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rates of diffusion was one of the most obvious and first tried methods,
1% was not until Herk developed his apparatus allowling the convenient
axchange of gas between & series of dlffusion siages theld this bhecame
g practicel meihod of concentrating some of the rare ilsotopes enough
Por vhysical messuremenis. Hofk ' apparatus has proved most successful

in the separation of isoiopes of the rere gases neon snd argon, and of

Sualitatively, the operation of this diffusion aspparaltus may be
seen from seperation member (Trennunzselied) 3 of plate I. The lightest
parts of the ges which flows into porous tubiugs R and 5 in the direction

x

indicated by srrvows Siffuses through thelr walls and is talen by mercury

diffusion pumps Py or %F' The gas which reaches the opposite ends of
foand 5 is, then, heavier than that vhich enters. varation member 3

thue reesivea heavy gasz from member 4 at 4 and returns light gas at 2,

while at corresvonding voinitzs © and D it receives the lightest frections

jote

of gas Trom member 2, and passes on its own hesvy gss. In this way

heayy isotones ars moved toward ressyvolr Ve and Llight ilsotopes fowsrd

rogsrvolr ﬁk wntll & steady sbate iz reached,

VT e

Tith certein slmplifving assumptions, the most significant of

W

- A

which are listed below, 1% is not 4ifficult to Lind that when s steady



Plate T

Hertz® Disgram of his Diffusion Apparatus

?3 ~ Reservoir for hsavy gas
YV ~ Heservoir for lizght zes

R and 8 - Porous itubes



state is reached, the separation factor

1 n
%:[ (f f)n} , TWhere

Q - B8 _ ratio of heavy to light molecules in Vg
¢  ratio of heavy to light molecules in Vy

1._ 5 4+ length of tube S
T length of tube R
- mass of light moleculs
B mass of heavy molecule
n = nuwber of separation menber

under the assumptions
1. The gas consists of a mixfure of two isotopes
2. Diffusion slong the tube is negligible
3. The pressure is zero outside of the porous tubes
4. 'The pressure is sufficiently low that viscosity effects

are negligible.

Por the usual cese where a high concentration of the heavy
isotope is desired, the ebove fomaula shows that ) and n should be
as large, [ and p as small as possidle. 3reakdown of assumption 2
and conseguently of the foraula for 4 with small £ limits its value
rather fundamentally to about 1/15, while practical considerations,
discussed by Wooldridgef meke n less than about 50. Thirty four

diffusion members, designed and built by Wooldridge, heving f between

1/10 =nd 1/20, were used in the present work to separate methane

1 T“t&ﬁs,c.f._r.) 1936,
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containing u13 from methane containing C'l, so that c¢g ~ 40 Cy
theoretically. Illethans gas was of course chosen Tor the separation
of C '3 because it afforded a larger fractional difference in molecular
weight or a smallerlp.than any other carbon containing gas. Values
of €, must now be considered,

Ordinarily, gas containing a mixture of isotopes 1s let into
the Heﬂé apparatus and diffused, enriched gas being taken out of Vg
when a steady steate is nearly reached. In this case, if'ﬁQ has & large
volume compered to the volume of the rest of the apparatus, ¢, is approx-
imately equal to the isotopic concentration of the gas originally let
ing but if Vk is not sufficiently large, 1ts supply of heavy molecules
may be appreciably depleted for the enrichment of gas in vg and the
separation members near Vg. If, for example, gas containing a normal
concentration e¢o of heavy isotope is let into the system and diffused,
the enriched gas will have a concentration considerably less than Qeg,
where § is the separation factor, unless the volume Vk is much larger
than the volume of the remaining parts of the apparatus, or in psrticu-~
lar than Vg.

Also, if gas which has undergone preliminary enrvichment is let
into the system, a rather large amount is reguired to fill the neccessar-

ily lerge volume Vy.

Statement of the Problem of Separation

Wooldridge obtained methane consaining 10% c!3 by diffusing

ordinary methane in & 35-member apparatus with a 22 liter buldb for ?i



and & 500 c.c. bulb as Vg. By saving the concentrated gas from
several runs and reintroducing it into the diffusion system with a
guantity of ordinary methane, he collected a small amount of 16%
heavy methane. With this heavy carbon, Jenkins determined the mass
ratio of C'° and C'*, It seemed desirable to produce more concentra-
ted ¢'® for spectroscopica® measurement of its nuclear mechanical and
magnetic momenis, and also to produce a large enough quantity of
reasonably concentrated ¢ to use for nuclear disindtegration study.

c'® molecule,

leasurements of the band spectra of the C'° -
which, as shown below, was the most promising method of determining
the ¢ ' nueclear spin, was also most demendine on the concentration of

[}

c!> It is easily seen that, if there are n,, atoms of C * and 1S

atoms of C'3 per unit volume, then the relative sbundance of molecular

(bR - - 13 1 %

. 13 e o o
c ¢, C -C , and ¢~ =-C is n  i2n, n . in, assuming the carbon

atoms combine at random. This means that the intensity of radiation
" 13 . . 4 2
from the ¢ ~C = molecule in such & mixture is | ——————| of the
n!'&. + n|3

total radiation of carbon molecules, or is proportional to the square
of the percent C'?, so that a mixture of 30% or more C ' must be obtained
to make this messurement feasible.

If the abundance of the hesvy isotope im Tz were kept at its
normal value of about 0.7%, a theoreticel maximum of but 22% €' could
be obtained in Vg, so that a preliminsry enrichment of a large enough

guantity of methane to fill the system was evidenily needed. va collsct

a Pew hundred c.c. of methane at 1 cm pressure containing 50 - 75%
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\3
# E#, about 150 fimes as much gas as had heretofore been collected
in a one-day run at about one-hall the meximum concentration obtained
was needed, so that a rather different technigue and much mors labor

weas called for.

