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ABSTRACT

The design, construction and operation of a one
meter normal incidence vacuum ultraviolet monochromator,
combined with a non-magnetic time of flight mass spectro-
metery some electronic cirecuits associated with the
instrument and chemical kinetic studies of some organic
compounds have been made with this mass spectrometer are
described.

The spectrometer incorporates:

a. A simple arrangement to rotate and move the grating

to keep the spectrum in focus at the exit slit.

b. A microwave excited, light source for use in studies
above the limit of lithium fluoride i.e. 1050 A®; 11.8e.v.
c. A flash light source for use in the spectral range
(1172.5 - 685A°); (10.57 e.v. - 18-08 e.v.).

d. An efficient detector for extreme ultraviolet radia-
tion and as a device for the identification of the grating
spectrum order.

Monochromatic photons were used to ionize the follow-
ing organic compounds: acetone; methyl-ethyl ketone;
methyl n-butyl ketone; acetaldehyde; n-propane; n-
butane; benzene; mono-bromo and monoiodo-benzene. The

decay curves of the parent and fragment lons have been det-

ermined experimentally, then theoretically, over the
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energy range (10.57 - 18.08 eM), allowing some estimate
of kinetic energies to be made. Agreement between experi-

ment and theory was good.
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INTRODUCTION

The ionization and dissociation phenomena of mole-
cules can mainly be investigated using one of three
methods: Electron impact, charge exchange or photo-
ionization.

A photon of energy hv , where h is the Plantk's
constant and v is the radiation frequency, can be
absorbed by an atom or a molecule exciting it to a higher
state, provided evx = h.v. This process is an absorption
of photons i.e.: photo-excitation. The probability of
this process depends on the rules governing the reverse
process.

When h.v > e.Vi, or h.v = e,Vi + B according to
Einstein's relation, where Vi is the ionization potential;
one of the outermost electrons may be ejected with kinetic
energy E equal to the difference between the energy of
incident photon and the ionization energy of the gas atom
or molecules. The wavelength of radiation necessary is

given by a simple relation hi = ;ggg@ where hi in A°
i

and Vi in electron volts.
This process is an absorption of photons as well
i.e. photoionization.
The probability of this process is meximum when
(hy - eViﬁ is small ( 0.1 - 1 e.v.), anl decreases with
decreasing wavelength, the cross section or absorption

coefficient.
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The frequency of incident photons and the structure
of molecule determine the mode of ionization, such as,
for example

1. AB + hv - AB+ + e without klnetic energy

. AB + hv —> AB" + e with kinetic energy

*

. AB + nhv — AB® = BT + e

2
>
4, AB + hv > AB® - ABT + ¢ = At + B* + e
5. AB + hv = AB¥ -5 4% + B = at + B* + ¢
6. etc.

For many years the possibility that photons ionize the
gas molecules was largely ignored until 1925, The reason
for this was that no very good or certain data could be
obtalned experimentally that showed photoionization to
occur in gases and vapours. 1t was theoretically expected
but there were experimental difficulties.

In 1900 Lenard (1) reported that the light from a spark
in air was capable of dilscharging an electroscope and in-
ferred that the ultraviolet (u.v.) light from the spark
ionized air and other gases. Hughes (2), found that ultra-
violet light transmitted through fluorite was capable of
producing molecular ions; but light transmitted through
quartz was not effective.

It seems that it was difficult to interpret the results
of these early experiments since undispersed ultraviolet

radiation was used and quantum yields were not measured.

A book by Hughes and DuBridge (3) described these early
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experiments and states, 'It must be admitted that the state
of our knowledge regarding the ionization of these gases is
extremely unsatisfactory'.

In 1925 Mohler and Foote (4), then later Mohler and
others (5), found that there is some ionization by line ab-
sorption in cesium vapour and the efficiency of the ioniza-
tion is proportional to the pressure. He explained it by
the assumption that highly excited atoms or a radiation react
with neutral atoms or molecules to form molecular ions and
the number of ions produced (6), may be less than the number
of photons absorbed and the ratio is called the efficiency
of photoionization. Thus a considerable amount of quantita-
tive data was obtained.

During the following two decades, after Mohler's work,
studies on photoionization processes in gases almost ceased.
Recently, since 1950, there has been a considerable interest
and intensive efforts of many institutions (7 - 34); many
extensive reviews (35 - 41) and data tables (42, 43) of
experimental techniques, experimental results and theore-
tical calculation on this process have been published since
then, and as far back as the turn of the century.

