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PHYSICS OF OUTGASING

J.L. de Segovia
Instituto de FisicaAplicada, CETEF “L. Torres Quevedd’, CSIC, Madrid, Spain

Abstract

This paper relates the physicad bases of the gassng prenomenain utra-high
vaauum. The main phenomena discussed are: diffusion d gases through
system walls and solids in vaauum, solubility of gases on solids and
permeation as well as the phenomena of adsorption, desorption and

absorption.
1. INTRODUCTION
VACUUM
It has been remgrised for many yeas that gemeaed  dosorbed
gassngand ougassng are processes corntrolli ng e 0 o
the ultimate pressure and gas compaosition in a girgsep

adsorption
N absorbed

high- and dtra-high vaauum systems|[1, 4. The
medhanisms to stimulate outgassng are diverse:

(1) Thermal desorption.

(i) Desorption induced by eledronic
trangitions.

(i) Vaporisation d materials.

(iv) Gas diffuson from the bulk and
subsequent desorption.

(V) Gas permedion throughthe walls. Perm eation: Solubility +Diffusion

In Fig. 1 the several medianisms prodwcing ATM OSPHERIC PRESSURE
outgassng have been depicted.

Fig. 1 Surface ad buk phenomenain vaaium.

2. PERMEATION OF GASESTHROUGH MATTER

Gases permeae throughmost materials, so gases present in the ambient air can permede to vaaium
chambers throughthe system walls. Permedion d gasesis a wmbination d two physicd processes:
dissolution and dffusion. First, the gas dislves in the solid and then it diffuses to the inner wall of
the system. When the gas arrives at the inner surface it desor bsto the vaauum volume.

The dissolution prenomenon oleys Henry's law:
c=sP"

where c isthe @mncentration, P the gas presaure, s the solubility, and n depends on the material andis
1 for non-metals. Diatomic moleaules disociate upon dssolving.

The oncentration is measured in mbar.l or Pam® and it is the anourt of gas expressd in
mbar.| or Pam’ measured at 293 K that dislves in 1l or 1 m’ of substance s is the anourt of gas
measured in STP that disolves in 11 or 1 m® of substance a a pressure of 1033 mbar or
1.033x 10 Pa, for n= 1t is dimensionlessand for n = 1/2 it has the dimensions of mbar®® or Pa™.
After dislving, the gas diffuses to the inner wall of the system acording to Fick’s first law of
diffusion, for the stationary case. The gas flow, Q, throughan areaof unit cross dion and time unit,
isgiven by.
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dc
=-D=
Q dx

where D isthe diff usion coefficient, which depends exporentially ontemperature.

E
D =D,e” 7"
where k is the Boltzmann constant; E is the adivation energy for diffusion, T is the wall temperature
andD, is a wefficient of propartionality.

We ansider awall of thicknessd and very large aea and at timet = O, the two lateral surfaces
are exposed to presaures P, and P,. The concentrations on bdh faces due to solubility will be:

¢, =sP" ¢, =sP"
In addition, the gas flow will be:
ps(py - P")
d

where n = 1 for nonrmetals, and n = 1/2 for diatomic moleaules in metals. Ds = K is the permeation
constant.

Q:

Asthe auili brium is readed in many cases after along period d time, so the transition regime
is determined by applying Fick's sscondlaw:

9%c_oc
ax2 ot
This equation can be solved for spedfic cases useful in vacuum techndogy.

Let’s consider awall as before with the following boundry condtions:

c=0 O<x<d t=0 P=P, P,=0
c=c, x=d t>0
c=0 x=0 t>0

The total amourt of gas permeded into the vaauum is given by:

Q:ﬂa—ﬁE

d 6DE

and the time oonstant:

d2

t,=—
276D

istherequired timewhere Qisvalid. Thistime constant isimportant to determine D. By representing
Qasafunction d t, the value of t_can be determined by extrapolating the straight line and then D cen
be found. Table 1 summarises the permeaion properties of some materials and it can be seen that
elastomers oud be avoided at presaures lower than 10° due to the high permedion rates for most
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gases, helium permedion is important only in dass ystems while gas permedion is not of
importance in metal systems at room temperature except for H, but this gas is not in high
concentrationsin air.

Tablel
Permeaion o gases throughmaterials[3]

Metals Semiconductors Polymers Glasss
Rare gasesdo nd He andH, throughGe | All gasespermede dl | H,, He, D,, Ne, A, O,
permede. and Si. polymers. are measurable through
H,: highratethrough | Ne axd A not Water rate high. SO,
pall adium, throughFe | measurable. Many particul arities Vitreous slica
by corrosionand H, varies as with the material. All rates vary as
electrolysis. (pressure)®”. All rates vary as (pressure).
O,: permedes Ag. (pressure)”.
Permeaionrates vary
as (pressure)™.

