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ABSTRACT

An spparstus hes been constructed, similer to that of G.
Hertzs, 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 sre discussed
in detail, Date are given to show the separsation snd equili-
brium time of apparstus of sevefal types, when used to separate
mixtures of variocus initial concentrations of hydrogen end ni-
trogen, carbon dioxide end nitrogen, and carbon dioxide and ar-
gon. Mass spectrometer messurements on the end-products of a
separation process performed on the neon isotopes, with an ap-
parstus containing fourteen mercury diffusion pumps, show the
separation to be the same as for mixtures of carbon dioxide and
argon, for which the mass ratio, 44:40, is the ssme as the 22:20
ratio of the neon isotopes. Separation processes performed with
an spparstus of twenty~four pumps on carbon dioxide~argon mix-
tures reveal thet the seperstion factor--i. e.s; the ratio of the
relative abundance of the heavy ges at one end of the system to
its relative abundance at the other end, when equilibrium has
been reeched--and the eguilibrium time are practically indepen-
dent of the initisl mixing ratio of the components,

Hertz! spproximate theory of the diffusion epperatus is ex-
tended to permit the calculation of the “enrichment factor"=--
i. e., the ratio of the relative abundance of the heavy gas at
the "heavy" 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

suentitatively.
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-
VWiork done on methane, to concentrate 013’ end on nitrogen,

to concentrete N2, is described. Photoeraphs of the band spectra

of Co, CN, and Ny are given which show isotope bands of sufficient

intensity to make possible quantitative mass measurements on the

13 and Els. Methaene has been produced containing

rare isotopes
16% of ¢, end nitrogen gas has been produced containing 3.3% of

N9, instead of the 1% and 0.3% in the respective normal gases.



Is Introduction

In the pest, many attempts 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 different weight,
Ordinarily, the apparatus devised for this purpose consisted es-
sentially of a length of clay tubing through which could be led
the ges 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 grester ease with which the lighter
isotopes diffuse through porous material, the gas which treversed
the length of the tubing without pessing through its walls would
be somewhat richer in the heavier isotopes then the gas which
was originelly led into the tubing. This method was used by

1

Aston and Lindemsnn™, in an attempt to separate the isotopes of

2, who wished to increase the

neon, and by Harkins and co-workers
relative sbundance ofthe heavier isotope of chlorine, It is easy
to show! that, when there are only two isotopes, the ratio of the
numbers of heavy end light isotopes is incressed by this process

by a factor

[ g —

E = 1[ Volume of gas led into tubing

Volume led out of tubing, without diffusing
through walls

where ,/V-—fzgr
M, --molecular weight of' lighter isotope
M, --molecular weight of heavier isotope
This notation will be preserved throughout this paper. E will of-~
ten be referred to as the "Enrichment Ractor" of the process.
For their work with neon, Aston and Lindemann led 2000ecc

of gas into the porous tubing for every lec that came out at the
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other end. For neon,/ /- .05, Substitution in the foregoing sge
uation then shows that the end-product should eontain, instead of
the usual 10% of Ne22, about 147. Such smallness of enrichment
factor must be characteristic of all diffusion methods for the
separation of gaseous isotopes which employ only a single dif-
fusion proeess. By repetition, grester enrichment is possible,
but the amount of gas reguired and the work involved are so great
that ons would not expect to be able, by this method, ever to e~
chieve anything sporoximating o resl sepsration of isotopss.

This was the sbabus of the subjest until G. Hertz® devised
a simple, but extremely ingenious scheme whereby, in effect, the
gas may be sutomatically led through meny successive diffusions,
in & closed system, and without the use of large guantities of
gas, Hertz' procedure is as follows., The usual long clay tube
is divided into segments, each surrounded by its own glass jacket
which is kept evacusted by its own individusl mercury diffusion
pump. The gas pulled by a pump through the walls of its "separa-
tion member® is not thrown away, but is led back into the system
at a point in the aspparatus reached earlier by the gas, In this
way, the light constituent (on the average) of the gas which dif=-
fused through the wall of the nth separation member is sent back
to the {n-1)st seperation member, Its light constituent, in turn,
passes through the wall of the (n-1)st member and is sent back
to the (n=2)nd member, ete. As & result, there ensues a net itrans-
fer of light molecules towards the right end of the system ( See
Fig. 1), and a net transfer of heavy molecules towards the left,
Eventually, of course, an equilibrium is reached, inssmuch as the

system is closed, and no gas is led in or out after it has been
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initielly filled. The eguilibrium values of the isotopic ratios
at the wvarious points of the epparatus can be caleulated for the
more general method of connection depicted in Fig. 2. It is evi-
dent that the connection shown in Fig. 1 is the special case for
which 4, /g -0,

A reproduction of the details of the caleulation sarried out
by Hertz is given in Appendix A. His simple theory is based upon
thres reasonable spproximations:

1. The diffusion of the gas through the wells of
the tubing is not affected by its motion along the length
of the tubing.

2., Diffusion along the tubing is negligible.

3s The smount of gas which diffuses through fi

bears to the amount which diffuses through / the ratio

of the lengths of the tubes éi;ﬁ °
Combining with these assumptions some simple sguations expressing
the fact that the total number of molecules of each kind entering
any portion of the apparatus in any time interval must egusl the
number leaving that portion (when equilibrium has been reached),

it is easy to derive the result (when there sre only two isotopes):
{ /‘" . /

fo z ;j"g‘j ke ; ; - (&Q;% )~,

where g, the "separation factor®™ of each separation member, is

the factor by which the ratic of the number of heavy to the num-
ber of light molscules at a given point in the nth separstion
member exceeds that ratio at the corresponding point in the (n-l)st
separation member. For an epparatus consisting of m such members
cormected in series, the separation feector is obviously ¢™. 41l

experiment so far recorded indiecates that this is strictly trues
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there is no decrease in efficlency as m incresses,

It might seem that an epparstus of only a few members might
be mede to yield a large separation, simply by making,é?<<g€, 50
that £ - 0, Although it is true that g may be increased in this
wey, ot the same time the speed of the apparatus is diminished
(See Appendix A), so that the equilibrium time is apt to become
prohibitive. Further, if éi becomes too small, so that the hook-
up approgsches that of Fig. 1, the transfer of gas from member to
member takes place ehiefly by diffusion, in violation of Hertsz?
third assumption, so thet a modifi ed theory4 must be used, whieh
shows that both g snd the eguilibrium time sre limited in this
case also.

In Hertz' original spparatus there were twenty-four separa-
tion members, for each of whichqéiand ?lwere equal, The appara-
tus was first tested on neon, for which case the caleculation just
indicated yields a value of 1.092 for ¢, whieh corresponds to a
predicted separation factor for the entire spparatus of 8,32,
Febry-pPerot interferometer intensity measursments on the fine
strusture componsnis of the spectra of neon at the two ends of
the apparatus (as well as mess-spectrometer messurements) showed
that the separation factor asctuslly achieved was at least 80% of
this predicted walua.

Since this early work, Hertz has built a 48-member spparatus,
employing prineipally the method of connection shown in Fig, 1,

22 gng g2 P46,

with which he has produced spectroscopically pure He
The theoretical separation factor for the isotopes of neon for
this spparatus he has reported to be sbout 1600. A4 single run

requires 20 liters of gas at a pressure of 7 or 8 mm of mercury,

and produces an enriched sample of a few hundred cc.
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IT. Development of Apparatus

In setting out to construct a similar apparatus for the sep=
aration of gaseous isobtopes by diffusion, one is first confronted
with the necessity of determining what sort of porous tubes are
required for the process, If it is found possible to obtain ma-
terial porous encugh to emable diffusion to oceur, but not porcus
enocugh to swamp the mercury pumps available for the circuletion
of the gas, one mey feel some confidence in the outeome of his
work, and set about to sttempt to embody, in his spparatus, as
many specific improvements as possible. One hes at his disposal,
as adjustable parameters of the apparatus: the porosity, internal
end external dismeters, and lengths of the porous tubing; the dia-
meter of the commecting tubing: the velumes of the reservoirs \/;
and Vg (See Plate I); and the pressure at which the system is to
operate,

The logical method of procedure is first to design a practi=-
cal mercury diffusion pump which will circulate as much gas as
possible (consistent with reasonsble simplicity of construction)
at o pressure of about 1 em of mercury (It will be seen later that,
at higher pressures, viscosity effects diminish the sepasration fac-
tor). This, then will serve to determine the overall porosity of
the clay tubss used--they should pass just as much gas as the pump
can handle, when the pressure inside the twbing is 1 om of mercury,
and that outside is negligible, It is essential that the tubing
be not too porous, as in this case the pressure on the outside of
the tubing will not be negligible, and reverse diffusion will di-
minish the separation factor (See Appendix A).

The internal dismeter of the diffusion and commecting tubing
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must be chosen on the basis of several divergent considerstions,
In order to keep down the volume of the system, as well as to re=
duce the effect of diffusion elong the tubes, this dismeter should
be made smell; in order to keep down the pressure drop between the
two ends of the system; this diameter should be made largs.

Once the internal dismeter is fixed, one must adjust the exe
ternal diemeter, iﬁ and §i,simu1taneously, by experiment, to de-
termine how large a value of g can be used consistent with res-
sonable speed of separstion. In sny event, ;Z " ﬁi{and the ex-
ternal dlemeter of the tubing must be such as to satisfy the pump
condition previously stated.

Finally, ?? end V. must be selected. In most of the work
done with this type of apparestus, the heavier isotope is the
rarer and, therefors, the one which the experiment sesks to con-
centrate, For such work, it is clear that the choice of & value
for Vg is dictated by the emount of enriched gas one wishes to
produce in a single run. Increasing Vg increases the vield per
run of the system, but it alsc incresses the egquilibrium time.

Vp s on the other hend, should be made large=--if possible, large
enough that the removal from it of enough of the heavier mole-
cules to £i11 V, will not materislly alter the isotopic mixing
ratio in V, . Otherwise, the operation of the system will be %o
increase the relative abundance of the lighter isotope In V, , as
well as to incresse the relative abundsnce of the hesvier isotopse
in Vg, so that the actual "enrichment factor", E, of the apparatus
mey be mpprecisbly less than the "separation factor™, Q. This

effect is treated in detall in Appendix B.
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In order to investigate the femsibility of the Hertzian me-
thod here, en spparstus with two pumps was first constructed,
Ordinary fist stage, single-jet, mercury diffusion pumps were
used for the circulation of the gas, while unglazed pyrometer
tubing (I.D. 5.0 mm, 0.D. 7.0 mm) was smployed in the construc-
tion of the separation tubes. This type of tubing7 has besn found
setisfactory throughout the work done here. It is unique in that
it can be sealed directly to pyrex, with ease and permanence.

This is a great convenlience in an apparatus of this type.

In the construction of the separation tubes a method of as-
sembly was used which mede it possible to vary the f ratio of the
apparatus. The tube él(Fﬁg. 2) wes made twelve inches in length,
but Aﬁ consisted of two six-inch tubes, connected by pressurs tube
ing in sueh 2 way that, by closing off the tubes in various combi-
nations, /a ecould be made 12, 6, or O inches in length, The re-
sults of the tests thus mede will be described in the following
pagss.

Evidently, for such s smell spparatus, the separation factor
is negligibly low exeept for a mixture of gasss of widely differ-
ent molecular weights., Therefore mixtures of hydrogen and nitro-
gen end, later, nitrogen and carbon dioxide geses were used to
test the apparatus, Two methods of enalyzing the compositions
of the mixtures suggested themselves. The first involved the
matehing of intensities of the H, line and the red bands of ni=-
trogen, observed spectroscopically in discharge tubes in the two
ends of the system. For this type of measurement there was em=
ployed a direct vision spectroscope equipped with a prism and

neutral wedge arranged in such & way that half of the slit could
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be directly illuminated, end the other half illumineted by light
which had passed through the prism and peutral wedge. By angular
adjustment of the prism, the H  line of ome half the field of
view could be made to overlsp an adjecent nitrogen bapd on the
other halfs; by adjustment of the neutral wedge, the intensity
of the H, line could be cut to match that of the nitrogen band.

Measurement of relative percentages by such a spectroscopic
method, of course, must depend on an empiricel calibration of the
messuring device., Hydrogen-nitrogen mixtures of wvarious known
compositions were first admitted to ome of the discharge tubes
at the pressures at which the apparatus was to be run ( 2 to 10
mm of mercury). For each pressure, the readings of the neutral
wedge were then plotted as & funebtion of the compositions, and
the resulting curves were used in the meessurement of unknown com-
positions.

This method, at the wvery best, was only semi-quantitative,
since, for this observer at least, the wvisual intensity matching
was always a doubtful proecess. Also, the calibration dependsd
to such an extent on the pressure of the gas in the discharge
tube that it was often hard to know whether to aseribe a change
in the relative intensities of the H, line and the nitrogen band
t0 an actual change in gaseous composition or to & pressurs gra-
dient in the system. A4S a result, this method was useful only
in showing that & detectable separation of hydrogen and nitrogen
gas was affected by the two-member spparatus. Quantitative mes=-
surements required a different technique,

The second, and more satisfactory device used for messuring

the composition of gaseous mixtures was simply a Pirani gauge.
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This instrument consisted of a tungsten filament of sbout 15 em
length end 10 ohms resistence, suspended in a glass tubs of about
5 mm internal diasmeter. It was used in comnection with the usual
Wheststone Bridge cireunit, with s potential difference of 1.5 to
2 volts scross the gaugs.

