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ABSTRACT 

The effects of gas and cryosurface temperature on the capture coef­
ficient of six gases are discussed. The gas temperature effect is 
interpreted by the critical velocity model, and the cryosurface tempera­
ture effect is qualitatively explained by the potential field model. The 
possible error involved when these results are extrapolated to higher 
gas temperatures is also discussed. 

Experimental results are presented for the cryopumping rates of 
nitrogen, argon, carbon monoxide, nitrous oxide, oxygen, and carbon 
dioxide over 10 to 25°K cryosurfaces and a gas temperature range of 
from 77 to 400oK. 
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1.0 INTRODUCTION 

This report is a continuation of the experimental program to deter­
mine the cryopumping speeds of the gases to be removed from environ­
mental test chambers as a result of space vehicle outgassing. chamber 
outgassing. and the firing of vehicle control rockets. These data are 
necessary to help predict the altitude simulation that can be achieved in 
a space environmental chamber under test conditions (Ref. 1). In order 
to make these predictions. it is necessary to know the effect of gas 
temperature. cryosurface temperature. gas compositions. and directed 
flow on the cryopumping speeds (capture coefficients) of the individual 
gases. This report investigates the effect of gas and cryosurface tem­
peratures for several gases. Experimental pumping speeds and capture 
coefficients are presented for 300 and 4000K nitrogen (N2). argon (A), 
carbon monoxide (CO). and nitrous oxide (N20) and 77°K carbon monoxide 
over a cryosurface temperature range of from 9.5 to 25°K. Also, cap­
ture coefficients are presented for 77. 300. and 4000K oxygen (02) which 
were estimated from experimental pumping speeds of air and N2-02 
mixtures (Ref. 2). The experimental data are analyzed employing the 
critical velocity model (Refs. 3 and 4). and data from previous papers 
(Refs. 5. 6. and 7) are included to facilitate the explanation of the gas 
and cryosurface temperature effects. The investigation was conducted 
in the Ultrahigh Vacuum Chamber, Arnold Engineering Development 
Center (AEDC), Air Force Systems Command (AFSC). 

2.0 APPARATUS 

The ultrahigh vacuum chamber (Fig. 1) used in these experiments 
was designed for a ultimate vacuum in the 10- 10 _10- 12 mm Hg pressure 
range. Since this is the first series of experiments to be conducted in 
the ultrahigh vacuum chamber. a brief discussion of its performance in 
addition to a description is given. The chamber is a 60-cm-diam stain­
less steel cylinder 90 cm in length. The chamber volume after correct­
ing for the cryosphere and shroud volumes is 374 liters. The pumping 
station for the chamber consists of a 15-cm oil diffusion pump. with 
botl]. liquid nitrogen and water - cooled baffles. The oil diffus ion pump 
is backed by a 400-liter /min mechanical pump. and the entire pumping 
system can be isolated from the chamber by a 10-cm high vacuum valve. 
The chamber is also equipped with a 400-liter / sec VacIon pump which 
can be isolated by a 15-cm high vacuum valve. 

Manuscript received April 1964. 
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These experiments were conducted in the free-molecular flow 
regime in which the number of molecule-wall collisions greatly exceeds 
the number of molecule -molecule collisions. Therefore, the gas tem­
perature will be equal to the shroud temperature (Ref. 8) since the ratio 
of shroud area to cryosurface area is 24: 1. Then the gas temperature 
may be regulated by proper adjustments of the shroud temperature. 

The gas temperature was controlled at 77°K by passing liquid 
nitrogen through a shroud liner located just inside the chamber wall 
(Fig. 1). The 300 and 4000K shroud temperatures were obtained by 
passing air of the desired temperature through the shroud. The tem­
perature of the air was controlled by preheating the air to 25°C above 
the desired temperature and then circulating it through copper tubing 
wound around the chamber. External strip heaters on the chamber walls 
were used to maintain the wall temperature at 300 or 4000K to minimize 
radiation losses, and the temperature of the air was monitored by 
thermocouples at the entrance and exit of the shroud. During the actual 
experiments, the difference between these two temperature measure­
ments was less than 1°C. 

The external strip heaters on the chamber walls were also used to 
outgas the chamber at 550oK; however, the entire system may be out­
gassed by enclosing it in a removable bakeout oven. 

The vacuum chamber contains a 18-cm-diam spherical cryosurface 
which has an area of 995 cm2. A helium refrigeration system was 
employed in controlling the cryosurface temperature from 10 to 30o K, 
and a helium gas thermometer was used to measure the cryosurface 
temperature. 