Zxpe rimental Pf?ﬂ.ﬂure

Rather than using & reservoir of several hundred liters for
Vo in order to prevent an appreciable change in ¢, during the collection
of a large quantity of enriched gas, the methane in Ve was continually
renswed during the diffusion. 4 large tenk of very pure rethane was
obtained with the help of Dr. B. E. Sage from a natural gas well. This
gas was let consecutively through a pressure regulator, stopcock, and
the walls of a small procelain tube into Yk, which conteined about
1 en of methane. Gas was removed from another part of E} through the
walls of @ larger porous porcelain tube, snother stopcock, and a pumping
gystem, With this arrangement, the pressure in ?é could bhe easily
controlled by the pressure regulator on the methane tank. Vhen the
pressure reguletor was set, it was not disturbed during = run, so that
the gas could be continuelly renswed in.?i, or, by turning both the
stopeocks mentioned above, remnewed periocdically without disbturbing the
pressure in ?ﬁ or the process of diffusion.

With this arrangement for making Yﬁ effectively infinite, and
a 500 c.c. bulb for Vg, the enmrichment of methane was determined far
for wvarious pressures and times of diffusion. When the methane pressurse

in rose above 9 mm., the meximum enrichment obltained was somewhat

w3



decreased, probably because of the breskdown of @esumption 3 above,
that pressure outside the porous ftubes is zero. Bui during operation
a pressure gradient along the diffusion system exists which makes
the opressure in Vg about 2 mm. when there is 9 mm. pressure in VQ,
s0 that a rather small guentity of methane is collected. The system
was found to operate with reascnable efficiency when the pressure was
as high as 14 mm. in Vp, or 8 mm. in V,, yielding 10 to 0w 0'334 in
the 500 ¢.c. bulb after gbout 10 hrs. diffusion. The richest methane,
produced with lower pressure, was 14 or 15% 0’33% giving Q = 23,
considerably short of the theoretical § = 40. Wocldridege attributed
his failure to spproach the theoreticel enrichment to the finiteness
of Vk, and could explain his resulis by assuming an “effective volume®
for each separetion membsr of sbout 110 c.c. This work with an
"infinite" volume for V) shows that failure to obtain the theoretlcal
enrichment is rather due to the inaccuracy of the assumptions under
which the theoretical formula was derived, and thet the "effective
volume®™ of the separation members is probably simply the measured volume
of about 60 c.c.

Enrichments were determined largely from the relative intensities

1

of the ¢"™~¢c"™ 1,0 { ) 4744.5) band head and the ¢'> ¢'™ 1,0
( A 4737.1) head of the Swan system. These hands were produced with
considerable intensity in a capillary discharge tube containing about

1 em. pressure of argon and & trace of methene, activaeted by a 20,000

volt transformer. A Hilger E I glass spectrograph gave sultable



dispersion for intensity measurement. Plate II provides a picture
of these bands with several concentrations of C'>,

With the operating charscteristics of the diffusion systen
determined, a 5 1/2 liter container was put in Vg for & preliminary
enriclment of methane., If the separation members have negligible
volume =znd are considered only as a means of interchanging light and
heavy molecules between Vg and Vp, it is evident that the time of
diffusion required to obtain a given enrichment in Vs is directly pro-
portional to the volume of Vg. It was expected, therefore, thet this
enlarged Vg would contain gas of about 10% heevy methane after four or
five days diffusion, and specira from small samples of gas removed
during diffusion showed this to be correct.

At the end of a five-dey run, the apparstus usually required
reconditioning in several respects. Invariably mercury distit led from
the diffusion pumps and eclogged the tubing through which gas cireulsted.
Sometimes this mercury dema?ded removal before a run was complebed.

For this and other possiblémtrouble during a diffusion run, connections
were made so thaet the © 1/2 lifer bulb could be ecut off, air let into
the esystem, the mercury removed, and diffusion begun ageip with only

a 3500 ce.c. bulb as Vg. When the concentration in this bulb reached

its value before diffusion was interrupted, circulation of a gas through
the 5 1/2 liter bulb was begun again. Four successful runs of four or
five days were made with the 3 1/2 liter bulb in Vg, the gas in this

bulb showing about 10% heavy methane in each case. Gas was collected



each time not only from Vg, but from the nearby separation members
which also contained enriched methene, so that in all, nearly twenty-
five liters of gas at a centimeter pressure was obtained for a re-~
diffusion. This gas, however, contained something like 20% impurities.

Small quantities of heavy foreign gases were a serious mensce
in this experiment, for the diffusion apparatus concentrates all heavy
gas into Vg, and if the gas is appreciably heavier than methane, this
concentration is very efficient. Although the systen usually seemed
quite tight, there were undoubtedly small leaks which let in noticeable
quantities of air over a period of four or five days. Some carbon
monoxide and dioxide was given off by the hot glessware and by stopcock
grease, although greased sitopcocks were replaced in moet casés by
mercury valves. An unavoidable source of impurities was the methane
gas used. It was more than 99.5% pure, with the impurities largely CO,
€Oy, and Np. But since this gas flowed through V, at the rate of about
3 liters at a centimeter pressure per minute, the total smount of
impurities provided was guite large. To minimize this source, for some
of the diffusion runs fresh methane was not let through Vi continuously,
but for fifteen minutes every two hours. The presence of CP, and H,0
caused very little trouble, for they were removed simply by a liguid
air trap on one of the tubes comnecting Vg to the diffusion system.