Again, of sourse, an empirical calibration had to bs used
in connection with the measurement of the composition of gaseous
mixtures. A set of curves waes obtained for different pressures
of gas, the vollage across the bridge for the balanced condition
being plotted ageinst the percentage of hydrogen in the hydrogen~-
nitrogen mixture. More or less reproducible, guantitative mea~
surements were found possible by this method, provided that fre=-
guent calibrations of the gauge were made. Apparently letting 2ir
into the system was often sufficient %o alter the calibration of
the instrument apprecisbly. Also, care had to be taken to keep
water vapor out of the system sas this disturbed the measurements
greatly. Because of these difficulties, this method of gas an-
alysis was discardsd 28 soon as the enlasrgement of the epparatus
made possible a different, simpler technique (described leter),.
However, the Pirani gesuge continuedto be useful in studies of
speeds of separation, since it made it possible to meke contin-
uous observations of changing compositions,

In the tests of this preliminary spparatus, the Pirani gauge
was sealed into a 200ec bulb which comstituted one of the end-re-
servoirs of the system. The other reservoir was s bulb of 3 liters
psapacity. Each reservoir wes equipped with & manometer. By means
of ground glass connections, the two bulbs could be interchanged.

Inasmuch as most of the rarer gaseous isotopes are the heavier
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ones, most of the messurements were made with V( 2 3 liters and
Vg = 200ce.

It soon became evident, with this two member apparatus, that
apprecisble separation of hydrogen and nitrogen was possible only
at low pressures end for high pump speeds. Curves 8, b, ¢, and
d are typical of the many curves cbtained. These curves represent
the operation of the system at pressures of 14,85, 13.5, 5 and 3 mm,
raespectively, The final enmrichment factors reached, as measured
by the Pirani gauge, were 1.5, 2.4, 16, and 30, Although these
figures are not too relisble, the dats leave no doubt asg to the
value of low pressure in these early experiments,

In this work, the mercury pumps were being run with about =
2 or 3 om head of mercury pressurs, It was found that the enrich-
ment atieined was affected very materially by slight slterations
in the "speed® of the pumps, as indicated by this vapor pressure.
Curves el, fl, and gl show this effect unmistakebly. Therefore
the first conclusion drawn from these preliminery tests was that
s better tvpe of diffusion pump had to be devised, especially if
work at high pressure was to be possible. In the absence of sueh
a pump, the only dete which could mesn anything would be those for
"fast" runs at pressures of only a few mm of mercury. Hence, al=-
though in the subsequent tests both low and high-pressure runs
were made, only the results of the former will be given detailed
consideration here.

In his work with the diffusion spparatus, Hertz had built
and used separation members having £ = 1/3 and £ = 0, His work
hed convinced him that, on the whole, the latter style of separa~

tion member was the best, 7This was the next point to be investi-
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gated here. Curves e, £, and g should be referred to in this con-
nection.s In each figure, two curves are shown; curve 1 was taken
with £ = 1/3 (except in f1, in vhich f was changed from 1/3 to 1/4
during the run); curve 2 was taken with f = 0., Curves 2 were ale
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 curvese.
It also results in showing the eguilibrium 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 £ = 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, sbout an hour is reguired for the separation with f =
0 to eateh up with the separation for f 2 1/3. 40 minutes more
are then required for equilibrium to be esteblished. Furthermore,
f1 shows thet a decrease in f from 1/3 to 1/4 serves to diminish
apprecisbly the final amount by which the separation factor is ine
creased by setting f = 0, while other data, not given here, have
shown that the equilibrium tirme i1s not appreciebly incressed by
decreasing £ still more then this, provided thet it is not ac-
tually put to zerc. Further, curve g shows that the relative
slowness of separation for f 2 0 is greater when the weights of
the two gamses are more nearly the seme. (The rise in the curve
near the stert was often observed; it is attributed to imperfect
mixing of the gases initially, dispelled by commencing the circue

lation of the gas)
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For all these reasons, it was decided to use a value for f
less than 1/4, but greater than O, Somewhet arbitrerily, it was
decided to replace the separation tubes by new ones for which
7, = 12v, £ =z 11/3", meking £ = 1/11. As wes hoped, runs with
carbon dioxide-nitrogen mixtures required no measurebly longer
time for equilibrium then they did when £ was 1/3, Hence in the
immediately succeeding tests, these new values of 12 and ja were
elweys used.

So far only one: size of porous tubing had been used=--I.D,
5,0, 0,Ds 7.0 mm. It was thought worth while to lnvestigate the
effect of & smaller bore., If diffusion along the length of the
tubing was cubtting the separation down, it was believed that tube
ing of smaller cross-section would yield better results. Conse-
quently, tubes of I.D, 2.95, 0.D, 4.32 nmm were essembled, 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 then the first used
(I.De 5.5, 0.0, 8.0 mm) was tried and found to yield the usual re=-
sults, Hoping that this slightly less porous meterial might help
to prevent the overloading of the pumps, this style of tubing was
used thenceforth.

At this stege of development, it was considered desireble to
attempt to obtain more accurate measurements of the enrichment
factor of the apparstus. With mixtures of cerbon dioxide and ni-
trogen, sccurate analyses could be made by measuring pressures be-
fore and after freezing out the carbon dioxide in liquid air, TFor

measuring pressures, e simple mercury manometer was not sufficiently
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accurate, while an ordinery McLeod gauge could not easily be used,
on account of its large volume (It must be remembered that the vole
ume of the gas being analyzed was only about 200cc). However, it
was found sufficient to construet e minidture Mcleod gauge, of to=-
tel volume about two cubie centimeters. By such means, three mea-
surements of separation factors (involving analyses of the gas in
both ¥V, and Vg, of course) attained in 5 mm, "fast" runs, yielded
Q=2,16, 2,08, 2,08
The theoreticel calecdation would predict & sepearation factor
Qth,~ 2.8
That the experimenteally measured Q is less than the theoreticelly
caleculated value is not to be regarded as alarming, since the cel=-
culation has not taken sufficient account of the smallness of <,
which considerably weakens some of the asssumptions mede 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 then two hours,
The deleterious effect of high pressure may again be noted
in the measurements made on cerbon dioxide-nitrogen mixtures., Runs
at 13 mm pressure yielded for Q values between l.4 and 1.7, depend-
ing on the spesd of pumping, as compared with the walues of over

2 always obtained in 5 mm runs with the same gases.



wlde

The results of this group of preliminsry experiments seemed
to justify the continustion of the problem. Therefore plans were
mede for the construction of a diffusion epparatus of enough mem-
bers to effect & useful enrichment of the rarer isotopes of some
of the light gases. It was decided to build the spparetus up grad-
ually, in units of five separetion members each; emch unit being
mounted and esssembled on its own iron fremework. TWhile these were
being constructed, some investigations were carried out on warious
styles of mercury diffusion pumps, in order to eliminate the inade-
quecy of the earlier methods of circuleting the gas.

The investigation of the cireculetion of the gas was carried
out in the obvious way. A pump wes connected to one of the sepa-
ration tubes to be used in the diffusion spparatus, so that it
cireuleted gas in the same fashion in which ges was circulated
in that spparstus. MNenometers indiceted the pressures inside and
outside the walls of the porous tubing. A three liter reservoir
served to meintain steady the pressure inside the tubing (See Fig.
%3). This system wes filled with air at a pressure of & 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
vas not zero, but was an sppreciable fraction of that on the high=-
nressure side., For example, when the pressure inside the tubing
wes 9.8 mm, that outside could not be gotten below 2.5 mme. For
hirher pressures, the percentage effect was worse. Part of the
difficulty, it wes soon found, lay in the fact thet 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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result in an apprecieble pressure drop. This situstion wes 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 wes built for evacuation purposes,
and not for higheressure circulation.

Nevertheless, it was found thet reasonsbly low pressures
could be meinteined on the high-vacuum side of the porous member
if enoﬁgh heat was supplied to the pump, so that the mercury ve-
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 mercury of the
usual pump wes heated rapidly. Further, it was fbund impossible,
in any reasoneble way, to construct electric heating units for
the pumps which would supply enough heat to them without burs-
ing out. Geas heating was tried and found quite satisfactory.

In 81l the subsequently constructed spparatus, each mercury pump
has been heated by its own Bunsen burner (of a special improved
type).

Experiments were also performed to determine the best di-
mensions of jet, jet clearsnce, ete., for a pump such as was re-
guired for the diffusion apparatus. fThe general construction of
the single-stage pumps tried 1s drawn roughly to scale in Fig.
4. The maximum speed of which the pump is capable is limited

by the clearance between jet and condenser. To attain this mexi-
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mum speed of cireulation at e pressure of several mm of mercury,
however, it is necessary to drive the mercury very rapidly through
the jet., If the jet is smell, the mercury vepor pressure at which
the pump operates must be large 60 as to overcome the resistance
in the jet, However, this seems to make for stability in pumping,
so thet the irregularities in the evaporation of the mercury that
always occur do not appreciasbly affect the circulation of the gas.
With 2 wide jet, on the other hand, the wvapor pressure required
for meximum pumping is much less, but slight fluctuations in bhoile
ing are apt to result in temporary lapses in the circulstion., Pro-
bably the heat required by the pump is about the same for both
caSeSs.

When e small jet is used, pumping begins almost discontin-
uously when the mercury vapor pressure passes through a value
characteristic of the gas pressure in the system., With the pump
design finally adopted, this "eritical pressure" is about 60 mm,
for a ges 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 whieh pumping sets in.

In order to obtain the foregoing informetion, measurements
were mede with single-stage pumps of seven different designs,

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

the tolersnce in dimensions of jet, jet clearance, and conden-
ser was surprisingly smell if the vump was to work at ell et 10
mm of gas pressure or thereabouts., Although a test of only seven
pump styles cennot be considered exhaustive, when there are three

or more parsmeters cspable of independent wariation, it can nev-



-lT
ertheless be asserted that, unless values completely different
from those tested here are used, the dimensions of the working
perts of the pump should be within about 50% 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
pumpss 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 then those finally obtained with the simpler comstruction
of Fig. 4.

With the pump finally sdopted, tests under normel working
conditions, as duplicated in the arrangement of Fig. 3, revealed
that a pressure of 3/4 mm could be maintained on the high-wacuum
side of the porous tubing, when the pressure inside the tubing
wes 12 mm, Such pumping reguired about a 80 mm column of mercury
in the pump. In the diffusion spparastus, the pumps are normally
operated at a vepor pressure of 7 or 8 cm of mercury.

I1I. Final Diffusion Apparetus

The apparatus has been built wp until now it contains ssven
units, each unit consisting of five separation members., The cir-
culeting pumps are according to the design worked out in the pre-
cading pages; the porous tubing is all of the type described in
the foregoing, The mounting for the sepsration members has been
designed so Qs to make the leads as short as possible. The low=-
pressure leads from the pumps to the porous members are sbout 2
cn in dismeter (this was found large enough to eliminate any sen-

sible pressure gradient), while the rest of the commecting tubing
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is about 6 or 7 mm in dismeter, The construction varies from unit

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

Unit A, for which £ = 24", / = 2%, 1/f = 14
B 18 1 20
c 18 11/3 15.5
D 18 1 20
E 18 11/3 15.5
F 12 1 14
G 12 11/3 11

The units are arranged in dphabetical order from V, to V5. 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 cole
lect heavy isotopes, as has thus far been the case {See Appendix
B). This suggests putting the units with long tubes and conse-
quently relatively large volumes et the "light" end of the sys-
tem, If eny arbitrariness remains, an arrangement should be se=-
lected which will make for the maximum speed (See Appendix A).
This suggests putting the units with the highest f-ratios closest
to the "heavy" end of the system. Both these conditias 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 systems 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 apparstus being tested with carbon dio=-

xide-argon mixtures. Typical test results are those obtained
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with Unit B. 1 2/3 hours of circulation witha pressure of 9.5 mm
of a mixture of carbon dioxide and argon in the system resulted
in a separation factor of 1,90, 2 hours of cireulation with 6.5
mm pressure yielded a separation of 1,92, The caleulated factor
for this swbem is 2.2, More relisble measurements on two two=
hour runs with Unit A geve values for § of 2,10 and 2,16, as com-
pered with the calculated factor of 2,16 for this case., In gen-
eral, the agreement was thought to be ressonsbly good. However,
a run with Unit E at 14 mm pressure yielded a velue for § of only
1,62, Runs with carbon dioxide-argon mixtures at pressures grester
then 8 or 9 mm have been found to result in low separation factors,
with all units and combinetions of units tried. This effect is
worse with mixtures of carbon dioxzide and nitrogen. With Unit
E, for example, two 11 mm runs on this type of mixture yielded
values for § of 7.5 and B.0, whereas the caleculated factor is
greater than 16, There seems little doubt that this is due to
viscosity effects, whieh would be expected to set in et pressures
of this order of magnitude. This pressure effect must be distine-
guished from that found due to the inadeguacy of the sarlier style
of pumps, which has been corrected by the improved pump design.
For the present considerations it is sufficient to remlize that
only measurements of carbon dioxide-argon separations at pressures
of less than 8 or 9 mm can have any quantitative significence in
checking the operation of the apparatus against the theory.

