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I. InTRODUCTION

HE progress of an advancing science is a halting irregular affair. Only

rarely do theory and experiment move along steadily side by side helping
each other in every hazard of the road. The greater the pleasure then in cases
where such an ideal is approached, in a case such as is surely found in the
early work on stationary states where Bohr's theory was so quickly supported
by the experiments on critical potentials. To review this phase in the develop-
ment of modern physics is always cheering and encouraging. But it is a famil-
iar tale and must not be repeated here. It is mentioned only because our
present story starts in one of its few obscure chapters.

The main part of the older tale deals with collisions between low speed
electrons and monatomic molecules of gases and vapors. Here theory and ex-
periment ran smoothly along together. But when even the simplest of dia-
tomic molecules was studied both theory and experiment became of dubious
reliability. It is only now, at long last, that it is possible to write a fairly
thorough and satisfactory account of the collisions between electrons and
various polyatomic molecules.* That is the central theme of the present paper
though there are some related problems which will also be discussed.

The problem of collisions between electrons and polyatomic molecules
simply required for its solution more information than either theory or ex-
periment had to offer ten years ago. It was on the experimental side that
progress was first made and it is the development of experimental methods
that will be treated first. However, in order to maintain the thread of the
narrative, the problem of the ionization of molecular hydrogen will be de-
veloped at the same time, since it has been studied by nearly every worker in
this field.

Franck and Hertz showed that electrons have to attain a certain mini-
mum speed before they can produce ionization in a gas and that the value of
this minimum speed depends on the nature of the gas. The potential differ-
ence through which electrons must fall in order to attain this minimum speed
is called the ionization potential of the gas. To determine this potential elec-
trons from any source, usually a hot filament, are accelerated by a known
variable field between the source and a neighboring grid, pass through the
grid and ionize the gas molecules between the grid and a plate electrode. A
schematic diagram is given in Fig. 1. The ionization potential is then de-

* Throughout this paper the term “polyatomic molecule” means a molecule having more
than one atom in it, i.e. it includes diatomic molecules. This is contrary to Dennison’s recent
usage.
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tected by a sudden change in the current to the plate P as the accelerating
field between F and G is changed. The details of the many modifications of
this method may be found described by Franck and Jordan,! Compton and
Mohler? and elsewhere. There is one limitation common to all of them. They
measure the energy needed to produce ions but give no indication of the na-
ture of the ions.

But the nature of gaseous ions has been studied extensively by the meth-
ods of positive-ray analysis as developed by J. J. Thomson, Wien, Dempster
and others.?*5 A combination of the two types of experiment might, there-
fore, be able to determine the energies required for the production of differ-
ent types of ion. By such a combination of methods, we might, for instance,
be able to find whether the ordinary ionization of hydrogen produces mona-
tomic or diatomic ions.

G P

Fig. 1.

We first approached our problem from the point of view of ionization po-
tentials and have given a brief account of the experimental procedure and re-
sults in this field. Turning to positive ray analysis which we have now called
to our aid, we find a much more highly developed and difficult technique.
The principles involved are simple and well-known, merely the deflection of
moving charges by electric and magnetic fields; the details of experimental
procedure and results have been reviewed in a number of books.?*:> An exami-
nation of this older work sheds little light on our particular problem since
in nearly every case the conditions of ionization were too complicated to in-
terpret in terms of molecular processes. One exception to this is the work of
Dempster on hydrogen published in 1916.

J. J. Thomson had already shown that three types of ion were produced
in a hydrogen discharge, Hs*, Hy* and H+. Dempster® by using a Wehnelt
cathode as an electron source was able to use much lower voltages than Thom-
son and to study the effect of varying the pressure while keeping the voltage

! Franck and Jordan, Anregung von Quantenspriingen durch Stésse, 1926.
2 Compton and Mohler, Critical Potentials, N.R.C. Bulletin, 1924,

3 J. J. Thomson, Rays of Positive Electricity, 1921.

¢ W. Wien, Kanalstrahlen (Handbuch der Radiologie).

5 F. W. Aston, Isotopes, 1924.

¢ Dempster, Phil. Mag. 31, 438-443 (1916).
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constant. He discovered that the relative proportions of Hit, Hy* and H*
varied greatly with pressure. At high pressures they were all of the same order
of magnitude while at low pressures the H;* and H+ were weak compared to
the H,t. Perhaps it would be well to quote his summary.

“Electrons of 800 volts speed ionize hydrogen by detaching a single ele-
mentary charge from the molecule. They are not able to dissociate the gas.

The positive molecules so formed are able to dissociate the gas. When this
occurs this complex Hj is formed. H; cannot be regarded as a stable gas, since
it is not present when there is no dissociation of the hydrogen molecule.”

Considering that these conclusions stand almost unaltered today it seems
strange that this paper should have had so little effect. Perhaps it was be-
cause of some inherent weaknesses which later work overcame. In the first
place the voltage was too high. Even today the ionization effects of such high
speed electrons are difficult of interpretation and results at a single high volt-
age have little significance; the most important ionization problems of 1916
were concerned with electron speeds of perhaps five to fifty volts. In the
second place, in Dempster’s apparatus, the positive ions were accelerated by
an 800 volt field in the same part of the tube where they were formed, so that
increased pressure affected both the formation of the ions and their passage
toward the analyzer. Consequently, the interpretation of the observed pres-
sure effects was difficult. This last difficulty persists more or less in the later
work but in the experiments which form the principal subject of this report
it has been minimized and the electron speed difficulty overcome entirely.

II. ExpeEriMENTAL METHODS
OBJECTS AND DIFFICULTIES

In the light of the above criticisms of Dempster’s early work we can lay
down some general principles which later work must follow. First, let us re-
peat the statement of the object before us. It is to study the effects of collisions
of electrons with gas molecules as a function of the energy of the impacting
electrons; more specifically, to find the energy required by an electron to pro-
duce single, double or multiple ionization or to cause ionization of varying
degree to be accompanied by dissociation. Obviously, the energy of the im-
pacting electrons must be controllable and measurable. Furthermore, the de-
tecting apparatus must be sufficiently sensitive and the ionization sufficiently
intense to show an effect as soon as the critical potential has been passed, or
at least within a volt or two of such a place.

So much for the formation of the ions, now as to their analysis. The gas
density should be such that there is little chance of the ion making a collision
between the place where it is formed and the place where it is detected. Yet
the gas density must be high for the sake of intensity. Next, the analyzing
device must have sufficient resolution to separate all possible products of
ionization. Thus, in the analysis of nitrogen for dissociation effects it is only
necessary to distinguish between N,* and Nt whose m/e’s differ by a factor
of two but in ammonia the ionization products may include N+, NH+, NH,*
and NH;* so that much higher resolution is necessary. Finally, if the gas
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studied is at all unstable, there may be spurious effects due to thermal dis-
sociation by the hot filament electron source. Such effects must be reduced
as much as possible.

Naturally any given apparatus represents a compromise between these
different desiderata. For convenient reference we may list them as follows:
. Controllable electron energy.

. Great intensity or sensitivity.

No collisions in the analyzer.

. High resolving power in the analyzer.
No thermal dissociation.

oo o

The difficulties involved in satisfying requirement (a) are the same that
arise in ordinary ionization potential experiments. They are best met by cali-
brating the apparatus with a gas whose ionization potential is known. This
is not particularly difficult though always subject to criticism. It is the last
four requirements that are mutually conflicting. Thus, to get great intensity
of ionization there must be many collisions, i.e. high gas density, in the ioni-
zation chamber, and large slits in the mass spectrograph. But these conditions
endanger requirements (c) and (d). Or if we try to increase the number of
collisions by using a powerful electron source we get a large hot filament
endangering requirement (e).

The degree to which difficulties of this sort have been met can be under-
stood by a detailed consideration of the experimental methods that have
actually been used. These fall naturally into three classes, differing in the
way in which they meet requirements (b) and (c). It will be convenient to
designate them Methods I, II, and III on this basis. They will now be de-
scribed.

MEetHOD I. UNIDIRECTIONAL VAPOR STREAM

One obvious way of meeting requirements (b) and (c) is to have a higher
density of gas in the region of ionization then in the analyzer. This was done
in the author’s first experiments by using a unidirectional stream of vapor
crossing the ionization tube in front of the filament, as shown in Fig. 2 below.

Mercury vapor from a heated reservoir enters the tube at 4 and is con-
densed by liquid air in the trap, K. Electrons from the filament F, are ac-
celerated by the field, V';, and make ionizing collisions in the space, J. A
small reverse field, V,, draws any ions formed toward G. and then a larger
accelerating field, V3, accelerates them to the plate, D. The slits, S; and .S,,
determine a beam which passes into a transverse magnetic field in the space
M. For certain values of e/m, V3 and H, the ions will be deflected just suffi-
ciently to enter the slit, .S;, and charge up the plate, P, connected to a highly
sensitive quadrant electrometer. The current to the electrometer is studied
as a function of either H or V;at various values of V;. In this way the relative
numbers of ions of different e/m’s produced by electrons of different speeds
are determined.

This method was developed by the author” for the study of mercury vapor

7 Smyth, Proc. Roy. Soc. 1024, 283 (1922).



352 H.D. SMYTH

and a little later by Kondratjeff and Semenoff8 for the study of the vapors of
a number of salts. For some years no further development of it was attempted
though it is certainly the best for the study of vapors. Recently, Nielsen®
has applied it to the study of negative ions in mercury vapor, and Ditchburn
and Arnott!® have used it in studying ionization in potassium vapor. The
latter work has another feature of great interest. By studying photoionization
and ionization by positive ions from a Kunsman source, Ditchburn and
Arnott have taken the first step in the application of the general method of
positive-ray analysis to processes of ionization other than by electron impact.

K

Fig. 2. Method I. Unidirectional vapor stream. (Smyth).

MerHop II. DirrerENTIAL PUMPING

In much of the old work on positive rays it was customary to keep a higher
pressure on the discharge side of the cathode than on the analyzing side, a
procedure made possible by having the “canal” through the cathode very
small indeed. This procedure is also desirable for our purposes to satisfy re-
quirement (c); but requirements (a) and (b) make the problem difficult. For-
tunately the initial attack on this problem came shortly after the general in-
troduction of the diffusion pump and the greater control of pressure obtain-
able by such pumps allowed the construction of an apparatus of the type
shown in Fig. 3 below.

