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ABSTRACT 

For many years cryopumping seemed the ideal clean pumping 

method for obtaining high pumping speeds down to extremely low 

pressure, More recently, however, the value of this technique has 

been seriously questioned due to an unexpected limitation - the in

ability to pump appreciable quantities of hyurogen at low pressures. 

This is a particularly serious limitation because hydrogen is usu

ally the dominant residual gas in UHV systems and because, surpris

ingly, this low pressure limit could not be lowered by further re

duction of the condensing surface temperature. 

Results from several cryopump systems will be presented, 

These indicate that this limit - which appeared as an anomalous tem

perature independence of the hydrogen saturated vapour pressure 

curve towards very low temperatures - is a phenomenon strongly de

pendent on the design of the apparatus and the nature of the c6ndens,

ing surface. By suitable design it has been possible to extend the 

low pressure usefulness of the cryopump and reproduce experimental

ly the expected hydrogen saturated vapour pressure curve down to 

about 1 x 10-11 torr, Data on hydrogen adsorption isotherms and sa-
. · -12 t o-6 · 11 b turated vapour pressures within the range 10 o 1 torr wi e 

presented. 
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1. Introduction 

The technique of cryopwnping with its important poten

tial advantages of extreme cleanliness, high speed and very low 

ultimate pressure would seem to be the ideal solution for many 

ultra-high vacuwn pwnping problems. The only obvious disadvan

tages are connected with the needs of continuous refrigeration 

and, sooner or later, of a warm-up of the pwnp and the removal 

from the system of the previously cryopwnped gas. Excluding 

heliwn, which is usually absent from all-metal U.H.V. systems, 

hydrogen remains as the most difficult gas to cryopump. Unfor

tunately it is nearly always the dominant component of the gas 

load in an ultra-high vacuwn system 1). 

It is to be expected that at a pressure p the speed 

S of a cryopump would be given by 

s = as (1 - P/p) 
0 

or = as (1 - P1/p) 
0 

where S is the conductance of the pumping surface for the gas 
0 

being considered with a sticking coefficient a and a saturated 

va;pour pressure of P, or an equilibriwn pressure P 1 deter

mined by the surface coverage if unsaturated. Clearly the ulti

mate pressure of the pwnp is P when operating in the condens

ing or saturated condition. Before saturation occurs the limit 

pressure P 1 will be lower, but this mode of operation is, in 

general, less useful because the value of P 1 is continuously in

creasing with the quantity of gas pumped and will finally reach 

the limit P • 

In the sa.turated condition a .  cryopump should be able to 

condense further unlimited quantities of gas without change of 

speed or limit pressure P - the la.tter, ideally, being only a 

function of the gas and the opera.ting temperatureo Figure 1 

shows the experimental and extrapolated low temperature saturated 

vapour pressure data for hydrogen from several authors2 •3,4) in 

the range 10-6 to 10-9 torr (i.e. 4.2 to 3.3°K). These data are 
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closely approximated by the simplified form of the Clausius

Clapeyron equation, Log P = A - B/T, where A and B are constants 

with B = E/R (E, heat of sublima.tion per mole and R, ga.s con

stant per mole). Extrapolation to 2.5
°K gives a saturated vapour 

pressure well below 10-12 torr for hydrogen. At this temperature, 

which is easily achieved using liquid helium, all other gases, 

excluding helium, have a negligible vapour pressure. 

2. Apparatus 

The Intersecting Storage Rings now being constructed 

at CERN will comprise more than 2 km of ultra-high vacuum cham

ber in which a high energy proton b.eam .will circulate more or 

less continuously. The bakeable vacuum chamber, constructed from 

stainless steel, will operate at~ 10-9 to= averag� pressure. 

An important additional requir ement will be that local regions, 

a few metres in extent ( the experimental intersection regions), 

must operate at pressures around 10-11 torr or better. It has 

been considered5) these requirements could be met by placing 

several cryopumps operating at 2.5°K around such an experimen

tal region. 

A cryopump used in the mar.ner outlined here should not 

only pump the region under question but also act as a trap to 

impede the flow of gas from the rest of the vacuum chamber at 

10-9  torr. There must, however, be a straight line-of-sight 

passa.ge for the proton beam. These considerations led to the 

preliminary cryopump design in Fig. 2 - the model A pump - in 

which the proton beam passes through the lower part of the pump. 