Oxygen seemed to combine slowly with the methane so that 1t appeared



as carbon oxides and water. This was expected because the presence
of the mercury green line near the jets of the diffusion pumps indi-
cated a source, probably electrostatic, of energles above 7' 8.V,
The most bothersome foreign gases requiring removal were, then,
nitrogen, carboﬁ nmonoxide, and a small quaﬁtity of argon.

The carbon monoxide was oxidized with iodine pentoxide, and
the resulting carbon dioxide and free iodine produced according to the
equation 5 CO + I 0. — 5 COp + I, frozen ocut in the liguid air trap
mentioned above for the removal of CO,. A tube containing a small
gquantity of iodine pentoxide was put in the system so that gas passed
through it direetly into the liquid air trep, and then into Vg, since
it was this gas near Vg which contained the largest quantity of CO.

By keeping the I,0. at 150° C with an oil bath, carbon monoxide was
almost completely oxidized, while the I,0. did not itself decompose or
react with the methane appreciably.

The nitrogen, because of its inertmess, could not be removed
by chemical means without at the same time destroying the methane with
which it was mixed. After some attempts at combining it at low temper-
atures with celcium and barium amalgems, it was decided that the diffexr-
ence in vapour pressures of mitrogen and methane at liguid air temper-
atures afforded the best means of separation of these itwo gases.
Nitrogen is, of course, near atmospheric pressure at ligquid air temper-
atures, while methane has a vapour pressure 1.9 cm at -192° ¢ (liguid

air) and 5.5 cm. at -184° ¢ (liquid oxygen). Nitrogen was not removed
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during diffusion as were the other forelgn geses, but aflter the
preliminary diffusion had been made, when, as mentioned above, it
was about 20% of the collected gas. This gas was compressed by a
Toppler pump into a 100 c¢.c. bulb with a small projecting tube dipped
in freshly made liguid air. The methane was then a liguid near its
freezing point (=-184C° C) in the botiom of the tube, excepting about
5 centimeters pressure in the 100 c.c. bulb, while the nitrogen weas
a gas in the bulb at about 70 centimeters pressure. A large stopcock
from the 100 c.c. bulb into an evacuated 5 liter bulb was then suddenly
opened and closed. The nitrogen of course rushed into the larger bulb,
while verv little methane had time to evapcrate and flow into the
larger bulb. All the gas was recompressed into the 100 c.c. bulb and
expanded suddenly into the larger bulb several times until it was sure
s minimum of methane was lost with the nitrogen. Preliminary tests
with mixtures of methane and air showed that not more than 1/15 of the
methane was lost. Pracfically 81l of the nitrogen and the small
guantity of argon present was eliminated, making the enriched ue thane
ready for a final diffusion.

During diffusion, the collected gas produced a pressure of
7 mm. in the 22-liter Vp, and in Vg, & 800 c.c. bulb, a pressure of
2 mm. The abundance of beavy methane was measured just before
diffusion was bezun to be 5 o¥ 7%. Three runs of about 10 hours were
nade and the gas collected and tested, showing a maximum adbundance

of 50% heavy methane. This gives a separation factor @ = 19 for the
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apparatus, in agreement with the valus 23 found earlier. The o 1/2
liter bulb was then connscied with Vg, and & 45-hour run made to
collect a large guantity of gas of medium enrichment befare discard=~

ing the gas remaining in V, and the separation members.

Results
The spproximate gquantities and analyses of the various

enriched samples of gas obtained ere as follows:

Quantity of methane &t 1 cm. pressure Percent C'3H4
Sample
number I 100 c.ec. 25
1T 10 c.c. 50
11T 175 c.c. 40

Iv 800 c.c. 30



Part II. Leasurement of the Spin of Carbon Thirteen

Probably the most ilmportant physical quantifies which mey
be measured with sufficiently concentrated carbon thirteen are the
$vin and mognetiec momenits of the ¢'" nueleus. OFf the three methods
of making this measurement which have been successful in other cases -
deflection of meolecular beams in an inhomogeneous Tield, measurement
of hyperfine structure, and messurement of relative intensities in
alternate band lines - the last two seemed most promising, so were

considered in deteil.

Method of Hyperfine Structure

Fyperfine structure in atomic specirel lines is due to the
ensrgy of interaction between the magnetic moment of the mucleus and
magnetlc fields esssociated with the spin and orbital motions of
extranuclear electrons. Because this spergy is small compared with
other energies which determine the energy levels of an atom, it may
be calculated by a perturbation method very similar to that used for
the Zeeman effect. The coupling between nucleus and electron is
largest for an electron which stays near the nucleus and increases
with an increase in the effective nueclear charge. To obitain a hyper-
fine structure large snough for measurement, therefores, one looks
for lines involving & penetrating electron with small $otal guantum
number, preferably in a highly ionized state of the atom. Tor inter-

ferometer measurement ¢f the structure, the lines must also have long
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enough wavelength to be well reflected by silver and not absorbed
in glass, they must be fairly well isolated from other lines, and
must, of course, have a width less than the distance between compon-
ents of the hyperfine structure.

In the case of carbon the strong triplet of C III 3p°P -3s°S
(XX 4551.35, 4650.16, 4647 .40) seemed most favorable. Using the
predicted values for the magnetic moments, the line Bp3?2 - 38°s
of this triplet would show 3 components for a spin of 1f2, and 8
components for a spin of 5/2, reguiring resolution of lines separated
by about 0.10 cm. for nuclear moment determination. Unfortunately,
the € III line proved difficult to obtain without extreme excitation
and consequent large Doppler broadening of the lines. While this
hyperfine structure measurement seemed on the horizon of possibility,
and had the advantage of determining both the spin and magnetic moment,
it was abandonned for the more promising band spectra method of spin

measurement.

