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INTRODUCTION.

The greater part of tlio experimental research,
described in this thesis, has been devoted to an
Investigation, by direct electrical methods, of the
fonuation of ionised molecules in mercury vapour and
helium.

All chemical evidence, based on measurements of
the vapour density and the ratio of the specific heats,
indicates that under normal conditions mercury vapour
and helium are strictly monatomic. This is contrary
to the observations of the spectroscopists who have
observed strong mercury and helium bands, both in
emission and absorption. Tlie mercury bands wore
oxarTiined by Wood (1) in 1907, while the helium bands
were discovered simultaneously by Curtis (2) and
Goldstein (3) in 1913. This latter result was surprising,
since up to tlmt time the existence of a molecule of
one of the inert gases had not been considered possible.
To account for the apparent discrepancy between the
chemical and the spectroscopic results it has generally
been assumed that an excited mercury or helium atom,
in virtue of its changed electron affinity, can combine

with a normal atom or another excited atom to form a

molecule.



It Is therefore of interest to investigate the
details of the attacliment process. A considerable
amount of information can be obtained from band spectra
measure nen ts, but any other independent method of
studying the same problem is of value when it leads
to results which can bo compared with the conclusions
of the spectroscopists or the theoretical workers.

In 1936 Arnot and Milligan (4), by using a mass
spectrograph apparatus, obtained the first direct
evidence of the existence of molecules In mercury vapour
when it was excited by electron impact. The original
purpose of the research carried out by the author was
to investigate still further the formation of mercury
molecules by a balanced space-charge method. This
has certain advantages over the spectrograph method,
and the combination of the two methods provides a very
strong means of attacking the problem.

At the conclusion of the work with mercury the
space-charge method was extended to an investigation
of the ions produced in argon, helium and neon by
electron impact. Evidence for the existence of ionised
molecules was obtained in helium but not in argon and
noon, as was to be expected. Subsequently the results
obtained for helium wore checked and confirmed by the

use of a mass-spectrograph. Tills part of the work
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liaa proved to be particularly interesting, for it is

the first direct Investigation of the formation of
heliun molecules that has been carried out. The results
obtained givo some unexpected information concerning
the formation of helium molecules, and they also tlirow
saac lig”t upon the results of the earlier workers who
detected ionisation In helium below the atomic
ionisation potential. This point attracted considerable
attention at the time, but was never satisfactorily
explained.

The thesis concludes with the account of an
investigation of a process of ionisation by electron
transfer which occurs in mercury vapour. Ionisation
by the transfer of an electron from a normal atom to
an ionised atom was first observed in 1927. Since that
date several instances of this process have been
observed, but the Interclaango of energy between the
colliding particles has not been studied in any detail.
Tlie problem lias attracted the attention of theoretical
workers, who have been somewhat Imndicapped by a lack
of experimental information for comparison with their
results.

This thesis is divided into four parts. The first
contains a brief outline of the quantuum theory of tlie

atom and the molecule, a summary of our present



knowledge of the interchange of energy in various
collision processes, and a discussion of the theory

of the thermionic emission from a heated filament and
its applications. Particular reference is made to
previous work which Is of importance for the development
of the experimental research described in Parts 2, 3
and 4.

To avoid interpolation of the thesis with
definitions and simple calculations tinree appendices
have been added. Where necessary, reference to the
data given in the appendices is indicated by a
superscript of the type ”A "

The results of the experimental research have been
published by Dr. F.L. Arnot and the author as follows;-

"The formation of mercury molecules. II"

Proc. Roy. Soc. A, 1G5, 133. (1938).

"The formation of hoHum molecules"

Proc. Roy. Soc. A, 17, 543. (1938).
and Proc. Roy. Soc. A, (1939) In the press.
"Electron transfer in mercury vapour"

Proc. Roy. Soc. A, (1939) In the press.
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PART I.

SECTION 1.

THE QUANTUM THEORY OF THE ATOM AND THE MOLECULE.

The classical view of the atom as a smooth, elastic
sphere has now completely given way to the nuclear theory
suggested by Rutherford in 1911 and extended by Bohr in
1913,

Tlie atom is an openwork structure of electric charges.
Its mass is concentrated in a small positively charged
nucleus round which revolve a number of electrons. The
number of the electrons is equal to the atomic number of
the element, and the positive nuclear charge, measured in
eloctronic units, is also equal to the atomic number. The
resultant charge of a normal atom is consequently zero.

Tlio electrons, each of which revolves in a separate
orbit, are considered to be arranged round the nucleus in
a series of shells. The normal helium atom has only two
extra-nuclear electrons which form a complete and stable
outer shell. 'The normal mercury atom has eighty electrons,
seventy-eight of which are grouped in five inner stable
shells, the remaining two electrons occupy orbits in a sixth
outer shell. The outer structure of the two atoms is thus
similar and they have, as a result, certain similar propert:

:ios. The outermost or most loosely bound electrons are
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knovm as the valency electrons, and It Is only with trans:
;itlon8 of the valency electrons that we are concerned In
this work.

Each electron possesses an angular momentum due to its
orbital motion and an angular momentum due to a spin about
its ovm axis. Both types of angular momentum, orbital and
spin, are quantised, that is they are restricted to certain
discrete amounts. Ihe spin momentum of all electrons is
the same. The quantisation of the angular momentum restricts
the motion to certain clearly defined orbits, associated
with each of which is a definite amount of energy. To
account for the fact that the electronic motion does not
degenerate into a spiral with a final collapse of the
electron into the nucleus, it is assumed that an electron,
if left undisturbed, can continue to revolve in one of its
quantised orbits or stationary states without any radiation
of energy. This is contrary to the laws of classical
mechanics and is known as Bohr*s first postulate. An atom
can only absorb or radiate certain discrete amounts of
energy equal to the difference in energy between two
stationary states of an atomic electron. If an electron
jumps from a higher level of energy Eg to a lower level
of energy E% the excess energy (Eg ~ E*) is radiated as a

photon with frequency V given by the relation

hy = Eg - El (1)



v/lioro h Is Planck*s constant* This is known as Bohr *s
second postulate.
The wavelength ( A ) of the photon is given by the

relation

X— he

" Eg - (2)
where ¢ is the velocity of li*it* Tlie quantum theory of
the atom thus leads to a simple explanation of the exist:
;enco of the lino spectra associated with atoms*

By imparting sufficient energy to an atom one of the
valency electrons may be raised to any of its higher levels,
or it may even be completely removed from the atom. When
this occurs the atom is said to be ionised. The different
ways in which an atom can be excited will be discussed in
the next section.

A diagrammatic representation of the energy levels of
a mercury atom is given in figs. la and lb. The symbols on
the right hand side indicate the azimuthal, spin and inner
quantum numbers of the atom associated with each level. The
notation used is defined in Appendix 3 . The figures on
the left give the energy of each level, measured from the
ground state, in electron-volts An The numbers on the
arrows give the wavelengths of the lines emitted by the
atom in passing spontaneously from the higher state to the
lower. A few of the energy levels of the helium atom are

given in fig. 2.
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Tiie ground states of tlie hoHum and tho mercury
atoms are both singlet I"Sq states. This means that tho
electron spins of the two valency electrons in the ground
state are in opposite directions. The first excited state
of the mercury atom is the triplet A q state, while
the first excited state of the helium atom is the triplet
2 S state. In a triplet state tho electron spins of the
two valency electrons arc in the same direction.

In light atoms, such as helium, the interaction
between the spin and the orbital motions is negligible
and consequently an electron excited to any of the triplet
ZSS levels cannot return spontaneously to the ground
state with tho emission of a photon, since such a trans:
tition requires a rearrangement of tlie electron spin.
The tiiree 2 S levels are therefore called metastable
since an atom excited to one of these states can remain
in tiiat state for as long as 10"" seconds. It is then
either raised to a higher state from which it can return
to the ground state spontaneously, or it may be returned
to tlio gi‘ound state by a collision of the second kind,
which will be defined in the next section.

In heavier atoms such as mercury the interaction
betv/een the spin and orbital motions may be quite apprec:

:lable. A mercury atom excited to the 2 Polevoi can
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consequontly return to the ground state with the emission
of the resonance radiation of wavelength 2537 A. Such
lines emitted in transitions between triplet and singlet
levels are called Intercombinatlon lines. The spectro:
escoplc selection rule, however, forbids transitions
between levels for which tho inner quantum number, J,
changes by any values except I 1 or 0, the particular
transition 0—0 Is also forbidden. The 2 Pg and
2"PQ levels of the mercury atom are therefore metastable,
The life of a normal excited state Is about 10 " seconds.
Tho minimum energy required to Ionise an atom may be
determined from spectroscopic data. The absorption
spectrum of a monatomic gas or vapour shows a number of
lines which converge to a limit in the ultra-violet region
of the spectrum. These lines arise from the excitation of
normal atoms to the higher levels which lie closer together
as the ionisation limit Is approached. The ejected
electron Is no longer governed by quantum restrictions

and consequently the series limit will be followed by a

continuum. The wavelength of the series limit Is related
to the lonisation potential, , by the equation
Vi 12336 3)
A

The derivation of this equation Is given In appendix 2.
For helium tho series limit Is in the far ultra-

violet in the region of 500 A. Owing to the difficulties



of oxporimental teciinique, an accurate spectroscopic
determination of the ionisation potential for helium was
not made until 1922, when it was successfully carried out
by Lyman (5). In view of his work a correction has to bo
applied to tho numerical values of the excitation and
ionisation potentials used by workers before that date.

A molecule, in addition to 1ys electronic energy,
possesses vibrational energy due to a vibration of the
nuclei along the Intornucloar axis end o rotational enor*”
due to the rotation of the nuclei about tho centre of mass
of the molecule. The vibrational and rotational energies,
like tho electronic energy, are quantised, and the possible
vibrational and rotational levels are specified by quantum
numbers. Tlie frequencies of the molecular bands obey the
same relation as the atomic lines given in e«quation (1),
i.e. h (V) = Eg - S , where and E.  are now tho Initial
and final energies of the molecule. For a given change
in the electronic energy” Y can now take a variety of
values depending on the possible changes in the vibrational
and rotational energies which can accompany the change in
tho electronic energy. All the bands, whose emission or
absorption corresponds to all possible transitions between
the vibrational and rotational levels for a given change
in tho electronic energy, form a band system. The s;Tiall

changes in the rotational enmergy, which accompany changes



in tho eloctronic and vibrational energies, give rise
to the fine lines into which every band can be resolved
under sufficiently high power.

Let us now consider v/hat occurs as two atoms approach
one another prior to the formation of a molecule. If the
attractive force varies inversely as a lower power of the
intemuclear distance than the repulsive force, then as
we decrease the intemuclear distance the potential energy
cur*ve for the two atoms will take the form of the curve

in fig. 3.

energy T€>wisive force

tractive force

aiternudesL.T distance
Fig. 3.

A stable molecule can then be formed provided an
amount of energy represented by the distance D on the
potential energy curve can be dissipated. Once the

molecule has been got into that state represented by the
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:niniiiiuia of the curve, the curve then represents accurately
tho dissociation of the molecule. It is doubtful if the
converse process can always take place, that is if tho
products of dissociation can be brought together to form
the molecule, since this requires the dissipation of an
amount of energy equal to the energy of dissociation of
the molecule.

Tho processes involved in the formation of ionised
and excited molecules and the method of disposing of any
excess energy will be fully discussed in the experimental
section.

There are three possible types of binding for
diatomic molecules, ionic binding as in NaCl, exchange
forces as in Kg, and polarisation or van der Waals forces.
For neutral mercury and helium atoms the binding cannot
be ionic. Hoitler and London (6) liave shown that the
exchange forces between normal helium and mercury atoms
must be repulsive if Pauli*s exclusion principle holds.
Eisenschltz and London (7) have shown that the van der
Waals forces at large intemuclear distances may be greater
tlian the exchange forces and can produce a definite equil:
:ibrium when the exchange forces are repulsive. Ihe bind:
:ing in normal mercury and helium molecules, if it occurs
at all, must be of this type and the normal molecules will

have very low energies of dissociation. The exchange
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forces between an excited atom and a normal atom may

bo attractive owing to the cliange in the electron
affinity of the excited atom. A stable, excited molecule
may then be formed when the nuclei approach to the
distance at which the attractive exchange force is just
equal to the repulsive force between the nuclei.

The existence of an absorption band spectrum does
not necessarily indicate the presence of normal molecules.
Atoms excited by the incident photons can combine witli
normal atoms to form stable excited molecules. Tlieso
excited molecules may then bo raised to higher states
by other photons so that an absorption band spectrum
w ill appear.

So far no bands have been observed in heluum which
correspond to transitions between the ground state of
tho neutral molecule and the normal state of the ionised
molecule. Hie ionisution potential of the molecule
could be calculated from these bands in tho same way as
the ionisation potential of the atom is calculated from
line spectra observations. Tlie ground state of the
helium molecule is generally supposed to be completely
unstable, and the bands which Hopfield (8) reported in
1930, were subsequently stated by Mulliken (9) to be due
to nitrogen. If no bands corresponding to the transition

Heg —> Heg exist then the ionisation potential of
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the molecule must be found by some other method. At

the present time the energies associated with the excited
states of the helium nolocule are reckoned from the
unknown ionisation potential of the molecule. A table
of the excited states of the helium molecule is given

by Jovon8 (10). These energy values are calculated

from observations of tho bands which originate from
transitions between tlio different excited states and the
normal state of the ionised molecule.

The knowledge of tho excited states of the mercury
molecule is even less complete than that of the helium
molecule.

Several values for the energy of dissociation of
tho normal mercury molecule have been obtained.
Koornicke (11) from measurements of the intensity of
tho 2540 A. band at different temperatures and pressures
obtained a value of 0.06 olectron-volts. Mrozowski (12)
from similar measuremonts with other bands found the
oner*” of dissociation to oe 0.73 electron-volts. The
latest deter:n:Ination is tlmt of Winans (13), who obtain:
ted a value of 0#15 electron-volts. Winans based his
calculation on observations of the correspondence between
certain spectral lines and bands under different condit:
rions. Kis method appears to be tho most direct and

reliable of the three.
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IiG obtaining of molecular data from band spectra
measurements is difficult and often uncertain. Direct
electrical investigations are necessarily restricted
to the formation of ionised molecules, but any values
obtained by these methods are of value for comparison
with the spectroscopic results.

A useful relation between the ionisation potential
of a diatomic molecule and the ionisation potential of
one of its atoms can be obtained. Let us suppose tliat
the uppermost curve in fig. 4, page 14, represents the
normal state of the ionised mercury molecule, Hgg .,
which dissociates into a normal atom, Hg, and an ionised
atom, Hg . Tlie possible vibrational levels associated
with the ionised molecule are represented by the ¢
horizontal lines which converge to a limit as the
vibrational quantum number increases. The energy of
dissociation of the ionised molecule is equal to the
energy difference between the lowest and the highest
vibrational levels. Tlie energy of dissociation can
consequently be calculated from spectroscopic measure:
;monts, if a system of bands arising from transitions
from all the vibrational levels can be found. The energy
of dissociation is equal to h ) ergs, where

and are the frequencies of the origin and the

convergence lim it of the band system. Let us also
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auppos© that the lowest curve in fig. 4 represents the
noraal state of tlio neutral molecule, KSg* This curve
nay liavo a sliglit miniiTium, due to van dor VVaals forces,
at large internucloar distances. The minimum energy of
the molecule In each state is just above the minimum
of its curve by an amount equal to the energy of the
lowest vibrational level.

It follows at once from the figure that the lonls:
:ation potentials of the molecule and the atom are
connected by the relation

A D (4)
wliere D and are respectively the energies of dissoc;
:iation of the normal molecule and the ionised molecule
The importance of this equation will bo seen in the

discussion of the experimental results in parts 2 and 3
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SECTION 2.
TUE EXCITATION AND IONISATION OF ATOMS.

A normal atom can acquire the energy necessary for
excitation and ionisation by colliding with an electron,
v/ith a photon, or with some other atom which Is in an
excited or ionised state.

It is only within the last fifteen years that the
interchange of energy in these collision processes lias
been examined in detail. The results which have been
obtained arc invaluable for those engaged in an exper:
:Imcntal investigation of ionisation processes, and they

w ill be discussed in some detail in this section.

COLLISIONS BETWEEN ELECTRONS ANh ATOMS.

MV

Suppose an electron of mass m, moving with velocity Vj_
collides with an atom of mass I which is initially at
rest. Let the velocities of the electron and the atom

after the collision bo respectively vg and V, in
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dlroctions making angles () and G with the initial
direction of the electron, and further lot us suppose
tliat during the collision the internal energy of the
atom is increased by an amount p.
By the conservation of energy
-h p (3)
3y the conservation of momentum
m = MVOxs Bf mv” cob (j) (6)
0~ m (7)
Eliminating () from equations (6) and (7) we obtain
Vj A vy — 2Vt Vea, 8 - (8)

Eliminating v* fromequations (5) and (8) we have

MM+m)VA— 2Mm Ve<w 6 -t 2pm = 0 9)
Writing gMV*= E* and equation (9)
becomos

M+ mEo”* - 2 *yMmE~*Eg CoiO -t pm = 0 (10)

F, JUm.Ee.' + /MmEe I pm ' (11)
Tills gives = Mtm -/ '@{li-mT'? 3%
Now for a hydrogen atom m 1 , and for
I IMo

heavier atoms this fraction is still smaller. Equation

(11) can therefore be written

(12)
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Referring back to equation (10) we see that if
p = 0O we Irtsnediately obtain for one value of

Egg 0 , which can be discarded. We must there:
:foro take the positive sign in equation (12) which
shov/s that the maxirmni possible value for occurs
when pg O and Oab 9=1. IThat is for a head-on

elastic collision.

(13)
id

The incroaso in the kinetic energy of translation of
the atora is therefore negligible In all collisions,
elastic (when p=0) and Inelastic (when p > o0 )°

The kinetic energy of translation of an atom at
roon temperature (2070) 8*03 x 10**"" ergs, this is
equivalent to an energy of 3«79 x 10*" electron-volts

Wo can consequently neglect the thermal energy of
the atom in comparison with the energy of the colliding
electron, and we can also neglect the increase in its
kinetic energy due to any previous electron collision.

If Eg¢j and E/’\ are the kinetic energies of an
electron before and after an inelastic collision, then
wo have from equation (5)

p = Eg- s'g (14)

Whenever an electron has sufficient energy to

cause a transition in an atom it can only give up a
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definite aniount of energy equal to the difference in
energy between the initial and final states of the

atolilc electron. Any extra energy is carried away

by tlie impacting electron as kinetic energy of trans:
ration, (equation 14). When the colliding electron
causes ionisation of the atom it may give up an amount

of onorgy greater than that which Is required for complete
removal of the atomic oloctron, since the latter once

it is outside the atom can share in the carrying off of
the excess energy.

