen atom has moved to the
vaauum surface it needs ancther hydrogen atom on
the surfaceto recmbine. The smaller the number
of fredy-movable hydrogen surface @&oms, the less
probable is recmbination. This means that when
the out-diffusion d hydrogen atoms to the surface
bemmes snall, the recombination d the hydrogen
atoms might be the limiti ng step. The outgassng
from the surfaceis then nolonger given by the out-
diffusion rate, bu by the rate & which the
hydrogen atoms can recombine. The assumption d
Cader and Lewin in solving the diffusion
equations, that the surface density of hydrogen is
aways zeo, is therefore very questionable. In
contrast, if the surface density was zeo, the
recombination probability would also go to zero
and the number of hydrogen atoms would
acwmulate on the surface urtil the rate of
recombination equall ed the rate of diffusion to the
surface Therefore, the surfacedensity can never be
zero and the diffusion equations have to be solved
by a boundry condtion, which takes the
recombination into acount. Moore [13] cdculated
this numericdly and Fig.8 shows the H
concentration profile in the qoss ®dion d an
infinite plate 1.9 mm thick dwing a vaaum
furnacebake-out at 950°C. The label numbers are
the bake-out time in semnds. Due to the finite
concentration on the surface there is a major
departure from the diffusion limited profile. As
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Fig. 8 Hydrogen profilein astainless $ed shea of 1.9 mm

thickness at 950°C with time & parameter in semnds.
Caculations of Moore for remmbination limited
outgassng. The lower figure is an enlargement of the upper
one for larger times. From Ref. [13]. Copyright American
Vaauum Society.

H, Concentration (cm*STP) fem®)

time increases, the distribution approaches a sine function dus a cnstant, instead of the pure sine
function with pure diffusion limited ougassng. This sne comporent deaeases as time goes by and
after 200G the mncentration is pradicdly uniform. This is the time where the outgassngis limited
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by the recombination while the diffusion is dill fast enoughthat every two surface @&oms which
recombine aeimmediately replacal.

When Moore analysed the outgassng rate versus time, he noted, that after abou 1000s the
recombination limited ougassng will be orders of magnitudes higher than the results with the pure
diffusive model. It is usually assumed that the recombination rate is propartional to the square of the
number density of surface @&oms n_times arecombination coefficient K

Jree = Krech§ (18)

By fitting this model to experimental values [14], Moore was able to determine K _ to 3-10° cm’/s at
95C°C.

If the desorption d H, is governed by the recombination rate, the surfaceroughress which
affeds surfacediffusion, shoud also change the dfedive H, desorption energy. This was indeed
indicated by experimental results from Chunet al. [15]

From Calder and Lewins work and their errors that have been described abowe, the foll owing
conclusions can be drawn:

1. Pre-bakes at high temperature ae avery efficient way to reduce outgassng d hydrogen
from stainless $ed. For aluminium as vacuum material for XHV it is probably a grea
disadvantage that high temperature bakes (at least nat with currently available dloys) are
not possble.

2. The diffusion model which describes the outgasdng orly by the diffusion rate withou
considering the recombination rocessat the surface ad the role of the oxide layer is nat
sufficiently acaurate to predict temperatures and times needed for very low outgassng rates.
Much longer bake-out times than cdculated by Calder and Lewin are necessary to oltain
outgassng rates < 10™ mbar I/s c’.

3. Permedion rates as cdculated by Calder and Lewin are probably too high by a fador of
100, maybe 10000.

That these aonclusions are adually true, has recently been confirmed by Nemanic, Setina and
Bogataj [16, 17. They wanted to produce vacuum insulating panels withou getters. For this reason, a
material had to be foundwith ougasdng rates © small that high vaaium could be kept for 10 yeas
withou pumping. This required a search for materials with outgassng rates below 10™ mbar /s cn’.
Their solutionwas to use a0.15mm austenitic stainless $ed foil which was baked for 68 hat 265°C.
They obtained ougassng rates of 10" mbar I/s cm® A thin material has the grea advantage that
much shorter times or lower temperatures can be gplied, which can be seen from Eq. (15). If d is
reduced by afador of 10,Dt, can be reduced by afador of 100to get the same outgassng rate with
the diffusion model. As we have leaned, this model is insufficient, but predictions with the
recombination model are rather difficult, becaise the extrapdated o measured recombination
coefficients K _ differ by 4 aders of magnitude [17]. Nemanic has used the dimensionless Fourier
number F,

Dt (19

to charaderise bake-outs. He foundthat F, of abou 50 is required for outgassng rates as low as
10" mbar I/s cm® and with F, = 160 he was able to oltain 2-10" mbar I/s cm® For comparison,
F,=13for a 2-h bake & 1000°C of a 3-mm thick stainless sed plate. Fremerey [18] used a 25-h
vaauum firing at 960°C instead o only 2 h,aswas normal in the past, and oliained an ougassngrate
of 10" mbar I/s cn’.