Method of Band Specira - Structure of .olecular Specira

The principal eflfect which nuclear spin has on band spectra
is in producing sn alternation in the intensity of the fine structure
lines. This was first noted by Mecke in the negative nitrogen bands,
and was explained by Heisenberg and Hund in 1927 as a typical quantum
nechanical effect of the nuclear spin on the statistical weights of

molecular states. In order %o construet an appropriate wave-function
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and to find the exact role of nuclear spin in band spectroscovny,
the nature of molecular states must be investigated.

The coordinates required to specify the condition of a
diatomic molecule are:

1. those of its center of mass

2. two angles of orientation

5. the distance between nuclei

4, the positions of all electrons with respect to the

center of mass

5. all electron spins

6. the nuclear spins.
LT, br a first approximation, the assumpiion is made that there is
negligible energy coupling between these degrees of freedon, or that
the generalized forces and messes for one coordinate are unsffected
by the values of the other coordinates, the problem of finding the
molecular energy may be broken up into a number of simpler problems.
Quantum-mechanically, the Hamiltonian and wave functions are then
separable and the emnergies involved in each degree of freedon may be

found from solutions of some of the standard quantun-mechanical problems

as follows:

Problem Resulting characteristic ensrgies
1. 4 free particle Continuous range
2. A free rotator E = Eiﬁ;i_il;Ei

21

where I = monment of inertis
J=20, 1, 8, *--



3. A simple harmonic oscillator

(assuming e force between Ty = (v + & n | X
nuclei k{d - do) where 4 1s 2 m
distance between nuclel and m = reduced mass of atoms
dg the egquilibrium distance] v =0, 1, 2, so-

4, Hlectrons in axially symmetrie, Energies cannot be calculated
or approximately spherically very easily, but are approxi-
symmetric electric field. nated by electronic ensrgies

in atonic sysiems.

5. 3pin coupling of electrons in The number of energy levels

orbits. may be found as in the similsar

atomic case, but energies can-
not be exactly calculated.

6. iagnetic rotators in uniform Number of levels = (28 + 1)%

field (produced by motion of

N where s = spin of nucleus
electrons;.

energies very small.
Fig. 1 indicates the relative magnitudes and spacings of all

these energies, execluding that due fto transletion. The speetra of
diatemic molecules provide an excellent verification of this treatment
and at the same tims give the slight modifications needed to take
into acecount coupling between different degrees of freedom. The most
significant of these coupling effects are those due to interacting
between electron spin and orbital motion, and vetween electron orbital
motion and rotation of the molecule.

According to the usuel rules for guantization of angular
momentum, the resultant spin 3 may have 28 + 1 different orisntations

with respect to the orbital momentum ;/ﬁ about the internuclear axis,

giving 25 + 1 different ensrgies of interaction, or 23 + 1 components
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The spacing of the rotetional levels should be
reduced by a factor of about fifty to give the correct
ratio of their spacing to that of the vibrational levels.



16

of the so-called spin nultiplets, somewhat closer, usually, than the
different rotational levels. Coupling between elecironic orbital
momentumn snd molecular rotation produces itwo levels for the two
different orientations of /\ with respeet to the momentum of mole-
culer rotation. This is called /\ ~type doubling.

The designation of these levels has been made similar, as

. R . *'X

far as possible, to atomic level nomenclature. Thus the symbol oy

indicates a level for which the resuvltant spin is P._;;.:q‘-., the sum of

the components of spin and orbital momentum about the internuclear
axis is m, and the component [\ of the orbital momentum about this
axis is givenby Y . Wmere tor X = Z ,TM ,D, A=a,t 32

regspectively. Vibrational and rotational levels are designated simply

by their quantum numbers v and 5 .

lethod of Band Spectra - Nuclear Spin and Symme try Properties

It is apparently a’ fundamental law of nature that the cuentum-
mechanical wave-function of any system must be elther synmetrical or
antisymmetrical in any two idenitical particles or entities ‘included
in the system. that is,

P Caey=s a7 A ) + (a7 A )

if Ay, represents all the coordinates of the nth particle, and
particles r and s are ildentical, where the plus sign applies if

particles r and s obey Sinsteln-Bose statistics, the minus sign if

they obey Fermi-Dirac statisties. A homonuclear molecule such as
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1 . 3 3, . .
C - C or ¢ - C is an example, the wave-funciion being

syrmmesricel or antisymmetrical in the atamic nuclel according to the

statisties which they obey. Zwe—weve—funcdivmrfor—ea&——-——gaieh
. [ 5 13 .
+Rev-obey. The wave-function for a ¢ -~ C molecule, however, is
subject to no symmetry requirsment.
From the very small interaction between nuclear spin and the
other degrees of freedom cf a molecule, we can with considerable
i A . . / ]
confldence assume & wave functicn of the form = ¢ gb (sgsp)
for some homonuclear diatomlc molecule, where sg and sp are the spin
. \ . . [ .
variables Tor the two nuclei a and b, and (,IJ is a function of all
the other wolecular variables. For ¢ o be symmetrie with respect
. ! f . .
to the two nuclei, ¢ and ¢ maust be both symmedric or both anti-
. et ; . . d/l
symmetric; dut for l/l to be antisymmetric, one of the faciors
[§ s
and (/z’ must be symmetric, the otHer antisymme tric. To construct
. \ . o \ .
suiteble functions (" consider (U = £(sg)f(sy). There arve 28 + 1
different independent functions f (sa), f.(sa), +++ f.5,,(sa), corres-
ponding to 2s + 1 different orientations of the spin sy with respect

to, say, the internuclear axis. Similerly there are 8s + 1 different

indeyendén’c functions f (sp), fo(sp) v L,

o

s+ (sp), so that in all
there are {28 « l)‘?‘ different ()D" . These rnust be combined in the
proper way to obtain the same number of linearly independent syrmetric
or antisymmetric functions, since they are the only types which can
have physical significance. The desired \]J“ are simpl!