Ihe interesting feature of“the excitation of atoms
by electron impact lies In tho way in which the pro:
rbabillty of excitation changes as the energy of the
electron in increased above the minimum value necessary
for excitation. The problem can be investigated by
two different experimental methods. The electrical
method involves the measurement of the number of
electrons which have lost the excitation energy of the
state under investigation, as the initial energy of
tlio electrons is increased above the excitation
potential for that state. The optical method consists
in measuring the intensity of tho spectral lines emitted
by the atoms in returning to the;normal state after
excitation by electrons of gradually increasing energy,

Xlio curve showing the probability of excitation to any



20.

state plotted against the energy ol' the exciting
electrons is called tho ”excitation function” of tliat
state.

Optical excitation f-jinctions have been obtained for
helium by Hu”ios and Lowe (14), Lees and Skinner (15)
and Kanle (16), and for mercury by Schaffernicht (17),
Electrical excitation functions have been obtained for
helium by Dytaond (18) and Olockler (19), and for mercury
by Arnot and Baines (20) and others. The results are
interesting for they show that the excitation f.notion
for o triplet state rises to a sharp maximum just above
the excitation potential and then falls off rapidly,
whereas tho excitation function for a slnglot state
rises to a broad maximum considerably above the excitat:
:ion potential and then falls off slowly. Tlals differ:
cence between singlet and triplet excitation is most
marked for P states.

The theoretical excitation functions for helium
have been calculated by Massey and Mohr (21) and for
mercury by Penney (22). The agreement between the theor:
retical and experimental curves is very satisfactory.

It has already been mentioned on page 5, that in
lyercury and helium excitation of the triplet states from
the ground state requires a rearrangement of the electron

spins. This can only be brought about by an Interchange
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interchange of the atomic and colliding electrons. Tho
exciting electron enters the higlier orbit and the elect:
iron from the ground (1*So) state is ejected with the
excess energy. This process has a maximum probability
when the onorgy to be carried away by the ejected
electron is small.

The probability of ionisation by electron impact
for a number of gases has been investigated by Compton
and Van Voorhls (23) and by Tate and Smith (24) and
others. The results are in good agreement with tlie
theoretical calculations of Massey and Aolir (25) and
show that the probability of ionisation rises to a broad
maximum for electron energies considerably above the
ionisation potential.

iVhen the energy of the collid.Ing electron is above
the minimum value necessary for tho removal of one
electron other types of lIonisation processes may occur.
The atom can simultaneously lose one electron and have
another raised to a hlr*or level, in which event an
excited ion is formed. More then one electron may bo
removed from the atom giving a doubly or even trebly
cliarged positive ion. In 1930 Dleakney (26) made a
positive ion analysis of the ions formed in mercury
vapour by electron impact and found critical potentials
for the formation of Hg"* and Hg®" at

10.4, 30, 71, 143 and 225 electron-volts respectively.
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COLLIUTUf b PHOTiiHa AND ATOMS.

We have seen that when an excited electron makes
a transition to a lower level a photon is emitted with
an enorf;y, hv, equal to the difference in energy between
the initial and final states of the atomic electron,
Ilie reverse process can take place, that is the atom
can absorb the energy of a photon and be raised to a
hi**hor energy state. In gases at ordinary pressures
the probability of a photon losing only a portion of
its energy is small. A photon has no rest mass and
consequently it can only excite an atom when it has
exactly the required excitation energy, there being no
particle set free to carry away the excess energy as
kinetic energy of translation. The sharpness of the
lines in an absorption spectrum shows that the probab:
illity of photo excitation is only appreciable «hen the
energy of the photons is exactly equal to the excitat;
:ion potential.

A'hen a photon has sufficient energy to ionise an
atom ©n electron is set free which can carry off any
excess energy. The experiments of Lawrence and
Edlasfen (27) on the photo-ionisation of the alkali
metals, however, show that tho probability of ionisat;

:ion rises to a sharp maximum when the energy of the



23.

photons Is equal to tho ionisation potential and
falls off sharply as the energy of the photons Is
Increased above the Ionisation lirait. This Indicates
that for ionisation, as well as for excitation, the
energy of the photons nrust be very nearly equal to
tho exact energy necessary for the olectronlc transit:
lion.

In 1926 Rouse and GlddIings (28) carried out an
Investigation of photoionisation In mercury vapour.
They found that ions were produced in the vapour whon
It was irradiated with its resonmance radiation 2537 A.
of which the photons have only 4.86 electron-volts
energy. iliey observed that the resonance line and the
resonance line only was essential for tho formation of
the ions. The ionisation was found to be proportional
to the square of the intensity of the light. These
results were checked by ibote (29) ana Koutermans (30),
and their significance will be discussed a few pages

furtiler on.

COLLISIONS BETWIihN ATOMS.
A collision in which an electron gives up some og
its kinetic energy in exciting an atom to a higher state
is called a "collision of the first kind.” In 1921

Klein and Rosseland (31) showed that the converse of
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thia process should be possible for an atom and an
electron in thormodyneLnical equilibrium. This means
tliat when an excited atom and an electron collide

the atom may return to a lower state without the emiss:
:ion oJ a photon, the excitation energy of the atom
appearing as an increase in the kinetic energies of
translation of the atom and the electron.

In 1922 Franck (32) extended this theory to
collisions between two atoms or molecules. When an
excited atom. A, collides with another atom or mole:
:cule B, the excited atom may return to a lower state
and the internal energy set free in the collision may
be used up in several ways. It may be sufficient to
excite or ionise the atom or molecule B, in which
event any energy in excess of the excitation energy
of B is used up in increasing the kinetic energy of
translation of the two particles. Wlen B is a molecule,
part of the excitation energy of A may be employed in
dissociation of the molecule, the balance of tho
energy appearing as kinetic energy of the products of
dissociation.

All collisions of this typo are known as " collis:
:ions of the second kind.”

Ihe transfer of the excitation energy from one
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atom to another has a maximum probability when there is
close '"resonance" botv/een the excited states of the two
atoms; that is when the amount of energy to be dissipated
in the kinetic form is small*

Stuart (33) In 1925 investigated tho quenching of
the mercury resonance radiation by several different
gases. He found that of a number of molecular gases
hydrogen wan tho most efficient, this is duo to the closo
resonance between the excitation onorgy of a z? mercury
atom and tho energy of Oisaocietlon of the aydrogon
molecule. The addition of argon was also found to have
a quenching effect,

A mercury atom excited to its rosonmance 2 level
posQossoa an excitation energy of 4.86 electron-volts,
IlliO heat of dissociation of the hydrogen molecule is
4.34 electl'on volts. Consequently nearly every collision
between a mercury atom in tho excited state and a
hydrogen molecule results in disceolation of the molecule,
the mercui3” atom returns to the gi*ound state without tho
emission of a photon. The excess energy over that roqu.lrod
for dissociation is 0.52 electron volts and it appears

as kinetic energy of tho products of dissociation.

The process can therefore be written
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Hg 2®Pi) + Hg —> HE+H+H+ K.E.{0.52 c-v.) (A)

A raetastable mercury 2 atom has an excitation
energy of 4.66 electron volts and is also very effective
in producing dissociation of a hydrogen molecule on coll:

cision. Tho process may ho written

Hg Q®P*) + Hg* Hgf M+ H+ K.E.(0.32 e,v.) (B)

The quenching of the resonance radiation by tho
addition of ai2oii la due to the fact tlmt the excited
mercury atom falls, not to the ground state, but to the
metastable 2 state of 4.66 electron volts energy. This

procGos can be written

He'(2"'Pj) + Ar + Ar+ K.E.(0.2 e-v.) (O)

Tho results of Rouse and Giddings for the ionisation
of mercury vapour by its resonance radiation have been
roforrod to on page 25. The fact that the ionisation is
proportional to the square of the intensity of the light
shows that two excited 2 P_ atoms take part in the formation
of each ion.

The process

Hg”"(2 P + H g 2\) -> Hg" + Hg + 2 (D)

:in which the combined energies of excitation result in the
E TANUNX nJr  -tte \tav® Umnl
44l ~ ‘thiJ'A". J
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ionisation of on©O of the atoms Is not energetically
possible; since the energy of the left-hand side, which is
9.72 electron-volts, is less than that of the right-hand
side by 10.39 - 9.72 ie 0.67 electron-volts. It was
suggested that the ionisation migiit be due to the formation

of ionised molecules by tho process
HE ~ 2®P~) + Hg"8®Pj*) -rf Hgg + E. (E)

The energy available for the ionisation of the molecule
in this process is 9.72 D electron-volts, where D is the
'energy of dissociation of the normal molecule.

Hontermans (30), however, pointed out that the probab;
;ility of a collision between two excited zg atoms each
\with a life of 10"" seconds was very small, and he suggested
that a collision between an excited 23P, atom and a 2 P0
Imetastabl© atom was a more likely explanation. This process

rmay be written
Hg (2"P~) + Hg’2®P*) —> Hg/ +¢£ (P)

ITli© energy available for the ionisation of the molecule is
mow 9.52 f D electron-volts.

Sine© the vapour was excited by the photons from a
mmorcury vapour lamp, any metastable 2 P* atoms present in
tthe vapour must liave been produced by collisions of the

%
ssecond kind between excited 2 p* atoms and normal atoms.
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A photon cannot excite a noraial atom into a metaatable
state, and, therefore the process for the production of

the 2 P0 atoms must he
+ Hg +K.E .{0.2 e-v.) (G)

The formation of ionised molecules by the process F
GUGgested by Houtermans w ill still show a dependence on
tho square of the intensity of the resonance radiation,
since both the processes F and G are involved and in each
of them a 2 atom takes a part.

To tost his suggestion Houtermans carried out a very
ingenious experiment. A fter checking and confirming the
results of Rouse and Giddings he examined the effect of
the addition of hydrogen and of argon on the positive ion
current in the vapour.

TLie addition of hydrogen resulted in a rapid decroaso
in the ionisation. Tliis Is due to the loss of both 2
atoms and 2 P”* atoms by tho processes A and C. Houtermans,
however, was able to calculate the decrease in the number
of 2311’\ atoms in his tube at different hydrogen pressures
and hence to show that the ionisation was proportional to
the number of 23P’\ atoms present.

The addition of argon gave an increase in the ionisat:
:ion which was proportional to the first power of the argon

pressure. Now the number of 2'*?* atoms formed by process

B will increase with the first power of the argon pressure;
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and tzierefore the ionisation must also be proportional

to the number of 2 atoms. This result is very important
for it not only shows that a collision between an excited
23P" and a 23pQ’\metastable" atom results in the formation
of a molecular ion by the process P, but it also indicates
tiiat a collision between two metaatable atoms does not
result in ionisation.

If the process
lig"S~Po) + Hg'(2"Po) + £ (H)

is energetically impossible then we know that the ionisat:
:ion potential of the mercury molecule must lie between tho
values 9#62 + D and 9.32 + D electron-volts, where D is the
energy of dissociation of the normal molecule. This con:
selusion Is of supreme importance in the development of
the author *s own experijnental results on the formation of
ionised molecules in mercury vapour*

Tliore is yet another type of collision of the second
kind wliich has not been discussed* Tills is ionisation by
electron transfer which was first observed by Hamwoll
(34) and by Kogness and Lunn (55) in 1927. Suppose an
ionised atom A collides with a normal atom B, then B may
bo ionised by an electron transfer from the atom B to the
ion A provided the ionisation potential of A is greater

tlian tliat of B. The energy difference between the
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Ionisation potentials of the taro atoms may bo used partly
in exciting one of the particles A or B and partly in
increasing their Kkinetic energies of translation,

Earnwoll observed processes of electron transfer of
tlie type He”4- Ne — > He - No* for various combinations
of the rare gas atoms with each othor and with hydrogen
and nitrogen. In the example given the difference in the
ionisation potentials of tlie two atoms is 3.0 electron
volts, neither of tlie atoms has an excited state with
energy as low as this and conseciuently the energy must be
dissipated as Icinetic energy cf translation.

Hoi"nesn and Lunn discovered the effect with helium
and argon ions in nitrous oxide.

TIxO transfer procesa has been treated theoretically
by Morse and Stueckelberg (30) and by Massey and Smith (37)
on tlie basis of the now quantum .acclianlcs. The theoretical
results show tliat the probability of electron transfer is
greater the smaller the amount of onorgy to be dissipated
in kinetic fom . 1Ilils does not moan tliat the ionisation
potentials of the colliding particles must be nearly equal
for the electron transfer to take place. It will occur
with a high probability if thoro is an excited state of
one of the resulting particles with an energy just loss than

tho difference between the ionisation potentials of the two

atoms. The particle will then emerge from the collision in



31.

that excited state. This is in agreement with the
experimental observations of such processes.

Electron transfer between doubly charged ions sind
neutral atoms was first observed by Henderson (38) In
1922. for o particles. This process has since been
oxtenslvely studied for pai'ticlos by itathorford,
Ciaadv/ick and E llis (39) . Tliuso oxperlrxents indicate tho
transfer process gradually increases with the rfinge of
tho Ji particle and thon falls off sharply.

In 1930 Kallmann and Rosen (40) first observed a
number of electron transfer processes between doubly
charged ions and normal atoms of the typo

AT Ar RO Ar+’ Afr

Ar** + He —>Ar"* t

Kg™*+ Hg  Hg™ + Kg™
These processes were studied by means of a mass spectro:
:graph. The distribution of the energy between the

resulting ions was not examined In any detail, and has

nov; been investigated by the author for the process

+ Hg  Hg"+ Hg*
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SECTION 3.

THE gilEORY OF THERMIONIC EMISSION.

The thermal e>nlssion of electrons from a filament
has been treated thermodynamically by Duoilman (41) . The
problem may be regarded as equivalent to the evaporation
of a monatomic gas and by applying the Clausius-Claperyon
equation Dusliman has shown that for any one particular
surface the electron current emitted per unit area is
given by the equation

o *bd
IsA'i'""! T (15)

whore A and b are constants for the surface and T is
the temperature of the emitter. In the derivation of
this equation the effect of the mutual repulsions of the
electrons has been neglected.

IvGt us now consider the passage of an electron current
from a wire of radius r* cms to a concentric cylinder of
radius r™ cma when a potential difference of Vc volts is

applied between the wire and the cylinder to draw the
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electrons away from the emitter. Tlie electron density at
a point P, r cias from the centre of the wire, will depend
upon tlie current (i) emitted per cm length of the wire and
tho velocity (v) of the electrons at P.

For symmetrical cylindrical co-ordinates Poisson's

equation
A ih = -ATif
can he v/ritten
A N/ 17)
We nlso have —f = (18)

and neglecting the initial velocity of the electrons

Ve
(19)
Eliminating IT and substituting for p in (17) wo
obtain
q+ A
U JeV ,20,

The solution of this equation given by Langmulr (42) is

66 X 10 A
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z
vi;liere »> la a function of the ratio 7¢ v* and is very

nearly equal to unity for values of /rw >

We can now discuss the changes which take place In
the emission from a heated filament under different
conditions. If the applied potential between tho filament
and the collector is small then the value of the emission
given by equation (21) will be less than the saturated
emission given by equation (15). The electron current is
then said to be lliiiited by space charge, and raising the
filaraent temperature w ill produce no Incroase in the
emission. As the applied potential is gradually Incroasod
the emission will increase until its value given by equat;
:zion (21) becomes equal to the saturated emission given
by equation (15), further increase in the applied potential
w ill then produce no increase in the electron current.
That is, a saturated or to;%)erature limited emission can
only be Increased by raising the terngperature, while a
space charge limited current can only be increased by
raising the applied potential, or by admitting positive ions
which will neutralise the negative space charge of the
electrons.

Langimilr (42) was the first to point out the value of
tho space charge limited current as a detector of positive
iono. A positive ion of mass Mentering into the field

botv/oon the filament and the anode w ill move with a
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velocity Jm/H times that of an electron of mass m, in
tho same field. The positive ion will consequently
neutralise the space charge of at least “M/m electrons.
Actually the positive ion describes a number of spirals
around tlie filament before striking it and can neutralise
tlio space charge of as many as 10" to 10" electrons. Tlio
presence of a small number of ions can thus cause an
appreciable Increase in the filament emission.

In 1920, Found (43) verified the equation (21)
obtained for the space charge limited emission. His
apparatus consisted of a filament run at a high temper;
:ature and a surrounding anode. He showed that In the
absence of any gas or vapour the current was accurately
proportional to V3//2, where V was the applied potential
corrected for contact potentials. By admitting a number
of gases and vapours to the tube, he obtained values for
their ionisation potentials by determining the value of
tlie potential V atwhich thecurrent began to increase at
a rate faster thantliat given by the 3/2 power law. He
obtained values of 20.5 volts and 10.1 volts for the

ionisation potentials of helium and mercury respectively.

Tlie next improvement in the space charge method was
made by Hertz (44)in 1923. His apparatus could be used
to determine either excitation potentials or ionisation

potentials by making a simple alteration in tho external
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circuit. For tho investigation of ionisation potentials
ho kept the potential between a filcuaent end the surround;
;ing anode constant at a value bolow tho resonance potent:
;ial of the gas under investigation. The filament was
run at a hlgli tern:erature to give a strongly space cliarge
limitod emission. The electrons from a second filament
v/iore accelerated up to a gauze in the anode surrounding
the first filaiaent. Whon the energy of the electrons,
from the second filament, was sufficient to produce ions
the emission from the detecting filament showed a marked
increase* Although Hertz investigated tho excitation and
ionisation potentials in neon and argon, he has only
reported an investigation of the excitation potentials in
helium. This is unfortunate since any results, which he
may have obtained, for ionisation in helium would have
been interesting for comparison with those given in
this thesis °

Hertz* method is an improveiTient over the original
two electrode method used up to 1923, for the emission
from the detecting filament is constant below the ionis:
cation potential, and the break in the curve can be
dotemIned more accurately tlian when the curve is stead:
;ily increasing.

In both these methods, however, the increase in the

em ission must be measurable in comparison with the actual
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emission before it can be detected, Illie sensitivity can
be greatly increased by using two filaments arranged in
parallel, one of which is exposed to any ions that may
bo formed, while the other is carefully shielded. By
balancing the emissions from the two filaments, any
fluctuations in the heating current can be eliminated,
and the actual change in the emission of the detecting
filament can be measured by a sensitive galvanometer.
Tills is the method adopted by the author.

The space charge limited omission from a filament is
'imaffected by the presence of any electrons which may
enter the region arcnxnd the filament from any other source.
IThis is a very great advantage as the effect of photo;
;electrons and secondary electrons which may be ejected
fron the elactrodes and gauzes in tlie apparatus can be
neglected, provided there are no fields present which can
give these electrons an energy greater than that of the
electrons used to excite or ionise the gas.

Actually because of the conduction of the heat by the
filament leads, the emission from ai filament is not space
charge limited over its entire ieng;th. The emission from
the central, or hottest, portion of the filament is
apace charge limited, b”t the emission from the cooler

portion near tho ends is temperature limited. Any electrons
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entering the region round the filament will reduce the
saturated omission drawn from tho ends, because of their
negative space charge. This swinging over of the emission
from a saturated to a smaller space charge limited value,
w ill occur over a short length of the filament on either
side of the centre, at the two points where the emission
'just ceases to be space charge limited.