The gas addition system is shown in Fig. 2, It consists of five 
calibrated standard leaks arranged in parallel, and each leak is equipped 
with a bakeable high vacuum valve. These standard leaks were cali­
brated by the pressure rise method as described in Ref. 6. The pres­
sure on the high pressure side of'the standard leak is controlled by a 
Granville Phillips, Model B pressure controller which allows the pres­
sure to be maintained within ±O. 1 percent of a given pressure setting. 
The pumping station for the gas addition system consists of a 5-cm oil 
diffusion pump backed by a 200-liter/sec mechanical pump. The system 
is also equipped with a bakeout furnace capable of attaining a 5500K bake­
out temperature. 

The primary measurement of pressure in the ultrahigh vacuum sys­
tem was made with a calibrated mass spectrometer; however, the 
chamber was also equipped with a nude ionization gage and a Redhead 
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vacuum gage for monitoring total chamber pressure. The mass spec­
trometer and ion gages were calibrated as outlined in Ref. 6. 

The pressures attained in the system under various conditions are 
given in Table 1. The first column indicates the principle component of 
the gases present in the system before pump down from 10- 5 mm Hg. 
All pressures were measured with the Redhead vacuum gage, and these 
pressures were confirmed with the partial pressure analyzer. The 
background of the analyzer indicated a total pressure in the mass spec­
trometer tube of 4 x 10- 9 mm Hg and consisted mainly of carbon 
monoxide, mass 28 and water mass 18 in the ratio of approximately 30: 1. 
The low pressures given in Table 1 were therefore not substantiated by 
mass spectrometer measurements for carbon monoxide. The data pre­
sente~ in Table 1 indicate that the minimum pressure attainable in the 
ultrahigh vacuum chamber is essentially independent of the gas species 
present. 

Outgassing in a vacuum chamber is dependent on the immediate past 
history of the system (Ref. 9); however, the rate of pressure rise is still 
used as an indication of the "tightness" of a system. The actual rate of 
rise in the ultrahigh vacuum chamber has averaged 2 x 10- 11 mm/ sec, 
and the major component was CO, mass 28, which indicates outgassing 
rather than inleakage from the atmosphere. The important aspect of the 
low rate of rise is that pumping speed measurements may be made in the 
10- 9 -10- 10 mm Hg pressure range. 

3,0 PROCEDURE 

The procedure followed in these measurements in the ultrahigh 
vacuum chamber was very similar to the procedure employed in previous 
cryopumping experiments (commonly referred to as the pressure drop 
method. Refs. 5, 7, and 10). 

The experimental conditions desired were obtained by adjustment 
of the system parameters, i. e .. , T g. the gas temperature; T s , the 
cryosurface temperature; and Vo• the flow of experimental gas. With 
the gas temperature (77 to 4000 K) and the cryosurface temperature 
(10 to 300 K) set at the desired level, the experimental gas was intro­
duced through the 10- L cc/sec standard leak of the gas addition system. 
coating the cryosurface with the gas condensate. The purpose of this 
preliminary coating was to eliminate the bare surface effect (Ref. 10). 
After precoating the cryosurface and with the chamber back to operating 
conditions (a pressure of 10- 10 mm Hg), the experimental gas was intro­
duced at a known constant flow rate into the vacuum chamber, and the 
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system was allowed to reach steady-state conditions. During this phase 
of the experiment, the only means of removal of gas from the system was 
the cryosurface since the mechanical pumps were valved off from the 
system. The constant inleakage rate was accomplished by flowing the 
experimental gas through a calibrated standard leak and maintaining the 
back pressure at a known constant value. The back pressure on the 
standard leak was measured by a mercury manometer and was con­
trolled by a Granville Phillips Model B pressure controller. When the 
steady-state pressure was reached, as determined by the Redhead 
vacuum gage, the partial pressure of each gas present was determined 
by scanning the mass spectrum with the partial pressure analyzer. The 
flow of gas into the chamber was then stopped by closing a valve in the 
gas line at the entrance to the chamber, and the system was allowed to 
reach equilibrium. The partial pressure of the experimental gas at 
these new chamber conditions was then again determined with the mass 
spectrometer. This measurement was made to insure that the partial 
pressure of the experimental gas obtained under inflow condition was 
caused entirely by the flow through the standard leaks and was not back­
ground effects or outgassing. The magnitude of the second measure­
ment was rarely greater than 0.5 percent of the initial measurement. 