fmisa) fnlsp) = fisp) fnlsa), where the plus sizn makes ‘/J " symmetric
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with respect te "the. 2 nuclel or the indices & and b, the minus sign
makes 1% antisymmetric. For m # n, there are then (2s + 1ljs of each
type of function; but for m = n the entisymmetric functicns disappesr,
and we have only 2s + 1 syrmetric functions of the form 2f,(sg)fn{sy).
£ the nuclel obey Fermi-Dirac statistics the final SD must be anti-
symnetric, so that a d/’ which is symmetric may he combined with
(8s + 1)s antisyrmetric l’/” to give (88 + 1) levels of glightly
different energy, or a single level of statistical weight (8s + 1)s,
while from a corresponding antisymmetric (,b' , a level of weight

(2s + 1){s + 1) can be made. The ratio of population of the two

'
levels is then ”"w = 5 T - For nuclei which obey
antisym S

Finstein-Bose statisties the fotal (}/ must be symmetric, and

/ .
syn s + 1 . . - . © s

7 ) = . How the selection rules for dipole radietion
antisym 8

are such that for a Transition, the symmetry or antisymmetry of

is not changed., In addition, the nuclear spin functions would not be
expscted to change during a transition because of the small forces
acting on the nuclear spins. The result is that spectral lines are
divided into two groups of transitions between symmetric v/{ and
transitions between antisymmetric 4‘ ’ whose relative intensitles are
multiplied by a factor 5.;;..}_ because of the identity of the two nuclei.
To determine what lines are to be used for a measuremsnt of
this effect and the spin 3, one must know the symmetry of the W’ of

the levels from which they arise. The function SD' may be written



(//’ = G‘w‘--- Ae) G (A, ) G (v) Gq (X} where 4 repre-
sents all the coordinates of the rbh &lectronm, A, ) eand v are the
quantum numbers, and X represents the three coordinates of the
center of mass. G, is symmetrical or antisymmetrical with respect
to the nucleil according as the summation é L. is even or odd,
where [{. is the orbital momentur of the nth electron, and its symmetry
is independent of the spin wvariables. The rotational function G, is
even or odd for even or odd J for one component of the N ~-type doublet
and vice versa for the other ccmponent. The other two factors are
always symmetrical. The m rules for dipole radiation require
Ag L, =1, D) = 1, and that the orientation of A with respect
to J does not chemge. Therefore both G, and G, change their symmetry
in & transition, but (,U' does not. Syrme tric levels are indicated
by lizht lines in Fig. 2z, antisymmetric levels by heavy lines. The
resultant variation in intensities of a few lines of the carbon
spectrum are shown in Fig. 2b. The lines would normally be very nsarly

the same intensity as shown by the ot 0‘3 lines. Note that since

the spin of the C ' nucleus is zero, - f = 0, alternate lines are

missing entirely.

Experimental Heguirements and Technique

For the measursesment of this intensity effeet, bands produced
vy % states have the distinet advantage of not showing /\ -type

doubling ( A = 0) so that intensity alternation is displayed by
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adjacent rotational lines rather than by the close A -type doublets.
Unfortunately, no 2 band has been found Tfor the carbon molecule.™
/
The principal bands of O, are the Deslandres-d‘izembuja "ﬂ‘——ﬂ_ and
the Swan 3'ﬂ -LH bands. The "ﬂ' *Lﬂ bands secemed at first most
3 3
favorable, since they had one ccmponent to every three of the 'T( ~'TT
bands, and they showed fairly large A -tvpe doubling.
But these bands are usually obtained from the continuocus disintegra-
tion of a hydro-carbon gas &t fairly high pressure in an electrical
discharge, and this type ol excitation is certainly not feasible with
a limited amount of enriched isotopic gas. A number of attempis
failed to excite the Deslandres-d'Azembuja bands to any intensity at
low pressures, so the Swan bands were turned to and the most promising
lines for a meassurement of alternating intensities picked out.

Tn order to meke the desired measurement, lines of the C'°- ¢
spectrum must he found showing A -type doubling which is wide enough
b0 permit resolution of the two components, and in addition are not
covered up or btheir intensities affected by other nearby lines., This
latter requirement eliminated most of the lines of the ¢! ¢ Swan
system because they werse interfered with by adjacent lines due to the
molecules C'*- ¢'> and ¢~ ¢'Y . If one assumes the same fields
of force about and between the carbon nuclei in any of the molecules

(e LA S & 13 3 3

¢’ ¢ ¢ ¢'?, and ¢ ¢, then it is seen that the energy

levels of these molecules are approrimately the same. The pripeipal

* Imlliken mentioned work on a supposed z band, but gave no data

and there was no subsegquent publication on thds band.
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differences are due 10 the effect of the different nuclear masses

on the vibrational energy &, =H Y—E- %. where m ig the reduced

(v
nass, and the rotational energy R, = %é-J(J + 1}, where I is the
moment of inertia. This effect puts part of the (1,0) and (2,0)
bands of C'°— ¢'> clear of the bands produced by the other two
melecules, but this part of the bands shows very closs doublets.
The (0,0) band was chosen as the strongest band of the system, and
showing the least interference between speetra of the three molecules.
An examination of the behavior of the triplets and doublets
of the R~branch of this band (see Fig. 3} shows two possible places
where the desired measurements may be made, in the region of members
70 and 80 where the spin triplets have dfawn together and the A ~type
doubling is large, and in the region of members 15 to 30 where the
triplet st"ucture is enough larger then the doubling not to interfere
and the doubling barely large enough to resolve. Since the doublel:
structure for members 70 to 80 makes nc great requirements on resolving
power, a cylindrical lens was used with a 21-f%. grating to give these
lines with convenient exposures of 5 to 10 minutes. With ordinary
carbon, these lines stood out strongly against the background of lines
from other branches; but the increase of background due to the super-
position of three band systems of ¢' - ¢'", ¢' - ¢, ana ¢ ™ o
in addition to the less intensity of the desired lines, made intensity

measurenent hopeless. The members of the R-branch jusi before the

head of the (1,1} band head, numbers 15 - 20, were much more intense
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and had very little background, but reguired higher resoclving power'
for resolution of the desired components. The Ry components

