546

Education, to which thanks are due. It is a great
pleasure to thank Dr. Rufus Lumry of the Uni-

J. W. Orvos aAND D. P. STEVENSON

Vol. 78

versity of Minnesota, for his theoretical advice.
TOKYO, JAPAN

[CONTRIBUTION FROM THE SHELL DEVELOPMENT COMPANY]

Cross-sections of Molecules for Ionization by Electrons

By J. W. Orvos axp D. P. STEVENSON
RECEIVED Avcust 1, 1955

It .is shown that for a wide variety of substances including hydrocarbons and their substitution derivatives, the total rela-
tive ionization cross-sections as measured in ion gages or mass spectrometers (low pressures and low energy electrons), or by
total ion production in gases (at or near atmospheric pressure) by C!4 or Sr¥-Y® g-particles, are a constitutive molecular

property.

It is further shown that, particularly for ionization by single electron impact and to a lesser degree for total ion

production by §-particles, the atomic ionization cross-sections of the elements are given by the sum of the valence electrons
weighted by the mean square radii of those electrons as calculated for hydrogen-like wave functions for the electrons. A

table of calculated atomic ionization cross-sections is given for elements with 1 < Z < 56, and Z = 80, 81 and 82.

The utility

of the rules for ionization cross-sections in various analytical applications is described and illustrated.

Total cross-sections! of molecules for ionization
by electrons form the basic calibration data for a
variety of analytical instruments such as ionization
manometers,? ionization chambers? and mass spec-
trometers.* Furthermore these quantities have
the same basic significance for the initiation of re-
actions by ionizing radiation as do absorption coef-
ficients for photo-chemical reaction initiation. Al-
though considerable attention has been paid to the
manner in which the ionization cross-sections of in-
dividual substances vary with the energy of the ion-
izing radiation,! relatively little is to be found in the
literature concerning the variation of these cross-
sections from substance to substance for a specific
ionizing agent. The most detailed discussion of this
latter question is that given by Dushman? for the
variation of the sensitivity of ionization manom-
eters, particularly the VG-1 Gauge, with the sub-
stance whose pressure is to be measured. Dush-
man’s discussion is purely empirical, and the con-
clusion reached is that the best representation of the
variation of ionization cross-sections (as measured
by relative sensitivity of the VG-1 Gauge) is ob-
tained by taking the cross-section to be linearly re-
lated to the total number of atomic or molecular
electrons. The nature of Dushman’s discussion of
his correlation suggests that a theoretical result due
to Bethe,® was inadvertently overlooked. This re-
sult of Bethe is that the ionization cross-section,

i, of an atomic electron with quantum numbers,
(n,]) is approximately proportional to the mean
square radius of the electron shell, (n,1).5

This paper has the dual purpose of presenting
evidence that the relative total ionization cross-
sections of atoms are given to a good approxima-
tion by the weighted sum of the outer, or valence,
electrons of the atoms, where the weights are the
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{4) E. P. Barnard, "Modern Mass Spectrometry,’” The Institute of
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mean square radii of the electrons, and that the
relative total ionization cross-sections of molecules
are constitutive molecular properties, 7.e., the sum
of the atomic cross-sections. The additivity rule of
ionization cross-sections is shown to be equally
valid for ionization by single electron impact by
slow (50 to 100 volt) electrons, such as are em-
ployed in mass spectrometry, and for ionization in
gases at atmospheric pressure by such energetic 8-
particles as those emitted by carbon-14 and stron-
tium-90-yttrium-90. This may be considered to
be an extension and generalization of the “Bragg
Rule,””” based on observations of ion production by
a-particles from naturally occurring a-emitters.