The photoionization process is best understood from the
theoretical point of view and i1t has great practical impor-
tance (provided by the need for data about atoms and mole-
cules) to several branches of applied physics such as:

a. Gaseous electronics (44).
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b. Geophysics of the upper atmosphere (45 - 51).

¢. Astrophysics (both in regard to the outer layers and
to the interior of the stars) (52).

d. Plasma physics as 1t may be applied to the construc-
tion of models for planetary and stellar atmosphere.

e. Molecular physics (38 and 53).

f. Identification of molecular orbitals (54 - 57).

Most of the investigations mentioned above were carried
out by using a monochromator to provide a beam of photons of
known energy. These photons were then caused to interact
with gas molecules between two plate electrodes placed in
an ionization chamber and the resulting photoions were
detected by measuring the ionization current produced. The
current (Io) from a photomultiplier facing the photon beam
in the chamber was recorded when the chamber evacuated. The
sample was allowed into the ionization chamber in sufficient
pressure to give about 25 per cent transmission and the
corresponding photomultiplier current (I) together with the
ion current (i) and the pressure recorded. The guantity
(IO—I) was proportional to the number of photons absorbed
and the ion current to the number of ions formed in the
ionization chamber. The photoionization efficiency defined
as the number of ions formed per 100 photons absorbed is
given by Ai (I—Io) where A is the apparatus constant and is
independent of wavelength. The pressure measurement is

not required for the efficiency but is used to give the
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absorption coefficient and hence the absorption cross
section and photoionization cross section if required.
If the photoionization cross section plotted on a semi-
log scale, ionization potentials can be determined. By
this method (15, 16) very accurate values have been
obtained for the ionization potentials of a large number
of molecules.

Another accurate method reported by Vilesove et al
for measuring the kinetic energy distribution of photo-
electrons during the photoionization process of aromatic
amines (58) and some methyl derivative of benzene (59 and
60) by the retarding potential method in the energy range
(10.5 - 11.25 e.v.) only.

In 1962 Turner and Al-Jobory (61) reported another
general method for the determination of all ionization
potentials of a molecule below 21.2 e.v. by photoelectron
energy measurement. This method is different from the
other methods in its simplicity. It does not necessitate
using a monochromator, but uses the helium resonance line
584,.334° (21.2 e.v.) of an undispersed radiation of a
low pressure discharge tube. The ionization chamber
here is different. It consists of two cylindircal grids.
The axis of this assembly is made co-linear with the
light source photon beam through 0.5 mm glass capillary
tube. The measurement of the kinetic energy of the photo-

electron is made by the retarding potential field method.
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The results in this method are not affected by auto-
ionization. It records true ionization potentials, while
the other photoionization and electronimpact techniques
fail to distinguish between ionization limits and
autoionization in the strong resonance transition of
inner orbital electrons. It can also show whether those
electrons were bonding or none. Accurate data about

150 molecules are made available by this technique
(54 - 57).

The first method mentioned above, however, has
some limitations, since no information was given about
the species of the ions which consist the ion current.
Are they ions of similar masses or different?

It requires a mass spectrometric analysis to obtain
a complete interpretation of the results and evaluate
the abundance of different ions. Because of the lack
of mass analysis one has to be sure that the sample being
studie” is very free from impurities of low ionization
potential. These difficulties can be overcome by com-
bining the photoionization chamber with a mass spectro-
meter.

The application of mass analysis to study photo-
ionization process 1s relatively new field of research,
but it was described for the first time by Terenin and
Popove (61) 11.19%2. They were able to demonstrate that

thallium iodide, bromide and chloride are ionized by
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radiation transmitted by a quartz monochromator. By
using a simple magnetic mass spectrometer they showed
that the ions are T; and I~ or Br for the lodide or
bromide. The ion current reached a peak value near

2125 A° for T&I and 2000 A° for TﬁBr. The cross-section
for photoionization was of the order of 10 1Tem2. Re-
cently Lossing and Tanaka (62) described some preliminary
work in the use of a photoionization source for mass
spectrometry. They were able to show that in the case of
certain hydrocarbons the mass spectra produced were much
simpler than was the case of the corresponding compounds
under the influence of electron impact.

They also discussed briefly the possible applica-
tions of the technique to the measurement of ionization
and appearance potential. They used in their experiment
the undispers.d radiation from a krypton discharge light
source.