(3T, - *Tle) of &= ¢ show a "staggering" which indicate a
doublet separation of about 0.04 § in this region, while the other
components show less than 0.02 A separations (see Fig. 3). According
to theory, if the molecule exhilbits Hund's Case a coupling, the com-
ponent R, should show this constani doubling for all members, the
component R, ( *T[, - STT\ ) should show splitting proporticnal to

T(T + 1), end the B ( *]1, - *71, ) component should show negligible

1
splitting. Case a coupling requires that spin-orbit interaction is
much largzer than spin-molecular rotation interaction. The measured
staggering of ct*~ ¢ rtlines indicate that case a coupling holds
fairly well for this molecule for the rotationel lines considered, bub
net for higher members,

The lines under discussion are at about 5200 ﬁ, so that a
resolving power of about 130,000 was required for separation of the
two components of B;. 3Sinee carbon in a discharge tube "cleans up"
or disappears rapidly, it‘was highly imporitant to minimize exposures
while obtaining this high resolving power. Unfortunately, none of
the gratings and mountings avallable gave high enoush resolving power
and dispersion for this purvose. A concave 21l-ft. 6~inch grating was
found to zive just sufficiert resolution by examining visually the
mercury lines; but when these lines were recorded on a photographic

plate, the additional spreading of about 15 1 was enough to prevent
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resolution. A TFabry-ZPerot interfercmeter can provide sufficlent
resolution, but reguires prohibitive exposure times, particularly
since it would have to be used in this case with high dispersion for
isolation of the desired lines. One of the principle sources of
inefficisncy of such an interferometer is that to secure high resolu-
tion and a reflescting power of, say, 90%, one unavoidably loses 90%
of the light available on introducing it into the interferometer., A
Lummer-Gehrke plate eliminates this difficulty by utilizing the high
reflecting power of glass near the critical angle and letting light
into the pglasg et normal inecidence.

To find the resolving power and charecterisitics of e Lwmer
plate, consider Fig. 4a and the quantities

t

]

thickness of plate
i = angle of emergence of light beam
r = angle of reflection of " w

n = order of spectrum

L]

index of refraction of the glass

P
A

The retardation between consecutive rays is

wavelsangth of light.

nk = 4B + BC - AD = Stp sec r - 2% tan r sin i
) -
2t M= sin” i

sincelp gin r = gin i

H

Differentiating this expression with respect to n, the angular

separation between consecutive orders n and n + 1 is
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. Differentiating the same expression

t sin 2i
with respsct Lo X , the dispersion is found to be

2Ap 3 - 20 - sinf 1)

N\ sin 2i

21
L

make the simplifying assumption that every beam emerging from the

To find the resolving power, we

plete is of equal intensity, so that the angular distance between a

position of reinforcement of the beams and the first minimum of the

diffraction pattern ig P i = X since cos 1 1is the apparent

* T £ ®

aperture of the plate. Combining this expression with the formula for

dispersion, the resolving power A . (p® - sin® 1 -}1§;%%:j
AA A sin i

For the plate available, t=4.5 mu., and £ = 130 mm., so that fhe
order of interference n x 18500 and Zx = 00,000 for i = 80°.

the theoretical resolving power of the plate was therefore
sufficient. It was tested visually and photographically by the use of
the green mercury line and found actually to give sufficient resolving
power and to show no ghosts.

The plate was crossed with a 21 ft. concave Zagle-mounted grat-
ing, which gave sufficient dispersion in the second order to isolaste
the lines which were to be resolved. The opiicel system was as shown
in Fig. 4b, a cylindrical lens being used bvetween slit and grating to
correct the astigmatism of the grating so that horizontal interférence
patterns and vertical siit were focussed at the same time. This lens

also magnified the size of the interference pattern by a factor of 8.
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Proper exposurss with combined Lummer-Gehrke plate and spectrograph

proved to be ten or iwenty times those necessary with the grating
Plate I A 2

alone, sco that the gl&%e-g-bl-e-n&t} of the C'*_-C bands required about

ten minutes exposure on an Zastman I J spectroscopic plate.

It may be seen from the steggering of successive members of
the R, branch on this plate that although the f\ -type doublets should
not perhaps be completely resolved bscause of the broadnsss of the
interference patiterns, fthelr centers should be far enough apart to
permit the desired intensity measurements. Fallure to obftain the
theoretical resolving power on this plake may be attributed to the width
of the lines due to Doppler broadening, aberrations in the rather shorit-
focus lens used to correct sstigmatism, and to the fact thet suceessive
beams emerging from the plate were by no means of equal intensity for
the angle of emergence used, 1 2 80°, The expected Doppler broadening
was calculated and should have been small for temperatures of the source
under 2000° C. An anzle 1 =~ 80° was used because the interference
fringes were more 1lntense than for larger 1, und tests with the wmercury
line indicated that resolving power was not mucn impaired because of
the unequal intensities of successive beams.