Some ides as to the sqguilibrium time of & single unit may
be obteined from curve h, in which the woltage scross the bridge
of the usual Pirsni gauge set-up is plotted ageinst ths length

of time the gas circulated. This curvewss taken on & run of car-



30

2
3
-
L3 -
] “. A
—~ ~
. Q
>~ — -~
~ M~
i
m * -
- L 12
e o — Q <
: S [
|
; ° ©
. - . \ﬁf I -«m .
; ! ° »
H 1 w g
P
: . o ..\ .
i vy ~
<«
.m R = :
|
~ Q
< 2
] t
2] pe H
N S P, <
< | — N
=X i
. < <
; ~ —— N
o 2 S . ©
© Q Q - QD Q
s * > N N © A N 3
-~ ~ ™~ ~ 3 - ~ ~

Ml‘u ufll



~20=
bon dioxide~nitrogen in Unit E, at & pressure of 11 mm of mercury.
The equilibrium time for carbon dioxide-argon mixtures is probably
somevwhet greater, but the Pirani gauge was not sensitive enough to
be used on such mixtures.

A comparison of curves h and i shows the influence of the num-
ber of separstion members on the equilibrium time. Curve i was
taken when Units E end G were run in series, The gas in the syse
tem was 10.5 mm of carbon dioxide-nitrogen mixture., For this case,
the curve shows that the equilibrium was reached after about 13
hours of ecirculation, wherees only about one-half hour was re-
quired for one unit aslone., The implication is that the time re~
quired for equilibrium to be reached incresses more rapidly than
the number of separation members, everything else being equal.

The separation factor finally attained in the run represented by
curve 1 was sbout 50, as compared with 7.5 or 8,0 for Unit E alone.

In 81l 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, Y? hes been 5 liters, snd Vg
200cc.,

For comparison with work later to be described, it will be
of interest to note the results of measurements made on the se-
paration factoref the fifteen-member apparatus composed of Units
A, B, and G, Three runs on carbon dioxide-argon mixtures at a
pressure (measured in.Vb) of 11 mm gave values for Q of 4.3, 7.8
and 9.6, The durations of the circulations were 3%, 4%, end 3
hours, respectively. In each case the initial mixing ratio was
about l: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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factor for this apparatus for carbon dioxide-argon mixtures at
11 mm pressure is seen to be between B and 9, probably. The
theoretical wvalue, for 100% efficiensy, would be 11,5,

The last group of mesasursments which need to be considered
here are those made on carbon dioxide-argon mixtures with an ap=
paratus of twentv-five members--Units 4, B, B, P, and 8. In
these measuremenis, Vf wa.s 5000¢c, Vg was 300cc. With en appar-
atus of this size, there is found to occur sn spprecisble pres-
sure drop between Vy and Vg. The fractional drop increases with
decreasing pressure; for the twenty-five member system, & p, of
10 mm would correspond to aAﬁs of about 8 mm, while = z, of 7 mm
would accompany a pg of 4% or 5 mm. These walues sre wvery rough,
inasmuch as they were measured on ordinery mercury manometers
sealed into the two ends of the system. It was possible, in
these experiments, to determine p, s sccurately as desired, by
kseping the 5 1liter volume of Vk open to an ordinary Mcleod gauge
at the beginning of the run, but pg could never be measured ac-
curately, since obviously V. could not be opened to the large
volume of an ordinary Meleod gauge, and the method of analysis
involving the use of the previously mentioned miniature MeLeod
gauge had been supplanted, for work on larger assemblies, by a
method wherein the gas 1o be analyzed was pumped out of the sys=
tem and worked on with ordinary, full-scsle instruments.

Quite a large number of runs were made at pressures of 9
to 12 mm of mercury (9Q), but the resulits seemsd to point te no
conclusion except that previously noted--that high pressure runs
always result in low separation faétors (sometimes not over one=
third or one=fourth the celeculeted wvalue). Also, the results

were not all in guantitetive agreement; there always seems to
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be some uncertainty in runs on carbon dioxide-argon mixtures at
pressures of over sbout B8 mm.

However, the results obtained in = group of runs at pres-
sures (?§> of sbout 7 mm were entirely consistent and satisfac-
tory. It will be worth while to record the data for these runs
in some detall, inssmuch es these data provide masterial for the
evaluation of some of the constents of the apparstus, as dis-
cussed in Appendix B. In the following teble are recorded:

Py the length of time the system has run, t; the ratioc of the
pressures of carbon dioxide and argon in the sample removed

from Vg eand enslyzed, Rg; the ratio of The pressures of argon
and carbon dioxide in the sample reomoved from V, and analyzed,

Az
Rg; and the ssparation factor, § = Rsﬁl.

i3 Rg ) Q
EEE.E‘ p, = 669 mm

0 1/2.7 247 1

65 hrs 10.0 5.0 50

26 14.8 5,75 85
Run ITs p, = 880 mm

0 1/10 10 1

8 1.57 48 75

30 1,50 59 88

The gas of this run was then al-
lowed to stand in the system for
15 hrs, when circulation was re=-

commenceds

0 7 7 1
10 1,11 70 78
28 1.04 7z 75

The gas of t¢his run was then al-
lowed to stend in the system for
5 days, at the end of which time
e sample of V, gave R, = 22,
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2 Rs % g
Fun IIT1: P, = 6,60 mm,

0 1/50 5040 1

11 0.21 350 735

It will be useful, for the considerations which are to follow, to
note that each enalysis of Rg and R, involved the removal from
sach end of the system of enough gas to fill a 600cc volume 1o a
pressure of from 0.5 to 1 mm of mercury., The exact smounts of
gas removed in each cese were recorded, but are of no interest

at this point,

A cesual inspection of the foregoing data suffices to es=
tablish two important pointss the separation fsetor of the ap-
paratus tested does not depend apprecisbly on the initial mixing
ratio of the gases; the time reguired for equilibrium to be
reached 1s not affected very much by the initial mixzing ratioc.
From these messurements, the separstion factor is sbout 80, and
the time of equilibrium is of the order of 10 to 15 hours, for
carbon dioxide-argon mixtures, The extensive inberpretation of
these dete dnd their theoretical significence is taken wp in
Appendix B. For the purposes of this section it is sufficient
to point out that the caleoulated separation fsctor for this ap=-
paratus is 73, The apparent greater than 100% efficieney is not
considered significant, since small errors in the lengths of some
of the porovws tubes could easily sccount for this difference, if
indeed it is real.

This coneludes the present discussion of the development and
testing of the diffusion spperatus. In PFlate II is reproduced a
photwgrap? of a section of the system, while Fig. & is a schemstic

disgrem of the diffusion spperatus and suziliery devices., It is

important to note that V, is 22 liters. This end-volume has been

I
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Db
used in all isotope separations with the thirty~four member appara-
tus., Not shown on the diagram, but of rather great practical im=-
portance, are the 18~inch fan and baffle board system designed to
help keep the temperature down in the laboratory, and the safety
devices which turned the gas off whenever anything went wrong with
the water line, the gas line, or the vacuum system., In spite of
the "cooling" system, the temperature of the room was normelly
well over 100° F., so that the two spiezon-lubricated stopeocks
in the diffusion system had to be cooled by keeping them wet and
blowing compressed sir over them.

As is shown in Fig. 5, the "auxilisry apparatus® included
the equipment necessary for removing and exlyzing the ges, as
well as méans whereby the entire diffusion apparatus could be
evacusted or filled with gas of the kind being studied, The dif=-
fusion pump sepsrated from Vg, by e stopcock was to enable the con-
tents of V, to be pumped into storage bulbs and set aside for fu-
ture use., The "magnetic stopcock™ shown in Fig. 5, and in detail
in Fig. 6, enabled Vg to be shut off from the rest of the diffusion
system when such a removal of gas took place,

The discharge tube sealed permanently into Vg mekes it poss-
ible, in many ceses, to watch for the appearance of impurities in
the heavy specimen, The "fiber gauge" shown in the auxiliary ap-~
paratus, 1s a device for the measurement of gaseous molscular
weights. JImesmuch as such molecular weights could be determined
by means of this instrument to within sbout 2%, it was generally
possible to obtain a falrly good idea of the extent of lmpurities
in the finsl semple, This gauge is discussed in detall in Appendix

Da
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V. General Procedure

It is impossible to set forth any complete set of rules of
operation for the diffusion spparatus whieh will be universally
epplicable, for each gas requires its own peculiar technigue %o
e considerable extent. There are, however, certain procssses
which must be gone Through in a2ll cases, and others which are
often usaful.‘ This section will be concerned with such general
methods of procedure.

The first step, in any diffusion experiment, is the evacua~
tion and ocutgassing of ths system. By means of externsal pumping
through Yy with an ordinary Hyvac pump and two stages of mercury
diffusion pumps, it is possible to bring the pressure in the sys-

tem down to sbout 10™4

mm of mercury in & few hours, provided that
the pumps in the system are kept rummning during the ewvacuation,
However, it is invariably found that gas is evolved while the dif-
fusion pumps are operating, long after the system hes been so eva-
cuasted. The particular gas evolved depends on the gas which was
last run through the system, to some extent, but the chief of-
fender is water veapor. It appears that the porous tubes of the
diffusion apparatus are rather strongly hygrossopic, so that they
take up large smounts of water, when exposed to the air. Inasmuch
88 each new separation process is ordinerily preceded by prelimi-
nary work which requires that the system be opensd to the air, ons
is nearly always confronted with the necessity of removing ab-
sorbed water vepor. It has been found that, while the absorbed
zases can be removed, eventually, by continued externsl pumping
while the svstem pumps are running, it is by far guicker to cir=

culate gas in the closed system, at a few mm pressure, for several
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hours, then to pump this gas out, refill, and repesst the process
two or thres times, OFf course, if the experiment contemplated
is on methane, metheane should be used im this elesnsing procsss,
gte. 1t is customary to devote 36 or 48 hours to the preliminary
Poutgassing® of the epparatus,

After this preparation of the system, the gas whose isotopes
ere to be separated is intrpduced. In most of the work done on
isotopes, encugh gas has been admitted to the system to exert a
pressure of 2 or 10 mm in'% o« If, as is often the case, the gas
admitted to the system contains several tenths of a percent of
heavy impurities, it is necessary to perform & preliminery "run"
in order to remove this contemination. This preliminery run should
oceupy only a few hours, inasmuch as the heavy impurities should
accumulate quite rapidly in Vg. It is thought that, in most of
the work done, so much time hasbeen allowed for this process that
the isotope separation has gone a long way towards completion,
with the result that an appreciable amount of the heavy isotope
has been lost,

When the impurities have been removed, the mein separation
is begun. During this sepsration, which has generally been al-
lowed to contirme for about 24 hours, care is taken to see that
each pump preserves a head of 7 or 8 cm of mercury vapor pressure.
It is mlso necessary to keep the stopcocks cooled in the manner
prescribed on pe. 24.

While the separation is in ?rcgrass, a8 watch can bs kept
for the sppearance of impurities inVg by visual examinations,
with the aid of a pocket spectroscops, of the discharge in the

heavy end of the system., In some cases it is possible to form
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a rough idea as to the extent of impurities in the finished pro=-
duet in this way. However, when any resl concern is felt about
contamination in the final sample, a fiber geuge snalysis is
made. There is always enough gas for such analysis left in the
mercury diffusion pump used for pumping the heavy sample into the
storage bulb., In this wey is determined the molecular weight of
the non-condensible portion of the heavy sample {As explained in
Apvendixz D, the fiber gauge must always be ussd in connection
with a liguid air trap). The amount of condensible impurity can
readily be determined by pressure measurements before and aftsry
the spplication of liguid air to the trap, while the fraction of
this condensible impurity which is water vapor can be roughly
determined by the behsviour of the Meleod gauge during pressurs
messurements., In this way it is possible to make a reasonably
precide apnalysis of the impurities in the end-product.

A device has been made use of both in methene apd in nitro-
gen separations whereby the effective enrichment factor of the
epparatus is increased by multiple diffusions. The procedure
involved has been the obvious one of collecting ges from the
heavy end of the system at the end of several diffusions, and
reintroducing this,; together with enough ordinary gas to fill
the system, for the final separation process, Obviouély, the
enriehment factor atteineble finally is limited only by the pa=-
tience of the experimenter and the time availsble for the work.
In practice, an attempt has been made to withdraw through the
heavy end of the system about all the gas except that in i?, at
the end of #ech of these preliminary diffusions.

It is customary to withdraw from the hsavy end of the dif-

fusion apperestus, at 24-hour intervals, three or four 300cc sam~
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ples before the run is completed. Ordinarily the last sample does
not differ very much from ths first in isotopic composition. The
entire separation process, from the outgassing of the system to
the removal of the final sample, often occupies a period of a
week or ten days, during which time the pumps of the svstem are
never turned off. This length of time is gemerally just sbout
sufficient to emeble one or two of the comnecting tubes to become
clogged with mercury, which always distills liberslly throughout
the apparatus. As a result, before another experiment can be per-
formed, it is necessary to open the system end blow this mereoury
out, by & judiecial use of compressed air. 7This results in the
absorption of water wvapor, and some air, by the porous members,
and reguires the rather extensive cutzassing slready described,
This situation can be largely remedied by the enlargement of some
of the connecting tubes, and should be taken care of at the first
opportunity.

The heavy samples have been stored in 100 and 200cc bulbs,
whieh are filled and sesled off under vacuum. They are provided
with the usual thin gless tips which make it possible to seal on
stopecocks and use the gas at a leter date., In most cases, a
200ce and a 100sc bulb have been filled simultensously, with the
same gas. Heny of the 100sc bulbs have recsived spesctroscopic
analysis (to be deseribed in the following pages); this has de-
finitely fixed the contents of the corresponding 200cc bulbs.