The pump, between the flanges AA', will form an integral part of 

a.bout 1 m of the ISR vacuum chamber. 

The model A cryopump consists essentially of a, central 

stainless steel liquid helium reservoir, the outside of which 

acts as the condensing surface, The conduction cooled copper 

radia.tion shield at ~ 77°K of the design shown reduces the ra

diant heat imput to an acceptable va,lue while still permitting 

free circulation of the proton beam. The diameter of this shield 
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(about 500 mm) and the beam aperture dimensions (a, horizontal 

ellipse of 160 mm x 50 mm) primarily il.etennine the trapping ef

ficiency of the pump. Measurements showed.that for hydrogen a 

pressure ratio of approximately 30 could be maintained between 

the points A and A', 

The ga'8 injection and analysing equipment shown outside 

the region AA1 were used for evaluating the ·pumping and trapping 

characteristics. In later experiments high purity hydrogen could 

be injected via a palladium leak and bakeable valve. Condensing 

surface temperatures could be regulated and controlled to 

0.001°K in the range 4.2 to 2.3°K (or lower) and could be meas

ured to 0.01°K using the measurement of the helium vapour pres

sure or using resistance thermometers placed at the bottom of the 

helium bath. Pressure measuring and analyzing' equipment shown in 

Figs 2 and 3 was calibrated for absolute reading to a.bout ± 10% 

using a standard gauge6 • 7). This accuracy is expected to be good 
-10 down to the 10 torr range, but to deteriorate considerably in 

the 1 o-11 torr range ( ± 50%). Due to serisi tivity limitations 

readings in the lower 10-12 torr range cannot be taken as more 

than approximate indications of the pressure. Relative pressures 

and pressure changes are, of course, considerably more reliable. 

Thermomolecular corrections, which are discussed in Section 3 

and . have been applied to all our da,ta, displace these sensi ti vi ty 

limits downwards by one order of magnitude. 

The model B cryopump shown in Fig. 3 differs only from 

the model A in construction of the liquid helium reservoir. 

Again it is stainless steel but the sides and SUJ;lporting and 

pumping tube are constructed with a double wall and an indepen

dent evacuated space. This has the result of isolating effects 

arising from t.emperature gradients within the liquid helium and 

from varia.tions of liquid helium level or rate of helium boil

off (and hence cooling power to th e upper part of the reservoir) 

from the main vacuum system. This greatly fa.cili tates the problem 

of defining and maintaining the pumping surface a,t a. constant 

and uniform t.emperature. The area, of the low temperature surface 

•• , ••" "' ""'" '"'�'"' •-• • -•"��• • """" •• ,,,,,,,,,.,,. "" 1'''11 ,,, '", '"' ,,., .. '"''""'"""" ,,, I'""' I' ,,,.,11•i,1111•11,,111<,i Ml'l''Nll<I ll'IIWII'� ''' 'P"II I!""''"""' ""'�"11'!>11 'll',l'il,r,1,, I� ""'"''""''"""'"'I"""' ...... 'IM'ffl''""'""' �eol'l•I 1'1"'11'"1 '1 II '''"I' """"'""'•"�'""''""''"""'"'' "'"''''"' '"11' ' 
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is further defined by a second, close fitting copper screen a.t 

~ 77°K. 

3. Hydrogen saturated vapour pressure data. 

Figure 4 shows experimentaJ. data for the hydrogen sa

turated vqpour pressure as a. function of temperature from meas
urements using the model A and B cryopumps. Over the common tem

perature interval (4.2 - 3.3°K) both sets of data. are consistent 

and agree satisfactorily with those from Fig. 1. The slope of 

the Log P vs 1/T plot, which gives a heat of sublimation of 

192 calories per mole, compares reasonably with 184 (Ref'. 2), 

206 (Ref. 3) and 220 calories per mole (Ref. 4). The agreement 

in absolute pressure, where calibration is more dif'ficult, is 

not so close. 

