
For any position of the short mercury thread, the 
diameter is inversely proportional to the square root 
of the thread length. 

(14) 

where do is the average diameter of the capillary 
tube. 

We may compute the percentage deviation of the 
diam eter at any point from the average diameter 
from the equation 

D = 100 (~- 1) (15) 

in which 

D = the percentage departure. 

A= the observed thread length. 

Ao = the average of the observed thread lengths. 

Columns 7 and 8 of table 1 list the maximum posi
tive and negative departures from the average 
diameter , and column 9 lists the average departure of 
the individual determinations from the average 
diameter . 

The tubes studied were not all made by the same 
manufacturing process. The starting material in 
each case was tubing having an outside diameter of 
approximately 1 ~ in. Tubes 1 to 3 were drawn 
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over steel mandrels through dies that reduced the 
diameter by about one-quarter at each step, until the 
inside diameter was about 0.09 in. Thereafter the 
reductions were accomplished without mandrels. 

A second set of tubes (not listed in table 1) were 
obtained from a manufacturer who drew the tubes 
to the finish diameter over mandrels. It was found 
that the rolls used in loosening the tubing from the 
mandrels were not perfectly centered and therefore 
produced a periodic variation in the diameters, which 
rendered the tubes unuseable. The variations 
amounted to as much as ± 5 percent. Attempts 
were made to eliminate these differences by succes
sive drawing through external dies, with slight 
diameter reduction. After four stages, the variations 
were somewhat reduced, but the periodic character 
persisted and the tubes were abandoned. Tube 8 
to 12, with heavier walls, were then supplied by the 
same manufacturer. In a lot of six tubes, only one 
was found to have unsatisfactory characteristics. 

V. Summary 

It has been found practical to apply the method 
of Fisher to the determination of flow constants for 
metallic capillary tubing and to study the uniformity 
of such tubing by X -ray photography of a mercury 
thread within the tube. Eight pieces of tubing were 
selected from a group of twelve, having a maximum 
deviation from the average diameter of 2.5 percent. 
Flow constants for these eight tubes were determined. 

WASHINGTON, April 18, 1950. 
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Mass Spectra of Some Simple Isotopic Molecules 
By Vernon H. Dibeler, Fred L. Mohler, Edmund J. Wells, Jr., and Robert M. Reese 

The mass spectra of H 2, D 2, 1'2, HD, and HT have been measured with a Consolidated 
mass spectrometer with 50-volts ionizing voltage and with a constant magnetic field. The 
following ratios of atom ions to molecule ions were observed: H +/H";= 0.0201, D +/D";= 
0.0096, 1'+/1'"; = 0.0061, H +/HD+= 0.0096, D +/HD+= 0.0097, H +/HT+ = 0.0085, and 
T +/HT+= 0.0068 . The ratios for 1'2 and HT were derived from spectra of two samples 
containing 91 and 37 atomic percent of l' in equilibrium with H . Theoretical values for the 
ratios were computed for ionization involving transition into the~. state of the molecule ion . 
These values are lower than the observed ratios, because transitions to higher repulsive 
states contribute to the observed values at 50-volts ion izing voltage. 

Mass spectra of CO and CO2 containing about 54 atom percent C13 were mcasured 
under standard operating conditions. For CO t h e ratio CI2+/ CI2 0 += 0.0540 and C13+/_ 
CI30 += 0.0514. For CO2, the rat ios are CI20 +/C12 0 t= 0.0868, C'30 +/CI3 0 t=0.0824, 
CI2+/ CI20 += 0.0564, and C'3+/C I3 0 t= 0.0542. 

A theory of t he isotope e ffect in CO involving simplifying assumptions indicates that 
the relative probability of producing C12+ is 3.5 percent greater than the probability of pro
ducing C13+, as compared with an observed difference of 5 percent. 

1. Isotopic Hydrogen Molecules 

1. Introduction 

Mass spectra of H2 and D2 have been investigated 
frequently [1),1 and a recent paper by Friedel and 

I Figures in brackets indicate the literature references at the end of tbis paper. 

