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IONIZATION BY COLLISIONS OF THE SECOND KIND IN
MIXTURES OF HYDROGEN AND NITROGEN

WITH THE RARE GASES

BY GAYLORD P. HARNWELL

ABSTRACT

The effect of the presence of a rare gas in ionized hydrogen and nitrogen was
studied by means of a positive ray analysis of the products of ionization. The
variation with pressure of the types of ions found was investigated in some detail
for both hydrogen and nitrogen in the presence separately of helium, neon and
argon. In all of the mixtures studied the evidence tends to support the view that a
type of collision of the second kind takes place at which an atom is ionized by col-
liding with an ion of an atom of higher ionizing potential. Thus at high pressures
corresponding to a large number of collisions the equilibrium is displaced in favor
of the atom of lower ionizing potential. The following equations can be predicted
from a knowledge of the ionizing potentials and they are all supported by the ex-
perimental evidence obtained:

He++H2 ——He+ H2+ He++ N2 ——He+ N~+

Ne++ H2 ——Ne+ H2+ Ne++ N~ ——Ney»N~+
Ne+'4N2+ =Ne++ N2

A+H, + =A++H, A+ N2+ =A++ N2

Where '~N2+ and '4N2+ represent respectively the nitrogen ions produced at the
expense of seventeen and twenty-four volts.

The situation for nitrogen is seen to be more complicated than that for hydrogen.
In the latter case the evidence shows that the equations listed above are in the order
of increasing probability. This tends to support the view that the probability of the
transfer s occurring is an inverse function of the difference in ionizing potentials.
The phenomena can not be interpreted as accurately in the case of nitrogen. However,
the formation of '4N2+ by Ne+ (24.5) was found to be the most probable of all the pro-
cesses occurring in nitrogen and the results obtained with the other rare gases as
far as they can be interpreted are also in accord with this view.

'HE work forming the substance of this paper is a continuation of an
investigation undertaken to detect any evidence for ionization at

collisions of the second kind in mixtures of the rare gases. ' A very short
resume of the previous results and the mechanism suggested to account for
them will serve as an introduction to the rather more complicated situations
found to exist in mixtures of the rare gases with hydrogen and nitrogen.
The positive ray apparatus was the same as that used in the previous ex-
periments. It was described in detail in the paper cited, so here it will be
necessary only to outline the method of investigation employed.

In a partially ionized mixture of two monatomic gases there will be three
general types of collisions taking place: atoms wi11 collide with atoms, atoms
will collide with ions, and ions will collide with ions. The second type of'

collision may be divided into two classes: an ion may collide with an atom

' Gaylord P. Harnwell, Phys. Rev. 29, 683 (May 1927).
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of higher ionizing potential, or an ion may collide with an atom of lower
ionizing potential. In the latter case the ion has a greater electron affinity
than the atom and there may be a certain probability of an electron being
transferred from the atom of small electron affinity to the ion of the atom
of large electron affinity. As this interchange would not be reversible the
effect of a large number of collisions would be to increase the number of ions
of lower ionizing potential at the expense of those of higher ionizing potential.
As the number of collisions mould be proportional to the pressure, if a curve
representing the ratio of the ion of higher ionizing potential to the ion of
lower ionizing potential were plotted against the pressure it should commence
to drop at a pressure at which the mean free path of an ion was comparable
to the dimensions of the apparatus and continue to fall as higher pressures
were reached. Also the slope of the curve should be a measure of the prob-'

ability of the electron transfer outlined above. Mixtures of helium and neon,
neon and argon, and of helium and argon were investigated for evidence
of this effect and the following equations, given in the order of their prob-
ability, account for the results obtained:

