GETTER PUMPS

C. Benvenuti

R&B ENERGY
C/O CERN-CH 1211
Geneéve 23

1. Generalities
2. Evaporable getters
3. Non-evaporable getters

4. Thin film getter coatings




1. Generalities

Miolecular mean free path A

73T

A= cm
10 r,” p
T = absolute temperature (K)
p = pressure (Torr)

. . . 2
nr’ = collision cross section (cm’)

ForN, mr =4.26x 10" cm’
at 295K, A =5x 10" p

[ie. 5cmat 10° Torr, or 5 x 10° cm at 10° Torr]

Molecular flow for A >>wall distance
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- Conductance and surface pumping

The conductance of C of an orifice (zero wall
thickness approximation) may be expressed as

C=3.64(T/M)” /5" cm?

absolute temperature (K)
molecular weight

With T
M

If all molecules impinging on a surface are
captured, C represents the specific pumping
speed S of the surface.

More generally
S=a3.64 (T/M)” /s cm”
where o is the sticking probability
O<a<l)

Fora=1, S=44 /s' cm” for H
and S=12/¢s" cm”forN
at room temperature

2

2
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- Surface adsorption capacity

The monolayer capacity of an atomically flat
surface is of the order of 5 x 10" molecules cm™

It this monolayer of gas is released in a

spherical volume of 1 £ (surface area ~ 500 cm?)
the pressure increase would be 7 x 10° Torr.

Therefore

surface degassing is the main obstacle to
achieving UHV conditions.

Conversely

under UHV conditions, surface pumping may
be adopted.
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- Surface saturation time (monolayer formation)

Combining surface pumping speed and
capacity, the surface saturation time t_ becomes

t, = 10° p seconds (p = pressure in Torr)
when assuming
sticking probability = |
atomically flat surface

ambient temperature
N, gas (M = 28)

Therefore, t = 1 second at 10° Torr under these
assumptions.
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- Sojourn time, desorption probability

For a molecule adsorbed with a binding energy
E on a surface at a temperature T the probability

of escape v is
-E_
v=veRl (Frenkel, 1924)

where v, is an attempt frequency, of the order of
the vibrational energy of the adsorbed molecules

(v,=10"s") and R = 1.98 x 10” kcal mole™ k™.
It 1s often more useful to use the reciprocal of

. ] . .
this term, T = e known as mean sojourn time or

mean surface lifetime

E
t=1eRT

Obviously, a surface provides a good pumping

action when 1 is much larger than the duration
of the experiment.

Typical values of t are given in table I [1]
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Large t© values imply large E. However,
surfaces providing low E values may display a
useful pumping action when reducing the
working temperature.

The Frenkel equation is often used in its
logarithmic form. By plotting log P versus 1/T
the measured pressure P is represented by a
straight line the slope of which defines the
energy of the considered adsorption process.
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- Gas-surface binding energies

Two types of forces may bind a gas molecule to
a surface.

Chemical forces

involving electrons, €.g. hydrogen bonding,
covalent or metallic bonding, characterised by
binding energies typically in the range of some
eV per molecule or larger than 10 kcal/mole

(0.4 eV/molecule = 10 kcal/mole).

Van der Waals forces

of electrostatic nature, e, g. dispersion or polar
forces, characterised by smaller binding energies,
lower than 0.4 eV/molecule or 10 kcal/mole.

In the first case (chemical adsorption or
chemisorption) long sojourn times are possible
at room temperature (getter pumping).

In the second case (physical adsorption or
physisorption) pumping requires surface cooling
(cryopumping) because the mean sojourn time at
room temperature is too short (see table D).
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- Definition of getters and getter pump types

Getters are materials able to fix gas molecules
on their surface in the form of stable chemical
compounds.

To do so, their surface must be clean.

There are two ways of producing a clean
gettering surface

- by "in situ” deposition of a fresh getter film

- by heating an oxidised getter to a temperature
high enough to diffuse oxygen from the
surface into the getter bulk.

In the first case, we speak about evaporable
getters in the second case about non-evaporable
getters  (NEG) and the required heating
temperature is called activation temperature.