Sharkey [2] gives the spectrum of HD . The present 
research was undertaken because of the opportunity 
to obtain some very pure HD and a sample of tritium 
of relatively good purity. H ydrogenic spectra are of 
interest because it is possible to compute theoreti
cally from the Franck-Condon principle the relative 
probabilities of producing atom ions from the cliffer-
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ent isotopic molecules, and a comparison of theory 
and experiment gives information on the mechanism 

, of dissociation. Stevenson [3] has carried out the 
,> theoretical computations for H z and D2. Data on 

these molecules arc also of practical importance in 
the analysis of isotopic mixtures. 

2 . Experimental Procedure 

A 1800 Consolidated mass sp ectrometer was used, 
'\ operated with a constant magnetic field requiring 
( 3,800 v to focus mass 1 and using an ionizing voltage 

of 50 v. Pumps were speeded up, and pressure in the 
ionization chamber was kept fairly low to maintain 
a high vacuum in the spectrometer. This is a neces
sary precaution [4] with hydrogen, but as a result the 
atom ion peaks arc rather small for accurate measure
ment. There are no triatomic ions under these 
conditions. 

Very pure D 2 and HD were prepared by fractiona
tion at liquid h ydrogen temperatures by Fookson, et 

~ a1. [5] of this Bureau. HD was fractionated from 
crude HD prepared by the r eaction of D20 and 
lithium aluminum hydride [6]. The tritium was 
obtained from Argonne National Laboratory and was 
91 percent of T and 9 percen t of H . It was sepa
rated from H e3 16 days before the spectrum was 
measured . A small correction amounting to 0.16 
percent was applied for H e3 on t he basis of a half-life 
of 12 years for tritium and the measured sensitivity 
(current per uni t pressure) of He4• 

Table 1 gives the experimental results under 
columns headed "Expt." Data for H 2 and D2 are 
consistent with published rcsults. Friedel and 
Sharkey [2] report for HD values of 0.82 percent for 
H + and 1.13 percent for D +. The value for D + of 
HD in table 1 is an upper limit assuming H ! is zero . 
The value of 0.97 percent is the lowest value obtained 

I in several experiments, but H i may con tribute an 
amount of the order of 0.1 pm· cen t to mass 2. In 
the tritium both T 2 and HT are presen t and con-

:J. tribute to the mass 3 p eale The separate contribu
t ions were evalua tcd by obtaining the spectrum of 
the original sample containing 9 percen t of H , then 
adding hydrogen and equilibra ting the mixtme in 
contact with an incandescent filament to obtain a 
mL'{ture of 67 p ercent of Hand 33 percent of T and 
repeating the m easurement. In the first spectrum 

'1 T z was large and TH small, and in the second 
spectrum the reverse was true. From the two 
spectra, values are derived for both T+/T t and 
T+/TH+. 

, Table 1 includes the sensi.tivity (current per unit 
pressure) for the mole~ule lOns. They are nearly 
equal except for T 2, wInch IS about 10 percent lower 
t.ha~ the other :ralues. Th~s is not surprising, as 
the lOn acceleratmg voltage 1S only a third as much 
for T 2 as for H 2. 

3. Theory 

The ratio of atom ions to molecule ions can be 
computed by mean of the Franck-Condon principle 
for the case of a transition from t he normal state of 
h ydrogen to the stable:Zg tate of the molecule ion, 

T ABLE 1. 1\11 ass spectm of hydrogen molecules 

mle IT, ITD D, ITT Tz 

i 
,; ,; 

~ 
,; ..; ,; ,; 

0 "- 0 0 0 i 0 

" " " '" " " K .c >< ~ >< .c " .c K .c 
~ t-< ~ ~ t-< ~ t-< ~ t-< 

il Ion ~llrrcnt per uni t pressure in ga.s resen~oil' fOI" the molecule ion s in arbl· 
t rary un!ts. 