He++Ne = He+Ne+
Ne++A = Ne +A+
He++A = He+A+

Considering these equations from the point of view of the ionizing po-
tentials of the gases it will be seen that the interchange is most probable in
the case of helium and neon where the discrepancy between the ionizing
potentials is least and least probable in the case of helium and argon whose
ionizing potentials are the most widely separated. This is of particular
interest by analogy with the thermodynamic argument developed by Klein
and Rosseland' for collisions of the second kind between atoms and electrons
where it is shown that the probability of an energy transfer is greatest when
the energy to be transferred is least. The argument as there given is not
absolutely conclusive nor is it strictly applicable to the present conditions
but it is of interest in the light of the above results. One further point should
be mentioned, namely that the probabilities of ionization of these rare gases
as deduced from the experimental curves were in good agreement with the
values obtained by K. T. Compton and C. C. Van Voorhis. '

As has been mentioned the apparatus was described in detail in a previous
paper. ' The ions were produced by the usual method of electron bombard-
ment in a region whose pressure could be varied and then drawn into a region
of very low pressure and analyzed by a magnetic field. The ion stream was
detected by an electrometer and the current taken as a measure of the
number of ions of that particular mass emerging from the high pressure
region. The analyzing runs were made by varying the accelerating voltage
(Z4) for the positive ions. The areas under the peaks obtained by such a run,
and plotted on a mass scale (1/E~), were taken as representing the number

'O. Klein and S. Rosseland, Zeits. f. Physik 4, 46 (1921); also Franck, Anregung von

Quantenspriingen durch Stosse, Page 210 et seq.
' Compton and Van Voorhis, Phys. Rev. 2'7, 74 (June 1926).
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of ions of the particular type present in the high pressure region. The varia-
tion of this quantity with the pressure existing in the ionizing chamber, as
measured by a McLeod Gauge as close to the apparatus as possible, was the
relation investigated. As the pressure was increased the area under a peak,
when a pure rare gas was in the chamber, increased up to a certain pressure
due to the actual increase in the number of ions produced and then decreased
showing that some of the ions produced were being scattered from the beam
before they could emerge from the high pressure region. Consequently at
high pressures the ions reaching the electrometer were mainly those pro-
duced near the slit which separated the high from the low pressure regions.
At sufficiently high pressures the electrons were not able to ionize close
enough to the slit so that any of the positive ions could be drawn out and
the area under the peak reduced to zero.
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Fig. 1. EEect of pressure on the nature of the positive ion in hydrogen.

In dealing with a diatomic gas the observed. phenomena become more
complicated as can be seen from Figs. 1 and 2. It is quite well established
from the work of H. D. Smyth4 and of Hogness and Lunn' in hydrogen and
nitrogen that the primary product of ionization is the molecular ion and that
such ions as N&+ and H3+ are formed as a result of a secondary process.
Any ionized hydrogen molecule apparently can dissociate, but the case is
slightly different for nitrogen. Hogness and Lunn' have shown that two
types of N&+ exist one having been produced at the expense of twenty-four
volts of energy and the other at the expense of seventeen. The former "N&+
is capable of dissociating into N~+ but the latter, 'N~+, is not. Also there

4 H. D. Smith, Phys. Rev. 25, 452 (April 1925).
5 Hogness and Lunn, Phys. Rev. 26, 44 (1925);26, 786 (1925).
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is very good evidence for believing that H„-+is a secondary and not a tertiary
product, that is, that the majority of it is produced directly from Hl+, and
not by way of H&+. The above reactions are represented by these equations:

H, +Hg+ =H3++Hg
H2+=Hg +Hg+

&4N,+=N~ yN~+
These equations are well illustrated by Figs. 1 and 2. The primary

product would be expected to predominate at low pressures where collisions
are very infrequent and to behave in that region very much like a rare gas
peak. This is what is observed, the primary product rising sharply from the
origin. However, as soon as the pressure reaches a value such that an
appreciable number of the ions collide before emerging from the high pressure
region the character of the phenomena changes. It no longer resembles the
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Fig. 2. Effect of pressure on the nature of the positive ion in nitrogen.