In this apparatus, gas flows steadily into the ionization chamber, J, and is
pumped out from the accelerating space, 4, the collimating space, C, and the
magnet space, M. In this way a pressure ratio between J and M is maintained

8 Kondratjeff and Semenoff, Zeits. f. Physik 22, 1 (1924).
9 Nielsen, Proc. Nat. Acad. 16, 721 (1930).
10 Ditchburn and Arnott, Proc. Roy. Soc. 1234, 516 (1929).
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that varies from 10/1 to 1000/1 depending on the particular apparatus and
the pressure range.

The arrangement of electric and magnetic fields is practically identical
with method I, i.e., V4, a variable field accelerating electrons from F to E;,
Vs, a small reverse field drawing ions to E,, V3, a large variable field accelerat-
ing the ions between S; and E,, and H, a transverse magnetic field deflecting
the ions to S; and the Faraday collector. In the space C there is no electric
field and it is shielded from the magnetic field. The magnetic deflection is
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Fig. 3. Method II. Differential pumping. (Smyth).

now through 180° making the positive ray analysis device practically identical
with that used by Dempster!! in his study of isotopes.

This method with various minor modifications has been used by the
author, Hogness, Kallmann and their coworkers and has given us most of the
results obtained. The particular arrangements used need not be discussed in
detail. That shown in Fig. 4 was used by Hogness and Lunn.?? It differs from
that of Fig. 3 in two important respects, the ionization chamber, J, is much
longer and the collimating space, C, has almost vanished. For details refer-
ence may be made to the original paper.

One other particular apparatus may be mentioned since it was directed

1t Dempster, Phys. Rev. 11, 316 (1918).
12 Hogness and Lunn, Phys. Rev. 26, 44 (1925).
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specifically toward our fifth difficulty (e), thermal dissociation. Smyth and
Stueckelberg,!® working with N,O and NO,, were particularly anxious to re-
duce thermal dissociation. Therefore in addition to using oxide coated fila-
ments that could be run at low temperatures they devised a scheme whereby
there was a flow of gas from the ionization chamber J away past the filament
as well as out through S;. Fig. 5 shows their arrangement.

To pumps—
s, Width of slits
3
l 3,: 20 mm
—— 3, 0.2 mm
0 1 Zm  potive Toy box 552 0.5 mm

and purnps

Fig. 5. Method II. Differential pumping.
Special precautions to avoid thermal dissociation. (Smyth and Stueckelberg.)

In a very recent paper Stewart and Olson,* working on propane and
butane have done very much the same thing, using a narrow slit between
their filament chamber and ionization chamber. They were able to maintain
a pressure of 10~ mm in the filament chamber when that in the ionization
chamber was 10~2 mm. They give no ionization potential data, perhaps be-
cause their intensities were too small to determine critical potentials.

K T L
C
H
0 20 ~-70mm 20—
| Ma G !B G 'p
F |‘y'“| 'S rl“ A IV‘ |/
Fig. 6. Side view. Fig. 7. End view.

Method III. Low uniform pressure. (Bleakney.)

MeTtHOD ITI. Low UNIFORM PRESSURE

In this method, used by Dempster in the work discussed earlier in this
paper and recently to great advantage by Bleakney,'s the pressure through-
out the apparatus is kept so low that the mean free path of the ions is greater
than their path in the analyzer. In Bleakney’s apparatus requirement (b)
is met by having a very long region of ionization parallel to the slits which are
also long. His analyzer is also of a different type from those used in methods I
and II. Diagrams of his apparatus are given in Figs. 6 and 7 below.

13 Smyth and Stueckelberg, Phys. Rev. 36, 472 (1930).

14 Stewart and Olson, J.A.C.S. 53, 1236 (1931).
15 Bleakney, Phys. Rev. 34, 157 (1929).
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The whole of the apparatus is inside a solenoid the field of which keeps
the electrons from the electron gun F.S confined to a narrow ribbon from .S to
P. lons are drawn out by the field, Vs, toward the slit in B. In the space be-
tween the condenser plates C and D, they are acted on by the magnetic field,
H, and the electric field, E, which will balance each other if

e/m = E2*/VH?

where V is the fraction of V, effective in accelerating the ions. Therefore
ions of this particular value of e/m reach the collector K and the procedure
is to study the current to K as a function of E.

8 T

7

(=)

U
.
—— o]

+~

N

Elec tr&meter current
—
1
_/
/Lo—-—-

ey
\

S 1 I I\ / \
JEVAR| T .
05 10 15 2.5 30

mfe oS3y 4%)

Fig. 8. Typical e/m curve for hydrogen. (Smyth).

Now it is obvious that this particular balancing force analysis arrange-
ment is not necessary to the method but the use of the solenoid is necessary,
since very long uniform magnetic fields are required. This imposes a limita-
tion on the magnitude of the magnetic field usable. This fact and the fact
that ionizing collisions are so few that even a great length of slit gives small
intensities is responsible for the one serious weakness of this method, low re-
solving power. It seems to the author that no method where uniform pressure
is used can escape this difficulty entirely. On the other hand, it should be
pointed out that this solenoidal method with long slits might be coupled with
differential pumping. It would still be limited however by the magnetic field
and probably could not get high resolving power except for very light ions or
with specially constructed powerful solenoids.

The three methods we have described vary somewhat in their potential-
ities and are best used in somewhat different ways and for somewhat different
problems but these variations are not so fundamental as to require separate
discussions of typical procedure and results.
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TypicaL ProcEDURE AND RESuLTS

The steps in this method of study of ionization in a gas are generally these.
First to investigate what ions are produced, second, which of them are prim-
ary, that is the direct result of an electron impact, and finally, what are the
minimum energies required to produce each type of ion. For example, sup-
pose we are studying hydrogen by method II. First an electron speed of
perhaps twenty-five or thirty volts and a pressure of 0.05 mm or less are
tried and the electrometer current plotted against the ion accelerating field
gives the curve shown in Fig. 8. Therefore we know that there are three kinds
of ions produced, H,;*, Hy* and H* (ignoring the H, ;™ and H;_;* peaks
momentarily). But obviously H;t must be some sort of secondary effect and
perhaps the Hy* or H* is also. We try a run at reduced pressure and find

100
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R |
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0 bl : . ;
.001 002 003 004 005 006

Pressure

Fig. 9. The relative intensities of different ions in hydrogens as functions of pressure.
(Hogness and Lunn.)

H,t relatively much stronger. This suggests that it is produced principally
by a primary process. A series of runs at various pressures gives curves like
those in Fig. 9 for the relative proportions of the three types of ion at differ-
ent pressures. Since the extrapolated curves for Ht and H;* ions both seem to
pass through the origin, these ions are evidently produced almost entirely by
secondary effects. This may be further confirmed by taking critical potential
curves at a reasonably high pressure. Such curves, examples of which are
given in Fig. 10, show that the appearance potential is the same for all three
types of ion suggesting that they all result from the same primary process,
the production of H,*.

Indirect support is also given to this belief by the H,_,+ and H;_;t peaks
shown in Fig. 8. These have been shown to be due to ions which pass through
the electric field as Hy* or H;t but break up into H* in the collimating space,
C, before entering the magnetic field. Their presence indicates that H* can be
produced by a secondary dissociation of Hy*. The occurrence of peaks of this
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type has been discussed in detail by Smyth!®:1” whose apparatus seems to
have been particularly favorable to their formation. They have also been ob-
served by Hogness and Kallmann and their coworkers. Their presence in
gases other than hydrogen will be cited occasionally in the presentation of re-
sults later on.

The preceding paragraphs imply that H,* is a primary product and the
only primary product of electron impact in hydrogen. Before accepting this
conclusion we must point out several possibilities that have not been ex-
cluded. There may be H* produced by a primary process of small probability
and higher critical potential (as has actually been found to be the case by
Bleakney). There may be H," produced in small quantities as a secondary
process. And finally our pressure results may be due chiefly to the different

[ Tn] of
.3 / / ’/o
L/
| R,
L

YA R A
A

Fig. 10. Ionization potential curves for hydrogen. (Smyth.)

absorption coefficients of the different ions in the magnet space. This last
effect has some aspects of sufficient importance to justify its detailed con-
sideration at this point.

CovrLisioNs OF THE SECOND KIND AND SELECTIVE ABSORPTION

In the early work on positive rays, particularly the work of Wien and his
school, there is much discussion of “umladung,” the gain or loss of charge by
an ion. Accounts of these phenomena may be found in Wien’s book? and in the
Handbuch der Physik. Though essentially the same phenomenon with which
we are concerned in this section it is difficult to relate the older results with
our present theories and observations. So we will start with the results first
reported in a letter to Nature by Smyth, Harnwell, Hogness and Lunn.!8

Harnwell’® by method II, studied the ions produced in mixtures of the
rare gases and found that the relative intensities of the different ions varied
with total pressure even though the proportions of the different gases re-

1 Smyth, J. of Franklin. Inst. 198, 795 (1924).

17 Smyth, Phys. Rev. 25,452 (1925).

18 Smyth, Harnwell, Hogness and Lunn, Nature 119, 85 (1927).
19 Harnwell, Phys. Rev. 29, 683 (1927).
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mained unchanged. Hogness and Lunn'®* found a similar effect in mixtures of
argon and NO. These results suggested that the ions of the gas of high ioniza-
tion potential were neutralizing themselves at the expense of the atoms of
lower ionization potential. To be specific consider the curve obtained by
Harnwell, shown in Fig. 11, for the relative intensities of Net and Het in a
50-50 mixture of helium and neon. The relative increase of Ne* ions is sup-
posed to be due to the reaction

He* 4+ Ne — Net 4 He (1)

occurring in the ionization chamber. Harnwell studied exchanges of this type
in a number of polyatomic gases as well as in the rare gases. Though in some
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Fig. 11. Ratio of intensities of He™ to Ne* as a function of pressure
in a 50-50 mixture. (Harnwell.)

cases the results were complicated they all appeared to be interpretable on
the assumption of an electron interchange

A+ 4+ B — B* 4 4. (2)

He further came to the interesting and important conclusion that the
probability of such an interchange varies inversely with 4 —Ipif I, and Iy
are the ionization potentials of the molecules concerned.

Recently Kallmann and Rosen 2°?! have extended this work from a some-
what different point of view. In seeking to account for some discrepancies
among different authors on the dependence of relative intensities on pressure
they began a study of the effect of collisions in the magnet space. Their ap-
paratus (method IT) was arranged so that the gases in the magnet space and
ionization chamber could be separately controlled.

