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The satoms move in a void and catching each
other up jostle together, and some recoil in
any direction that may chance, and others become
entangled with ohe another in various degrees
according to the symmetry of their shapes and
sizes and positions end order, and they remain
together and thus the coming into being of

composite things is effected.
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CHAPTER 1

INTRODUCTION

Processes occurring via atomic or molecular collisions
are fundamental to chemistry. The ideal experimental approach
to the study of interactions in chemical systems lies in the
molecular, rather than the macroscopic approach. The molecular
beam technique permits direct investigation of molecular colli-
sion processes. A molecular beam to be used for the study of
chemical interactions may be defined as a stream of molecules
or atoms travelling in almost collision-free and unidirectional
motion. To meet these requirements, the beam must traverse a
region of sufficlently low pressure that the effects of unwanted
molecular collislions may be ignored. This requires that the
mean free path of the molecules in the beam exceed the path
length of the apparatus.

In conventional studies of chemical reactions, a large
number of processes occur simultaneously, involving molecules
with wide distributions of quantum states and velocities. This
necessitates the use of statistics to obtailn molecular informa-
tion from macroscopic data, since measurements are made of
average properties over a wide distribution of incident energy
and internal molecular states. On the other hand, molecular

beam methods permit direct study of both energy and angulaf
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dependence of chemical reactions over a large range of incldent
kinetic energles. Some additional advantages are:

(1) Beam experiments permit investigation of gas phase reactions
without interference from possible surface reactions.

(2) Where a surface reaction is to be studied, the low density
of particles within the beam eliminates the possibility of gas-
phase readtions causing interference.

(3) Particles produced within the beam may retain their chemical
and physical ldentities, since the low particle density in the
beam precludes appreciasble particle interactions. This permits
study of free radicals and metastable atoms and molecules.

(4) 1In chemical reactions involving a sequence of steps, one
step can be isolated and studied individually.

(5) Specific quantum states of reacting molecules can be
selected for study. The most common method of accomplishing this
involves the use of 1inhomogeneous magnetic fields to achieve
spatial separation of components having different magnetic

moment orientation.(l)

Molecular beams may be produced having widely differing
kinetic energles. These beams may be convenlently divided into
three groups: Thermal beams, having energies less than about
0.1 electron volts; chemical beams, with energies of about 0.1
to 10ev.; and high energy beams, with energles up to thousands
of ev.

Molecular beams having thermal kinetic energles are

usually produced from a small oven, maintained at a steady
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temperature. The oven 1s provided with a narrow slit, through
which the molecules can effuse, and, after suitable collimation,
form a beem. The molecular velocities from such an oven have a
Maxwell-Boltzmann distribution. It is therefore necessary to
use a system of veloclity selection in order to produce a beam
having a narrow energy sﬁread. This 1is usuvally accomplished
using a series of rotating discs provided with slots.(z)(B)(h)
so that molecular speeds may be selected on the basis of transit
time through the discs.

Beams having high kinetic energy may be produced from
electrostatically accelerated ion beams by charge transfer

(5)(6)

neutralization. For example, 2 beam of Ar atoms may be
produced by passing a beam of Ar* 1ons throuéh a sultable
pressure of Ar gas.(7) Since the cross-section for charge
exchange is much greater than that for momentum transfer.(s) a
considerable fraction of the ions may bé neutralized without
being deflected from the beam. The neutral beam is then obtained
by removing the remaining lons with an electric field.

The intermedliate energy range is that normally associated
with chemical bond energies and hence is of most interest to
chemists. Unfortunately it is also the most difficult to attain.
Hasted(9) has réviewed some of thé approaches used to overcome
this problem. The use of a conventional oven source to produce

beams in this energy range is impractical, due to the very high

temperatures'required. (The temperature associated with 1 ev.

is 11.605o K). However, an approach which has had some success
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employs hlgh pressure oven sources.(lo) The effusive flow of a
conventional oven 1s then replaced by a supersonic jet. The
effectiveness of this method was first demonstrated in 1954 by
Becker and Bier.(ll) who found that the major difficulty was
the_provision of sufficlent pumping capacity to remove the gas
adnitted into the vacuum system. This approach has received
considerable attention and useful beams of molecules have been
obtained with kinetic energies up to 1 ev.(12'17)
Molecular beams with energies down to about 5 ev. have
been produced from high energy ion beams, which have been slowed
down with a retarding ﬁotential and subsequently neutralized.(ls)
This method has met with difficulties, since mutuval repulsion
between lons, after retardation, causes a loss of collimation
of the beam, and results in beams of low intensity which are
difficult to detect. One advantage, however, of this approach
is that often no velocity selection is required since the
energy spread of the neutrals 1s the same as that of the

original ions, which can be controlled electrostatically.(19)(20)

Another method recently demonstrated by Trujillo, et al..(21)
is the so-called "merging beam" technique. This involves
directing beams of molecules, whose interactlion is to be studied,
at one another in such a way that the energy of interaction (i.e.
relative energy in centre of mass co-ordinates) lies within the
chemical energy range. This method has the advantage that high

laboratory kinetic energies may be used for both beams, since

the difference in the laboratory energles of the beams AE is



many times larger than the interaction energy I, which is

la) - @1

where my and m, are the masses of molecules in the two beams

given by:

my

and‘/;is the reduced mass. For the case m =m =m and AE

small compared with El and ©,, then it can be shown that:
I =AE® /8E |

where E is the average of the two beam energies.

For example, if two beams of atoms of the same mass,
having 5000 ev. and 5100 ev. respectively, are made to travel
in the same direction so as to interact, the energy of interaction
between the atoms in the beams will be 0.25'ev. The use of high
energy beams reduces experimental difficulties considerably.

Early studies involving atomic and molecular beams
were primarily concerned with non-chemical phenomena. In 1911

Dunoyer(zz)

produced a beanm of sodipm atoms by heating sodiunm
metal in an oven. This experiment demonstrated that atoms
travel in a straight line through an evacuated region. The
first quantitative studies with molecular beams were carried
out by Stern, commencing in 1919. He measured the thermal

(23)

velocities of molecules directly and demonstrated the

effects of space quantization and atomic magnetic moments(zu’ 25).
This work became known as the Stern-Gerlach experiment. In 1931

Stern verified the de Broglie equation .A==§§_for atoms by



diffracting beams of velocity selected helium atoms from the
surface of a L1 F crystal.(26) Since that time extensive
research has been carried out in the field of physics using
molecular beam methods. General surveys of the research carried
out to the present time may be found in references(l)(s)(27‘32).

Application of beam experiments to chemical problems is
a more recent development, although early work included investi-
gation of surface ionization, condensation, nucleation, evapora-
tion and scattering. At the present time beam experiments with
molecules and ions are being performed over a largé energy range,
to investigate the interactions between atoms, molecules, ions,
electrons and photons.

The ideal way of studying a chemical reaction in the gas
phase, whether molecule-molecule, ion-molecule or charge transfer,
is to allow beams of the two reactants to collide with selected
veloclities and quantum states. The yield of products, their.
velocities, quantum states and angular distribution should then
be measured. Conceptually such dynamic studies are not new
since nuclear.reactions have been studied in this way for fifty
years.(33) The performing of such an experiment on a chemical
reaction is still an ideal rather than a reality, but many
investigations have ylelded important data without fulfilling
all the conditions of the ideal experiment. A number of reviews
describing these investigations have been written.(12)(31)(34)(35)

Present applications of molecular beam technology to

chemical phenomena include studies of the mechanisms of organic



(36)

-ion-molecule reactions, studies of the energy dependence of

energetic hydrogen atom reactions wilth cyclohexane(37) and n-

(38)(39) together with investigation of the hydrogen

(40) and dissociation studies of H2+.(41)

butane,

lodide reactions,

+ (42) +(43)
2

HeH , and D by collision with inert gas molecules.

Extenslive charge exchange studles are belng 6arr1ed out which

o ()

include studies of He' - and Net - Ne(45) systens.

Investigations are also beilng carried out on ion-molecule

(46)

reactions of the type ArT + Dy —> ArD' + D end Ar' + Hp —

+ (47)

ArH + H » together with measurements of van der Waals forces.

(49)

Reactive scattering of K atoms by HBr and DBr, reaction of K

(50)

atoms with oriented CFBI molecules, and crossed-beam studies
of the ionlzation of Cs by Brz(sl) are also belng carried out.
In summary, molecular beam scattering experiments have
produced useful data on chemlical reactions by allowing them to
be studied without the inherent loss of detail and difficulties
of interpretation assoclated with more conventional methods.
In the work described below, a molecular beam apparatus

has been bullt to investigate charge transfer and ionization

reactions with stable and short-lived molecules. The behaviour

of Hy, Dy and He Radio-Frequency discharges has been investigated

with the apparatus and optimum conditions found for the operation

and production of various atomic and molecular ion beams.
Beams of neutral molecules and atoms have been produced from
5000 ev. ion beams by charge transfer reactions. The neutral

products have been ldentified by reionlization and mass analysis.

(48)



The experimental arrangement is such that molecules with life-
times in excess of about 10-7 secs. may be detected as stable
specles.

The molecules which have been studied are HeH, HeD,
Hep, H3. DoH and D3. The behaviour of these molecules in the
beam apparatus has been compared with that of stable m&lecules
such as Hy, Dy and ED, and atoms such as He, H, and D. Studiles
of the collisional dissociation of He3+ molecular ions have
been carried out to demonstrate the existence of He3+ in low
temperature Radio-Frequency discharges. Some of the results of
thls series of investigations have been reported in the litera-

(52)(53)

ture.



CHAFTER 2
COLLISION PROCESSES

Co}lisions taking place between particles in the
gas phase may be divided into three broad categories: 1.

Elaétic collisions; 2. inelastic collisions; and 3. reactive
collisions. Elastic collisions are those in which the total
kinetic energy, and consequently the internal energy of the
collision partners, remains unchanged. Linear and angular
momenta are conserved at all times throughout such a collision.
Inelastic collisions are those in which the quantum states of
‘the collision partners are changed and therefore involve

y enérgy transfer to and from the internal modes of the particlés.
Reactive collisions, with which this work is mainly concerned,
comprise those in which a chemical reaction occurs, involving
transfer of atoms, ions or electrons between the collision
partners.

Some of the inelastic collisions which can occur between
an ion AT and an atom B are shown in Table 1. The ion AT is
regarded as the projectile, and the atom B at rest, although in
the centre-of-mass coordinate system the distinction.between 5
projectile and target is lost. The numerical classification

scheme is that suggested by Hasted(54), in which the integers

9
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Table 1

Classification of some Inelastic Reactions

between Atomic Ion AY and Atom B

NUMERICAL
REACTION ) CLASSIFICATION VERBAL DESIGNATION
¥ =+ 5 3 3
A B— A + B (1 0/10 ) Excitation Transfer
A" B—=4A + BT ‘ (10/01) Single Charge Transfer
At B—= A~ + B%* (10/-12) Double Charge Transfer
At B—=AT + Bt + ¢ (10/11e) Ionization
At B—=A + B2t 4+ e (10/02e) Transfer Ionization
AY + B—p%F" 1B+ e (10/20e) Stripping
+ * + *
—— +
& - A o (A0/0°2) Charge Transfer to
3 L " an excited level
A B—=A 4+ B (10/01 )
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on the left denote the charge stateé of the reactants, whille
those on the right denote the charge states of the products.

An asterlisk 1is used to indlicate an electronically excited state
and the production of a free electron is denoted by the symbol
e. Further reactions are possible if either of the reactants
1s molecular. These may involve rotational and vibrational
excitation or collisional dissociation. A further serlies of
reactions may occur in which an atom is transferred between
the reactants. The simplest reaction of this type may be
written

At + Bc —aBt + ¢

These reactions, together with many others involving ions,
molecules, photons and electrons, have been reviewed by Hasted(55).
Reactions which are of pérticular'relevance to this work include
single charge transfer, 1onizatioh. collisional dissociation

and atom transfer. These will be discussed in more detail.

l. Single Charge Transfer

Charge-transfer reactions involve the exchange of one
or more electrons between the reactants. It is convenient to
divide these reactions into two types:

Symmetric resonance reaction, represented by

AY + A—> a + 2t
and Assymmetric reactions, represented by
A+ + B—>A + B+
The energy dependence of the c¢ross sectioné for these two

processes is generally quite different. The reasons for this
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may be discussed in terms of the "Adliabatic Hypothesis" due to
(8)(56)

Massey . A quantitysE 1s defined as the difference
between the lonlzation potentials of A and B in the assymmetric
reactlon. This is known as the energy defect of the reaction.
Massey has shouwn that, in general, the cross section for charge
transfer, at low relative velocity of approach, will be small

unless AE is small. It can be shown that if

the cross section for charge transfer will be small. (1 repre-
sents the range of interaction between A+ and B, and v their

relative velocity of approach.) If v is increased to

& o 1AE
h

the cross section should attain its maximum value, which may be
large. This condition corresponds to the collision time (1/v)
being comparable with the transition time. The energy corres-
ponding to maximﬁm cross section may be written

E = 36(aE)2m 12 ev.
whenAE is expressed in ev., the mass of the incident particle
m in atomic units and 1 in units of the Bohr radius. For the
reaction _

H+ + Hz—é H + H2+

AE =2.07 ev., m = 1 a.m.u., and for the purpose of calculation
1l may be taken as approximately 5 Bohr radili. E* then has a

value of about 4300 ev. Experimentally, a value of about

4800 ev. has been obtained by Allison(57). Since 1, the so-
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called "adiabatic parameter", is not well defined, the agree- .
ment is reasonable.