C. Benvenuti, CAS on Vacuum Technology, 28 May — 3 June 1999 Page 8



WHAT GETTERS ARE

A

CLEAN

//////// SURFACE

2 PARTIALLY
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SURFACE

3. Y, . SATURATED
y S/ SURFACE



EVAPORABLE GETTERS
(SUBLIMATION PUMPS)

Sépissteteciescoier’

THE SATURED SURFAZE IS
COVERED BY A FRESH LAYER

NON-EVAPORABLE GETTERS
(NEG)

VTV T3

SURFACE ZLEAMED BY QIFFUSING
THE ABSORBED MOLECULES INTO
THE BULK (BY HCATING)

CONTINOUS OR INTERMITTENT HEATING



2. Evaporable getters

The two materials most widely used as evaporable
getters are Barium and Titanium [2].

Barium is usually sublimated from a BaAl, alloy
by heating at ~900°C. It is used for pumping
vacuum sealed devices (electron tubes) and the
sublimation is done in one single process before

sealing. It 18 not used for UHV applications and will
not be discussed here. For more details see ref. [3].

Titanium is the most widely used evaporable getter
for UHV applications. It is usually sublimated
from filaments made of Ti alloys (with Mo or Ta)
heated up to 1500°C, temperature at which the
Ti vapour pressure is about 10” Torr.

‘Titanium films provide sticking probabilities of
1 -5 x 10" for H, and 0.4 — 0.6 for CO at room
temperature. Cooling to liquid N, temperature

~enhances these values to 0.1-0.3 for H, and
about 1 for CO [4].

‘Other materials (Ta, Nb, V, Zr, Mo) have also
been used, but their behaviour is not as good for
various reasons [5].
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Warning

Sticking probabilities reported in literature for a
given gas-getter combination present a large
spread. Besides possible experimental errors, this
spread has two distinct causes, namely

- surface roughness
which may result in a large number of molecule-
surface interactions, i.e. higher capture probability

- 1nitial surface contamination
which may reduce the adsorption site density
available for pumping; this effect is particularly
important for measuring systems which provide
a base pressure higher than about 10° Torr and/or
when the sticking probability is measured at high
pressures (10" — 10° Torr).
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At room temperature all gases but H, adsorbed by
a Ti film remain on the surface, resulting in a
progressive reduction of pumping speed. On the
contrary, H, diffuses and its pumping is not
affected by surface blocking.

On the other hand, the high (> 30 kcal/mole)
binding energies prevent the desorption of gases
adsorbed on Ti at practically allowed temperatures.
Again H, represents an exception, since its lower
binding energy (~ 20 kcal/mole) allows desorption
by heating (see Table I).

The initial pumping speed of a Tij sublimation
pump may be restored by a further sublimation
process. The total pumping capacity is therefore
very large and depends on the available amount
of Ti in the filament.

The ultimate pressure of a Ti sublimation pump
1s in principle not limited: in practice it may be
spoiled by the presence of rare gases and
methane if an adequate pumping for this gases is
not foreseen.
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In conclusion, Ti sublimation pumps provide the
following advantages and disadvantages:

Advantages
large pumping speed
large pumping capacity
unlimited ultimate pressure
compact
inexpensive

casily operated

Disadvantages
no pumping for inert gases
CH, production (?)

localised pumping (particle accelerators D
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3. Non-Evaporable getters (NEGs)

NEGs are usually produced by fixing a powder of
the getter material to a (metal) substrate by
pressing, sintering or cathaphoresis [6]. After
insertion in the system to be pumped, activation is
carried out by heating.

Usually NEGs are alloys of the elements of the
IV B columns of the Periodic Table, to which
some of the actinides and rare earths may be
added. Also Al is often added to increase the
diffusivity of the adsorbed gases when heating.
For more details on this subject, see [7].

The performance of a given NEG is characterised
by activation temperature, sticking probability,
surface capacity, total pumping capacity (for H,
and for heavier gases) and particle loss.

Since NEGs are highly porous (i.e. the small
grains are in poor contact with the substrate), the
danger of pyrophoricity imposes a lower limit to
the activation temperature (350 - 400°C).
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If compared to Ti sublimation pumping, NEG
pumping presents the risk of powder peel-off
(excessive heating or H, embrittlement) and a
lower pumping capacity; however, NEGs may
provide linear pumping and passive activation, if
the activation temperature is compatible with the

baking temperature of the chamber where the
NEG is inserted.