192 Hogness and Lunn, Phys. Rev. 30, 26 (1927).

20 Kallmann and Rosen, Zeits. f. Physik 61, 61 (1930).
21 Kallmann and Rosen, Zeits. f. Physik 64, 806 (1930).
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Their results show that different ions have widely different probabilities
of removal from the beam by collisions in the magnet space. Further, this
probability depends both on the nature of the ion and on the nature of the
gas in the magnet space. Now removal of an ion from the beam may be the
result of loss of velocity, angular scattering, or neutralization. Kallmann and
Rosen???! in this work assume that neutralization is the only important
factor, or at least the principle one which may be expected to vary with the
nature of the absorbing gas. In their later work they have added extra elec-
trodes and gas control in the region of the Faraday box so that they can study
the scattering and absorption of ions after they have been separated by the
magnetic field. By this method they have shown that angular scattering with-
out loss of charge or energy is very small. They have also shown that slow
moving ions are produced in the absorbing gas. These they assume to be the
result of collistons of the second kind of the type of Egs. (1) or (2) above.
Probably they are right but it should be pointed out that collisions in which
the original ions lost their kinetic energy but retained their charge would
give the same results.

With this slight reservation we may accept their explanation of their re-
sults by reactions of the type described by Harnwell. In Harnwell’s experi-
ments, however, the reaction

A*+ B— A4 + Bt (2)

could only proceed in the direction indicated if 74> Iy since otherwise the
principle of conservation of energy would be violated as the ions have little
or no kinetic energy. But in Kallmann and Rosen’s experiments the missing
energy may be supplied by the kinetic energy acquired by the ions before
coming into the magnet space. In fact they conclude from their results
that the probability of an interchange like (2) depends only on the absolute
value of (I4—Ip) not on its sign. In agreement with Harnwell’s conclusion
they find the probability much greater if I 4— I is small. Furthermore they
show that this is consistent with a quantum mechanical treatment of the col-
lision process wherein the interchange of an electron is a kind of resonance
phenomenon.

Besides giving interesting confirmation and generalization of Harnwell’s
results the experiments of Kallmann and Rosen have an important bearing
on the general problem of distinguishing between primary and secondary ions
by pressure variations in an apparatus of type II. For without very special
precauttons it is impossible to keep the pressure in the magnet space from
rising when the pressure in the ionization chamber is raised. Suppose then we
have two primary ions A+ and B+ produced in the ionization chamber from
the gas 4B but that the probability of the reaction

A+ + AB — AB* + 4 (3)
is much greater than the probability of the reaction

B+ 4+ AB — AB+ + B, (4)
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Then as soon as the pressure in the magnet space becomes appreciable the
ratio of the intensity of Bt to A+ begins to increase. Therefore we get a de-
pendence of relative intensities on pressure just as we would if A+ were a
primary and B* a secondary ion.

This fact must certainly be borne in mind in the interpretation of new re-
sults and the reconsideration of old. Nevertheless the author believes that
a detailed study of particular cases will show that it does not alter many of
the conclusions of the older work.

Obviously the phenomena discussed in this section are closely connected
with the question of mean free paths of positive ions. A number of physicists
have worked on this problem, many of them with positive ray analysis ap-
paratus and the time is ripe for a review of their work. But to discuss it in the
present report would lead us far afield and does not seem desirable. Keeping
to the problem of ionization there is one further complication to consider be-
fore proceeding to a detailed discussion of results obtained in various gases.

ErrECT OF SPACE CHARGE SHEATHS

Gurney and Morse?? showed that the relative intensities of primary or
secondary ions would be influenced by the presence of space charges in the
ionization chamber. Though their theory is doubtless correct there arise in
practice so few cases where it is exactly applicable and so few cases where any
attempt at quantitative interpretation of pressure results can be made that
it does not seem worth repeating. Applied to some of Harnwell’s results it
gave a qualitative explanation of the shape of his pressure-intensity curves.
Nielsen® in a recent study of negative ions in mercury has found his field dis-
tribution so altered by space charge as to prevent entirely the formation of
negative ions under certain conditions.

ITI. ExPERIMENTAL RESuLTs AND THEIR INTERPRETATION
MonaToMmic GASEs AND VAPORS

The contribution of the study of ionization in monatomic gases by
positive-ray analysis has been chiefly to the problem of probability of ioniza-
tion. To treat this entire field is quite beyond the scope of the present review.
But there are a few other points of interest in the monatomic gases and for
the sake of completeness we will give the results briefly.

Mercury

Though not studied as frequently as hydrogen, mercury has been rather
a favorite with which to start. The initial work of Smyth has been confirmed
and superseded by that of Bleakney??® who found Hg?t, Hg?+, Hg*t, and Hg®*,
appearing at 30+1, 714+2, 14343, and 22545 volts respectively. These
ions were all produced as the result of single electron impacts. Bleakney also
measured their relative probability. His results are given in Fig. 12 and mark

2 Gurney and Morse, Phys. Rev. 33, 789 (1929).
% Bleakney, Phys, Rev, 35, 139 (1930).
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a great step forward in data of this sort as they separate the probabilities of
the different types of collision.

Nielsen has recently studied negative ions in mercury and found Hg~ to
be fairly intense.

Helium, Neon and Argon.

Using the apparatus built by Smyth for hydrogen, Barton? determined
the ionization potential of A%+ to be 45+1.5 volts. At that time this value
was of considerable interest spectroscopically. It has been confirmed by
Bleakney® who finds A+, A?*, A%+, A*t, A5t appearing at 15.7, 44, 88, 258
and less than 500 volts, respectively.

24,
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Fig. 12. Ionization probabilities in mercury. (Bleakney.)
Dr. Bleakney has informed the writer that in the light of Smith’s work (Phys. Rev. 37,
808, 1931) the ordinates of these curves are about 25% too large.

In helium Bleakney was able to find only a trace Hett and could not
study its conditions of formation.
In neon he observed Ne+, Ne?*, and Ne*t, only and determined their

TasLe 1.

Argon Neon

Obs. Spectr. Ion Obs. Spectr.
Ton 1P, LP. LP. 1.P.
At 15.7+0.1 15.7 Ne* 21.5+0.1 21.47
At 44.0+0.5 43.51 Ne?* 63.0+0.5 62.4
A3t 88 +1 84.2 Nes+ 125.0+1.0 125.6
At 258 +3
Ast Lessthan 500

24 Barton, Phys. Rev. 25, 469 (1925).
2% Bleakney, Phys. Rev. 36, 1303 (1930).
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ionization potentials which are given in Table I below together with the
spectroscopic values and the corresponding data for argon.

Bleakney also studied ionization probabilities in argon and neon obtain-
ing results similar to those in mercury. The curves analogous to those of Fig.
12 are given in his paper.

Porvaromic GASES
Hydrogen (H,)
Experimental results.

The older results on hydrogen some of which have already been mentioned
were summarized and discussed in detail by the author in a paper with
Condon?® in 1928. As to the critical potentials below the ionization potential,
there is nothing to add to that discussion save a reference to a recent paper
on the continuous spectrum by Finkelnburg and Weizel.?” But Bleakney's?®
recent results make it desirable to reconsider the ionization processes ob-
served and predicted. First let us quote from the 1928 paper:

“Then at about 15.9 volts strong ionization sets in, which has been shown
to be ionization without dissociation. Furthermore, no evidence has been
found at this or any higher voltage of the formation of atomic ions from
molecules as the immediate result of an electron impact. However, such a
process may occur if of small probability, since it might be masked by the
large number of atomic ions formed by secondary dissociation of the molecu-
lar ions. . . . ” This paragraph is quoted to emphasize the fact that Bleak-
ney’s most important results are not contradictory to the older conclusions
but merely supplement them. He has, in fact, observed the primary produc-
tion of atomic ions at about 18 volts, an observation made possible by the
absence of secondary H* ions in his method. Of greater importance and inter-
est is his discovery of high speed atomic ions first produced at 26 +1 volts,
and becoming quite strong at 30 volts. That there was some sort of critical
potential in this neighborhood had been suggested by the results of a number
of previous authors but no one had been able to study it in detail. Bleakney
found that by reversing the small field V;, (see Fig. 6) he could reduce his
positive ion currents to zero below 26 volts electron energy but that above
that a diffuse peak apparently of atomicions set in. The nature of the peak and
an appearance potential run are shown in Fig. 14. Fig. 13 is included to show
the sharpness of Hy™ and H* peaks when the ions have no kinetic energy. In
comparing Figs. 13, 14 and 15 (below) with Figs. 8, 9 and 10 it must be
remembered that secondary effects have now been eliminated. The velocity
of the high speed ions has been studied more thoroughly by Lozier?® in an
apparatus expressly designed for this purpose. His results confirm and extend
those of Bleakney and are in detailed agreement with the theoretical pre-
dictions as we shall show later.

26 Smyth and Condon, Proc. Nat. Acad. 14, 871 (1928).

27 Finkelnburg and Weizel, Zeits. f. Physik 68, 577 (1931).
28 Bleakney, Phys. Rev. 35, 1180 (1930).

29 Lozier, Phys. Rev. 36, 1285 (1930).
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There is one feature of Bleakney’s work which certainly does not fit in
with the older results. That is the actual value, 15.4 volts, which he gets for

Electrometer Current

[
[l
I G

! 2 3 4 51 2 3 4 5
E (volts)

Fig. 13. e/m curves for hydrogen. (Bleakney.)
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Fig. 14. e/m curve and I.P. curve for fast H*. (Bleakney.)

T D W W R
0 Hr
Scu
0 )————“k o T
-~ ))/o/(j"H'}r/O'
360
I\
S, /
£ j(
9

{0 -
Q (%H %10

_g/( 1 1

o 100 200 300 400 500

Electron Velocity (volts)
Fig. 15. Ionization probabilities in hydrogen. (Bleakney.)

the molecular ionization potential. Although his method appears to be cap-
able of greater accuracy than most of the older ones and although it gives
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results that are certainly right for neon and argon the author does not believe
that Bleakney’s hydrogen result is sufficiently well-based to outweigh the
older ones. This belief is the result of conversation with Dr. Bleakney himself
and of critical consideration of his paper. There is no apparent flaw in his
determinations but they have not been repeated under sufficiently varied
conditions to prove themselves independent of pressure, current, impurities,
particular tube used, etc. On the other hand the older value of 15.9 +.2 volts
is based on observations of fifteen or twenty investigators under a great
variety of conditions. Moreover both the work of Harnwell who found evi-
dence of the transfer

Hot + A— At + H,

and of Kallmann and Rosen who measured the I.P. of H; with respect to
argon require that the I.P. of H, be higher than that of argon, spectroscopi-
cally determined as 15.69. It is to be hoped that Bleakney will repeat his
measurements using argon as the calibrating gas.

The experimental results of Bleakney and previous investigators are sum-
marized in Table II.

