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ABSTRACT 

An apparatus has been constructed, similar to that of G. 

Hertz3 , making use of the difference in the thermal velocities 

of molecules of different weight to separate the isotopes of a 

gas. The problems of design and their solution are discussed 

in detail. Data are given to show the separation and equili­

brium time of apparatus of sevefal types, when used to separate 

mixtures of various initial concentrations of hydrogen and ni­

trogen, carbon dioxide and nitrogen, and carbon dioxide and ar­

gon. Mass spectrometer measurements on the end-products of a. 

separation process performed on the neon isotopes. with an ap­

paratus containing fourteen mercury dif'fusion pumps, show the 

separation to be the same as for rr.ixtures of carbon dioxide and 

argon, for which the mass ratio, 44:40, is the same as the 22:20 

ratio of the neon isotopes. Separation processes performed with 

an apparatus of twent;lr-four pumps on carbon dioxide-argon mix­

tures reveal that the separation faetor--i. e., the ratio of the 

relative abundance of the heavy gas at one end of the system to 

its relative abundance at the other end. when equilibrium has 

been reached--and the equilibrium time are practically indepen­

dent of the initial mixin11; ratio of the components. 

Hertz' approximate theory of the diffusion apparatus is ex­

tended to permit the calculation of the nenrichrrient factor"--

i. e., the ratio of the relative abundance of the heavy gas at 

the 11 heavy11 end of the system, after equilibrium is reached, to 

its relative abundance in the gas initially admitted to the sys­

tem. The effects of impurities~ viscosity, pressure gradients 

in the system, and insufficient. pumping speed are discussed 

quanti te.t,ively. 
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Work done on methane, to concentrate cl3, and on nitrogen, 

to concentrate Nl5, is described. Photo~raphs of the band spect~a 

of c2 , CN, and N2 are given which show isotope bands of sufficient 

intensity to make possible quantitative mass measurements on the 

rare isotopes c13 and N15 • Methane has been produced containing 

cd 13 rd 16m of C , and nitrogen gas has been produced containing 3.31~ o.f 

Nl5# instead of the l~ and o.33 in the respective normal gases. 



1. Introduction 

In the past, many attemots have been made to change the iso­

topic mixing ratio of gases by methods making use of the differ­

ence in the thermal velocities of molecules of dii'f'erent weight. 

Ordinarily, the apparatus devised for this purpose consisted es-

sentially of a length of clay tubing through which could be led 

the gas whose isotopes were to be separated. The region outside 

the tubing was kept evacuated so that part of the gas, while tra-

velling along the length of the tubing, would be pulled through 

its porous walls. Due to the greater ease with which the lighter 

isotopes diffuse through porous material, the gas which traversed 

the length of the tubing without passing through its walls would 

be somewhat richer in the heavier isotopes than the gas which 

was originally led into the tubing. This method was used by 

Aston and Linde:mannl, in an attempt to separate the isotopes of 

neon, and by Harkins and co-workers2, who wished to increase the 

relative abundance ofthe heavier isotope of chlorine. It is easy 

to show1 that, when there are only two isotopes, the ratio of the 

numbers of heavy and light isotopes is increased by this process 

by a factor 1;~ __....-.~~~~~~~~~~-~~~~~~~~ 
E : 'IV! Volume of gas led into tubing 

-11_.,..o-rl um~e-1 .... e-d~o-u-it:--o""lf.:"°"rt~u"l'.'b"'.;'i-n~g-,-w--..i t'7"hi-o~u'."""t-d~ir--f"'1 N...-.s~i~n~g"""" 
through walls 

where // - - ;/ '.!1 
/ II' 1'111 

~--molecular weight of lighter isotope 

M#--moleeular weight of heavier isotope 

This notation will be pre~erved throughout this paper. E will 0£-

ten be referred to as the "Enrichment Eactor" of the process. 

For their work with neon, Aston and Lindemann led 2000cc 

of gas into the porous tubing for every loo that came out at the 
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gated here. Curves e, f, and g should be referred to in this con­

nection. In each figure, two curves are shown; curve l was ta.ken 

with f : 1/3 (exoept in fl, in -r;hich f' was changed from 1/3 to 1/4 

during the run); curve 2 was taken with f : o. curves 2 were al­

ways taken shortly after curves 1, so that the gas, at the start, 

was not completely mixed. This accounts for the apparent differ­

ence between the initial mixing ratios of 'the two sets of curves. 