This procedure was followed in the experiments covering a pres­
sure range of from 10- 10 to 10- 5 mm Hg. The pressure drop in the 
10- 10 to 10- 6 mm Hg pressure range was measured by observing the 
change in peak height on the mass spectrometer of the parent mass peak 
for the particular gas in question. The mass spectrometer could not be 
used for pressure drop measurements above a chamber pressure of 
5 x 10- 6 mm Hg without exceeding its safe operating limits. The Red­
head vacuum gage was used to measure the pressure drop in the 10- 7 

to 10- 5 mm Hg pressure range. The ratio of experimental gas to im­
purities in this pressure range was greater than 103; therefore. the 
pressure drop would be essentially caused by removal of experimental 
gas by cryopumping. and using the Redhead gage for this pressure drop 
measurement would not introduce any appreciable error. Agreement 
bet\.veen the two measurements in the overlap region was very good. 
better than one percent. 

4.0 RESULTS 

Cryopumping speeds were determined for 300 and 4000K N2. A. CO. 
and N20 and for 77°K CO on cryosurfaces of from 10 to 25°K. The 
pumping speeds were calculated (Refs. 5 and 11) from 

s = (1) 
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where 

s 

Ac 

A' J 

is the pumping speed. liters / cm2-sec 

is the forepressure on the standard leak. mm Hg 

is the volume flow rate through the standard leak at Po 
and To. liters / sec 

is the area of the cryosurface. cm2 

is the recorded peak height of the mass spectrometer at 
mass j. scale divisions 

a" 1J is the mass spectrometer sensitivity for the "i"th component 
at mass j. scale divisions /mm Hg 

is the temperature of the shroud liner. OK Tw 

To is the temperature of the mass spectrometer and the standard 
leaks. 

The pumping speeds calculated from these data using Eq. (1) are 
given in Figs. 3 through 11 and are summarized in Table 2. The pres­
sures given in the figures are the partial pressures of the experimental 
gas; however. the purity of each gas was such that for all practical 
purposes the partial pressure of the gas was the total pressure in the 
vacuum system. Each of the pumping speed values given in Table 2 is 
the average of from 12 to 24 different measurements which covered the 
pressure range of from 10- 9 to 10- 5 mm Hg. This large number of 
measurements was made to enable one to make a statistical evaluation of 
the average error involved in these measurements. From these pumping 
speed data. the capture coefficient for each gas at each cryosurface tem­
perature was determined. The capture coefficient is defined as (Refs. 6 
and 11) 

c s 

where 

S is the experimental pumping speed. liters / cm2-sec 

R is the universal gas constant. ergs /mole oK 

M is the molecular weight of the gas under consideration, 
grams 

T g is the temperature of the condensable gas, oK 

P s is the vapor pressure of the condensable gas at Ts. mm Hg 

Pc is the chamber pressure, mm Hg 

5 

( 2) 



AEDC-TDR-64-B4 

Over the stated experimental pressure and cryosurface temperature 
range. the vapor pressure correction factor. [1 - (Ps/Pc )], for these 
experiments is essentially equal to one (Ref. 12) since the ratio of the 
vapor pressure to the chamber pressure is small. Thus. 

c s ( 3) 

The values of ..JRTg/27rM • the theoretical maximum pumping speed, 
for the experimental gases are listed in Table 3 for several gas tem­
peratures. The capture coefficients calculated from Eq. (3) are shown 
in Figs. 12 through 16 as functions of gas and cryosurface temperatures. 

Additional data for 77°K N2 anp A were taken to clarify the change 
in capture coefficient as a function of cryosurface temperature (Ref. 6). 
These new data for 77°K N2 and A are indicated by the flagged symbols 
in Figs. 12 and 13. respectively. The data points indicated by the 
circular symbols were obtained in a different research chamber. the 
trapping chamber. and were reported in Ref. 6. These data are included 
in this report for the convenience of the reader. The influence of cryo­
surface and chamber geometry on the capture coefficients has been con­
sidered in Refs. 13 and 14. respectively. 

An attempt was made to determine the pumping speed of pure 300 
and 77°K oxygen; however, the data were inconclusive because of the 
adverEle effect which the oxygen produced on the mass spectrometer. 
These data indicated that the mass spectrometer sensitivity varied with 
pressure. and the establishment of steady-state conditions was extremely 
difficult because of adsorption and desorption from the walls. However, 
an estimate of the capture coefficient for 77 and 3000K oxygen was made 
from the cryopumping data obtained on air (Ref. 2). These data are 
shown graphically in Fig. 18 (see also Section 5.0 for further explana­
tion). The possible error involved in these calculations is considered 
to be approximately 10 to 12 percent. 