Vs, Deseription of Results

In this section brief consideration will be given to soms
rather gqualitative observations made on the ooncentration of soms

of the rarer atmospheric gases and to some unsuccessful work done
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with water vapor, im an sattempt to coneentrate the heavy isotope
of oxzygen. More space will be devoted to a description of the
work done on the isotopes of neon, methane, and nitrogen.
Air

While sttention was still being directed chiefly to inves-
tigating how the diffusiomn apparatus worked, a rather interest-
ing experiment wes carrvied out, With axn spperstus of 24 mewbers,
an arrangement was made whereby the air of the laboratory could
be cireulated through V,, so that Vp wes kept filled to & pres=
sure of 10 to 12 mm with atmospheric sir, The pumps were then
turned on and the system sllowed to run., At the end of one hour
the gas in the heavy end of the system, which had of course ini-
tially been air, was found to consist principally of carbon dio=
zide and argon. So much of the latter gas was present, in fasct,
thet the molecular weight of the non-condensible constituent of
Vg was 35.6. But the molecular weight of the gas in Vg continued
to rise slowly. After 96 hours the ges was snalyzed and found to
consist of 43.5% carbon dioxide, while the remainder had an aver-
age molecular weight of 51.8. Meamowhile, lines had appeared in
the visible spectrum which looked very much like the strong green
and vellow lines of the krypton discharge., On the assumption
that the high molecular weight of the non-condensible part of
the ges in Vg was due to the presence of krypton, a simple cal-
culation showed that it constituted 15.5% of this gas. The re-
maining 41% was argon. Some weight is lent to the walidity of
this eonclusion by the fact that this amount of krypton was about
that which would have been collected if sll the krypton of all
the air which had been circulated through the epparatus had been

held in Vg. Krypton is present in the atmosphere normelly to the
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extent of less than one part in a million. This sort of experi=
ment hes & practical implicstion; i% is evident thet the presence
of extremely minute traces of impurities could be detected in s
gas by mesns of an espparatus suech as this, if one hadavailable
about as much gas as 1s ordinarily confined in a medium-sized
oxygen tank, for example,
Waté? Vepor

In spite of the hygroscopic nature of the porous members
of the diffusion apperatus, sttempts were mede, with the Z4-member
system, to produce s concentration of ol8 by running water wvapor
in the spparatus. The experimental procedurs employed involved
the use of a bulb of only 5 liters wolume for ?%, but sesled in-
to this end of the system was a ligquid air trep in which a few
cc of water were meintained at the tempersture of melting iece.
This served to hold the pressurs in ¥V, stesdy at 4.5 mm and at

4
the seme time provided an effectively infinite volume for ¥,

g »
it was hoped. Several separations were madse, eech of which oc=-
cupied about 7 hours, The "heavy" water vapor so obtained was
introduced into an sppropriste tube with external slectrodes,
in which & discharge was execited by means of a S-meber oscillator.
Photographs of the AA2811 4. and 3064 A. bands of OH were made

on an Adam Hilger quartz spectrograph (E=1). Visual end micro-
photometer measurements were made on the plates so obtained, but
no evidence of bands due to the hesvy oxygen isotops was ever Ob=-
tained., It seems safe to say that, if the heavy bands were pre=
sent, their intensity could not have been as much as one-twentieth
84

thet of the msin bands. According to the best evidencee, O1 8

normally present to the extent of one part in about five hundred
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of ordinary oxygen., Therefore the enrichment factor could not
have been as large as twenty-five. The calculated separation
factor corresponding to the mass retioc 18320 of the water iso=-
topes turns out to be about 90, for the 24-member spparatus used.

- The failure of the work with water vapor probesbly indicates
only that, as might be expected, the isotopes of a gas do not
pess through porous tubing according to the simple diffusion
law when the ges is ebsorbed in the tubing. It is yet possible
that an appreciable separstion might be attained by e much long-
er run than is necessary with other gases, It will be of inter=-
est to investigate this metter further, with the larger eppara-
tus now svailsble,

Heon
Inasmuch as Hertz hes alrsaedy investigated the applicstion

of the diffusion epparstus to the separstion of the neon isotopes,
and since there has not yet arisen & need for isotopic neon at
this laboratory, no sttempt has yet besn msde to separate the
isotopes of neon with the Z4-member aspparatus. However, when
tests were belng mede with carbon dioxide-argon mixtures, in con-
nection with the development of the design of the system, 1t was
thought advisable to perform s separation of the neon isotopes
and compere the separstion factor so obtained with that obtained
with the seme apparatus on mixtures of carbon dioxide and argon.
The mass ratios are the same in the two cases; hence one should
expect the ssme separation faector., If the factor did indeed turn
cut to be the same, it was thought safe to conclude that the re-
sults obtained with cerbon dioxide-argon miztures were typleal

of trve isctope separations,
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The work on neon that is described here wes done with ths
l4-member apperatus which had been found to vield a separation
factor of between 8 and 9 for carbon dioxide-argon mixtures (See
Pe 20). Four separations, at a pressure of 12 mm, were performed
on spectroscopically pure neon gas., At the end of each separa-
tion, the contents of Vg (which wes then 200cc) and part of the
contents of Vy (5000¢c) were pumped into bulbs which could later
be used in the analysis of isctople compositions. The analysis
was carried ocut on & mass Spectrcmaterg. An scknowlddgment is
due Dr. D. D. Taylor, who built the mess spectrometer, for his
valuable aid in performing these analyses.

The results of all meesursments agreed in assigning a value
of betwsen § snd 10 to the separation fmetor, The average of all
the date obtelined was 7. This figure iz probsbly sorrest to
within sbout 15%. A sample of the deta given by the mess spec=
trometric measurements is reproduced in ecurve j. In this figurse
are plotied the galvanometer deflections of the instrument ageinst
an arbitrary (non-linear) mass scale. The two plots shown are
for the contents of V, and Vg at the end of a four-hour run on
normel neon. Relative abundences are given direectly by the ra=-
tios of the heights of the peaks corresponding to Ne 20 and Nezg.

It waes concluded from these messurements that the behaviocur
of carbon dioxide-argon mixtures was aboubt the seame as that of
mixtures of neon isotopes. Hence it was thought safe to continue
using carbon dioxide and argon in testing the system,

A comparison of the experimentsl separstion factor of 7 or &

obtained with neon snd carbon dioxide-argon mixtures with the

theoretically calculated value of 11.5 indicates that the effi-
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clency of these separation processes was lower than the effi-
ciency that has since been obtained, with s lerger apparatus,
in experiments with cerbon dioxide-argon mixtures, as well as
in work done on the isotopes of nitrogen end of carbon, in me=-
thane ges. The resson for thiz iz not understood, unless it
is due to a gradusl improvement in teehnique and methods of
handling the gas,
Methane

More work has been done with the diffusion spparatus on
methane than on any other gas. Accurete anmlyses of the en=-
richment factors obteined have been supplied by Dr. F. 4. Jen=-
kins, of the University of Californis, who has done a considsr=-
sble amount of band spectroscopic work on some of the heavy sam-
ples produced here. His method of anslvsis has been to compare
the intensities of the 14737 A. head of the C12¢1? band and the
A4744 X. heed of the c1%¢1® band, in the Swamn system. Accurate

work done previously by Dr. Jankinslg

on discharges in argon cone
taining small emounts of methane gas have pleced the relative in-
tensities of these two bend heads at B3:1, which corresponds %o

13 in normal carbon.

something less than 1 atomic percent of €
In the best specimens of heavy methane produced by the diffusion
apparatus, the relative intemsities of these two band heads have
been 3.3:1, corresponding to an enrichment fastor of 146.

Methane for this work bas been cobtained through the kindness
of Drs. Bruce Sage and W. N. Lacey of the Chemistry Depariment.
This gas has been free from ethane and other heavy impurities,

with the exception of a few tenths of a percent of nitrogen.

The procedure hes always been t0 commsnce operstions by removing
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the heavy impurities from the methane. This involves a prelime-
inary run of several hours; it also results in the loss of some
of the heavy carbon. After the purification of the gas, the app-
aratus is allowed to run for another twenty-four hours, at the
end of which time a heavy sample is removed from Vsa This may be
repeated another two or three times before the methane in the sys-
tem is considered to be "used up." Several bulbs of heavy methane
have been produced in this way. Three of them have been analvzed
spectroscopically. The first ges produced was found to have a
01%613 ratio of 14.4, corresponding vo an enrichment festor of
7.611. The other two semples have been found to have Clzzﬁls
ratios of 10.6 and 11.0 % 1, respectively, corresponding to an
enrichment factor of about 10 £ 1. The agreement with theory of
these resuXk s is discussed in Appendix B,

On one occasion, a considerably larger enrichment faector was
obteined by employing the device deseribed in the remarks on "Gen-
eral Procedure,.® The gas in the heavy end of the system was with=-
drawn at the end of two diffusion processes, and was reintroduced
into the system, together with enough ordinary methane to restors
the pressure to 10 or 11 mm In V » A final diffusion resulted in
a heavy seample with a 0123015 ratio of 6.7 = .4, corresponding to
sn enrichment factor 1f 16 £ 1, Each of the separations involved
in this entire process reguired its own preliminsry purificetion,
of course.

In Plate 111 are reproduced photographs of some of the band
spectra which heve been studied by Jenkins. Fig. 1 shows the
Swenn bands of Cp. The lower photograph wes teken when the dis-

charge tube contained some of the first heavy methane produced
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(Enrichment factor only 7.5). The single dot (°) locates the head
of the X4737 K. C12C1% band; the double dot (:) locates the iso-
tope head 012¢13 at 14744 A.; the triple dot (§) locates the head
of the ¢*3¢*® bend, whieh is faintly visible in this photograph.
Iz the upper vhotograph, which was teken when the dissharge tube
sonteined a small amount of ordinary methane, the ﬁzﬁﬁls band, if
it sppeared, would be only ons ten-thousandth as intense as the
main band,

Pig. 2 is = print from an intensity plate, taken of the seme
bands, but with the best ssmple of heavy methane yelt produced in
the discharge tube (Eunrichment factor 16)., By means of the cali-
brated step-~weakensr used in taking the exposure pietured hers,
the relative intensities of the clzslg and the 612813 bends was
found to be 3.4 T .2, The intensity of the ¢>°¢ % band heed,
which could be measured, was found to be consistent with these
results. The feint lines merked with doubls doits in the lefi of

lsﬁlé bands, which entered as conitami~

the plcture are heads of
nation.

With heavy methsne of enrichment faster 10, 2l-foot grating
photographs of the (0,0), (0,1), and (0,2) bends of CN, of AA3883,
4216, and 4806 3., respectively, beve besen mede, in which enough
isotope lines could be measured to make possible an sccurate de-
termination of the mess of Cis. Fig. 3 is an enlargement of two
photographs of the {0,1) band, the upper exposure taken with or=
dinary methane {plus 2 small quentity of nitrogen, of courss) in
the discharge tube, the lower exposure taken with the enriched
ges, Prom measurements on plates such as this, preliminary cal-

culations by Jenkins have assigned the valus 13,0088 t 0005 to

the mass of ¢ 12, taking the mass of ¢1? 4o have the value in-
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dicated by the results of nuclear disintegrative procssses,
For the nesr future, further caleulations in comnection with

the mass of 613

are reguired, It is also thought that, with some
of the heaviest ges, 1t might be possible to get sufficient in=-
tensity of the c13¢13 swamn vand at 44751 Z. to make it possible
to measure ths spin of (’:.1;5 by the method of alternating inten-
sities. OFf course, other molecules containing earbon should be
studied.,

Besides the spectroscopic work, attempts have been made here
to study the nuclear disintegrative properties of heavy carbon,
but these attempts have, so far, met with but indifferent success.
The difficulty has been in getting the carbon deposited on & sol-
id target which can be bombarded in the high-voltage experimental
tube of the radiation lsborstory. In order to deposit the carbon,
an arrangement was devised whereby a small plece of nickel, of
the proper dimensions for a target, could be brought to incandes-
cence {by means of sn induction furnace) in an aimosphere of about
1l em pressure of hesvy methane., By the introduction of a small
amount of oxygen, it has sometimes been possible to deposit some
of the carbon from the methane on the target, but the number of
feilures has far exceeded the number of successful operstions,
and this work has been sbandoned for the time being at least,
With the two or three targets which did acquire carbon in this
way, some date have been secured by Fowlsr and Delsas&égbf the
roadiation lsboratory here which indiecaste that certain long-range
proton tracks observed in a cloud chamber when carbon is bombarded

by 900,000 volt deuterons are due to the reaction

N Y :
ClrH = H O



BT =
Hitrogen

In connection with the spectroscopie work on CN described in
the foregoing, it has been thought worth while to attempt to pro-
duce nitrogen gas in which W8 is sufficiently abundent to make
possible meassurements on the bands due to Clgﬁlﬁ. In perticular,
it is desirsble to obtain an accurate spscbroscopic value for the
masgs of N15. Aeccordingly, nitrogen ges has been run through the
system. The method employed has besn the seme as that used in
producing methene with an enrichment factor of 16, sxcept that,
in the case of nitrogen, three preliminary diffusions were per-
formed before the finel separdion. Also, it was unnecessary to
purify the gas in these preliminery diffusions. A single puri-
fiestion, just before the finsl separstion, was thought adequate
in this case,

Seversl bulbs have been filled with the heavy products of
this run. One of these bulbs was sent to Dr. Jenkins, who exs=~
mined the geas therein for traces of Elﬁ. In Fig. 4, Plate 111,
are shown photographs of the (1,0) and {2,0) (A 6159 A. end 2977 A
respectively) bands of Ny, The upper photograph was taken when
the discharge tubg conteined ordinsry nitrogen, the lower one
when some of The heavy gas had been introduced., In normal ni-
trogemn, the relative intensities of the W44 and w2 441% bands
heave been measured to bLe 175:1%4 denkins' messurements on the
lower photograph gave a value of 16,531 for these relative in-
tensities, corresponding to an enrichment factof of 11 for the
entire preaesals. Photographs have since been itaken of the CH
bands, using some of this gas., A sufficlent intensity of the
bands due to heavy nitrogen is present to make possible an as-

curate determination of the mass of 515. This work is to be com=
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pleted in the near future.