TasLe II.
Observed effect Observed critical potential

(1) Increased “clean up.” Radiation 11.5
(2) More radiation 12.8

Continuous spectrum
(3) Hy* produced 15.9+ .2 (15.4?)
(4) H* produced 18.0+ .3
(5) Fast H* produced 26. +£1.5
(6) (a) More fast H* produced 30

(b) Balmer lines produced
(7) More fast H* produced 46

Secondary effects
(8) Plentiful production of H* at high pressures 15.9 plus some kinetic energy of ion
(9) Plentiful production of Hs* at high pressures 15.9

So far nothing has been said about the relative probability of these events.
Only the primary ionizations can be compared quantitatively with the result
shown in Fig. 15 reproduced from Bleakney’s paper. To this it may be added
that effect (1) is fairly strong, (2) weak, 6 (b) fairly strong and (8) and (9)
very strong. The high probability of (8) accounts for the previous failure to
get definite evidence for (4) or (5) both of which are comparatively weak.

Theoretical interpretation.

When the energy levels and ionization potentials of an atom are known
spectroscopically we can predict with reasonable certainty the critical po-
tentials that will be observed in experiments on electron impact. But when
polyatomic molecules are concerned the problem is more complicated. The
molecule has rotational and vibrational energy as well as electronic energy
and all three may be altered by an electron impact. If we graph the possible
energy levels of a molecule we get something like that shown in Fig. 16. In
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general the molecules will be distributed in different vibrational and rota-
tional states according to the temperature though the amounts of energy in-
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Fig. 16. Rotational and vibrational states of the “4” and “B” electronic states of the
hydrogen molecule. Only fifteen rotational states are shown for each vibrational state and six
vibrational states for each electronic state. The distance between the two electronic states has
beeen greatly reduced but the levels in each state are to scale.

volved are such that there are very few above the zero vibration state at
room temperature.
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the minimum below the asymptote.

(a) Morse’s function?® using: a =1.85, 7¢=0.76, Dar =38,200, wo=4260.

(b) Morse's function using: a=0.7, ro=1.31, Dy =28,800, wo=1337.

(c) Morse’s function using: a=1.41, ro=1.06, Dy =20,840, wo=2380.

(d) From Burrau.

(e) From Bleakney's curve.

(f) From Bleakney’s curve.

22 Morse, Phys. Rev. 34, 57 (1929).
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Now if an impacting electron can raise the molecule from any one of the
states 4 to any one of the states B it is obvious that the amount of energy
transferred varies over a considerable range. Nor is there even a definite
minimum unless all the molecules are initially in a state of zero vibration and
rotation. It is not surprising therefore that experimental determination of
ionization and radiation potentials give less precise and reproducible results
for polyatomic gases than for monatomic.

Fortunately, the energetically possible transitions resulting from elec-
tron impact are not of equal probability. According to the Franck-Condon
principle, an electron impact usually does not alter the separation nor relative
velocities of the nuclei of a molecule even when it alters the electron configura-
tion. Now for every electron configuration of a diatomic molecule the nu-
clear binding can be expressed by a “potential energy” curve derived from
band spectrum data or by theoretical computation. Such curves are shown
in Fig. 17 for several states of the hydrogen molecule. The ordinates represent
energy of the system and the abscissas nuclear separation. These curves are of
the same type as those given by Bleakney but in some cases have been re-
calculated as is explained in the caption to the figure. Curves g, b, ¢, and
d have minima and represent stable configurations. Curves ¢ and f represent
electron configurations where the resultant force betweenthe atoms is repul-
sive for all possible nuclear separations and the molecule is therefore unstable.
Restating the Franck-Condon principle in terms of these curves we say that
an electron impact is likely to cause transitions from a point on a lower curve
only to points on upper curves vertically over it, i.e. corresponding to the
same nuclear separation.

Transitions to the unstable states are of particular interest. In excita-
tions, energy is absorbed until the molecule is raised to the point on the re-
pulsive curve determined by the Franck-Condon principle; the nuclei then
fly apart with kinetic energy corresponding to the heighth of the point of
excitation above the asymptote of the curve. Since there are no quantized
states of the unstable electronic state and since the nuclear separations of
the vibrating molecule in the lower state cover a continuous range, the pos-
sible energies absorbed cover a continuous range. Excitation may be either
by electron impact or light absorption. Similarly, for emission transitions
where the unstable state is lower than the initial electronic state, a continuous
spectrum will be emitted, each molecule giving off enough of its energy as
radiation to bring it vertically down to a point on the repulsive curve and
then giving off the rest as kinetic energy of its disrupting parts. In cases
where the disrupting parts are uncharged it is difficult to measure their speed
but when they are ions it is comparatively easy.

Now let us consider the case of hydrogen. At ordinary temperatures
nearly all the molecules will be in the v=0 state, that is will have a half
quantum of vibrational energy and will oscillate between the points M and
N on curve (a). So if we draw a vertical shaded band with the line M N as
base the most probable transitions are to points on the upper curves lying
within this band. Actually the probability of a given transition can be cal-
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culated from a knowledge of the wave functions of the two states but for our
purposes the qualitative application of the Franck-Condon principle is
sufficient.

Let us tabulate the probabilities if hydrogen in the zero vibration state be
bombarded by electrons of gradually increasing speed and attempt to cor-
relate them with the observed phenomena of Table II.

TasLe III.
Voltage Probable Probable Predicted Observed Remarks
excited reverse effect effect and
state transition references
11.0c 132 Dissoc. High speed Clean up
H atoms
11.5¢ 23 -1z U.V.radiation As predicted
11.8 23%* —132 Continuous As predicted Finkelnburg and
spectrum Weizel
12.6 211 11z More U.V. As predicted Not very strong
radiation but reported
15.6 H,* None Tonization As predicted Experimental
without diss. 1.P.15.9+.3
18.0 H,*excited H*+H Ionization As predicted Should be and is
above diss. with diss. very weak
28.0 H,*unstable H*+H Production of As predicted Experimental
! +k.e. fast H* value a little
40 lower
46 Hy** unstable* H*+H*  Additional As predicted

| +kee. fast H*
56

* Not included in Fig. 17.

Some features of the above table require further emphasis and explana-
tion.

Fast ions.

In the first place, the most interesting point is probably the prediction
and observation of the high speed H* ions. The physical reality of the con-
dition represented by the repulsive potential energy curves is here demon-
strated beyond question. The explanation of the continuous spectrum is the
only other phenomenon for which they are used and has been included in the
table for this reason, although no attempt has been made to analyze and in-
clude the data on the excitation potentials of different parts of the many line
spectrum. Not only has the existence of these high speed ions been demon-
strated, but Bleakney and, particularly, Lozier have actually measured their
velocities and found them in agreement with the values predicted from the
curves.

Tonization potential

Consideration of the potential energy curves shows that it is possible
but very improbable that an H,; molecule should be ionized without raising it
to the v=1 vibrational state. It seems most plausible to take 15.6 as the
theoretically predicted ionization potential. A very sensitive apparatus
might detect ionization at 15.4 but it seems unlikely that this is the explana-
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tion of Bleakney’s result (see above). The discrepancy between the 15.6 and
the best experimental value 15.9 still seems a little large. We have, of course,
ignored any possible change in the rotational energy and will continue to do
so throughout this paper. To include rotational energies in the present dis-
cussion would lead into complications in which the meagre experimental
data would be entirely lost. But reference may be made to a paper by Olden-
berg??® where he shows how the shape of a potential energy curve may be en-
tirely altered by rotation even to the extent of having the minimum elim-
inated. It is quite possible, therefore, that the discrepancy remaining between
the theory and the results presented above may be due to rotational effects,
particularly, as these are large in hydrogen on account of its small moment of
inertia.

Secondary effects

The temptation to minimize unexplained results is always great. Yet in
hydrogen the secondary production of H* and H;* is almost the most strik-
ing result of all experimentation. Dorsch and Kallmann?®® showed that the
H,* ions had to be somewhat accelerated before they could break up, as is
consistent with energy required. Smyth showed by a study of the break up
of the fast moving ions that collisions increased the probability of break up.
But the nature of the mechanism and the degree to which it is spontaneous
remains uncertain. No theoretical attack on the problem has been attempted.

The production of H;* also remains a great deal of a mystery. The bal-
ance of the evidence suggests that it is produced directly by the process

H,* + H, — Hs;* + H.

Several years ago Brasefield’™® made an attempt to correlate relative in-
tensities in the many line spectrum of hydrogen with relative intensities of
H,*t and Hj;* in the discharge. Now that the spectrum has been so well
analyzed it might be possible to interpret his results in terms of the states
of excitation most favorable to the formation of H; or Hjt.

Negative ions

Lozier® reports the observation of negative H™ ions in hydrogen but con-
cludes they were due to water vapor. His results will be discussed in the sec-
tion on water vapor. So far as the author knows this is the only record of H~
ions appearing in this type of work.

Conclusion

We have seen that the results of experiments on electron impact in hy-
drogen are many and various but that they are understandable, even predic-
table, except in a few cases. Such beautiful accord is a great triumph for the
quantum mechanics treatment of band spectra and molecular structure. It

292 Oldenberg, Zeits. f. Physik 56, 563 (1929).

30 Dorsch and Kallmann, Zeits. f. Physik 53, 80 (1929).
30s Brasefield, Phys. Rev. 31, 52 (1928).

3t Lozier, Phys. Rev. 36, 1417 (L) (1930).
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points out clearly the general kind of result we may expect from other gases.
Unfortunately, we shall not again be able to set up so complete a theory nor
to find such detailed experimental results.

Nitrogen (N )

Though nitrogen® was the fist polyatomic molecule whose ionization
potential was studied by positive-ray analysis, its behavior is not yet per-
fectly understood. In the first work, Smyth showed that the previously ob-
served ionization potential corresponded to ionization without dissociation
and got further strange and curious results at higher voltages. Some of these
have been reproduced and interpreted, others have not and may have been
spurious. Further work has since been done by Hogness and Lunn,? Harn-
well * Kallman et a/,*® and Lozier.?® A summary of all this work follows.
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Fig. 18. Relative intensities of different ions in nitrogen as functions of pressure.
(Hogness and Lunn.)