The paper is divided into three sections: in the
first portion there is briefly described the method of
calculation of relative atomic ionization cross-sec-
tions, and there are tabulated the results of calcula-
tions for fifty-nine elements. Comparison of cal-
culated and observed atomic ionization cross-sec-
tions is presented. The second section is concerned
with evidence of the additivity of ionization cross-
sections in molecules with particular reference to
mass spectrometric and low pressure ionization
chamber data, and the applicability of the calcu-
lated (Section I) atomic cross-sections to the com-
putations of molecular cross-sections. In the third
section the evidence for the applicability of the ad-
ditivity rule to ion production in gases at atinos-
pheric pressure by carbon-14 and strontium-90-
yttrium-90 §-particles is presented.

I. Relative Atomic Ionization Cross-sections.—
For hydrogen-like wave functions the mean square
radius of an electron, (1,1), is given by®

B (2~ St — 1+
3(,_ MU+ D = 13
(- )W

n'?

where the effective quantum number, #’, and the
screening constant, Sy, of Slater are computed ac-
cording to the rules summarized by Eyring, Walter
and Kimball.® There are given in Table I the
mean square radii of the various electrons of the

(7) W. H. Bragg, Phil. Mag., 10, 318 (1905).
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chanics,”” McGraw—Hill Book Co., New York, N. Y., 1935, p. 144.

(9) H. Eyring, J. Walter and G. E. Kimball, "Quantum Chemistry,"
John Wiley and Sons, Inc., New York, N. Y., 1944, p, 162,
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rare gas atoms, in units of the square of the radius
of the Bohr orbit, a3, as calculated from equation 1.

TaBLE I
MEeaN SQUARE Rapir oF THE AToMIC ELECTRONS OF THE
RARE GASES

(units, ae?)

He Ne A Kr Xe
1s 1.04 0.032 0.0096 0.0024 0.0010
2s 1.23 0.218 0.041 0.017
2p 0.878 | 0.156 0.030 0.012
3s 4.53 ‘ 0.338 0.113
3p 3.94 0.294 0.099
3d | 0.572  0.117
4s 6.98 0.688
4p 6.37 0.628
4d 1.60
5s 9.47
5p 8.87

The stepped line through the table separates the
electrons into two classes, those with ionization po-
tentials greater than (to the right) and those with
ionization potentials less than (to the left) 35 e.v.
It is seen that the combined effects of the »4, in
the numerator, and the large screening constant
of outer electrons in the denominator, results in
disproportionately large mean square radii of the
outer or valence electrons.

The ionization cross-sections of the outer elec-
trons are proportional to their 73 while those of
the inner electrons are proportional to their 73; less
a term in Z.s.® These facts combined with the
empirical observation that the energy lost by ion-
izing electrons is on the average 30 to 40 e.v. per
ion pair, suggests that to calculate the ionization
cross-section for an atom one should simply sum
over the electrons with ionization potentials less
than 35 e.v., weighted by their 741. The relative
atomic ionization cross-sections for the elements
hydrogen through barium, and mercury, thallium
and lead, computed in the indicated manner are
given in Table II. The electrons included as outer
or valence electrons for each element are also given
in the table. For a number of the elements, par-
ticularly those of groups II, III and IV, the sums
have been made over the electrons for the valence
state of the atom, 7.e., slp! for group II, s'p? for
group 11T and s'p? for group IV.

There are shown in Fig. 1 the calculated atomic
cross-sections as a function of the atomic number
for the elements. There is also shown in this Fig.
1, as the dashed curve, the quantity, 10.9Z/18,
the relative atomic cross-section if an unweighted
sum over all atomic electrons were the measure.
The numerical factor of the atomic number, Z, ad-
justs the scales of cross-sections to coincidence at
argon. The points of Fig. 1 are experimental val-
ues of atomic cross-sections relative to that of ar-
gon equal to 10.9. The values for helium, neon,
hydrogen, carbon, nitrogen, oxygen and mercury
(low value) are from the measurements of Tate and
Smith as summarized by Massey and Burhop,! and
correspond to ionization by ca. 75 volt electrons.
The atomic cross-sections of H, N and O, are taken
as half the values of the cross-sections of the dia-
tomic molecules, and that of C is the cross-section
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TABLE II