In conclusion, if very low outgassng rates must be adieved, much longer bake-out times than
in the past shoud be used for 2 mm to 3 mm tick stainless sed, or aternatively much thinner
material shoud be used. Perhaps in future XHV chambers or CERN accéerator tubes will be built of
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0.15 mm stainless s$ed fail, just enoughto withstand atmospheric presaure, welded to stronger
suppatsto suppat the structure.

We mentioned in the last sedion that the optimum value of bake-out temperature of an in-situ
bake-out may strondy depend on the pre-treament. Jousten [19] has measured ougassng rates
depending onthe bake-out temperature of a previously vaauum-fired stainless $ed chamber and
foundthe surprising result that lower bake-out temperatures gave lower outgassng rates (Fig. 9). The
measurements were caried ou with the presaure-rise method (see next sedion). The presaure rise
was linea indicating that no significant amourt of water desorbed from the surfacebut only hydrogen
(seenext sedion).

There ae other effedive procedures to reduce outgassng, for example oxidation d stainless
sted in air a 200°C to 250C [16, 17, 20, 2]l These generaly give very low outgassng rates for
hydrogen, bu for thicker samples (> 2 mm) not as low as the described high-temperature bake-outs.
An advantage of oxidation is that the number of carbonimpurities present on the surfaceis gredly
reduced [7] with the mnsequence that the production and ougassng d CO, CO,, and CH, may be
also reduced. Additionally, after a 250°C bake-out in air, iron oxde dominates Cr,O, at the surface
[7]. Iron oxde has an even lower diffusion coefficient than Cr oxide. However, if also the structure of
iron oxde is of advantage (pores?, density?) is yet unclea and ore hasto be mncerned abou the loss
of anti-corrosion effed. Anather beneficial effed of the oxide layer is that the number of adsorption
siteswhich have ahigh desorption energy are mnsiderably reduced.

Anather method to reduce outgassng is glow-discharge deaning which has mainly been
developed for cases where high-temperature baking was not possble, for example in fusion devices.
This method seems to be beneficial when a chamber is made for plasma processng, because aplasma
may liberate much more highly-bonded carbon oddes and hydocarbors than can be removed by
thermal methods. More information can be foundin the ‘Outgassng III' chapter by O. Grobrer in
these procealings. Generally, the outgassng rates at room temperature dter glow-discharge deaning
are mnsiderably higher than with the dove mentioned thermal pre-bake-outs. Glow discharge
cleaning can aso be combined with oxidations.
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Fig. 9 Meaured ougassng rate vs. bake-out temperature  Fig. 10 Scheme showing the principal experimental set-up for
for a vaauum fired stainless sed chamber. The numbers the two main methods of outgassng rate measurement. In the
follow the drondogicd order. Between eadr throughpu method the pressure drop aaoss an aifice of
measurement the damber was exposed to air and known condwctance is measured, in the presare rise-method
subsequently baked for 60h From Ref. [19]. the acamulated gas presaure is measured in time.
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5. OUTGASSING-RATE MEASUREMENT METHODS AND THE PROBLEM OF RE-
ADSORPTION

Outgassng rates are measured by two general methods (Fig. 10: in the first, the dhamber under test
is pumped through an arifice of known condwtance and the pressure drop aaoss the orifice is
measured as afunction d time (outgassng rate may depend ontime, as we have leaned in sedions 3
and 4. This is cdled the throughpu method. In the second method, the presaure rise with time is
measured in a dosed system after evacuationto alow pressure. Thisis cdled the presaure-rise or gas-
acamulation method. Both methods have a @mmon problem: the measured ougassng rate is a net
rate being the diff erence between the intrinsic outgasgng rate of the surface ad the readsorption rate.
Papers containing pubi shed measurements rarely mention the diff erence between the two rates. It is
widely assumed that outgassng rates measured by the throughpu method can be gplied to the
design and analysis of vaauum systems with pumping parameters SA (pumping speed dvided by
total aregd and sticking probabiliti es that differ from the parameters of the system in which the
outgassng rate was measured. So, ke caeful with the interpretation o results!

There is a third method wing a dired molealar bean from a sample [22] and fes the
advantage that it diredly measures net outgassng rates. Due to the need for cryogenic goparatus, it is
however rarely applied.