Below 3 .3°K our exp erimentaJ. data for the saturated 

vapour pressure begin to depart systematically from the 

Clausius-Clapeyron relation Log P = A - B/T, and finally settle 

at a constant limiting value_ which is, within the limits of 

error, temperature independent. This limiting pressure, which 

obviously restricts the low pressure usefulness of the cryopump, 

was not, with the model A cryopuinp, at all reproducible f'rom one 

experiment to the next. Moreover, it was often extremely unstable 

but, as indicated, it was usuaJ.ly within the range 3 x 10-11 to 

3 x 10-10 to=• The model B cryopump, see Fig. 3, which was de

signed to overcome these difficulties, behaved much more satis

factorily with completely reproducible results but still gave a 

temperature independent low pressure limit. The limit was now 

close to 2 x 10-11 torr. In all cases this limiting hydrogen sa

turation vapour pressure was significantly higher than the 

1 to 3 x 10-12 torr limit of the cryopu.m.p observed before in

jecting hydrogen. This system or gauge limit, marked Po on the 

figures and which differed slightly from one instrument to the 

other depending on their degree of contamination, has been sub

stracted from the observed values bef'ore plotting. In most cases 

it has a very smaJ.1 effect. The data are also corrected for 
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hydxogen sensitivity and thermo-molecular transpiration to give 

pressure readings appropriate to the temperature being consid

ered. This means that the observed pressures in the warm parts 

of the apparatus were roughly a factor of ten higher than the 

values plotted, 

pressure 
reported 

A similar departure of the hydrogen sa.turated vapour 

from the expected temperature variation has also been 
by Chubb at al. 8). In these resu1 ts the limit, using 

our method of presentation, corresponded to a. pressure of about 
-10 3 X 10 torr, The une:x;pected nature of this limit and its va-

riation between one a;pparatus and another has led us to suppose, 

and hope, that it is more of a phenomenon connected with the de

sign of the cryopump than a fundamental property of condensed 

hydxogen films. Chubb et al. S) ha,ve proposed an explanation 

based on an increa,sed rate of desorption induced by thermal ra

diation originating from warmer parts of the cryopump and ad

sorbed by the condensed H2• Experimental measurements were made 

to support this hypothesis. We have not been able to verify this 

suggestion and it seems probable that it is not the whole expla

nation. In addition to finding a similar limit at 2 x 10-10 torr 

with a small experimental cryosurface,· which was completely ex

posed to ambient temperature surfaces and which received about 

45 m,Watt cm-2 and adsorbed about 4 m, Wa.tt cm-2 we found, using 

the model B cryopump ( where the radiation is estimated at about 

1 m,Watt. incident and 0,1 m.Watt adsorbed), a complex beha,viour 

of this limit pressure. It appears to depend on the quantity of 

hydrogen condensed, the purity of the injected hydrogen and, 

possibly, the nature of the condensing surface. It would seem 

probable that all these factors could be operating to give ano

malously high limit pressure at the lowest tempera,tures and more
over, with our apparatus, we cannot exclude without further ex

perimenta.tion additional possibilities such as the continuous 

transport of energy to the condensed hydrogen by molecules tha.t 
0 0 evaporate at about 3 K and return at about 77 K. 
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Only measurements made in a completely isothermal en

closure can entirely eliminate all possible sources of error -
but such a system presents serious difficulties to the measure

ment of very low pressures. 

4. Factors influencing the low pres-sure limit 

In this section we turn to a detailed study of the ad

sorption and condensation of hydrogen on stainless steel. In a. 

following section some preliminary results using condensed ar

gon as the substrate will be presented. All measurements were 

made on the model B cryopump, which has proved to be useful 

and fairly versatile for these �easurements in spite being 

designed as a practical and rather special cryopump. 