Thus, in general, the “adiabatic hypothesis" predicts
that the cross sectlion for assymetric charge transfer should be
small at thermal energles, should rise to a maximum near the
energy corresponding tovE* and should then decrease at higher
energlies, where the interaction time ultimately becomes too
short for the transition to occur. With symmetrical resonance
reactions (AE = 0), it predicts that the cross section for
charge transfer should increase monotonically as the impact
energy decreases. These arguments account for the experimental
observations. The cross section for the symmetric resonance
reaction

H2+ + Ho —> Hp + H2+
increases as the impact energy decreases and attains a maximum

(58)

value at very low energiles. This compares with the assymme-
tric reaction between H' and Ho, mentlioned above, where the
maximum cross section occurs at about 4800 ev.

The theory of non-resonance assymmetrlc charge transfer

(8) (59)

has been reviewed by Massey and Burhop » Bates and Dalgarno

vl Haghea

. The theory, although accounting qualitatively
for experimentai observations, makes no predictions as to the
magnitude of the maximum cross section. Quantum mechanical
calculations of symmetrical resonaence cross sections by Firsov

and Fetisov(al)(SZ) have had some success, but the majority of

cross-section values are experimental. Surveys of the litera-
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ture values of experimental charge-transfer cross sections
have been carried out by McDaniel(Bo). Allison and Garcia-
Munoz(éo) and Hasted(9).

Most measurements on charge-~transfer cross sections
have been ﬁade by passing beams of pbsitive ions through a
neutral gas target. The cross section for charge-changing
collisions 1s greater than that for momentum-transferring
collisions ("violent" collisions resulting in large angular
scattering of the products), so thét a large fraction of an
ion beam may be neutralized without producing severe attenuva-
tion of the beam. The cross sections for competing reactions,
such as ionization and stripping (Table 1), are also small com-
pared with cross sections for charge transfer.

The factors governing the choilce of charge transfer
gases for prdduction of neutral beams from lonic beams, have

(61)(62). Allison(57) has

been reviewed by Whittkower et al.
measured the equilibrium concentrations of H+, H, and H in a
beam of H+ lons passing through H2 gas in such a way that a
steady state equilibrium between the charged speclies was
attained. A high proportion of H atoms was found (> 70%), so
that it is apparent that a neutral beam of atoms or molecules

may be produced from an ionic beam with high efficiency.

2., Ionization

The lonization of atoms and molecules in a beam was a
necessary stage in the experiments beling reported. Two methods

were used:



15

a) Ionization by Electron Impact

A+e—>e + At + &
. The production of ions by electron impact has been
investigated for many years. The literature on this topic is

(30)

extensive . Comprehensive reviews on the excitation and

ionization .of aﬁoms by electron impact have been carried out
by Massey(63), Burk and Smith(éq) and Burk, Schey and Smith(65).
The majority of mass spectrometers énd ion beam accelerators
employ electron impact for the production of ions. “

To produce ionization, the relative kinetic energy of
atom A and the electron must be‘greater than the ionization
potential of A when A is in the electronic ground state.

Once this threshold is reached, the cross section increases
repidly to a peak value at about 100 ev. and then slowly
decreases as the energy increases. This behaviour is typical

of almost all atoms and molecules(éé). Normally, the gas to

be ionized is at room temperature so that the kinetic energy

of the molecules is negligible compared with that of the
electrons. In the experiments to be described, the velocity

of the neutral atoms 1is comparable.with that of the electrons
and must be taken into account when calculating the interaction
energy.

b) Ionization by Heavy Particle Collision

At BomiT & Bas
(67)

The classical Thomson theory of ionization predicts

that electrons and protons with equal velocity, incident on a



16

givén target should have the same cross section for ionization.
Hooper et al..(68) have confirmed this prediction experimentally
for high energy protons. The same considerations apply to an
atom incident on a target molecule. The behaviour of the cross
section for ionization by heavy particle collision is basically
the same as that for electrons. The relative energy threshold
for lonization is usually a factor of two higher than the ioniza-
tion potential of the cclliding partner losing the electron.
Above the threshold energy, the cross section increases rapidly
to a maximum and then decreases as the energy is 1lncreased.
The energy scale for this process, however, is quite different
from that of ionization by electrons. The cross section reaches
maximum value at a beam energy of about 10 - 50 kev. for H atoms,
compared with about 70 ev. for electrons.(83)
At energies appreciably below that for maximum cross
section, the relative velocity of the colliding particles is
small compared with the velocity of the orbital electrons so
that the interaction time 1s long. The cross section for ioniza-
tion is then small because the electrons are éble to adjust
adlabatically to the slowly changing perturbation. On the other
hand, high kinetic energles result in short interaction times
making ejection of an electron improbable. From these considera-
tions, a beam of H atoms with 5000 ev. energy, passing through
H, gas, may be expected to have a relatively high cross section

for the process

H"'Hz-%H++H2+e
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However, ionization cross sections are genérally smaller than
charge transfer cross sections. This 1is 1llustrated by equi-
librium fraction experiments,(57) in which a 5000 ev. H+ ion
beam is passed through Hz gas so that charge transfer and ioni-

zation reactions occur.

H++H2~>H+H2+ 190

H+H —H +H +e o1
When a steady-state equilibrium is attained, the ratio H : il
is found to be about 10 : 1. Experimental values of 190 and
09; at 5 kev. are 1 x 10"15 cm.2 and 0.8 x 10"16 cm.?

respectively.

3. Collisional Dissociation

A molecular ion undergoing charge transfer or ionization
reactions may dissociate into constituent components. The
energy required for this process is usually less than 10 ev.

H2+ ions travelling through hydrogen gas may undergo single
charge transfer to give Hp molecules, but may also undergo
dissocliative reactions such as

Hy + Hy —> " + H + Hy

Bt +ip—ut + 5t + B, + e

Ho¥ + Hp —H + H + HyY
(69)

Sweetman has measured the cross sectlions for these reactions
in the energy range 100 - 800 kev. Alternative dissociation
reactions resulting in the production of negative ions, such as

Hpt + Hp— 1 + BV + Bt
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have been shown by Fodorenko et al., to have very small cross.
sections(70).

Collisional Dissociation reactions have been studied
" by Lindholm(71)(72), Melton and Wells(73), end McGowan and
Kerwin(74). More recent investigations have been carried out

H+(42) and D2+(43). Purser(41) has studied the energetics

on He
of such reactions and reports that the spread in the kinetic
energy of H+ ions resulting from collisional dissociation of
5000 ev. H2+ ions, may be as high as 350 ev. in laboratory
co-ordinates. Angular-distribution studies of the products of
these reactions have been carried out by Sweetman(ég). and the
effects of vibrational excitation of the dissociating ion
investigated by Riviere and Sweetman(75) and McClure(58).

The yields of the various dissocliation fragments of H2+ and
H3+ ions were found to vary by as much as 20% with changes

in ion source conditions(58). This was presumed to be due to

changes in vibrational excitation of the primary ions.

4, Atom~Transfer Reactions

Reactions may occur between ions and molecules in
which an atom is transfered from one reactant to the other.
These are known generally as ion-molecule reactions. A typical
reaction of this type, end one which has received considerable
attention is

Hy' + Hy —> Hy' + H

Reactions of this type involve the breaking and forming of
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chemical bonds. Experimental data have been obtained mainly

(76-78)

from mass—spectrometric measurements , and discharge

L)

chambers(8 . These studies have shown that the cross section

for an ion-atom interchange reaction may be large at low impact
energies (0.1 to 10 ev.), but decreases steadily as the energy
increases and is virtually zero at energies in the kev. region.

)

The polarization theory(77 predicts a collision cross

section between ions and molecules given by

2umﬂ2 5
/fE

where K is the polarizability of the molecule,/okthe reduced

0}

{

Oo= e

mass, e, m and E the charge, mass and kinetic energy of the ion.
Proportionality between Op and E-% has been observed for some
ion-molecule reactions. Fbr exanple: |

ArT + H, —>ArH' + H
However the electrical interaction between the charge on an
ion, and the induced dipole of a molecule is negligible above

(79)

an energy of about 1 ev. Henglein has postulated that at
energies above 1 ev., "stripping" or "pick-up" processes occur.
However, in general, cross sections for atom-transfer reactions
are found to be Vaﬁishingly smell at relative interaction
energies above about 10 ev. Futtrell and Abramson(8o) have
reviewed the kinetic energy dependence of ion-molecule reactiocns
from both experiméntal and theoretical viewpoints.

Summary

The reactions discussed above are only a few of the

many possible reactions which may take place in a moleculer
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beam apparatus. They are of particular relevance to the
experiments to be described. Further discussion on the
applicability of these reactions to the production of neutral

beams will be found in Ch.5.



CHAPTER 3

AFPPARATUS

General Description

The apparatus used in this work was designed and built
so that the positlions of many of the components were inter-
changeable. This provided maximum versatility and scope for
a variety of experiments to be carried out. The apparatus is
shown schematically in Fig.1l.

A Radio-Frequency discharge ion source was used to

produce beams of atomic and molecular lons such as Y, H2+.

He+ end HeH+. The ion beam was extracted from the source
electrostatically, and accelerated through 5000 volts. The
beam was focused at the entrance to the first mass analyser

by a gap lens followed by a quadrupole lens. A beam of the
ions of interest was mass selected and passed through aligning
plates, 2 second quadrupole lens, and subsequently through a
charge exchange cell containing either lithium vapour or a

gas such as hydrogen or helium.

The neutral atoms or molecules formed were permitted
to continue undeflected, while the remaining lons were removed
by electrostatic deflector plates. A fraction of the neutral
beam was reionized by electron bombardment and the ions formed
were mass analysed and collected in a Faraday cup. The geometry

21
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Schematic of the molecular beam apparatus
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qf the apparatus was such that.only'atoms or molecules with
high translational kinetic energy were focused by the magnetic
field. Low energy products formed in the background gas, and
products formed from momentum-tranéferring collisions were not
focused at the deteétor.

For descriptive purposes the apparatus may be divided
into the following sections:

1) Ion Source

2) Gas Handling and Vacuum Systems

- 3) Focusing, lMass Analysis and Alignment Systems

4) Charge Transfer Cell

5) Ionization, lass Analysis and Detection Systems

6) Electronics |
1) Ion Source

An ion source is a device which produces atoms or
molecules with a net positive or negative charge. The molecules
of interest are admitted into the ion source and ionized near
an aperture, through which the ions can be extracted. The ion
beam extracted from such a source often contains a substantial
fraction of atomic, as well as molecular ions. Although other
teéhniques are occasionally used, electron bombardment is the
most common method of producing ions. The electrons are
normally accelerated by an electric field to an energy somewﬁat
higher than the ionization potential of the molecules to be
ionized. |

The sources which are most commonly used for the produc-



24

tion of intense beams of lons depend upon the 1oniéation
produced in gaseous discharges. However, the means of
producing this lonization and of concentrating the beam vary
considerably. Several types of ion sources may be mentioned.

l. Cold-cathode canal-ray tube

2., Spark discharge

3. Hot-cathode arc

4, Low voltage capillary arc

5. Discharge in an axial magnetic field

6. Electron oscillation discharge

7. Badio-Frequency discharge
Livingstone and Blewett(97) have reviewed the characteristics
of these lon sources, and Rose(98) has presented the basid
concepts underlying the production of ion beams. At the present
time two sources are most commonly used:

(a) Duoplasmatron

Developed first by von Ardenne(99). the duoplasmatron

is a hot-cathode magnetic ion source. This source has been

(100)

used extensively at Oak Ridge and is now avallable com-

mercially. A survey of plasmatron sources has been carried
out by Morgan et al.(101)

(b) Radio-Frequency Discharge

The application of Radio-Frequency discharges to ion

beam production was first investigated by Thoneman(loz) and
Rutherglen et_al.,(103) in England, and Bayly et a1”(104) in

Canada. Thls was the type of ion source selected for the
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present work. It was an adaptation of the Oak Ridge source
described by Moak et al.,(105) which was itself based on the

(103). Bayly(104) (106)

earlier work of Rutherglen » Thoneman

and Ha11(107).

The construction of the ion source is showm in Fig.Z2.
It consisted of a Pyrex lon bottle mounted on an aluminum base
plate. A solenoid coll surrounded the base of the ion bottle
‘and a quartz sleeve fitted around the exit canal of the base
plate. A radio-frequency oscillator produced the discharge,
and a high voltage probe permitted extraction of a beam. The
gas to be ionized was fed into the lon bottle through a hole
in the base plate.

The radio-frequency field applied to the excitor rings
was approximately 60 Mc./s. frequency. A stable discharge was
formed, in which electrons and positive ions were in equili-
brium. A free electron in such a discharge may have a mean
free path of about 1 cm., depending on the pressure, so that,
as 1t is accelerated by the R.F. field, lon palirs are produced
by collision with gas molecules. The solenoid coil produced a
magnetic field with lines of force in the direction of the long
axls of the bottle. This restricted the electrons to the centre
of the discharge and caused them to spiral. This increased the
density of ions in the region of the exit canal. The Pyrex
shield protected the extraction probe from electron bombardment.