rare gas case for the secondary products appear in large quantities and the
primary products drop very rapidly. At suSciently high pressures the
primary product entirely disappears though the secondary products are still
present. This means that the primary product is only formed in the region
so far removed from the slit from which the ions are drawn that it can not
reach it without making several collisions at each of which it is likely to be
deflected or dissociated. The secondary products on the other hand are
formed nearer the slit at one of these collisions and continue toward the slit.
There is less chance of their being deflected from the beam, and they are
more stable so that there is also less chance of their being dissociated. These
phenomena are very evident in both hydrogen and nitrogen. There are two
secondary products in hydrogen, H&+ and H3+, the latter greatly pre-
dominated under the conditions which existed in the ionization chamber.
The accelerating potential for the ionizing electrons was well above twenty-
four volts so in the case of nitrogen N~+ is present. When the electrons had
only had twenty volts of energy the N2+ peak behaved exactly as a rare
gas peak and no N~+ was observed.
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In obtaining the curves of Figs. 1 and 2 and in all that follow the ionizing
electrons have fallen through 6fty volts, the Geld drawing the positive ions
out of the high pressure region is four volts per centimeter, and the length
of this region is about two and a half centimeters. The abscissas in all but
Figs. 7, 8 and 9 represent total pressure, and in curves representing the
characteristics of mixtures the observed pressure has been multiplied by
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Fig. 3. Effect of pressure on the nature of the positive ion in mixtures of hydrogen and neon.

the ratio of the mean free path in the pure diatomic gas to the mean free path
in the mixture so that the abscissae are directly proportional to the number
of collisions and the curves are comparable with one another. Also all results
refer to mixtures in which the two constituents are present in equal pro-
portions unless otherwise stated.
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Fig. 4. ER'ect of,pressure on the nature of the positive ion in mixtures of nitrogen and helium.

Figs. 3, 4, 5, and 6 represent the results obtained with mixtures of
hydrogen and neon, nitrogen and helium, nitrogen and neon, and nitrogen
and argon. The curves obtained with hydrogen and helium and with hydro-
gen and argon are not reproduced here as the same general phenomena are
observed in the analogous curves with nitrogen. The ordinates of all these
curves as directly calculated from the experimental data represent the
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amount of the particular ion that is drawn out of the region of high pressure
in the ionization chamber. In the cases of the curves representing the rare
gases in the mixtures these ordinates have been too large to be represented
on these diagrams. Hence they have been reduced in such a proportion that
they bear the same ratio to the ordinates of the primary product of ionization

0,0i 0.02 0.05 0.04 0.05 0.06 0.07 0.08 0.0'3 0.$0
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Fig. 5. Effect of pressure on the nature of the positive ion in mixtures of nitrogen and neon.

in the diatomic gas at low pressures as the probabilities of ionization of the
two gases as given by the work of Compton and Van Voorhis. ' The justihca-
tion for this procedure is that the ordinates of the curves obtained in mixtures
of the rare gases with one another were about in proportion to their prob-
abilities of ionization, at low pressures. And the curves obtained by plotting
the value of the electrometer current do not represent the ions produced

GOi 0.02, 0.03 0.04 Q.05 0.06 0.07 0.08 0.09 0.10
Total gas pressure (rnro}

Fig. 6. Effect of pressure on the nature of the positive ion in mixtures of nitrogen and argon.

but only those which pass through the high pressure region. Hence the
natural assumption is that the monatomic and diatomic ions are produced
in the proportions found by Compton and Van Voorhis but that the prob-
ability of a monatomic ion passing through the high pressure region. and
remaining in the beam so that it will be recorded by the electrometer is
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greater than for a diatomic ion. There is other evidence that this is the
correct explanation, particularly that obtained from the position of the
maximum of the rare gas curve, for the shape of the curve is a function of
the probability of ionization and also of the probability of deHection or
neutralization. From a consideration of the shapes of these curves in hydro-
gen and nitrogen it can be seen that the probability of deHection is less in
hydrogen than in nitrogen, as mould be expected. However, in the following
analysis of these curves the rare gas curves are less important than the curves
representing the primary and secondary products of ionization in the
diatomic gas.

