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MOLECULAR SURFACE PUMPING: CRYOPUMPING

C. Benvenuti
CERN, Geneva, Switzeland

Abstract

Week van der Wads attradive forces may provide moleaular gas pumping
on surfaces coded at sufficiently low temperatures. Cryopumps make use
of a @ld surfaceto adsorb gas moleaules. They are usually classed into two
families, depending whether they rely on the binding forces between gas
moleaules and solid surfaces (cryosorption punps) or on the even wedker
forces which hind condensed gas moleaules together (condensation pumps).
The design fedures and the possble gplicaions of both types of
cryopumps are presented. The peadliar behaviour of condensed hydogen,
i.e. its desorption induced by infrared thermal radiation, is described and
discussed.

1 GENERALITIES

1.1 Gasdensity and pressureat T # 300 K

A gas presaure is defined ony if gas moleaules present an isotropic distribution of directions and a
maxwellian distribution of speeds. Under UHV condtions, presaure gauges do nd measure pressaure
but gas density.

If two communicating vessls V, and V, are kept at different temperatures (T, and T,) the gas
densties (d, and d,) and pressures (p, and p,) are given by

P =yT/T, P,

d, ={T,/T, d,

In ather words, in the clder vessel the gas density is higher but the pressure is lower. /1,/1, isthe
thermomolecular transpiration factor.

1.2 Gascondensation

When a surfaceis "cold enough, the sojourn time of the moleaules adsorbed on the surface as
defined bythe Frenkel equation
E

=7 eRT
T=1 €

where E is the energy of vaporisation (kcd molel), R the 1.98 x 103 (kcd mole’l K-1) and T the
temperature (K), may beame gpredably long. The values of the energy of vaporisation E for the
most common gases are given in Table 1 [1].

For a given gas and surfacetemperature, by progressvely increasing the surface overage a
saturation equili brium between gas adsorption and desorption is established. The @rrespondng ggs
presaure isthe saturated vapour pressure. The saturated vapour presaure aurves for the most common
are given in Figs. 1 and 2[2]. These figures indicae that most gases present a vapou presaire not
higher than 10" Torr at 20K, whil e the H, vapour pressure isin the 10” Torr range even at 4.2K, the
baili ng temperature of He. Therefore indefinite heavy gas quantities may be dfedively condensed on
asurfacekept at 20K, while atemperature lower than 3K for H, and still much lower for He would
be required.
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Figs. 1 and 2 Saturated vapou presaure airves for the most common gases.
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Tablel
Energies of vaporisation o the mmmon gases and energies of sublimation d common metals (kca/mole)

Gas He H Ne N CoO Ar 0, CH, Kr Xe (6{0)

Energy of 0020 | 0215 | 0431 | 1-333 | 1444 | 1.558 | 1.630 | 1.995 | 2:158 | 3:021 | 4-041
vaporisation

2 2 2

Metal Ba Ag Cu Ni Ti Pt Mo C Ta W
Energy of 42 68 81 101 113 122 155 171 180 202
sublimation

Surface pumps relying on condensation are cdled condensation cryopumps. In a vaaium
system pumped by a saturated cryopump the presaure is given by p = Q/S + p_, where Q is the gas
load, Sthe pumping speed and p,, the saturated vapour pressure of the gas to be pumped.

1.3 Gasphysisorption

For submondayer surface overages the gas molealles experience the dtradive van der Wads forces
exerted bythe old surface(cryosorption). These forces are larger than those eisting between the gas
moleaules themselves (condensation). According to the Frenkel equation, cryosorption provides
consequently much lower equilibrium pressures.

The energies of cryosorption for the most common gases on various lid substrates are given
in Table 2 [3]. By comparing Tables 1 and 2,it may be seen that these energies are larger than those
of vaporisation byafador 2 to 3for heavy gases, but 10 for H, and 30 for He. As a mnsequence, H,
may be dfedively cryosorbed at 20K and He & 4.2K. More generaly, submondayer quantiti es of
all gases may be effectively cryosorbed at their own boiling temperature (1 bar). These temperatures
aregiven in Table 3. It may be mncluded that al gases except He, H,, D, and Ne may be ayosorbed
at liquid N, temperature. Furthermore, water vapour is adsorbed at room temperature; to remove it,
heaing upto above 100°C isrequired (bakeout).