Table 2 shows an example of the permeaion d an O-ring o standard dmensions: 0.5-m length
and 4mm diameter for the indicaed materials. The O-ring when compressed takes a squared form
7-mm thick by 2mm high so that the aeaof permeaionis0.5m x 0.002nY’.

Table2
Permedion d air throughan O-ring

MATERIAL | Permeation constant at Air r ate Ultimate presaure
20°C with a 1000l/s pump
(mbar .l.s*.mm.m?.bar™) (mbar .Y (mbar)
Perbunam 2x10° 2 x 10°x 0.002x 1/8=5.0% 10° 5.0x 10°
Viton 3x10° 3x10°x 0.002x /8 =7.7x 10" 7.5x 10"
Sili cone 2x10" 2x10'x 0.002x 1/8=7.5%x 10° 7.5%x 10"

3. DIFFUSION FROM A SEMI-INFINITE WALL

An important case for vaauum techndogy is the degasing d a semi-infinite wall with an initial
concentration ¢, that is exposed at t = 0. The boundry condtions are now:

c=c x>0 t>0
X c=0 Xx=0 t>0

The gassngrate & timetisgiven by

1
Q=cy<d 2(m)™2)
When the vaauum is conneded to apump of speed S the presaureis given by.
L 1
=% =¢;D257(mt) 5 .

Thetotal amount of gas removed from the slab is:
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1

t K
or =(DHCH  dt=27 %, (Dt
T g 50t O 1(Dt)

N~

Note that in a log-log scde the slope is 0.5. The same amourt of gas will diffuse from the
atmospherein aninitially clean wall with afina concentration d c,.
4. DIFFUSION FROM A FINITE WALL

Ancther important case in vaauum engineding is the degassng from a finite wall, with unform
initial concentration ¢, and bah faces are exposed to vaauum at time zeo.

In this case the boundiry condtions to solve Fick’s ond law
d are:
7 c=¢ O<x<d t=0
PO | P=0 c=0 x=0,x=d t>0
The instantaneous gassngrate is given by
H (2i+2)r°Dtf
2cD 2 4d?
Qx=d = ZL zeH :
with
. 4d?
? m° D

which isthe dharaderistic parameter.

Acoording to the value of time with resped to this parameter, the instantaneous gassng rate is
given by

1) t>05,

2D ’D
Q=04 = dCl eE—Zd—ZIE

2) t<O05,

Qx=0,d— d \/1 .

The degreeof outgassgng e.g. the remaining gas in the wall with resped to the initial number of
molealles, is given bythe expresson:



Figure 2 shows the required time to
reduce the initial outgassng rate by
efor the caeof t > 0.5

Example

Let's determine the gas diffusing
from a finite nickel wall inside a
vaauum system with the following
parameters [4]:

Thickness 2.10°m
A: 8.10 kgm®
H, concentration: 10° (10 ppm)

Determination of the outgassing rates
Massof dissolved H,
Molar concentration:
Particle density number:

time, s
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Fig. 2 Timerequired to reduce Q, by afador of e

10°x 8.10°= 8.10° kgm®
8.10°kg.m*/2 kg.kmol™ = 4.10 kmol.m®
4.10° kmol.m".6.16° kmol™* = 2.4.16° m*®

Table3

Cdculation o the diffusion rate from a nickel wall

Temp. Diffusion Time Timeto reduce Gasflow Gasflow at t
(K) coefficient constant concentration, att=0 Q) =Q.e",
D=210""" | t =4d7BD? f=N/N,, by (9 Q,= (2D/d)n,,
(m’s?) (9 (kg.m?s") (kg.m?’s"

01 | 103 106

300 1.0110% 1.6.10 33. | 1.0110° | 2.17.10° | 2.4210° Q(t) =2.42.10".e",
10

500 3.3310™" 48710 1.05 | 3.26.10° | 6.62.10° | 7.99.10" Q(t) = 7.99.10". ",
10

700 4.10% 40510 847 | 27110' | 55.10" | 9.6.10" Q(t) =9.6.10". ",
10

1000 26.10 6.23.10° 1.3. | 41710 | 84710 | 6.24.10° Q(t) = 6.24.10". ",
10°

1300 7.10° 2.3.10 481 | 15410 | 3.1310 | 1.68.10° Q(t) = 1.68.10°. ",
10

Expression of outgassing asP.V.