It also results in showing the equilibrium time of separation for 

f = 0 to be lower than it really is. Nevertheless, definite con­

clusions could be drawn. 

From figures e and f, representing hydrogen-nitrogen separa­

tions, it appears that f' ; 0 eventually gives a somewhat greater 

separation, but the process is considerably slower than when f is 

1/3. While the equilibrium time for the latter case is only 25 or 

30 minutes, about an hour is required for the separation with t = 
0 to catch up with the separation for f : 1/3. 40 minutes more 

a.re then required for equilibrium to be established. Furthermore• 

fl shows that a decrease in f from 1/3 to 1/4 serves to diminish 

appreciably the final a.mount by which the separation factor is in­

creased by setting f : O, while other data, not given here, have 

shown that the equilibrium. tir:1e is not appreciably increased by 

decreasing f still more than this. provided that it is not ac­

tually put to zero. Further, curve g shows that the relative 

slowness of separation for f = 0 is greater when the weights of 

the two gases are more nearly the same. (The rise in the curve 

near the start was often observed; it is attributed to imperfect 

mixing of the gases initially, dispelled by commencing the circu­

lation of the gas) 
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For a.11 these reasons, it was decided to use a value for f 

less than 1/4, but greater than o. Somewhat arbitrarily, it was 

decided to replace the separation tubes by new ones for which 

P .... : 12", 1'i :: l 1/5,., making f = l/ll. As was hoped, runs with 

carbon dioxide-nitrogen mixtures required no measurably longer 

time for equilibrium than they did when f was 1/3. Renee in the 

immedj.e.tely succeeding tests, these new values of' Jl, and g wei:,e 

always used. 

So far only one size of porous tubing had been used--I.D. 

5.0, o.D. 7.0 mm. It was thought worth while to investigate the 

effect of a smaller bore. If diffusion along the length of the 

tubing was cutting the separation dawn, it was believed that tub­

in~ or smaller cross-section would yield better results. Conse-

quently, tubes of I.D. 2.95, O.D. 4.32 mm. were assembled, and car­

bon-dioxide-nitrogen tests made. There was no observable differ­

ence in the results, so small bore tubing was not again considered. 

Finally, tubing of somewhat thicker walls than the first used 

( I.D. 5.5, o .. D. a.o mm) was tried aIJ.d found to yield the usual re­

sults. Hoping that this slightly less porous material might help 

to prevent the overloading of the pumps, this style of tubing was 

used thenceforth. 

At this stage of development, it was considered desirable to 

attempt to obtain more accurate measurements of the enrichment 

factor of the apparatus. With mixtures of carbon dioxide and ni-

trogen, accurate analyses could be made by measuring pressures be­

fore and after freezing out the carbon dioxide in liquid air. For 

measuring pressures, a simple mercury manometer was not sufficiently 
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accurate, while an ordinary McLeod gauge could not easily be used, 

on account of' its large volume (It must be remembered that the vol­

ume of the g;as being analyzed was only about 200cc). However, it 

was found sufficient to construct a miniature McLeod gauge, of to­

tal volume about two cubic centimeters. By such means, three mea­

sure~~nts of separation factors (involving analyses of the gas in 

both ~ and Vs,, of course) attained in 5 mm, ":f'ast" runs, yielded 

Q = 2.1s, 2.oa, 2.oa 

The theoretical calcdation would predict a separation factor 

Qth."' 2.a 

That the experimentally measured Q is less than the theoretically 

calculated value is not to be regarded as alarming,, since the cal­

culation has not taken sufficient account of the smallness of ,,,0, 

which considerably weakens some of the assumptions made in the 

derivation of the theory. This effect, it must be pointed out, 

is entirely inappreciable except for mixtures of gases of widely 

different molecular weights. Thus, the agreement between theory 

and experiment was found to be much better when mixtures of carbon 

dioxide and argon gases were worked with. For pressures of from 

5 to 8 mm of mercury, the separation factor for such mixtures was 

measured to lie between 1.23 and 1.28. The theoretical calcula­

tion here would give Q = 1.30. The time required for equilibrium 

was not measured, but it was less than two hours, 

The deleterious effect ot high pressure may again be noted 

in the measurements made on carbon dioxide-nitrogen mixtures. Runs 

at 13 mm pressure yielded for Q values between 1.4 and 1.7, depend­

ing on the speed of pumping, as compared with the values of over 

2 always obtained in 5 mm runs with the same gases. 
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The results of this group of preliminary expe.riments seemed 

to justifY the continuation of the problem. 'Iherefore plans were 

made for the construction of a diffusion apparatus of enough mem­

bers to effect a usefUl enrichment of the rarer isotopes of some 

of the light gases. It was decided to build the apparatus up grad­

ually, in units of five separation members each; each unit being 

mounted and assembled on its O'W!l iron framework. While these were 

being constructed, some investigations were carried out on various 

styles of mercury diffusion pumps, in order to eliminate the inade­

que_oy of the earlier methods of circulating the gas. 