Table2
Binding energies for physicd adsorption d common gases on heterogeneous surfaces at high temperatures and low
coverages (kcd/mole)

Gas
i
Solid He | H, | Ne | N, | Ar | O | CH, | Kr
Porous glass 068 | 1.97 | 154 | 426 | 378 | 409
Saran Charcoal 063 | 1.87 | 1.28 | 370 | 366 4.64
Carbon Hadk 0-60 136 4.34
Alumina 2-80 346
Table3
Boili ng temperature (K) of gasesat 1 bar
He, 3.2 O, 90.1
He, 4.2 CH, 1116
H, 203 Kr 1197
D, 236 Xe 1650
Ne 271 CH, 1694
N, 77.3 CH, 1845
A 872
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The aurve describing the equili brium presaure evolution oldained by pogressvely increasing
the gas coverage on a given surface maintained at a given temperature is cdled the adsorption
isotherm. The presaure described by the alsorption isotherms reades the value of the saturated
vapou presaire for gas coverages of one to three mondayers. A complete review of the different
types of adsorptionisothermsisgiven in Ref. [4].

Pumps relying on phyisorption are cdled cryosorption pumps. An essential fedure of these
pumpsisthe need of alarge alsorbing area Porous materials, such as adivated charcoal and zeolites
are mommonly used. Charcoal may provide aisorbing areas of the order of 1000m’ per gram, and may
adsorb 3x 10° Torr £ cm” of He & 4.2K before the pressure rises above 10°° Torr [5].

2. CRYOGENIC CONSIDERATIONS

2.1 Surfacecooling

@
=}
[}

Cryosorption punps are usualy cooled to 10-20K by means of
a dosed cycle refrigerator. For pumps of small size (up to
5000/ s* pumping speed) the avail able maling pover is usually

a1
=}
[}

Cooling Power (W)

of the order of 10 W. For agiven refrigerator, the temperature of
the ayosurfacedepends on the thermal load (seeFig. 3). Since 00
low temperatures are desired, the hed load to the ayosurface
must be minimised (see next paragraph). To do so, the old
surfacemust be shielded at ~ 80K, atemperature avail able from 300
the first stage of the refrigerator, which provides a much larger
coding pawer.
For condensation cryopumping, coding is achieved by
means of liquid helium, usually kept at temperatures lower than
4.2K by reducing the presaure over the He bath. The wld 100
surfaceis dielded also in this case by means of liquid nitrogen.
A hed load of 0.7 W vaporises 1 ¢ of He per hou, while ~ 45 W
are required to vaparise 1 ¢ of N, per hour. ‘o 1 1 =
Temperature (K )

Variation o the available

2.2 Thermal load

A cold surfacemay be thermally loaded via thermal conduction,
gas adsorption and thermal radiation absorption.

By properly designing the pump, the thermal conduction
may be reduced to negligible values. For UHV applications also
the hea of adsorption released by the pumped gas is negligible.

Fig. 3
codling paver as afunction d the wld
head temperature for a typicd
refrigerator. Since the required coodling
power must be ejua to the therma
load, higher values of the latter result
in higher cryosurfacetemperatures.

On the mntrary, the radiative loses may by very large. A
surface & temperature T emits thermal (eledromagnetic)
radiation ac@rding to the Sefan-Boltzmann law

Q= eo AT

where Q is the radiative power (W), € the surface enissvity (0 < € < 1), A the surface aea(cn?), o
the constant = 5.67x 10”7 (W cm? K™) and T the surfacetemperature (K). For T= 300K and =1
(black body), Q = 45mW cm?, a hea load which may easily read a few watts for a surface of
medium size

Due to the fourth powver dependence, the radiated pover deaeases quickly when reducing the
temperature. At 77 K for instance the reduction fador is (300'77)* = 220. Therefore shields at liquid
N, temperature are usually adopted to reduce the thermal load by radiation. The shield design must be
optimised in order to minimise the radiation transmisson withou reducing too much the moleaular
conductance, i.e. the pumping spead. An example of this optimisationis given in Ref. [6]. By usnga
"chevron type" shidd, providing arefledivity of 0.07,the 300K radiation load has been reduced to below
10° of the unshielded value, whil e providing 0.25 6 the full moleailar conductanceto the pumping surface
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Anather esential precaiution consists in reducing the absor ptivity of the pumping surface. By a
caeful choice of the surfacetreament (Ag plating) absorptivities of abou 0.01 at 4.2K have been
obtained [7]. Adsorption d water vapou on the pumping surfacemust be caefully avoided because
it may dramaticadly increase the surface dsorption.