This feature is particularly attractive because 1t
removes the need of electric teedthroughs and
powering/control systems and allows Increasing
the NEG surface and consequently its pumping
speed.

All NEGs available on the market are produced
by SAES Getters. We will consider here only the
St 101 and the St 707, which are the best suited
for UHV applications.
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Chamber Degas sing rates
Specifi

[Tprr t’s'lcm'?] Total [Torr #4571

NEG Pumping Speeds

(at zero coverage)

Specific [#s"1m] - Total [

Sputter-lon Pumping Speed s

Estimated ultimate Pressures [Torr]




1x1011

1x10'12 .‘ e

Pressure [Torr N, eq.]

1x10713

Number of SP's ignited

Variation of the total pressure measured by the
Helmer gauge on chamber 1, as a function of the

number of SP's ignited, about 400 hours after

bakeout.
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Partial pressures [Torr]

1x104

1 ‘ ‘ N 10
Number of SP's ignited
Variation of the argon and methane partial pressures,
as a function of the number of SP's ignited on chamber
2, about 400 hours after bakeout. The straight lines
represent the partial pressures calculated under the
assumption that all pumps provide, for the same gas,

the same pressure independent pumping speed.



Both the St 101 and the St707 have been
extensively studied at CERN. The St 101 has
been selected to provide the main pumping for the
Large Electron Positron Collider (LEP) [13]
(see Fig. 1). The main results are the following.

Ultimate pressure

A LEP chamber (12 m long, made of Al alloy,
baked at 150°C pumped by St 101 and a sputter-

ion pump of about 30 /s’ speed reaches an
ultimate pressure of about 2 x 107 Torr, mainly
due to Ar and CH,, gases not pumped by the
getter. By adding 6 additional sputter-ion pumps
a pressure of about 5x 10" Torr (mainly H) is
obtained [14] )see Fig. 2 and 3). Making use of
the St 707fully covering the inner walls of a
stainless steel chamber, pressures in the low
10" Torr have been achieved after passive
activation during 350°C bakeout [15] (see Fig. 4).
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Pumping speed variation as a function of the
amount of gas pumped

The S(Q) curves obtained at room temperature for
the St 101 [16], represented in Fig. 5, indicate the
importance of NEG porosity.

A mathematical model of the pumping process
points out that, for a given gas load, the NEG
pumping speed is proportional to the square of
the porosity in the coverage range of practical
interest. This model allows estimating the
porosity from the S(Q) curves, in good agreement
with the values obtained by direct porosity
measurements.

The developed model also allows stipulating
that on the St 101 CO is not dissociated (single
site adsorption) while H, is dissociated (2 sites

adsorption) as well as N, which however occupies
6 adsorption sites.

When gas mixtures are pumped [17], CO was
found to inhibit the pumping of other gases, while
N, has a small surface blocking effect and H, does
not produce any blocking at all.
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NEG STRUCTURE

\

SUBSTRATE
(0.2mm)

SIMPLIFIED NEG STRUCTURE

NEG
FILM
(0.71mm) .

SUBSTRATE
(0.2mm)




AF = AREA OF FLAT SURFACE
Ay = AREA OF VOID ENTRANCE

= DIAMETER OF VOIDS
L = LeNGTH OF voIDs
n‘? = NUMBER 0OF VOIDS/cm?

g < NUMEER OF ADSORPTION
SIIES PER METRE OF
NEG (without VOIDS)



CAPTURE PROBABILITY = Qy

SATURATION CAPTURE PROZABILITY = Cxay,
FRONT

C = CONDUCTANCE TO |

FOR | —= o, @y —1
MONTE CARLO SIMULATION
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How a given NEG may be improved?

Increase porosity
'S oc (AJAY
1979 AJ/A =07
1981 AJ/A =0.11

1986 (LEP) AJ/A =0.13
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St 101 [8] [9] [10]

Composition Zr 84%, Al 16% (at. %)
Getter layer thickness ~ 0.1 mm

Activation 750°C for about 30'
Porosity ~ 10%

Substrate steel or constantan

H, dissociation pressure log(p,, ) = 4.28 + 2log(q) - 7000/T

(pressure p in mbar, H, quantity q in mbar / ¢", T in
Kelvin). |

St 707 [11] [2]

Composition Zr 70%, V 24.6%, Fe 5.4%
Getter layer thickness ~ 0.1 mm

Activation 400°C for about 1 hour
Porosity ~ 10%

Substrate steel or constantan

H, dissociation pressure log(p,,) = 5.14 + 2log(q) - 6250/T
(same units as above).