The source of the Swan bands was the wabter-cooled capiliary
discharge tube shown in Fig. 5. A few millimeters of methane was let
into the tube and & discharge run which decomposed the methane and
deposited carbon on the electrodes and in the capillary. The resulting

hydrogen was pumped out and 11l mm. of argon let in. This argon pressure
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Fig. 5, The Dischargze Tube

1. Hodlow Cylindrical .lectrode of Aluminum

2. Jacket for water-cooling

2. Porcelain cepillary, L.D. 2 nm.
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seemed to be rather ecritical. The twbe was activated by a 1 E.W.
transformer giving 20,000 volts, though tle voltage across the tube
was probably a small fraction of 20,000 volis due to poor regulation
of the transformer. The porcelain lining in the capillary prevented
the glass canillary from getting hot under these conditions and
putting too much sodium vapour in the discharge.

Plate JIL B was the result of a B-hr. exposure with enriched
methane. About 75 c.c. of methane at 1 cm. pressure containing
approximately 40% heavy methane was used. It mey be seen that the

i od

e _ ¢ lines and that the

3.
¢ ¢'7 lines arve stronger than the C
3 13
specirum of ¢~ ¢ shows up weakly. Unfortunately the interference
pattern is not as sharp as in PlateiﬂTA, which is probably dus to
interferometer
temperature changes of the)\plate during exposure, or to shifts in the
optical system occurring during removal of the discharge tube for
refilling with methane. OStep weakener plates were sensitized and

developed along with this plate so that intensity distributions for

these patiterns eould be analyzed.

Results

The quickest way to determine the C'® spin, however, appeared
to be a measurement of the staggering of the Mcenter of gravity" of
the combined components of the R, branch. The separation between the
center of gravity of the Ky and the R, lines was taken as the criterion
of this staggering, and measurements of this separation made on about

. . - . o e n . pf3
five fringes each of the lines 18, 19, and 20 of the C'*- ¢™ ¢'"-#

ki
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3

and C‘?- C bands. The center of gravity of each patiern was judged

by eye and measurenents made on a comparator. ‘The two /\ -type
- 1z i . N 5 o . .

components of the C - ¢'? band should be of equal intensity and

conseqguently their center of gravity in normel position. The

measured displacements of the three lines of these bands are as

follows:

To. ¢ o' s '
18 + 011 A -.015 &
19 - Q07 +,008

20 + .015 -.015

From the consistancy of data on each line, the errors in these velues

Y

are very suall, bul systemstic efTects such as the inTluence of
adjacent lines are probably the chief source of error. The separa-

tions are somewhat less than the value 0.018 predicted from previous

1 R EE - . . an .
measursments of the C — C lines. The ratio of the displacement

R IS 4 , . . e
of ¢~ ¢"™ to that of ¢'- ¢ from these three lines is 1.17 ¢ .08.
from the theory presented above, the intensity of the doublet

componants are in the ratio mwmﬁmi. or _8 * & depending on the
s + 3

statis tics obeyed by the nucleus. /e can immediately conclude that

the ¢! nuelsus obeys Termi-Dirac statistics, since it shows a dis-
4

placerent ¢ the opposite direction than does C!* which is known o

=

obey Zinstein-Bose statistics, The ratio of displacement of the

s

. R - . X .
centers of gravity of th cl® ¢ and C ~ C lines for various

gpins should be as followsy
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Spin Ratio

(@)
}--J

1 35
3/8 .25
2 .20
5/2 .17

From this, the spin of ¢! would seem to be zero. But this would

o

e very difficult to explain theoretically, for since the nucleus
obeys Fermi-Dirac statistics, it must contain an odd number of
elementary particles (sse below) and have a half-integral spin.
additional evidence that the spin is not zero is given by that fact

N . . N 3
that the Ry branch of ¢'>- ¢

appears appreciably less intense than
the X, branch. The nost reasonable explanation of a measured ratio

of approximately 1 1s that the spin is 1/2 and that the weak componend,
of intensity 1/5 that of the sironger, wa: too weak perhaps to produce
muech effect on the photographic plate or the eye's estimate of the
center of sravidty. Certainly a spin of Zfﬁ, which would make the

relative intensitics of the doublet components 555, would be expected

S0 influence the center of gravity of the combined lines appreciably.

n
6]
ot
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the R, branches of these bands =

pogitien of the R, branches may be questioned, since the triplet

- PR & 1 P o2 3
structure may vary from a line of ¢ — ¢ to cerresponding lines of

X2 &) . , PR . . s s o
g - ¢ « The behavior of this triplet separation is difficult to
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oredict exactly, but the varistion from band to band chould be

) . . - [ 3 . > 3.
small, snd any varistion from the C'~ & to the C' - € '° band
. - . A L)

should be very closely the same as from - ¢ to Cnf c' ana

not influence the neasured ratios. This may be part o the reason
hy the‘oﬁd iine 18 showe a different shift from the even lines,
thouch the same retio. There i1s some suggestion, teo, of an snomely
in the /\ -type doubling of line 19 from previous measurements, though
an anemaly

these are not accurate enough to make w#=de certain.

Microphotometer curves of the interference patterns of some
of the '™ o™ lines showed merked asyrmetry incicating the presence
of the weak doublst component. A careful analysis of the shapes anc

centers of gravity of these curves should give more conelusive

. . . 13
evidence on the spin of the C nucleus.

Comparison with Theory

The fundamental particles proton, electron, and neutron all
have spins 1/21) and obey Fermi-Dirsc statistics. If atomic nucledl
re composed of these particles, some conclusions may be drawn con-
cerning the statistics and spins of the nuclei.
Consider, for example, the wave funciions for two identical
miclei each containing n of fthese particles. The wave function must
be antisymmetric with respect to each of the particles, so if two

1) It is possible that the neutron has a spin 3/2, but this does not
affect the results of the present discussion.



similar particles in two different nuclel are interchanged, the

wave function changes sign. If the nuclei are interchanged, this

is eguivalent to interchanging n particles, or changing the sign of
the wave-function n times. Conseguently nuclei should obey Fermi-
Dirac or Zinstein-Bose statistics according as they are composed of
an odd or even number of fundamental particles.g) The fact that the

c'?

nucleus obeys Fermi-Dirac statistics is,then,in conformity with
the usuval picture thet it is composed of 6 protons and 7 neutrons.