RELATIVE IoN1ZATION CROSS-SECTIONS OF THE ELEMENTS
(Qi(hydrogen atom) = 1)

Element  Electrons Qi Element Electrons Qi
1s! 1.00 Ga 4s! 4p? 17.9
He 1s? 0.694 Ge - 4s!4p? 18.4
As 4s? 4p? 18.7
Li 2s! 8.29 Se 4s% 4p* 18.5
Be 2s1 2p! 6.31 Br 452 4pb 18.0
B 2s1 2p? 5.02 Kr 45?2 4pt 17 .4
C 2s! 2p? 4.16
N 2s? 2p3 3.84 Rb  4s? 4pb 5s? 58.4
O 2s? 2p* 3.29 Sr 4s? 4pt 5s? 64.3
F 2pb 1.85 Y 44! 5s! 5p! 59.5
Ne 2ps 1.75 Zr 4d? 5s! 5plt 59.8
Nb  4d* 5s! 57.6
Na 3s! 14.3 Mo  4d5 5s? 52.5
Mg  3s* 3p* 15.9 Tc 4d8 5s! 48.0
Al 3s! 3p? 15.4 Ru 447 5s! 44.1
Si 3s! 3p? 14 .4 Rh 448 5s! 40.6
P 3s? 3p? 13.8 Pd 44w 25.1
S 3s? 3p* 12.8 Ag  4d% 5st 34.8
Cl 3s? 3pf 11.8 Cd  5st 5p! 22.1
A 3s? 3p’ 10.9 In 5s1 5p2 24.8
Sn 5s! 5p? 25.8
K 3pt 4s! 38.8 Sb 5s? 5p? 26.1
Ca 3pt 4s! 4p!  42.1 Te 5s? 5p* 25.6
Sc 3d! 4s1 4p!  38.3 I 5s% 5pb 25.0
Ti 3d?4s14p!  36.8 Xe  5s% 5pt 24.1
v 3d? 4s! 4p! 34.6
Cr 3d5 4s! 28.1 Cs 5s? 5pb Bs! 73.5
Mn  3d54sl4p' 30.1 Ba 552 5pb Bs? 78.1
Fe 3d% 4st 4p!  28.0
Co 3d? 4st 4p! 26,1
Ni 3d8 4s! 4p! 24.4 Hg  6s! 6p! 27.4
Cu 3410 4s! 18.4 Tl Bs! 6p? 30.1
Zn 4s! 4p? 16.0 Pb Bs! 6p3 31.2

of carbon monoxide less the cross-section of O.
The cross-sections of krypton, xenon, cadmium,

il

T R

Fig. 1.—Atomic ionization cross-sections for the elements.
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iodine and mercury (high value) are the relative
sensitivities of response of VG-1 ionization manom-
eters to these gases or vapors as measured and
reported by Dushman.? As above, the atomic
cross-section of I is half that of I,. The cross-sec-
tions for phosphorus, sulfur and chlorine atoms
are from measurements of mass spectrometric
sensitivities of phosphine, hydrogen sulfide and
hydrogen chloride, respectively, The atomic cross-
sections in these latter three cases were calculated
from the molecular cross-sections under the as-
sumption that the cross-section of the hydrogens
in these molecules is unity (per hydrogen atom).
Justification for the means used to obtain atomic
cross-sections from the molecular cross-sections
is provided in the sections of this paper that follow,
which deal with the additivity of ionization cross-
sections.

On the whole the agreement between the calcu-
lated (Table II) and observed cross-sections is
quite satisfactory. The theory accounts for the
low (relative to atomic number) cross-sections of
helium, neon and the heavier elements. It would be
of great interest to have experimental values for
the alkali metal vapors that the theory predicts
to have very high relative ionization cross-sections.