Figure 5 shows the influence of the quantity of con

densed hydrogen on the saturated vapour pressure curve. Results 

were reproducible over several experiments using arbitrarily 

chosen surface concentrations of 2 x 101 6 molecules cm-2 (about 

twice the quantity needed for saturation) and 22 x 1 O 1 6 mole

cules cm-2• The data for 2 x 1016 molecules cm-2 are, in part, 

the same as presented and discussed in Fig. 4 for the model B 

cryopump. The differences introduced by condensing a thicker 

layer of hydrogen may be summarised as 

a) a considera,bly lower limit pressure on both the total pres

sure gauge and the mass analyser - in fact, the H2 peak on 

the latter decreased continuously into the noise level with

out showing a significant departure from the extrapolated 

saturated vapour pressure curve, 

b) a strong disagreemant of total pressure reading and H2 peak 

although no other peaks could be found on the mass analyser, 

c) a much slower a,pproach to equilibrium of about 15 hours 

after injection of 22 x 1016 molecules cm-2 of hydrogen at 

2.3°K, compared with 2 hours for 2 x 1 01 6 molecules cm-2• 



- 8 -

The hydrogen used in aJ.l experiments until this point 

was, as judged by the mass a.nalyser on the injection side of the 

pump, about 99% H2 and 1% N2, with aJ.l other components very 

much smaJ.ler. At this point we introduced into the injection 

system a palladium leak purifier which gave H2 > 99-9% and 

N2 < 0.1%. Figure 6 shows, as a function of time, the approach 

to equili brium after injecting various quantities of hydrogen 

of both 99% and 99.9% purity. In aJ.l cases the pressure during 

injection was maintained close to 1 x 10-9 torr and the condens

ing surface held at 2.3°K. The use of higher purity hydrogen at 

once restores the agreement between gauge and ma.ss analyser for 

large injections and reduced considerably the times necessary 

to achieve equilibrium. In addition, however, the use of the 

higher purity hydrogen raises the low pressure limit attainable, 

giving a limit still dependent on the quantity of H2 and inde

pendent of the temperature. 

We cannot be entirely sure which of these effects are 

related to the condensed hydrogen film and which are artefacts 

from the measuring instruments. The dependence of agreement 

between gauge reading and mass anaJ.yser (a Leybold type omega,

tron) on the hydrogen purity could well be a result of contami

nation during the injection period of up to one hour at 

1 X 10-9 torr; similarly the variable rate of approach to equi

librium could be an instrumental phenomenon or contamination. 

But the dependence of the limit pressure on the quantity of pure 

H2 (a lower limit after a larger injection) and lower H2 peak 

using less pure ma,terial would seem to be phenomena related to 

the condensed film. Figure 7 shows the adsorption isostere for a 

saturated film (6 6  x 101 6  molecules cm-2) of 99-9% pure hydrogen 

on stainless steel. It represents the closest approach to 1 ideal 1 

conditions which we have achieved with our cryostat and, while 

giving results in the high temperature region identical to those 

discussed earlier, it still shows a temperature independent 

low pressure limit of~ 8 x 10-12 torr. 

'"' '" ""'"''"" "''""'""""'"""''"""' '' '"' '"' '"" . ., .. ,..,, "' -�· ""' ' 



- 9 -

We have not, in contrast to Chubb et al.8), found any 

dependence of the limit pressure on the rate of deposition, 

which has been varied between the limits of 7 x 10
13 to 7 x 10

10 

molecules cm-2 sec-1 • 

5. Adsorption isoth-erms for 99 .9% pure h.y-iLrogen 
on stainless steel 

In this section we consider the form of the experimen

tal adsorption isotherms and isosteres concentrating, in parti

cular, on the unsaturated and just saturated region, i. e. up to 
16 -2 about 10 molecules cm • Figures 8 and 9 summarise these data, 

Fig. 8 has been synthesised partly from directly measured iso

therms and partly from the isosteric data of Fig, 9. On Fig. 8 

three major regions, A, B (subdivided into B
1 

.and B2) and C can 

be distinguished, and these delineate the different isosteric 

patterns found in Fig. 9. 

The region A, which extends up to 0. 35 x 10
16 molecules 

-2 cm , is the simplest but yet the most puzzling. It shows a pres-

sure increasing with quantity condenseq., which is closely appro

ximated by the law P cc Q
1 •85, but which is, see curve e on 

Fig. 9, practically temperature independent with heat of subli

mation of less than 3 calories per mole. 

The region C of Fig. 8, extending above 1. 0 X 10
16 mole

cules cm-2 and which was discussed more fully in Sections 3 and 

4, . shows the behaviour of the saturated surface. Here the beha

viour is what we would expect except for the limiting low pres

sure vaJ. ue at low temperatures and the slight dependence of this 

limit on the film thickness. This behaviour is shown in curves 

d, f and g of Fig. 9. 