The investigation of the circulation of the gas was carried 

out in the obvious way. A pump was connected to one of the sepa­

ration tubes to be used in the diffusion apparatus, so that it 

circulated gas in the same fashion in which gas was circulated 

in that apparatus. Manometers indicated the pressures inside and 

outside the walls of the porous tubing. A three liter reservoir 

served to maintain steady the pressure inside the tubing (See Fig. 

3). This system was filled with air at a pressure of a few mm of 

mercury, the pump was started, and the behaviour of the system was 

followed by the pressure indications of the manometers. As was 

expected, the pressure on the high-vacuum side of the porous wall 

was not zero, but was e.n appreciable fraction of that on the high­

pressure side. For example, when the pressure inside the tubing 

was 9.8 mm, that outside could not be gotten below 2.5 mm. For 

higher pressures, the percentage effect was worse. Part of the 

difficulty, it was soon found, lay in the fa.ct the.t the tubing 

from the high-vacuum side of the pump to the outside of the por­

ous walls offered sufficient. resistance to the flow of the gas to 
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re sul t in an appreciable pressure drop. This situation was cor­

rected in all subsequently constructed separation members by the 

use of wider and shorter leads. 

But the use of less-resistant leads was not in itself suf­

ficient to make possible satisfactory pumping; it appeared that 

the mercury pump would have to be redesigned, if circulation at 

several mm pressure was to be feasible. This was not surprising, 

inasmuch as the pump being used was built for evacuation purposes, 

and not for high'f!"essure circulation. 

Nevertheless, it was found that reasonably low pressures 

could be maintained on the high-vacuum side of the porous member 

if enough heat was supplied to the pump, so that the mercury va­

por pressure was several centimeters of mercury. This necessi­

tated the use of a flat boiler, so as to eliminate the violent 

bumbing which took place when the deep column of mercurJ of the 

usual pump was heated rapidly. Further, it was:tbund impossible, 

in any reasonable way, to construct electric heating units for 

the pumos which would supply enough heat to them without bu~ 

ing out. Gas heating was tried and found quite satisfactory. 

In all the subsequently constructed apparatus, each mercury pump 

has been heated by its own Bunsen burner (of a special improved 

type). 

Experiments were also performed to determine the be~t di­

mensions of jet, jet clearance~ etc., for a pump such as was re­

quired for the diffUsion apparatus. The general construction of 

the single-stage pumps tried is drawn roughly to scale in Fig. 

4. The maxiJIWm speed of which the pump is capable is limited 

by the clearance between jet and condenser. To attain this ma.xi-
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mum speed of circulation at a pressure of several mm of mercury, 

however3 it is necessary to drive the mercury very rapidly through 

the jet. If the jet is small. the mercury vapor press•re at which 

the pump operates must be large eo as to overcome the resistance 

in the jet. However, this seems to make for stability in pumping, 

so that the irregularities in the evaporation of the mercury that 

always occur do not appreciably affect the circulation of the gas. 

With a wide jet, on the other handio the vapor pressure required 

for maximum pumping is much less, but slight fluctuations in boil­

ing are apt to result in temporary lapses in the circulation.. Pro­

bably the heat required by the pump is a.bout the same for both 

oases. 

When a small jet is used, pumping begins almost discontin­

uously when the mercury vapor pressure passes through a value 

cha.racteri stic of the gas pressure in the system. Vfi th the pump 

design finally adopted .. this "critical pressure" is about 60 mm., 

for a gas pressure of 12 mm in the system. For a given pump, 

measurements of the critical pressure made under similar condi­

tions can be duplicated to within 2 or 3 mm, while this is about 

the range over which pumping sets in. 

In order to obtain the foregoing information, measurements 

were made with single-stage pumps of seven different designs. 

In addition to what has just been reported, it was found that 

the tolerance in dimensions of jet, jet clearance, and conden­

ser was surprisingly small if the num.p was to work at all at 10 

mm of gas pressure or thereabouts. Although a test of only seven 

pump styles cannot be considered exhaustive, when there are three 

or more para.~eters capable of independent variation. it can nev-
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ertheless be asserted that, unless values completely different 

from those tested here are used, the dllaensions of the working 

parts of the pump should be within about 503 of those finally 

adopted as a result of these tests. These values are given in 

Fig. 4. 