Note that the equilibrium pressure of H, over the
St 707 (same temperature and H, concentration) is about
two orders of magnitude higher compared to St 101.

Warning
Due to its low activation temperature, the St 707
may be ignited by spot welding.
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A much more favourable situation may be obtained
by means of a Zr(70%) - V(24.6%) - Fe(5. 4%)
NEG (St 707 SAES Getters) which requires
lower activation temperature (300°C-400°C)
and consequently may be passively actlvated’
during the bake-out. , e

N

Electrical insulation is not needed

l

NEG strip may be closely packed in
contact with the vacuum chamber wall

l

The ratio of vacuum system to NEG surface
areas could be as low as 0.5, i.e. about
30 times lower than in the case of LEP

l

Larger pumping speed—slower pressure
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Vacuum system configuration

appendage pump

inserted "linear" pump

inserted "total" pump

surface pump/diffusion barrier




4. Thin film getter coatings

Thin film NEG coatings represent the last step of a
process during which the pump became progressively
closer to the vacuum chamber walls. The getter
thin film coating actually transforms the vacuum
chamber from a gas source into a pump.

Many metal coatings have been studied at CERN
during the last 3 years, namely Ti, Zr, Hf, Nb, V
and some of their binary and ternary alloys [17]
[18]. The coating is carried out by sputtering.

The main goal was to reduce the activation
temperature so as to allow activation also when
using aluminium vacuum chambers, which cannot
be baked at temperatures higher than about 200°C.
This goal has been achieved with a TiZrV alloy
[19], which would be highly pyrophoric when
used as a powder, but does not present this risk in
the form of a thin film, thanks to the thermal
stabilisation provided by the much thicker
substrate. The main results achieved using this
coating are shown in Fig. 6 and 7.

The study is still in progress in view of an application
of this technique to the Large Hadron Collider (LHC)
which will be built at CERN in the very near future.
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Goal

To sputter-coat the inner walls of a vacuum
chamber with a thin film of a low activation
temperature  NEG, which 1s activated during
bakeout |

therefore’

Tact <400°C for stainless steelvchambers
< 200°C for Cu and A/ chambé_rs

in any case

Tact > 100-150°C

~

to guarantee stability in air at room temperature
and

avoid water vapour absorption during bakeout



-~13 .

Benefits

The NEG coating should

- trap the gas coming from the underlying
surface |

- after activation, provide a clean surface,
resulting in a pumping action and reduced
degassing (both thermal and ion/radiation/
electron induced)

ie.
- transform the vacuum chamber from a gas

source to a pump which does not need
space, electric powering, feedthroughs...



2. Material selection

"Vacuum' selection criteria

I)‘

I)

1)

IV)

Chemical affinity for reactive gases
(H,, CO, CO,,O,N....)

For H,

- Very high diffusion coefficient
- Large absorption capacity

- Low dissociation pressure

For O, ;
- High diffusion coefficient

- Large solubility limit

Stability in air at ambient temperature
- Requirements IIT and IV are contradictory:
— compromise 150°C < Tact < 200°C

- Most restrictive requlrement i1s the
O, solubility
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3. Production

Sputtering ideal, because

- Simple, suitable for a wide range of materials

Keeps stoichiometry of alloys

Suitable for distributed coating

Allows éo-sputtering from composite cathodes

Composite cathodes are very interesting, because

- Allow the production of compounds/alloys
starting from easily available pure metals

- Remove the problem of cathode pyrophoricity

- Allow the production of materials non
existing in nature (metastable alloys)

Important

Materials which are pyrophoric as bulk or
powder are stable as coatings (thermal
stabilization by the substrate)
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Sticking Probability

[, wo 7 Juo 1] 2bpu2A02 m,u,,ot:m 02

o) .01
01 Ot
.
M z
: 3
. - 01 ..nwu
.01 7 o
wn
i o
o
)
i o
=
s_
- 001 o
101 3
: Ol

[, w2 sa|nJ2jow]



1002-90-€1 uo pajopdn

s2]9A> buijuan/buiypay jo uaquinpN

O¥ 0¢ « 0¢

P24D2Ipul 25IMJ2YL0 SS2JUN (

sJnoy 2
uo14punp buijpaH

1 1 _ il

01

2 -

Jojooj} buppdiys 'H

01

M)

01

N.«



1002-90-#1 U pasopdn

074

a1

2,002 o
L. 12,081  «.