Dissociation into an atom ion occurs if a vertical 
line from the normal state intersects the potential 
energy curve of the molecule ion at a point above 
th e disso.ciation limit of the molecule ion . That is, 
the fractlOn of molecules with atoms inside a crit ical 
internuclear distance re will dissociate on ionization 
and, for H 2, about 2 percent of the atoms fall inside 
rc and give atom ions. The potential energy curves 
of the Franck-Condon diagram and rc remain un
changed in isotopic molecules. However , the radial 
distribution of atoms in the normal state is narrower 
for the heavy isotopes. This materially reduces the 
small fraction of atoms that fall inside re. Steven on 
[3] has publish ed computat ions for H 2 and D2, and 
we have extended the computations to the other 
isotopic molecules. The values included in table 1 
are subj ect to appreciable computational error a 
they depend critically on the shape of th e pote~ti31 
energy curves. 

Experimental values are not exactly comparable 
with the theoretical values, for atom ions can also 
be produced by transitions to higher repulsive states 
of the hydrogen ion; namely, the :z" state and th e 
doubly ionized state. The mo t probable transition 
to a repulsive state requires about 10 v in excess of 
the thTeshold for appearance of atom ions and results 
in ions of high kinetic energy. These ions are not 
collected efficiently by the lllass spectrometer, and 
consequently they mal e only a mall contribution 
to the atom ion peale Hagstrum and Tate [7] have 
studied mass spectra of diatomic molecules and 
velocity distribution of the atom ions and have inter
preted the results in terms of Franck-Condon dia
grams. Their results for H 2 show the magnitud e of 
the contribution of the high velocity atom ions from 
repulsive states. 

The contribution of atom ions from repulsive 
states accounts for the fact that experimental results 
for 50-v electrons are always somewhat grca ter than 
the theoretical values. In the dissociation of HD 
~he H + ion will have twice the kin etic energy of D +, 
In the mass spectrum obtained with a constan t 
magnetic field the kinetic energy received from the 
electric field will also be twice as large for H +, so 
b?t~ ions should be collected with equal efficiency. 
SImilarly H + and T + of H T should be m easured with 
equal efficiency. The experimental observation that 
T + is less abundant than H + is un explained. In 
other respects the experimental data seem quite con-
is ten t with t heoretical predictions. 
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A mixture of D 2 and tritium was equilibrated in 
contact with an incandescent filament , but the spec
trum of the mixture containing six isotopic molecules 
in appreciable amounts was too complicated to per
mit derivation of the DT spectrum. Theoretical 
computations indicate that D + and T + will each be 
0. 35 percent of DT+. 

II. Mass Spectra of CO and CO2 

1. Introduction 

One would expect to find isotope effec ts in the mass 
spectra of molecules other than hydrogen, but the 
isotope effects will be much smaller when there is a 
relatively small difference in the mass of the isotopes 
involved . There is ample evidence for such effects 
both in mass spectra and in thermal dissociation. 
Dibeler, Mohler, and R eese have reported such 
effects in the spectrum of nitrogen containing 65 per
cent of N15 [8] . Beeck, et al. [9] have reported that 
the dissociation probabilities of C12- C12 and C12_ C13 
bonds of molecule ions formed from propane- 1- CI3 
differ by about 20 percent, whereas Stevenson , et al. 
[10] find that in the thermal cracking of this molecule 
there is an 8-percent greater frequency of rupture of 
C12_CI2 bonds than of C12- C13 bonds. Thermal 
decomposition of oxalic acid to give CO, CO2, and 
H 20 has been studied by Lindsay, McElcheran, and 
Thode [11], and on the basis of the distribution of CI3 
in CO and CO2 they concluded that the dissociation 
of a C12_ 0 16 bond is approximately 3.5 percen t more 
frequent than the dissociation of a C13_0 16 bond . 

2 . Experimental Procedure 

We have measured the relative abundance of the 
ions containing CI 2 and C13 in the mass spectrum of 
carbon monoxide and of carbon dioxide with high 
concentration of C13. Carbon dioxide was evolved 
in vacuum by the action of concentrated sulfuric acid 
on barium carbonate containing 54 atom percent of 
C13. A portion of the product was almost completely 
reduced to carbon monoxide over hot zinc according 
to the method of Bernstein and Taylor [12]. Traces 
of carbon dioxide were removed in a liquid nitrogen 
trap . 