Of course, these considerations do not apply to two-stage 

pumps; probably something might be gained by going to a more 

complicated construction. Experiments were made with two or 

three designs of two-stage pumps, but the results were not be­

tter than those finally obtained with the simpler construction 

of Fig. 4. 

With the pump finally adopted, tests under normal working 

conditions, as duplicated in the arrangement of Fig. 3, revealed 

that a pressure of 3/4 mm could be maintained on the high-vacuum 

side of the porous tubing1 when the pressure inside the tubing 

was 12 mm. Such pumping required about a 60 mm column of mercury 

in the pump. In the diffusion apparatus, the pumps are normally 

operated at a vapor pressure of 7 or 8 cm of mercury. 

III. Final Diffusion Apparatus 

The apparatus has been built up until now it contains seven 

units, each unit consisting of five separation members. The cir­

culating pumps are according to the design worked out in the pre­

ceding pages; the porous tubing is all of the type described in 

the foregoing. The mounting for the separation members has been 

designed so as to make the leads as short as possible. The low­

pressure leads from the pumps to the porous members are about 2 

cm in diameter (this was found large enough to eliminate any sen­

sible pressure gradient)~ while the rest of the connecting tubing 
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is about 6 or 7 mm in diameter. The construction varies from unit 

to unit only in the lengths of the porous tubes. There are 

Unit A11 :ror which f- 2411
11 - 2", l/f = 14 ,,_- -

B 18 1 20 

c 18 l 1/3 15.5 

D 18 1 20 

E 18 1 1/3 15.5 

F 12 1 14 

G 12 1 1/3 11 

The units are arranged in apha.betical order from v1 to Vs• The 

ordering of the units in the system is dictated by two considera­

tions. First, the volume at the "heavy" end of the system must 

be kept as small as possible, when the apparatus is used to col­

lect heavy isotopes, as has thus far been the case (See Appendix 

B). This suggests putting the units with long tubes and conse­

quently ~ela.tively large volumes at the "light" end of the eys­

tem. If any arbitrariness remains, an arrangement should be se-

lected which will make for the maxim.um speed (See Appendix A). 

This suggests putting the units with the highest f-ratios closest 

to the "heavy" end of the system. Both these conditi<DS were met. 

within limits, by the ordering adopted. 

In the earlier stages of development, of course, each unit 

was tested before being put into the system. All units behaved 

about alike, however, their separation factors being also about 

the same, within the accuracy of measurement, which was not suf-

ficient to distinguish with certainty between the different f-

ratios, in a five member apparatus being tested with carbon dio-

xide-argon mixtures. Typical test results are those obtained 
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bon dioxide-nitrogen in Unit E, at a. pressure of 11 mm of mercury. 

The equilibrium time for carbon dioxide-argon mixtures is probably 

somewhat greater, but the Pirani gauge was not sensitive enough to 

be used on such mixtures. 

A comparison of curves h a.nd i shows the influence of the num­

ber of separation members on the equilibrium time. curve i was 

taken when Units E end G were run in· series. The gas in the sys­

tem was 10.5 mm of carbon dioxide-nitrogen mixture. For this case, 

the curve shows that the equilibrium was reached a~er about 1-k 
hours of circulation, whereas only about one-half hour was re­

quired for one unit alone. The implication is that the time re­

quired for equilibrium to be reached increases more rapidly than 

the number of separation members, everything else being equal. 

The separation factor finally attained in the run represented by 

curve i was about 50, as compared with 7.5 or s.o for Unit E alone. 

In all the measurements thus far described the initial mix-

ing ratio of the gases used was 1:1, roughly. In the work with 

apparatus of five or more members, VR has been 5 liters, and Vs 

200ec. 

For comparison with work later to be described, it will be 

of interest to note the results of measurements made on the se­

paration factorof the fi~een-member apparatus composed of Units 

A, E, and G. Three runs on carbon dioxide-argon mixtures at a 

uressure (measured in Vp) of 11 mm gave values for Q of 4.3, 7 .8 

and 9.6. The durations of the circulations were ~, 4!, and 3 

hours, respectively. In each case the initial mixing ratio was 

about 1:1. Later work has strengthened the belief that the value 

4.3 was probably spurious. If it is neglected, the separation 
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