................................

s2|9A2 buiguana/buiioay jo JaquinnN

o1 4

e g

. sunoy pz
‘uoiyounp Bugoay

01

-

0]}

m:

2"

Joyony buppus H



no uo Jzi1

?wm?cw
{n®) ABasue uodyosje Atewind .
000€ 0052 0002 005+ 000+ 005 A4 e ‘
5 L L ! L L ~m~ “MU f@\\d\AN‘\N‘@h@
w@mmwmmwmmwmwmmmm B
o

pIeIA uosoele Alepuooss jejo}

9:00€ sinoy g o
L9’}
0,052 sinoy g o
06002 SINOY Z ¥
- 8}
D609} 8IN0Y Z &
poAledal Sy # | 2
22

uoneAnde 9,00€ Pue 9,052 ‘0.002 ‘0,091 J9Ye pue paniadal se ‘N uo JziL HIAN Jo A3S

NiAFdaNgHoS D LFyanit N 1SN EH 4



006¢ 01 AiZ!L

(n9) ABasue uosyoeje Atewnd
000€ 0042 000¢ 00G1t - 0001} 00S

0.0G¢ sinoy g o
0000¢ sinoy ¢ ©
0.091 sinoy g v

Oc0¢} sinoy g

peAl@oel sy ¢

uoneAnde 9,052 PUe ‘3,002 ‘0,091 ‘0.0Z} 1d3Yye pue PaAIadal sk ‘N19LE Uo AJZIL DIN Jo A3S

90

pIoIA uono9te Arepuosas jelo}



Performance

. Pumping speed

For H,, average 0.35, max 1 /s! cm?, ‘
For CO, average 6, max 10 /s'! cm™.

. Ultimate pressure
‘Not measurable (lower than 10-!3 Torr)

provided that rare gases and methane are
removed by a pump of a different type.

. Snrface capacity

Up to 10'6 molecules cm for CO, same as

that of available getters based on powder
technology.

Agemg

Up to 50 venting cycles posmble Wlth a
marginal performance loss.

Secondary electron yield
Down to 1.1 (peak value).

. Argon degassing

Lower than 10-!7 Torr /¢s°! cm™



Conclusions

Non-Evaporable Getter thin film: coatings present
many attractive features, of which the followmg
are worth mentioning:

» Low activation Temperature (180 °C)

» Large surface pumping, which may be

distributed linearly to counteract conductance
limitations |

> H, outgassing of the underlying material
irrelevant |

» Major reduction of degassing induced by
surface bombardment (2 orders of magnitude)

» Low secondary electron yield (peak value not
“higher than 1.1)

The solution is robust

> Fast pump-down, activation in poor vacuum
is feasible (10~ Torr)

> Partial, non simultaneous activation is possible
» Only small additional pumps are required



The two main inconveniences of NEG coatings are: |

- The limited life

- The need of heating for activation

Materials which do not produce a surface passivation
layer when exposed to air would not present these
inconveniences. |

Do they exist’ .

C. Benvenuti, EVC 8, Berlin, 23 - 26 June 2003



Obviously, these materials would present the
drawbacks of :

- selective pumping

- low binding energies for the reacting gases

‘Materials with these properties exist within the family
of CATALYSTS. |

Palladium thin film coatings on different substrates

k]

were extensively studied. )

Exploratory measurements were carried out also
on platinum coatings.

C. Benvenuti, EVC 8. Berlin. 23 - 26 June 2003



CATALYSTS

From Greek

Kot . AL®
Down Break

“Subsistances are able to awake affinities which ale
asleep at this temperature by their mere presence. .

1.J. Berzelius, 1836

The usually accepted dﬁ} nition of a catalyst 18 that it
is q substance that increases the rate at which a
chemical system a;)pma{:hé}s equilibrium, without
being consumed in the process.