Mass spectra were obtained by using conventional 
techniques . The energy of the bombarding electrons 
was nominally 50 v, and the temperature of the 
ionization chamber was about 245 0 C . Data r e
ported here were measured at constant magnetic 
field and varying ion accelerating voltage. In the 
case of CO2, however , spectra were also obtained at 
constant ion accelerating voltage by varying the 
magnetic fi eld . These spectra differ slightly in the 
ratios CO+/COt and C+/COt, but th e relative 
amounts of isotopic ions were the same within the 
estimated experimental error. 

3 . Results 

Table 2 gives the mass spectra of carbon monoxide 
and carbon dioxide containing 54 atom p er cent CI3. 
Corrections have been made for the contributions of 

oxygen isotopes to the isotopic peaks. Columns 1 
and 2 give the mass to charge ratio and the ion 
species for carbon monoxide. Column 3 gives the 
abundance of each ion relative to the most abundant < 
ion, m /e= 29 . The ratio CI2/CI20[6 equals 0.0540 , 
whereas the ratio C13/C13016 equals 0.0514 . The 
ratio of th ese two values , l.05, is a measme of the 
relative probabili ty of dissociating a C12-016 bond 
as compared with a CI3_,0IR bond in the CO molecule. 

TABL E 2. NJass spectra of CO and CO2 containing 
approximately 54 atom percent of 0 3 

[Correction has been made for oxygen isotopes] 

Carbon monoxide Carbon dioxide 

m/e I 
Positive Rela tive -

ion abundance 
Positive R elative 

ion a bundance role 

12 ____________ C12 __ _____ _ 4.68 12 _. ______ ____ C12 _______ _ 
13 ____________ C 13 _______ _ 5. 14 10 ____________ C " _______ _ 

16 ________ __ __ 0 " _______ _ 3.16 16 _______ __ ___ 0 " __ _____ _ 

4.91 
5.42 

15.4 

< 

28 ____________ C 120 " . ___ _ 86.7 28 __ __________ C120" ____ _ 
29 ____________ C 130 16 ____ _ 100. 0 29 ____________ C 130 " ____ _ 

7.55 I 
8.24 

44 ____________ C I2 0';_ ___ 87.0 
45 ____________ CJ30 ~6 ____ 100.0 

Columns 4, 5, and 6 of table 2 give the mass 
spectrum of carbon dioxide relative to the most 
abundant ion, m je=45 . For the dissociation of a 
single 0 - 0 bond, the ratio C120 16jC120~6 equals 
0.0868, whereas the ratio C130 16jC130~6 equals 
0.0824. Again, th e ratio of these two values, l.05, 
is a measm e of the probability of dissociating a ) 
C12 _ 0 16 bond, as compared -with a C13_ 0 16 bond. For 
the dissociation of two C- O bonds, the ratio 
CI2/CI20~6 equals 0.0564 , whereas the ratio C13jCI30~6 
is 0.0542. Rather surprisingly the ratio of these 
values, 1.04, indicates that the dissociation of two 
C12_ 0 16 bonds is only 4 percent more frequent than 
the dissociation of two C13_ 016 bonds. Measure
ments made on a sample of carbon d ioxide containing 

. 4 atom percent of C14 gave similar, though less 
accurate, r esults for the relative probability of 
dissocia ting C12-016 bonds and C14-016 bonds. 
The results on the preferen tial dissociation of a 
C12- 016 bond compared with a C13_016 bond in the 
ionization process are similar to the results of 
Lindsay, McElcheran, and Thode [11] on th ermal 
dissociation of oxalic acid. < 

4. Discussion 

Similar effects of isotopes on the dissocia t ion 
probabilities of other molecules have been observed 
in this laboratory. From analysis of the mass 
spectrum of nitrogen [8] containing 65 atom percen t 
of N15 it was found that an N14- N14 bond d issociates 
about 11 percent more frequently than an N15- N15 
bond. The r elative probability of dissociating an 
N14 _ NI5 bond was less accurately determined, but 
the value is intermediate between the values for 
N~4 and N\5. 