Appendix B should be comsulted for the development of the eg-
vations governing the separation of nitrogen. It is there shown
thet the agreement of the results of this sxzperiment with the theory
is guite good,

Y1, Plens for Puture Work

In the immediaste future, work is to be done on the isotopes
of oxygen., Oxygen gas is to be used in the diffusion eapparatus,
and it is expected that a heavy sample containing about 10% 018,
instead of the usual 0.2%, can be produced,

The next problem now contemplated is 2 somewhet more ambi-
tious project, but one which should be certsin to vield interpre=-
table results. Starting with pure heavy hydrogen (Eg}, a series
of diffusions Is to be mede., The heavy product of sbout thirty
such diffusions is to be collscted and reintroduced into the sys-
tem, together with enough normal hesvy hydrogen to supply the
proper pressure. The finsl heevy product should ineclude nearly
all the H° that was initially in the one gram of heavy hydrogen
which will bave been led through the system by thet time-=concen-
trated in & volume of 300cc at a pressure of 6mm. If, &s has

dl6, EE exists in Hz to the extent of one part in

been estimate
200,000, the final product should contain about two or three per=~
cent of this "heavy heavy hydrogen.” Probably 0,1% can be de=
tected spectroscopically.

Work of an incidental nature will be dons on neon. Argon
will be worked with et some time. It will be of interest because

it 48 the light isotope which is the rarer in this cass, and be-

cause the mass ratio, 36:40, is such as to result in a very high
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separation Tretor. The isctopes of sulphyr will be studied, if
it proves possible to run hydrogen sulphide gas in a system con-
taining so much hot mercury. Chlorine is subjeet to the same
uncertainty.

VIiI. BSuggestions for Improvement of the Apparatus

and Technigue

More separation members will be reguired in order %o pro-
duge the isotopic specimens which one would like to have for many
experiments. Probably the present apparatus can be enlarged to
about fifty menbers without any change in design, btut alresdy some
diffieulty is being experienced with the pressure gradient be=-
tween ?? and Vg. Although no precise measurements have been msde,
it is known that, when the pressure in Vﬁ is 10 mm, that in Vg4
is only 6 or 7 mm. When the pressure in V, is diminished, the
relative pressure gredient becomes worse, The large gradient in
this diffusion epparstus is undoubtedly due to the high spesed at
whieh the ges is ciroulsied, which of course camnot be diminished,
sven if this were desirable, without changing the porous tubes and
inereasing the equilibrium time of the system, This difficulty
can be eliminated, of course, by the use of larger tubing through-
out (including the porous tubing), without cutting down the speed
of separation., Something might be gained simply by shortening
and enlerging some of the leads, without changing the porous mem-
bers.

As is pointed out elsewhere in this thesis, another reguire-
ment of the apperatus 1s that some of the leads be sufficiently
enlarged that they will not slog wp with mercury in the course of

2 week's operation of the system., OF course, if any means could
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be desvised to prevent the circulation of so much mercury vapor,
this would be wery desirable,

A study should be made of times of eguilibrium, and their
dependence on the messes of the gaseous isotopes, their relative
sbundsnces, etc. It is believed that much time is beling wasted
by sllowing the spparstus to continue running efter sguilibrium
hes been reached.

It is also important o ascertain the effect on the eguili~
brium time of incressing V.., It seems fairly ecertain that con-
siderably larger guantities of ges could be gathered than have
been so far, without sny seppreciable influence on the time of
separation.

Finally, the effect of pressures should be studied more
carefully then it has been., This work must be done on the iso~-
topes of several pases, if possible, It may be permissible to
work at considerably higher pressures than heve been s0 far used,
for many gases., By using a different style of porous tubing ( See
discussion on viscosity effects, in Appendix A) it may be possible
to take full sdventege of the possible speed of the pumps; it 1s
sven conceliveble thet a system might be devised to work at several
om pressure, meking use of mechanical pumps of some sort for cir-

culation.

This problem was suggested by Prof. Wm., R. Smythe, whose
steady interest and invaslueble suggestions have been of the great-
o8t assistance in the work whieh has been done. The author would

also 1like to mske a blanket acknowledgement to the entire steffs
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of the Physics end Chemistry Departments, for at one time or an-
other the advice of most of the members thereof has been solici-
ted. Certainly the facililies provided for this work and the co-

operation afforded by everyone concernsd have been all that could

be hoped for,
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APPENDIX A

Theory and Operation of the Diffusion Apparatus

1. Hertz' Simple Theory
3

In his first paper” on the diffusion apparatus, Hertz pgave
& simple derivation of the equations governing its operation.
This derivation is here reproduced in essentially the form in
which Hertz gave it. Considerabls extension of and correction
to this simple development is given in following paragraphs.
In his derivation, Hertz made the following explicit assump-
tionss
ls The diffusion of the gas through the walls
of the tubing is not sffected by its motion along the
length of the tubing. {(This involves the assumption
that both types of molecules travel at the seame speeds
along the diffusion tubes)
2. Diffusion slomg the tube is negligible,
3. The amount of ges which diffuses through A,
(See Fig.2E) bears to the amount which diffuses

e

through / the ratic of the lengths of the tubes, .14, .
In addition, his derivaetion is applicable only when the fol=-
lowing conditions are met:
4, The pressure is zero on the outside of the
porous tubes,
5, The gas consists of a mixture of itwo isotopes
onlye.
8. 7The total pressure is the same al correspond=-
ing points of all separstion members.

7. The pressure is sufficiently low that viscos~

ity effects are regligible,
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The notation to bs used throughout this sppendix is as
followss
mp=-molecular weight of light isotope

my,~=molecular weight of heavy isotope

e V2

%
A --length of porous tube AE (See Fig.2#)
;flvmlength of porous tube ED
~="gtream”™ of light isotope, i. e., number of
light molecules per second passing the point
is
€, -~"concentration® of heavy isotope, i. e,, ratio
of number of heavy molecules to number of light
molecules passing point i in sny time interval.
g --"separation factor,™ i. e,, ratio of the C's
at corresponding points in sdjseent separation
members.
Other symbols will be introduced as nesded.

All derivatione given apply only to the steady state, sfter
eguilibriuvm has been resched.

In accordance with assumption 1, we may attack the problem
by first dealing with the stestionary diffusion of a mixture of
isotopes through the porous walls of s vessel in which the gas
is confined. Condition 4 gnables us to assume the diffusion to

be entirely one-way, 1. 8., inside-out. Under such circimstances

the usual formulas apply:

L -t o ot
N =), e " N=(h).e

where gﬁ - [ij!i = N

¢ &,
Therefore /};’j—: /%} Q:O"af . 2

% P ot

- (//\/Kfti o %
But ej%tf /l}/é
= W

Therefore
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This result may be transferred over into the "stream flow" lan-

guage, (by condition 1), giving

L }/E ""/U’j
o~ {3s/ Z
Is /Sa :/"»fj Eq.
or oEoa '/f“ /
< Ls///
This reletion finds specific application in the equations
Ce . [2 Bq.
‘L}I i\éﬁ/j
G (5 Eq.
% \3a/
We shall need also the equation
o 7 8087 e Eq.

which merely expresses the fact that the total mumber of heavy
molecules flowing into tube %f in any time interval sguals the
number flowing out, and

Spl1#€,) = 5 ijf%{’,,gd Ege
which expresses a similer "conservetion” law for all the mole-

cules (based on the validity of postulate 6). In writing down

Al

AZ
A3

Ad

AS

this eguation, use has been mede of the fact that 53 end Cy egual

SD' and Cps» when s steady state exists,

A4 final “"conservation” lew required is, simply

55 = §8+ ﬁE

Or, if we write §= e Eq.
’SA
themn S {fm}j Ea.
Y :
Now ; = 2 2% .
<y Cp Ca Cg

Equetions A4, A2, and A7 give
Ay Z”' (157 = Co3g

whence reference to Bg. AS shows

G . 1

AB
AT

(’@ - /:{:’f}'j/w Eq. A?al
Bguations A3, A8, and AB glve
Cp - /4 /fﬂa;””&’
o e,/ Eq. A7.2
; Vol Pt
Therefore P Mwim~ {7l Bg. AB
4 |7t (72

/ /j'}“CQ Wt EQ’

/g° L r#e/

I3

ABe
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_4”{ P
where ji’i s Eg. A9
Ordinarily, it will be seen, it is sufficliently sccurate to
set q = gg. It is gererally only when one is dealing with a mix-
ture of gases of widely different weights that the other factor
departs appreciably from unity.
f has yet to be evaluated., For this purpose we may invoke
e final conservation equation. This equation requires the use
of the relation stated in postulete 3:
Z; = //{E/{? Eq. A1O
This also assumes that the varistion in ¢ from mewber to member
is a smell guantity. Such an essuwnption is strictly true in all
ceses which occur, and will not be explicitly steted agsin. Mak-
ing no stronger assumptions, we may write
Sy ;{’r SgtSg T oy Bg. All
The first two terms pertain to the light gas passing through the
pump and thence into A; the third term recognizes the faet that,
for eguilibrivm, the number of light molescules going from one sow-
paration member to the next in one connecting tube must exsctly
egual the mumber of light molecules going back in the other cone
necting tube.
Bquations A1l and A6 enable £ Lo be determined as
N Bg. A12
Eguations A9 and AlZ comstitute the'iﬁpcrtant results of this
section, By means of them one can ocalcoulete closely the separse

tion faector of a diffusion apparatus under many circumstances.

Speed of Separation: Evidently it is impomsible to make any

direct caleulation as to the rapidity with which equilibrium is
reached, but Hertz has taken as an indication of this equilibrium

time the net imcrease in the number of hesvy molecules in going
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from D* to D, i. e., he considers an indication of the speed to

be provided by the factor

_ /%2 % gy
Sy % = (5, %~w£jsﬂ%‘%
5,
- S N Y Al
=1 - A;“j'}}“%ia
L ) o]
- Py if=lj” ] /
- L% F{TF) 7 >aly Eg. Al3
to the degrse of approximation invelved in setting 5,=5, and }:fg.
,w”} ;//
Hertz sebts
N el Ay
{(~ = [; ’jf['h%j ,j/ Eqe. Al4

and considers this to be an indication of the relative speed of
the spparatus, To a sufficiently close approximstion for must

purposes Bguations A9 and Al4 mav be written

R Eq. A9*
;’ p

f2 474 Eg. Al4?
Since,fi/, q decreases with increasing f, while G and f incresase
together. In Hertz'! first papera are reproduced cwurwes showing
this dependence of G and g4 on £,
Zs A Critical Examinetion of the Simple Theory

0f the explicit sssumptions involved in the foregoing devel=-
opment, there seems to be no reason to doubt the validity of the
first, as long as the pressure is so low that the sffect of vis-
cosity in slowing down the flow of the gas along the tubes is
negligible, It seems mafe to assume that this type of viscosity
effect cannot be large enough to be troublesome, for such large
tubes and for pressures of only s few om of mercury. The second
assumption hes been investigated by the use of separation members

of large snd small bore porous tubes, with the results described

in the text of this thesis. The third would seem to be ordinasrily
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beyond serious eriticism, although one might exzpect effects at

the two ends of each porous tube to impair slightly the accuracy
of the walues of f calculated on the purely geometrical considera-
tions of this section. A4lso, it will be seen necessary to modify
this assumption somewhat when there is present a third gas in the
system,

Assumpbtions 4, 5, 6, and 7 reguire experimental conditions
which cammot alwaye be met. The failure of each of these condi-
tions leads to a correction to the simple theory. These sorrsce-
tions will be considered in order in the following parsgraphs,

I. Correction to Simple Theory Due %o Backward Diffusion
Through the Porous Tubes:

The celculation will be esrried out for the case commonly
interested ip=-for which €, the concentration of the heavy is50=
tope, is smell. We must add to our terminology the following:

gﬁwwtctal pressure in the channel of the porous
tube

p, ==total pressure outside porous tube (previously
assumed negligible)

n/=-number of light moleculss per unit volume at
some point inside the tube

n}--number of light molscules per unit volume in
" region out side the tube

E;unav@?age ¢ inside the tabe being dealt with
5;w»average C outside the tube being dealt with
g%jg will be considered small enough for its higher powers to bs
neglected,
For the investigation reguired, it will be convenient for us

to £ix our attention on a small guantity of the gas snd follow

its history as it progresses through the tube. This cuantity i=
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steadily being diminished by diffusion through the porous wall of
the tube; it is being partielly sugmented by diffusion in the op=
posite direction. We meed an expression for the net rates at
which hesvy and light molecules are lost from such & smell guan=-
tity of gas as it proceeds slong its path. Suppose, at some in-
stant, our chosen group of molecules is confined within a length
element 41 of the tube, which has = cross-section A. The rate of
bss of light molecules by diffusion from region 1 (inside the tube)
to région 2 {outside the tube) will be

A <

(7], 7= 7 4
where n, represents the totsl number of light molecules in the
selected group. This loss will be partislly dompensated for by

the diffusion from 2 to 1 of amount

(A K g
(Aehey = T St

Henece the net rate of loss of light gas from our chosen group of

moleculés 1s

A, ‘7,

FAalds . 1;? 72, #,
(dt)met = Apa, | / Aﬁ\ f/
to the order of spproximetion involved in the assumption that the

light ges constitutes the mejor portion of the lsotopiec mizbture,

Similsrly, for the heavy ges
pg((?,ﬂ,/ .