The ionization potentials of the gases used are approximately as follows:

He = 24.5 volts
Ne =21.5

A =15

H2 = 16 volts
N2 ——17 and 24

And if the interchange of an electron at a collision between an atom and an
ion is completely determined by the elec'tron affinities or ionizing potentials
involved it would be expected that the processes taking place would be
represented by the following equations; where N&+ represents both types
of 1on:

He++ H~ ——H2++ He
Ne++H2 =H2++Ne

A+Hp+ = Hg+A+

He++ N2 ——Ng++ He
Ne++ Ng ="Ng++ Ne

"N~++ Ne = Ne++ N~

A+Ng+ = N2+A+

Where the type of N~ ion is not specified either one can be considered as
obeying the equation. Also, if the relation that the probability of a transfer
is inversely proportional to the amount of energy in excess of that transferred
is found to be as applicable in the case of diatomic as in the case of purely
monatomic mixtures, it would be expected that the hydrogen equations
as listed are in the order of increasing probability. The nitrogen equations
represent a more complicated case and it is a little difficult to know just
how the probabilities should run except that the first equation should be
the most probable, on these simple assumptions, as the difference in ionizing
potentials for '4N& and Ne is only of the order of half a volt.

The phenomena observed in the mixtures containing hydrogen will be
considered first and for the purpose of simplifying the discussion a slightly
different method of plotting will be employed. The abscissas again represent
the pressure, in this case the partial pressure of hydrogen, and the values are
corrected for the difference of free path in the various mixtures so that they
are really proportional to the number of collisions. The ordinates represent
the value of the ratio H&+/H3+, this is the ratio of the primary to the secon-
dary product of ionization. The ratio H'+/H&++Ha+ could be used, but H&+

was present in such small quantities that the difference between these two
ratios would be inside the limit of accuracy of the experiment. It brings out
in a very convenient way the processes taking place, for the only difference
in the conditions under which the curves shown in Fig. 7 are obtained is in
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produced by collisions with helium ions. There is the alternative possibility
that they may have been produced by collisions with excited helium atoms.
In the present apparatus the two possibilities can not be distinguished.
However, as the life of an ion would be much longer than that of an excited
atom the first explanation is much the more likely. The process occurring
can be represented by the equation;

He++ H2 ——Hg++ He

The curve marked 3 represents the behavior of the ratio in the presence
of neon. It is evident that the e6ect of neon is very similar to that of helium.
The fact that this curve does not coincide with curves 1 and 2 at low pressures
probably has little significance. It would be amply accounted for if the
probability of deHection of an ion depended on the type of particle with
which it collided. This is certainly very probable and it has nest been pre-
viously allowed for. The chief difference between curves 2 and 3 is that the
high pressure value of the ratio is considerably greater in the latter case.
That is more H~+ is produced in neon than in helium for the same number
of collisions. The equation would be similar to the helium one:

Ne++ H& ——H2++ Ne

The curve marked 4 represents the behavior of the ratio in the presence
of argon. The shape of this curve differs greatly from that of the two pre-
ceding ones. It would appear that a reverse phenomenon is taking place.
The two possibilities to account for a change in the ratio are: that H3+ is
created at a collision with an argon particle or that H&+ is destroyed. The
former is obviously impossible directly and probably may be entirely
neglected. The latter is exactly what would be predicted by the argon
hydrogen equation:

A+Hg+ =6++Hg

It is difficult to form an accurate idea of the probabilities of electron
interchanges between hydrogen and the rare gases from Fig. 7. However,
the ordinates of curves 2 and 3 at high pressures tend to show that the
process associated with 3 is the more probable. The hydrogen curves
analogous to Figs. 4 and 5, which are not reproduced here, bring this out
much more clearly and also tend to show that the process associated with 4
is the most probable of all. This is exactly what would have been expected
by analogy with the rare gas mixtures' as can be seen by referring to the
ionizing potentials given above.