The most complex region, and experimentally the most 

difficult is that marked B
1 

and B2 in Fig. 8 covering the range 

0 .35 x 10
16 to 1 ,0 x 10

16 molecules cm-2• All isotherms exhibit 
16 -2 a more or less abrupt kink at 0 .35 x 10 molecules cm and 

3 x 10-11 torr. Those for temperatures below about 2,8°K pass a 
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maximum at this point and fall slightly before levelling out at 
0 

the saturation value. Those for temperatures above 2.s K give, 

for increasing surface concentration; an increasing and then fi

nally a constant saturation pressure. The coverage at which satu

ration occurs is apparently a function of the temperature, being 

lower for lower temperatures, and lies in the region B2, i.e. 

between 0. 5 x 1 01 6  and 1,0 x 1 01 6  molecules cm-2• 

The times necessary to achieve eq_uilibrium after making 

an injection vary considerably from one region to another. In re

gions A and C it is always relatively short and less than two 

hours, being temperature independent in A, and varying between two 

hours for 2.3 2.9°K to less than one rr.inute at 4.2°K in C. 

In the region B the eq_uilibrium time is about two hours for tem

peratures below 2. 9°K, but increase·s for higher temperatures to 

reach more 
-8 

0 
than ten hours for 4. 2 K and for pressures less than 

10 torr. At higher pressures the behaviour approaches that 

for region C. 

Again all data, as for the saturated vapour pressures 

showed no dependence on deposit ion rate. 

The adsorption isosteres of Fig. 9 show interesting 

differences of form and dynamic behaviour in the region B1 
and 

0 
B2• On raising the temperature from 2.3 to 4.2 K for an isostere 

in the region B
1 

(e. g. curve c, Fig. 9)  t)lere is an initial tem

perature independence up to 2.9°K. Above this, for each small 

temperature increase, there is a rapid and relatively large 

rise of pressure which decays slowly to a much lower eq_uilibrium 

value over a period of about ten hours. The overall eq_uilibrium 

result is a small but definite pressure difference, as in 
0 

curve c, between 2.3 and 4.2 K. Isosteres such as a and b in 

Fig. 9, within the region B2, start from the points on the flat 

( sa.turated) 2. 3°K isotherm, and show an initial behaviour very 

similar to those of the fully sa.turated region C. On raising the 

temperature they are all at first practically temperature inde

pendent and then tem perature dependent with a slope which in

creases with condensed q_uantity and which approaches the full 

"' ' " '"'" '"''''''''''' '"'"''' '"" ••"""'"""''"""''''""'''""""""'"""�''"""' ,,,,,,, "" ''"'"' ,, ""'""' '''"'" '''' ''"' "' "'' " '" "'"''' """' '"' " "'"'"'' ' " ''"" "'''" '''" "'"'"' ,., ,,, .. ,,,.,,.,,,,,. ..... , "''"'"''". "' ''"''�'"'''"'''' ""'"'" ''""""" '"'''""' ,, '""'''''''""'" ,, '"'''""" ' 
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value of 192 calories per mole. This behaviour, as for the fully 

saturated isosteres in region C, is without any transient pres

sure bumps. At a still higher temperature the normal pressure 

increase is followed by slow decay (the vertical dotted lines of 

Fig. 9), taking more than ten hours to reach equilibrium. Further 

temperature increases cause a rise of pressure as shown, but 

with transient effects as found in the region B1• A temperature 

reduction now results in return curves with an initial slope 

close to 192 calories mole-1 and which show considerable hyster

esis - at first, lower and then higher (i. e. the curves a1 and 

b 1 , Fig. 9) than the rising curve. This is the origin of the 

double dotted curves in region B2 of Fig. 8. 

It is tempting to speculate that the temperature inde

pendent region A represents the build-up of the first molecular 

layer with an anomalous vapour pressure which, perhaps, depends 

on the nature of the substrate and which influences the limiting 

low pressure value for fully saturated films. Similarly, we may 

speculate that in the region B the build-up of a second layer 

starts. Raising the temperature we reach a critical value quan

tity dependent (the dotted vertical lines, curves a and b, 

Fig. 9), at which re-organisation of the hydrogen takes place. 

Alternatively we could. think that we are in the presence of two 

different adsorption states of hydrogen with a temperature de

pendent probability of transition from one to the other. 

6.  The adsorption of hydrogen on solid argon 

A few preliminary experiments have been made using the 

model B cryopump and adsorbing hydrogen onto a. previously con

densed film of argon. Results from two experiments are shown in 

Fig. 10. 