G.C. Bond
Heterogeneous catalysis
Clarendon Press — Oxford, 1987

C. Benvenuti, EVC 8, Berlin, 23 - 26 June 2003



pd

Surface coverage

o

SR Gl GEman S GRS SET TR N S=—

{& Adsorption >

too weak

too strong

P

Catalytic activity

Parameter measuring strength of adsorption

F1G. 6.1. The volcano curve: dependence of catalytic activity upon strength ¢

reactant adsorption (lower part) and the corresponding variation in surfac
‘coverage (upper part). |



1 3008 ¢ o1 sbpidoyy
e e e . . . P e em - I prargarryiied
I AN {2 'N0JONIINYISO) YIA * TT04YH : B yaod Bugoq Sy (0 SPIBY 15} 6 s 110808 o) SENOA (®) - ideng
97, £ INIDIN 9 V1A - ONETIV » 8¢ 'INDASON TIISY] YIA - oNYIN  ANVANOD DHLLN3IS HOT3M-LNIDHYS -adoyos waowy seq 0 S{QDK (50w seoopur { ) T| - vogu voda peg (z) - VN °
1€ 'Y1I9YLLYE Y1130 ONILEYH S YIA - YWol IOll—m Emggw fosd . . uinas W
. . . - pby —- sy £} /8y
D 8 M3Lsvy v Bul M e g [
l ot —ren () Tomis—al ey re o
— mton V4 éﬂ%ﬁs
Ly / )
1 4 ! g | wamiogp | wayeyieq wapn wappswy | wneinid junide) wein puy 4 | wouey _\ 4859 m_ e ‘INOJ
1 59 5 9a oL 89 193] R o ?.._. PP RO el ek (vl | 9 s Wl SLPRsial $LeP9i5 T ssLaPPeistal It wLPoastal wapustal o PP & () ONNOS
it chaia - _ _ _ - s - W < Ag - S8t wa 0y vt o (wqois jsow prog) - 1A Y4
&ﬁ_ - @Z — @é - EW_ _ mm_ _ wu - é@ - U - 4 - & ore &_ 9 e ez o5t S3LYIS NOWYOIXO
- pui - . - - - - e - . seze y - 'y - WIWON JIWOLY
- -] - - - - ¢ or t erse oree oree vy v's v
. . "
wusn §0 Livsn TO L s 1O Ll tesa 001{vso 66|60 86| wa L6 96| §6|wa v6| v £6]c0esz C6luer  Lbjscoenz 06 X Eu_ﬁ.%“
wniqs; wnjwioy wnisasdidg waiqiag WIope9 deny ! ] wnyyjeuiod wnywiposN jwiApoetosg] WAL
..u. _.n_m..u.wm_.z .u”.v_u...w._»x_ ..ﬁ_h.__.”uwx_ .s...m..:ﬂx, .s.u_q::_:_ 89uP5euy (ox] 19995 ¥ ioX) w9 PSviex] $9PSr 0] SRSy [ox! 9psaY %] | ¢*epsay 0] W0PEe? [ox} .8.3.:3..
g - $0'6 ors (23] @t s ”ws E 'L FE_ - 00z .— &9 ° oy WPy waipoy waduDIy
=.— ot £> o E.P st ‘—m Y v Lon J.—. 9s€ ﬁw el :m ] 20t izzon 2ol sce s8¢ wapotl v vasi
F{3 4 1971 iy
. Geee | M an | g Tl o coar | g v | o oo | T oome (T T 008 | g A ¢ B8 | g Aoy U< - Uz os ‘—& =
act . , . 2]
wva | Lot QLlpesrn §9] sz 89Qoeever [Q]oszst 99 hesrst §9|sezst 9| sorist €9lscost T} oo 191 revri 09 |cosom 6G|zvon 8¢ X x> o501 . w |7d @
. : e R $0l|z0 68| 65e0 - 88 cew 8
- . e
uopoy sunSisY WniLolod qinwisig pasy wANOY] Ain3iow. PIo9 b winuypsid waipH| woiwso Wl wnueuy WDIoOM ! 1 O yiuol wnuog E“__“u