II. Additivity of Molecular Ionization Cross-
sections,—We have measured relative cross-sec-
tions for the ionization of molecules by single elec-
tron impact (ca. 75 volt electrons) by two methods.
The first method employs the measurement of the
total positive ion current generated in the ioniza-
tion chamber of a mass spectrometer under definite
conditions of gas flow and electron current. The
ion sources of two quite different mass spectrome-
ter tubes were used: (1) that of a Westinghouse
Type LV and, (2) that of a Consolidated Engineer-
ing Corporation Diatron-20. In both of these the
ion repellor electrode was connected to ground
through the input resistance of a micro-microam-
meter and a positive bias with respect to ground
(ca. 20 to 30 volts) was applied to the ion chamber
box. The results obtained with the two instru-
ments were not only mutually concordant, but the
relative ionization cross-sections measured in this
manner for the rare gases, helium, neon and argon
are in excellent agreement with the absolute meas-
urements of Tate and Smith.*® This is very sat-
isfying in view of the different geometries that ob-
tain for the two mass spectrometer ion sources and
the quite different pressures that obtain for a given
rate of flow of gas.

The second method for the determination of rela-
tive ionization cross-sections of molecules was from
the sum of the specific intensities of the ions of the
resolved mass spectra of the substances, the mass
spectra being obtained with the Westinghouse Type
LV mass spectrometer. Across the range of mass
to charge ratio, 12 to 100 A.W.U./unit-charge, the
mass-dependent discrimination!* of this =/2-sector
analyzer mass spectrometer varies sufficiently
slowly with the mass of the ions that the effects
on the relative molecular ionization cross-sections
calculated from these data are minor. The effi-

(10) J. Tate and P. T. Smith, Phys. Rev., 36, 1293 (1030); 39, 270

(1932).
(11D N. D. Coggeshall, J. Chem. Phys., 12, 19 (1944).
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ciency of collection of ions of m/g = 90 is but 159,
greater than that for ions of m/g = 20, when 1000
volt ions are used for the mass analysis with mag-
netic field scanning.

In Table III there are intercompared the results
of our three measurements of the relative ioniza-
tion cross-sections of the rare gases and the meas-
urements of Tate and Smith.® For this inter-
comparison the different intensity scales have been
aligned by taking for each the total ionization cross-
section of argon equal to unity. Since no correc-

TaBLE III
IoN1zATION CROSS-SECTIONS OF THE RARE GASES
Tate and Diatron- Mass
Rare gas Smith¢ Type LVb 20b spectra¢
Helium  0.0898  0.0854  0.112  (0.074)¢
Neon 0.156 0.165 0.153
Argon 1.00 1.00 1.00 1.00
Krypton 1.49 1.48 1.64

@ Ref. 10 of text. ?®Total current in ion source. ¢ Sum
of mass spectral sensitivities, 1000 volt analyzing potential.
4 2000 volt analyzing potential.

TABLE IV

Substance LV-Source LV-Spectra  D-20-Source
H, 2.56 2.84
He 0.935 0.865
Ne 1.80 1.67
A 10.9 10.9 10.9
Kr 16.3 17.8 16.1
Ns 9.2 7.15
O, 8.2 5.96
Air 6.35
CO 9.7 6.80
CO, 12.1 9.31
N0 11.2 7.40
CH, 7.70 7.90 10.8
CoHy 11.9 13.9 12.8
CyHs 14.3 15.2 16.0
CsHs 17 .4 21.0 19.3
C3H; 19.2 22.2 22.3
CyHs 25.9
CsHyg 27.0 27.2 28.6
C:Hyo 31.2
CsHy 33.8 35.2
CeHs 33.4
Cyclo-CsHs 33.7
Cyclo-CsHyo 36.0
1,5-CsHio 29.8
Cyclo-CiH ). 35.8
1-CeH)o 33.0
CeHuy 39.5
CrHis 48.6
CH,;C! 16.3
CH;Br 19.3
CH,I 22.2
CH,O 13.1
CH3;CHO 13.7
CsHesO 20.2
(CH;).CO 20.8
(CH;).0 16.6
PH; 14.7
H.S 13.1
HCl 11.4
HCN 8.80
(CN), 18.6 14.0
CS; 26.8
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tion has been applied to the resolved mass spectral
sensitivity data for mass dependent discrimination,
the neon and krypton cross-sections relative to
that of argon from the mass spectral data are ex-
pected to be low and high, respectively, as is found.
It is of interest to note that the discrimination char-
acteristics of the Westinghouse Type L'V mass spec-
trometer are such that using 2000 volts analyzing
potential for light ions, as is done in these labora-
tories, results in about the same efficiency for the
collection of m/g = 4 as obtains for m/q = 20
when 1000 volts is used for the latter. There are
summarized in Table IV the results of our measure-
ments of relative molecular ionization cross-sec-
tions. The designations of the columns indicate
the method, of those described above, that was em-
ployed in the measurement. In order to facilitate
comparison of the observed relative cross-sections
with those calculated from the atomic cross-sec-
tions of Table II the cross-section of argon has been
set equal to its calculated value, 10.9 (relative to
that of the hydrogen atom as unity), and all other
data were adjusted accordingly.