Atomic tons and collisions of the second kind

Besides the molecular ions at about 16.5 volts, atomic ions are produced
in the neighborhood of 24 volts. Hogness and Lunn observed that the pro-
portion of atomic ions increased rapidly with pressure (Fig. 18) and concluded
that they were formed by a secondary dissociation of an unstable or metas-
table Nyt jon requiring 24 volts for its production. Kallmann and Rosen
found that in their apparatus the ratio N*/N,+ was independent of the pres-
sure in the ionization chamber if that in the magnet space were kept con-
stant. They believed Hogness and Lunn’s result were due to differential ab-
sorption in the magnet space. But Hogness and Lunn showed that the N+/N,+

3 Smyth, Proc. Roy. Soc. A104, 121 (1923).

3 Hogness and Lunn, Phys. Rev. 26, 786 (1925).

3¢ Harnwell, Phys. Rev. 29, 830 (1927).

% Kallmann, et al, Zeits. f. Physik 43, 16 (1927); 44, 565 (1927); 58, 52 (1929); 61, 61
(1930); 64, 806 (1930).

% Lozier, Phys. Rev. 37, 101A (1931).
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ratio increased greatly if the pressure of helium in the apparatus was increased
while the partial pressure of nitrogen was kept constant. Kallmann and
Rosen did not repeat or discuss this experiment which has no simple explana-
tion on their theory. Furthermore, as will be seen in a later section, selective
absorption was hardly noticeable in Hogness and Lunn’s work on NO though
conditions were just as favorable to it as in nitrogen. Finally in Harnwell’s
work the suppression of N* by the addition of Ne is a result perfectly con-
sistent with the process

Ne + Nyt — Net + N,

which would be probable (the I.P. of Neis 21.5) but quite inconsistent with
the process Ne+N+—Ne*t+ N which is well-nigh impossible since the I.P. of
N is only 14.5. Harnwell’s results in helium and nitrogen are equally well ex-
plained by the formation of an N,* at 24 volts which dissociates immediately
or one which is metastable. Perhaps this conflict of experimental results is
best explained if we assume that the electronic configuration of the ion pro-
duced is such that the potential energy curve has a very shallow minimum,
then both direct and indirect production of N+ may be expected and relative
intensity of the two effects may be very sensitive to changes in the vibra-
tional or even rotational state of the molecules at the start. This suggestion
receives some support from Lozier’s results on high speed ions.

High velocity atomic 1ons. Lozier® has now extended his study to nitrogen
although his results have not been published in full. According to a private
communication he obtains atomic ions beginning at about 24 volts with ve-
locities as low as about two volts and then increasing in velocity up to as much
as six volts as the electron velocity is increased. Now the minimum of the
normal N, potential energy curve is very deep and narrow and the nuclear
separation small, so that if excitation were to a repulsive potential energy
curve it would almost certainly be to points several volts above the asymptote
and therefore all atomic ions produced would probably have greater than
two volts kinetic energy. But if the curve had a shallow minimum, lowér kin-
etic energies would be more likely to be present.

Other secondary effects. No other secondary ion has ever been observed
but it is interesting to note that Storch and Olsen?®” observed the formation of
ammonia setting in sharply at about 23 volts when a mixture of nitrogen and
hydrogen was bombarded by electrons. This work has been repeated by
Caress and Rideal, and more recently by Brett3® who found the rate of reac-
tion in a mixture of hydrogen and nitrogen rose sharply at 17.0, 18.5, 20.5,
24.5 and 27.0 volts. Wansbrough-Jones®® has made similar experiments on
mixtures of oxygen and nitrogen. He finds critical voltages for reaction at 17
and 23 volts which he attributes to the nitrogen, concluding that activation
of the oxygen plays no part.

One other secondary effect of interest is the N,_;*+ peak observed first

37 Storch and Olsen, J.A.C.S. 45, 1605 (1923).

38 Caress and Rideal, Proc. Roy. Soc. 1154, 684 (1927); Brett, Proc. Roy. Soc. 1294, 319
(1930).

39 Wansbrough-Jones, Proc. Roy. Soc. 1274, 511 (1930).
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by Smyth and interpreted incorrectly as due to N+*. He observed its appear-
ance potential to be about 24 volts. Kallmann and Rosen have studied this
peak again and conclude that its appearance potential is the same as that of
Nt (about 17). Remembering the cause of peaks of this type* we conclude
that there are Ny* ions, probably those formed at the first 7.P. which dis-
sociate on collision after acquiring large kinetic energies.

Negative ions. Both Smyth and Hogness and Lunn observed N, ions but
in such small quantities that they were unable to study them. No other nega-
tive ions have been observed in nitrogen.

Theoretical interpretation and ionization potentials

The potential energy curves for the normal and several excited states of
the molecule and for the normal state and one excited state of the ion are
well known. Unfortunately no series limit is known for the electronic terms
so that the I.P. of the molecule can not be calculated. In tables of energy
levels the experimental value of 16.9 is ordinarily used. Until recently there
had been no satisfactory determinations of this quantity with the latest
technique and it seemed possible that the true value might be as much as half
a volt or more lower. Mackay,* whose measurements have proved to be re-
markably accurate, got 16.3. Smyth and Stueckelberg* estimated 16.5 as the
most probable value. That this is still too high is suggested by the results of
Tate and Smith*? who report 15.8 as the lowest of a series of ionization po-
tentials. This last value agrees with that of Turner and Samson® from the
excitation potential of the N,* bands.

As may be seen from Fig. 19 the equilibrium nuclear separations are al-
most identical for the normal states of Ny and N,* and the P.E. curves sim-
ilar in shape so that it is not surprising to find no dissociation at the first ioni-
zation. Also, the experimental value of the I.P. probably corresponds to a
transition between v =0 vibration states. Only one excited N,* state is known.
The minimum of its P.E. curve is 3.2 volts above the normal N,;* and its
asymptote about 3.9 volts* higher. Therefore to get an N* by excitation to
this state, 16.547.1 =23.6 volts are needed. Purely from the energy point of
view, 9.1414.5=23.6 volts, the same value, are needed for the process
Ny;—N++4N. This value is remarkably close to that actually observed for
this ionization potential. Hogness and Lunn give 24 with no estimate of error
but quote Brandt’s 24.6 as consistent, Kallmann and Rosen get 24.0, while
Harnwell’s results show it certainly below the I.P. of He at 24.5. The true
value is probably about 24.0 + .4 only a half volt above the minimum energy
requirement.

Clearly it is possible to explain the observed results by using the known
excited N,* state and a considerable deviation from the Franck-Condon

* See p. 357.

4 Mackay, Phys. Rev. 24, 319 (1924).

4 Smyth and Stueckelberg, Phys. Rev. 36, 478 (1930).

4 Tate and Smith, Phys. Rev. 37, 1705 (A) (1931).

4 Turner and Samson, Phys. Rev. 34, 747 (1929).
4 R. T. Birge, Nature 122, 842 (1928).
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principle. The production of N+ at 24 would then be exactly analogous to
that of H* at 18. The N+ ions would then have velocities down to zero and
there would be molecular ions produced in very high and therefore unstable
vibrational states. It is not possible to decide yet between this explanation
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Fig. 19. Potential energy curves for three electronic states of nitrogen. Data for curves are on
figure. All were plotted by the use of Morse’s function.

and the previous suggestion of an unknown state with a small minimum in
the potential energy curve. Perhaps the unstable molecular ions of Hogness
and Lunn come from such a state and the primary atomic ions of Kallmann
and Rosen come from the known state.
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Oxygen (O ).

In the older work on the first ionization potential of oxygen there were
serious discrepancies between the results of different observers, the experi-
mental determinations ranging between 12.6 and 16.1, the values observed by
Mackay*® who was the only author reporting two distinct breaks in the ioniza-
tion curve. These discrepancies have not been completely explained by the
positive ray attack on the problem. Smyth*® in his first study of the problem
observed O,* at about 15.5 volts and Ot about 7.5 volts higher. He arrived at
the absolute value 15.5 by making an estimated correction for potential drop
and initial velocity but without any calibrating gas; it is therefore not nearly
as significant as the 7.5 volt difference between the two I.P.’s. Hogness and
Lunn,* calibrating with He, obtained 13 and 20 volts values for the two
oxygen I.P.'s; the difference, seven volts, is in good agreement with the 7.5
volts reported by Smyth.* A study of collisions of the second kind by Smyth
and Stueckelberg*” shows the higher I.P. definitely below but probably very
close to that of Ne, 21.5 volts, since their data indicated that the process
Net+40,—0*40+Ne was very probable. As to the lower I.P. results of a
similar sort show that it is probably considerably below that of A, 15.67 and
probably below that of water vapor at about 13 volts. It seems likely there-
fore that the first ionization potential of oxygen is in the neighborhood of 12.5
to 13 volts though it remains probable that there is also a strong higher I.P.
at 15.5 to 16 volts.

Hogness and Lunn found the ratio O,t/O% independent of pressure and
this was confirmed by Smyth and Stueckelberg so that there is no doubt that
O+ is produced directly by electron impact.

Kallmann and Rosen*® agree that both processes are primary and give 13
and 19.5 as the appearance potentials. They give neither curves, data, nor
estimated error.

Minor and secondary effects

A further point of interest in oxygen is the great intensity of Ot in both
Smyth, and Smyth and Stueckelberg’s work compared to that of Hogness and
Lunn. Similar discrepancies, though less marked, occur in the data for other
molecules. Moreover, changes in the magnetic fields and ion accelerating
fields often alter relative intensities. Such effects are very difficult to control
and to study; usually they are vaguely explicable in terms of altered dis-
tribution and scattering of the ionizing electrons. It occurs to the wrtier that
the most uncontrolled and unmeasurable variable in these experiments is the
stray magnetic field in the ionization chamber and this may have a direct
influence on molecular stability and the nature of electron-molecule collisions.

No O;* nor other secondary ions have been observed in oxygen. Smyth,
and Hogness and Lunn both observed a very weak O,_;* peak indicating that

% Hogness and Lunn, Phys. Rev. 27, 732 (1926).

4% Smyth, Proc. Roy. Soc. A105, 116 (1924).

47 Smyth and Stueckelberg, Phys. Rev. 32, 779 (1928).
48 Kallmann and Rosen, Zeits. Physik 61, 61 (1930).
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O.* can be dissociated by a high speed collision but the effect is much weaker
than in N,.
Negative ions

Hogness and lunn observed both O;~ and O~ but were unable to study the
conditions of their formation.
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Fig. 20. Potential energy curves for three electronic states of oxygen. Data for curves are on
drawing. All were plotted by the use of Morse’s function.

Theoretical interpretation

Mulliken*® and Stueckelberg®® have both discussed the above results in
terms of the electron levels and potential energy curves of oxygen. The
potential energy curves for the normal state of both molecule and ion are

49 Mulliken, Phys. Rev. 32, 761 (1928).
80 Stueckelberg, Phys. Rev. 34, 65 (1929).
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known as well as for several excited states and are shown in Fig. 20 where
there is some uncertainty about the 7, for the ionic states since the rotational
structure is unknown.