The nuclear spin is a result of the spins of the particles
of which it is composed and their orbital anguler momenta. These
momente are supposed to obey the usual guantum-mechanical rules, so
that orbital anguler momentum exists only in integral multiples of %
and can add to the spins to give integral or half-integral total momen-
tum to the nucleus according as the sum of the spins of the particles
is integral or half-integral. Since the c' nucleus obeys Fermi-Dirac
statistics, 1t must be composed of an odd number of particles and have
a half~-integral spin.

To predict the exact way in whieh spins and orbital momenta
add, it is necessary tc use some kind of approximaie model for the
nucleus. Probably the Hartres and & -particle models have proved most
useful in predicting qualitatively the characteristics of light nuclei.
The Hartree model assumes a central Tield and so reduces the nuclear

2) This proof has been doubted, bubt a more rigorous proof is given by
Zhrenfest and Oppenheimer, Phys. Rev., 37, 333 (1931).
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problem to one very similar fto the problem of electronic energy

levels in an atom. The & -particle model has proved particulerly
successful for light muclei which may be considered made up of an
integral number of o -particles, or an integral number of « -
particles plus or minus a neutron or proton. The most notable disa-
greecment of the two models is in the predicted values for the spins

of c "™ and W', Calculations of Rose and Bethel) using the Hartree
model predict a spin of 1/2 for the ground levels of thess two nuclei
while the work of Sachs®) using the &K -particle model predicts a spin
of 3/2. A spin of 1/2 for ¢ '3 would, then, show that the assumptions

underlying Sachs' calculation are incorrect, though it would not perhaps

prevent the usefulness of the & ¥particle model in other cases.

1) Thys. Rev., 51, 205 (1937 .
2) Phys. Rev., 55, 825 (1939).
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Part III. Turther Work with Heavy Carbon

It is regretted that the time required to cbtain a high con-
centration of heavy carbon has left little time for measurements on
this carbon. The following projects are made possible by the spectral

nlates and supply of enriched carborn on hand.

liore Accurate Determination of the C'> Spin

g ¢"? interferoreter patiterns

Further measurements of the
already obtained should be made. Perheps it will prove necessary to
take more plates of these or other lines to obtain conclusively the

¢ spin.

Identification of Bands

A number of bands are known to be associated with the earbon
bands, but have not been as yet satisfactorily analyzed or the carrier
molecule positively identified. Isotopic carbon should meke possible
their identification. Some of the strongest of these bands have'heads
at 4770.0, 4836.2, 4911.9, 4996.8 A. Johnsonl) essigned vibrational
numbers to these assuming the 4770 band represented the {(0,0) transition
since it was most intense. Tox and Herzbergg) guggest the 4770 is the
(10-9) transition of the Swan bands. It was noted that pictures of
enriched carbon showed double hedds on these bands due to the twe iso-

13

topes. Since the 50> C'® shows only two heads of about egual intensity,

1) Royal Soc. Trans., 226, 185 (1928)
2) Phys. Rev., 52, 638 (1937)
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it must be concluded that the carrisr molecule contains only one
atom of carbon., The directions and masgnitudes of the isctopic
ghifts of the heads show that the (0,0) bend of this system is
covered up by the group of Swan bands at 4737, and so has escaped
detection. The 4770 band is produced by a (0,1) transition. A&n
exact measurement of the isotopic shifts should allow a fairly

accurate determinetion of the mess of the rest of the emitting mole-

cule, and perhaps the completc determination of this molecule.

Wass Determinations

. ﬁ ! .

The ratio of masses of C'* and 0 6 has shown some discerepancy
recently, so thet a determination by band spectra methods should be
workkwhile. A4 measurement of the shifts between the Swan bands of
Cn,_ e At ~ 2

K] . . N s
g™ , ¢ ¢, and ¢'F C"™ will give the ratio of masses of

13 . . . .
c end C , while measurement of the shifis between the aAngstrom

! I 1 1 . . . !

bands of C¢'*% 0 and C 30 b will determine the ratio of masses C =
b . . a n s Py ~ 1 o + .

end ¢ in terms of the ratio C to C . 'The two combined measure-

ments will zive, then, the desired mess ratio C'™ to 0’ and in

oy . 12 13 . o ¢ v )
addition the ratic C to ¢ 7. DBoth the oSwan bands and Angstrom bands
show perturbations which should impede, but not prevent a fairly

accurate determination of these guantities.

Nueclear Disintegrations

It was found that in running a discharge in methane a large

part of the carbon from the disintegrating e thane was deposited on



the electrodes., By running a discharge in enriched methane, therefore,
a target of heavy cearbon nay bhe made for nuclear disintegration work.
1)

The reactions listed by Livingston end Bethe involving €~ which

should give positive energiss are the following:

¢ LY 5 2" 4 et

- i
e s Er > 4 E

0% Ll i

n !4

Thne first three of these have been reported in ordinary carbon, dut
due to the small percentage of ¢!'® in ordinary carbon their identifi~
cationsg are not certain nor the energies involved well known., ‘the
reaction C'® + ¥ — W™ is important because it has been suggested
as part of a chain reacvion which mey be the scurce of siellar
energies.g) It is planned to attenpt measurements on this reacition

immediately.

1) Rev. Liod., Phys., @, 245 (1937)
2) Bethe, Phys. Rev., 54, 434 (1939)
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