The observed relative ionization cross-sections
are compared with the cross-sections calculated
from the atomic ones of Table II in Figs. 2 and 3.
Where measurements on a particular substance
were made by more than one of the methods de-
scribed above the unweighted average has been
plotted as the observed value. In order to main-

50 T )

40

30

Qioba.

20

10

0 [

0 10 20 30 40 50
Qlealc.

Fig. 2.—Calculated wvs. observed cross-sections for hydro-
carbons (single electron impact).

20
L 1
o]
o)
; (2
-QJ 5
10 5
_“’7 | ~
P |
ol L L LTI 111
0 10 20
Qic!.lc.

Fig. 3.—Calculated uvs. observed cross-sections for non-
hydrocarhons (single electron impact).
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tain legibility, the data of Table IV have been sepa-
rated in Figs. 2 and 3 into hydrocarbon and non-
hydrocarbon, respectively. The straight lines of
unit slope that should fit the data perfectly if the
relative atomic cross-sections of Table II are ap-
plicable and the calculated cross-sections are addi-
tive as postulated is seen to represent the observa-
tions very well.

Particularly worthy of note is the fact that the
additivity of relative ionization cross-sections of
the hydrocarbons applies without corrections for
either the presence of rings or unsaturation in the
molecule, Similarly, to the accuracy of the data,
there are no other molecular structure effects. The
point for hexane on the figure represents all five
hexane isomers, and the heptane point represents
all nine heptane isomers.

III. Ionization by B-Particles.—Measurements
of ion production by B-particles in gases at ap-
proximately atmospheric pressure were made in
two ways. In one method a small amount of
either C1O or C!0, was put into an ionization
chamber together with 200-700 mm. pressure of the
gas being studied. The ionization current pro-
duced by the C!* B-particles was measured at an
ion collecting field strength of about 100 volts/cm.
The relative ionization cross-section of the gas, X,
with respect to CO or CO, was then obtained from
the ratios of the partial pressure of CO or CO; that
would have been necessary to give the same ijoniza-
tion current to the partial pressure of X actually
used.

Such a method was required by the non-linear
relationship that obtains between ionization cur-
rent and pressure. This is illustrated in Fig. 4.
The current produced by a fixed partial pressure
of radioactive atoms rises less steeply as the total
pressure increases because more and more S-
particles are losing all their energy in the gas before
they strike a wall. A limiting value is reached
when essentially all the 8-particle energy is dissi-
pated in the gas. The shape and position of the
curve in Fig. 4 is therefore necessarily dependent
on the geometry of the ionization chamber and
on the energy of the B-particles. The relative cross-
section of all gases reported here were determined
at at least two pressures, both low enough that the
ionization current was still sensitive to pressure
(relative current, as indicated in Fig. 4, between
0.3 and 0.7).
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Fig. 4.—Ionization chamber characteristics,
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In the other method for measurement of ion
production by @B-particles a Sr%-Y® source was
used external to an ionization chamber. The
chamber was filled with various gases, always at
760 mm. Since the average energy of the Sr¥-Y%
betas is about 20 times that of the C! betas and
since the chamber used for these measurements
was smaller than the one to which Fig. 4 applies,
the measurements were being made on the initial,
or nearly linear, portion of the relative ion current
curve. Hence the measured currents themselves
represent the relative ionization cross-sections of
the gases.