K e ] A (e A,
\ e Jpt Al [T T g VA )
To a safflczent aabroxlmatlon, we may write, therefore
S oa §9§§ (=5 ;;;; (/- & A J
/E/,:/gét: . N C/f’?l:gbojl/f/j\, C’ ﬁ

where Ef»h&s been substituted for the varisble > in the exponent.

i (

Combinetion of these two equations in the usuvel way gives the re-

c je, Al
ault - - ; S
Is L
> | j & A
where oo I S A Eqe A15
r~ -~ =7 ;- /5' :
&y Y

> must now be svelusted. This may be done by noting the
("l
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obvious equality (Al o2 L e [
-, St e - e T G A ¢
P fiehd = ey
> ; ;‘?WJ iy /- 'l “
[ FE /st v
. ~ i i
e, . . ] L
or = - B T S g Ry
[ = (/«—;/‘j{'ﬁé £ ;3 4
; /
Substitution in Eg. AlS gives, neglecting squeres and higher powers
) s | ;
o e e T )]
f v, /b, P IL /; (17, Eq. Al6

The magnitusd of this effect may best be sppreciated by re-
ference to an actual sxemple, For the diffusion apparatus of 34
members, described in the text of this thesis, when used to sepa-

rate the isotopes of methane gas, calculations show

p2/P; Q

0 44
1/10 30
1/5 18

The surprisingly large effect of poor pumping explains the
troubls that was teken to develop adeguate pumps for the diffusion
spparatus. BEven with the final apparstus, it seems likely that
this effect is not slways entirely negligible, Howsver, mano=-
meters permenently sealed into the high vacuum side of soms of
the separation members have indiceted that, when the system is
run et pressures up to 10 or 11 mm of mercury, ?2/%1 can scarcely
be grester than 1/20.

11, Correction to Simple Theory Dus %o the Presence of a
Third Gas:

In this section the development of Part 1 will be modified
s0 as to permit the calculation of the sepsration factor of two
gaseous isotopes when = third gas is present in the system. Let
us denote by f‘the concentration factor of the third gas relative
to the lighter of the Two isotopes, and by‘f? the sguare root of
the ratio of the molecular weights of the lighﬁer isotope and

this impurity.
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The development through Egquation A4 is spplicable without
modification. Eguation A5 must be modified to take account of the
presence of the third gas., A4lso, a simplification used in writing
Eguation A5, there permissible owing to the smallness of the devia=-
tion of # from unity, is no longer possible, since 7 may differ

sppreciably from 1. The general differential equation

- ”7“” = fad #1
At 7

suffices to show that g% is o measure of the esse with which esch
zas diffuses throvgh the porous members, Therefore it seems rea-
soneble to assert that the total smount of ges passing point D?

in any time interval should not be equal to the amount passing D,
even though there is no pressure drop in the apparaitus. Rather,
the flow through D' should exceed thet through D, since the aver-
age moleculer weight of the gas at D' 1s less than that at D.

The factor by which the total smount of gas circulated by the dif=
fusion pump of one separation member exceeds that cireulated by

the diffusion pump of the next separation member on its left (See

Fig.2B ) should be, approximately
/*f‘"’uc,o’tgip
j oA lpt jﬁ

The snalogue of Bouation A5 is, therefore

l(/tint bg) _ {1200+ gy (17"t le) Eq. Al7
Spiitiy ?‘4;} {Irige Z,‘ {/ f‘,,/‘/”;ug ey
or, approximately,
. P F P
Sg [1+ (2 Gt (2 g = Sol/HE G (22 7)o Eq. A18

Baquetion 218 wes obtained from ALY only by assuming ¢ ﬂ%)c vﬁ* 80
small that their squares may be neglected. This is slways true
for the C's, but not invarisbly so for the { g This limitation

on the theory must be borne in mind in spplying it.
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I1f Bguation ALE is substituted for Bouation AL, the subse-

guent development gives, for Equation AB
M«/;z, Co =15 ]
3= el 27 * 2o Eq. AlS
1+ (2) Cp+ (27 ?/g;j
In order to derive an seXpression for f, Hertz' postulate 3

must be modified in sccordance with the foregeing considerations
83 to reates of diffusion. The same kind of argument shows that

Equation Al0 must now be replaced by
S{/+C w@t_if - /j\/L X/,g‘

2,
where F is s factor which takes sccount of the greater esse with

which the gas inside j/, diffuses, owing to its smeller sverage

moleculay weight, A little consideration shows that
Va 5 #“QCA})«MS%&W i %"‘" 3@)/”%5561“,}%
5.+ (sc), + {QW—V 5 - (3¢), + (58, )
whera \); is the average value of 5 throughout the tubs f’.&, ateo,

These average values are evidently given by the expressions
Sg= NF, LS.z K'S,

(a = A {:;('j ; C’c.i‘*a :/M’l{ {‘\/i;/”“jt
e
: =i’ (509

’«»’8 -7/({55”; ; ?y;sc ’//

Combining these expressions, we have s, &
scCrerny | B (rceot , (02
Sg (1tCerly) A e,y [ircerty)
7 g{u f" 7
or Ko L S /P22 Bg. 420
£, Sg /+ 58,08

"
Now the correct expression to whmhgbkmatlﬁﬁ 411 is an ep-

proximation is

Salitcarly) = Sz (I+Cevdy) +3 (14Cas )4 5o(1#otdy)  Equ A21
Substitution of Equetions Al8, A20 end A€ in Equation AZl gives
L. tSe e iy I+@r)S +=”=¢*% ya J+Cc+ i ,f-f;’i‘fw»%w
' { &C[f'{; 1+ Cyr g 1r (o) <, f—(@—?}d; 4{ Y ;%% %
Now VAT i {

where ¢ iz & small positive guantity. Thersfore

A= prn JAFE I /:;,
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Similerly R

A further simplification may be introduced by noting that Equa-

tiom A7.1 1s, very nearly

Co
. % Eq:; A?e
Similarly I = — }
{
This gives L e e dy 4 ot &y
§ e, ?'}s? 1+524 0o

Writing /—~= ¢ and /=7 -

is enough to write r J”; - (€
where 1/fo is defined as s £
Now, since nearly all the gas which enters tube /., diffuses through
its wall, C_ must differ inappreciasbly (for the present purposes)

from ¢, and . from S+ But, from Equation Al

Or, from Bouation AT7.1l,

g i)
P (4]0
7 A
For the spparatus used,
< fiﬁ' |
Therefore o g/ Eg. A22

Wow, in accordance with Equations ABY, AE;‘E, and 342, we heve

Writing
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y ) _’,IV J,/—V,f)
or 77 (3
! w:‘* N ) I A
where SO sy 5,9{42//{/ Eq. A23

Now Cy/4-s) is negligibly small, for actusl separstions, while
{?”;'gfaz; will be %, 1/10 for all except the last two or three se-
paration members, at any rate. Hence it appears, from Equation
423, that the effect on g of impurities is almost entirely negli-
gible, and for most purposes can be ignored. This result in it-
self Jjustifies the looseness of the method used in its derivation,
inssmuch as only the order of megnitude of the corrsction term
here concerns us. Nevertheless, the conclusion here drawn is
subjeet to the approximstions mede in deriving BEguation AZ23, snd
mey not apply if the impurity is more than twoe or three times as
hesvy as the gas being worked with. HNeither does Egustion AZ3
apply when the smount of impurity present is greater then 15 or
20%.

The result obteined in this analysis haes been borne out by
experiment. Among the samples of heavy methane produced by the
diffusion apparatus have been specimens in whieh the amount of
air present varied from & few percent to about 50%. There has
been cbserved no difference in separation factor that could be
attributed to this cause.

111. Correction to Simple Thesory Due to a Pressure Gradisnt
Along the Diffusion Apperatus:

In asctual operation, there is likely to be an appreciable
pressure difference between the two ends of the system., If ~
is the factor by whiech the total pressure at a point in the ath
separation member from,vg exceeds that at the corresponding point

in the (n=1)st member, then Bquation A5 must be modified to resd
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50 r4cs) = 3a(17C5)

This alteration next appears in Egquation A7.2, giving
o J (gl 7
/ e

“a é?%(wﬁj
while Equation AB? bheocomes
G- [ J+Ca (T et
ég 5;0 \ );1&/

3¢

In practice, when the pressure in V, is around 10 or 11 mm, fﬁf@”i'

Hence, for work with s Z4-member apparatus on methene, this

term ineresses the separation of the entire spperstus by a fac~
=31
tor A T o

which is seen to be negligible. The influencs of the pressure
gradient on f can similerly be shown to be too small to cause
concern.

IV. Correction to Simple Theory Due to Viscosity Effects:

The derivation of the simple diffusion equsation
—eid

/V: /Ze

is based upon the assumption that the preobebility for a ges mole-
cule to escape through the semi-porovus wall of its particular
container is proportional only to the number of collisions it
makes with the wall. This number will, in turn, be proportionsal
to the meean velocity of the molecule im guestion., The picture
tacitly implied is that of a wall whose surface is spotted with
holes. These holes ars of such a nature that, if a molecule im=
pinges upon one of them, it escapes from its conteiner, 1. .,
the holes are assumed to be without depth., Zactually, however,
from the microscopic point of visw, the holes in the clay tubing
used must be more nearly like capillary tubes., At low pressures,
this will not be significant, but if the pressure is high encugh
thaet the molesular mean free path is smaller than the dimensions

of these capillaries, it will be necessary to use a viscous flow



A il s 8

o] s
equation,; rather then a diffusion equation, to predict the rela-
tive rates of flow of different isotopes.

Considerations of & rather gualitative nature will be suffi-
cient to show thet the effect of viscosity must be in such a di-
rection &8s to decrease the separation factor of the diffusion ap=-
peratus. We start by caloulating the relative rates of flow
through the porous wall (thought of as a number of capillary tubes
in parallel) of the pure light gas and the pure heavy gas. Poi=
seuille’s formule shows that, if the porous container were filled
to 8 given pressure with the light isotope, the number of mole=
cules passing through its walls in unit time (if the flowwere
purely viscous) would exceed the number of heavy isotope mole=-
cules which would pass through the wall in unit time (for the same

pressure conditioms) in the ratio

L f F
5{2 - 2’7
.

7
u [

where the primes differentiate these "pure gas streams" from the

actual gas streams treated earlier in this sppendix, s and ; are
/e

{

the coefficlents of viscosity of the twe pure isotopes, and evi-

dently have the ratio 7 ﬁjﬁﬁ ;

i Car A

where fz/density - mn'; U= mean thermel veloecity, and &, the
mean free path, is proportional to fg;§(¢ &, the molecular dia-
meter, must be the same [for both isotopes. Hence we bhave

/a % o 7

?i mﬁ *‘*”;f a2

\ "

Thus the ratic of the pure gas streams is
. . L
N,

S, 7

Now this 18 exsetly the relative rate of actusl flow in the
pure diffusion process. Henee, in order to determine whether or

not viscosity diminishes the separation factor of the diffusion
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apparatus,; 1t is necessary only to sxemine whether or not the re-
lative rate of viscous flow in the mixture of isotopes is less
then the relative rate of flow of the pure conmstituents. This
can readily be seen to be the case, For, if the two geses are
mixed and allowed to flow through the capillary tubes by which we
are now replecing the clay wall of the separation member, it is
clear that the light ges will be held back, by molecular colli-
sions with molscules of the heavy gas, while the heavy gas, in
turn, will flow through the cepillary tube more rapidly than it
would if it were not beimg helped by the light gas., Hencs, the
difference between the rates of transport of heavy and light mole=-
cules must be less for the mixture of geses than for the purs cone-
stituents separately, and the effect of viscosity must always be
to lower the separation factor of the apparstus,

3e Comments on the Importance of the Corrections

Once the effects discussed in the foregoing pages are known
to exist, the logical thing to do is to attempt to operate the
diffusion apparatus in such e way as to minimize their importance,
The error due to backward diffusion has, it is felt, been prac-
tically elimineted, for pressures up to 10 or 11 mm, by the de-
sign and operation of the pumps, as described in the text of this
thesis,

The deleterious influence of viscosity can always be avoided
by operating at low enough pressures, of coursej; what constitdes
e "low enough pressure,” however, will certainly depend on the
gas being worked with, For methane, the separation factor has
been found to be as large for runs at 10 or 11 mm pressure ( See

text of thesis) as for runs at 7 or 8 mm pressure., For mixtures
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of ecarbon dioxide and argon gases, there seems to be good reason
to believe that viscosity effects set in rather suddenly at pres
sares of 9 or 10 mm. It should be possible to find a correlation
of some sort betwesen the maximum safe pressure for the diffusion
apparatus and the pressure at which the ges begins to cbey laws
of viscosity. Certainly this should also depend on the parti-
cular clay tubes used. It seems likely that an spparatus could
be constructed which would werate satisfactorily for considerably
higher pressures than the present epparatus, by using tubes of
thin walls and fewer openings.