In their discussions Mulliken and Stueckelberg used the old value 7.05
volts for the heat of dissociation and the experimental value 13.5 volts for
the I.P. It is now known that 7.05 volts gives dissociation to an excited (1D)
and a normal atom, and that the heat of dissociation to normal atoms is 5.1
volts. Also Mulliken® has recently given 11.7 volts as an estimate of the
spectroscopic I.P., a value within speaking distance of Mackay’s 12.6 and
our estimate of something less than 13.

Considering the first ionization it is obvious that the Franck-Condon
principle applied to the potential energy curves will give a transition from
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Fig. 21. Relative intensities of different ions in NO as functions of pressure.
(Hogness and Lunn.)

v’ =0 to v’ =0 and therefore the spectroscopic and experimental I.P. should

agree exactly. The significance of their failure to do so will doubtless be dis-
cussed when Mulliken publishes a complete account of his work. Following
up the vertical Franck-Condon transition to higher levels we see that we come
to the 21 level, which is the initial level of the O,* ultraviolet bands, at a point
on the potential energy curve just a little below the asymptote. By assuming
small errors in the curves or such deviation from the Franck-Condon princi-
ple as is observed in hydrogen we can explain the observed dissociation. More-
over, the asymptote of the excited state is 6.6 volts above the v=0 state of
the normal ion. This agrees fairly well with our observation that O+ ions are
first observed 7.0-7.5 volts above O,t.

Nitric oxide (NO).

The only work that has been done on NO is that of Hogness and Lunn®?
which seems to give quite definite results. They find three primary products

61 Mulliken, Phys. Rev. 37, 1711 (A), (1931).
52 Hogness and Lunn, Phys. Rev. 30, 26 (1927).
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of ionization, NO*, Ot and N* appearing at about 9.3,* 21 and 22 volts re-
spectively. Their value for the first ionization potential agrees well with the
more accurate values of 9.3 and 9.4 determined previously by Hughes, and
Dixon, and Mackay.*?

Secondary effects and selective absorption

Hogness and Lunn made their customary study of the effect of pressure
on the relative intensities of the different ions. Their results are reproduced
in Fig. 21. From the fact that the N+ and O+ curves extrapolated to zero
pressure both have finite ordinates they conclude that both N+ and O* are
produced by primary processes. But since NO* decreases slightly and O* and
N+ increase slightly with pressure they conclude that secondary dissociation
of NO+* also occurs. This is further supported by the observation of a “dis-
ruption” peak similar to the H,_;+ and N,_;* peaks already discussed, in-
dicating that high speed NO ions certainly do disintegrate. In the light of
Kallmann and Rosen’s results the writer feels that the first of the above argu-
ments is inconclusive and that the pressure effect may be due to selective
absorption in the magnet chamber.

A further consideration of these results throws some light on the similar
results in nitrogen. In NO we have the following processes possible in the
magnet space

Al
NO.* + NO, — NO, 4+ NO,* 0 (1)
N+ 4+ NO — N + NO+ 5.2 )
O+ + NO — O 4+ NO+ 4.2 (3)

Since the I.P.’s are 9.3, 13.5 and 14.5 for NO, O, and N, respectively, process
(1) should be very probable and (2) and (3) very improbable since these prob-
abilities are greater the smaller A7.

In nitrogen the similar processes involved were

Al
Nz"‘ + Nz - N2 + N2+ 0 (4)
and
N+ 4+ N, —» N + Nt 2.0 (3)

where the I.P.’s are 16.5 and 14.5. We might expect, therefore, that processes
(1) and (4) would be about equally probable and that (5) would be much more
probable than either (2) or (3). Consequently, selective abosrption in the
magnet space should be much more effective in altering relative intensities
in NO than in N,. Yet if we compare the curves in N; in Fig. 18 with those
for NO given above we see that the effect in N; is enormously greater than
in NO. Remembering that these curves were taken with the same apparatus
and similar conditions, we must conclude that selective absorption is inade-
quate to explain the results in nitrogen, a conclusion in accord with that pre-
viously advanced for other reasons.

* Hogness and Lunn give 9.0 but this is based on 15.4 instead of 15.7 for the I.P. of argon.
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Negative ions

Hogness and Lunn report the observation of extremely small amounts of
NO—, N- and O~ the atomic ions being more numerous, but were unable to
make any study of their conditions of formation.

Theoretical interpretation

Since no NO* spectrum is known we cannot construct P.E. curves for
any states of the NO+ ion. Nor can we calculate an I.P. from the known states
of NO. Mulliken,® however, has discussed Hogness and Lunn’s results in
terms of probable electron configurations and energy considerations. Con-
fining ourselves to the latter our figures are quite different from Mulliken’s
due to the use of the revised value (5.1) for the heat of dissociation of O
which gives us for the heat of dissociation of NO, 6.1 a value not far from the
6.8 determined approximately from band spectra. We have then 6.1413.5=
19.6 and 6.1 +14.5=20.6 as the lowest possible potentials for the production
of O and N+ respectively. These values are about 1.5 volts below the ob-
served and suggest that the products of dissociation are either in excited
states or have kinetic energy. There are low terms in the OI,0I],and N I
spectra of the order of two volts above the normal so that it is impossible at
present to make a choice between the two explanations.

Carbon monoxide (CO).

Hogness and Harkness* found that there were three primary ionization
processes in CO,

(1) CO — COt at 14.1 volts,
(2) CO—- C+ 4+ O at 23.0,
(3) CO — C + O™ at about 24 volts.

These results were confirmed by Kallman and Rosen?*$2° who make the curious
statement that the assumption that all three processes are primary is con-
trary to that of Hogness and Harkness. They give slightly different ionization
potentials, 14, 21.5 and 25 but without detailed experimental data or state-
ment of probable error. The discrepancies between the two sets of values are
probably of the order of the accuracy of each set. The previously accepted
value for the first I.P. was 14.2. Hogness and Harkness found the CO* ion
of enormously greater intensity than C+ or O+.

Negative and secondary ions

Hogness and Harkness found no trace of negative ions. They thought they
had evidence for a secondary effect CO+*+CO—C+-+COs,.
T heoretical interpretation

Applying the Franck-Condon principle to the potential energy curves
shown in Fig. 22 we see that the 14-volt ionization should not be accompanied

58 Mulliken, Phys. Rev. 32, 770 (1928).
% Hogness and Harkness, Phys. Rev. 32, 936 (1928).
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by dissociation but that neither should transitions to the other two CO*
states. However, rather small shifts in the values of 7, or deviations from the
Frank-Condon principle would allow transitions to points above dissociation
on any one of the three curves. But the energies necessary are 23.3, 23.8 and
23.8, one of which might account for the highest I.P., that for Ot at 24 to 25
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Fig. 22. Potential energy curves for four electronic states of CO. Data for curves are on
drawing. All were plotted by the use of Morse’s function.

volts but all seem a little high for the other I.P., that for C+ at about 22.
Our conclusion is then that considerable corrections to the potential energy
curves show, both as to 7, and D are needed to bring theoretical predictions
into accord with experimental observations. It is beyond the scope of the
present work to discuss the electronic configurations of the different states
and their relation to the probable products of dissociation.
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If mere energy considerations be applied, C* and O* require 21.2 and 23.5
volts respectively for their production. These values are considerably closer
to the observations than those obtained above from the potential energy
curves.

Hydrogen chloride (HCI).

For a number of years thermo-chemical cycles were constructed on the
assumption that the ionization of HCI by electron impact resulted in its dis-
sociation into H* and Cl~ ions. The investigation of the truth of this assump-
tion was undertaken by Barton!? and carried through so thoroughly that no
further work has been necessary. He first used the apparatus set up by Smyth
for his last work on hydrogen and later an entirely new apparatus with im-
proved resolving power but of similar type. He found that the ordinary first
ionization potential at 13.8 volts corresponds to the production of HCI* ions
and that voltages as high as 78 produced no other primary ions with certainty.
He was quite certain that no H* ions were so produced. He also observed CI+
ions but their intensity seemed to depend on traces of H,O present and he
was not able to determine any critical potential for their production. At
high pressures he found a peak due either to H,Clyt or Cl;* but was unable to
study its I.P. He observed Cl~ ions produced by very slow electrons either
directly or after thermal dissociation of the HCI at the filament.

Since no band spectrum is known for HCI and since no critical potential
was observed for any dissociation product no attempt at theoretical inter-
pretation is possible.

TIodine (I,).

In the interpretation of the results obtained on iodine by Hogness and
Harkness® the selective absorption effects of Kallmann and Rosen become
of major importance for the first time. In this case the relative intensities of
both positive and negative ions were studied as functions of pressure and
many of the conclusions were drawn from intricate arguments based on such
results. It is impossible to correct such arguments by allowing for differential
absorption of I+, I;*, I;* in the magnet space; it seems better to state the re-
siduum of definite results and suggest the other possibilities.

Apparently both I,* and I+ are produced by primary processes at the
same potential, 9.5 volts. I3t is produced as a secondary product; no I.P. was
determined but the probable process is I;*+I,—I5t+1 analogous to the pro-
cess suggested for the formation of Hj;*. Additional I,* may possibly be
formed by a secondary process.

Negative ions

As might be expected from the electronegative character of iodine,negative
ions were observed in far greater abundance than in any other gas that has
been studied; I=, I,~ and I;~ all occur in quantities comparable to those of
the positive ions. Hogness and Harkness believe that only I~ is formed by

% Hogness and Harkness, Phys. Rev. 32, 784 (1928).
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direct electron impact, the electron velocity apparently being immaterial
within the range studied (3 to 30 volts). They believe that I,~ and I;~ are
built up by secondary and tertiary processes. Their reasoning is interesting
but not entirely convincing to the present writer.

Theoretical interpretation

Smyth and Compton® and, a little later Fruth,” showed that the atomic
and molecular ionizing potentials were 8.0 and 9.5, respectively, where the ab-
solute values are not very definite but the difference should be accurate to a
few tenths of a volt. The spectroscopic heat of dissociation of I, is 1.53 volts
and the thermochemical 1.6. The agreement between this value and the differ-
ence of the I.P.’s cited above suggests that ionization in this case may be ac-
companied by dissociation. We have seen that Hogness and Harkness found
that dissociation may take place but does not necessarily do so. No potential
energy curve for I, is available but one may suppose that 9.5 volts represents
a transition to a point on the I,* curve very near the dissociation limit.