It is to be e2'.."pccted that isotope effects in CO and 
N2 can be e>.."plained in terms of the Franck-Condon 
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principle, except for the difficulty tha t potential 
energy cmves for the molecule ion sta tes are not 
accma tely lUlown. D . P . Stevenson in an un-

> published paper presented before the New Orleans 

l meeting of mass spectrometer users in May 1950 
pointed out tha t the isotope effect in N2 can be es ti

',' mated wi thout detailed knowledge of the upper 
poten tial energy eUI've. The observa tion that N + 

~ is about 6.7 p er cent of N~4+ indicates tha t in the 
radial distribution of a toms in the normal s tate , 
6.7 percent of the a toms fall inside the critical 
in ternuclear distance for dissociation in the ionized 
state. From the known distribu tion of a toms in the 
normal sta te, the critical internuclear distance can 
be computed . In N~5 the distribu tion of a toms will 
be reduced by an amount tha t will result in a 7-
percent reduction of the fraction inside the critical 

~ internuclear distance. This is considered in sub
stantial agreemen t with the observed difference of 
11 percent. 

This interpretation is supported by the research 
of H ags trum and Tate [7] on the veloci ty distribu
tion of atom ions as rela ted to the Franck-Condon 
diagrams. TIl e velocity distribution of N+ ions 

~ indicates tha t dissociation comes primarily from a 
process of th e type postulated by Stevenson . This 
is also true of C+ from CO. On the basis tha t 5.4 
per cen t of C a tom of C12016 fall inside the cri t ical 
in tel'nuclea.r distance, it is estimated that in C130 16 
there 'will be a 3.5-percen t reduction in Lhe fraction 
inside the crit ical distance. The obser ved difference 
was 5 per cen t. E xact agreemen t is not expected, 
for the theory assumes that a single transition process 
gives rise to C+. It is known that at least t'iVO trans i
t ions give C+; one 0 1' more giving C+ and 0 and. one 
or morc giving C+ and 0 -. 

III. Conclusion 

I sotope effecLs in the diatomi c molecules, hydro-
\' l1:en , nitrogel'l , and C+ of CO seem to be accounted 

for by the Fr anck-Condon principle and the fact that 
the radial distribu tion of atoms in the normal state 
depends on the mass of the i otopes. In these mole
cules a small fraction of the atoms in the normal state 
falls inside th e cri tical in ternuclear distancc for d.is
sociation in th e ionized state, and this condi tion leads 
to a relatively large isotope effect. The research of 

Hags trum and Tate [6] on the ionization of diatomic 
molecules indicates that production of 0 + from O2 
and of N+ from NO will be similar in this respect 
to N2. However , for the transitions giving 0 + from 
CO and 0 + from NO, roughly half and three quarters 
respectively of the atoms fall inside the cri tical 
radius and the isotope effect would presumably be 
much less. One would not expect the r elative 
amount of 016+ from the isotopic mixtUl'e of C120 16 
and CI30 16 of table 2 to be significantly differen t 
from normal CO, and this is experimentally observed. 

Although similar effects may be expec ted in 
polyatomic molecules, it is no t feasible to predict 
quan tita tively the isotope effects in CO2 01' more 
complicated molecules. It may be coincidental 
that production of C+ and CO+ from CO2 show 
almost the same isotope effect as C+ from CO. 
The theory of diatomic molecules indica tes that 
each dissociation process will have a charac teristic 
isotope effect, and values of zc ro or even negative 
values are no t excluded.2 
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\ iVASHINGTON, Jun e 21, 1950. 
, A progress report by O. Schae lTer aud J. llast inl(s of the Brookhaven National 

Laboratory [13J on mass spectra of H" D" and T , has appeared since this paper 
was wr itten. They report ratios of atom ions to molecule Ions obtained from 
ionization by electrons of 30 electron vo lts, and values are cO I1, idera bly sma llor 
than values reported in table 1 at 50 ev, as is to be expected. In other respects 
their resul ts are comparable with ours. 
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