2000

In pradicd cases, as well asin vacuum engineeing, it is convenient to expressthe outgassng rate &

P.V.
Qpy =

Tdt

_pdV_ RT dm_ RT

M, d M,

Qnm
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Exercise: Let’s apply this expresson to the outgassng d a gylindricd chamber:
Concentration  H,; ¢, = 8. 10° kgm®

Surface overage: 2,=10" m?
Areasof theinner wall: A=5.10° m’
Temperature: T=300 K
Binding energy: E=83 kl.mol*.K"
8 3L BOOK
RT___ molK =1.25.16
Mmol 2 kg kg
kmol
_o J.m? m?
1.125.16.5.10 2 —— =6.15.10 Pa.nt —
kg kg
830002
- molK
E J
-— 8,3~ 300K
Qm =my,ve RT =10, 2 - 10%e  molK =1.1.10° k—29
6.10° m<.s

4 mbar.|

2

2
3
Qpy =6.15.1FPam 2-1.1.10° K9 -6 810
kg m<.s

Despite this high value it is possble to oltain utra-high vacuum condtions in a short time
becaise Q deaeases with atime cnstant of 50 s. However the outgassng from diffusion hes a value
of:

mbatr.|
S

After only two months it will be possble to oltain utra-high vaauum condtions becaise Q
deaeases with avery small constant time.

Q. =2.10°

5. VAPOUR PRESSURE
All materials evaporate and have asaturation presaire given by

LnPg = AE
.

with A and B being constants not depending onT.
The evaporationrate is given by

1
M [ kg
Q... =0.43w VPP kg
max DT |:| S mzs
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where o is the ondensation coefficient, T the surfacetemperature and P, the vapou presaure & T.
Table 4 shows values for the evaporation rate of some metals.

Table4
Outgassng rates of some metals

Metal Mol. weight Temperature Evaporation rate,

(K) (kg.m*s"
Cd 112.4 340 2.50.10"
Zn 65.37 390 1.70.10"
Ca 40.08 550 1.18.10"
In 114.82 760 1.70.10"
Ag 107.87 830 5.70.10°
Cu 63.54 990 1.10.10"
Pt 195.09 1550 1.55.10"
Ti 47.96 1400 8.10.10"
Nb 92.906 2050 9.30.10°
Ta 180.948 2300 1.23.10"
w 183.85 2400 1.20.10"

The materials used in utra-high vacuum devices have vapour presaures that are negligible.
However, they shoud be remembered when using filaments at high temperatures, such as in ha-
cahode gauges and mass pedrometers.

6. ADSORPTION

All solid, as well as liquid surfaces present attradion forces normal to the surface so moleaules
landing onthe surface ca be adsorbed. Adsorbed gases under certain condtions of temperature and
presaure can be desorbed, and are the main source of gasin vaauum systems. Note that the number of
moleaules adsorbed is much higher than the number of moleaules in the volume. Gases can be
removed from the volume by the alsorption processasin sorption punps.

The adsorption-desorption process is controlled by the interadion energy between the
adsorbed moleaule or atom with the surface #&oms. According to this “binding energy”, the
adsorption can be:

We: physicd adsorption.  E < 30 k¥mol
Strong chemicd adsorption. E >100 k¥mol

Figure 3 shows the potential energy curve between the surface ad the alsorbate for the different
kinds of adsorption[5].

6.1 Adsorption physics
6.1.1 Physisorption

When the energy of adsorptionislessthan 30 k¥mol, the energy of interadionis smilar to the energy
between the freemoleaule and the moleaule in the liquid phese, i.e. van der Wads forces. In this case
the potential energy between the moleaule and the surfaceis given by the Lenard-Jones potential:

ek, ml _offE

do 0OdoEg

where E_is the energy minima & the equilibrium distance, d, the equilibrium distance from the
surface ad D the distance from the surface Table 5 gves sme values of the physisorption energy
for glassand carbonwhil e Fig. 4shows atypicd curve of patential energy.
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5 & ANE i
1 B $ E,
Hy=Ep E, Physically adsorbed
i H, molecule
Distance from surface —»
Chemisorbed -
molecule
Distance from surface
(a) (b)
Free
Free atom
atom -
- ~
7 d //
// //
/ /
/ / D
2E, /
/ /
/ D /
/ 2k, [ %
% L
g ? 1 E Free
& I - P molecule
E Physically
A adsorbed
molecule
Chumisorbed H,
atoms < L
E, Free J
Physica-ny-_r molecule
adsorbed .
Chemisorbed
molecule atoms
Distance from surface Distance from surface
(©) @

Fig. 3 Curves of patentia energy surfaceadsorbate. () is for physicd adsorption. (b) Moleaular chemicd adsorption. (c)
Endathermic dissociative chemicd adsorption. (d) Exothermal dissociative chemica adsorption. H, is the alsorption energy,

E, the desorption energy, E the energy for physicd adsorption, E, the adivation energy for chemisorption, H_ the
chemisorption energy and D the dissociation energy.