Potassium vapor (K and K, ).

Ditchburn and Arnott,'® using method I, studied the ions produced in
potassium vapor by three different agencies: (1) photons; (2) electrons; (3)
K+ ions from a Kunsman source. The only stable ion formed by photo-ioniza-
tion was K*. Electron impact gave K+, K~ and probably unstable K,+, K;*
and Ks** (this last seems very unlikely to the present writer). They deter-
mined no appearance potentials but found considerable differences between
the results at 36 volts and 100 volts. K+ ions from a Kunsman source formed
stable and unstable K,* ions by attachment.

Carbon dioxide (CO,).

As soon as we attempt the study of molecules containing more than two
atoms our previous difficulties are enhanced. On the expermental side dis-
sociation becomes more probable; on the theoretical side band spectra can
offer little assistance. Nevertheless some progress has been made.

Carbon dioxide has been studied by Smyth and Stueckelberg!® and by
Kallmann and Rosen.*®20 Their results are essentially in agreement and are
summarized in Table IV below.

TasLE IV.
Observed Appearance Suggested Calculated
product potential process minimum
K&R S&S energy required
CO,* 14 14 .4 CO;—CO,*
o+ 17 19.6+0.4 CO,—CO+40* 19.0
CO+ 18* 20.4+40.7 CO,—CO*+0 19.7
C* 29 28.3+1.5 CO,—C+*+0+0 26.7
(OgF)** 20.0+1.0 CO,—(CO,*+C0O;2)—2CO+0,* 18.9

*Probably direct ionization of CO present from thermal dissociation.
** A secondary product appearing only at high pressure.
% Smyth and Compton, Phys. Rev. 16, 501 (1920).
57 H. F. Fruth, Phys. Rev. 31, 614 (1928).
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The values given in the last column are calculated directly from heats of
dissociation and ionization potentials. They differ slightly from those given
by Smyth and Stueckelberg due to a revision of the heat of dissociation and
I.P. of oxygen. The values of all such constants used in this paper are col-
lected in Appendices IT and III.

Interpretation of results

In spite of the absence of band spectrum data some progress can be made
in the interpretation of the above results. We know that carbon dioxide is a
straight line molecule with the carbon atom in the middle. It is not surprising,
therefore, that we can get CO,*, CO* and O+ all at comparatively low poten-
tials but that to get C* we must break away both oxygen atoms and ionize
the remaining carbon, a process requiring considerably higher energy.

As to the numerical agreement between the observed and calculated
values in Table IV it is probably better than we have any right to expect
since the experimental errors are estimated and we have made no effort to
estimate the error of the calculated values. Since the latter are only minima
a downward revision of the constants on which they are based would not be
in conflict with these results but any large upward revision could hardly be
accepted.

The value calculated for the secondary production of O, postulates as an
intermediate process the formation of an excited CO,* ion. If this is correct
it means that CO,* has an energy level, perhaps a metastable one, at 4.5
volts above the normal. The corresponding wave-length is 2750 A. Possibly
it is significant that there are strong carbon dioxide bands in this region and
that they are very probably due to CO,*.

To summarize, it is clear that we have a fairly extensive knowledge of the
effects of electron impact on CO; and that the observed ionization potentials
agree remarkably closely with those calculated from energy considerations.

Nitrous oxide (N,0) and Nitrogen dioxide (NO,).

In studying these gases Smyth and Stueckelberg* were very much both-
ered by dissociation, so much so that pressure effects could not be studied and
the real origin of some types of ion was in doubt. Nevertheless a number of
the possible processes of ionization were observed and their critical potentials
measured with reasonable certainty. Without considering the detailed argu-
ments necessary to establish many of the conclusions we will quote them in
Table V, below:

The values of the I.P.’s given are of accuracy varying between about one
volt for those in parentheses to 0.5 volts or better for the others. As in the
case of CO, the calculated values have been revised since the original paper
was written. They are based on heats of formation from Landolt-Bérnstein,
and the heats of dissociation of N, O; and NO. They have been checked in-
dependently from Mecke’s*® paper using the revised value for O,.

89 Mecke, Zeits. f. Phys. Chem. B7, 108 129 (1930).
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TABLE V.
Process Calculated Observed Remarks
minimum appearance
energy required potential

NO;—»NO.,*+ (11.)
NO;—NO++40 12.7 Obscured by NO—-NO*
NO;—NO+0+ 16.9 17.7)
NO;—N+0,* 17 .4 02+§r(‘)e§rent but I.P. obscured by
NO;—N++0, 18.9 (20.8) Perhaps dueto NO
NzO——’NzO"’ 12 . 9
N:0—-N,40* 15.2 (16.3) Quite certain
N;O—N.;t4+0 18.2 Obscured by Ny—N,+
N 0—-NO++N 14.0 15.3 Reasonably certain
N,O—-NO+N+ 19.2 21.4 Reasonably certain

It seems that in every case where a definite conclusion can be drawn it
is that the process to be expected does occur and at nearly the minimum
possible energy. Perhaps the most interesting processes are NO;—N++40,
and NyO—N,;+O* which evidently do occur although the corresponding pro-
cess CO;—C++0, does not. This is in perfect accord with the idea that N,O
and NO, are triangular molecules while CO, is linear

Water vapor (H,0).

Peaks due to ions from water vapor have been observed in nearly every
positive-ray apparatus ever set up but they have usually been unwanted and
have been studied systematically only by Barton and Barlett,’® Bleakney,
and Lozier.®! As usual, the most common ion is undissociated, the H,O* ion.
It is always accompanied by HO* and H;O+. The ionization potential for the
H,O% is about 13 volts but due to imperfect resolution Barton and Bartlett
were uncertain of the appearance potentials of HO* and H3;O* though they
thought that of HO* was about 13 volts. Recent incomplete and unpublished
data of Smyth and Mueller suggest 17.3 volts for this ion and about 13.0 volts
for H;0+ which is probably a secondary product. H,* and H+ are also ob-
served and the appearance potential of H* has been determined as 19.2 volts
by Bleakney; this result is confirmed by Smyth and Mueller’s preliminary
data. All of these ions are present in quantities small compared to that of
H.O* but varying considerably in the experiments of different investigators.

Assuming equal binding energy for the first and second H's in H,O Mecke
gives a value of 4.8 volts for the H,O—OH-+H dissociation energy. Using
this value for calculation the energy required for the ionization process
H,O—OH-+H™ is 18.2, one volt lower than the experimental value. Applying
a similar argument in reverse to the observed value for the process H{O—OH+*
+H we can calculate the I.P. of OH as about twelve volts.

Negative tons

H~- ions have been studied by Bleakney and Lozier®! with very curious re-
sults. They find the electron velocity has to be exactly 6.6 or 8.8 volts for the

60 Barton and Bartlett, Phys. Rev. 31, 822 (1928).
61 [ozier, Phys. Rev. 36, 1410 (1930).
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H- ions to appear.* This is in contrast to all other negative ions so far ob-
served including OH~ from H,O (observed by Smyth and Mueller). The sig-
nificance of this remarkable result is not yet clear.

A curious effect was observed by Smyth and Stueckelberg?” who found
that the presence of argon, however carefully dried, always brought out the
H,O+ peak as the pressure was raised. This is presumably due to a collision
of the second kind

At + HzO — A + H20+

and suggests the presence of a higher I.P. for water at about 15 volts.

Hydrogen sulphide (H,S).

With the same apparatus as used by Barton for HCI, Bartlett®? found
H,S*, HS* and S+ all formed from H,S by primary processes at potentials of
10.4 (assumed from Mackay), 16.9+ 1.5 and 15.8 + 1.5 respectively. No S,*,
nor hydrogen ions were reported.

Taking the value 49.9 kg. cal (Landolt-Bornstein) for the heat of the re-
action (S1)+ (H;)—(H,S) and 10.3 (Russell) for the I.P. of sulphur we can
calculate the energy, 12.5 volts, for the process H.S—H:+S+ or 16.9, for the
process HoS—H+H+S+. It is hard to identify the experimental value 15.8
with either.

If we take the value 19.6 kg. cal for %(S;)+ (H:)—H,S from the L.B.
Erginz. Bd 1. and S;—S+S, 90 kg. cal from L.B. vol. I1, p. 1585, we get

H,S + 64.6 > Hy, + S
or in volts, 2.8, and we get
H,S — H; 4+ S+ — 13.1 volts (1)

and
H+ H + St — 17.5 volts (2)

which suggest that the observed process is (1). We cannot calculate any mini-
mum energy for either of the other two ionizations.

Cyanogen C, N,

Dorsch and Kallmann® studied (CN); because they thought it might show
a greater degree of dissociation than the diatomic gases they had worked on
previously. This proved not to be the case. They found the ions C+, Cy*,
CN+, C;N,* in the proportions of 1.5:1:2:12 all produced by primary pro-
cesses. Using 18.5 volts for the heat of dissociation,

C2N2 - 2C + 2N,
8.1 and between 6 and 7, for the heats of dissociation of CN and C,, respec-
tively, they get theoretical values for some of their observed ionizations.
Table VI is taken from their paper.
* Note added in proof: This effect has been confirmed by Smyth and Mueller.

62 Bartlett, Phys. Rev. 33, 169 (1929).
% Dorsch and Kallmann, Zeits. f. Physik. 60, 376 (1930).
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TaBLE VI.

Process Calculateiergar;;:zlum energy Appearance potential
C;N;—C;Ny* Jeane 13.5
C3N,—»CN+CN+ Jen+2.3 18
C:N,—Cy*+N, Jeo+3 17
CyN,—Co+ N, 19 Not observed
CoN,—C++C+N, 20.7 22.5
C3N,;—C;+N-+N+ 26.5 Not observed

They consider the 13.5 volt value the most accurate of their observations
but give no estimate of probable error. Their other values they consider prob-
ably one or two volts too high. Making this correction to the observed values
estimates of 14 and 12 volts can be made for the I.P.’s of CN and C; from
the second and third processes in Table VI.

In a later paper, Kallmann and Rosen® study the differential absorption
of the different ions from C;N; by filling the magnet space successively with
cyanogen, argon, oxygen and ammonia. In using their results to get relative
values of ionizing potentials, they assume that strong absorption of an ion
occurs if the I.P. of the ion is equal to or greater than that of the absorbing
gas.* If the ions had no kinetic energy this assumption would be valid. (See
the work of Harnwell or of Smyth and Stueckelberg on oxygen) but when the
ions have large kinetic energies, as in this case, it is presumably the absolute
difference of the I.P.’s which determines the probability of a collision of the
second kind. That this is the case had previously been maintained by Kall-
mann and Rosen?® themselves both on theoretical and on experimental
grounds. In polyatomic molecules the possibility of exciting vibration may,
in effect, favor the collisions where the I.P. of the ion is greater but, even so,
we can hardly accept the statement quoted above without qualification. With
reservations then, we can give Kallmann and Rosen’s list of ionization po-
tentials derived from these experiments

T, < 11.2 < J¢, < Jo, < Jienp < Jon < 15.5

Assuming Jy, to be about 13.0 these results are in agreement with those al-
ready given in Table VI and the subsequent discussion.