The extraction system consisted of a small tungsten

probe (anode), hidden from the discharge by a short capillafy.
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and a cathode, consisting of a cylindrical aluminum tip protru-
ding into the dlscharge from the base plate. A canal, 0.5 mm.
in diameter, permitted the ions to enter the high vacuum region.
A beam was obtained by applying a potential of 3000 volts
between the anode and cathode. Being a good conductor, the
discharge was essentially at the anode potential, and almost
all the applied potential was across the cathode dark space,
which developed at the canal tip as the extraction voltage was
increased. The quartz sleeve prevented surface recomblnation
of the ions on the metallic cathode and functioned as a virtual
anode with respect to the exit canal. This resulted in a
focusing effect (Fig.2), which allowed the ions to traverse

the exit canal without striking the walls. »

On entering the high vacuum region the ilons travelled
in all directions and had to be focused to form a beam. This
was done with the gap lens. The focal length and spot size of
the beam were controlled by the voltage on the gap lens, which
was made negative with respect to the base plate. The gap lens
was insulated from the aluminum base plate by two Bakelite
spacers. When insulators are "visible" to an ion beam, electro-
static charges may bulld up which affect the beam trajectory.
For this reason the gap lens was shaped so as to shield the
beam from the spacers.

The ion source thus produced a collimated beam of ions

with kinetic energy equal to the anode potential.
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2) Gas Handling and Vacuum Systems

a) Leak Systems

To opergte the ion source efficiently it was necessary
to maintain a controlled flow of gas into the ilon bottle. Two
methods were used

(1) Palladium Leak

(11) Mechanical double needle valve

The palladium leak device served as a selective valve
for admitting hydrogen or deuterium gaé into the ion bottle,
since when heated, palladium becomes porous to hydrogen-like
gases. The flow of gas was controlled by varying the tempera-
ture of the palladium; The leak assembly consisted of a
palladium tube surrounded by a Pyrex sleeve, around which was
wound a heating coil. The tube and coil were contained in a
brass cylinder into which hydrogen flowed. The hydrogen passed
into the heated palladium tube and through to the ion bottle.
The connection between the output from the tube and the ion
bottle was made through a polyethylene tube. This served to
insulate the leak assembly (ground) from the ion source
(+ 3000 v.).

The palladium leak also effectively purified the hydro-
gen entering the discharge. The disadvantages however were:
1) Contamination of the palladium occurred if ailr was admitted
to the leak while the tube was hot, and 2) only hydrogen or
deuterium gas could be used. To overcome these difficulties

2 mechanical double-needle valve, manufactured by "Nupro", was
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used. Thls valve was capable of leak rates of 0.5 to 100 atm.

* and could be used with any gas.

cw’. hr.”
The gas handling system, incorporating the leak devices,
is shown in Fig.3. The gas lines were made from %" copper
tubing. Joints were made with "Swagelock" couplings on the
high pressure side and silver solder on the vacuum side. A
switching device permitted either leak to be used. Discharges
from mixed gases were obtained by mixing the gases in the high
pressure line and passing the mixture through the mechanical
leak. Before running an experiment, the whole gas line was
evacuated with a mechanical pump and repeatedly flushed with
the gas to be used in the discharge. Finally, the high pressure
line was filled with the gas to a pressure of about 30 lb.in.-z.

b) Vacuum Systen

It was essentlal that a good vacuum be maintained in
the apparatus so as to minimize attenuation of the beam caused
by scattering from background gas molecules. The gas effusing
from the ion source was removed by two 3-stage mercury diffu-
sion pumps, manufactured by "Consolidated Electrodynamic
Corporation'. Both pumps were incorporated into the apparatus
as close as possible to the exit canal of the ion source, to
provide maximum pumping efficiency. The punmps had 4" diameter
entrance apertures and were equipped with liquid nitrogen traps.
A low backing pressure for the diffusion pumps was provided by
a 450 l.min."'1 mechanical pump, manufactured by "Edwards High

Vacuum Corporation'".
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A static pressure of 5 x 10'? mn. Hg. was obtalned,
whereas during operation the pressure rose to 1 x 10"5 mn. Hg.
At this pressure the mean free path of ions in the beam was
of the order of a few metres. A low vacuum was maintained in
the region of the charge transfer canal by a third diffusion
pumnp. This was a 3-stage mercury diffusion pump, manufactured
by "Edwards High Vacuum Corporation", and was backed by a
mechanical pump rated at 150 l.mln.'l. Mercury diffusion pumps
were used throughout the apparatus because of the problem of
carbon deposition associated with oil diffusion pumps. The
vibrations produced by the mechanical pumps were insulated
from the beam apparatus by bellows couplings, and the diffusion
punps and beam tubes mounted on a heavy chassis to further reduce
vibrations.

Pressure in the apparatus was monitored with Pirani
and ion gauges, manufactured by "Edwards High Vacuum Corpora-
tion". Liquid nitrogen levels were maintained in the vapour
traps with an automatic filling device employing thermocouples
placed in the liquid nitrogen. The apparatus was leak-checked
periodically using a helium mass spectrometer leak detector.

A series of vacuum-tight flange couplings were designed
so that all the components could be interchanged when necessary.
Fig.4 shows a typical 'o' ring vacuum seal between two flanges.
Flange A was equipped with a ZZé" i.4. circular channel which

accommodated a rubber ‘o' ring. Flange B was machined flat so

that when the flanges were drawn together the 'o'!' ring formed
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a vacuum tight seal between the components. In this way a
varlety of components could be attached to the apparatus

while still maintaining a good vacuum.

FLANGE B
"o" RING

S

VACUUH L] KAl

h
a

Figure 4

FLANGE A

Vacuum flange coupling system

Where low temperatures were involved, as with the
liquid nitrogen traps, silver 'o' rings were used rather than
rubber. Unfortunately the silver 'o' rings became permanently
deformed on compression, and had to be replaced if the vacuun
seal was broken for any reason. Electrical connections into
the vacuum were made using high vacuum electrical feed-throughs
obtained from a number of manufacturers. Water connections

were made with 'o! ring seals.
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3) Focusing, Mass Analysis and Alignment Systems

a) Lens System

A lens system was used to increase the transmission of
the ion beam through the apparatus. Mass analysis was carried
out using a sector shaped magnetic field, with the ions
entering and leaving normal to the field edges. Such an
analyser focuses to first order in angle, for displacements
in the plane normal to the field, but has negligible focusing
propertieé for displacements parallel to the field. Thus for
maximﬁm transmission, the beam should ideally be in the form
of a nafrow ribbon or wedge. This enables the entrance slit
of the mass analyser to be made narrow, which results in good
mass resolut;on(los) while permitting high beam intensities to
be transmitted.
| An ideal means of attaining this desired beam shape is
to pass the beam through an electrostatic quadrupole lens (Fig.5)

The potential distribution in this lens is given by

V = + Vo (r? / Ro?) cos20
and the equipotentials for such a field are rectangular hyper-
bolas. This field may be well approximated by the use of
circular cylinders with considerable simplification in con-
struction. Fig.5 shows the mode of action of such a lens pair.
The positive potentials on the cylinders lying in the x - y
plane of the first lens cause a convergence of the beam, while

the negative potentlials on the corresponding cylinders of the

second lens cause a divergence. The divergence is weaker than
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the convergence, since potentlals on the second lens are made
smaller than on the first. In the x - z plane, the first lens
causes a divergence, whereas the second lens causes a weaker
convergence. This results in a wedge-shaped beam at the point
of cross over. In this way, the quadrupole lens pair converts
a circular beam into a line-focused beam, ideal for mass spec-
trometers(lo9)(llc) and particle accelerators(lll)(llz)(113).

The physical construction of the lens is shown in Fig.6.
The lens elements were made from highly polished stainless
steel tube 0.5" 0.D. by 1" long. They were mounted inside a
stalnless steel cylinder so that Ro was‘0.2" and the separation
of the two lenses 0.5". The whole lens assembly was fitted
inside a vacuum chamber equipped with vacuum flenges at both
ends. Electrical connections were made through low current
vacuum feed-throughs mounted around the vacuum chamber, and
brass adaptors made to permit B.N.C. high voltage coaxial con-
nectors to be used.

In summary, some of the advantages gained by the use of
quadrupole lenses in this experiment are:

(1) The lens permitted the production of a ribbon-
shaped beam having maximum transmissionbthrough the mass analyser.

(11) The lens elements required relatively low potentials
(0O to 300 v.) in contrast to other lenses in common use.

(111) The lenses served the dual function of focusing and

centring the beamn.

(iv) The lens could accept large entering beams (up to
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0.25% radius) and still produce a sharp line-focus.
(v) The construction was relatively simple and inex-
pensive since accurately machined plates were not required.
(vi) The potentials required for a given focal length

were calculable. Shun Lu(llu)

has derived equations relating
the design parameters of the lens, and plotted nomographs
which allow focal length calculations to be made.

b) Mass Analysis and Alignment

The beam produced from‘the R.F. hydrogen discharge
contained a number of atomic and molecular ions such as H+.
H2+. H3+. 0H+. and H30+. It was usually necessary to select
a beam of the ions of interest and exclude all others. This
was done by mass analysis. Three methods of mass analysis
are commonly used:

l. Velocity selection

2. Energy selection

3. Momentum selection
Velocity selection may be achleved by applying mutually per-
pendicular electrostatic and magnetic fields to the lon beamn.
The forces acting on an ion in the beam are:

F = H.q.v
and F = E.q.
where H and E are the magnetic and electric fields, q the charge
on the lon, and v the velocity. When the forces balance, the
beam travels in a straight line and mass selection is achieved,

since lons with different masses, when accelerated through a
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given potential, acquire different velocities.

Electrostatic fields may be used to separate beam com-
ponents having different energles, and magnetic fields to
separate components with different momenta. Both these methods
involve a change in axis of the beam. Magnetic analysis wsas
used in the apparatus described here. The lon beam was passed
through a 4" radius of curvature, 90° sector, mass analyser
employing magnetic field scanning. The magnet, manufactured
by "Alpha Scientific Laboratories", had a variable pole gap
and was water cooled. With a pole gap of 1 cm. the field was
variable from zero to 15,000 gauss. Current for the magnet
was provided by a 1 kw. current regulated power supply, manu-
factured by "Alpha Scientific Laboratories". The current
stabllity of the supply was 0.1% of maximum output. The high
current stability resulted in high magnetic field stability,
which was essential since the beam eﬁerging from the magnetic
field was required to travel a distance of about 2 metres
before being detected. This meant that any change in magnetic
field would result in a pronounced drift of the beam at the
detector. The current to the magnet was controlled by a 10-
turn potentiometer.

The magnet was mounted on a movable base equipped with
levelling screws to permit alignment of the magnetic field.
The pole pleces were accurately machined from Armco magnet iron
and cadmiuﬁ plated to prevent corrosion. The beam tube was

machined from 1" thick stainless steel plate, and a .062"



39

stainless steel cover was cut to the shape of the channel and
welded on to form the tube. Vacuum flanges were welded at
either end and the whole beam tube aligned.

(115) (116)(117)

Barber and Stephens et al., have shown
'that if a slightly divergent beam of ions with the same momen-
tum i1s passed perpendicularly into a homogeneous magnetic
field, between two V-shaped poles, end is bent throﬁgh such

an angle as to leave the field perpendicularly, then the ions
will be refocused at a point such that the incident focal point,
the apex of the V and the emergent focal point all lie on a
straight line. After passing through the emergent focal point,
however, the beam agaln diverges. To prevent this divergence

e second quadrupole lens was situated after the mass analyser
to refocus the ions to a parallel beam. The lens was also used
to convert the ribbon-like beam back to one of circular cross-
section. Horizontal and vertical deflector plates were posi-
tioned before the lens to correct any misallignment of the beam.
The focal length of the quadrupole lens was adjusted to give

maximum beam transmission through the charge transfer cell.

4) Charge Transfer Cell

The ion beam entered the charge transfer cell and
passed through a region chtaining a relatively high pressure
of either gas (hydrogen or helium), or lithium vapour. The use
of a metallic vapour as a charge transfer agent was first
suggested by Donnally, who considered the use of cesium vapour

for the production of H(2s) atoms from H' jons. (118)(119)
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Charge transfer with lithium vapour was attréctive in the
present work because its use precluded the need for large
capaclity diffusion pumps which would be necessary with gases
such as hydrogen and helium.

The rudiments of the design of the charge transfer
cell were obtained from a publication by Middleton and Adams.(lzo)
Consliderable modifications were made to overcome sbme of the
problems found by these workers. The physical arrangement 1is
shown in Fig.7. The ion beam was passed through a canal,

150 mm. long and 5 mm. in diameter, into which the charge
exchanging molecules were fed. The canal was held in position
by two lava insulators which were machined from Grade A lava,
and fired at 2000° F. for 24 hours. The lava was supplied by
the "American lLava Corporation". The insulators were designed
to allow for expansion of the canal on heating.

A stainless steel oven chamber was attached beneath
the canal, and about 10 grams of lithium metal placed in it.
This was done in an atmosphere of helium to prevent oxidation
of the lithium metal. The vapour produced by heating the
chamber passed through a 146" diameter hole into the canal.
This was performed by radiant heat produced from a coill wrapped
around lava insulators which were mounted on the inside of a
heat reflector, enclosing the canal and oven assembly. The
heat reflector was made from a highly pollshed stainless steel
cylinder éut along the long edge to produce two halves. These

halves were removable to permit access to the canal and oven
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sections. This allowed replacement of the lithium charge and‘
inspection of the canal.

Water cooled condensors were attached to both ends of
the canal to minimize the diffusion of lithium vapour into the
rest of the apparatus. They were made by welding together two
concentric stainless steel cylinders. Water was carried to
and from the condensors by 3A6" stainless steel tubing.