Fig. 8 gives the analogous curves for nitrogen. The ordinates represent
the values of the ratio N~+/N~+, and the abscissas are the partial pressures
of nitrogen. These curves are very similar to those in Fig. 7 except that
curve 3 representing the ratio in the presence of neon is missing. By referring
to Fig. 5 it can be seen that the ratio has an infinite value in that pressure
range where the other curves are of the most interest. The neon case will
be discussed separately. In this case also the fact that the curves do not
coincide at low pressures is probably not of great significance due to the
considerations mentioned while discussing Fig 7.
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The curve marked 1 representing the ratio in pure nitrogen is very similar
to the analogous curve in the case of hydrogen. Its behavior is almost
identical throughout the entire pressure range. In this case also of course
the ordinates represent the ratio of primary to secondary product, but the
type of secondary product concerned is very dissimilar and Figs. 1 and 2

bear little resemblance to one another, hence it is rather remarkable that
curves 1 in Figs. 7 and 8 should be so very much alike.

Curve 2 represents the ratio in the presence of helium. It is apparent
that its behavior is very similar to the analogous curve in the case of hydro-
gen. The only differences are that the slope decreases more rapidly in the
low pressure region of'the curve and that the values of the ordinates ap-
proached almost asymptotically at high pressures are considerably greater
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Fig. 8. Ratio of N2+/N~+ as a function of the partial pressure of nitrogen. Curve l,
in pure nitrogen; curve 2, in the presence of helium; curve 4, in the presence of argon.

than those of curve 2 in Fig. 7. These differences are such as to be most
easily accounted for by assuming a larger value for the probability of ioniza-
tion of a nitrogen molecule when it collides with a helium ion than for the
probability of ionization of a hydrogen molecule at a similar collision. This
is in a general way what would be predicted from the ionizing potentials
if it is true that the transfer is more likely when the energy to be transferred
is smaller. The diR'erence, however, should be very small for "N2+ but very
large for '4N2+. The equation representing the transfer would be analogous
to the hydrogen one:

He++ N2 ——N2++ He
The phenomena, however, are . rather more complicated in the case of
nitrogen. In the first place the secondary product entering into the radio
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plotted in Fig. 7 can not be increased at collisions between H2+ and the rare
gas particles. This is not true in the case of nitrogen. For N~+ can be formed
at any collision of '4N2+, if indeed a collision is necessary at all. In the second
place two types of primary product are possible in the case of nitrogen,
namely: "N&+ and "N2+. The former can dissociate at a collision, or possibly
spontaneously, into N&+. However, without more accurate knowledge of
the probability of formation of the two types of primary product and of the
probability of dissociation of '4N&+ only qualitative interpretations of the
data that have been obtained are possible. The quantity of N&+ observed
is probably a measure of the amount of '4N2+ present but the details of the
dissociation such. as the necessary conditions and probability of occurrence
are not known. Hence the curves in Fig. 8 represent a more complicated
situation than those in Fig. 7, and the main interest in this method of
plotting is in the possibility of comparison between the two figures. Consider-
ing curve 2 of Fig. 8 in more detail it is seen that the numerator of the ratio
can be increased by an increase in either primary product but that the pro-
duction of one of these also automatically increases the denominator, hence
it would be difficult without accurate knowledge of the probabilities involved
to predict the form curve 2 would take. More information is given, however,
by Fig. 4, which represents the variation of the ions with pressure in a
mixture of nitrogen and helium. From this figure it can be seen that both
N&+ and N&+ exist in larger quantities at high pressures than in pure nitrogen.
this is what would be expected if they are produced at collisions with helium
ions. The fact that a large amount of N~+ is observed at high pressures is
very significant for it shows that a very large proportion of the nitrogen ions
produced by the helium ions are of the type '4N2+. This is interesting from
at least two points of view. In the first place it definitely places this ioniza-
tion potential of nitrogen below the ionization potential of helium. In the
second place it shows that the first of the following equations is much more
probable than the second:

He++ N2 ——'4 N2++ He
He++ N. = "N2++ He

This is of interest from the point of view of the energy interchange occurring.
Curve 4 in Fig. 8 representing the variation of the ratio with pressure in

the presence of argon is of some interest by comparison with the analogous
curve in Fig. 7. The forms of the two curves are very similar, the outstanding
difference being that the decrease is more rapid for the nitrogen ratio. This
is exactly what would be expected from the foregoing considerations. N2+

would be decreased in accordance with the equations:

A+'4N + =A++N
A+ "N~+ =A++ N2

The latter being by far the more probable. Also N&+ would be increased by
the collisions between "N2+ and A+ and also probably at a certain number
of collisions with neutral argon; in fact, the validity of the first equation is
rather doubtful. It is difficult to obtain much more information from Fig. 6.
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However, it can be seen by a comparison of Figs. 2 and 6 that the rate of
decrease of N2+ is much more rapid at high pressures when argon is present
(aIi pressures given are total pressures) than in pure nitrogen. This is less
true for N&+. If of any significance at all this may be taken as supporting
the second rather than the first equation just given.

Fig. 5 represents the results obtained in a mixture of nitrogen and neon.
The most striking difference between it and Figs. 4 and 6 is seen to be the
behavior of the N&+ ion. The secondary product of ionization actually
disappears before the primary one. This has not been true in any of the
preceding mixtures. The cause of this is probably contained in the equations:

Ne++ N2 ——'~N~++ Ne
Ne+'4N2+ = Ne++ N2

According to these equations the only N&+ ion formed by a collision of the
second kind with a neon ion is the type of ion not capable of dissociation.
Hence at high pressures the only ions produced near enough to the analyzing
chamber to be able to emerge from the high pressure region and be detected
are N2+ ions. This was not true in the case of the helium mixture for in that
case the '4N~+ was produced in large quantities and it could dissociate giving
N~+. In addition to this effect the presence of neon according to the second
equation tends to decrease N&+ by decreasing "N2+. These are exactly the
phenomena which are observed. The N&+ ion decreases more rapidly than
in any other mixture and disappears at a comparatively low pressure. On
the other hand the N2+ ion is apparently little effected by the presence of
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Fig. 9. Effect of mixtures of neon on the number of N~+ ions.

neon. Making the proper change in abscissae N2+ behaves much as it does
in pure nitrogen. The effect of neon is about half way between that of helium
and that of argon. This is just what would be expected from the equations
for N&+ is increased at one type of collision and decreased at the other.
Little can be said of the relative probabilities of these processes except that
they must be of the same order of magnitude and probably roughly equal.
From a consideration of Figs. 4, 5, and 6 it can be seen that by far the most
probable of these ionizing processes that we have been considering is the
production of '4N2+ by He+. The difference in ionizing potentials in that
case is of the order of half a volt.

Fig. 9 has been included to show the very striking way in which N&+

decreases in the presence of neon. The ordinates represent the area of the
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N&+ peak and the abscissa are the partial pressures of the nitrogen. N&+ is
greatly decreased in the presence of 25 percent neon and still further when
the neon is increased to 50 percent. This is exactly the result predicted by
the second equation. If a suAicient number of collisions occurred the two
equations could be considered together:

Ne+'4N~+ = Ne+ "N2+

Thus it can be seen that the equilibrium at high pressures would be displaced
greatly in favor of the stable form of N2+. It might also be mentioned that
the N& ionizing potential though not known accurately is certainly below
that of Ne and reactions involving N& may be completely neglected.

CQNcLUsloNs

From the detailed and rather complicated analysis of the experimental
results two main conclusions become evident. The first is that at a certain
number of collisions between an atomic or a molecular ion and an atom or ion
of lower ionizing potential an electron transfer will occur. In all the mixtures
of gases that have been studied so far no exception to this has been observed.
The processes expected to occur at a co11ision can be predicted from a
knowledge of the ionizing potentials of the atoms or molecules involved.
Secondly the probability that a given transfer will occur appears to be an
inverse function of the difference between the ionizing potentials involved.
By far the most probable transfers seem to be those in which the ionizing
potentials of the two gases concerned are nearly equal. When there is a
large amount of excess energy the probability of the process occurring is
very much smaller.

In conclusion I want to express my deep gratitude to Professor K. T.
Compton and Professor H. D. Smyth for their interest and helpful sug-
gestions during this work.
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