A study of the capture coefficients reported in the literature indi­
cates that the capture coefficients measured under the same temperature 
and pressure conditions by different experimentors yield varying results. 
This discrepancy in some cases has been as great as from 30 to 50 per­
cent. A possible explanation of these results has been expressed in the 
literature as a surface effect. which as used in this report may be 
defined as any change in the capture coefficient or pumping speed that is 
caused by the physical changes in the condensate. That is, the pumping 
speed for a 200K cryosurface could be changed if the initial coating of 
the surface were made on a lOOK surface rather than a 200K surface. A 
series of experiments was made with each experimental gas during the 
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course of this study to determine if this effect were present. To do 
this, the initial cryosurface coating was made with the cryosurface at 
25°K. and runs were made at 2°K intervals from 25 to looK. and then 
these runs were repeated with the initial coating on a looK cryosurface. 
Also, runs were made when the initial coating and the pumping speed 
measurements were made at the same cryosurface temperature. No 
change in the pumping speed greater than the experimental error was 
observed in any of these runs, and in most cases the difference was 
less than one percent. It has been concluded from this series of experi­
ments that if such an effect is present, it is smaller than one percent. 

5.0 ANALYSIS OF RESULTS 

Previous reports (Refs. 5, 6, and 7) have shown that the capture 
coefficient is a function of the gas and cryosurface temperatures, and 
the actual capture (Ref. 4) has been determined to be the result of the 
interaction of the incident molecule with the potential field created by 
the condensed molecules. 

A critical velocity model has been proposed (Refs. 3 and 4) to ex­
plain theoretically the effects of gas temperature on the capture coef­
ficient. This velocity model states that all the molecules with a normal 
velocity less than a critical value. V Xo' will condense on first collision 
with the cryosurface. This theoretical explanation requires only that 
Maxwell's law of velocity distribution (Ref. 15) be valid for the experi­
mental system. Since in the experimental system employed in these 
experiments the ratio of chamber wall area to cryosurface area is 
quite large, the Maxwellian velocity distribution will not be affected 
appreciably. and the distribution will be characterized by the chamber 
wall temperature. Then according to Maxwell's law the fraction of 
molecules. f(V x), with velocity components along the x-direction in the 
interval (Vx• Vx + dVx ) is given by (Ref. 15): 

1/2 

f(Vx ) = (27T~TJ e 
(4) 

Therefore, if a critical velocity, Vxo' exists. the fraction of molecules 
that would condense is given by 

v Xo 

( V x f (V x) d V x 

Vxf (V x ) dV x 

(5) 
l: 

\vhere 
00 

p 
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is the total number of molecules incident on the cryosurface. After 
substituting for f(Vx ) and integrating over the specified limits, one 
obtains 

MV 2 
Xo 

c = 1 - e 
2kT g (6) 

By hypothesis, the quantity (MVxo 2) / (2k) is a constant for a particular 
gas; however the effect of cryosurface temperature on VXo has been 
neglected. 

Examination of the capture coefficients in this report as well as 
those in the literature indicate that for gas temperatures of 3000K and 
above, the capture coefficient is mainly a function of the gas tempera­
ture. That is, 

1 _ C = e - </ k T g ( 7) 

This implies that 

< = 1/2 MV x 2 
o (8) 

This does not rule out the cryosurface temperature or surface effects 
on the capture coefficient and applies only where the cryosurface tem­
perature effects are constant or quite small in relation to the gas tem­
perature effect. The values of € /k and (MVx02)/ (2k) for eac~ experimental 
gas were determined from the 3000K data using Eq. (7). and these values 
are given in Table 4. The capture coefficient for each gas was calcu­
lated from Eq. (7) for several gas temperatures, and one minus these 
values are represented by the solid lines in Figs. 17 and 18. The points 
in the figures are the experimental capture coefficients determined for 
a 200K cryosurface for the indicated gases. 

The deviation of the experimental capture coefficients from the 
values calculated from Eq. (7) for gas temperatures less than 3000K 
may be qualitatively explained by the potential well theory (Ref. 5), 
When a molecule approaches the cryosurface. it enters a potential field 
created by the condensate and is accelerated (Ref. 16). The magnitude 
of this change in velocity is dependent on three factors: (1) The strength 
of the potential field, which is a function of the cryosurface tempera­
ture and the species of the gas condensed, (2) the angle of approach of 
the molecule, and (3) the length of time the incident molecule is exposed 
to this potential field. The strength of the field and the angle of approach 
should be independent of the gas temperature; however. the length of 
time the approaching molecule spends in the field is dependent on its 
velocity or (T g) 1 / 2, Therefore, the change in velocity would be greater 
for the 77°K molecules than for the 3000K molecules. and so forth. Then 
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the experimental capture coefficient would tend to be lower for the 77°K 
gas temperature experiments than those predicted from Eq. (7) because 
of the disturbance of the Maxwellian distribution by the potential field at 
the cryosurface. This effect would also explain the slight decrease in 
the capture coefficient for the 3000 K gas temperature measurements ob­
served when the cryosurface temperature is varied from 10 to 25°K. 