Baffles were situated along the length of the cylinders to
improve the water circulation. The condensors, together with
the canal and oven assembly, were fitted into accurately
machined positioning flanges on which the alignment of the
canal depended. The rim of each positioning flange was drilled
with holes to increase the pumping rate of non-condensible
gases.

The whole assembly was placed inslde a 6" radius
stainless steel vacuum chamber mounted upon a mercury diffusion
pump. The pump was used to remove excess gas when non-condensible
gases wvere used for charge transfer. No pumping was required
when lithium vapour was used. The top of the chamber was con-
structed in two parts. The outer ring contalned the electrical
and water feedthroughs. The inner cap was removable to permit
easy access to the canal assembly. The outer ring could be
removed i1f necessary, by disconnecting the electrical and water
feedthroughs. High current "Ceramaseal" electrical feedthroughs
carried the heater coil currént. The water plpes were equipped

with 'o!' ring vacuum seals.
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The beam emerging from the charge transfer cell con-
tained both ions and neutrals. The lons were removed from the
beam by applying a-5000 volf potentlal across the electrostatic
deflectof plates (Fig.8). The plates were machined from
Nichrome steel plate, 1" long by 0.75" wide, and positioned
0.5" apart. They were mounted directly onto low current vacuum
feedthroughs welded into a stainless steel ring. The neutral
atoms and molecules were natura11y<unaffected by the electric
field and continued undeflected. Rather than attempt to detect
and analyse neutrals, it was decided to reionize a fraction of

them and study the ions formed by mass analysis.

5) Ionization, Mass Analysis and Detection Systems

a) Ionization

A fraction of the neutral beam was ilonized by electron
bombardment. Fig.9 shows the arrangement used. The electron

(121)(122) _

source was based on the early design of Bleakney a

Nier(123"126).

A thoriated tungsten filament, 1 cm. long, was
used to produce a stream of electrons across the path of the
molecular beam. The ribbon was spot-welded, using nickel

" sleeves, across two high current vacuum feedthroughs situated
in a removable cap. Thié enabled the assembly to be taken
apart and the filament replaced, without disturbing the rest

of the apparatus. A plate, equipped with a hole 1 mm. x 10 mm.,
was positioned 2 ﬁm. from thg filament and insulated from the

stainless steel ring by alumina spacers. This provided

acceleration and collimation of the electron beam.
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The size of the electron beam ensured that all the
neutral beam passed through it. The electrons were collected
on a Faraday cup and the trap current measured. The Faraday
cup was operated at ground potential.and the filament and
plate at approximately -100 v. and -70 v. respectively. The
small potential difference between the plate and the filament
caused the electrons to accelerate through the collimating
aperture. Electrical connections for the accelerating plate
and Faraday cup were made through terminals in the stainless
steel ring. Trap current was measured with a 0 to 1 D.C.
milliammeter. Filament currents of 3 to 5 amperes were used
to produce trap currents up to 1 ma.

b) Mass Analysis

Analysis of the ions produced was carried out using a
4m radius of curvature, 90° sector, magnetic mass analyser,
similar to the first mass analyser. The power supply used was
not so highly reéulated as was the first, since it was necessary
only to scan the beam across a detector. 1In earlier work, no
slit system was used on either mass analyser. ILater, however,
the introduction of a relatively crude slit system into the
second analyser was found to improve the peak shapes. The
slits had a calculated resolving power of 50. The resolving
power dp of the analyser 1s deflined by dy = mo/éxmo for just
resolvable peaks of masses m, and m, +£sm°. In this mass
analyser, dp is given by dp = r/(So + S¢), where r is the

radius of curvature and Sy and S; are the object and image
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slit widths. In this case, r = 10 cm. and S, = S, = 1 mnm.,
giving a resolving power of 50.

‘The beam tube in the second analyser was similar to
that in the first, but‘was designed to permit beams to be
detected in the straight-through position in the absence of
a magnetic field. This arrangement permitted alignment of
the beam selected by the first mass analyser. ‘

¢) Detection Systems

Three types of detectors have been used to monitor
neutral and ion beams in this apparatus. The earliest was an
adapted cathode ray tube, shown in Fig.1l2. The soda glass of
the tube was cemented to a 2" diameter Pyrex-Kovar gfaded seal
using "Armstrong" epoxy resin. This resultéd in a strong \
vacuun-tight seal. A vacuum flange was then welded to the
Kovar metal. The Pyrex tube was equipped with a ground glass
joint containing an electrical feedthrough. Connected to the
inside of the feedthrough was a metal disc which allowed
approximate measurement of the beam intensity to be made. The
disc could be removed from the beam path by rotating the lower
part of the joint. This allowed visual inspection of the beam
profile on the cathode ray screen. It was possible to observe
the bean shape.continuously while focusing adjustments were
carried out. Eventually, however, the cathode ray screen
darkened and had to be replaced by a second viewing system,
shovn in Fig.10.

Scintillator discs, manufactured by "Phillips Corporation"

for use with an X-ray diffraction apparatus, were used in place
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of the cathode ray screen. The fluorescence produced by the
impact of the beam was clearly visible in a darkened laboratory
and the lifetime of the discs was much longer than that of the
cathode ray screen, so that replacement was very infrequent.
The 1" diameter discs were mounted between two stainless steel
rings attached to one end of a movable rod. The other end of
the rod emerged from the vacuum system through an 'o!' ring
seal. By means of this rod it was possible to rotate the
fluorescent target through 90° and thus remove it from the beam
path when required. To allow observation of the target, a
Perspex tube, 23" in diameter and 3" long, was bonded to the
flange with epoxy cement. As the beam travelled the length of‘
the perspex cylinder, the path followed wasbclearly visible

due to the light emitted during collisions with background
molecules.

At the other end of the viewlng tube, a vacuum flange,
containing a removable Faraday cup, was attached. The cup was
cut from a stainless steel rod " long by 3" in diameter. A
450 cone was drilled in the end to form a cup and thus reduce
the loss of secondary electrons emitted by the target on ion
impact. The cup was mounted on a tapered stalnless steel rod
which was insuiated from the metal flange by a Teflon‘sleeve.
A tightening nut, outslide the vacuum, was used to draw the rod
into the Teflon sleeve and form a vacuum-tight seal. The cup-
holder emerged from the vacuum through an 'o' ring seal, which

permitted the cup to be wlthdrawn from the beam path. The
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flanges on the detector unit permitted it to be placed in
various poslﬁlons in the apparatus. This enabled the beam to
be focused and aligned at a number of different points along
the beam path. B& removing the viewer and cup, the beanm ﬁas
allowed to continue through the rest of the apparatus.

Quantitative measurements of beam intensity were made
with the Faraday Cup, shown in Fig.ll. Two detectors of this
type were used on the final apparatus, shown in Fig.l. The
cup was made from a single sheet of Nichrome metal and shaped
so as to minimize electron loss. It was spot-welded onto a.
Nichrome disc so that the entrance to the cup lay in the bean
path. Immediately in front of the cup, a bilas plate with a
5 mm. entrance aperture was attached. Secondary electron
emission was suppressed by placing a negative potential on
this plate. Two further plates were used to collimate the
beam. The plates were held in poslition by four support rods
screwed into the base flange. Insulation between the discs
and the support rods was provided by alumina sleeves. Sleeves
of larger dlameter fitted around the inner sleeves and served
to accurately align the plate systemn.

Electrical terminals were soldered into the base flange
to carry voltage to the repeller plate and measure the beam
current from the cup. B.N.C. coaxlal connectors were attached
to the terminals. Electrical connections inside the vacuum
were made with Nichrome wiré'surrounded by glass sleeves to

prevent accidental grounding. Beam currents were measured with
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a "Keithley" electrometer, capable of measuring currents down
to 10‘1u amp. A permanent record of beam intensities was
obtalned with a "Mosely" strip-chart recorder. A switching

device permitted currents from both Faraday cups to be measured.

6) Electronics

The problems associated with background currents
produced by the Radio-Frequency oscillator, caused considerable
difficulty in the early work. In pérticular. circuitry used to
measure beam intensity, picked up R.F. induced currents which
were greater than the beam currents to be measured. A number
of steps were taken to alleviate this problem. (1) The R.F.
oscillator and ion source were enclosed in a grounded Faraday
cage. (2) Coaxially shielded cable was used for all connections
to the apparatus. (3) The cables connecting the detectors to
the electrometer were made as short as possible to minimize
the induced currents. (4) All ground connections were made at
the same point to eliminate Y“ground-loops". These precautions
reduced the problems to a manageable level.

Much of the electronic cifouitry'used with this apparatus
was designed and bullt in the laboratory, exceptions being the
Radio-Frequency oscillator and the 10 K.V. high voltage supply.
The electronics which were bullt followed standard circuit

designs(127)

and, in general, circult diagrams are not shown.
A brief description of the electronic circuitry used is as

follows.
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(a) Radio-Frequency Oscillator and Power Supply

The push-pull R.F. oscillator consisted of two 829 B
power tubes. The plates of the two oscillator tubes were
capacitatively coupled to the ion bottle by the two excitor
rings. The power delivered to the i1on bottle was approximately
120 watts, and the frequency of the oscilllator approximately
60 megacycles sec.-l. The oscillator power supply employed
full wave rectification using solid state rectifiers. The
power supply had a choke input filter and the output voltage
was varlable up to 900 v.

(b) High Voltage Supply

High voltage for the acceleration of the ion beam was
provided by a high voltage (10,000 v. D.C.) supply, manufactured
by "The John Fluke Manufacturing Company". It was capable of
providing an output of 0 to 10,000 volts D.C. at 0 to 10
milliamperes. The output was fed through two parallel series
of resistors to ground. Variable high voltage was taken from
these potential dividers to operate the extraction and focusing
devices. 1l0-turn potentiometers provided continuously variable
voltages. All potentials 1n the lon source were made positive
with respect to ground.

(¢) Solenoid Power Supply

The solenoid power supply employed a full-wave rectifier
circuit. The output was adjustable from 0 to 35 volts at

approximately 3 amp.



54

(d) Palladium Leak Supply

The palladium leak supply consisted of a simple step-
down filament transformer which provided an output voltage
variable from 0 to 6.3 volts A.C. at 1 amp.

(e) Quadrupole Lens.Supply

Voltage for the lens elements of each quadrupole lens
was provided by a D.C. power supply, manufactured by "The
Hewlett Packard Company". The output was variable from 0 to
320 volts at 0.1 amp. The output was passed through two 10-
turn potentiometers in parallel to provide voltages for the
elements of each lens.

(f) Lithium Oven

The supply for the heater coil of the lithium oven
" consisted of a step-down filament transformer which provided
an output voltage variable from 0 to 50 volts A.C.

(g) Deflector Plates |

Voltages for the deflector plates were provided by a
0 to + 5,000 volt full-wave rectified high voltage supply.
(h) Reionizer
The filament supply was a 0 to 12 volt - 0 to 10 amp.
full-wave rectified D.C.'supply. Accelerating potentials were
provided by a 0 to 100 volt half-wave rectified D.C. supply.



CHAPTER 4

OPERATION AND PERFORMANCE OF THE APPARATUS

During construction of the apparatus, a number of
different experimental arrangements were used to investigate
the behaviour of the various components. Two of these are shown
in Fig. 12. In all experiments, the procedure for obtaining an
ion beam from the source was the same. The apparatus was pumped
down to a static pressure of lx10-6 mm. Hg. The gas to be
ionized was slowly fed into the lon bottle until the pressure
in the beam tube was about 2x10‘5 mm. Hg. The pressure in the
ion bottle was then estimated to be about 20 microns. A radio-
frequency discharge was produced and left running for two hours
to permit out-gassing from the walls of the ion bottle. A beam
of ions was then produced from the discharge by slowly increasing
the voltages on the extractor plate, base plate and gap lens
simultaneously.

Fig. 13 shows the arrangement used to determine the
optimum source-operating conditions. The intensity of the ion
beam striking the gap lens was measured with a Q to 1l D.C. milli-
ammeter. The flow of gas into the discharge was varied until
meximum beam current was obtained. This pressure was then
maintained while the solenoid current and r.f. ring spacing

were adjusted for maximum beam current. Once this operation

55
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had been carried out, the ring spacing was maintained

throughout all further adjustments.

%
7
T
—H N ==
5000 v. : _l °

I 0-5000 v.
Experimental arrangement to investigate optimum
source-operating conditions

Figure 13

The total beam current was found to depend on a number
of variable parameters including gas pressure in the source,
extraction potential, focusing potentisl, r.f, power, quadrupole
lens potentials, and gas pressure in the charge-transfer cell.
Table II shows typical operating conditions for the production
of an ion beam from a hydrogen discharge.

The effects of various parameters on the beam will be
discussed individually. All data shown are for beams produced

from a hydrogen discharge.

1) Pressure Dependence.

The variation of the total beam intensity as a function
of gas pressure in the ion source, was investigated with the
apparatus in arrangement 2 as shown in Fig. 12. The pressure
in the discharge was not measured directly but was estimatéd

from measurement of the pressure in the beam tube. The pressure



Table TII

Optimum Operating Conditions

Total beam energy
Extraction potential
Gap lens potential
Ion source pressure
Pressure in beam tube
Solenoid voltage
R.f. ring spacing
Oscillator power

Gas leak rate

H+ beam current

H2+ beam current

H3+ beam current

Total hydrogen beam

5000 ev.

2800-3000 v.

1300 v.