The hermful influence of impurities has besen found to be
small, as far as the separation factor of the spparatus is con-
cerned, a8 long as the percentage of impurity does not become too
high anywhere in the system. However, only a small amount of
heavy impurity in the gas admitted to the system suffices to dis-
place almost entirely from the heavy end of the system the gas
whose heavy component the expsriment seeks to coneentrate. For
this reason, it is necessary to keep the gas being worked with
as free from contamination as possible. This reqguires thorough
preliminery oute-gassing of the epparatus, and the use of pure
gas to start with. Naturally, the system must be free from lesks.
The first and the third condition can generally be met, but one
is often unsble to obtain or produce as pure s starting meterisl
as he would like. As a result, it is often necessary to make use
of the diffusion epparatus itself to purify the gas. As discusssd
elsevhere, this results in a loss of some of the isotopic consti-

tuent the experiment seeks to concentrate,
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APPENDIX B

Caleulation of Enrichment Factors

ey

In Appendix A attention has been given to the sccurste com-
putation of the "separation factor” of the diffusion apparatus,
For a single member, it haes been seen thet this factor is, sub=-
jeet to the restrictions and ap?ragiyaticas di scussed

gf; )w{ﬁf/ﬁ
The separation factor for the entirs apparatus of m members in

series will be, therefore
T

However, one is ordinarily interested, not in §, the ratio of

the heavy gas concentretions at the two ends of the spparstus,
but in the factor by which the concentration of the heawy iso=-
tope at the "heavy" end of the system exceeds that of the gas
introduced originally into the system., This "enrichment factor,”
which we may call E, will evidently be less than the sepsration
factor 4, since the diffusion process achieves separstion both
by increasing the concentration of the heavy gas at one end of
the system and by decressing it at the other end. 1In order %o
make B as near to § as possible, this diminution of heavy gas
concentration at the "light” end of the system must be mini-
mized by making Vs the volume at that €né, as large as practi-
cable compered with that of the rest of the system. Inssmuch as
this volume can never be made infinite by comparison with the
rest of the apparatus, it is desirable to evolve equations sexpress-
ing B in terms of Q and the other constants of the systen.
The notation to be used is as followss
m===pumber ©f separation members
ve==yolume of each separation member

V, ==volume of "light" reservoir
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Vg==volume of “heavy" resservoir
P===total pressure in.?%

f =-ratio of total pressure in nth ssparation member
from V, to that in the (n=1)st sepsration member

X,~=pressure of heavy isotope (et equilibrium) in the
nth separation member from Y

X,-~pressure of heavy isotope in
x =wpressure of heavy isotope in Vg
e

po==pressure of heavy isotope in Vf at start of dif~
fusion

This notation will have to be enlarged somewhat in the course of
the development.

It has been assumed in the sbove definition of 7 that the
pressure drop is loperithmically wmiform from V, to Vgs so that

£

the total pressure in the nth separation member from V

N 7
/, 18 f7/9.

o
In particular, the totel pressure in Vg is £ F. Of course, F<J.
The entire development may be based on an eguation express-
ing the fact that the total amount of heavy ges in the system

after equilibrium 18 resched is the same ss that in the system

at the beginnlﬁv of the diffmslon processs

{ #7 o] ]
Let us write Vez 1% P ﬂ*(%‘;/f Eq. Bl
#
Then we have PIA xw¢fx + X Vg ;@“y Eq. B2
V3-8 ’é;

1t will be found convenient 4o define the Yeffective volume®

of the separation members as -
e 2 e |
”ig = mm Bg. B3
Then Equation B2 becomes XV + 4., (%)= 2, Eq. B4

Now, from the definition of g,

A .G e
Bra, J Bx
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or Xy = ;’;;";j;f T e Eq. BS

%M‘e; # (Vs ;g;«{ﬁ“j}% —_ Ao —? o /?é‘

~i

LI e ) m’”’mf\; q R, PRy Y T o 7
oy Mo é%gg ﬂ,/’i/ijjx‘;;z’_;@wj {%%%J%F%wﬁ%{g "5{”%%—13 E@ 56
Define W€, end V4
Then X g ]+ X LA g™ Pat (977 v [Pt = of

S 7

or Xo  —bt ac {
- \ Bg. BY
where ~ s /
Q@ o= - f
_ sy Fef j 0@@?’/
bz ] o+ L2 vy

To complete the solution for x, it is necessary to evaluate
Vg» which has itself been defined in terms of the unknown quan-
tities x, in Equation B3, It is necessary to consider Ve in cone-
Junetion with Equation B73; they mey be solved by & method of suc-
cessive approximations.

From Equations B3 and BS
T i ;

/ / g A
/ g - )] e ¥~
[ = -t . L7
o= A L Eq. B8
ey
where 5z 5%2
A

We mey guess at x, and solve from Equation B8 for V,, The result
mey then be set in Equation B7, and a second approximation to x
obtained, ete., Generally only two or three such spproximations
need be made before sufficlent accuracy is sitalined.

It is now of intereast to investigate means of evaluating the
summation in Foustion BB, Such evalustion may be considerably
simplified if the pressure drop in the system is assumed negli-
givle. Although this is not & very good assumption for the pre=
sent epparatus, the comsideration of this caese is instruective.

In this case f?,ﬁ, and the swmation mey be replaced by

S, 2 Zeowinl |
A= X # j)

where uinjz 5+ om— } Eq. B9

- 57
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The form of this expression suggests defining
XK
U= o0 oy Eg. B1O

> # 1

This is & monotonically inersasing function of x. The value of
z}@

the summetion sought differs only slightly from j u(x)dx. To
XT0
determine the smount of error involved in such an approximetion,

one has to observe the inequality

Fag 44
,J Ui <. MM < H{H Iy Eq. Bll
3 7

which is due to the monotoiniec character of u(x)s. Thus there is

afforded an eesy means of determining the limits within whish

the desired sum must lle. The integration is wvery easily per-

formed
jarlss = Eq. B12
93
\ LAy 2
y ulticly = b | 2 Eg. B13
g trey o R #5701
Hence, for this case of no pressure gradient, wé have
- S J
ST A L g Eq. Bl4

s Eq. B15

Bgustions BY and Bl4 may be hendled togethsr to yield s sclution

for x5, the pressure, at eguilibrium, of the heavy gas in Ve x_ .,
mey then be caleulated easily by means of Eauetion B5, and the
problem is solvaed.

@hﬁﬁ,éﬁéizthe problem is more diffieult, due to the faet that
the u(x) one obtains in this case cannot easily be integrated. It
is therefore probebly easiest to perform the summation of Eguation
B8 graphieally. This graphical methoed will be employed in conunse-

tion with the following exemples, which illustrate the whole method,
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Exemple 1: Carbon Dioxide-Arpon Mixtures

On pages 22 and Z3 wers recorded the results of three runs
on mixtures of various concentrations of carbon dioxide and argon
gases, It was there stated that the data given could be used to
evaluate some of the constants of the spparatus. The constants
that are not known with certeinty are (“end v. (7 is somewhat
doubtful on eccount of the inadeguacy of the mercury menometer
used for measuring p.; v, the volume of e separation member, can-
not be directly determined by the geometry of the system, inss-
much a8 the beoiler of the mercury pump contains an unknown aver-
age pressure of gas. Pressure measurements made before and af-
ter turning on the diffusion pumps heve indicated that v is ar-
ound 60 or 70 ec, but this figure must be considered only very
approximate., Similarly, fizs known to be not far from 2/3.
Remembering that there are only 24 complete sepsration members

(plus & fraction) in a system of 25 pumps, we may summerize by

the tables
" V¢=300cc
fliz/é v-=60ce
o (/==0,98 Vv, -6160ce
?é«ﬁ@@@cc te=l,.23

Of the three runs listed on pages 22 and 23, 11 and IIT are
the most valvable for the purpose at hand, inasmuch as these two
runs were allowed to go practicslly to completion before the first
gas wes removed for suslysis. The significent deta for these Two

runs mey be written in the more useful forms

Run II: 2 _ L Run II1I: 2 /.
fiebtioseedat = = Jo s St ey
ay . J
A R I P S RS
f J?K’C;’*frf}?)t?wwmzé' / = 7Y “o” 350 s
){"o . 7 . o ’},
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Let us see how nearly XO/? can be caleculated, making use of the

constants set forth.

For Run I1T: q24 = 755 g = 1,183 qzﬁ = B8,5

We commensce by obbaining the first spproximation for V@, by means
of Eg. B8, assuming the likely value of 1/50 for xo/?, i. e we

try 8 2 50, Substituting in these values, Hguation BE beoomes
2y

»
PRV /7 b

i - /./ Q aor -
11é4 7 %2; et

5

Figure Bl represents this summation. JIts area is 3.68, This
gives Vo = 515cc
How Bouation B7 may be solved for the second spproximation to
Xo/P. Substitution in the obvious wey gives

r = 0,088

8 = 87.8

b = -0,99

e & ~0,112
whence (xo/?)z = 1/23.8

It cen be verified that the value of (xo/P) approached by

further spproximations will lie between {xg/%)l and (xo/?)z, but
it will be closer to the latter. A somewhat larger velue of v
is indiested. Repetition of the sbove caleculation enables the
following taeble to be mede out, comnecting the second approxi-

mate walue of (xa/?) with the veluve of v assumed. In each case

the first approximete value is taken to be 1/50:

¥ (%o )2
60co 1/23.8
75 11/37.4
90 1/43.0
100 1/46.5

110 1/51.0
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From this table it sppears thet a value of 10Bsc for v will
fit the results of this run guite well. This is larger than it
was thought v should be, but not slarmingly so. If this value
of v makes it possible to fit the results of Rum III also, it
will be considered satisfactory.

A similer procedure must be carried out., Using
v = 10Beoy t 2 1,375

we gat, taking 8 = 3B0s
Eexvs #
Y e
W) = 797 2= 3094075

The summation is represented by Fig. B2, Its area is 0.88., There-

fore (Vg)y = Blsce
This gives r = 0,1088

8 = 87.5

b = 8,26

e = =0,0270
whence (XO/?)z = 1/320

Although the agreement is not perfect, it is sufficiently
close, for the experimental error in measuring § is of this ore-
der of magnitude.

From these deta, it is believed reasonsbly safe to set v
approximetely equal to 110cc, in the caleulation of enrichment
factors to be expected in the application of the diffusion ap~-
paratus to the separstion of isotopes. However, one must alwsys
be aware of a certain denger involved in assuming the results ob-
tained for v with carbon dioxide~argon mixtures to be indicativs
of v for other gases, If water vapor were run in the system,

for example, one might expset to have to use a much larger value
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for v, owing to the strong tendency of water to be absorbed in
the porous tubing. Such an effect, to a smaller extent, might
be exhibited by carbon dioxide, making 110cec too large for some
other gases., It is believed that this effect is usually negli-
gibly smell, but no very definite information on the matter has
vet been gathersd., This would be an interesting, and rather
gimple, line of investipgation, Further, due to the pressure gra-
dient in the system, one would expect v to depend, to somes ex-
tent, on the pressure of the run.

On esccount of these uncertsinties, the calculstion of en=-
richment factors must be regerded as only spproximete, but the
degree of approximation should be suffiecient for most purposes,

Exemple 2: Viork Done on Methane with 34-Member Apparatus

Assuming a 100% efficiency, the theory predicts, for the
34-member spparatus deseribed in the text, & separation factor
of 44 for the isotopes Clgﬁi - Clzﬁi of methane. A caleulation
is to be made below of the enrichment factor to be expected of a
run on normal methans gas, The data believed best to fit the

conditions of the runs sctually performsd are:

Mm=d4 Vs-ﬁoOcc
35
f ”‘1,/2 v==110cec
F==0,980 Vv, -24,850cc
V, -22,000¢e $-=1,13

For normel metheane, the best spectroscopic measurementalo show

that the relative abundence of C1° is 15103, It will be sccurate

enough for the present purposes, therefore, 1o set po/? = 1/10@.
We use alsos q34 = 443 g = 1.118; q55 2 49.1. As 8 first

approximetion, let us try (xo/P); = 1/201, Then
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The uvsual method of summation gives the result
(V)1 = 1230ec
Bouetions B7 again give

00,0348

=
14

a = 48,1

b

1k}

217
=0,0113

whence (%0/P)s = 1/214

&

It is clear that the true value of S cannot be far from 200. Hence,
for runs mede on normal methane, the enrichment factor whould be
Just half the sepasration factor.

However, in every experiment it was found necessary to mde a
preliminary run in order to remove the alr and other heavy impuri-
ties from the geas. Ordinerily this purging took the form of a
partial evacuation through the heavy end of the system a few hours
after the circulation had been started. The order of magnitude
of the net enrichment factor to be expected from sueh a process
may be obtained if we assign to pe/? after the preliminary cleans-
ing the value of 1/150., The results of the run then performed on
this gas may be caleculated in the usual way. The calculation
vields a value of 300 for 8, as compared with the wvalue of 100
for P/p, in normal methene, Hence, one would expect the enrich-
ment factor attained in this combination of processes to be of
the order of 1/3 the theoretical separation factor, The enrich=-
ment factors asctually attained, as hes been set forth in the
text, were around 10--i, e,, sbout 1/4 the theoretical separation
factor. The discrepsncy between 1/3 and 1/4 is probably not sig-

nificant.
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Exemple 33 Work Done on Nitrogen with 34=iember Apparatus
Assuming a 100% efficiency, the theory predicts, for the
S4-member apparatus, & separation faector of 10,0 for the iso~
topes ni5yi4 - N14ﬁ14 of nitrogen gas. A calculation is to be
made of the enriechment factor to be expected of a run with nore

mel nitrogen. The data believed best to fit the conditions of

the experiment are

m--34 V5-400ce
fﬁil/? v--110ce

F ==0,980 Vi=24,950ce
¥, =22,000ce te=1,13

For normal nitrogen, the best spectrosecopic measurement514 show

15

that the relative sbundsnce of ¥ is 12350, This will be the

value reguired for po/?.