Shortly after this work and nearly simultaneously
a number of investigators (63 and 64) have reported on
the mass spectrometric analysis of fragmentions produced
by photoionization using undispersed radiation (light
source). Inghram (65) and his group were able success-
fully to use the combination of a vacuum monochromator
and a mass spectrometer to study in detail the formation
of ions by photoionization. In these experiments the

residual gases in the monochromator were isolated from
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those to be studied by photoionization in the mass
spectrometer by using a lithium fluoride window which

cut off all radiation below 1050 A°. Their experiments
were carried out by a Seya~Namioka type monochromator

and the ionization potentials of a variety of organic
compounds were determined. At the same time Vilesov et

al (6%) reported on similar mass spectrometric investi-
gations in general of photoionization and photodissociation
of various amines such as ammonia hydrazine, benzylamine,
and aniline, and studied (74) the relation between spectra
and photoionization efficiency of benzene, tolWene, P-
Xylene, aniline, methylamine, dimethyl aniline and ben-
zylamine. They identified metastable and other type

peaks in the spectra of the compounds. These peaks were
related to a secondary process. Later ((5) thuy studied
hydrazine, methyl hydrazine, 1, l-dimethyl hydrazine,

1, 1-diethyl hydrazine, l-methyl l-n-butyl hydrazine and
1, l1-di-n-butyl hydrazine with the same instrument and
technique. Their experiments were carried out by a Seya-
Namiska type monochromator combined to a Russian commer-
cial mass spectrometer model MI-13%05, but they also were
not able to use differential pumping to dispense with

the lithium fluoride window which limited the energy

range to 11.2 e.v. only. Weissler et al (67) reported
their advanced investigations on the photoionization of

N

Ar; Ne; He; I%J Cé; CO; NO; COQ; 20; and NO2
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with the same experimental techniques of Inghram et al
(65) except the light source used had more intense
emission lines in the region 400 - 1350 AO; secondly
no lithium fluoride window was used between the exit
slit and ionization chamber but differential Pumping.
They obtained a great amount of valuable experimental
data on ionization potentials and ionization cross
sections and on dissociation and ionization process of
diatomic molecules.

Momigny (76) examined the structure occurring in
photoionization efficiency curves of cis and trans-di-~
chloro- and di-bromo-ethylenes up to 11.2 e.v. only.

He interpreted regularly spaced structures in turns of
vibrational progressions involving the c-c¢ valence vib-
rations of the ions. Sharp peaks are correlated with
strong absorption bands present above the first ionization
potential and are interpreted as being due to autoioni-
zation. Very recently Diebler and Reese (77, 78) des-
cribed their windowless vacuum-ultra violet monochromator
which was combined to magnetic mass spectrometer, with
initial observation they made on acetylene, acetylene~d2,
benzene and benzene-dg in the energy range (2000 - 600 A°
or 6 - 21 e.v.). Then (79) with similar technique they
examined Hp, HD and D, in the energy range (€15 - 700 A or
15.2 - 17.7 e.v.). '

The mass spectrometric investigations reported
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before were mostly carried out to measure the photolon-
ization efficiency, appearance and ionization potentials
or to determine the ionization cross sections. But left
unanswered question about the form, dissociation kinetic
energy and decay of the molecular and fragmentions. The
dissociation and kinetic energy of diatomic molecules

is rather well understood and carefully studied (80).

By contrast, the case of polyatomic molecules is not
well understood. Two complications, (81) which make the
polyatomic molecule more difficult are:

a. The excitation energy of molecular ions is shared
among a number of different degrees of freedom. This
fragmentation may not occur immediately when the disso-
ciation threshold is reached as it does with diatomic
molecules but rather may be delayed until the molecular
vibrations cooperate to produce a particular dissociation.
b. The fragment ions can carry away energy in the form
of vibrational oscillation, so that the excess energy need
not appear as kinetic energy or as electronic execitation
of the fragment.

Some detailed studies of the dissociation of organic
and inorganic polyatomic ions have been made, using elec-
tron impact methods (82 - 111), charge exchange collision
with slow positive ions (112 - 122): or photoionization
techniques (123 - 126).

The use of photoionization has an advantage in this
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type of study because the results are more precise,
accurate and more easily interpreted (127) for many
reasons:

a, The photoiﬁization process is an interaction between
a photon and an electron of a molecule. The products
are ion and ejected electron with or without kinetic
energy.

The electron impact is a process where c¢ollision is
between two electrons. The products are ion, ejected
electron and colliding electron. Obviously the prob-
ability for secondary processes is higher.

b. The extra thermal energy that an ion or molecule may
gain in the ionization chamber is negligible if it is

not zeno because the process happens at room temperature.
While the thermal energy of an ion in an E.I. source
(which is normally 500 - 600°K) is of the order 0.05 e.v..
This energy will increase the initial energy of the ions
and thesge will increase the error if any kinetic energy
investigations are made.

c. It is very easy to obtain monoenergetic photon of
bandwidth 0.001 e.v. (17), while it is very difficult

to obtain electron beams which are sufficiently monoener-
getic and of accurately known energy.

d. The only difficulty facing the photoionization studies
lies. in obtaining sufficient light intensity to produce

measurable ion beams.
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The earlier investigations about kinetic energy
(129-138) and half-life of the transition states were
also carried out by electron impact (E.l.) methods and
no single case about using photoionization technique has
been reported so far.