10-30 microns

1-3 x 10~ 5mm. Hg
10 v.

22mm.,

100 watts

20 atm. cm.’ hour~l

22.5 x 10"6 amp.

39.0 x 10“6 amp.

14.0 x 10'6 amp.

75,5 % 10" %amp.
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was controlled by varying the gas flow into the 1lon bottle
and the resulting beam detected at the Faraday cup and measured
with an electrometer. Table III shows the data obtained with
L4 xev. and 5 kev. energy hydrogen beams. These data are plotted
in Figures 14 and 15.

As may be seen, maximum beam intenslities were obtained
at higher gas pressures. This may be due to the increased
probability of collision between lons and molecules at higher
pressures,resulting in higher ionization efficlency. At a pressure
of about 3.5x10'5mm.Hg. the discharge became unstable, thus
imposing a limit on the pressure at which the source could be
operated. The generally higher beam intensities at 5 kev. energiles
may be due to more efficlient extraction at higher voltages and
to increased scattering of the 4 kev. beam 6aused by space-charge
effects and collisions with background gas. Beams produced with
6 kev. energy were more intense than with 5 kev., but insulation
problems in the source precluded the regular use of voltages

higher than 5000v.

2) Dependence on Extraction Potential

Optimum extraction conditions were determined with the
experimental arrangement shown in Fig. 13. The extraction |
potential was varied from O to 5000 volts by maintaining a
potential of 5000 volts on the extractor probe and varying the
base-plate potential from 5000 to O volts. The beam current
was maximized at each extraction potential and subsequently
collected on the gap lens and measured with an electrometer.

The results obtained with a 5000 ev. beam from a hydrogen



Table III

Variation of beam intensity with pressure.
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5 kev. L kev.
Pressure Total beam Pressure Total beam
current current

(10'5mm.Hg.) (10"6 amp. ) (10-5mm. Hg.) (10"6 amp. )
1.3 8 1x3 20
1.4 9 1.4 26
1.5 11 19 30
1.6 15 1.65 34
1.8 21 1.8 37
2.0 32 2.0 Lo
2.4 60 2.4 L3
3.0 74 2.8 Ly
3.3 75 3.0 Ly
3.3 Ly
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discharge are shown in Table IV. The data are plotted in Fig.16
where it may be seen that maximum beam current‘was obtained
with an extraction potential of about 2800 to 3000 volts. During
normal operation of the apparatus, a potentiometer device in

the high-voltage divider system permitted fine adjustment'of

the extraction potential to obtain maximum beam intensity.

3) Variation in Beam Composition with Pressure.

The pressure of hydrogen gas in the discharge was varied
by changing the leak rate and an indication of the source pressure
obtained by measuring the pressure in the_beam tube. The compb-
sition of the beam was found by mass analyslis using arrangement
2 shown in Fig.12. The intensity of each component of the beam
was maximized at each pressure setting and the current measured
at the Faraday cup. The data obtained with 4 kev. and 5 kev.
beams are shown in Table V, and plotted in Figs. 17 and 18.

Using these data it was possible to select the optimum
pressure for the production of a particular ion. Generally, the
beam intensities increase with pressure with the exception of
the HE ion beam, whose intensity reaches a maximum and then
decreases. This may be due to H} ions reacting to form Hg ions
in the discharge:

HS + Hp —> B + H
Varney(85) has measured the rate constant for this reaction
end found it to be high. Hasted(55) nas reported that hydrogen

glow-discharges at very high pressure (500 microns ) contain



Variation of beam intensity with extraction

Table IV

potential

Extraction potential
(volts)
0
350
600
850
1100
1325
1600
1800
2050
2325
2550
2800
3025
3250
3425
3650
3875
k100
b325
4500
4750

Beam current

(10-6 amp)

0
0
0

100
125
135
125
100
100
85
80
75
75
70
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Table V

Variation of beam composition with pressure

Pressure Beam intensity Pressure Beam intensity
(10~5mm.Hg.) (10~% amp.) (10~5mm.Hg.) (10-6 amp.)
B Hpt Hgt Y HyT  Hy'
1«3 3 16 1 1.0 2 6 1
1.4 21 2 1.3 3 10 1
1.6 5 2 3 1.5 yoo12 2
2.0 9 25 6 1.6 L 14 2
2.4 12 22 8 2.0 6 22 b
2.95 14 18 10 2.5 16 34 7
3.3 15 17 11 2.7 24 38 9
2.8 25 39 12
3.3 31 29 16
.4 kev. 5 kev.
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about 807% H3+ ions. It seems reasonable, therefore, that the
increase in H3+ and the decrease in H2+, with increased pressure,
may be understood in terms of this reaction. H+ ions may be
produced by ionization of H atoms produced by this reaction,
and also by dissociative ionization of Hs.

Hy, + e —> H' + H + 2e
Both mechanisms would be expected to have increased rates with
an increase in H2 pressure, as was found.

4) Quadrupole lenses

The focusing action of the quadrupole lens was first
investigated using the cathode ray screen shown in arrangement
1 Fig 12. It was found that a 10 mm. diameter beam entering
the lens, could be focused to a 1mm. by 2mm. rectangle at a
distence of 60cm. Similar results were obtained when X-ray
target discs replaced the cathode ray screen. With the apparatus
set up as in Fig 1, the potentials on the two quadrupole
lens pairs were adjusted to give maximum beam intensity at
the detector. The focal lengths from the first lens to the
mass analyser and from the second lens to the charge transfer
cell were then 4" and 15" respectively. Using these values the
lens potentials were caléulated using the matrix formulation

of Teng(113)

. Good agreement was obtained as shown in Table VI.
The discrepancies are easily understood in terms of the
uncertainty in the fringing fields of the magnets and quadrupole

lenses.



Table VI

Calculated and experimental quadrupole lens voltages

First lens pair

Focal length 4".

Experimental Calculated
lens 1 54 v, 51 V.
lens 2 42 v. 39 V.
Second lens pair Focal length 15",
Experimental Calculated
lens 1 38 V. 34 V.
lens 2 27 V. 24 v.
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5) Mass Analysis of the Discharges.

In order to calibrate the first mass analyser, a number
of mass spectra were obtained from discharges containing hyd-
rogen, helium, and deuterium, with the apparatus in arrangement
2 shown in Fig. 12.By allowing traces of air to enter the dis-
charge, it was possible to produce beams of molecules having
molecular weights up to about 50.By comparing the positions
and intensities of peaks from different discharges, it was pos-
sible to build up a mass-calibration curve which allowed un-
known peaks to be identified. The mass spectrum obtained from
a hydrogen discharge together with air impurities is shown in
Fig. 19. The identification and typical internsities are shown
in Table VII. The intensities of impurity peaks depend on the
pressure of air in the discharge and may vary considerably.
Molecules with molecular weights above 20 have been identified
but are not shown in Fig. 19.

Because of the nature of the radio-frequency discharge,
a number of molecular ions are produced by ion-molecule reactions
in the discharge which are not normally found in ordinary mass-
spectra. For example, relatively intense beams of H3+, CH+, NH+,
and H30+ are found.

The mass spectrum of a deuterium discharge was obtained
in the same way and is shown in Fig. 20. Table VIII shows the
asslignments and rélative intensities of the peaks. Peaks co-
rresponding to deuterium-containing ions show the appropriate

shift in the spectrum when compared with hydrogen-containing
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Table VII

Mass spectrum of a hydrogen discharge

Mass Identity Typical Intensity
(107 amp.)

1 Ht 2

2 Ho 2

3 Hy' 1

L B," 0.005

? N2+ 0.01
8 o%* 0.01
12 ct 0.1
13 cut 0.05
14 N 1.0
15 NHT 0.3
16 ot 1.0
17 oH" 2.0
18 Hy0t 2.0
19 H50" 1.0
28 N, ™ 1.0
29 Lonw* 0.01
30 No© 0.1
31 150" 0.01
32 0.t 0.1
By co,” 0.1
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Table VIII

Mass spectrum of a deuterium discharge

Mass Identity Typical Intensity
(107 amp.)
1 Ht 0.05
2 D" 10.0
3 - 0.05
L Dot 3.0
5 D, H" 0.05
¢ n* 2.5
7 o 0.01
8 i 0.01
12 ct 0.01
14 Nt (cp™) 1.0
16 ot (np*) 1.0
17 oH" 0.2
18 op* 2.0
19 Hpo™ 1.0
20 D,0% 20.0
21 DyHO™ 0.2
22 D30+ 8.0
28 Nyt 2.0
30 not 20.0
32 0,* 0.2

=
=
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ions. This enabled positive 1ldentification to be made of these
peaks. For example, the peak at mass 17, representing OH+ in
the hydrogen spectrum, corresponds to mass 18 (op*) in the
deuterium spectrum. Similarly, H20+ (mass 18) corresponds to
DZO+ (mass 20), and H30+ (mass 19) corresponds to D30+ (mass 22).
In addition, "mixed" water molecule ions such as HDO® and D2H0+
are produced in the deuterium discharge.

Figure 21 shows the mass spectrum obtained from a helium
discharge containing traces of hydrogen and air. Teble IX
shows fhe identification and relative abundances of each ion.
The peaké corresponding to air impurities (N+. O+. Nz+ and 02+
e.g.) are of the same order as those found in the hydrogen
discharges. whereas the peaks correéponding to OH+, H20+. and
H3Of are a factor of 10 lower. This suggests that the water
.molecule ions may be produced by ion-molecule reactions in
the hydrogen discharges, since the intensities would be expected
to be approximately constant in both the hydrogen and helium
discharges. Similarly, large amounts of OD+, D20+, and D3O+
are produced in the deuterium discharge, which suggests that
these ions are formed by ion-molecule reactions rather than
by direct ionization of water molecules, in which D20 is
present in only trace quantities.

The peak at mass 20 in the helium discharge has been

qur2+ rather than 20Ne+ because, if 20Ne were

22Ne+

assigned to
present, a peak corresponding to would also be expected.

The natural abundances are 8% (22Ne) and 90% (zoNe). Further
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Table IX

Mass spectrum of a helium discharge

Mass

W 3 O U EFoWwWw N e

12
13
14
15
16
17
18
19
20
28
30
32
Lo
Ly

Identity

N2+.CO+

O
Ar+

copt

Typical Intensity
(1077 amp. )
0.3
0.3
0.05
3.0
0.2
0.05
0.1
0.05
0.03
0.1
3.0
0.1
3.0
0.15
0.5
0.2
0.05
30.0
30.0
30.0
0.3
0.3
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40Ar2+

evidence for the assignment is the presence of a peak

at mass 40 in the helium spectrum which is not present 1nlthe
‘hydrogen or deuterium spectra. This is attributable to hoAr+.
The peak at mass 27 has not been identified.

The production of beams of ions having relatively high
molecular weights may be of importance in future work. In the
present work however, the ions of primary importance were H+.
Hy' s Hy', D¥, D%, Dy, Dpi", He', Hew', and He,*. A1l of which
are low molecular weight ions so that impurity ions caused no
interference.

Using data collected from these three spectra, the mass-
calibration curve shown in Figure 22 was plotted. Table X shows
the magnet current potentiometer settings associated with eéch

mass found in the spectra. The calibration curve permitted the

identification of unknown specles produced in the discharge.

6) Charge-Transfer Cell

The pressure of lithium vapour in the charge-transfer
cell was not measured directly, so that an alternative method
of determining the efficiency of neutralization was required.
This was done by observing the attenuation of the ion beam as
a function of the heater-coil current using the apparatus shown
in Figure 1. The heater current was increased in steps, and
after allowing sufficient time for equilibration, the lon-beam
intensity was measured. Typical data obtained with 5000 ev.

H2+ ions are shown in Table XI. The attenuation of the beam
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‘Table X

Variation of magnet current with mass

Potentiometer Setting
37
53
67
75
83.5
92
97
105.5
131
138
141.5
147
152
158
162
167
172.5

202
207.5
216
224.5
255.5
272

Mass Assigned

O N o0 FoWwW oD e
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Table XI

Beam attenuation in the charge-transfer cell

Beam current
(L0~6 amp. )
9.4
9.4
9.4
9.4
9.4
9.2
8.5
7.5
6.9
6.6
625
6+5

Heater coil current

(amp.)
0.0

0.5
1.0

1.5
2.0
25
3.0
3.5
L.o
L.5
5.0
5.5
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‘as the current increases, corresponds to the loss of ions from
the beam by neutralization and by scattering. The cross section
for neutralization however, is considerably greater than that
for collisional scattering, so that much of the attenuation
corresponds to the production of a neutral beam. A less likely
possibility is the production of negatively charged ions as

a result of ions undergoing two charge-changing collisions.
This would require s higher pressure of lithium vapour than

is normally used in this apparatus. These dats are plotted in
Figure 23, where it is'apﬁarent that a heater coil current of
about 4.5 amperes is sufficient to produce an optimum number

of neutral molecules.

?) Relonization of the Neutral Beam.

Reionization of the neutrel beam was carried out uvsing
e stream of electrons produced from a heated filament. The
performance of this reionizer was investigated in two ways,
both using the apparatus shown in Figure 1. Firstly, the
intensity of the electron beam crossing the molecular bean
was kept constant and the electron kinetic energy varied from
10 to 100 ev. A beam of neutral H, molecules was passed through
the electron beam and thé H2+ ions produced were mass analysed
and their intensity measured. It was found that variation in
the kinetic energy of the electrons had little or no effect
on the number of secondary H2+ ions produced. This may be
understood in terms of the rélative kinetic energy involved

in a collision between a hydrogen molecule and an electron.’
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The cross section for lonization by collision with electrons
has been shown to be maximum at a relative kinetic energy of
about iOO ev. In this experiment, the hydrogen beam possesses
5000 ev. kinetic energy, so that the additional relative energy
due to the approach of the electron 1is small. Thus it appears
reasonable that the cross section for ionization should remain
virtually constant.