Ammonia (NH ).

Working with the apparatus used by Barton on HCI, Bartlett®2 found three
ions produced in ammonia, namely NH;*, NH,+ and NH* appearing at po-
tentials of 11.2+1.5, 12.0+ 1.5 and 11.2 + 1.5. From pressure effects he con-
cluded that only NH;* and NH,* were primary products and NH* secondary.
Reconsideration of his evidence in the light of Kallmann and Rosen’s results
on differential absorption makes it less certain that NH* is secondary but
still probable. No negative and few if any hydrogen ions were observed.

It is interesting to note that the intensity for NH,* is approximately the

6 Kallmann and Rosen, Zeits. f. Physik, 61, 332 (1930).

* «, .. dass die Ionisierungsarbeit dies Molekiile gleich oder grosser als die des absorbier-
enden Gases ist.”
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same as for NH;t grouping ammonia with methane, butane and propane as
the only gases where a process involving dissociation has been shown to be
as probable as one involving only ionization.

Methane (CH,).

Hogness and Kvalnes® undertook the study of methane in the hope of
obtaining the binding energy between the CHj; radical and the hydrogen
atom. Though they failed in this their results are of considerable interest.
They found two and only two products of ionization, CH s+ and CH;*; each
was produced by a primary process; they were of about equal intensity; and
their appearance potentials were 14.5 volts for CH,* and 15.5 volts for CH,*.
No negative ions were found.

Propane -0.076 mmy

l Propane-ao.ime|

Positive ion current
o

ﬁ Butane-0.045mm

T DRNE

N ~ '
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‘.

15 27 28 2937 36 394041 42 4344 Unresolved
Fig. 23. e/m curves for propane and butane. (Stewart and Olson.)

0
'

Methane is a symmetrical molecule with the carbon atom in the center
and behaves in many respects like a rare gas. It is interesting that the two
ionization potentials are so nearly the same but we have no means of calcu-
lating them. Of particular interest, too, is the result that the two types of ion-
are equally probable. In every other gas studied except propane, butane and
ammonia, ionization without dissociation is by far the most probable process.

Propane (C;H ;) and Butane (C,H,,).

Stewart and Olson® have recently studied propane and butane with an
apparatus like that of Hogness and Lunn except that they took special pre-
cautions to avoid thermal dissociation. They apparently made no appearance
potential runs and in fact do not even state at what electron velocity their
data were taken. But they found many primary processes of iohization in
each case and often those which involved dissociation were as probable or
more so than the simple ionization of the molecule. It may be seen from their

% Hogness and Kvalnes, Phys. Rev. 32, 942 (1928).
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curves reproduced in Fig. 23 that it is possible to produce almost any kind of
lighter hydrocarbon ion from either propane or butane. But it is interesting
to note that they found no hydrogen ions, a result in agreement with that of
Hogness and Kvalnes on methane.

IV. GenErAL CoNCLUSION

The object of the group of experiments which have been described was
to determine the energies required for the production of different types of
ion by electron impact. This has been accomplished in a number of cases so
that a good deal of light has been shed on the general problem of processes
of ionization by electron impact at low voltages. One outstanding result is the
infrequency with which dissociation accompanies ionization. For even at the
higher potentials where dissociation products are observed they are usually
small in numbers compared to the undissociated ion. In no case is the undis-
sociated ion missing and in only one case, iodine, does the atomic ion appear
as well as the molecular ion at the lowest ionization potential. Dissociation
appears most probable in ammonia and the hydrocarbons.

A second result of great interest is the observation of high speed ions. That
high speed atoms are produced by analogous excitation processes seems cer-
tain though they have not been directly observed. Such processes must be of
tremendous importance in raising the average temperature of gases in dis-
charges or in any phenomena involving the dissipation of the energy of high
speed electrons in a gas. For molecular structure, too, these high speed ions
have importance. Their study may be of great help in establishing unstable
states and explaining continuous spectra.

The theoretical interpretation of the various ionization potentials is fairly
satisfactory as far as it goes. Unfortunately there are few cases where data
are available for definite theoretical predictions. Apparently the Franck-
Condon principle holds pretty well in cases where the potential energy curves
are known. But really the situation seems simpler than might be anticipated,
for the appearance potentials are approximately those calculated merely from
energy considerations. In molecules of more than two atoms this is of greatest
importance since no spectroscopic data are available or likely to be so in the
near future.

Considering possible future work along this same general line the writer
feels that the emphasis should be greatly changed. There are not many more
molecules that can be studied in the way we have described without getting
into hopeless complications. The future value of this type of work lies rather
in the study of fast ions, ionization probabilities and ionization by means
other than electron impact or, perhaps, in the study of such negative ions as
the H— observed only at a particular potential in water vapor, and certainly
the most interesting of all recent results. Unforeseen theoretical developments
might, of course, focus attention on some other phase of the experiments.
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AppENDIX I

PRIMARY IONIZATION PROCESSES IN POLYATOMIC MOLECULES.

Calculated
Gas Ion observed  Appearance pot. Probable process minimum
energy required
Hz H2+ 15.9 Hz'—>H3+ 15.6
H* 18.0 H,—»H*+H 18.
H¢t 26.0 H,—»H*+H+ke. 28.
H¢* 46. H,—»H++H*+k.e. 46.
Nz N2+ 165 Nz—’N2+ —_—
(15.8)
Nt u.s.| 24.0 N;—»N,*—-N*+N 23.5
N+ N:—»N+t+N
(028 O,* 13. 7 0,—0,* —
o+ 20.5 0,—-0++0 18.6
CO COot 14.1 CO—-CO+ —
C+ 23 CO—-C*+0 21.2
(Ohs 24 CO—-C+0+ 23.5
NO NO+ 9.3 NO-NO+ —
o+ 21 NO—-N+0+ 19.6
N+ 22 NO—-N++0 20.6
HCl HCI* 13.8 HCI-HCIl+
I, I,* 9.5 I,—I,*
I+ 9.5 I—>It+1
I- I,—»I-+I1
Ksor K K+ — — —
K,* —_ — —
K- — — —
CO. CO,* 14 .4 CO,—CO;*
o+ 19.6 C0O,—»CO+0* 19.0
CO* 20.4 C0O,—CO*+4+0 19.7
Cc+ 28.3 C0O,—»C*+*+0+40 26.7
NO. NO.,* 11. NO,;—NO,*
NO+ ? NO;—»NO*+0 12.7
o+ 17.7 NO;—NO+4-O+ 16.9
0.+ ? NO;—»N+0,* 17.4
N+ 20.8 NO;—N+40, 18.9
Nzo N20+ 12.9 NQO—)N20+
o+ 16.3 N,0—N,+0* 15.2
N,* ? N,O—N,*+0 18.2
NO+ 15.3 N,O—-NO*+N 14.0
Nt 21.4 N.,O—-NO+N+ 19.2
H-.0 H,O* 13.0 H,0—H,0*
HO* 17.3 H,0—-OH*+H
H* 19.2 H,O—-OH-+H* 18.2
H- 6.6 —_
8.8
OH- — —
HQS st+ 10.4 I’IzS-’I’IzS+
HS+* 16.9 ?
St 15.8 ?
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Calculated
Gas Ion observed  Appearance pot. Probable process minimum
energy required
CzNz C2N2+ 13 . 5 C2N2—>C2N2+ _—
CN+ 18. C,N,—»CN+CN+* —
C,+ 17 C,N;—Cy*+N, —
C+ 22.5 CzNz—’C++C+N2 20.7
NHa NH3+ 112 NH3-’NH3+ -_
NH,* 12.0 NH;—»NH,*+H —
NH* 11.2 (Secondary?)
CH4 CH4+ 14.5 CPI4_)CH4+
CH3+ 155 CH;‘—’CH3+H
C;Hs Almost all lighter hydrocarbons but no hydrogen.
C4Hyo Almost all lighter hydrocarbons but no hydrogen.
ArpEnDIx II
ATOMIC IONIZATION POTENTIALS
Atom I. P. Atom I. P.
H 13.5 (0] 13.5
He 24.5 N 14.5
A 15.7 C 11.2
Ne 21.5 S 10.3
Hg 10.4

All values are taken from Russell, Astrophys. J. 70, 16 (1929) except O which is from
Frerichs, Phys. Rev. 34, 1239 (1929) and H which is from Birge, Table of Physical Constants,
Phys. Rev. Sup. 1, 1 (1929). The values are taken only to the nearest tenth of a volt though
in most cases they are known more accurately.

AppeEnDix III

A. HEATS OF REACTION FROM THERMOCHEMICAL DATA (LANDOLT-B@RNSTEIN)

Energy Absorbed

Process (in volts)
1. [C]*-C 6.1
2. [C]+30.—CO —1.3
3. CO+30,—CO, -3.0
5. $N:430,—»NO .94
6. Nz+%02—’NgO 77
7. N2+20,—2NO, .33
8. H2+%02-?H20 *25
9. H;+S—H.S -2.2
10 3S;+H,—H.S - .85
11. S,—S+S 3.9
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B. MOLECULAR DISSOCIATION

Process Energy Required Basis of Calculation
A. H,—»H+H 4.4 volts Band spectra
B. N;—»N+N 9.1 “ “
C. 0,—0+4+0 5.1 “ «
(a) CO—-C+O0O 10.0 1,2,C
(11.2) Band spectra
(b) NO-N+O 6.1 5,B,C
(6.8) Band spectra
(c) CO,—CO+0O 5.5 3
(d) —C+0+0 15.5 c,a
(e) NO,—»NO+O0 3.4 7,B,C,b
(f) —-N+0, 4.4 7,B,C
(g) N:O—N,+0 1.7 6,B,C
(h) —NO+N 4.7 6,B,C,b
(i) H,O0—-OH+H 4.7 8,A,C and assumption of equal binding
(4.8) Mecke's value
(§) CeN;—2C+2N 18.4 1,4,B
(k) C,—2C 6.7 Band spectra
(1) CN-C+N 8.1 « “

*

] indicates solid state. All others refer to gaseous state.