0,10 4

Table5 2 oosd
Values of some physisorption energies f ‘
Physisor ption energy T\ —T :
\ s (kJ/mol) &
as -0,05 distance from surface, A
M aterial o} H, N,
Glass 17.10 | 8.23 17.81
Carbon 78.17 15.47 Fig. 4 Curve of potential energy for physicd adsorption
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6.1.2 Strong chemisor ption

Strong chemisorption accurs when an alkaline gom is adsorbed ona metal surface In this case there
istransference of eledrons from the alsorbate to the substrate. The interadionforcewill be given by.

(1) Theimaginary paential when the alsorbate is at equili brium distance d, from the surface
(2) The energy derived from the dedron transference

2

Eads :e((p_l)-'-%

0

where e is the dedron charge, N the work function d the metal surface | the ionisation pdential of
the adsorbate and d, the eguili brium distance.

The euili brium distanceis given by:

AV = 4etiN_d,
where N, is the number of avail able sites for adsorption, and AV the contad potential.

6.1.3 Weak chemisorption

This case occurs when the interadion between the adsorbate and the surfaceis of the cvalent
type. The interadion energy is given by.

E,..(A- M):%[Edis(A— A)+E(M -M ) +Ag]

where E_ (A - M) is the energy metal-adsorbate, E, (A - A) the dissociation energy of the asdsorbate

A, E,(M - M) the dissociation energy of the @om of the metal substrate (approximately the
sublimation hea) and Asthe dedronegativity.

The dedronegativity is given by
AS=(Xm — Xa)= MU (dipolemomentun

6.1.4 Kinetics of adsorption
The number of moleaules incident onasurface @aapresaure P and gas temperature T is given by

dn = 7 i
o= (2rkT) 2 =8.32.16"sP(MT)

NP

= k,sP s'm™

where s is the sticking coefficient, P is the presaure in mbar, M the molar massin kg, and T the gas
temperature, K.

or
L

E%H: 27.4SPBLH mbar.m.s*.m™
Odt O M O

The sticking coefficient is the probability for one moleaule or atom to be adsorbed. Once the
moleaule is adsorbed it can undergo migration if the system supgies the adivation energy. It is a
function d the surfacetemperature and o surface overage:

s=5(T)f(6)
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Surface overage, 6, is the fradion between the number of adsorbed spedes and the available
site for adsorption. In a first approad it can be ssumed that s, is independent of the temperature.
Langmuir propased for the dependence of s with coverage that a moleaule is adsorbed when it arrives
at an una@cupied site.

f(8)=1-6
s=50(1-6)

and s, is the initial sticking coefficient at 8 = 0. The number of adsorbed spedes on a surface & a
presaure P and temperature T will be the eyuili brium between the rate of adsorbed moleaules and the
rate of desorbed moleaules[6]
klso(l— 9) P= k29
The anstant of desorption rate (desorption plenomena ae detail ed in another chapter of these
proceelings) is given by.
E
k,=veFR

where v is the frequency fador, 10° s*, E the desorption energy, Jmol, R the gas constant, Jmol.K,
and T the surfacetemperature, K.

The anount of adsorbed gas can be
given in the form of: e T R e

ok, +k$P) =ksP o v

0.7 ]
P P 0,64 / ]
o= K% = o] :

K o kSo ’ -
) 1+jp 1+cP 0.4] T, ]
K, ] ]
0,39 e
which is the well-known Langmuir 024 - ]
adsorption isotherm or the hyperbdlic 0,1_'./ ./ i<k ]
adsorption isotherm. Figure5 shows a S : ' .
typicd representation o the Langmuir 2000 40x1d  60x0  8oxad 1,048

pressure, mbar

isotherm and Table 6 gves sime of the Fig. 5 Representation d the Langmuir isotherms, T < To.

parameters of the alsorption kinetics.

Table 6
Relevant parameters related to adsorption o some gas surface ombinations

Gas | Surface T,,.K L s, N, x 10 ¢ Activation
(wheres, | energy for
startsto | desorption

(K) (cm™) decrease) (eV)

H, | W(pady)[7] 300 300 |0.064 2.24 0.40 0.60

Nb (100 [8] 90 0.23 3.20 0.03
Ni(111) [9] 300 0.10 0.10
co | w(20[10 300 053 4.47 0.60 0.98
Co, |W(100 [11] 300 0.85 0.42 0.20
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