In the second experiment, the kinetic energy of the
electrons was kept constant while the electron current was
varied by changing the'filament current. The data obtalned are
shown in Table XII and plotted in.Figure 24, As may be seen
the intensity of reionized H2+ ions increased as the number
of electrons was increased, although not linearly. The background
pressure along the beam path was maintained at less than
1x10-5mm.Hg. However, Figure 24 shows that when the electron
current is zero, there are still about 1x10—11amperes of re-
ionized Hzf This is due to the high efficiency of ionization
by collision with background gas, as discussed in Chapter 2.
When the pressure was increased, the number of ions produced
in this way became approximately equal to the number produced

by electron bombardment.

8) Detector System

The Faraday cup assemblies were designed to minimize
the loss of secondary electrons from the metal surface of the

target. A bias plate was positioned in front of the cup,


http:lx10-5mm.Hg

Table XII

Reionization efficliency

Electron Current
(10=3 amp.)
0.0
0.1
0.2
0.3
0.4
0.55
0.75
0.95

Relonized H2+ current
(10"11 amp)
1.0
6.0
9.5
12.0
14.0
16.0
18.5
21.0
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to which a positive or negative potential could be applied. A
positive potential enhanced the loss of electrons, resulting

in an erroneously high beam current reading. A negative poten-
tial suppressed the eleétron emission and resulted in a true
indication of the number of ions striking the cup. With a 5 kev,
beam of H2+ ions striking the Faraday cup, the potential on

the bias plate was varied from -100v. to +100v. and the beam-
current reading taken. The data obtained are shown in Table XIII
and plotted in Figure 25.

A positive bias of 40 volts resulted in a beam-current
reading which was 2.4 times the reading at zero bias potential.
A negative bias of 40 volts reduced the current reading by
about 20% from the zero bias reading. In most experiments the
detector was operated with a negative bias of 40 volts but in
a few cases the blas was made zero or even posltive to detect

very low intensity beams.

Sumnary
The experimental data described in this chapter demon-

strated the way in which the beams were affected by the various
components in the apparatus. These data permitted calibration
of the various components and indicated optimum operating

conditions.



Table XIII

Variation of Faraday cup current with bias voltage

Bias voltage Current
(volts) (10"6amp.)
-100 2.4
-80 2.4
-60 2.4
-40 2.4
-30 | 2.5
-20 2.5
-10 2.6

0 3.0
+5 L.,2
+10 5.0
+20 6.2
+40 7.0
+60 ?.d
+80 71
+100 7.1
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CHAPTER 5
INVESTIGATION OF SHORT-LIVED MOLECULES AND IONS

Experimental:

The appafatus used for the production and analysis
of neutral molecules is shown in Figure 1. A beam of ions was
produced from the source, mass analysed and passed through the
neutralizing chamber containing lithium vapour. The resulting
neutrals were allowed to continue undeflected while the ions
remaining in the beam were removed by applying a potential to
the deflector plates. Immediately following the neutralizing
chamber, a fraction of the neutral beam was reionized by
electron bombardment, and the beam compogition determined by
mass analysis.

Since there was no accelerating potential associated
with the second mass analyser, only ions produced from neutrals,
which themselves originated from the primary beam, could be
focused in the second mass analyser. This means that only
atoms or molecules which were neutral for the time of transit
of the electrostatic field could become available for reioniza-
tion and subsequent detection in the second mass analyser. The
electrostatic field was approximately 3 cm. in length, and the
velocity of a 5000 ev. beam of mass 5 ions is of the order

1

5x107 cn. sec ,» sO that the time of transit of such an ion

would be approximately 6:{10"8 seconds.
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In order to calibrate the apparatus and establish the
feasibility of studying short-lived molecules, the behaviour
of a number of well known monatomic and diatomic species was
first investigated. The results obtained with these molecules
were then compared with the results obtained with molecules

whose lifetimes were unknown.
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Results and Discussion:

1) lMonatonmic Systems.

The simplest systems and those first studied were He+,
H+, and D+ ions. The mass spectrum of a beam of Het ions,
having undergone no neutralizétion or reionization, was obtained
by scanning the magnetic field of the second mass analyser.

This spectrum is shown in Figure 26a. This may be termed the
primary He+ beam. The intensity was 1X10"6 amperes. With charges
up to 5000 volts on the deflector plates, and the introduction
of gas into the neutralizing chamber, the spectrum shown in
Figure 26b was obtained by reionizing a fraction of the neutrals
and scanning the second mass analyser. This may be termed the
secondary He+‘beam. The secondary peak appeared at the same
position as the primary He+ ions, but the intensity was reduced
to 2}{10"10 amperes. Thus approximately 1 in 10,000 of the
primary ions underwent both charge-changing processes and
appeared as a secondary beam. This factor may be termed the
transmission through the apparatus.

Although the secondary peak was somewhat broader than
the primary peak, showling that an energy spread had been
introduced, the spread Wés relatively small and did not inter-
fere with the assignment of fhe peak to mass 4. It was clear
therefore, that the secondary peak corresponded to He+ ions
resulting from the neutralization and reionization processes,

and that the majority of these ilons underwent both processes
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with little change in kinetic energy.

Similar experiﬁents with beanmns of u* and DY ions
resulted in the spectra shown in Figure 27. Iﬁ both cases,
the beam intensities were approximately 1}:10"5 amperes of
primary beam, and 2x10'8 amperes of secondary beam, indicating
that approxzimately 1 in 1000 of the primary ions underwent both
charge-changing processes and appeared as a secondary beamn.
This suggests that the charge-changing reactions in the H+ - H
systems were approximately 10 times more efficient than thése
in the Het - He system. Assuming similar pressure conditions
for the helium and hydrogen experiments, this difference should
be reflected in the cross sections for the two processes. The
appropriate cross sections at 5000 ev. kinetic energy are shown
in Table xIv (I°),

An indication of the overall efficiency of the neutra-
lizatioﬁ and ionization processes may be obtained from the
product of the cross sections for these reactions, 140 and 0d1 -
For helium, this product has a value of 1+.9x10'33 and for
hydrogen, a value of 8.Ox10-32. The ratio of these is approxi-
mately 17. In view of possible variations in the pressure of
charge-transfer gas in the two experiments, this ratio agrees
reasonably well with the 10-fold difference found experimentally.

The relative ease of production of neutral beams may
be understood in terms of the cross sections shown in Table XIV.
The ratio of neutralization to ionization cross section for

the hydrogen systen, 1q0/0q1’ is 12.5. Thus a beam of particles
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Table XIV

Charge-changing Cross Sections

at 5000 ev.

97

Process

Bet # Ho ~—> Ba 4 HeT

He +He—>He++He + e
+

H + Hy —> H + Hy¥

H + H,—> 2" + H, + e

Cross Section
1qO(He)

1q’O(H)

0ql(H)

Value cm.2

per

atom or mol.

7x10"
7x10"
1x10-

8x10"

16

18

15

17
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reaching charge equilibrium while passing through a charge-
transfer gas would be expected to produce a large percentage
of neutrals. The competing process of scattering by momnentum-
transferring collisions would be expected to be unimportant,
since generally the cross section for momentum transfer is
considerably less than that for charge transfer. Further,
momentun~transferring collisions tend to occur at large scattering
angles and result in considerable changes in the kinetic energy
of the collision partners. The cross section for momentum
transfer is given by:
Qs ™ ZTﬁ[jis(e)(l - cos6)sinkde
where 6 is the centre-of-mass scattering angle and IS(G) the
differential microscopic scattering cross séction. g is then
a measure of the average forward momentum lost by a particle
during a collision. Scattering at small angles produces only
a small contribution to q since the quantity (1-cos®) goes to
Zero as 92 for small deflections. Thus appreciable momentum
scattering will occur only at large angles and will result in
the particles being lost from the beam. Further, in a collisicn
between a projectile of mass m and a target molecule of mass
M, the mean fractional energy lost per collision AE, is given
by: |
' 2ml
AE'—'-'_—‘z—
(m + M)
so that in a collision between an H+ ion and an H2 molecule e.g.

AE = 4/9. Thus the probability of an ion undergoing a collision
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of this type and still being detected as a peak in the secondary
spectrum is minimal.

The results shown for monatomic systems demonstrated
that it was possible to carry out the two charge-changing
processes and still detect the final product as a relatively

sharp peak at the expected position in the mass spectrum.

2) Diatomic Systems

Using the same procedure as for monatomic systems, a

" number of diatomic molecules were investigated. Figure 28 shows

the spectrum obtained from 2 beam of H2+ ions together with

the secondary spectrum obtained after neutralization. Two peaks

were found in the secondary spectrum, one at the same position

in the magnetic field as the primary H2+ peak, the other occurring

at one half this magnetic field. The positions in the mass

spectrun corresponded to mass-to-charge ratios of 2 and 3. The

peak at half field may be identified by considering the energetics

of the dissociation of H2+ ions during charge-transfer reactions.
Disregarding for the present, contributions from

binding energies, the products of the dissociation of H2+ ions

will have the same velocity (and half the energy) as the parent

H2+ ions. The equation governing the motion of an ion of mass

m and charge e, moving in a magnetic field H, with trajectory

of radius r, is:

nv

H=-"r

For e, r and velocity v, constant, the magnetic field is directly

proportional to mass. Thus the peak at half the field of the
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primary H2+ ion may be assigned to H+ ions produced by disso-

" clation of H2+ ions. This may be considered from a different
viewpoint. The appearance of a peak with a mass-to-charge ratio

2 may be understood in terms of a well-known mass spectrometric
phenomenon.lons undergoing dissociation after acceleration but
prior to analysis in a magnetic field, are focused at an appareﬁt

mass-to~charge ratio given by:

m'_ (mp/qe)”

T m/as
where mf/qf, and mi/qi are the mass-to-charge ratios of the
final and iﬁitial ions.(86-88)

Thus H+ ions and reionized H atoms resulting from the
dissociation of H2+ ions, will bé focused at an apparent mass-
to-charge ratio of 3. The results may thus be interpreted in
terms of the primary H2+ ions undergoing dissociation to give
H+ ions and H atoms, in addition to normal charge transfer
producing Hy molecules. These reactions may be written:

H2+ + e(li) —> Hp Charge Transfer

Hy" + e(Ii)—> ' + H + ¢ Excitation and Dissociation

H2+ +e(li)— H+ H Dissociative Charge Transfer
The final products in the secondary beam are the result of
ionizing the neutral products of these reactions:

Hy + e —> H2+ + 2e

H+e —> BN + 2e

The separation of the peaks in the secondary spectrum

caused by their difference in energy, improves the ability of
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the mass analyser to resolve the secondary beam. In the spectra
showing dissociation products, the mass number for a given

peak is written to show the identity of that peak, and does

not correspond to the position expected for that mass in the
primary spectrum.

Using the same techniques, spectra were obtained from
beams of D2+ and up* molecular ions. These are shown in Figures
29 and 30. Both spectra are analogous to those obtained with
the H2+ ion beam. The secondary spectrum of the D2+ ion beam
shows peaks at mass positions 1 and 4, which are assigned to
D+ and D2+ ions. The secondary spectrum of the up* iohs shows
peaks at mass positions 1/3, 4/3 and 3, which are assigned to

H+

s D+, and HD+ ions. Although the velocities of 5000 ev. beams
of H2+, HD+ and D2+ ions differ by a small factor, it may be
expected that the neutralization and ionization cross sections
should be approximately constant for all three systems. This
is shown to be so experimentally since the transmission through
the charge-changing processes was approximately 1 in 104 in 211
three systems.

The maximum energy spread in a 5000 ev. beam produced
from a radio-frequency ion source of the type used in this work

(106) From Figure 28 it is

has been found to be about 100 ev.
possible to estimate the apparent energy spread in the primary
beam of H2+ ions using the equation relating magnetic field H,

kinetic energy E and mass m,

2mE
H2=—@2
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Since in obtaining the spectrum in Figure 28, the magnet current
and chart drive were varied linearly with time and since at
the low magnetic fields used, the magnetic field was linearly
related to the magnet current, the field H is approximately
proportional to d, the distance of the peak from the origin
of the spectrum. (Fig. 28). Thus the equation may be written:

: ' d2 _ 2%; '
where K is a constant of proportionality. For primary H2+ ions
n=2, E=5000 ev. and d=68 mm. (Fig 28), so that K=2.16. The
energy spread at the base of the H2+ reak mey then be written

2.16,., 2 2

where dl and d2 are the distances from the brigin at which the
high and low energy ions are respectively focused. From Fig. 28
dq = 70 and d, = 65, so that the apparent energy spread of the
primary H2+ ion beam is 700 ev. This is considerably greater
than the expected energy spread of 100 ev. and shows that the
peak width is largely characterized by the beam width and to

a much lesser extent by the energy spread of the loms.