In the first experiment 2.0 x 

were adsorbed at 2.3°K onto a layer of 

16 -2 10 H2 molecules cm 
16 2 3.4 x 10 molecules cm-

of previously condensed argon. Injection of hydrogen lasted 

50 minutes, during which periodic interruptions of the injection 
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produced a. rapid fall over all the range 

to the e4uilibrium base pressure in the 

of surface concentrations 
-12 _low 10 torr range. 

The whole injection resulted in a barely detecta.ble increase in 

e4uilibrium base pressure, after thermomolecular co=ection, of 

not more than 3 x 10-13 torr. After this injection the tempera

ture was raised in steps to 4. 2°K. Initially there was no pres

sure dependence on temperature - but this is attributed to lack 

of measuring sensi ti vi ty, rather than a. limiting pressure as 

encountered using a stainless steel substrate. Figure 10 shows 

that from 2. 6
°K, the first ?oint above the noise level, the pres

sure increases regularly from 6. 2  x 10-13 torr with absolute va

lues and a temperature dependence exactly as extrapolated· from 

data found previously at higher temperatures using the stainless 

steel substrate. 

0 In another experiment hydrogen was a.dsorbed at 4. 2 K 

onto a previously condensed argon film of 4.2 x 101 6  molecules 

cm-2 • In this example the e4uili bri um ba.se pressure increased 

continuously with condensed 4uantity and, after giving an ad

sorption isotherm rather similar to that for 4. 2°K in Fig. 8, 

reached a constant saturation pressure (of the normal value) at 
16 -2 2. 2 x 10 mole_cules cm • During the measurement of this iso-

therm the injection was occasionally interrupted and small tem

perature excursions introduced. Figure 10 shows that, in distinc

tion from the ca.se of adsorption on stainless steel, there is al

ways a tem perature dependence with a more or less constant heat 

of sublimation which is e4ual to that for the saturated hydrogen 

film. 

7. Conclusion 

Although the rather complicated and unexpected behaviour 

encountered during the cryopumping of hydrogen on stainless steel 

ha.s not been sa.tisfactorily explained, it is possible, from the 

present work, to indicate the possible sources of the anoma.lies. 

The overall picture emerges of an anomalous first layer which is 

followed by one, or perhaps two, additional layers exhibiting 

,., "�' '"' •�•, '"' "'' ,,., """ ,, , "" '""'""'" """ 111• ,, u '"'"""'"'" I I' ll •O•l'•l•lt "' ,,.,111 ••"I" I '""'"I<•••• , I' " , , "',' •• ••tll 1•11 "'""'''"I• ' 1<'"' , , •" "' ' """ " ' '' ' '"' 1'"' ' !"�••��'""I"'' '  '"''"'"'""'''''''"'''"'"'"''"'•''"Ii��,,.. ""' ' ""' •I 1"•1••1 .... "' '""'""" '"' ' 
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temperature dependent re-arrangement or phase-transition phenq

mena. Still more hydrogen gives the expected saturated vapour 

pressure at high temperatures but, when condensed on stainless 

steel, gives a. quantity and purity dependent but tE!llperature in- . 

dependent low pressure limit. All anomalies, within the limits 

of our measurements, appear to be removed by using a condensed 

a.rgon film as substrate. This substrate gives a heat of sublima.

tion and absolute saturated vapour pressure for adsorbed hydrogen 

identical for tha.t obtained from a. saturated film condensed on 

stainless steel. 

The constancy of saturated hydrogen vapour pressure 

throughout all our experiments in the range 10-6 to about 

10-10 torr suggests that it could be usefully employed for the 

calibration of vacuUJ!l gauges. 

It would appear feasible, now, 

large quantities of hydrogen in the low 

to cryopUJ11p continuously 
-11 10 torr range al though, 

it must be admitted, the presence of considerable quantities of 

argon would often be a serious disa.dvantage. 

Further experimentation is needed, especially in the 

direction to investigate the erfects of various substrates and 

of the surrounding temperature. It appears that the latter, if 

important, and which may produce an effect by radiation or mole

cular thermal transport, must be strongly influenced by the na

ture of substra.te. The search for another substrate with proper

ties similar to argon but more ameniable to ultra-high vacuUJ!l 

use must be our next objective. 
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FIG. 9 : ADSORPTION ISOSTERES FOR HYDROGEN 
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FIG 10: ISOSTERES FOR HYDROGEN ADSORBED ON 
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