Before discussng the problem of re-adsorption, havever, let us first study the experimental
methods in more detail. Figure 10 shows the basic scheme of an apparatus applying the throughpu
method. Two gauges can be used to determine the presaure drop aadossthe condwctance C, bu very
often it is assumed that the downstream pressureis negligible. Thisis arather crude assumption when
low spedfic outgassng rates (<10" mbar I/s cm’) are measured and shoud na be acceted in these
cases. The gauges doud be cdibrated. The test sample can be d@ther the cdhamber itself or a sample
that is put into it. If a sample is used, a badground measurement must be taken first withou the
sample. The total outgassng rate must be higher than the outgassng rate from the chamber to get a
ressonably highsignal. If thisisnaot the case, the sample can be heaed.

Sincethe presaures to be measured are usualy very low in
the throughpu method (<10° Pa), orly ionisation gauges can be
used for this purpose. This involves a big problem. Crossed-
field ion gauges have the problem of a relatively high pumping Sample Chamber
spedl that may be comparable to the conductance value of the
orifice and would therefore significantly falsify measurements
(indicating lower outgassng rates). On the other hand, youwill
hardly find a hot-cathode ionisation gauge with an ougassng
rate <10" mbar I/s. To get this low value, the gauge has to be
spedally prepared, degassed and evacuated over alongtime. An
outgassng rate of 10 mbar I/s can also be produced by 1000
cm’ surface aeawith a spedfic outgassng rate of 10™ mbar I/s
cm’. In this case an error of 100% would occur (indicaing
higher outgassng rates). Considering that normal hot ionisation
gauges have outgassng rates of about 10™° mbar I/s, it becomes ’

SWIRSR
Orifice

clea that one of the first things that shoud be dedked, when
measuring total outgassng rates of this order, is the outgassng
of the gauge. to Pump

Yang, Saitoh and Tsukahara [23] have propased the 9+ 11 Experimenta set-up for the
following improvement to the throughpu method (Fig.11). 'MProved throughpu method acrding
They used two symmetricaly arranged gauges, eat separated  © 719 & d. [23. Two ionization
by two valves from the upper and lower chamber. A single ~ 9a19° & used to diminate dfeas due
gauge ca be used to measure both the upstream and @ 0498sSng d the gauges Reprinted
downstrean pressure. With the secnd guge it is possble to oM Vaaum, 46, Y. Yang, K. Saitoh
meaure the ouigassng o the first gauge by taking the 20 S Tsukehara pl37l Copyright
difference between the presaures measured with the valve v (1999 with permisson from Elsevier
open and closed. Science
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Anather variation d the throughpu method is the so-cdled variable conduwctance or Oatley
method [24]. The fixed condwctance is replacel by a variable one or it is pasghble to replacethe
orificein situ by a number of different condwctances. The upstream pressure is measured depending
onthe mnduwtance If the outgassng rate isindependent of the pumping speed, p versus 1/C will give
a straight line. Deviations from it may indicae outgassng d the gauge or dependence of the
outgassng rate on pumping speed o presaure (readsorption).

The presaure-rise method has smilar problems to the throughpu method if ionisation gauges
are used. Outgassng d the gauge may indicae higher outgassng rates for the surface under
investigation, while pumping bythe ion gauge indicates lower outgassng rates. Therefore, usually,
ionisation gauges are only switched onintermittently. But even in this case disturbances canna be
excluded. Ancther posshility is to acaimulate the presaure in a dhamber withou any measuring
device Instead, a valve is opened after a cetain time, and the presaure burst is measured by a total
presaure gauge or QMS, that has to be cdibrated for similar presaure bursts. The ided choice of a
gauge for applying this methodis an inert gauge, which is now available in the form of the spinning
rotor gauge. This gauge neither pumps nor outgasses. Althoughthe residual presaure reading is only
10° Pa, in a pressure rise system this presaure is oonreaded after only afew minutes, even when the
outgassng rates are very low. When the presaure rise method is continued for days or even weeks,
acairate measurements can be made. The presaure rise method fres recently been successully applied
to determine very low hydrogen ougassng rates of UHV and XHV systems. The main problem in
this method, havever, isthe dfed of readsorption. If readsorption accurs, interpretation o results is
even more difficult than in the cae of throughpu method, kecaise the presaure and so the surface
coverage is changing with time.

Redheal [25] has recently analysed the problem of readsorption onoutgassng measurements,
baoth for the throughpa method and the aceimulation method. For the throughpu method e started
with the conservation d mass which requires that the flux of moleaules leaving the surfaceis equal
to the sum of the flux throughthe orifice, the flux of readsorbed moleaules and the dhange in the
number of moleaulesin the volume.

P dp (20
Ag =Ag,, + A s+ KV —
4 " N 2rmkT dt

where g, is the intrinsic outgassng rate in moleaules/s cnv’, g, the measured ougassng rate (or the
flux throughthe mndwctance), A total surface s sticking probability, and K the number of moleaules
inambar | at 295K.