We use also: q34 = 10,03 g = 1.069; qss z 10.69. A4s s
first epproximation, let us try (xo/P); = 1/500, The usual
methods give a value of 1/450 for (x,/P),, while further approxi-
mations do not change this by more then 1 or 2%.

Thus we conclude, for the case of nitrogen separstions, the
enrichment factor for = simple process should be 350/@50ths the
separation factor. That is, the enrichment faetor should be 7.8,

In the first work dome with nitrogen, deseribed on p. 37, the
vrogedure was to introduce into the system the heevy gas from
three simple runs, plus enough ordinery nitrogen to produes the
pressure reguired. In this way it wes hoped that the enrichment
factor obtained would be grester than the sbove ealculated factor
by about the ratio of the amount of heavy nitrogen so introduced

to the smount which would have been introduced into the system

if nothing but ordinery nitrogen had been used. A semi-quanti-
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tative caloulation is here possible.

In the preliminary collections of heavy gas, an attempt was
made in eech case to draw out of the hesvy end of the system the
gas contained within all the apparstus except Ve Of course, it
is likely that an apprecisble amount of mixing took place while
the withdrawal of gas was teking place, sc that the calculations
here made may be considerably too optimistic. In the best cire
cumstances, however, such a process would withdraw from the sys=-
tem epproximgely 10/45ths of the Nio originally introduced (from
the foregoing results)., Since this was done three times, and the
gas added to ordinary nitrogen in £illing the system for the finsl
separation, the wvalue of Po/? to be used in calcoulsting the re-
sulting enrichment factor should be, approximately

(1/350)°1.87 = 1/210

The usual calculation, based upon this value of po/P, assigns to
(xg/?) the value 1/2?5. This would correspond to a heavy sample
in which the W15:Wl% ratio was 3.6/100. The relative abundence
actually attained, as measured spectroscopically, has been pre-
viously given as 3.3/100. Unfortunately, the agreement must be
regarded as partly sceldentel, since two other processes took
place in the experiment which must have affected the enrichment
factor. In the first place, a discharge was run continually in
Vg when the preliminary heavy samples were being collected, Due
to poor design, the dischargs tube became coated with mercury
early in the first diffusion process, so that the amount of cur-
rent which passed in the discharge was probsbly too small to be
effective in breaking up the molecules of the gas at thaet end
of the system, but this effect is not definitely known to be ns-

gligible., If the tube had operated as originally hoped, the



A%l 3 W RAN e A L2

e1%a

separation factor, for these preliminary runs, would have been
doubled (See Appendix C). In the second place, after the sys=
tem was filled with gas for the final separation, a preliminary
6% hour run was employved to remove the impurities. There can be
little doubt that this resulted in e diminished enrichment fac-
tor. If we assume eguilibrium was resched in the 6z hour period,
which may not be far wrong, the final value of xo/? should have
been 1/360. This would correspond to a heavy sample in which
the ﬁlgzﬁlé ratio was 2,8/100. The actusl results seem consis-
tent with the conclusion that the discharge tube did little, if
any, good, but that the efficiency of the diffusion procsss was

100%.



Appendix ¢

APPENDIX ©

Use of a Discherge Tube

In his work on heavy hydrogen5, Hertz ran discharge tubes
continually in the diffusion apparatus, in order to bresk up the
#2H} molecules into H? and H' atoms, and meke it possible in this
way for Egﬁg molecules to bhe formed on recombination. Inasmuch
28 this is a device which should be useful whenever the gas being
worked with is of the form X,--i. e., Hp, Ng, Og, etc.=--it has
been thought worth while to work out the eguations which should
govern the behaviour of the diffusion spparatus when the gas st
the heavy end of the system is maintained in equilibrium with
the nroducts of & disintegrative discharge.

We shall denocte by & and b the two isotopss of the gas being
worked with, a will refer to the lighter isotope, which will al-
50 be assumed the more asbundant. In order of thelr abundance,
ordinary ges will conbain molecules of types as, b, and bb. We
shall denote by ng,, ngy, and nyy the corresponding moleculaer
densities. n, snd np will represent the densities of the two
types of atoms. Evidently, at any point in the spparatus,

> 2 aa* #lay
f Eg. C1
A, = 2y, + ay

We shall assume that the values of ngg, ngys and my, in Vg
are the wvalues which would be found if ng atoms of type 2 were
mixed with m, atoms of type b and combination into diatomic mole-
cules allowed to progesd at random. It is clear that an effi-
cient discharge in Vg would produce this condition. In such a
case, it is evident that

Yag ' lag Ty = Vo« 2715 10" Eg. C2

Bouations €1 and C2 mey be combined to give
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These relations will be true only at the heavy end of the system,
whare the discharge tube is located. Egquation Cl, however, must
apply everywhere.

As usual, the subseripts 1 and s will refer to the light and
heavy ends of the system, respectively. Now, however, instead of

one separation factor, two are needed. We shall use
A
£ Y
e - o
;?’ B acg

where Z;; is the separation factor for the entire system, calcu-
lated on the assumption that there ere present molecules of types
ae and eb only, etc, Evidently ;ﬁ ?fv'
V.

Also, it will be convenient to write R for the value of
na/hb for the gas originally admitted to the system, while
will be used to represent the total moleculsar density.

Two simplifieations will be mede: first, that the volumse
of the separation members is negligible; second, that there is
no pressure gradient in the system. For the most part, these
gssumptions will not materially affect the result. When they

do, the sextension of the theory can be made in an obvious fashion,

From the definitions given, the equalities exists

3 £
7% 7,
bh - . b6 ™ 4
7} oax f. ©
5
T g Eq. C5
%Ida? %uf{’.
4 5 5/ £ L 5
VLl = Ry SN Eq. C6
lanf - F Eq. C7

AR Eq. C8
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¢
nX Ma; % Eq. C9
AR 5 =y Eg. 10

Substitution of BEguations €Y and C1l0 in C7 and (B gives

2. fﬁ&~%%{2 ”ﬁééx = ¢ Eqe. C11

AN Eg. C12
Substitution of Equations ¢2 and Cl0 in C8 gives
{kf&gf‘ § *»@fQ<: kﬁ?&g&@;f%QEE%@éz@fj Eq. €13
Bouatlons C2 in €4 end C5 give’ y
() [ Eq. Cl4
2 2: = 1 Zé% Eq. C15
Now solve Equations Cl4 and C15 for ny; and n%b in terms of n

and substitute in Eguation €ll. This gives
o 525 i ]
anflie =% , 1 B Eq. C16

ViaeZ ), Vo L ag [ A
L }jﬁ/ },?,{’ ,,?:’,? e N
74, ST ML)
or, from Equatzon ¢l6 “
gz, toap . REE-YS 2 g® ) oype
Vo 1v 5 «,afi R (R PR/ T I Y
Vel }yzx »”X"’ F 24 7 S S N 9
From Equations C12 and C17 we must get nj end nf. Let
,v}/é’ v £
72>

Then Equation (12 becomss

. ~
P /C A3 b
ALNEE P

and Bguation €17 may be written i
[ R~ T 3 [Ror o KrraR-1] o [ Kemnzd g o )
[ e 157 1. 7o =+ 70 )4

where r hes been written for the ratio Vs/%Qe

“(/#~) =0 Bg. C18

Now, for Np, R = 350; for Op, R = 500, etc.,, whereas r %~ 1/10,

Hence it 1s accurate enough to write

f/ﬂ 7;’ '/‘Ao(f?ﬁ; 2 ;’ i - i ;l[fﬁ ' /j‘ -
In the problems which have thus far arisen, 24<1, s0 that Eguation
/A
C19 becomes S R
L a2
7.7 (™" %)
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mén
The most favoreble case is that for which r << 1/@2. In this
case > I
R
How, from Equeation €2, in the heavy end of the system
3 5 s z
Yga < Ny a2l 2
Or ’%j X f‘%‘
Vlaz s
If the discharge were not ruming, the value of %?&wauld be only
£
one-half as large as this, Hence, in the most favorable ciroum-

stances, the use of a discharge can double the sepasration factor

of the apparatus.
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APPENDIX D
Fiber Gauge.

17 used in comnection with the dif-

In Fig. D1 the fiber gauge
fusion spparstus is drawn roughly to scele, Its sssential part
is a flat guartz fiber, of 6 or 8 cm length, which can be set in
vibration, by an sppropriate megnetically operated hammer, in an
atmosphere of several microms of the gas whose moleculsr weight
it is desired to measure. The fiber is illuminated and observed
by means of a low-power microscope. The length of time, t, re-
qguired for the amplitude of wvibration to drop from one predeter-
mined mark to another on the fixed scale of the evepisce is found
to give a direct measursment of the molecular weight, M, if the
pressure, p, is knowns

Consider a section of the fiber (Fig. D2), of dimensions
AXMxd , moving towards the right with velocity V. If V is small
compared with the thermal velocity of the molecules, then we may
consider all the impects on the fromt face of the slab to be due
to the molecules moving towards the left, in the region to the
right of the slab, The time rate of transfer of momentum to these
molecidles by the slab is, therefore

éﬁ{éFwimVVAx

where ¢ is the average thermsl wvelocity, n is the molecular den-

sity, and m is the mess of z molecule,

Due to impacts from behind, there is an opposite force

£ nge- ) W A
Hence the net force tending to decelerate the slab is

; s Wax- el

On the entire fiber, work is being done at the rate
. £ ST
- Z cnm W J i?/{x,ij’ oéy
=]

L=

Over a time interval sufficliently large for several vibretions
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A

/;—j}, =7 Coom W 3’&;
vhere | [VOi At hes been set equal to a function of s, the eamp-

litude of the vibrations of the end of the fiber, alone.
Now the energy of the vibrating fiber is a funection of s

only=-=E(s). Hence ;
_ d? £lsi o

Y
i gf;%y%@vfibj

dt )

éggi’j 4:%() = % ¢ Y ;éj%:
Al
or p (84 - ﬁﬁi%j - § a2t

where ,é*ia some function of the amplitude, and t is the time re-
guired for the amplitude to desrease from 8y to 55,
Hence, if t is slways measured between the seme wvalues of

sy and s, (i. e., the same two marks on the scals of the evepiece),

7

then z»oc Crtim
But P = Lomac’
There fore i < %f
Also :Z; mo T ?::/}fq 7
il ,'{1'

Therefore C & giii

/ & J v
and £ %/,7.;
[} of i _':ﬁ(_ ,,.f\/ﬁ}:"

If the atmosphere consgists of a mixbturs of gases, the equation

mey evidently be written
L - f‘%ﬁ/ Z kM

where p 1s the total pressure, and DXy is the partisl pressure of
the ith component.

The foregoing development has meglected the possibility of
other demping forces soting on the fiber besides those due to im~
pacts with the gas molecules, Actually, there is a small, but ap=-

preciable, effect of "viscosity® in the quartz itself which would
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-
bring the aplitude of vibration from sy to 5, in 2 time t,, in
vaguum., The resulting eguation can be written

fe g gt

This linear relation between 1/% and pﬁ% is found to hold
quite accurately, for gases of as widely different molecular
welghts as hydrogen snd argon, for pressures up to many miocrons,
Although it is likely that this simple theory is not strictly
correct, the inaccuracies cannot be detected with the arrange-
ment used with the diffusion apparstus, sinece the errors in the
molecular weight determinstions sre limited by the accureecy with
which the Meleod Gauge can be read in measuring p.

Of course, the gauge must be connected to the rest of the
system through a liguid air trap, as mercury vapor must bs eXe
cluded from the instrument.

In Fig. D3 are plotted the results of a calibration of this
gauge. The points for hydrogen cannot be distinguished from those
for air. In practice, it is customary to recalibrate the gauge
oceoesionally by taking two or three messurements on air. This is
necessitated only by the fact that the supports om which the ap~
paratus is mounted are not suffieiently rigid to prevent some

relative slipping of the gauge end microscope.



—

:(;‘n rri :croms)

i
i

1

o

|
M

i
! LY |
W S e i S 4 %mﬁv -
: i 1 ;
! ! ‘ ! Pl ‘
| i : I W :
; | ‘ b A,
i | M{ b e ! KN H
i ' . ” : .
. ” . ;o
< | | m ! | P
| ! : ; » <
; A
W |
!
| i
R
o O
H i
;
) i
|
!
. e e g
H H H
[ | !
| !
i [ S -
: :
w 13
- e e
| i ,
i |
i
T T ; =
i : H
! i
i
S ORI S U
“ w
— | !
R | m
& i "
& / i
e - e - .

'

/e

Le

S0

40

I5

30

Zs

£o

iz

|
J
°

Ko

/73. U3

7o

do O

] $e
/’é x /0° (;S’ec"’

3o

2o