In Fig. 19. the data points represented by triangular symbols are 
experimenta1.values of the capture coefficient for carbon dioxide (C02) 
at gas temperatures of from 400 to 9500 K obtained in the propulsion 
studies (Ref. 17). The good agreement between the experimental and 
calculated points indicates that the capture coefficient may be calculated 
with reasonable accuracy at these higher temperatures. However. the 
possible error involved in this type of extrapolation is shown in Fig. 20. 
The shaded portion represents the area where the actual values of C may 
fall. This area is based on a maximum error of ±8 percent in the 
195. 300, and 4000K data. For N2 and A. the possible error is in­
creased since the 77°K points were not used in the extrapolation because 
of cryosurface temperature influences at 20oK. 

It should be noted that if Eq. (7) is used to calculate capture coef­
ficients for gas temperatures less than 300oK, the effects of cryosurface 
temperature must be considered. 

6.0 CONCLUSIONS 

The critical velocity model has been shown to predict the experi­
mental results of capture coefficient measurements for gas tempera­
tures ~ 300o K, and the deviations from the predicted values can be 
qualitatively accounted for if the potential field model is employed. 
Therefore. one may estimate the capture coefficients for engineering 
purposes for most gases from Eq. (9), if the capture coefficient is 
kno\vn for one gas temperatur-e: 

(9) 

where 

From the values of E; /k in Table 4, one may conclude that these gases 
will fall within one of two main groups. The factors that decide to 
which group a gas will belong have not been determined; however, it is 
felt that an explanation of the cryosurface temperature effect will 
elucidate these factors. The effects of cryosurface temperature are 
the subject of a continuing study (Ref. 4). 
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mmHg Pump Pump Temperature 
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3 x 10- 10 On Off ff 

2 x 10- 10 Off On ff 

4 x 10- 10 On On ff 

2 x 10-10 On On ff 

1.,5 x 10 -11 Off Off looK 

1 x 10- 11 Off Off ff 

1 x 10- 11 Off Off ff 

2.8 x 10- 11 Off Off ff 
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t+:> 

Cryosurface 
Temperature, N2 

oK 
3000K 4000K 

10 7. 75 6.53 

12.5 7.65 6.53 

15 7.55 6.53 

17.5 7.4 6.53 

20 7. 35 6.53 

22.5 7.30 6.53 

. 25 7.30 6.53 
'----- - - -

*Estimated (Ref. 2) 

TABLE 2 

PUMPING SPEEDS OF COMMON GASES 

Pumping Speed, S, liters/cm2-sec 

A CO N20 

3000K 4000K 77°K 3000K 4000K 3000K 4000K 

6.80 5.76 6.04 10.5 10.0 5.95 4.8 

6. 75 5. 76 6.04 10. 1 10.0 5.95 4.8 

6.65 5.66 6.04 10.0 10.0 5.95 4.8 

6.55 5.66 6.04 10.0 10.0 5.95 4.8 

6.50 5.66 6.04 10.0 10.0 5.95 4.8 

6.50 5.66 6.04 10.0 10.0 5.95 4.8 

6.50 5.66 6.04 10.0 10.0 5.95 4.8 

°2>:< 

77°K 3000K 

5. 36 8.77 

4000K 

8. 9 
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TABLE 3 

THEORETICAL MAXIMUM PUMPING SPEEDS 

Molecular 
Gas Temperature, Maximum Pumping Speed, S, 

Gas Weight, M, T g, OK liters I cm 2-sec 
grams 

N2, CO 28 77 6.04 
28 300 11. 96 
28 400 13.8 

°2 32 77 5.36 
32 300 10.58 
32 400 12.2 

A 40 77 5.06 
40 300 10.00 
40 400 11. 55 

C02, N20 44 195 7.68 
44 300 9.53 
44 400 11. 02 
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TABLE 4 

CALCULATED VALUES OF Elk 

Gas €/k* 

N2 290 

A 293 

CO2 289 

CO 532 

N20 288 

02 532 

':<These values of E /k were calculated from the 3000 K gas 
temperature data, measured on a 200K cryosurface. 
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Fig. 1 Ultrahigh Vacuum Chamber 
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