If the temperature gradient at these two critical
points is small, then the electrons approaching the
filament from an externmal source will produce a greater
effect than if the temperature gradient is large, since
tho omission from a greater length of filament will be
affected. As the temperature of the central portion of the
filament is increased the position of these two critical
points, which are determined by a certain fixed temperature,
w ill move towards the ends of the filament. Now the
temperature falls off according to an exponential law as
t1ic distance from the centre is increased and therefore
tho temperature gradient decreases as wo approach the ends
of the filament. The effect of raising the temperature of
the filament will therefore be to decrease tho tenperaturo
gradient at the points where the swinging over of the
emission occurs. This means that raising the temperature
of tho filament will make it more sensitive to tho effect

of external electrons.

Tlie importance of this point will be discussed in

tho experimental section.
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SECTIOIT

DISCUSSION OF SOilB PREVIOUS WORK ON IONISATION

IN HELIUM AND MERCURY VAPOUR.

Although a consldorablo amount of work was carried
out between 1918 and 1923 with a view to determining
tlio excitation and ionisation potentials of helium, no
satisfactory explanation of the different results has so
far been givon.

'fhe oarliest workers were chiefly concerned v/ith tho
obtaining of data by means of which the quantum theory of
the atom could be checked. Until 1922, when Lyman (5)
carried out his spectroscopic determination of the atomic
ionisation potential which was found to be 24.5 electron-
volts, the generally accepted value had been 25.2 electron-
volts. In view of this correction the author has, where
necessary, substracted 0.7 electron-volts from the values
of the excitation and ionisation potentials given by
workers before that date.

In 1920, Compton (45) using a modified Lenard method
detected the first excitation potential at 19.8 volts and
an ionisation potential at 24.5 volts. He also observed
some ionisation for electron energies between 19.8 and
24.5 volts. This ionisation increased steadily as the

pressure of the helium was raised. Compton suggested that
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the ions detected below the atomic ionisation potential
Y/ero atomic ions formed by collisions between electrons
and atoms in excited states. This process if it occurred
v/ith sufficient probability would certainly give rise to
atomic ions below the atomic ionisation potential.
Evidence will be put forward in the experimental section
to show that the probability of such a collision is too
small to account for the magnitude of the positive ion
current detected.

Other workers who obtained similar results suggested
that the effect was due to the ionisation of atoms of an
ijnpurity present in the helium, by collisions of the
second kind with excited helium atoms.

An interesting Investigation was that carried out
by Horton and Davies (46) who used a modified form of
Davis and Gouclier's apparatus which had proved so
satisfactory for a similar investigation with mercury (47).

Their apparatus is shown diagrammatically in fig. 7.
The arrangement of potentials used for the detection of
positive ions is given in the figure. Electrons from the
filament F were accelerated up to the gauze by a
variable potential and then retarded by a potential

> Vq applied between the gauzes Gg and (3. Ions formod

in the field-free space betv/ieen G% and Gg were accelerated
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up to tliG gauze by the potential and were able to
pass to the plate P against a small retarding potential
Y2 vdilch was applied between and P to prevent any
electrons from leaving P. Electrons ejected from G
wore accelerated up to P by the potential Vg,

With this ari'angement of potentials as soon as the
value of YQ becomes equal to the first excitation
potential a negative current due to the electron emlssion
from G5 should be detected by the electrometer connected
to P. As soon as ions are formod the current should change
from a negative to a positive value.

Horton and Davies detected a negative current which
indicated an excitation potential when was equal to
19.8 volts. This was due to the ejection of electrons
from GO by metestable 23S atoms. Oliphant (48) has since
shown that metastable 228 helium atoms ar“e singularly
effective in bringing off electrons from metal surfaces
with which they collide. When V0 was increased to 20.6
volts” the resonance potential, Horton and Davies
observed a strong positive ion current. They concluded
that this was due to the ionisation of the metastable
2'AS atoms by the photons of the resonance radiation. In
view of the work of Lawrence and Edlesfen referred to in
soction 2, we know that the probability of ionisation of
a 228 atom by a photon of energy 20.6 electron-volts must

be very small, since it only requires a ilirther 4.7 volts
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oner”y for ionisation. This explanation cannot be correct.

I'Yanck (49) has pointed out one source of error which
is iniiorent in the use of this method. Electrons liberated
fran Gjj are acce lerated by the potential /;* and have
onorgies which depond on their velocity of ejection and on
the value of . This energy may be far greater than the
energy of the electrons fran the filament and sufficient for
them to be able to produce ions by collision with gas atoms.

There is however another much more serious source of
error which does not appear to have been previously pointed
out. The success of the method depends upon the fact tliat
piaotoolectrons are prevented from leaving the plate P, if
this is not so than it is impossible to distinguish between
the aiTival of a positive ion and the ejection of an
electron. This means that the value of Vg must be greater
than the difference between the energy of the photons and
the work function of the plate.

Horton and Davies used gauzes and electrodes of
platinum which has a work function of 6.3 electron-volts
(50). The value of Vg should therefore not have been
reduced below 13 volts. Unfortunately they do not give the
precise value used, but they state that it was "very much
smaller" than which was kept equal to 4. This
suggests a value below 10 volts since a low value of Vg

Increases the sensitivity to positive ions. No mention is
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made of any precaution taken to keep Vg above IB volts.

Metastable atomf» are as effective as photons in
liboratint; electrons from metal surfaces. The metast.able
atoms formed in the field-free space must pass throu”i the
gauzes Gg and G and reach the plate P before they can
lihorato electrons from it. The resonance radiation
emitted by excited atoms in the field-free space can be
absorbed and ro-omitted by other atoiiis throughout the
gas, and consequently will be more effective than the
metastable atoms in liberating electrons from the plate P.
This would account for tlie fact that Horton and Davies
obsorved only excitation at 19.8 volts and ionisation at
20.5 volts.

In 1920, Goucher (01) used the same method and
detected ionisation at about 20 volts, lor e helium
pressure as low as 0.01 ram His value of Vg was only
I.b volts, which fully accounts for his result.

Bor work with mercury in which the photons of the
resonance radiation have only 4*9 electron-volts energy,
thon a small potential of one or two volts is sufficient
to prevent any photoelectric emission, and this method
gave very satisfactory results.

The ionisation which occurs in helium for electron
cnorgios between 17 and 40 volts has now been investigated

by the author, using a mass spectrograph, and some

interesting results have been obtained.
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In 1936 Arnot and i.illligan (4) made a positive ion
analysis of the ions formed in mercury vapour by electron
impact. Their apparatus is fully described in Part 3 of
this thesis, where an account of a similar Investigation
for hoHum ions is given. They obtained definite
evidence which sliowed that ionised molecules are fomed
in mercury vapour by Uie attaclment of excited atoms to
normal atoms. Their curves indicate that an excited
atom must possess about 9.5 electron-volts energy before
it can combine with a normal atom to form an ionised
molecule.

The energy level diagram for the mercury atom given
In fig. lb, shows that there are a large number of excited
states having about tiiis amount of energy. The following
apparatus was designed to determine the appearance
potential more precisely by the use of a balanced spaca-
charge method. The high sensitivity of this method has

been discussed on page 37.
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PART 2.

AN INVESTIGATION OF THE FORMATION OF MERCURY

MOLECULES BY A BAIANCED SPACE-CHARGE METHOD.

THE APPARATUS.

fi1o apparatus was contained in a large pyrex tube
fitted with a 5 cm. ground glass joint, so that the
whole apparatus could be withdrawn for adjustment and
filament renewal.

The scale drawing of the tube in fig. 8 shows the
advantage of this type of tube since it can be used for
more than one piece of work. The dimensions of the
apparatus are only restricted by the size of the joint.
The diameter of the joint should not exceed about 5 cms
if tiie glass is to withstand the high external pressure.

Low vapour pressure Apiezon grease ”N” was used for
the joint which was water cooled. It was found that the
joint could be removed without difficulty if it was
warned with hot water to lower the viscosity of the grease
The removal of the joint was facilitated by the solid
glass arms attached to the upper part of the tube. Any
grease coming into contact with the apparatus on with:
:drav/al was immediately removed, and the inside of the

joint was carefully cleaned before re-insertion of the

apparatus.
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if1o filament loads and connecting wires," enclosed in
fine quartz tubes, were led down the central tube. Tiiey
wore sealed into the pyrex tube by Lilliendahl* s white
vacuum wax.

The tube was supported on a wooden stand at an angle
Ox 10 to the horizontal. The wider outlet tube was
connected to a mercury diffusion pump backed by a Hyvac
pump, the narrow tube was connected through a tap to the
McLeod pressure gauge. A small quantity of phosphorus
pentoxide was kept in a large air reservoir on the low
vacuum side between the diffusion and backing pumps. The
purpose of the reservoir was to give a large volume on the
low vacuum side, so that in the event of a temporary
fall'ore of the H"rvac, the diffusion pump could continue to
work for some time without the backing pressure becoming
too groat.

When it was necessary to lot down the vacuum dry air
was admitted by opening a tap between the reservoir and the
Hyvac. The air which entered through the tap was first
passed through a drying tube containing phosphorus
pentoxide. The McLeod gauge was kept permanently evacuated
by closing the tap between the gauge and the apparatus
before the admission of the air.

The McLeod gauge was of the full length type, with
a rubber tubing connection between the bulb and the mercury

reservoir. It was found that by fitting an air trap
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between the rubber tubing and the bulb the troublesoine
eifect of air bubbles was entirely eliminated.

A scale drawing of two forms of the apparatus
together with a wiring diagram is shown in fig. 9. All
metal parts. Including gauzes, filament leads and
connecting wires were made of gas”free nickel spot-welded
where necessary. The cylinders and Cg were similar
except for a gauze window set into one side of . The
end-caps for the cylinders were pressed out of one piece
of nickel so as to give a perfect fit. The holes, for
the entry of the filament leads, were punched out of the
nickel and then filed to the exact size of the short
quarts insulating tubes. The iris formed in the filing
process gave a good tight fit. The cylinder (O was fitted
into a rectangular box folded out of one piece of nickel,
'thc remainder of the box formed the space S and the shield
round the filament . In this way any electrons from
were prevented from reaching the outside of the cylinder
Co. The cylinder Cg was supported from by quartz rods
which insulated it from the rest of the apparatus.

The filament was a straight tungsten wire 0.15 mm
in diaimeter and 12 mm long. The filaments Pg and F3, which
v/iero connected in parallel, were of tungsten 0.1 mm in
diameter and 12 mm in length. They were co-axial with the

cylinders and Cg and their loads wore insulated frcHn
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the end caps by short quartz tubes.

Tlireo nickel-plated copper brackets were fitted
round the central tube which passed througli the joint.
Hie apparatus was supported from the lowest bracket by
means of short stout nickel wires spot-welded to the
rcctangulcr box as shown in fie* 3. The loads for the
filamert wore kept permanently fixed to the other two
brackets. The filament was supported by two short stout
wires attached one to each bracket. Hie wires were fused
into short pieces of thin pyrex tubing which were joined
together side by side to give a rigid support for
All wires were attached to the brackets by screws and
washers. The quartz tubes which Insulated the wires In
tho central tube were closely packed together, this gave
sv-fflcient rigidity for the other wires which could be
led out and spot-welded directly to the different parts of
tlie apparatus.

A pool of mercury was kept at tho lower end of the
tube v/iiich could be heated by a non-Inductively wound
electric furnace. A nickel-plated copper disc, just small
cnougli to pass through the joint, was fitted between the
apparatus and the outlets to ths pumps and the McLeod
gauge to prevent rapid diffusion of the mercury vapour at
high pressures. The vapour pressure corresponding to

different temperatures of the fxxnaoe was found by using

an ionisation gauge of the external collector type.
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The gauge v/hlch la shown in fig# 10 was substituted
for the apparatus in the tube. The metal cylinder C and
the cylindrical gauze G were made of nickel. Tlio figure
shov/s clearly the design of the gauge. Electrons from the
filament F were accelerated up to the cylindrical gauze G
by a potential V*, and then were retarded by a potential
vV > applied between the gauze G and the concentric
cylinder C. Positive ions formod in the space between G
and C were dravm to C, and the positive Ion current, which
increases as the pressure of the gas or vapour in tube is
raised, was measured by the galvanometer M. VQ was set
equal to 50 volts and V equal to 60 volts. The emission
frai the filament was held constant. Nitrogen was admitted
to the tube, and the positive ion current measured at
different nitrogen pressures as read on the McLeod gauge.
The curve showing the positive ion current plotted against
nitrogen pressure is the calibration curve of the gauge.
V/lion the nitrogen had been pumped out the furmace was
switched on and the positive ion current was measured at
different furnace temperatures and at room temperature,when
tho pressure of mercury vapour is 1 x 10¥ mm of Hg. The
positive ion current was then plotted against furnace
tomporature and the ordinates reduced so that this curve
at room temperature fitted tho calibration curve at a

z
nitrogen pressure of 1 x 10“ mm of Hg. This correction

is necessary because the positive ion current depends upon
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the relative probabilities of ionisation at a collision
in mercury vapour and nitrogen, as well as on the pressure.

The actual vapour pressures at different furnace
temperatures were then read off and the values of the
vapour pressure were reduced to their values at O*C. 'Phe
full curve in fig. 11 shows the variation in vapour
pressure with furnace temperature. The broken curve
ropresents the saturation vapour pressures corresponding
to tho same furnmace temperatures, the ordinates have boon
reduced by a factor one quarter. The values were taken from
the "International Critical Tables" and reduced to O”C.
Tlie curves show that the actual vapour pressure in the
tube was about one quarter the saturated value at the
same furnace.temperature. The bend in the vapour pressure
curve at a temperature of about 8570 indicated that some
modification must be made in the apparatus for the use of
higher pressures.

A second form of the apparatus shown in fig. 9a was
constructed slightly smaller than the original so that it
could be enclosed in a nickel cylinder 3 cm.in diameter
and 6 cm.long. The cylinder was closed by a tight-fitting
cap at each end, the only opening being a small aperture
for the entry of the filament . The other leads and
connecting wires wore brought out through quartz tubes

which fitted tightly into the containing cylinder. Wlion

mercury was placed inside this cylinder, it was found tlmt
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the heat radiated from the filaments was sufficient to
produce a high vapour pressure. The vapour pressure was
estimated hy placing the Ionisation gauge, without Its
outer cylinder C, Inside the containing cylinder which
took the place of C as the collector of positive Ions.
The vapour pressure Inside the cylinder was found to be

of the order of 0.1 mm of Hg at O”Ce

EXPKRIMEIV*TAL PROCEDURE.

Tlie filament was first flashed to get rid of the
gas In the tungsten. This was done by applying a potential
of 60 volts between the filament and the gauze and
then quickly raising the temperature of the filament un til
It gave a saturated emission of 100 mllllamps. After ton
seconds the heating current was reduced to zero and the gas
given off was pumped out. The emission was read on a
mllllammoter with an Internal shunt which gave the Instrument
ranges from 0-5, 0-50, and 0-500 mllllamps. A very delicate
wire which fused at 200 mllllamps was kept In series with
tho mllllammeter In case a short circuit, or an arc,
occurred between the filament and the cylinder . The
heating current was adjusted to give a saturated emission
of 2 mllllamps and tho filament was then run-in until the

emission became steady and no more gas was given o ff.
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The process was then repeated for the filanents
Fg and . The sane part of the external circuit could
be used by short circuiting the galvanomoters and ilg
and by making the dotted connections in the key, «rhich
was specially constructed for this purpose.

Wlien the pressure of the residual gas, shown on the
McLeod gauge, had fallen below 2 x 10é mu the heating
current through the filaments Fg and was adjusted to
give a saturated emission from each filament of about 0.1
m llliamp. The connections in the key were then cixanged to
those represented by the full lines so that the potential
between the filaments Fg and and their respective
cylinders was reduced to 2 volts. This resulted in their
emissions becoming strongly space-charge limited to a
value of about 0*01 mlllianps. The emission from alone

8 read on the galvanometer Mg, which had a sensitivity
of 9.7 X 10“9 amp/n/lm, so that its constancy durl-ng any
one run could be checked. Tlie emissions from Fg and
were then balanced by the bridge arrangement which
incorporated two 10,000 ohm resistance boxes and the
galvanometer which had a sensitivity of 7.8 x 10""11
amps/ilum. Doth galvanometers were provided with universal
shunts so that their sensitivities could be suitably
altered.

The heating current for the filament was adjusted

to give a saturated emission ol 0.2 mllllamps, and then
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the potential between the filament and the gauze

was reduced to a value of about 2 volts and gradually
increased. The electrons from * were accelerated up

to the gauze by a potential Vq applied between the

contre of the filament and the gauze. Two 100 ohm
resistance coils were connected across the filament leads
and tho potential was applied to the junction of the
two coils as shown in fig. 9. Since the electrons are
emitted from a short region in the centre of the filament
this arrangement considerably reduces the effect of the
potential drop along the filament.

VQ was altered by means of a potential divider”?
which was connected to earth, and the value of was
read on a Vieston standard voltmeter.

Owing to the high sensitivity of the galvanometer

, the whole of the external circuit connected to the
filaments Fg and F* had to be carefully insulated. All
tho batteries, rheostats, resistance boxes etc. were
mounted on wooden bP&rds which rested on ebonite blocks
with sulphur rings. It was found tiiat if one stood on a
wooden board, insulated from the floor by ebonite blocks,
when adjusting the value of VQ no disturbance of the
galvanometer occurred.

When VQ was raised to a value at which ions were

formed in the field-free space S, some of the ions
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diffused tlirough the gauze Gg and by neutralising the
space cliarge round the filament Pg increased its emissioni
If and Rg are the values of the resistances taken
cut of the boxes to balance any inequalities in the
emissions from F% and Pb at the start of tho run then
i"R* = IgRg (22)
\diere end Ig are the actual emissions from Fg and
Iffi is the change in the emission from Pg due to
the presence of positive ions, tho actual current flowing

in the galvanometer circuit is given by i where

I  (,+S1)Ri- ijiRg

and G is the resistance of the galvanometer and the

shunt. From equation (22) we have
L- - f;

die current through the galvanometer is therefore
proportional to the change in the emission from Pg.
77xth the apparatus shown in fig. 9b the ions were
foivoed in the cylinder and were immediately drawn to
the filament Fg. 1In this way the sensitivity was
increased. Tlie electrons from K" entering the cylinder
were retarded by the potential of 2 volts applied
between P* and (j*, and consequently a number must have

mado collisions when moving with an energy less than VA~
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Tlie results obtained with the two forma of the apparatus
show that the effect of removing the field-free space is
unimportant, and the increase in the sensitivity enables
tho appearance potential to be determined with equal
accuracy by either method. Theoretically, the original
design of the apparatus is the better and without it one
could not have been certain of the accuracy of the results
obtained without the field-free space.