The measured spedfic outgassng rate is given by

q-—P _2 @y

" J2mkT A

where aisthe dfedive pump area
In stationary state dp/dt = 0, so that
G =0m + P__s (22
2rmkT

P a (23)

i = s+ -2

& o %)
Om _ 4s (24)

g 1+2

As

Thisresult isplotted in Fig. 12(top) with the sticking probability as parameter. Typicd experimental
values of a/A= 10", while sticking probabiliti es for water are between 10" and 10°. In this case,
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ratios of ¢ /g = 10° to 10' can be expeded! For hydrogen the sticking probability is smaller, abou
10", so that the a@ror inthiscaseisless
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Fig. 12 Caculated ratio of the measured net outgassng rate to the Fig. 13 Presaure rise-method Calculated relative
intrinsic outgassng rate (Q,/Q) in the throughpu method as a presare rise (in urits of initia pressure &ter
function o the aearatio (open areato an ided pump to total areg a/A  closing the valve) versus time. From Ref. [25].
with the sticking probability s as parameter (top) and the measured Copyright American Vaaium Society.

outgassng rate & function d a/As with pumping time @& parameter

(bottom). Outgassng by dffusion Q, has been included in the lower

figure. From Ref. [25]. Copyright American Vaauum Society.

Anather problem is how results from an ougassng measurement can be used under diff erent
pumping condtions. Figure 12 (bottom) shows the outgassng rates of H,O, as they would be
measured under different pumping condtions (a/A) and various pumping times. Also dffuse
outgassng d 10™ Torr I/s cm® was considered here. It is clea that the measured outgassng rate is a
function d the pumping parameter and sticking probability for a/As, greéer than some aitica value.
And the dhanges can be very significant (> fador 10). In the cae of the acamulation method the
pumping speal is zero and equili brium adsorption isotherms can be used.

Figure 13 shows the increasse of hydrogen presaure with time. P’ is the presare, if no
readsorption cceurs, p with adsorption, p, is the presaure in the beginning d measurement when the
pump valve is closed. It shows that the increase of p with readsorption is smaller by orders of
magnitudes than withou adsorption and far from being linea in time. Q/Q, is the ratio of true
outgassng rate to the measured ougassng rate.



124

Experimental curves of hydrogen ougassng, havever, show a completely linea presaure rise
over long periods of time (Fig. 14. What is the solution? It is well known that H, adsorbs
significantly onstainless $ed walls, when injeded into a evaauated vessl, so an adsorption rate = 0
can be excluded, if the surfaceis empty. S0, is the conclusion that all sites avail able for dissociative
adsorption d hydrogen moleaules are occupied? Redhead [25] could explain the experimental results
with the foll owing model:

1. The rate of hydrogen desorption is limited by the rate of recombination and by thermal
desorption.

2. Thereis a number of type A sites accessble to H atoms from the interior. The diffusion
rateis o highthat, as soonas stesare enptied by desorption, they are immediately refill ed
from theinterior.

3. There anumber of type B sites that are not accessble to H atoms from the interior, for
example due to an effedive oxide layer, bu these sites are invalved in the al/desorption
cycleswith H, in the gas phase.

After starting a presaure rise these type B sites will | ead to readsorption, bu will, because of
their small number soon saturate and readsorption will ceae. Redhead has cdculated (for the
experimental condtions of Fig. 14) what the ratio between the sites A and B may be to see alinea
presarerise. If o, /o, < 30%, the presaureincreases linealy after 1 h (Fig. 15.
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Fig. 14 Presaurerise method Measured presaureriseina Fig. 15 Calculated relative presaurerise (in units of initial
vaaium fired stainless $ed chamber with a spinning rotor presaure dter closing the valve) with the model introduced
gauge. Experiment caried ou by the author. by Redhead. From Ref. [25]. Copyright American Vaaum

Society.

From this model, which explains experimental results, we have anather indicaion that at low
outgassng rates the asorption d hydrogen from a stainlesssted surfaceis nat diffusion rate limited,
but recombination limited. Otherwise it could na be explained why all available sites are dways full .
From the experimental data, and assuming desorption energies of H, between 18 and 24kcd/mol,
Redhea cd culated the number of the avail able type A sites. This ranged from 10° to10° mondayers.
This low value means that the distance between neighbouing sitesis rather large and makes obvious
the recombination as being the rate limiti ng process

6. CONCLUSION

At the end d thisreview, it shoud be nated that the outgassng o materials both in theory and
experiment is a very vivid subjed, heavily discussed, and very complex, and there is dill much to
lean abou it. The important problems will only be solved, if metal/material science, surfacescience
and vaauum sciencework closely together.
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