The mass spectrometers used to study photoionization
processes were the conventional magnetic type mass-spec-
trometers. 1In these mass spectrometers ions having life-
time of about 10_6 sSec. are observable as metastable ions.
Ions with life-time of :LO-7 second or shorter are seen
as their decomposition products and those with life-time
longer than 1072 second are largely collected (84, 97,
105, 106, 107).

Such a mass-spectrometer can be used to study in
detail only those ions decomposing with a rate constant
of the order of 106 sec™t. The other point needed is the
experimental observation of the change in concentration
of various ions present as a continuous function of time
delay between ionization and acceleration. This is
difficult to achieve in conventional mass spectrometers.

One would desire an instrument which could follow
the ion dissociation processes as a function of time over
the range of 10717 seconds to about 1072 seconds.

The newly developed linear pulsed time-of-flight

mass spectrometers are, in theory, ideally suited to

investigations over much of this range of time.
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The work to be reported in this thesis is essentially
based on the design and construction of a new pulsed linear
time of flight mass specfrometer coupled fto a normal
incidence vacuum ultra-violet monochromator; to inves-
tigate the dissociation and kinetic energy of molecular
and fragmentagkions produced in photoionization of these
organic compounds: n-propane; n-butane; acetaldehyde;
acetone; methyl-ethyl ketone; methyl n-butyl ketone;

benzene; monobromo-~ and mono-iodobenzene, over the energy

range of 10 - 18 e.v,
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PART A

THE VACUUM ULTRAVIOLET MONOCHROMATOR

- TIME-OF-FLIGHT MASS SPECTROMETER COMBINATION
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THE TIME-OF-FLIGHT MASS SPECTROMETER

Until recently, the usual method of measuring the
mass-to-charge ratio (m/e) of an ion has been through
observing its trajectory in an electrostatic, magnetic
or a combination of the two fields.

In 1946 Stephens (139) reported the method of mass
analysis by measuring the time of flight of an ion in
a field free drift tube, but the first working TOF® mass
spectrometer was made by Cameron and Eggers (140) in 1948.
The resolution of their device (Velocitron) was very
poor but their work has encouraged others (141 - 157)
to investigate non magnetic TOF mass spectrometry more

thoroughly.

l. Operating Principle of TOF Mass Spectrometer

A linear TOFMS is an instrument in which the mass
of an ion is determined from the transit time it takes
to travel a known distance through a field-free-shift-
tube.

The basic elements of a TOFMS (Fig. 1) are:

®Hereafter the phrase "Time-of-Flight' and 'Time~-of-Flight
mass spectrometer' will be abbreviated by TOF and TOFMS

respectively.



150K.n. resistor

accelerating field rings (25x31 mm)

\#/\4 ! ; , [ I

i\ 841 -8 A AN -B- AV SN S0 :
‘ e - » 39-uo»3."§ : D g0 mm. >
Pulsed photaon 1,4 i "
Beam | k—8= 5 mwm. P |
Repeller . — = |Gy Grids =Gy
Plate 30x37mm  parevrevreireroirens D
~ol k- L f
J 6 o, - ] .
L I _ 1 0 t
(1) : . (2) (3) .
Tonization chambet. F:Leld free drift tube Y don collection
or ion source ‘ (Analyzer) ' system

Fig. 1. Vertical cross-section of the essential

parts of the linear TOF mass spectrometer

- ga'_



- 24 -

a. JIon source and accelerating region

b. Field-free drift tube

¢. The detector or ion collection system.,

An electron or photon beam pulse produces a number
of ions of the vapor in the ion source. The ions are
then ~ccelerated through a voltage pulse of certain time-
width depending on the ion source dimensions. They enter
the field-free drift tube at essentially the same time
with the same kinetic energy per unit charge. They then
travel down the tube following a linear path with velo-
cities inversely proportional to the square root of their
mass-to-charge ratio. The pulse of ions break up into
groups or bunches as soon as they enter the tube. These
bunches contain ions having the same m/e and the same
velocity. They arrive at the detector at different time
proportional to (m/e)l/g. The lightest bunch reaches the
detector first and is followed by bunches of successively
heavier mass.