It is wall Imown that in tlie absence of any positive
ions tho number of electrons passing through a gauze does
not increase proportionally with the number of electrons
coming up to tho gauze. A prelLainary test was therefore
made by insulating the gauze from the rest of tho
apparatus, and then measuring the electron current to G
and to the box behind as was increased. When VQ
was below the ionisation potential the omission from
was space-charge limited and consequently increased as

was Increased up to the ionisation potential when
saturation set in. It was found that when the emission
from was kept constant, by altering the heating current
after each change in V”, tho number of electrons entering
the field-free space varied in an erratic manner. On
the other hand when the emission was allowed to increase
with VQ it was found that the number of electrons entering

the field-free space steadily increased with VQ. The

increase was linear up to the ionisation potential,
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VQ = 10.4 volts, after which the rise became less steep

as tho emission approached Its saturated value. It was

therefore decided not to attempt to keep the emission

from constant but to allow It to increase steadily as

was increased.

TA
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RESULTS.
MUASURK-1EHTS IH VACUUM

The tube was temporarily rotated into a more
vertical position and the lowor end of the tube up to
the two side outlets was Laniersed In a large Dewar flask
containing a mixture of solid carbon dioxide and alcoiiol.
VQ was increased from 0 to 12 volts at Intervals of 0*5
volt and the change in the emission from Pg was read on
the galvanometer $ A number of runs were taken for
different temperatures of the filament Pg. The results
obtained are shown in fig. 12. Tlie value of the
saturated emission from Fg is given to the right of each

curve. The saturated emission, which is given by the

b
equation i = AT2£-T on page 32, Is a measure of the
temperature of the filament. The curves, which have
been slightly displaced in a vertical direction to
separate the points at low values of VQ show that the
emission from Fg decreases steadily as VQ is increased.
It is also seen that the rate of decrease increases with
tho temperature of the filament Fg. It was found that
the decrease in the emission from Fg increased when the
omission from P* was increased.

We have seen on page 37 that owing to the cooling

of the filament by the leads, the emission is not
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entirely space-charge limited and that the presence of
any electrons from an externmal source will decrease

til© emission. Since the decrease in the emission from

Fg increases with and with the emission from it
must be due to the scattering of electrons from into
til© cylinder G~ * It has also been shown from theoretical
considerations that the effect of the scattered electrons
will increase as the tooiperature of tho filament Pg is
raised. This is borne out by the curves of fig. 12.

In the earlier runs with mercury vapour the heating
current for the filaments P* and P* had been set to give
a saturated emission of 0.1 m.A. To minimize the decrease
in the emission from Fg the filament current for Pg and

was subsequently reduced to give a saturated emission
of 0.06 m.A. from each filament. The uppermost curve in
fig. 12 shows that for this value of the saturated
emission, the fall in the curve is very nearly linear.
The curves obtained with mercury vapour showed a decrease
in the emission from Fg tliat was strictly linear as
was increased up to the point at which ions were formed.
It was thus possible to make a more accurate déterminat:

fion of the ionisation potential than would have been

tlio case for a non-linear fall.
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111 MERCURY VAFOUn.

'i'hree curves obtained at different pressures of
mercury vapour are given in fig. 13. The curves show
tlio change in the emission from the filament Pg as tho
energy of the electrons from was Increased. The
pressure for curve (s) was 0%¥001 irpii, for curve (b) 0.031
mm and for curve (c¢c) 0.11 mm of Hg at O"C.

The low pressure curve (a) shows a linear fail,
similar to that obtained in vacuum, for electron energies
below 10 volts. At 10.6 volts the curve begins to rise
sharply, showing the presence of ions which neutralise
the space charge around Pg and increase its omission.
Tlio medium pressure curve (b) Is similar to curve (a)
except that ions now appear at about 9.6 volts. This
movement, through about one volt, of the point where the
curve begins to rise was found in all pairs of curves
taken at pressures of tho order of 0.001 and 0.01 mm

A number of runs were taken at pressures ranging
from 0.01 mm to 0.05 mm of Kg at O"C, being gradually
increased in steps of 0*1 volt. Two typical curves
arc shown in fig. 14, The curve (a) was obtained with
tho apparatus shown in fig. 9a, at a pressure of 0.026
mm of Hg, the curve (b) was obtained with the apparatus
of fig. 9b at o pressure of 0.03 mm of Hg. All
such curves showed a distinct increase in slope in the

rising portion at a point about 1 volt above the bend

in the curve. This cliange in slope did not appear
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in tho rising portion of any of the curves taken at a

pressure of 0¥001 wm of Hg at O”C.

The formation of mercury molecular Ions, as shown

by Arnot and 1*1lllgan, requires a collision between an

excited and a normal atom, that is it must occur within

10*** seconds after the excitation .of the atom. The
probability of such a collision occurring at low pressures
is very small. Tlie value of VQ at which the low pressure
cui*ve (a) in fig* 13 starts to rise must therefore
indicate the ionisation potential of the atom which is

Imown from spectroscopic data to be 10.39 electron volts.

Tlio values of given in these curves are uncorrected

for contact potentials which will vary with the type of
apparatus used and at each filament renewal. This
accounts for the relative shift in the curves of fig* 14.
It is to be noted that the curves (a) and (b) of fig* 13

woro obtained consecutively and require equal corrections

for the voltage scale.

Tlie movement of the bend in the curves to a lower
value of VQ when the pressure is increased by a factor
of ten indicates the appearance of molecular ions. In
the higher pressure curves the ionisation potential of
the atom is indicated by the inflexion in the rising
portion, which occurs at about one volt above tho bend.

The point at which these curves begin to rise is then

the appearance potential of the molecular ion.
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By determining the difference In energy between the
point Bt which the curve begins to rlao and the point at
which the Inflexion occurs tho appearance potential of
the molecular ion can be found, since the ionisation
potential of the atom is known to be 10.39 volts. The
value so obtained is Independent of any contact potentials
Owing to the energy spread of the electrons from the
bend is not sharp. Py extrapolating the rising and
falling portions of tho curve as shown In fig. 14, the
effect of the energy spread of the electrons from can
be eliminated.

The following table gives seven values of the
appearance potential determined from different curves
obtained with the two forms of the apparatus shown In
fig, 9. The pressure at which the curves were obtained

is also given.

TABLh 1.
Apparatus of fig. 9 a. Apparatus of fig. 9 b.
iressur© iri Appearance Pressure in Appearance
nra. of Hg at Potential mm of Kg at Potential
0 C. electron-volts. o'C. aioctron-volti
0.026 9.71*% 0.030 9.70 ~
0,020 9.62 0.027 9.64
0.017 9.77 0.020 9.65
0.009 9.68
#. -f

From curve (a) fig. 14. From curve (b) fig. 14.
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Three other curves obtained with the modified form
of the apparatus shown in fig. 9 a gave values of 9.78,
9,82, and 9,64. The mean of these ton results is
9.70 t 0.01.

An excited mercury atom must therefore possess a
minimum energy of 9.70 i 0.01 electron-volts before it
can ccmbine with a normal atom to form an ionised
molecule by the process

Hg' + Hg Eg?r + £ (A)

Ilouterman»s explanation of the photoionisation
of lasrcury vapour by its resonance radiation by the
process

Egg + £
has already been discussed on page 27. Since this
process requires a collision between two excited atoms
we would expect it to occur at higlier pressures than are
necessary for the occurrence of process (A) which
involves only one excited atom.

The curve (c) in fig. 13, obtained at a pressure
of 0.11 m of Hg at O'C with the modified apparatus
enclosed in the nickel cylinder, definitely indicates
the presence of ions for electron energies well below
tlio appearance potential of the molecular ion at 9.7
electron-volts. Several similar curves were obtained at

this high pressure. Tlie curve (a) in fig. 15 shows this

curve (c¢) of fig. 13 corrected for the fall in the
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emission from Pg, by the substreetlon of the results of
a vacuum run. This fall has been shown to be due to

the fact that the emission from Fg Is not entirely space
cliarge lim itsd, and is consequently decreased by the
presence of electrons from which are scattered Into
the region round Fg.

In view of Houterman’s evidence that a collision
between two laetastable atoms doos not lead to
Ionisation, it follows that tho rise In the curve (a) in
fig® 15 cannot occur below the resonance potential 4.86
electron-volts. A correction of *f 0.65 volts has
consequently been made to the voltage scale In fig. 15
to make the rise begin at 4.86 volts. This correction
can bo accounted for by contact potentials existing In
the apparatus. Wsxon the curve Is corrected In this way
tho second upward rise due to the formation of molecular
ions by the process (A) sots In at 9.7 volts, which is
the moan value for the appearance potential already
obtained-

For these high pressure curves VQ was altered In
stops of 0.5 volt, the primary object being speed, for
owing to the rapid deterioration of the ttungsten by the
mercury vapour the emission from the filaments Fg and

tended to fluctuate* This was carefully checked by

observing the galvanometer Mg, and any change In the
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oaisslc»! from Fg duo to deterioration was easily
distlziculshable from a change due to the presence of
positive lone. After any fluctuation the run waa always
restarted, and tlie experiment repeated until a aufflclent
nuc”r of complete curves had been obtained to conflrn
tho result.

tho broken curve (b) In fis* 15 repreaents the
theoretical excitation function of the 2 state given
by Penney {22)» ilie close agreement between the
Uieoretlcftl curve and tJie oxperlr*ental curve below 9.7
volts confinas iloutOrman*s conclusion. If a collision
between two metestable 2 Pq atomo each with an energy
of 4*66 electron-volts resulted In tlie formaticm of a
molecular 1lem, we would have expected the Ions to appear
dt a prespure acre nearly equal to the prescure necessary
for the process (A). Furthemore, If the curve (a) of
fig. 16 had been corrected to give a rlca beginning at
4*06 volte, Instead of at 4*86 volts, then the second
upward rlae would have occurred fit 0.6 volta, a value
iilcl* Is over 0.1 volt lees than the lowest value of tlie
appeararce potential detez*mlnoc with a sIW lar apparatus

at E lower pressuTe.
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DISCUSSION OF RBSuLTS.

While this piece of work was drawing to a conclusion
a paper on the same subject was published by Snavely (62).
His apparatus was similar to that shown in fig. 9 b. Ills
published curve obtained at a pressure of 0.09 mm is
reproduced in fig. 15 as curve (c¢). T?ils curve can be
compared with the author *s curve (a). It is of
approximately the same shape but is moved bodily to the
right relative to the curve (a). Snavely corrected his
voltage scale for contact potentials by moving the curve
until the second minimum occurred at 10.39 volts, for he
assumed that the steep rise was due to the onset of direct
atoinic ionisation. At tlie saiae tSmo he remarked that on
inflexion occurred in the upward rise of the corrected
curve at 11.2 volts. The curves given in this thesis
siiow that the Inflexion marks the appearance of atomic
ions, whose effect is superimposed on the already
existing molecular ions. If Snavely’s curve is now
readjusted to bring the point of inflexion down from
11*2 to 10.39 volts, the curve takes the form of curve
(d) in fig. 15. The steep upward rise now begins at
9%7 volts in agreement with the value of 9.70 volts for
the onset of molecular ionisation by process (A).

The maxima of the two peaks in the curves (d) and

(a) also occur at tho same value 7.65 volts. The first
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riso In Snavely*s corrected curve, however, does not

set In until 6*1 volts, there being a sliglit fall between
4*1 and 6.1 volts. Snavely accounted for the fall in his
curve by a process of negative ion formation discovered
by Arnot and-lilligan (53), who had shown that a mercury
positive ion strikinga filament or metal electrode
captures two electrons from the metal surface and comes
off as a negative ion. Snavely suggested that the
presence of a large number of negative lIona formed in
tills way Increased the negative space charge round his
filajaent and reduced the emission. Since Arnot and
Uilllgan have shown that the probability of the conversion
of a 4 volt positive ion into a negative ion is about 10
tills explanation doos not appear to be at all likely.
Snavely doesnot report the result of any vacuum runs.
The fallin his curve aboved4 volts would probably liave
boon iituch steeper in vacuum than in the curve (d) so tliat
if his curve had been corrected by the substractlon of a
vacuum run the rise might have sot in at 4.9 volts, in
agreement with tho curve (a) in fig. 15.

Since the appearance potential of the molecular ion
is 9.70 it 0%01 volts, the excited atom must possess at
least 9*%70 electron-volts energy before it can combine
with a normal atom to form an ionised molecule. Reference

to the energy levels of the mercury atom given in fig.
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1 b page 4 shows that th© excited state of the mercury
atom having an energy nearest to this amount is the
6s.8p.4"Pj* state which has 9.72 electron-volts energy.
Just above this singlet state is the triplet state
6s.9p.5"P XA of which the energies are 9.79, 9.80 and
9.82 electron-volts. The values are taken from Bacher
and Goudsmit (54).

Schaffernicht (17) gives an optical excitation
function for the 4"P" state which has a broad maximum at
45 volts. No excitation functions for tho triplet SP
states are given, but since they are excited by electron
Oxcliang© their excitation functions will rise to a sharp
maximum just above their excitation potentials.

Arnot and M illigan (4) obtained a curve showing tho
probability of formation of these molecular ions as a
function of the electron energy. Their curve showed a
sharp maximum at 11.5 volts and a broad maximum at 47
volts* 'Their evidence for a maximum in the probability
curve at 11.5 volts is confirmed by the presence of an
inflexion in the curve (b) in fig. 13 at 11.5 volts.
This inflexion appeared in all such medium pressure
curves taken for electron energies up to 12 volts. Since
the curve above 10.39 volts shows the efficiency of atomic

plus molecular ionisation, the decrease in the molecular

ionisation will only appear as an inflexion and not as a

sharp maximum.
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Tiie molecular Ions observed by ArnotandM illigan
when mercury vapour Is bombarded by electronshaving
energies between 9.7 and 200 volts can now be accounted
for by the two processes

Hg (4"P*) + Hg-"Hgg™ + &£ (a)

Hg'(5*"P) + Hg ->Hg* £ (b)
Tho process (a) accounts for the broad maximum observed
in their probability curve at 47 volts, while the process
(b) accounts for tho sharp maximum at 11*6 volts.

It is impossible to say definitely that an excited
atom in an S, D or F state above the 5”P state cannot
combine with a normal atom to foim an Ionised molecule.
Tiio processes (a) and (b) however fully account for the
observations of Arnot and M illigan, and some evidence
w ill be given later which suggests that an excited atom
in an 8, D or P state does not form an ionised molecule
on collision with a normal atom.

The appearance potential of the molecular ion found
experimentally to be 9.70 I 0.01 volts, can now be fixed
accurately as 9.722 volts, since this state has an energy
value nearest to the experimentally determined value.

The ions produced oy tho processes (a) and (b) are
definitely molecular since they liave been detected by a
mass spectrograph, but the lIons formed by the process

Hg'2Q®P ) + > Hgg + £ (c)
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have not been einalysed by this means. 'Jho results given
here show quite definitely that a collision between an
excited 2<Z and a metastable Zg atom loads to the
formation of a positive ion. It has been assumed that tlio
positive ions so formed are molocular. This assumption
w ill now be justified.
The process

f Hg~+ Hg + S- (d)
is energetically in“oasible, since the energy of the
left hand side is only 9#52 volts which is 0#87 volts
less than the energy of tho right hand side. An
alternative process

— A"Hg"+ Hg' (0)

is energetically possible since the electron affinity of
mercury given by Glockler (55) is 1,79 volts. The energy
of the right hand side is now 10.39 - 1.79 = 8.6 volts,
wiiich is loss tlian the energy of the left hand side by
0.92 volts. This excess energy must be carried away in
kinetic form by the resulting positive and negative ions.
The process (e) involves an electron transfer from the
one atom to the other. Massey and Smith (37) have “lown
tliat electron transfer does not become at all probable
until the kinetic energy with which the particles collide
is about ten times the excess internal energy which must

be carried away by the particles as kinetic energy of

translation after the collision. Now in the process (o)
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the kinetic energy of the particles before tho collision
is only their combined thermal energies of about 0#1
electron-volt. The excess energy to be carried away is
0.92 electron-volts which is about ten times the Initial
kinetic energy of the particles and not one tenth. The
process (e) if it occurs at all must therefore havo a
very low probability.

This leads to the only possible conclusion tliat the
ions which appear at the resonance potential are molecular
and that they are formed by the process (c¢).

Since a collision between an excited 271" atom and
a motastablo 2 atom leads to the formation of an
ionised moloculo while a collision between two metastable
atoms does not tho ionisation potential of the mercury
molecule must lie between the limits 9.52+D and 9.32+1)
electron-volts where D is tho energy of dissociation of
the normal molecule. This point has already been discussed
on page 29.

A single atom excited to a state with 9.52 electron-
volts energy has therefore sufficient energy to form an
ionised molecule when it collides with a normal atom.
The experimental results have shown however that the
excited atom must possess at least 9.70 1 0.01 electron-
volts energy before an ionised molecule can be foi*med.

The values given in Table 1 page 67 show that the
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Taaxinmn error could not reduce the value to 9.52 electron-
volts. Reference to the energy level diagram In fig. 1 b
sho”s that the excited states of the mercury atom lying
botwoon 9.52 and 9.72 electron-volts are all S, D or F
states. The first P state having an energy greater than
9.52 electron-volts is the 6s.8p. state. Therefore
although an excited atom In any one of the S, D or P states
between 9.52 and 9.72 electron-volts has sufficient energy
to form an ionised molecule nono are observed until tlie
atoms are excited into the 47?* state. Since the tlireo
processes (a), (b) and (¢) which involve only excited
atoms in P states are sufficient to account for all the
experimental observations on the formation of mercury
molecular ions, one is led to the conclusion that in
mercury only atoms in excited P states can take part in
the formation of molecular ions.

If this conclusion is correct we can now restrict
the Ionisation potential of the mercury molecule to
narrower lim its. Wo havo seen that it Ilea between the
lim its 9.52 4- D and 9,32 + D electron-volts. Since
atoms in the triplet 5P state can form ionised molecules
on collision with normal atoms, it is reasonable to
suppose that excited atoms in the triplet 4P state
could also do so provided their energy was sufficient.

The energy of the triplet 43P state is 9.43 electron-

volts. Since no ions are detected for electron energies
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as low as this, excited 4 P atoms cannot have enough
energy. The ionisation potential of the molecule Is
consequently fixed by the lim its 9.43 -t D and 9.52 -2 D
electron-volts. The value of D the energy of dissociation
of the noriuol molecule given by Winans (15) Is 0.15
electron-volts. The ionisation potential of the mercury
molecule therefore lies between the values 9.53 qiid 9.65
electron-volts.

The energy of dissociation of the ionised molecule

is given by the relation obtained on page 15

has some value lying between 9.43 4- D and 9.52+ D
electron-volts. is imown from line spectra observations
to be 10.39 electron-volts. The energy of dissociation
of the ionised molecule, Dj consequently lies between the
limits (10.39-9.52) and (10.39-9.43) electron-volts i.e.
between 0.87 and 0.96 electron-volts. It is to be noted
that these values are independent of the energy of the
dissociation of the normal molecule, a quantity for which
very different values havo boen obtained. In 1933 Winans
(56) observed certain bands In mercury vapour which only
appeared in emission, they also had othor properties which
suggested that their origin was the mercury molecular ion
Egjt* Frcxa measurements of these bands he estimated that the
energy of dissociation of tho ionised molecule was greater

than 0.5 electron-volts. The value given hero is consider:

:tably higiier.
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TIIEO*TICAL Discussion OF THK FOimTIOH

OF MERCURY MOLBCULES-

To formation of excited and lonlsod noleculea in
AKces and vapours v/lilch are raolecular in their normal
fltate can be regarded as analogous to the excitation and
Ionisation of atoms.