e R O e L B 199,901 PSoLIPIX T 19921901 PSe T IOX nrpSeurlox] | onpsnaviont fI o oo ol upSedvoxl | eopseay (5} 20pSesvioxl | cs9epsyrioxl m...n:iq-_ 9:PSrivioxt B.S.R_-x_ c ..xoﬁwn W f ._x.
" J 8 d o n (813 1% J 3
- - [t 4] s i sei m ), ¥et < Tt [ 341 &“ o._« ; tal h- *I d m t u
:“ (V] #< {zot) om 1414 _m [ V24 nm rLee —h €ot I rec- : £90t! postd WQ&MM v WMMM "mﬂw ] WMWM x omww A hﬂ MM“
Wl e — Fre T Ll e A TR I -TreL Tovsy s € y 7/ t Yy e 9¢ ] cel
e 98| oo §8] v ¥8 scor TBleevor 1 Blosooz 08 |esever 6 vros LL zoon QL8 o G L svem tLiveon £L] svanr weet LGlvean 506281 :
uousy auipoy wagn|e) - urg wnipuy T antwped. BAS walpoyy whusginy ,_ winyeuydIe) | uinuspqA{ow E:_awv_uz E:....oxﬂx;_N Esh.:th»_ E..NM“_.S E:_.“__“ﬂx
Weagaprinl | cdgussaprin Jdsscepyint B cdcaseprs | dsisaprinl | dsosneriat | 5Pyt WPy gePrion) RS Meprind _.m.l:_. 15erinnl *5eP! e . - e |6 [ -
- I 2 P " ¥ 318 1 0! 14 ] o9 i
m 90E or 0 veo | 99 F— otL = 162 u 598 m< sot “o”.n @bu 3 QE o nz o -—N i o -—m " A“ o
&L= L sory g g $0t9 SI1ET | 9ISt 4°0LE 8094 aer 3 OQIWN AR fa4d Saet i o A
A o] s T oy vsis | Ser O8EL | gy ozzt | o 000z Vg gor |0 o a ; Iy reves 7 pd s y o ¢ e . 86l ..... /e
oertet PG lvosst £§ soize L Glevsn QG [zere 6 oveir B os o LY (s6) ve'ss 906°26 TT16 $06'88 e 2y'ss
y ‘ . Buow | wamen) ipounp | - weoug 1puodg wapip) waissniod
agdAs WO whuseg Juesiy: wausuIes waipes surg Jeddey »8UD
.._h...u._xw«_ ..,:.-._vha_ vy peivl | dvavapcivl | edwirapeivl | \Iyesre Pl #raPelvl wrapelivl : : ._:vn_.ug _.:1%N__g ..-.33_‘_4 X ..:v%_,.n_.v .e_mnﬂ._a a .iz_n - .iz“..c
) . . i I . s ; .
-—v— n.MnN_ .—m M.Nn am MMM m< NN uw vnmmo cw _%%n :N n:o_n- :u M”oq_ mz sy OU sort mw 9€51L =z w««M ‘—u sl 008t _.—. b4} Um %M u onﬂ z M%M
- L~ £ b 000€ i
- S b §89 | o oE19 otaz il 906 2 osest | Gy KL L g %08z | .. CTVYL e Tor's 33 [ 1 3
(133 L4 x4 b £ ¥ € T e ¢c ) ) ’ h . - .
oves QF |eoses GE|oess P Elezevs EE sz CElerse LE|exse O rsee 68 s 8T jeeess LC| ovwss 9T | sesvs CTlsssis Y| wreos €Ul ocar TT|osewr LTlsoor QT|zorec 61
: . . . . wnjseudo: wmpo
uobsy T e inging snioydsogy uo3H(s waunanty anl a1l L A — aiunan giA gA aAail = {11} ”-noz. w .&ﬂz_m
e rdcaeio] JSEaEion) edeociond sdecion \deution] m e [N e
1 ort 91 wz | O < oce _9(A01%6)ES SPUTHPSILELL US v-giAgilssi v E 059 z vis
roaL- oo~ oLl nwnm b mwﬂ. 2 amwm _ok_g(psoiss T NPOFEISTL o g TLTY Loglhotirst 03 ‘nn.vvnmumw . a0 . Zo8