The process of dissociation may result in the intro-
duction of an energy spread in addition to that already present
in the primery beam. For instance, when ean H2+ ion is disso-
ciated to H+ ions and H atoms, it is excited from the ground
state into one of the repulsive states shown in Figure 31(8,&1).
The potentiél energy of the components at the initial inter-

molecular spacing is then transformed into kinetic energy as

the products move apart. Each component acquires a velocity u,
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in the centre-of-mass system, which must be added vectorially
to the translational veloclty v, of the original ion, to obtain
the final velocity in the laboratory system. Considering first
the molecules which have this dissociation axis at 0° and 180°
to the beam direction, the energies E+ and E- of the disso-
ciation products will be:
Ei = im(v + u)2
where m, is the mass of the H atom. The spread in energy
between the two groups is:
AE = E*- B = 4(E,E)®

where Eozémv2 and E1=%mu2.

For the excitation reaction

B —> B+ H

Ey 1s 2500 ev. for a primary beam energy of 5000 ev. and
epplication of the Franck-Condon principle gives the most
probable value of El as 3.2 ev. for each component. (Fig. 31).
The energy spread AE is then calculated to be 358 ev.

For the charge-transfer reaction

H'"+e—> H+E

E, is 2500 ev. and E; is 1.2 ev. so that AE is 218 ev.

Thus the energy spread introduced in this way may be
appreciable,although, because of the poorly characterized peak
shapes and the large beam width, an additional energy spread

of this order would not be detectable in the secondary peak

+
corresponding to H ions in Figure 28. The introduction of



108

a defining slit system in the mass analyser would enable this
effect to be observed. Purser et al.(ul)have observed an energy
spread of approximately 500 ev. in H+ ions produced by disso-
ciation of 10 kev. H2+ ion beams.

When the dissocliating molecule does not lie along the
beam axis, the velocity u, will produce an angulaf spread in
the beam, in addition to the energy spread discussed. This
angular spread will be greatest when the dissociating molecule
has its axis perpendiculer to the beam axis. However, the initial
component of velocity in this direction is zero, so that the
final velocity component will be due to the dissociation energy
only. Thus for double neutral production from H2+ ions, an
energy component of only 1.2 ev. will be introduced at right-
angles to the beam. For the 5 kev. beam used in this work, this
will produce a spread in the beam which is small in relation
to the width of the primary beam, since the distance travelled
by the ions before analysis and detection is short.

The experinments carried out with diatomics demonstrated
that peaks in the secondary spectra, resulting from dissociation
reactions, were sufficiently well defined to enable them to
be identified. They indicated however, that if molecules
having high molecular weights were to be studied, the intro-

duction of a slit system would be necessary.
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3) The He, Molecule

The mass 8 component of the beam produced from a
helium discharge, was selected at the first mass analyser and
the primary and secondary spectra obtained by scanning the
second maess analyser. The results arevshown in PFigure 32.
Beam intensities were approximately 3X10'8 amperes of primary
end 11{10_12 amperes of secondary. The transmission was therefore
1 in 104, which is of the same brder as found for the He'
~system. Two peaks appeared in the secondary spectrum, one
corresponding to the same position as the primary Hez+ peak,
the second at an apparent mass-to-charge ratio of 2. Using the
reasoning described sbove, this was assigned to He+ ions having
half the kinetic energy of the parent He2+ ion. Thus the
spectrum obtained is qualitatively similar to those found with
stable diatomics, and the results suggest that the Hep molecule
was stable for at least the time of transit of the electrostatic
field.

A possible complication arises in that the primary mass

"l ions. The presence of mass 8 peaks

8 beam may have contained
in both the hydrogen and helium primary spectra (Figures 19 and
21) suggested that this was possible. However, in order that

ions be responsible for the peak assigned to secondary He2+
+

ions, the Ozions must undergo two charge-transfer collisions

to produce O atoms. This in itself is improbable. Further, the

0 atoms having traversed the electrostatic fleld, must then
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undergo two ionizing collisions to give back 02+ ions, and -
produce a secondary peak at mass 8. The probability of this
occurring in the short distance between the reionizer and the
mass analyser is extremely small. However, to eliminate this
possibility entirely, a secondary specfrum of the He2+ ion beam.
was obtained and the magnetic field scanned up to the peak posi-
tion expected for'an ion with mass-tc-charge ratio'16. A peak
at this position would be expected due to the formation of O
ions in.the reionization of O atoms to O2+ ions. No peak was
found with mass-to-charge ratio greater fhan 8. Thus O2+ ions
could not be responsible for the secondary mass 8 peak.

To eliminate the possibility of primary ions in somne
way passing through the deflector plates, and being detected
as a secondary beam, a2 number of experiments were carried out.
A beam of He2+ ions was obtailned, passed through the charge-
transfer cell containing lithium vapour, reionized and detected
in the second mass analyser. The deflector plate voltage was
set at zero so that the current measured at the Faraday cup
was the sum of the primary and secondary He2+ ion currents.
On increasing the deflector plate potential to 500 volts, the
beam intensity fell from 10'8 to 10'1'2 amperes. 1If some or all

12 amperes of He2+ were due to primary ions

of the rémaining 10
passing through the deflector plates, it would be expected that
a higher deflector plate potential would reduce the beam current
still further. Increasing the potential from 500 to 5000 volts

was found to have no effect on the beam intensity. This showed
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that the secondary He2+ current was the result of reionizing
neutrals which were unaffected by the electrostatic field.

In a second experiment, a primary beam of He2+ ions
was scanned with the second mass analyser. The 5000 volt
electrostatic field was then applied with the reionizer in
operation but no gas was fed into the charge transfer cell. No
secondary peaks were detected even with the electrometer
measuring 1614'amperes. When lithium vapour was introduced
into the cell however, secondary peaks were found at intensities
of 10'12 amperes, demonstrating that the secondary peaks resulted
from the production of neutrals in the charge transfer cell.

A third experiment could be envisaged in which the
primary beam was passed through the neutralizing gas without
the reidnizer in operation,and all the ions removed by the
electrostatic field. There should then be no beam current at
the detector. With the reionizer then turned on secondary peaks
would be expected to appear. This experiment could not be
carried out however, since ionization of the beam by background
gas would result in a secondary sbectrum‘even without the use
of the reionizer.

The mass 8 peak in the secondary spectrun of He2+ ions
must therefore be interpreted as the result of reionizing neutral
Hep moleculés produced by charge transfer of Heg+ ions. These
ions are.known to eiist as»stable species in mass spectrometers

(89)

and gas discharges . The earliest spectrometric work on the

He2+ ion was reported in 1929 by Weizel and Pestel(go). Fhelps
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- -+
and Brown(91) showed mass-spectrometrically that He2 ions were
present in high-pressure helium discharges. They accounted'for
the formation of the ion by a three-body collision process:

Het + 2He—>He2+ + He

(129)
(o)

Experiments carried out by Dalgarno et al. n the

mobility of ions in gases confirmed the existence of the He2+
(92)

ion. lLater work showed the presence of He2+ ions in low-
preésure discharges (:1_0—3 mm. Hg) where the probability of three-
body collisions taking place was small. Resuits from mass-
spectrdmetric investigations(93-95) have establishéd the mecha-
nizm of formation as: |

He + e —= He" + e

# -
He + He — Hez + e
(95)

Awhere He* is some excited state of the atom. Comes reports

"a minimum value of 1.5 t 0.3 ev. for the dissociation energy

of the 22:3 state of He2+. Calculations by Reagan et al.(96’128)

vield a minimum value of 2.04 ev. The calculated ZE:u ground-

state potential curve 1s shown in Figure 33(96), together with

some of the predicted triplet state potential curves of the

(130) .

He2 molecule

The He2 moiecule has been ldentified spectroscopically
(131)

and details of its various states summarized by Herzberg

and Ginter(132). Calculations have shown that some of the excited

(133)

states of the molecule are expected to be bound , Whereas

the ground state has been found to be repulsive at all inter-

(134).

nuclear distances except for weak van der Waal interactions
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The spectroscopic dissociation energy of the He, 32:; state is
2.6 ev.(lal) The dissociative ground state of the He, molecule
is a lz:g state, so that the excited triplet states are meta-
stable with respect to transitions to the ground state.

The mean lifetime of excited states may be discussed

in terms of the equation:

t _ 0 - £

where A, dt, i1s the probability that a molecule in state n,
will decay spontaneously to a lower state m, in time dt. NE and
Ng ere the numbers of molecules in state n, initially and after
time t. This equation may be written:
N; = Ng e~t/an
where dp = 1/A,, is the mean lifetime of an excited state n.
For allowed trensitions, (electric dipole),zwlis of the order
10-8 seconds. If no allowed transitions can occur from the state
n to any lower states, the mean lifetime may be of the order
of 10-3 seconds if magnetic dipole transitions can occur, and .
of the order of 1 second if only quadrupole transitions can
occur.

The He2+ ions produced from the r.f. source would all
be in tﬁe doublet ground state on entering the charge-transfer
cell, since approximately 10-4 seconds had elapsed before the
lons reached this point. On neutralization of the ion, the
molecule may be formed in singlet or triplet states. The singlet

states are unstable relative to the ground state and molecules

formed in these states would be expected to decay to the ground
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state and dissoclate into two He atoms

He2+l2 Zﬁ, + e(Li) —>He, (Singlet States) —> 2He
If however, the molecule is formed in one or more of the bound
triplet states, these will decay to the 3 ij which is metastable
relative to the ground state and may be expected to have é mean
lifetime of 10-3 seconds or longer.

Hez+(223

There would be essentially no decay of the 32:; state of the

+ e(Li) —> He, (Triplet States)

He, molecule in the time between formation of the molecule and
subsequent reilonization (1077 secs.). The reionization resctions
may be written:

HeZ(BZ:;

He + e ——-—9-He+ + 2e

+ e —> Hep™ ‘zz::) + 2e

The observations are therefore consistent with the
assuned existence of a metastable beam of Hep molecules in the
bound 32:: state, having a lifetime which is long in relation
to the 10_7 seconds necessary for theilr detection in the

apparatus.

4) The Heliunm Hydride Molecule

A beam of HeH+ ions was produced from an r.f. discharge
containing a mixture of hydrogen and helium. The primary and
sécondary spectra were obtained using the method described and
are shown in Figure 342%b. The beam intensities were 1.5X10-9
amnperes of primary and 5x10—13 amperes of secondary HeH+ ions.

Three peaks were observed in the secondary spectrum and from
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their positions in the magnetic field, these were assigned to
ut, He+ and HeH+. The appearance of a peak at mass 5 indicates
the existence of HeH molecules with lifetimes sufficiently long
for the molecule to traverse the electrostatic field.

To ensure that the relatively small mass 5 peak was
not the result of spreading or "tailing" of the larger mass 4
(He+) peak, the analogous spectra were obtained from a beam of
HeD+ ions. These are shown in Figures 35a and b. Again three
peaks were observed which were assigned to D+, He+ and HeD+
ions. The increased separation befween the secondary He+ and
HeD+ peaks enabled the possibility of "tailing" to be ruled
out. The beam intensities were 1x10—8 and approximately 5X10"13
amperes of primary and secondary ions respectively.

A complication which arose in these spectra was the
possible interference from D2H+ and D3+ ions (masses 5 and 6).
These ions are produced in relatively high abundances in the
discharges used, and in particular, the mass 6 beam produced
from a helium-deuterium discharge may contain appreciable‘
amounts of D3+ ions along with the HeD+ ions. It was therefore
necessary to investigate the D2H+ and D3+ systems under the
same experimental conditions as were used for the HeH+ and HeD+
systems. These experimenﬁs will be discussed in the next section
but for comperison purposes, the secondary spectra obtained
are shown in Figufes 34¢c and 35c. The position of the parent
lon has been shown in each spectrum. In neither case was it

possible to detect a signasl corresponding to secondary D2H+ or
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D3+ lons. It was clear therefore, that these ions could not
interfere with the HeH+ and HeD+ spectra.

A further possible complication arose in that the HeH+
peak in the sécondary spectrum may have been the result of an
ion-molecule reaction between He+ ions and background hydrogen,
taking place in the region between the deflector plates and
the mass analyser.

He' + H, —> HeH' + B

(135, 136)

Friedman however » has shown that, although at thermal
energies the cross section for the endothermic reaction
Hy' + He —> HeH + H

may be relatively high, the cross section for the exothermic
reaction above is negligibly small even at thermal energiles.
As discussed previously, the cross section for an ion-molecule
reaction decreases with increased interaction energy so that
interference from this reaction is unlikely. Further, reactions
of this kind are accompanied by angular scattering and large
changes in kinetic energies of the readtants. Thus the proba-
bility of any HeH+ ions produced in this way being focused at
the expected mass position is virtually zero.

These deductions were Verified experimentally by passing
L kev. He+ ions through the neutralization and reionization
stages of the apparatus and allowing the background pressure
of hydrogen to increase. No indication of a peak corresponding

+ . X
to HeH 1ions was found in the spectrun.

The peaks at masses 5 and 6 in the secondary spectra
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of HeH+ and HeD+ ions respectively, must therefore'be interpre-

ted as the result of reionizing neutral HeH and HeD molecules

produced by charge transfer of primary HeH+ and HeD+ ions.

(137)

e+
The HeH ion is well known mass-spectrometrically 5

and many quantum-mechanical calculations have been performed

138)

on the 12: ground state. These have been summarized by Michels(
who reports results on the ground and low-lying states of the
ion. A dissociation energy of approximately 2.0 ev. for the

ground state has been reported by Michels(138) (139) and

(140). Beam-scattering experiments carried out by
(141, 142)

, Anex
Wolniewicz
Simons et al. on the H+- He system are in good agree-
ment with this value.