In mercury there exist no molecules In tho normal
state and so the question arises as to how tho oxcitod
and ionised molecules appear. It is generally assumed
that an excited atom or ion can combine with a normal
atom to form an excited or ionised molecule. A direct
attaclnaent process, as pointed out on page 10, requires
the dissipation of an amount of energy equal to the
energy of dissociation of the oxcitod molecule. If there
is no particle set free to carry off any excess energy
it con only be radiated since a throe body collision is
very unlikely except at hi® pressures.

In the three processes

Hg + He —“*ns'*2 + A (a)
Hg"(5"Pp + Hg —> Hs* + £ {13)
Hg'(2*"P") t —»ngg+ £ (c)

which have been found to account fully for allthe
experimental observations on the formation ofionised

nolocules, an electron is set free which con carry off
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any energy In excess of that of a quantised state of the
lontsed
norrial molecule,

Arnot and M illigan could detect no trace of the
formation of a molecular ion by the attachment of an
atomic ion to a normal atom. This process which may he
written

+ Hg —>
would require the radiation of the excess energy which is
about 0.9 electron-volts.

It is Impossible to say that this process doos not
occur, but the non-radiative processes (a) and (b) Ixave
definitely a much higher probability.

Let US suppose the broken curve in,fig. 4, on page
14, represents the potential energy curve for an excited

atom and a noimial atom. The formation of the
ionised molecule may be considered in two ways. It may
be represented by a horizontal movement to the left
along the line representing the potential energy of the
two atoms at large intemuclear distances. On the other
hand the formation of a molecular ion from an excited
atom and a normal atom may be a two stage process. The
excited molecule, whose potential energy cilirve is
represented by the broken curve, may bo formed and then
immediately ionised by the excess energy. Hie ionisation

process is thon represented by the vertical lines, for

according to the Franck-Condon principle the Intemuclear
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distance remains momentarily unchanged during an electron
transition.

The fact that atoms in S, D or P states do not form
ionised molecules, even when they have sufficient energy
to do so, suggests that some such two-stage process is
Involved.

These suggestions are put forward very tentatively.
There remains a great deal of work to be done on this

part of the subject.
The satisfactory working of this apparatus suggested
a similar Investigation of tho formation of ionised

molecules in helium. This part of the research Is

described in the next section.

tit.*. 1"
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PART 3 (a).

AN INVESTIGATION OF T7m FORMATION OF HKLIgM

MOLSCULES 3T A BALANCED 8PACE-CRARGE UETROD.

THE APPARATUS.

At the conclusion of the work with siercury the whole
tube, including the wires and the vacuum wax, was taken
down and all traces of mercury wore carefully removed.

The tube was then set up again, with the necessary
alterations for the use of the rare gases.

A liquid-air trap and a mercury cut-off, both of
large diameter, were inserted between the pyrex tube and
tho mercury diffusion pump. The Inner tube of the cut-off
was drilled with a number of small holes of varying diameter
arranged in a spiral. The rate of diffusion of the gas
could bo altered by raising or lowering the mercury level
to cover any desired number of holes. An air-trap was
joined to the cut-off to prevent air bubbles entering the
apparatus as the reservoir was moved up and down. A
smaller liquid-air trap was fitted between the tube and
the McLeod gauge.

The rare gases were supplied by the Pritish Oxygen
Company in glass containers of I1-J litre capacity, and

wore stated to be spectroscopically pure.
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The gas container was connected through a mercury
sealed tap to a manometer and a large glass bulb of 1
litre capacity. The bulb was Joined by a tap to a fine
capillary leak which was connected thro'jgh a llquid-alr
trap (O the pyrex tube. Tiie capillary leak was short-
circuited by a tap which could be opened when it was
desired to evacuate the system behind the leak. 'fhis
tap was always kept open when air was admitted to the
experimental tube for filament renewal, to eliminate the
risk of a particle of dust becoming lodged in the fine
capillary

Precautions had to be taken to ensure that the
spectroscopically pure gases were not contaminated before
reaching the apparatus. The mercury sealed tap prevented
any possible leakage from tho atmosphere into the
container once the seal had been broken, how vapour
pressure Apiexon grease ”L” was used for all taps and
Apiezon grease ”N” was used for all Joints which were
water-coolede

A fter the entire vacuum system had been constructed,

it was kept evacuated at a pressure bel0#f 10 A of Fg

for several days. Any gas from the low vacuum side was
prevented from diffusing back into the apparatus when
the pumping was discontinued, by closing the mercury

cut-off when the diffusion pump was still running. The
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liquid-alr traps were Immersed in liquid-air to remove
any traces of vapour, and whon the pressure read on the
I"cLeod gau”e showed a ”sticking vacuum" * which is
equivalent to a pressure below 10”” mm of Bg, the seal of
the container was broken# Tlie gas was passed from the
container to the large bulb, where It was stored at a
pressure of a few centimetres of Hg as read on tlie
manometer .connected to the bulb. vIhon required the gas
was admitted to the pyrex tube throu””i the capillary leak
and liquid-air trap. The pressure of the gas in the
apparatus was controlled by adjusting the pressure in the
bulb behind the leak and the lovel of the mercury In the
cut-off. A circulating system was not employed and fresh
gas from the reservoir was continually passing through
the apparatus from which it was pumped away into the
atmosphere.

Tlie second form of the apparatus shown in fig. 9 b
on pago 50 was used® With mercury this had proved to be
equally satisfactory and slightly more sensitive than the
crrangement shown in fig. S a.

Tlie hair-pin filament was surrounded by a small
nickel cylinder 0.5 cm in diameter. This cylinder, which
is not shown in the diagrsuri, was connected to the
negative lead of the filament and so focussed the electron

beam passing up to the gauze.
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The filaments were flashed and mn-in and the
pumping continued until the IJcLeod gauge showed a
”sticking vacuum.”* Hie gas was then admitted to the
apparatus and the experimental procedure carried out
as for the work with morcui*y. Hie energy of the eloctrona
from the filament was varied frori a few volts below
the first excitation potential to a few volts above tho
atomic ionisation potential, and the resulting change in
the emission from the filament was ohseived. Several
runs were taken at different pressures in each of the
throe gases, argon, helium and neon. They were used in

this order.

RESULTS.

The curves obtained at various pressures in argon,
neon and helium are ahov/n in figs. 16, 17 and 18
respectively. As before the curves represent the change
in tlio apace-charge limited emission from the filament
Fg as the energy of the electrons from was increas:
:cd. 'ithe same linear fall, due to the fact that the
emission from Fg was not entirely apace-charge limited,
occurred as was increased. The results for helium
wore obtained after the argon results and before those
for neon. Hie curves in figs. 16 and 17 have been
displaced in a vertical direction to separate the points

below the atomic ionisation potential.
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The lowest curves In Tigs. 17 and 18 were obtained
in vacuum.

The curves in figs. 16 and 17 show that in argon
and neon ionisation sets in at the atomic ionisation
potential for each value of the pressure used. The
ionisation potentials for argon and neon obtained from
line spectra measurements are 15%7 and 21*5 electron-"volts
respectively. This indicates a correction to the voltage
scale for the argon curves of -0.3 volts, and for the neon
curves of -0*5 volts* This correction has to be applied
because of contact potentials. In argon and neon there
is no evidence of any ionisation below the atomic ionisat:
lion potential. It is seen from the figs. 16 and 17 that
the pressure of neon has to be about ten times that of
argon to give the sane change in the emission from Pg when
the value of is just sbove the ionisation potential.
This is not due to any decrease in the sensitivity of the
apparatus. It is due chiefly to the fact that the
probability of ionisation at a collision is much greater
in argon than In neon as war shown by Compton and Van
Voorhls (23), and partly to the fact that the effective
cross-section of an argon atoia is greater than the
effective cross-section of a neon atom.

Tho curves for helium in fig. 18 show definitely the

appearanco of ions below the atomic ionisation potential
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which is known from spectroscopic measurements to be

24*5 electron-volts. It is more difficult to decide from
these curves the precise value of at which the direct
atomic Ionisation sets in. All the curves except the
one obtained in vacuum show a definite increaco in the
ionisation beginning at about 23.5 volts. This suggests
a correction for the voltage scale of 4 1.0 volt which is
accounted for by contact potentials and by the energy
spread of the electrons from . llio cau-ves given in fig.
19 aro tho curves of fig, 13 corrected by the subtraction
of a vacuum run and with the voltage scalo adjusted by

f 1,0 volt. Those curvos now show that ionisation sets
in at 19.8 electron-volts.

The energy level diagram for the hellun atom in fig.

2 page 6 shows that tho lowest oxcitod state of helium

is the metastable triplet i state of 19.77 volts energy,
Tho next state la the resonance level ~ 278" of 20.55
volts ">nergy, The curves of fig. 19 indicate that ionisat;
sion sets in when the atoms arc excited to the lowest 24S
state. Although the correction for the voltage scale is
rather indefinite the curves in fig. 18 show that the
error cannot be greater than - 0.25 volty, ar®d hence the
conoction cannot be greater tlrin 4- 1.25 volts.

Ionisation must set in either at 19.8 volts or at

20,55 volts, for it cannot set in at some Intermediate
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value. If the connect value were 20.55 volta, the
correction to tho voltage scale would have to bo 1.9
volts, which is far above the lim it of any possible error.

20 can therefore only conclude that when helium is
excited by electron impact positive ions are formed aa soon
as the energy of the electrons is sufficient bo raise the
atoms into the lowest excited 2'?% state. Tiiase ions my
be molecular or they may be atomic, this point has yet to
bo decided.

Thir. conclusion is simply a confirmation of the
results of many other workers. However, by using the
results obtained aith noon and argon as an experimental
control, a new interpretation can be given.

A trace of impurity in the helium migi'it have produced
a small positive ion current at the first excitation
potential, since the atoms of the impurlby could be ionised
by collisions of the second kind with excited helium atoms.
Owing to the precautions taken to maintain the purity of
the hollum, the only source of Impurity could havs been
gas given off by the filaments or walls of the apparatus.
If this were the cause then ionisation should have been
observed also in necn at tho first excitation potential
which is 16.58 electron-volts, since the ionisation
potentials of all tho more common i.ipuritles are below

this value.
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Mle curves for neon In fig* 17 show no trace of
ionisation below the atomic ionisation potential 21,6
electron-volts, and therefore there must be some other
explanation «

A collision between an electron and an atom in a
metastable state could produce an atomic ion, A collision
of the second kind between two metastable atoms in which
the energy of one atom was transferred to the other could
also produce an atomic ion and a normal atom. The excess
energy in this process is (39,54 - 24,47) electron-volts,
i,e, 16,07 electron-volts and could be carried away by the
ejected electron after the collision. However, we would
expect any such process to occur in argon and noon as well
as in helium, since argon and noon both have a metastable
state as their lowest excited state, the energy of which
is greater than half the ionisation potential.

No ions were detected below the atomic ionisation
potential in argon and neon and so we must conclude that
all of the above processes have too low a probability to
give rise to a measurable positive ion current.

The helium metastable atoms bring off a large number
of electrons from the metal surfaces in the apparatus.
There is however no field present in the apparatus, which
can give these electrons sufficient energy to enable them

to produce atomic ions at a single collision.
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The lIons observed In helium at the lowest excitation
potential must therefore bo molecular. The existence of
helium molecules is well known from band spectra evidence.
i20 band spectra have been observed in argon and although
a number of bands in the red In neon were reported by
hlinvale (57) in 1930, this observation has not been
confirmed.

The spectroscopic evidence for the existence of
molecules in helium and for their non-existence in argon
and noon is supported by the curves in figs* 16, 17 and 18,

The theoretical excitation function for the 20§ state
of the helium atom given by Massey and Mohr (21) is
reproduced as curve (b) in fig* 10* This curve shows that
tho probability of excitation to the 278 state by electron
impact rises to a maximum at about 22 volts and then
remains practically constant for electron energies up to
24 volts. The lowest experimental curve obtained at a
pressure of 0%056 mm of Hg also rises to a maximum at
about 22 volts and then remains practically horizontal.
Tills leaves little doubt that at low pressures molecular
ions are formed from excited atoms in the 2 8 state. As
the pressure is raised the experimental curves depart
more and more from the form of the excitation function of
the 27S state. This suggests that at higher pressures

atoms S5n higher excited states take part in tho formation

of the molecular ions. Since the atoms in the higher
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excited states are not aetastable, a higher pressure is
necessary In order that they aay make an effective
collision before they have time to radiate.

Those results show dofinitoly that helium molecules
are formed by a collision of an excited atom in the 2 S
state with either a normal atom or another atom in the
2 S state. The former process will have a much larger
probability, and is probably the effective process
provided it is energetically possible, that is if the
ionisation potential of the helium molecule is leas tlian
19.77 electron-volts.

In the first paper on this subject, published by
Dr. F.L. Arnot and the author (58), we assumed the
correctness of a value of the ionisation potential of
the helium molecule given by Jevons (10) . The value given
was 18#68 electron-volts which was based.on observations
made by fiopfleld (8). After publication it was brought
to our notice by Dr. Herzberg that Hopfield had subse:
:quently decided that the bands, which he had assigned
to helium, were due to nitrogen. This fact was not
published by Hopfield but was apparently mentioned in a
conversation between Hopfield and Liulllken, and is given
as a foot note by Mulliken (9) in a paper on the nitrogen
bands.

The ionisation potential of the helium molecule is

therefore not known, and so we cannot say definitely from
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these results whether the effective process is a collision
between two excited atonn or a collision between an excited
atom and a normal atom*®

The only way in which this point can be decided is to
investigate the way in which the number of molecular Ions
increases as the filament emission from is raised.

Ihe balanced space-charge method is invaluable for
making a precise deter?nination of the appearance potential
of positive ions, but it is not suitable for making any
quantitative measurements. It was therefore decided to
investigate the problem using a mass spectrograph, which
should establish definitely the existence of tho molecules,

and to see what conclusions could be drawn from the results

of the two methods considered as a whole.
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AH IHVESTIGATIOH OF THB FORMATION OF HELIUM

MOLECHLE3 BY A MASS SPKCTROGRAPH METHOD.

THK  APPARATUS.
m/

The same apparatus as had been used
Milligan (4) for their work with mercury
employed. The apparatus which consisted
cliaaiber and a magnetic analyser is shown
The only alteration was in the design of
oliBZdher, this is shown in fig» 20 b.

The analyser, with the exception of
tube T, was made of brass soldered where
construction the analyser, the soft iron

Faraday cylinder A were oopper-plated and

by Arnot and
vapour was

of an ionisation
in fig. 20 a.

the ionisation

the soft iron
necessary. A fter
tube and the

then nickel-

plated. The copper surface was necessary to make the

nickel adhere. The nickel coating ensured that the

analyser was vacuum tight and prevented amalgamation of

mercury with the solder and brass of the

analyser. As

an additional precaution the analyser was coated on the

outside with an even coat of porcenam paint. The

analyser was sot in a gap of 1 cm between the poles of

a large electromagnet. The polo pieces were firmly

bolted down to prevent any movement at large fields.
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Tho Faraday cylinder was supported by a quartz tube
which passea through an ebonite block witli a sulphur ring.
The shield of the Faraday cylinder euid the wire connecting
the Faraday cylinder to tlio electroaneter were enclosed
in a brass cylinder, which was connected to earth and
insulated from the top of the amalyser by a ring of
ebonite.

The electronaieter, enclosed in an earthed metal box,
was mounted on a stone slab just above the Faraday
cylinder to keep the connection as short as possible,
liio box was provided with a gauze window for the entry
of the liglit from the larr¢) and scale. Tlie electrometer
needle was connected through a water resistance to the
positive terminal of a 200 volt battery the negative
terminal of which was earthed. The quadrants connected
to the Faraday cylinder could be either insulated, or
connected to earth through one-tenth part of a megohm
resistance, by raising or lowering a key inside the
electrometer box. The key was connected to the table at
which the observations were mado by a flno silk tliroad,
the tension in which could be altored at will to raise
or lower the key. The other quadrants were connected to
earth.

The sensitivity of the electi’omoter was measured

daily. A 2-volt cell was connected across the whole of
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the mef;'ohrmn resistance so that the quadrants connected to
the Faraday cylinder were raised to a potential of 0#S
volts. The resulting deflection on the scale was observed
and the sensitivity calculated. Throughout the work the
sensitivity was found to be 1180 - 10 volts/mrti.

Tho right-hand outlet tube of the analyser wes connected
through a llculd-alr trap of large diameter to a mercury
diffusion pump backed by a Hyvac pump. The left-hand
outlot tube was connected through another llculd-alr trap
to a McLeod gauge, 'ihe gauge was of the short-length type
with an evacuated reservoir and a calibrated scale. Tills
Is a much more convenient form than the full-length type
used with the other apparatus. An evacauated double-wallod
rubber tube connection between the reservoir and the gauge
prevented the entry of air bubbles.

The ionisation chamber which is shown in fig. 20 b was
made of quartz. It was cylindrical in shape and open at
tho lower end. A ground glass Joint was provided for
removal of the filament. The gauzes Ej* and Eg were uade of
nickel, spot-welded to nickel bands which fitted tightly
into the open end of the tube. Two alternative connecting
wires for the gauze were brought out tlirough the two
upper side tubes. Tho connecting wire for the gauze Eg was
brought out through the lower end of the lIonisation chamber,
Tho filament loads, of stout nickel wire, wore kept rigid

by two rolls of nickel sheet which fitted tightly into the

upper part of the ionisation chamber, Tlia filament was a
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tungsten wire 0*15 m In dlanjetor and 10 ma In
length, llie filament loads and the connecting wlrea wore
sealed Into the tube by Lllllendalil*s vacuum wax.

A troufh containing vacuum was fitted round
the soft iron tube T, and was provided with a water
cooling system C. *lhe alits! In the eoft iron tube end
in the analyser aere 2 nm wide by 8 mm long.

Vhen the entire Ionleation chajber had been asseibled,
eieam was passed through the cooling systen of the trou”
to soften the wax. The Ionisation chamber was then
carefully lowered into the trough and held In position
with the filament vertically over the slit in the top of
S and with the wire from the gause Eg kept from touching
Uio side of the trough, while cold water was passed tJioouiyi
tho cooler to set the wax.

The glass tubing connecting the ionisation cli&uber
to the helium rooervolr was then fixed In position. Tho
vacuum system was similar to that used with the other
apparatus. The helium wiii passed from a reservoir, through
a capillary leak and. a liquld *eir trap, to tho ionisation
cliamber. Xho pressure In the apparatus was adjusted by
altering the pressure In the reservoir.

The Ideal arrangement is to have a high proamire in

tho Ionisation chamber and as high a vacuum ae possible In
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the analyser to prevent loss of ions by scattering. This
apparatus was designed for work with mercury vapour in
which the conditions can be much more easily controlled.
The soft iron tube was cooled to reduce diffusion of the
vapour through the slits to a minimum. The air traps
connected to the analyser then gave a very low vapour
pressure in the analyser, even at high pressures in the
ionisation chamber.