3. CRYOSORPTION PUMPS

Coding is usualy aciieved by a two stage refrigerator providing abou 80K on the first stage and
10—-20K onthe second. These temperatures are transmitted to the thermal shield and pumping surface
by medhanicd contad. A part of the wld surfaceis coated with a porous material (e.g. charcoal) to
provide alarge pumping capadty for H, (a few Torr ¢ per gram, depending on temperature and
required presaure).

Loading d the alsorbent by ather gases shoud be avoided nd to spail the pumping d H,.
Since dl heavier gases condense & 20K, pump geometry shoud force the gas moleaules to interad
with the 20K uncoated surfaces, where they are trapped before reading the porous adsorbent
material. The thermal contad with the refrigerator and the glue used to hind the alsorbent material
usually do nd allow baking. After use the gases are rel eased at room temperature (regeneration).

Cryosorption punps may be advantageously used when very large pumping speeds are needed
(higher than 10 ¢ s*) and the vacuum requirements are not very stringent. An interesting applicaion d
cryosorption consists in the initial evacuation of atmospheric a@r making wse of alarge anourt of a
porous material cooled at liquid N, temperature.

4, CONDENSATION CRYOPUMPS

A typicd condensation cryopump is hown in Fig. 4. This pump, described in Ref. [7], may provide
an utimate presaure lower than 10” Torr and pumping speeds of 9, 3,15/ s'ecm” for H,, CO(N,) and
H,O, respedively. The thermal losses are dmost completely due to thermal radiation from the N,
cooled shield. The (low presaure) life-time for a He fill depends on the He vessl volume, and equals
70 daysfor 70 ¢ of helium (hea load 00130 mW).
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Fig. 4 First version d the CERN condensation cryopump Fig. 5 Improved version d the CERN condensation cryopump

This pump model, developed at CERN for pumping the experimental regions of the ISR, has
been later improved by adding a shield between the He and the N, ves=ls [8] (seeFig. 5). This sield
absorbs the radiation from 77 K, which is then removed by the @ld He gas escgping from the pump
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nedk, to which the shield is conreded. The total hea load resulting in He bail-off is reduced in this
way to afew mW, depending onpump size For instance a pump providing a speed of 4500/ s” for H,
may be operated for 190dayswith 12¢ of liquid He.

The scding laws defining hav pumping speed, He bail-off rate, intermediate shield
temperature and ogerating life-time vary when changing pump dmensions are given in Ref. [8].

5. THE HYDROGEN "ANOMALY"

Extrapaation from higher temperature data indicates that a saturated vapour presaure of the order of
10" Torr could be obtained for H, at 2.5K. Therefore condensation cryopumping seems a reasonable
choiceto pump very large quantities of H, at low pressure.

However, measurements caried ou in dfferent laboratories [9] [10] reveded the existence of
an urforeseen desorption medchanism resulting in a temperature independent H, equilibrium pressure
in the 10" — 10" Torr range, depending onthe experimental condtions. This "anomalous’ pressure
was foundto be caised by thermal radiation from higher temperature surfaces (particularly those a
300K). In a first attempt to justify this effed, it has been suggested [9] that thermal radiation
absorbed by the @ndensed H, could prodwce alocdised heaing ("thermal spikes') resulting in
enhanced H, desorption. However, more refined measurements [11] provided strong evidence ajainst
this hypahesis by showing that the H, desorption

* deaeases when increasing the thicknessof the mndensed layer (Fig. 6)

e ispropationa to the radiating paver absorbed onthe substrate, and nd to that impinging onit
(Fig. 7).

The amerging pcture favours a rather indired desorption medhanism, acording to which
phaons absorbed on the H, condensing substrate produce phonors energetic enough to cause
desorption when reading the surfaceof the H, film. Further evidencein favour of this mecdhanism has
been oltained by condensing a few mondayers of a heavier gas (N,, Ne, Ar...) prior to H,. Having a
lower Debye temperature, these gases do nd transmit the energetic phonors resporsible of first order
H, desorption, which is consequently strondy reduced. This model was later confirmed by dher
laboratories [12] [13], althougha more dired desorption process ams to take placein some spedfic
cases|[14].

The main pradicd conclusion to be derived from these cnsiderations is that a very careful
77K shieldingis necessary to reducethe mndensed H, equili brium presaure to below 10™ Torr.

Fig. 6 Typicd H, adsorption isotherm at 2.3 K showing aradiation induced desorption maximum correspondngto a
coverage of one mondayer.
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Fig. 7 Variation d theradiationinduced H,desorption from various substrates at 2.3 K and full y exposed to 300K radiation
asafunction d theradiating pover absorbed.
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