esai= | As O | eves IV | e v € m”_. LoWPSYTISY BT L_glusyiesL ws ..2 XAV AR L] g 010r ¥ m.m‘.isvnu x..».o—-o Ny ©3 ez N_. 068622 _. P
weose §|esrse []1vooze Q L}scesos G| |ssoee plisiseoz &1l SOUNPLEISIL UNPOELISL *S LHPLIIEOL Pd e gippyszst 4 aolpoziest 3 glhoos vt D wnnihse o
uosN Sunonty weBAXO usBoiuN u0gin) usiog ©-8PTYISLL A voglpygley 3% . Jhr.ocuo« AMposiril u og-ruETUYY 03 e .«.__._ a.u..
9T 5T 81 92 2T o1 4z 82 o5 <42 5% o8t 9T T b2 T N o auy0s & . 9(POSIVE1 oL glhrstioIz 94 v * & gRoBIZE _gywocizd % T ¢ - f -
ozt 5051 v 120 9Tz d _APSOSEL M LY -dPRTIZIL 98 Lo(AQODYE) 1£Z Od xbmﬁmw ._.“%" . -8k 0IXEISEL &M%.v:.nw“m - ﬂm Py —.— cont
N m A O - z o1 oo focoz! L0k, X9 1IEEL _sipgalse  § erviee 4 T C_akozirel iee ISy adg| b
- Soeal - gebl- - 3 . R ‘. g ° -
RS I T E - et e t uM. N“Mn.w_”“.%wmw _eUNIPELILE eX.gpS 11161 0 (4221991 °H UYPINS 0 desoiz | € | sces £
caror () ]|reeent vossst G 2900w Lision Q1o S Ll L. glpoPIEOL M8 ©gipee oL g{pLYIEOT 9z 5109 _wATEE)
LA 01X8YIBEL M Ly 4114 i 8 o T
T ot gipYEL 0Lt W1 * ofprgeizzy Vi Lofk 0 1XT TUET dN WA OIL61 BH L aPLASS ©d NPTIUNEL 4 vii ._n H
- VIHIA YIA VA VAl vil G AiALeE 0T UL v gPLeIost Y140 1X8)86 -FL_giperlIgL M ho2re L g(PeoLIasL OV (00
2] ] e -othr6'lezE F-oWL9LIB8L *Y -lAszee N -glhezile W rﬂﬁﬁﬁmwm w) na&z«“::« I vesi
= i 45" olAo, OIXY LIZET WR Loy aLive ¥ LoBPILIYY PN HPLUIL %0 dhonene 1 uw..,aos_« v s
UOMIGALDD UOIPS(S [DUISKE 9 AMdO) LOIINEN _ANESIZL w..e?cuo:oum oy A oglug L irt L_glyglest -’ yk r..nﬁwﬂmﬁ 'y 26£00°1 —.
ooy Aos ounsol L vogeod ¢ WAL )28 ISVBAO0EYTISET LA ZIEE BN -PAMIPOETIES L PO Hhoom}isZ ;
UOrsHy $NOAO, od Lo gAg i ISR I6PT 4o(0008)ErT vi
nud e 5 e oue e HhOCIs M euikor x FTITrE "4 L.gucgles oW L-FIYLIIL 2O ISEANGEIONT 1D Loy a(4aINIErT
VIIA sxydod vospee-1 1 t / »....23%2 u AR SAWOSISTPW A AZZIELT 4 L apseivYt @ iojdgcy)iyruv dNO¥O
. 4m0|j0} 10 PeyOp #:0 uOKOIPO) Buynies pun Lodep .Mw_nn:.un_ t _sPRELICYL M L g(PR9lLLL o{YOZISST Wi C.gNgeEr L vogps aLLL
jo apow g Buquysep spoquids syl “Afeawdedses uoed - Mnmwmu CopoiA 801160 vy _atha0tlozl M _g(perIes v gipzeitrt Cogeriol L By
pun 1Aop ‘sanoy "seieuru ‘spusaes 10} pueis £ U5 P ' Toikezios 8 weprscilotz o -Elzoriort ©1 AAozis o C.gpeyis P o_gikzzIez 2V

‘s oseum sesoueand W U0 s8a HOY “Jequeu ssow enjq
o hq p a0 1 PADI 4 Qu1in>0 Ajt )

P

sadojos] aAoroipey jo

a|qel

SLN3IINZ13 3IHL H0 31av.l Olaoikiad



CO, Pressure [Torr]

H, Pressure [Torr]
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