For work with gases, a system of differential pumping
can be employed. The ionisation chamber may be divided
into two parts by a narrow slit, gas passing through the
slit from the high pressure side is removed by a fast pump
to reduce diffusion through the lower slits into the
analyser. A second fast pump is connected to the analyser
as in this apparatus.

Since this apparatus is about to be taken down and
entirely rebuilt it was decided not to make any alterations,
and it was found that it could be worked very satisfactorily

for pressures up to 4 x 10 ram of Hg.

EXPERIMENTAL PROCEDURE.

After the filament had been flashed and run-in, a
potential of volts was applied between the centre of
tho filament and the gauze to accelerate the electrons

from the filament. A potential volta was applied
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between the gauzes and Eg to retard electrons, and
to accelerate Ions formed between E* and Eg through the
gauze Eg. A potential Vg volts was applied between Eg
and the allt In the iron cylinder, to accelerate the
positive lone into the analyser with an energy Jj -\ Vg
oloctron-voltB, The values of Vq, and Vg were road on
a standard Weston voltmeter. Tlio value of V* could be
adjusted to any desired fraction of a volt by lacans of a
potential divider. Vj_ and Vg wore sot equal to 10 snd 190
volts respectively. These values were maintained tiirough:
sout the work. Kl/jh resistance sphagetti resistances wore
placed in tho external circuit between the filament and
between and Eg and between Eg and the iron cylinder,
to prevent the setting up of an arc at high pressures. A
fine fuse wire was placed in series with the milllammeter
used to measure tho emission frexri the filament, to prevent
any poseible damage to the instrument.

The two sllte in the iron cylinder defined tho beam
of positive ions which entered the analyser with an energy
of 200 electron-volts.

A positive Ion of mass m after acceleration by a
potential V volts will enter tho analyser with a velocity
U given by the relation

imu*=Vex (25)
500
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where ¢ Is the velocity of light and eis the charge on
tho ion In e.s.u.

A magnetic field H gauss applied in a direction
perpendicular to the path of the ions will cause them to

travel in a circular path of radius given by the

relation
MBV = (26)
P
Eliminating ir from vquations (25) and (26) we obtain
= 2Vmc”* (37)
300e

Tho field required to bring a 200-"nlt helium molecular
ion into tho analyser by causing it to move In a circular
path of radius 4.1 cms calculated from this equation, is
found to be 14G1 gauss. This required a current of 0.515
amps in the magnet colls.

The magnet was calibrated by means of a search coil
and a Grassot flunneter. The field was found to be
accurately proportional to the current in the colls up to
10,000 gauss, except at very small fields where the
calibration curve showed a sliglit deviation from the
strai”yit line and failed to pass through the origin. The
field produced by a given current was found to be always
the soxue provided the courront was first taken to a higher
value and then reduced to the required value.

Tho analysis of the ions was made by varying the
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nacnet current. An alternative method la to vary the
accelerating potential V. The method adopted has the
advantage that the energy of the ions is unaltered and
so the loss by scattering and neutralisation is constant
tlirougiiout the analysis. The magnet current HHS taken up
to 0,6 amps and reduced in steps of 0.01 amp. The rate
of drift of the spot of light retlected from the electro;
;smetor mirror was observed for each value of the magnet
cuin*ent. The rate of drift is proportional to the number
of ions entering the Faraday cylinder.

Tho analyser was maintained at a potential of ¢ 40
volts, to prevent l/iie ejection of electrons from the
Faraday cylinder by metastable helium atoms. Until this
potential was applied the positive ion analysis curves
showed an apparent background of positive ions for all
values of the magnet current, Tlhis potential, which was
applied between the Faraday c”linear and the analyser,
had no effect on the value of tho magnet current requii’od
to bend the ions into the Faraday cylinder, since they
only encountered the retarding field after completing
their semi-circular path and were still moving with their
initial energy of 200 electron-volts which was more than
sufficient to enaole thera to reach the Faraday cylinder.

The pressure of residual gas shown on the LlIcLeod

gauge, before the admission of the helium, was below

10** mm of Hg.
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RESULTS.
mWILYSIS OF THE IONS.

Three positive ion analysis curves for different
values of V%, the electron accelerating potential, are
shown in fig. 2/. The lowest curve was obtained in
vacuum and the three upper curves at a helium pressure
of 3 X 10* mm of Hg. Tlie filament emission was held
constant at 1.0 milliamp for the two upper curves, and
at 0.9 milliamp for the two lower curves.

Tlie large peak in the uppermost curve at a magnet
current of 0.35 amps shows the helium atomic ion He".
Tho ordinates for this peak have been reduced by a factor
of 1/200.

The smaller peak at a magnet current of 0.514 amps
sliOY/s the presence of a singly-charged ion of atomic mass
4 X (0.514 T 0.35)", i.e. of atomic mass 8.5. This is the
helium molecular ion He g.

The atomic mass is calculated from the equation (27)
on page 103, which shows that for two groups of singly-

charged ions of atomic mass m and m

K
m. (28)

A strictly linear relation between the field and the magnet

current is assumed. The apparent error in the atomic mass
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calculated from equation (28), arises from the fact tliat
the calibration curve of the magnet, as mentioned on page
103, was not strictly linear for very small fields.
Consequently by substituting the values of the magnet
current, instead of the actual values of the field, into
the equation (28) we obtain too large a value for the
atomic mass, since the current has to be increased by a
factor just greater than to produce a field J~" times
as great. For work with the lighter elements this error
becomes more appreciable than for the heavier elements.
There is, however, no doubt as to the origin of this
peak.

The very small peak at a magnet current of 0,40 amps,
and the larger peak at a magnet current of 0.58 amps
correspond respectively to singly-charged ions of atomic
masses S and 10. They are probably due to the presence
of impurities, such as gas given off by the filament or
tho walls of the analyser which could not be baked out.
These peaks were not examined and are of no importance
here, although certain features of the peak at 0,40 By B
suggest that the effect of the addition of hydrogen might
prove Interesting. The author hopes to try this very
shortly.

Tlie great advantage of this method Is that we can

neglect the presence of any impurities, and by setting
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the magnet current to bring any desired type of ion into
the Faraday cylinder we can examine tlie effect of changing
the pressure, the filament emission, or the energy of tlie
electrons for that type of ion alone.

It will be noticed that for values of below the
atonic ionisation potential, 24.5 volts, there is evidence
of a few atomic ions, but that the atomic peak is now
much smaller than the molecular peak. The presence of
atomic ions below the ionisation potential can be
accounted for by the fields existing in this apparatus*
The metastable helium atoms, as shown by Oliphant (48),
bring off a large number of electrons from the gauzes
and metal parts of the apparatus. Electrons ejected from
tlie nickel cap in the top of the iron cylinder are
accelerated by the potential of 190 volts applied between
the cap and the gauze Eg. These electrons may produce
quite an appreciable number of atomic ions on collision
with atoms. There are however other possible processes,
such as a collision between an electron and an atom in
an excited state or a collision between two excited atoms,
which could give rise to atomic ions# This point therefore
requires investigation.

Tlie total potential drop across the filament and its
leads was measured and found to be 1.3 volts. The

potential drop across the emitting portion of the filament
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Kiust therefore have been small, so that the atomic ions
observed below 24 volts cannot have been due to a large
energy spread in the electrons from the filament.

To determine the processes involved in the formation
of the molecular ions and in the formation of atomic ions
for electron energies below the ionisation potential the

following tests were carried out.

VARIATION IN THE HEIGHIS OF "AKS WTH
PRESSURE.

Fig. 22 shows the variation in the heights of the
atomic and molecular peaks with helium pressure for
electron energies above the atomic ionisation potential.
For the atomic peak the electron energy was 28 volts and
for the molecular peak it was 32 volts. The helium
pressure is given in mm of Hg at O"C.

Several readings were taken over the top of each
peak at slightly different magnet currents. When the
exact position of the top of the peak had been determined
the run was started. The magnet current was small, the
coils therefore soon settled down to a steady temperature,
and no shift of the peaks due to a change in the

permeability of the iron was observed. The tap connecting
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the helium reservoir to the capillary leak was closed.

The space between the tap and the leak was smal”®, so

that as tho helium was pumped out of the apparatus the
pressure behind the leak fell fairly rapidly. Readings

were taken as quickly as possible at gradually decreasing '
pressures in the apparatus.

Tlie curves in fig# 22 show that at very low pressures
the atomic peak increases with pressure and then starts
to fall off. This decrease is caused by multiple
scattering and absorption of the ions in the analyser.
Tlie molecular peak, on the other hand, increases
steadily with the pressure. This shows that the number
of molecular ions formed is proportional to a higher
power of pressure than that which governs the formation
of the atomic ions. The molcular ions cannot be dde to
direct ionisation of helium molecules but must be formed
by some attachment process, which will be discussed later.
These curves are very similar to the curves obtained by
Arnot and Milligan (4) for the lg™"' and Hgg ions formed
in mercury vapour.

'Uie curves in fig# 23 show the variation in the
heights of the atomic and molecular peaks with pressure
for electron energies below the atomic ionisation
potential. Hie electron energy was 22 volts and the

filament emission was 1.0 milliamp for both curves.
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The number of atomic Ions and the number of
molecular ions both increase throughout the pressure
range, which is the same as for the curves in fig. 22,
The form of the curve for the ions is similar to
timt in fig. 22, This indicates that the molecular ions
are formed by the same process for electron energies of
22 and 32 volts respectively. The form of the curve for
the He” ions is now quite different from the corresponding
curve in fig. 22, This shows that the process involved
in the formation of atomic ions for electron energies
below the atonic ionisation potential is fundamentally
different from the single electron collision which is
known to occur above the lIonisation potential. The atomic
ions observed below 24 volts are clearly not due to a
large energy spread in the electrons from the filament.
This point was mentioned on page 108 where it was
suggested from a measurement of the total potential drop
across the filament and its leads, that the potential
drop across the emitting portion must have been very

sm all.

VARIATION IN THS HEIGHTS OF PEAKS WTH
FILAMENT EMISSION.
A number of curves showing the variation in the
heiglits of the peaks with filament emission for different

electron energies are given in fig. 24. The pressure in
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the apparatus was 3 x 10** mm of Hg at

The curves show that for all values of the electron
energy used, the number of atomic ions and the number of
molecular ions is always a linear function of the filament
omission#

This is to be expected for the atomic ions when tho
onorgy of the electrons is above the ionisation potential.
That the He” curve is also linear for electron energies
below the atomic ionisation potential is in agreement
with the suggestion, on pages 108 and 109, that the ions
are formed by collisions between normal atoms and electrons
which are ejected from the metal parts of the apparatus
by motastable atoms. The number of electrons which are
formed in this way will be a linear function of the

filament emission. The ejected electrons acquire the

energy necessary for ionisation at a single collision in
the fields existing in the ionisation chamber. The
linear fom of the curve definitely shows that the
atomic ions observed below the ionisation potential are
not due to collisions between electrons and excited
atoms, or to collisions of the second kind between two
excited atoms.

The number of molecular ions formed is also a
linear function of the filament emission. This shows

that in the attacliment process, suggested by the curves
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of fig* 22, only one of the atoms taking part in the
formation of the molecular ion is in an excited state,
the other atom must be a normal atom# If the effective
process were the formation of a stable neutral molecule
by the attaclmaont of an excited atom to a normal atom,
followed by ionisation of tho stable molecule by electron
impact, then the number of molecular ions should be a
function of the square of the filament omission* Such
an attachment process is unlikely since a three-body
collision is very improbable at low pressures and
radiation of the excess energy is the only means of its
disposal. The curves in fig* 22 indicate that such a
process does not take place at pressures below 3 x 10

mmn.

VARIATION IK THE H3IGHT8 OF PEAKS WTH
ELECTRON ENERGY.

Two curves showing the variation in the heights of
the atomic and molecular peaks with electron energy are
given in fig. 25. The curve shown in the inset is the
curve for the atomic ion He” reduced by a factor of
1/10. The filament emission was held constant at 1.0
milllamp for both curves which were obtained at a
pressure of 3 x 10 nmnsa of Hg.

As the energy of the electrons is increased from 17

volts the curve for tho atomic ion He” remains horizontal
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muntil tho electron energy is about 19.5 volts, it then
starts to increase slowly and at an electron energy of
about 24 volts it suddenly increases rapidly showing the
onset of direct atomic ionisation at a single electron
collision with a normal atom.

The curve for the molecular ion H;:g also starts to
rise vdien the energy of the electrons is about 19.5 volts,
it then increases steadily to a maximum between 28 and
29 volts. The subsequent rise and fall in the Heg curve
beyond 29 volts appeared in all similar curves and will
be discussed later.

Tlie voltage scale in fig. 25 has not been corrected
for any contact potentials or energy spread in the
electrons from the filament. It is difficult to decide
the exact value of V0 at which direct atomic ionisation
sets in, because of the formation of atomic ions by the
secondary process. The He* curve, however, rises sharply
just above 24 volts, which shows that the correction
must bo small. The Hog C'urve In fig. 25 shows that the

appearance potential of the molecular ion is close to

20 volts.
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DISCUSSION  OF RESULTS.

THE FORMATION OF ATOMIC IONS FOR ELECTRON
ENERGIES BEIOW THE ATOMIC IONISATION POTENTIAL.

Wo will consider this point first and leave the
more interesting and important question of the formation
of the molecular ions till later.

It has been shown on pages 112 and 113 that the
atomic ions observed below the ionisation potential are
not due to a large energy spread in the electrons from
tho filament, or to any form of accumulative process.
They can only be accounted for by the ejection of
electrons from the metal parts of the apparatus by the
motastable helium atoms. The ejected electrons can
acquire as much as 200 volts energy in the fields in the
ionisation chamber and so can produce atomic ions on
collision with normal atoms. Tills explanation, which
follows from the curves in figs. 22, 23 and 24, is also
supported by the He” curve in fig, 25, which shows that
atomic ions are formed as soon as the energy of the
electrons from the filament is equal to about 19.77 volts,
the excitation potential of the metastable Z.IS state.

The relative probabilities of the different typos

of collision, which may occur In tho ionisation chamber,
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can be estimated roughly as follows.

The kinetic mean free path of a helium atom at a
pressure of 1 mm of Hg at 0°C is given in the Landolt-
Somstein tables to be 0.0176 eras. 'The mean free path
at a pressure of 5 x 10~" ram is therefore 5.86 eras. A
largo number of metastable atoms will consequently diffuse
to the walls without making any collisions and so tlie
concentration of metastable atoms will be very small.
Tho number of collisions between two metastable atoms
will therefore be negligible conqDared with the number of
collisions between a metastable and a normal atom.

If N electrons, moving with a velocity v cms/sec.
cross unit area per second. The electron density p is
given by the relations

p - N/v =ile.v. 29)
where i is the electron current In e.m.u. and e is the
electronic charge also in e.m.u. When tho filament
emission is 1 milliamp and the energy of the electrons
is 20 electron-volts we have ;-

. -4
i =10 e.m.u.

e 1.59 X 10~*" e.m.u. *

vV =5.94 x 107 X 20@ cms/sec.Ag

I
From these values it follows thatp =2.37 x 10 The

3

number of normal atoms per cc at a pressure of 3 x 10~

Mia of Hg 1s 1.07 X The probability that a
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motastable atom will collide with a normal atom is
therefore approximately 107 times greater than the
probability that it will collide with a fast electron
before reaching the walls ¢

No double collision process leading to the formation
of atomic ions could be expected to occur with a
measurable probability under these conditions.

Illie curves in fig. 23 are interesting. It will be
shown later that the molecular ions are formed by the
attachment of metastable atoms to normal atoms. As the
pressure is raised the number of metastable atoms making
collisions with normal atoms will increase more rapidly
than the number of metastable atoms reaching the walls
of the apparatus. Consequently the curve, showing the
variation in the number of molecular ions with pressure,
should increase more rapidly thon the curve showing the
variation in the number of atomic ions below the
ionisation potential. This is borne out by the curves
in fig. 23.

It is impossible to say from these curves what mi”it
occur at higher pressures. In 1922, Davies (59) observed
all the lines of the arc spectrum in helium at the first
excitation potential, when the pressure was above 2 mm
This suggests that as the concentration of metastable

atoms Increases, some form of cummulative process occurs*
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The results given here, however, show that the
probability of formation of a molecular ion at the first
excitation potential, is much greater than the probability
of formation of an atomic ion by some double collision
process. At low pressures, with an apparatus which has
no fields sufficient to give secondary electrons an energy
greater than 24.5 volts, the ions observed below the
atomic ionisation potential must be molecular. This
confirms the conclusion drawn from the results of the
investigation by the space-charge method.

The ions observed by Compton (45) at pressures
ranging from 0.001 mm to 0.17 mm, and by Found (43) at a
pressure of 0.49 mm when the energy of the exciting
electrons was about 20 volts, were not analysed and most

probably were molecular.
THE FORMATION OF HELIUM MOLECULAR IONS.

The curve in fig. 25 showing the variation In the
number of molecular ions with electron energy indicates
a steady decrease in the number of molecular ions as the
electron energy is reduced below 22 volts. There is,
however, no sharp break in this, or in any other similar
curve not shovm, at about 22 volts. The curve runs
perfectly smoothly, which shows that there can be no

change in the effective process as the energy of the

electrons is reduced below 22 volts. Therefore any
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conclusion, which may be drawn as to the formation of the
molecular ions when the atoms are bombarded by electrons
of oner™'y 22 volts, must hold for electron energies down
to the appearance potential, which is seen from the Hep

curve in fig. 26 to be between 19.5 and 20 volts.

Owing to the low values of used the emission from
the filament was space-charge limited, and could not be
raised higher. It was therefore necessary to work at
2 volts above the appearance potential of the molecular
ion, in order to obtain positive ion currents of sufficient
intensity.

The pressure variation curves in fig. 22 indicate
that the number of molecular ions formed is proportional
to a higher power of the pressure than the number of
atomic ions. This shows that the molecular ions are not
formed by direct ionisation of a normal molecule, but
that they are produced by some secondary or attachment
process.

The linear relation between the number of molecular
ions and the filament emission shown in the curves of
fig. 24, proves quite definitely that only one of the atoms
taking part in the formation of the diatomic molecular ion
is excited or ionmised. The other atom must therefore bo in
the normal state.

There are therefore two possible processes, depending

on whether the atom is excited or ionised. These processes
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may be written

He 4 He —> He"-f-1 " (a)

He” + He — ~ He" (b)
Tlie IOg curve in fig* 25 shows the presence of molecular
ions as soon as the energy of the electrons becomes
equal to the first excitation potential. This suggests
that the process (a) occurs, but since there are also
present a number of atomic ions for electron energies
between 20 and 24 volts, the curves must be further
examined to decide whether the molecular ions are not
due to the occurrence of the process (b).