The HeH' ion is produced in the r.f. discharge by the
reaction:

Hyt + Be —> HeH' + H

Berkowitz has investigated this reaction over an energy range
of O to 100 ev. and with varying vibrational excitation of the
(147)

H2+ ions. It was found that the crbss section depended

more strongly on the vibrational energy than on the interaction
energy. Peak cross sections at an interaction energy of 2 ev.
were found to be 0.1 Xz for the first vibrational level and
2.49 22 for v = 5.

The ground state of the HeH molecule has been calculated

(143, 144)

to be repulsive at all internuclear separations and

scattering experiments performed by Amdur and Mason have

(145)

confirmed this . However, there exists a Rydberg series of
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excited doublet states up to the ionization limit, which are
essentially identical in character to the lowest 12: state of the
HéH+ ion . Further it has been predicted that with the exception
of the ground state, all the doublet states of the HeH molecule
are bound(lué). These states are shown schematically in Figure
36.

There has been no previous experimental evidence reported
for the existence of neutral HeH molecules, although the
possibility of spectroscopic examination exists. Michels has
calculated the basic spectroscopic constants of the HeH molecule
from a vibrational-rotational analysis of the potential energy
curves.

The results of the present work sre interpreted as the
production of HeHd and HeD molecules in bound excited states
which are unstable with respect to transitions to a repulsive
ground state. In the analogous spectrum obtained from Hez_
molecules, the secondary He2+ peak is the same order of magnitude
as the secondary He+ peak. (Fig. 32). With the HeH spectrum
however, the Secondéry HeH+ peak is approximately 10% the
intensity of the secondary He+ and H+ peaks. Assuming as a
rather crude approximation that the cross sections for neutra-
lization and reionization of the HeH system are of the same
order as those of the Hep system, this suggests that only 10%
of the HeH moleculés produced by charge transfer are travelling

through the electrostatic field without undergoing dissociation,

Using the equation governing the lifetime of a molecular state
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it can be written that:

where 5}(10"8 seconds-is the time to traverse the electrostatic
field. Zfis then approximately 2x10-8 seconds. Thus in view of
the assumptions made, the value for the mean lifetime 1is
reasonable for molecules in bound non-metastable states.
The neutralization reactions are believed to be:

HeH (1Y ) + e(Li) —= HeH (excited doublet ststes)

HeH+(1Z: ) + e(L1) —= He + H (dissociative recombination)
It was not possible to obtain a peak corresponding to HeH
molecules when hydrogen or helium was used in the charge-
transfer cell. The states in which the HeH molecules are formed
depend upon the energy defect of the charge-transfer process(sé).
The cross section for charge transfer is large when the energy
defect is small(5u) and when the ionization energy of the atoms
(5%)

is small . Ffor these reasons, lithium was chosen as the atom

from which a HeH+ ion could gain an electron , since a) the
energy defect for the process
o+
el 4 T -2 HeE (©3. bownd) + T4

is approximately 1.5 ev. in contrast to 12 ev. for the process

+
2

and b) the ionization energy of lithium is only 5.36 ev. in

+ 2
HeH + H, —> HeH (“) , bound) + H

contrast to 15.44 ev. for HZ' An even better choice would be
cesium (ionization energy 3.87 ev. ) but problems of chemical

handling made lithium more desirable.
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The HeH' ion has been produced by the B decay of HT

(148) (149)

in experimentsAperformed separately by Snell and Wexler

3

who both report that the ( HeH)+ daughter product remains bound

and accounts for over 90% of the positively charged fragments.

(138)

Michels has postulated that an explanation for this may

be found in that transitions occur not only to the ground state
of the (BHeH)+ ion, but also to the bound Rydberg states of

the HeH molecule. A subsequent collision may then cause ioni-
zation into the lowest 12:state of 3HeH+. However, in the ex-
perimental arrangement'used oy Wexler, the reactions take place

6

at a pressure of 10 -~ mm. Hg and at room temperature. The time
between collisions would then be of the order 10-3 seconds.
This experiment suggests no evidence for HeH molecules having

lifetimes of this order so that ionization by collision would

be unlikely.

5) The H3, DoH and D3 systenms

A beam of DéHf ions was produced from the ion source
containing hydrogen and deuterium and the primary and secondary
spectra obtained. These are shown in Figure 37. The intensities
of the primary and secondéry beams were approximately 2}(10"9
and 5}:10‘12 amperes respectively. The four peaks appearing

=t

+ +
in the secondary spectrum were assigned to H+, D, HD and D2

ions. No peak was found in the secondary spectrum corresponding
to mass 5. The analogous spectra obtained from a beam of D3+

ions are shown in Figure 38. Secondary peaks corresponding to
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D+ and D2+ ions wefe obtained but no signal corresponding to
the primary peak position was detected.

A complication arises in the spectra obtained from H3+
ions shown in Figure>39. A peak was detected in the secondary
spectrum which corresponded to the primary peak position,
suggesting the presence of neutral H3 molecules within the
apparatus. However, in view of the lack of evidence for D2H
and D3 molecules, it is believed that this peak is caused by
the presence of HD+ ions in the primary mass 3 beam. The iso-
topic abundance of deuterium in hydrogen is approximately 1 in
104. Datas. obtained from hydrogen discharges (Chapter 4) show
that a beam intensity of 1X10-6 amperes of H2+ ions is typical
when the H3+ beam intensity is 3;{10-7 amperes as in Figure 39.
Thus from the isotopic abundance of deuterium, an HD+ ion beam
of 1x10-1o amperes will be produced. This would appear in the
mass 3 beam and since the masses of the dissociation producté
of H3+ and HD+ ions are the same, they will be indistinguishable.
Thus approximately 0.1% of the primary méss 3 beam in Figure

o
39 is due to HD rather than H * ions. On neutralization and

3
+
reionization, the HD will appear in the secondary spectrum
+
at mass 3. The transmission of HD 1ons through the apparatus

3

has been found to be 1 in 10”7 so that a secondary HD+ beam of

approximately 10-13 amperes would be expected. In Figure 39,

the intensity of fhe secondary mass 3 peak is 4X10"13 amperes.
Supporting evidence for the presence of HD+ ions in

the primary mass 3 beam from a2 hydrogen discharge is found in
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the appearance of a trace peak at mass 4 in the mass spectrumi
of a hydrogen discharge (Fig. 19), which may be assigned to
D2+ ions. The concentration of HD is about 10h times that of
Dy in hydrogen, so it is reasonable to assume that HD+ ions
constitute an appreciéble fraction of the mass 3 bean.

Thus no evidence was found for the existence of neutral
D3, DyH or H3 molecules capable of being detected in this
apparatus. By the same arguments as used with the HeH systemn,
the mean lifetime of the H3 molecular system must be less than

2'x10—8 seconds in order that no secondary H3+ reak be detected.
Such a lifetime would in fact be very long in relation to the
Vibrational and rotational times expected with an H3 molecule
having reasonable bond lengths and binding energy.

The H3+ ion produced in the r.f. discharge is well known
mass spectrometrically and hydrogen glow discharges have been
found to contain a large fraction of H3+ ions at high pressure.
The process of formation is thought to be:

B + By — Bt + B
Eyring and Weingartschofer have calculated a cross section for
this reaction which is in good agreement with experimental values.

(150, 151)

The existence of the H3 molecule has long been debated
with reference to a "long-lived" transition complex in the
reaction:

H+ H,—= Hy + H

or the isotopic veriaticn:
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D+ H, —> HD + H
Kinematic calculations performed by Wall(153) and Karplus(l5b)
show no evidence for a long-lived transition complex and

0-14 seconds which

suggest an interaction time of the order 1
is approximately the time for the hydrogen atom to pass unimpeded
by the molecule. The validity of these calculations, however,
depends to a lérge extent on the accuracy and applicability of
the potential energy surfaces used.

A matter of discussion for meny years has been the
question of the existence of a relative minimum , or "well" in
the saddle-point region of the H3 potential energy surface.

The original potential surfaces calculated by Eyring and Polanyi

showed a very broad and pronounced "well'" at the saddle—point(155’

156). However, semi-empirical calculations performed by Sato(1572
8
Herschbaolfl(15 ) and Porter and Karplus(159), show no such

minimum. The a-priori treatments (160‘165), together with the
(166)

calculations carried out by Shavitt et al. are in agreement

concerning the absence of a "well", and calculations by IMichels

(167)

and Harris suggest that although the potential energy

surface 1s relatively flat at the saddle-point, there is no
evidence for a minimum. IHcCullough and Wyatt(168) have recently
reported calculations on the collinear (H,Hz) reaction which

suggest an interaction time of less than 2x10'14 seconds, in

(154)

good agreement with the results of Karplus et al.

The only experimental evidence for the existence of

(152)

H3 molecules has been reported by Devienne who performed
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experiments in which beams of H3+ were‘neutralized by charge-
transfer, and the neutral products detected on a photo-
scintillator device. A second experiment measured the accomo-
dation coefficients of the neutral molecules on silver. The
presence of H3 molecules in the beam was inferred from the
presence of molecules which produced "different" results to
those from H and H2 in the two experiments. However, no mass
analysis was used and no indication given of beam intensities,
so that interpretation of the results is difficult. The results
obtained in the present work however, suggest that the "different"
molecules found by these authors were in fact HD and not H3

as suggested.

6) The He3+ ion

The existence of the He3+ molecular ion was first
suggested by Fite et al.(169) and Starodubtsev et al.(170),
in experiments involving mass analysis of the ions in helium
discharges. A beam with a massetd-charge ratio of 12 was assigned

to He * ions. Unfortunately, C+, a well known ion in mess

3
spectrometry also has a mass-to-charge ratio of 12. Subsequent
lon-mobility studies carried out by Patterson(17l), showed that

at gas temperatures below 170 °k a third ion, different from

He+ and He2+, was present in helium discharges. This was believed

to be He3+. Shortly afterwards, Ferguson et al.(172) reported

the possible existence of He3+ ions in flowing helium discharges

at 82 °k.
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The presence of He3+ ions in the r.f. helium discharge used
in the present work was investigated with the apparatus shown
in Figure 1. The discharge was cooled by surrounding the ion-
bottle with a Styrofoam sheath, into which, liquid nitrogen
was continually passed. The primary mass 12 beam was selected
with the first mass analyser and passed through lithium vapour
in the charge-transfer canal and subsequently reionized. The
ions in the beam were mass anzalysed in the second magnetic
field. No ion-removal was employed so that all the lons in the
beam were available for detection.

The problem of distinguishing between ¢t ana H83+ ions
was overcome by causing & fraction of the beam to dissociate
in the charge-trsnsfer cell. On dissociating, He3+ ions will
produce He+ and He2+ ions so that a mass spectrum of the beanm
would be expected to show three peaks equally spaced in the
magnetic field. On the other hand, only a peak at mass 12 would
be expected with a beam of C+ ions. Figure 40 shows the spectrum
obtained at room temperature compared with the low-temperature
spectrum.

At room temperatures, the spectrum shows a peak st mass
12 only, whereas the low-temperature spectrum contains peaks
corresponding to mass-to-charge ratios of 4 (He¥) and 8 (He2+).
On the other hand, the intensity of the mass 12 beam was observed
to decrease as the temperature was lowered. Since the Hej+ ion
is expected to increase in sfability as the temperature is

reduced, the mass 12 beam cannot be considered as being
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primarily He3+ ions, but must be largely ¢t ions. The decrease
in intensity of the beam being caused by a reduction in the
vapour pressure of the carbon compounds in the ion source as
the temperafure was reduced. The appearance of the peaks at
masses 4 (Het) and 8 (Hez+) in the low-temperature spectrum

of the mass 12 beam is interpreted as establishing that part

of the beam consists of He3+ ions.

Before these results could be reported, de Vries and
Oskun L published mass snalysis data on low-temperature
discharges containing a mixture of 3He and uHe. The presence
of peaks at masses 9 (3He3)+, 10 (BHeZLpHe)+ and 11 (3He4He2)+
demonstrated the existence of the He3+ ion. The work reported
here substantiates these findings.

The possibility exists of investigating lifetimes for
the neutral He3 system using the neutralization-ionization
techniques developed in this work. Interference caused by the
large ct component of the mass 12 beam would necessitate the

3

use of the “"He isotope. At the present time, however, it has
not been possible to obtain sufficiently intense beams of

primary He3+ to undertake this experiment.
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Conclusions

An experimental technique has been developed which
permits the identification of ions in beams by analysis of the
products formed in charge transfer and dissociation reactions.
For instance, primary mass 4 beams of D2+ and He+ may be
distinguished by the presence of secondary peaks corresponding
to masses 2 and 4 in the D2+ spectrum and to mass 4 only, in
the He+ spectrum. Similarly, secondary peaks corresponding to

+ + + . +
beams of H, D, HD and D identify DZH ions in the primary

2
spectrun.

A neutralization-reionization procedure has been
devised to show the existence of Hez, HeH and HeD molecules.
‘The Hep, molecules are believed to be formed in bound triplet
states which are metastable with respect to a repulsive ground
state and may have lifetimes of the order 10"3 seconds. The
HeH and HeD molecules are believed to be produced in bound
doublet states which are not metastable with respect to a
repulsive ground state. Experimental results suggest a mean
lifetime of the order 2x10_8 seconds.

The same procedure has produced no evidence for the
existence of HB’ DoH or D3 molecules with lifetimes as long
as 2 x 10-8 seconds. The results of these investigations
suggest that the neutralizstion-ionization technique may be
of considerable value in the experimental investigation of

short-lived molecules, particularly those which are amenable

to quantum-mechanical calculation.
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