The results of the two sets of measurements are
listed in Table V, and in Figs. 5 and 6 the relative
ionization cross-sections, measured as described
above, are plotted as ordinate against the
calculated ionization cross-sections (from Table IT)
as abscissa. In each figure the solid line is the
45° line that would obtain for perfect agreement
between observed and calculated cross-sections.
In each figure the hydrocarbon data (including H,
as the alkane of zero carbon number) fall on a
straight (broken) line other than the ideal one.
The slope of the best line for C1¢ data is greater
than for the Sr%-Y® data. This is probably an
absorption effect that arises from the geometries of

the two experimental methods. The Sr®-Y®
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source, being external, is somewhat shielded from
the remoter parts of the chamber by the sample
gas. The gases with higher cross-sections will
therefore give lower values in this apparatus than
when they are mixed with C*O (or CQ,) through-
out the chamber. Similarly the general tendency
of the cross-sections for ionization by C!-8-parti-
cles to be lower than calculated may be an absorp-
tion effect. At high pressures where the average
electron produces more than one ion pair, absorp-
tion must act to cause underestimation of higher
lonization cross-sections.

TABLE V
RELATIVE IoN PropucrioN BY HicH ENERGY B-PARTICLES

Substance Ct4 betas Sr#t-Y9 heta
H, 0.87 1.23
He 1.13 1.64
Ne 4.64 e
A (10.9) (10.9)
CO 5.04 7.20
Ny 3.20 7.04
o} 6.90 8.55
COs 9.1g 10.8
NH; RIS 4,14
CH, 6.77 7.04
CoH, 8.8 e
CoH4 10.5 10.7
C.H;, 12.8 12.7
CH, 16.3% L
C:H; 17.0 15.7
CsH; 19.8 17.8
CiHs, 20.4
C.H;g 22.4 C
C:Ho 26.3 23.1
CFE,Cl 21.4

@ Methylacetylene. ?1,2-Butadienec.

It should be noted that there are systematic dif-
ferences between the relative ionization cross-sec-
tions of the non-hydrocarbons as measured by the
B-particle method. Whereas for ionization by
single electron impact tlie cross-section of hydrogen
greatly exceeds that of helium and is greater than
that of neon, the ion production in helium exceeds
that in hydrogen by 319, for C!* betas and 339, for
Sr®—Y% betas, while ion production in neon by C!
betas is greater than that in hydrogen by a factor
of 5.4. These effects are similar to those reported
by Jesse and Sadauskis!? on the strong enhance-
ment (409;) by small amounts of argon, krypton
and carbon dioxide of the ion currents produced in
heliuni and in neon by a-particle bombardment.
Jesse and Sadauskis account for the increased ion
current by collisions of the second kind between
foreign gas molecules and rare gas atoms (He, Ne)
in metastable states that lie above the ionization
energy of the added gas. The present observation
with respect to neon also suggests that the inner
electrons that were neglected in the calculation of
cross-sections play a more important role when the
ionizing electrons have very high energy. The cross-
section of nitrogen for ionization by single electron
impact is greater than that of oxygen while the
converse is true for ion production in these gases:

(12) W. P. Jesse aund John Sadauskis, Phys. Rev., 88, 117 (1952).
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by C! and Sr*-Y®% betas. Additivity of cross-
sections still obtains, however. Thus the ion pro-
duction in CO, equals that in CO plus half that in
Os, and ion production in N2O equals that in N,
plus half that in O,.