If the molecular ions are produced by the process
(b), then the curve showing the variation in the number
of molecular ions with the energy of the electrons should
be similar in form to the curve showing the variation in
the number of atomic ions over the same range of electron
energies. The He” and Ee” curves in fig. 25 show quite
definitely that this is not so for electron energies
below 25 volts. The sudden rise in the atomic ion curve
above 24 volts, which shows the onset of direct atomic
ionisation, is not accompanied by any corresponding
increase in the molecular curve. Bleakney (60) has
shown that the number of atomic ions formed in helium
by electron impact increases steadily with the energy of
the electrons up to 150 volts. The molecular curve in

fig. 25 remains almost horizontal for electron energies
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between 30 and 40 volts, lliere Is thus no evidence for
the occurrence of process (b)* This Is similar to Arnot
and Lillllgan”s conclusion for the formation of molecular
Ions In mercury vapour. It Is to be expected, since a
three body collision Is highly Improbable at a pressure
of 3 X 10~ mm of Hg and there Is no particle set free
to carry off any excess energy above a quantised state
of the molecular Ton. Radiation of the excess energy Is
considered to be very unlikely.

We have now two Independent results from which to
determine the appearance potential of the lolecular Ion,
which must be formed by the attachment of an excited
atom to a normal atom according to the process (a).

The molecular curve In fig. 25 shows that the
appearance potential Is between 19.5 and 20 volts. The
mass spectrograph results have only served to confirm the
conclusion, drawn from the results of the balanced space-
charge method, that the Ions observed at the first
excitation potential are molecular. It has already been
pointed out that there were no fields existing In the
space-charge apparatus which could give any secondary
electrons an energy greater than 24 volts. Prior to the
magnetic analysis of the Ions It was necessary to have
the argon and neon results as an experimental control.
The high sensitivity of the balanced space-charge method

enabled the appearance potential of the molecular Ions
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to be determined more precisely, and the value of 19.8
electron-volts Is definitely established.

The use of the mass-spectrograph apparatus has also
shown quite definitely that the molecular Ions are formed
by the attachment of excited atoms to normal atoms.

We can therefore only conclude that molecular lIons
ore formed In helium by the attacliment of metastable
atoms. In the 20§ state of 19.77 volts energy, to normal
atoms. This conclusion Is supported by the similarity
between the molecular curve below 30 volts In fig. 25,
and the theoretical excitation function of the 23S state
given by Massey and Mohr (21). The rise and fall In the
molecular curve between 30 and 40 volts suggests that
atoms In other excited states may also attach themselves
to normal atoms to form molecular Ions. This Is In
agreement with the conclusion drawn from the curves In
fig. 19 obtained with tho space-charge apparatus.

It Is Impossible to analyse this curve In terms of
the different excitation functions, for we do not know
in what proportion to combine the various excitation
functions which have maxima corresponding to the maxima
In the molecular curve.

Arnot and Milligan, In their work with mercury
vapour, found that the curves showing the variation in

the number of molecular and atomic Ions with electron

energy changed In a very marked way with the design of
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the ionisation ciianber. The one used hero, and shown in
fig. 20b, is similar to their ionisation chamber '"Number 2”
which gave an extension of their curves in the direction
of the axis at high values of the electron energy. It
is therefore not advisable to lay too much stress on the
form of the curve at the higher values of the electron
energy.

The importance of these results, however, lies in
the fact that they show definitely that a motastable 20/§

atom can combine with a normal atom to form an ionised

molecule by tho process

Tlie first term on the left-hand side represents the
excited atom in the metastable 2 S state of 19.77
electron-volts energy, and the second term represents tlie
normal atom in the ground state i*S” . The first term on
the right-hand side represents tho normal state of the
ionised helium molecule HOg.

The energy available for ionisation of the molecule
in this process is (19.77+ D) electron-volts, where D is
the energy of dissociation of the normal molecule, which
may be taken to be zero. The ionisation potential of
the molecule is consequently equal to or less than 19%77
electron-volts. Since this is the energy of the lowest
excited state of the helium atom, the ionisation potential

cannot be determined any more precisely by this method.
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and tho exact value will have to be deduced from band
spectra measurements.

Tlie ionisation potential of the molecule can be
estimated from band spectra data. Tlie lowest stable
state of the helium molecule is the iS(T" 2p3* 2sir,
state of energy ( "4.232") electron-volts, where
is the ionisation potential of the molecule. This is
the value given by levons (10). A molecule in the lowest
stable state is supposed to dissociate into a normal
helium atom and a metastable atom in the 23S state of
19%*77 volts energy. Dr. G. Eerzberg has informed Dr.
F.L. Arnot that the most recent determination of the
energy of dissociation of a helium molecule in the lowest
stable state, reckoned in wave numbers, is about 20,000
cm*”,  This is equivalent to an energy of 2.47 electron-

Ap

volts. The ionisation potential of the molecule is
consequently (19.77 - 2,47+4.23) electron-volts, i.e.
21.53 electron-volts. This is considerably higher than
tlie upper lim it, of 19.77 electron-volts, obtained by
the author.

Using the relation A obtained on
page 15, we see that the energy of dissociation of the
ionised molecule is equal to or greater than (24.47 - 19.77)

eloctron-volts, i.e. 4.7 electron-volts. Tliis value is

nearly double that obtained by Welzel (61) from band

spectra measurements, the value found being 2.5 electron-
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volts.

Pauline (62) in 1953, and Weinbaum (65) in 1935,
calculated the energy oP dissociation of the ionised
holiun nioleculo and obtained values of 2.47 and 2.22
electron-volts respectively. These results are in good
agreoniont with Wclzel*s value to which they both refer.
Pauling and Weinbaum were compelled to assume functions
for the field of the atoms in tho molecule, and justify

their choice of function by the close agreement between

the theoretical and experimental values. Tills Is a very

usual method of obtaining a solution of a problem, which

cannot otherwise be solved. Too much importance however

cannot be attached to the result.
This recent value of the energy of dissociation of

the helium molecule in its lowest stable state given by

Dr. Ilcrzberg, leads to tho value (24.47 - 21%53) electron
volts, i.e. 2.94 electron-volts for the energy of
dissociation of the ionised molecule. This is above
W eizel’s value and is the highest estimate so far K
obtained. It sugf:ests a tendency for the spectroscopic
value to Increase with improved experimental technique.

Let us now reconsider these curves and see if there
is any possible source of error in one or more of the

curves, arising from somo peculiarity in the apparatus,

which could account for tho discrepancy between the
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numerical values for the ionisation potential of the
molecule.

Reference to the energy level diagram for the
helium atom on page 6 shows that if the ionisation
potential of the molecule is actually close to this
value of 21.53 electron-volts, then no molecular ion
can be formed by tlie attachment of an excited atom to
a noimial atom, until the atoms are excited into the
3”S state of 22.6 volts energy. The Heg curve in fig.
25 shows quite definitely that molecular ions are formed
for electron energies down to 20 volts. This result is
confirmed by the curves, in fig. 19, obtained with the
space-charge apparatus, and must therefore be correct.

The only explanation which could bring the results
into line, is that the molecular ions are formed by
collisions between two metastable atoms. The linear
relation between the number of molecular ions and the
filament emission shown in fig. 24 for three different
values of the electron energy cannot be spurious, since
we obtain a strictly linear relation between the number
of atomic ions and tho filament emission when the energy
of the electrons is 26 volts. It is therefore quite
definite that only one of the atoms taking part in the
formation of the molecular ion is in an excited state.

The consideration of the conditions in the ionisat:

lion chamber given on page 119 shows that a collision

4M

I
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botv/con two motastable atoms is vory unllkoly compared
with tho probability of a collision between a motastable
and a normal atom. From theoretical considerations a
collision of the second kind between two metastable
atoms could lead to the formation of an atomic ion.

The fact that no atomic ions formed in this way were
detected in this work supports the supposition that a
collision between two metastable atoms is very unlikely
at such a low pressure.

Although this conclusion as to the formation of
molecular ions in helium is in conflict with the
numerical values of the band spectroscopists, it aug,gests
a vory satisfactory explanation for certain other
experimental observations, which will now be briefly
discussed.

Davies (59) in 1922, observed that when helium at
a pressure of 10 mm was excited by electron impact, all
the bonds appeared when the energy of the electrons was
19,0 volts. This can now be accounted for by the
formation of molecular ions by the non-radiative
process (c¢) . Tlie molecular ions may capture an electron
into different excited states, giving rise to the bands.

That the metastable heliun atoms play an important
part in the formation of helium molecules has been shown

by Emeleua and Duffendack (64), and more recently by
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McCalliim and Wills (65). Emelens and Duffendack based
their conclusions on observations of the Intensity of
tho lines and the bands In tlie different parts of a
helium discharge. They conclude, however, that the
motastable atoms combine with normal atoms to form
stable neutral molecules, and suggest the occurrence of
a tl'iree-body collision for the disposal of the excess
energy.

Three potential energy curves for the helium
molecule, based on the results given In this thesis, are
shown In fig. 26. The lowest curve Is for the completely
unstable helium molecule Heg, the middle curve Is for
the lowest stable state is(T", '/ R and the
uppeimost curve Is for the normal state of the Ionised
molecule. The Ionisation potential of the molecule has
been taken to be 19.77 volts, the maximum possible value,
and the minimum of the curve for the lowest stable state
has been drawn 4.23 volts below the Ionisation potential®
Tlie curves are now all much steeper. Indicating larger
values for the energies of dissociation, than In the
scheme of potential energy curves given by Mulllken (66).
The values of the Internucloar distance are taken from
fiulliken *s paper.

The formation of the helium molecular Ion can be
regarded In the same way as the formation of the mercury

'molecular Ion on page 81. It may be a two-stage process.
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3T +
in which a molecule in the 12" . Z state

is formed and then immediately ionised by the excess
energy. This non-radiative process in which the excess
energy is carried off by the ejected electron appears
to be a much more likely process, althougji it does not
preclude the possibility of a three-body collision at
higher pressures as suggested by Emeleus and Duffendack.

McCal*um and W ills made observations on the rate of
decay of the lines and bands when helium qt a pressure
of 27.5 mm was excited in such a way as to produce the
lines and the bonds with approximately equal intensity.
Tliey found that 1/600 seconds after the discharge had
been interrupted, the lines had disappeared, but that
the bands were of almost the same intensity. They suggest
that either the helium molecules have a life of 7/600
seconds, or that more probably the molecules are formed
in the gas after the excitation has ceased by collisions
between metastable atoms and normal atoms. This latter
suggestion is in agreement with the results given in
this thesis.

If a collision between a metastable atom and a normal
atom can only give rise to a molecule in its lowest
stable state, as suggested by Emoleus and Duffendack,
then the bands must originate from collisions between

electrons and the stable molecules, whereby the latter

are raised to higher states from which they return to
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lower states with the emission of photons. But if a
collision between a metastable atom and a normal atom
gives rise to a molecular ion, then the bands can be
accounted for by the capture electrons by the
molecular ions into their different excited states.
Tills latter would seem to be a more likely process in
the absence of any source of excitation, as found by
McCallum and W ills, and can bo accounted for by the

results of this experimental research.

SUMMARY OF RESULTS ON THE FORMATION OF HELIUM
MOLECULES.

The formation of molecules in helium has now been
diown to be very similar to the formation of molecules
in mercury vapour, which was discussed on page 80.

The attachment of a motastable atom to a normal
atom to form an ionised molecule has been definitely
shown to occur. 'Tliis non-radiative process which may

be written

(o)
can account for various observations on the helium
bands, and also for the ionisation which was observed
below the atomic ionisation potential by the earlier

workers on critical potentials. This effect, which

was peculiar to helium, attracted considerable attention

Pl
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at the time, it was generally ascribed to tho presence of
impurities or to atomic ionisation by some accumulative
process# Tlie formation of ionised molecules does not
appear to have been considered.

The occurrence of tho process (¢c) shows a maximum
value of 19.77 e-volts for the ionisation potential of the
molecule, this is 1.7 e-volts below the spectroscopic value
of 21,5 e-volts. The energy of dissociation of the ionised
molecule has consequently a minimum value of 4,73 e-volts,
this is 1,8 e-volts above the spectroscopic value of 2.9
e-voltse

It has been shown that in mercury vapour excited atoms
in states other than P states do not form ionised molecules
by attachment, even when they have more than sufficient
energy to do so. The helium atom is similar to the mercury
atom in that it has two outer electrons, but the outer
shell of the helium atom is complete while the outer sliell
of the mercury atom is incomplete. This difference
apparently allows the formation of ionised helium molecules

from excited atoms in S states.
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PART 4.
ELECTRON TRANSFER IN MERCURY VAPOUR.
INTRODUCTION.

During the conrse of an experiment Involving the
acceleration and subsequent retardation of positive ions
,in mercury vapour, it was found that the retarding potential
hatd to be just greater than twice the accelerating potential
in order to stop completely the passage of any positive ions

Retarding potential curves for the positive ions were
obtained and differentiated to give the energy distribution
of the Hg ions. A typical energy distribution curve
found for positive ions which had been accelerated by a
potential volts is shown in fig. 27. This curve is
merely a sketch, the actual curves will be given later. It
is apparent that the majority of the ions have an ener*”
equal to that acquired in moving through the accelerating
field, while a smaller group of ions have double this amount
of energy, practically no ions have energies between these
two values.

Tiiis suggested the occurrence of the process of
oloctron transfer which was first observed by Kallmann
and Rosen (40) in 1930, and which has been discussed
together with other similar processes in Part I, Section 2

of this thesis.
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Hie effective process, which may be written
Hg + Hg Hg" t Hg"

involves the transfer of an electron from a neutral %
atom to a doubly-charged Hg2Jr ion. An Hg ion in
passing throug”i on accelerating potential V volts acquires
an energy 2eV electron-volts. If the fast ng-f- ion then
makes a collision with /| neutral atom and if one, or
other, of the resulting Hg” ions moves on with the whole
of the kinetic energy 2eV electron-volts, then a retarding
potential of 2 V volts will be required to reverse it.

Kallmann and Rosen assumed that the effective
collision was a grazing one in which tho Hg ion in
passing close to a normal atom extracted an electron and
moved on as a fast Hg” ion. Hie distribution of the
energy between the resulting Hg" ions was not however
examined in any detail.

The following apparatus was accordingly designed to
investigate this point. The results obtained indicate
tliat the assumption made by Kallmann and Rosen was
incorrect. The transfer process was investigated for

Hg2b ions having energies from 140 to 400 electron-volts.
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P - THE APPARATUS.

'

The apparatus, which is shown in fig* 28 together
v/ith a wiring diagram, was mounted in the same pyrex tube
(fig* 8, page 47) as iiad been used for the investigation
of the formation of helium and mercury molecules by the
space-charge method.

Tne metal parts and gauzes were made of nickel spot-
welded where necessary, and the end caps for the cylinders
were pressed out of one piece of nickel so as to give a
perfect fit. The large Faraday cylinder was supported
Inside and insulated from the shielding cylinder C3 by
two tight-fitting sindanyo rings. The cylinder (3 was
supported rigidly on one of the quartz tubes which passed
dov/n the centre of the pyrex tube. The connecting
wire inside this quartz tube was spot-welded to the
Faraday cylinder, and it is clear from the diagram that
the Faraday cylinder and its connecting wire were
completely shielded from any electrons or ions except
those which passed tlirough the gauze Gi. This gauze
Gt, vdiich was spot-welded to the end-cap of the cylinder
(3, was made cylindrical in shape so tiiat ions leaving
tho cylinder Cg at wide angles could enter into the
Faraday cylinder. The cylinder Cg was tightly spot-
welded into the end cap of a cylinder open at its other

end. The containing cylinder supported the cylinder
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Cg by fitting tightly over the sindanyo ring round (3,
and also shielded the gauze G4 from any ions or electrons
except those which passed throu” the lower gauze (3.
The cylinder , which contained the close-coiled tungsten
filament F and the two gauzes G" and Gg, was supported
and insulated from the cylinder by short quartz rods,
Ae filament was of tungsten 0*15 rmmn in diameter and its
length before coiling was 2 cms. The filament leads were
insulated from the cylinder G by short quartz tubes
which fitted tightly into holes punched in the sides of
the cylinder.

The high-vacuum system was the same as for the
earlier work. No liquid mercury was kept in the tube.
The vapour which diffused from the McLeod gauge and the
diffusion pump gave a pressure of 10"* mm at O*C. This
was high enou” to give sufficiently large positive ion

currents.

EXPERIMENTAL FROCEIXJRE.

The apparatus was baked out by means of an electric
furnace at a temperature of 55070« This had to be
continued for some time before the pressure fell below
2 X 10~* mm owing to the large amount of gas present in
the sindanyo. Tlie filament was then flashed and run in.

The electrons from the filament were accelerated up

to the gauze (" by a potential VQ which was set equal to
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60 volts* This value lies between the critical
potentials for the formation of and given by
Bloaloiey (26) as 30 and 71 volts respectively. Any ng_f_
and Kg” ions formed in the field-free space between the
gauzes and Gg were accelerated up to the gauze B by a
potential | applied between Gg and B. The potential
V1, which had values ranging from 70 to 200 volts for
different runs, also served to reverse all electrons from
the filament F and consequently it could not be reduced
below a value just greater than VA. A retarding potential
Vg was applied between the lower gauze G" and the gauze
to reverse the ions leaving the field-free space

Inside the cylinder Cg, Any ions emerging from Cg with
an energy greater than Vg passed through the gauze G*
and were drawn into the Faraday cylinder by a potential
of 20 volts, applied between the Faraday cylinder and
the shield# The positive ion current entering the
Faraday cylinder was read on the galvanometer , which
had a sensitivity of 7.8 x 10~*" amps per mm

All parts of the external circuit connected to the
galvanometer were insulated by mounting them on
ebonite blocks with sulphur rings# A preliminary test
was made by setting VQ< 30 volts so that no ions
could be formed. was sfet equal to 200 volts, the

maximum value used, and the retarding potential Vg was

varied from 200 up to 400 volts. No current through the
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galvanometer could be detected, which showed that the
insulation of Uie Faraday cylinder circuit was complete.

The values of VQ, and Vg were all read on the'
some standard Weston voltmeter by moans of the key shown
in fig. 28. The positive lIon current to the field-free
cylinder Cg was read on a unipivot galvanometer, Mg,
which had a sensitivity of 3.1 x 10~? amps per scale
division.

Sphagetti resistances were included in the external
circuit to prevent the establialiment of an arc at hi**
potentials. The galvanometers and the milliammeter
were protected from possible damage by fine fuse wires,
which fused at 200 milliamps.

The first part of the work consisted in measuring
the energy distribution of the ions entering the field-
free space Cg. These ions will be called the "incident”
ions, those leaving it will be called the "emergent"
ions. The apparatus shown in fig. 28b, which is simply
tliat of fig. 28a with the field-free cylinder Cg replaced
by a single gauze O”, was used. When this had been done
the apparatus was changed to the form shown in fig. 28s,
and the energy distribution of the emergent ions was

measured.
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RESULTS.
TUE ERERGY DISTRIBUTION OF THE INCIDENT IONS.

was set equal to 60 volts and the filament

heating current adjusted to give an emission which was
hold constant at 1.0 milliamp. Positive ions, formed
by electron impact, were accelerated up to the gauze
by a potential applied between Og and G * The
retarding potential Vg, applied between G¢ and 0", was
altered in small steps of one or two volts from a value
of about 30 volts below the value of Vi to a few volts
abovo YL. Tlae positive ion current entering the
Faraday cylinder for each value of Vg was read on the
galvanometer Mi, which was worked at a sensitivity of
78 X 10"* amps/mm. 'The curve showing the positive ion
current plotted against the value of Vg is the retarding
potential curve for the incident ions. The slope of the
curve at any value of Vg, say V/g, gives the number of
ions Imving an amount of energy equal to V:g. The
energy distribution curve was obtained by differentiating
the retarding potential curve and plotting the slope at
a large number of different points against the corres:
:ponding values of the retarding potential Vg.

Retarding potential curves were obtained for
incident ions accelerated by values of equal to 70,

110, 150 and 200 volts. The energy distribution curves
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obtained by differentiation of the reatrdin® potential
curves are sliown in fig. 29. These curves give the
energy spread for all positive ions formed between (G
and Gg. According to Bleaicnoy (25) 9% of these ions
are and 10% are when is 60 volts. The

ions and the Hg”" ions cannot be separated in this
apparatus. The curves will however represent the ener*y
distribution of the Hg” ions, which is given by the
lower abscissa scale in fig. 29 .

Thiero are two factors which introduce inhomogenity
into the incident ion beam. Firstly some.of the ions
lose kinetic energy in elastic collisions with other
atoms, and secondly electrons from the filament penetrate
into the region between Gg and before they are
reversed. Any ions formed in this region will not receive
the full accelerating potential.

To reduce the number of electrons which passed
t rough the gauze G”, a magnetic field was applied at
rlglit angles to the axis of the cylinder. The field
was provided by two large bar magnets set up, one on
each side of the tube, so as to give a field only over
the region of the cylinder (.. The strength of this
field was measured by using a search coil and a Grassot
fluxmeter. It was found to be about 50 gauss, which was

sufficient to raake the electrons describe circular paths

in the field-free space between &nd Gg. This field
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v/aa too small to have any appreciable effect on the
motion of the heavy mercury ions.

The curves in fig. 29 show the energy distribution
of the incident ions with this field present. Curves
obtained without it showed greater inhomogenity. The
field was therefore retained for the remainder of the
work.

IThe factors, which introduce this inhomogenity in
the energy distribution of the lig" ions, must also
affect the energy distribution of the Hg ions. Tlie
curves shown in fig. 29 will therefore represent the

energy distribution of the incident ng*t ions provided

the abscissa scale is multiplied by a factor of 2, since

the have an energy double that of the Hg" ions in
virtue of their double charge.

The upper scale in fig. 29 consequently gives the
energy distribution of the incident ions. The
reason for the shaded portion of each curve will be

seen later.
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THE EmmOY DISTRIgUTIOH OF TIE EMERGENT IONS.

Hio apparatus was changed to the form shown in fig.
28a. The value of Vq was kept equal to 60 volts, and the
heating current for the filament was adjusted to give a
constant emission of 8 milliamps. The retarding potential
Vg applied between the lower gauze and the gauze G4
was altered in small steps from a value just greater than
ViL to a value above 2 . The object of this part of the
work being to investigate the small peak due to fast Hg™
ions with an energy 2 V¥ shown in fig. 27. The sensitivity
of the galvanometer was increased by a factor of 100,
to 7.8 X 10*** amps/mm.

Retarding potential curves for the emergent ions
were obtained for different values of between 70 and
200 volts. Four of the energy distribution curves
obtained by differentiating the retarding potential curves
are shown in fig. 30. The significance of the points
shown on the peaks will be explained later.

The stoop fall at the start of each curve in fig. 30
is due to a few of the incident IlIg" ions having energies

considerably in excess of tiio value . It might seem

— 00

that tlio energy spread of the incident ions with this

form of the apparatus is greater than that given in fig.

29 for the apparatus of fig. 28b. However it is to be
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noted that the sensitivity of the galvanometer is
increased by a factor of 100, and that the filament
emission is increased by a factor of 8. This fall is
thereforo the '"tail" of the energy distribution curves
In fig. 29 magnified 800 tiiaes and it does not vitiate
the form of the energy distribution curves obtained for
the Hg"" ions in fig.29 .

Owing to the design of the apparatus it was not
possiblo to Investigate the transfer process for Hg“’
ions of energy below 140 electron-volts. To obtain
positive ion currents of sufficient intensity the energy
of the electrons could not be reduced below 60 volts.
Since the same field was used to accelerate the Hg2+ ions
and to reverse the electrons from the filament, the
minimum accelerating potential had to be above 60 volts.

The introduction of another gauze between Og and Gg
would have enabled the process to be investigated for
lower energy values. The ions could have been accelerated
up to the additional gauze and then retarded before
entoring the field-free space. However, the beam of Hg2+
ions entering the field-free cylinder without the insertion
of an extra gauze had a fairly wide range of energies,
fhio modification In the design of the apparatus would
certainly have increased the Inliomogenity in the ener*y

of the ions, and for this reason It was not made.
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Tim VARIATION IN TIE imMBIZR OF FAST Hn
IONS WTH KIGJCIRON ENERGY.

So far It has been assumed that the group of fast
ions which appears in every curve In fig. 30 originates
from the prnduction of fast ions by the process

IIg2++ Hg*-

Throe curves showing the variation in the number of
fast Hg~* lons as the energy of the electrons was Increased
from 20 to 60 volts are given in fig. 31. The curves,
which are for three different values of , have been
displaced in a vertical direction to separate the points,
Tlio critical potential for the formation of obtained
from spectroscopic data is given by Bacher and Gouds lit
(54) as 29.06 volts. It is clearly shown by the curves in
fig. 31 tliat no fast Hg"" ions appear for electron energies
below 29 volts. This justifies the assumption that the
fast Ilg+ ions are produced by Hg2‘t ions.

Tlie variation in the number of fast Ilg" ions with
filament emission was also examined and found to bo
strictly linear.

The significance of the energy distribution curves

in fig. 30 can now be discussed.
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DISCUSSION OF RSaJLTS.

If tho kinetic energy of the Hg0 * ion, which is
2 Vj electron-volts, is shared in a random way between #i
the two Hg” ions which are formed by the transfer
process, then the energy distribution curve should show
Hg” ions with a wide range of energies between and
2\l electron-volts. A sliarp peak at 2 indicates
that the process is far more probable for a head-on
collision or for a collision in which the Hg"* ion just
grazes the normal Hg atom. In a head-on collision the
normal atom becomes the fast Hg” ion, in a grazing
collision the Hg"" ion becomes the fast Hg" ion. It is
tliorefore of interest to see if we can determine from
these curves the exact nature of the effective collision.

The peaks showing the energy distribution of the
fast Hg” ions in fig. 30 indicate an energy spread of
about 30 volts. If this spread can be accounted for by
the energy spread of the incident Kg2+ ions then the
effective collision must be either a head-on or a grazing
collisione

Points from the ener*‘y distribution curves for the
incident Hg24_ ions in fig. 29 were taken and reduced to
fit tho peaks of fig. 30 at their maxima. 'These points
are plotted on the peaks in fig. 30. They show tliat for

oach value of the energy spread of the fast Hg” ions
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is fully accounted for by the energy spread of the
incident ions.

Tho process -H Kg — Hg" + Hg" 1Is therefore
210re probable and perhaps only possible for a head-on or
a grazing collision, in which one of the resulting Kg*
ions carries off all the kinetic energy of the incident

ion.

THE CLASSICAL MECHANICS OF THE COLLISION
PROCESS.

21 ion
Ih© internal energies of an Hg and an Hg atofn

are respectively 29.06 and 10.39 electron-volts. There
is therefore set free in the collision process an amount
of internal energy equal to (29.06 - 20.78) i.e. 8.28
electron-volts. Tiiis internal energy may be entirely
converted into kinetic energy of translation, or some
of it may be used to excite one of the Hg”" ions into one
of its excited states.

If the internal energy set free for conversion into
kinetic energy is denoted by p, then the effective
transfer process can be written more definitely as

Kg2+(2 Vi e.v.) + Hg —Hg (2 Vj*e.v.) + Eg’+ p
where p is equal to or less than 8.20 electron-volts.

The question of the distribution of this internal

energy between the two Hg” ions will now be investigat

for both types of collision, head-on and grazing.
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ICUID-ON COLLISION.

Suppose an Hg‘Zi' lon iiioving with a velocity makes
a head-on collision with a normal atom which may be
considered at rest, since it has only thermal energy
which is equivalent to about 1/30 electron-volts at room
temperature.* Lot the velocities of the resulting Hg"
ions be v and vg.
By the Conservation of energy, we have

mV 29)

By the Conservation of momentum

nmvp = ravi -h mv2 30)
Squaring (30) and subtracting (29) we obtain

Vivg = _ 2 31)

m

Eliminating Vg from equation (29) we have

,1.0. EQ+ P - E + (32)

where =#mwN - 2 M

E =1 mvi'

- EMPEt I =0 (33)
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(E~A+ P) I |K ~ (1t|E )i
ME~+ P) + )
olnco p * 8.28 e.v, and A 140 e.v.

The solutions are therefore
E=E*tp = 2V]|*+p ) (34)
and E =0 )

This means that one Hg" Ion travels on with kinetic
energy equal to that of the Incident Ion plus any Internal
energy set free In the collision. The other Ion remains

at rest.

GRAZING COLLISION.

Vihen an Hgof Ion just grazes a normal % atom any
Internal energy set free will affect the relative motion
of the Hg” Ions only In a direction at right angles to
the direction of motion of the Hg"" Ion. The Ion
will retain Its original kinetic energy In the forward
direction and must be the fast Ion.

If v*and Vg are the velocities of the resulting
Hg” Tons In a direction perpendicular to the direction

2f
of motion of the Hg " Ion

=P
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By the conservation of energy
P =¢ + &M 35)

By tho conservation of momentum

0 = nv" -2 mvg (36)

Ae for head-on collision, we obtain

Vovp = - & (37)
Eliminating from (35), we liavo
I.e. 4 - 4 Ep + =0

ile. 2 E - p)2=0
I.b. E =ip (38)
Therefore in a grazing collision the internal energy
set free in the process is shared equally between the two
llg ions. Thia produces a motion of the Hg ions
perpendicular to the direction of motion of the incident
Hg}h ion and consequently it has no effect on the
component of the velocity of the fast Hg” ion in the
direction of motion of the incident ion.

The equations (34) and (30) show that the resulting
fast Hg” ion should have a component velocity in the
direction of the retarding field which is equivalent to

an energy of 2 p electron-volts if the collision is

id
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a head-on one, and of only 2 electron-volts If the

collision is a grazing one. It sliould therefore be
possible to determine from the onorgy distribution curves

vdiether the effective collision is a head-on or a grazing

collision.

The following table shows the energy of the fast

Ilg" ions for different values of V]. These energy values

arc the energies of the raaxima of the fast Hg peaks
aliown in fig. 30 and in other curves not given in this

thesis. The final column gives the energy of these ions

in excess of 2

TABLE 2.
Energy of fast jons Enerrv In excess of

e-volts. e-volts. e-volts
X 70 140 0

920 183 3.0
X 110 222 2.0

130 26275 2.5
X 150 301 1.0

176 353.5 1*5
X 200 402 2.0

X Values obtained from curves in fig. 30.
4

This table shows that the fast Hg ions have an

onorgy of about 2 electron-volts in excess of the
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energy 2 . Consequently the collision cannot he a
grazing one, nor can it he a head-on one in which the
whole of the internal energy is converted into kinetic
energy. The collision must be a head-on one in which part
of the internal energy is used in exciting one of the
resulting Hg”" ions, the energy required for excitation is
apparently about 6.23 electron-volts. There are two
excited states of the Hg” ion having energies close to this
amount, the 5dL*. 6 S*. state of 6.23 electron-volts
energy and the ScL””. 6p. state of 6.35 electron-volts
onorgy. The values are given by Bacher and Goudsmit (54).
The process first observed by Kallmann and Rosen can
now be described much more definitely. An Hg2+ ion moving
with an energy electron-volts on making a head-on
collision with a normal Hg atom, captures an electron into
on excited state, which may be either the 5d*. 6s i

state or the 6 . 6p. state, and comes to rest. The

a
normal atom loses an electron and becomes a normal Hg ion
and moves on with a kinetic energy equal to that of the
incident ng-f- ion plus the internal energy set free in

the transfer process. This is about 2 electron-volts.
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This process can be written as follows
+ %D

eV 0 0 eV+2
Ti10 kinetic energies of the particles are given below
the equation, and tho suffices are used to distinguisli
tlio ion and atom before and after the transfer process.

It has already been mentioned on page 30 that from
theoretical considerations the probability of electron
transfer is only appreciable when the excess energy, to
bo carried away by the colliding particles as kinetic
energy, is small compared with the Kkinetic energy of the
particles before the collision.

The results given here for electron transfer in
mercury vapour are in agreement with tho theoretical
prediction, since the greater part of the excess energy
is used in raising one of the particles into an excited
state leaving only a small amount of energy to be carried
away as kinetic energy. The variation in the probability
of tlie transfer process as the energy of the incident
Ilgz_h ions is increased is of interest to theoretical
workers for comparison with the theoretical curves. This

can bo determined from the experimental curves of figs.

29 and 30 as follows.
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TEE PROBABILITY OF ELECIRON TRANSFER PROCESS.

The probability of any specified collision process
is usually given in terms of the effective cross-section
of the atom for that process. The effective cross-section
is the imaginary area of the atom that must be struck in
order that the process may take place with certainty. The
probability can be obtained by dividing the effective
crocs-section by the kinetic theory cross-section. The
kinetic theory cross-section for any collision is
independent of the velocity of the colliding particles,
v/horeas the effective cross-section varies with the
velocity of the colliding particles.

To determine the effective cross-section for tlie
electron transfer process it is necessary to know the
number of ng-h ions entering the field-free space Cg, and
also the number of fast Hg" ions leaving the same space.

For any one value of Vj_ lot A be the area of the
peak representing the emergent fast Hg” ions in fig. 30,
and lot a be the area of the peak representing the incident
Hg ions. The results given by Blealmey (26) show that
the ratio of the number of ngNh ions to the number of Hg'f'
ions formed by electrons of 60 volts energy is 0.10. Tlio

area a is therefore one-tenth of the area of the peaks

in fig. 29 which were obtained for tho incident Hg” ions

Tlio scale factor for tho peaks in fig. 89 is the same as

il
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for the peaks In fig® 30. Hie areas A and 10a are
therefore the shaded portions of tho peaks In figs. 29
and 30, and they cover an energy spread of 30 electron-
volts in both figures.
24-
The fraction of the total nuiaber of incident Hg

ions which on collision with neutral atoms in the field -

free space produce fast Hg” ions is given by the relation

N=(§1) S.I.P. 39)
where S is a factor introduced to correct for the change
in tho sensitivity of the galvanometer used for the
measurement of the energy distribution of the incident
and emergent ions. As stated on page 14973=1/100.
I is a factor which corrects for the change in the
filament omission, which was 1.0 milliamp for the results
of fig. 29 and 8.0 milliamps for the results of fig. 3o
I is therefore 1/8. Hils correction is only possible
because of the linear relation between the number of ions
and tlio filament emission mentioned on page 150 . The
factor F, which is equal to 1/0.71, is introduced since
tho number of gauzes in the apparatus of fig. 28a which
was used to give the results of fig. 30 was one more than
the number of gauzes in the apparatus of fig. 28b used to
give the results of fig. 29. The transmission area of
each gauze was 71" of its total area.

Tlie effective cross-section for the electron transfer
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process Is therefore given by Q where

Q =N nXp (40)
n is the number of atoms per cc at a pressure of 1 mm
of Hg at 0®C and is equal to 3.56 x 10"* p is the
pressure of mercury vapour in Cg, and is equal to 1 x 10
nci of Hg at O*C, x is the distance (1.5 cms) which the
Hg""'" ions travel in the field-free space. N is given by
equation (39).

Wo have, therefore,

_ S.I.F. . A
Q = n.x.p. a
=33 x107. A

(41)

Tlie effective cross-section for the electron transfer
i

P4 - i
process Hg -+ Hg Hg-| + Hg was calculated from equation

(41) by measuring the areas A and a. The effective cross-
section is shown in fig* 32 as a function of the energy
of tho Incident Hg2+' ions. The kinetic theory cross-
section for collision between two neutral Hg atoms
obtained from viscosity measurements is given in the
Landolt-Borstein Tables to be 57.7 x 10" cm”. The
effective cross-section for the electron transfer process
over the energy range 140 to 400 electron-volts is there;
:fore of the order of one-tenth the gas kinetic cross-

section for collision. Tho probability of tlie electron
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transfer process at a collision Is consequently of the
order of 0.1, Throuc”out the energy range investigated
the probability of the transfer increases with the energy
of the incident Hg24' ions. The form of the curve in fig.

32. suggests a possible maximum above 400 volts.

In conclusion I should like to express my sincere
tlianks to Professor E. Stanley Allen, P.R.S. for the
keen interest he lias shown throughout the course of
these investigations and to Dr, F.L, Amot, Ph.D. for
his many invaluable suggestions and helpful criticisms,
X am also indebted to Mr. Gerrard for his kind assistance

in the preparation of the diagrams.
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APPENDIX 2%

Hie electron-volt is a unit of energy# equal to
the energy acquired by an electron in falling throu”i
a potential difference of 1 Volt.

Tlie energy acquired by an electron in falling

throurh a potential difference of V volts oV ergs
1 electron-volt _ 4.774 ~ 10 ergs
300
= 1#591 X 10 orga

If V cms/sec is the velocity acquired by an electron
in falling through a potential difference of V volts

i = 1.591 X 1o"*»~» V

vV _/3.182"\"x 10°x V* oias/3®c

'

=594 X 107X 4 cma/sec.

The energy of a photon of wavelength A Angstrom

units A h Xo * 10" ergs
X

= 12336 electron-volts.
A



XI

APPENDIX 3.

NOTATION USED IHESIS.

For Atoms.

n, 1 and s: the principal, azimtiial and spin quantuiiia
numbers for individual electrons- s is
always equal to

a,p.d,f electrons: electrons with 1=0,1,2,3 ..........

6 p: Xelectrons with n= 6, 1=1.

L and S: the azimutlml and spin quantuum numbers for
the resultant orbital and spin angular
momenta of tiie individual electrons in the
atom.

J: the inner quantuum number for the atom is
the vector sum of L and S.

S,P.D.F ... states: atomic electronic states with
L-0,1,2,3 .....

poXi An atomic state of multiplicity 28+f, with
L="1, 2. For a singlet state S=0, for
a triplet state 1.

The electron configurations of the valency electrons are

sometimes given in front of the atomic state e.g.

6s.3p.4"

For Molecules.

A the quantuum number for the component,

parallel to the intemuclear axis, of the



XU

angular momentum of the Individual

electron.

.......... electrons: electrons with
X=0,1,2,3 ...

A the quantuxisa number for the

component, parallel to the
intornuclear axis, of the resultant
orbital angular momenta of the
individual electrons.

TT/\ states; molecular electronic states

for which j\ -0,1,2, ...
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