Although the atomic ionization cross-sections of
Table II have failings as far as ion production by
relatively high energy B-particles is concerned, as
recounted in the preceding paragraph, they provide
a much superior first approximation to the usually
used total number of electrons. In Fig. 7 the data
of Figs. 5 and 6 replotted against the total (un-
weighted) number of electrons of the atom or mole-
cule. The scatter of points is seen to be quite se-
vere—the only type of correlation that is found is
that each class of hydrocarbon, alkane and alkene,
for example, has its ion production represented by a
line and the lines for the different types of hydro-
carbons are parallel.

It should be noted that the points for two sub-
stances in Fig. 6 fall very far below the best line
representing the data for all other substances.
These two are ammonia and Freon-12. It may be
suggested that the deviations in these two cases
result from the excessive formation of negative
ions in these gases and thus an excessive recombina-
tion causing the apparent ion production to be
low.

IV. Conclusions.—The various comparisons of
observed and calculated molecular ionization cross-
sections provide substantiation for the hypothesis
of additive character of these cross-sections, and at
least for many elements of the periodic system sub-
stantiation of the rule that the atomic cross-sec-
tions are given to good approximation by the sum
of the valence electrons weighted by the 7.} of the
valence electrons. In many respects the tests that
may be made of the last named hypothesis leave
much to be desired. The most marked deviation
between the usually used rule for atomic cross-sec-
tions, namely, the unweighted sum of the number
of electrons, and the modified rule, occur at the
beginning of each period, where there are no experi-
mental observations. Measurements on the alkali
or alkaline earth metal vapors would provide the
necessary data for a stringent test of the reliability
of the new hypothesis, based on Bethe’s theory.

For analytical chemical purposes it is apparent
that the rules advanced in this paper serve a po-
tentially useful purpose. For many substances it
is possible to measure the relative intensity of ions
in their mass spectra, but not the specific intensi-
ties. This situation may arise in common sub-
stances such as formaldehyde or ketene, which
polymerize with such extraordinary rapidity that
volumetric measurement of the quantity admitted
to a mass spectrometer inlet system is meaningless,
or with very labile substances such as the free radi-
cals that permit no direct volumetric measurement.
The data presented in section II indicate that the
total mass spectral sensitivities of such substances,
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Fig. 7.—Observed cross-sections vs. total atomic number,

relative to related ones that are measurable, are
readily calculated with reliability.

The additive character of total ion production
in hydrocarbon vapors produced by C!* betas has
been a very useful fact. In C! tracer studies of
catalytic reactions of hydrocarbons, such as Fis-
cher—Tropsch synthesis, it has eliminated the ne-
cessity for either conversion of the partially sepa-
rated gases to a standard gas such as carbon dioxide
or very detailed separation and extensive calibra-
tion of the ion chamber. If the gas mixtures can
be analyzed by some means, as with a mass spec-
trometer, then the concentration of C!¢ can be cal-
culated directly from ion current.

A somewhat more subtle application of the re-
sults lies in the coincidence that the relative atomic
cross-sections of carbon and hydrogen and the rela-
tive atomic volumes of these elements in liquid hy-
drocarbons are in the same ratio, 4/1. The result
of this coincidence is that the total mass spectral
current of liquid hydrocarbons or their mixtures is
very nearly a constant for all hydrocarbons when
referred to unit liquid volume. Thus, if the inten-
sities of ions in the mass spectra of hydrocarbons are
expressed as fractions of the total mass spectral
intensity for both pure substances and mixtures,
analytical equations of the usual form obtain with
concentration expressed in liquid volume fraction
units, and there is no necessity to measure the quan-
tity of hydrocarbon or mixtures introduced to the
mass spectrometer for either calibration or analysis.
These facts have been particularly useful in formu-
lating methods for the “‘type analysis’” of complex
mixtures such as gasolines, kerosenes, and the like,1?
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