As each ion bunch strikes the detector a pulse signal
is produced in a pre-amplifier stage. Further electronic
amplification is followed by a wide-band linear amplifier.
The output signal of the amplifier is transmitted to the ’

vertical deflection plates of an oscilloscope whose hori-

zontal sweep is triggered by the accelerating pulse circuit.

The oscilloscope display represents the mass spectrum.

Each peak represents the time of arrival of each bunch
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of ion. This time can be measured along the time axis.
The abundance of ions 1is proportional to the area under

the corresponding peak or approximately to the peak height.

2. Methods of Mass Analysis by TOF

Two methods for mass analysis may be applied by
the TOFMS undertaken in this project:

1. The constant energy

2. The constant momentum.

Each has advantages and limitations

2.1. Constant Energy Method and Space Focusing

An ion of mass m and charge e will exXperience a
force
> -> -
F =¢€e.E = m.y (1)
If an electric field of E intensity acts and lasts
on it until it arrives at the first grid of the field free
drift tube (Fig. 1). The particle will then travel a

distance x with velocity v during time t:

dx
V='aE=‘Yt (2)
the distance travelled at time t is then:
t
x - j v.at = & ye? (3)
o)

equation (1) and (3) gives:
X=_2]_._ e.E.ta (4)

the time of flight of the ion through the acceleration
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region will then be:

1/2
O E (5)
the velocity vG of the ion when it arrives at the first
grid of the drift ftube is:
1/2
vg = vt = [.Eeix } (6)

the time taken by the ion to traverse the drift tube D
fo the detector is:

¢ o 11/2
D mD
bty = = | 5o5% (7)
2 vG LEeBX i

the total TOF of an ion at constant energy will then

be: -‘.
1/2 17 1/2 1/2
Trop = B + 5 ‘-“k(“g) ‘ “ (%) + (22:; ) } (8)

where TOF is in microseconds; % is the mass-to-charge

ratio of the ion in a.m.u.; Xx is the acceleration region
in centimeter (4 cm); D is the length of the drift tube
in centimeter (8.cm) and E is the acceleration field in
volt/cm., For Kr. m/e = 83 the TOF was 12.8 microseconds,
and the acceleration field was 32 volt/cm.

The Space Focusing Condition

For optimum mass focusing (148) the time spread for
similar m/e of ions in the ion bunch should be a minimum
and time separation between different m/e should be maxi-

mum. This condition may be possible in a single field
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system when in eq. (8) %% =0 or D =2x i.e. the field
free drift tube must be double the acceleration region
length. This condition was established in the undertaken

spectrometer.

2.2, Constant Momentum:

If acceleration pulse or field is ended before any
ion of the bunch has passed through the field free drift
tube the lons all have received the same fixed equal momen-
tum. Since each ion in the bunch receives the same momen-

tum we write:

- - -2
MV = MyVy = oewenns mv, = constant = F.dt
= -
or in general: mv = F.dt (9)

where m is the mass of the ion; v 1is the velocity it
acquires in a field of force F at time 4t.
If the voltage pulse applied to accelerate the ions has a
potential V and width € , then the momentum of an ion
after the repulsion is:

mv = e,E. 2 (10)
and the energy u, acquired by an ion from the pulse in
electron volts is:

lm 1l ,e
uz'é'gVa:—g-('rﬁ)(E.Z)g (ll)
the distance travelled by the ion at the time T is
T
1 ) 2
d = th=-2-'Y.Z
o)
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or

_ 1 e.E ,2
d =35 =2C (12)

since each ion or bunch of ions receives one pulse only
during its travel through the accelerating region we
write:

x +D = V(TT ) +4d (13)

or " C
equations (10), (12) and (13) give the total time of

flight:
_mx+D _ 3
Toop = 5z ~ 3¢ (14)
_me x(x+D) _ 3
Tror = 3 VT 5 ¢ (15)

where TTOF is in microseconds, m/e is a.m.u, x and D are
incm (x = 4 em, D = 8 em) T is the accelerating pulse
width in microseconds (0.3%u sec) and v is its amplitude
in volts (2500v).

Replacing the instrument constants in eq. (15) gives

8 m
TOF = 55 * o - 0.45 (16)
or
m _ (T + 0.45)125
e 8 (17)

Equation (14) clearly shows that the relation between
TOF and m/e is linear™. The mass-to~charge ratio of ions

was determined from equation (14) or from the experimental

XPractically, it was found linear up to m/e = 70 a.m.u.

only.
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calibration line shown in Figure 3.
The present mass-spectrometer can be operated by
either of the methods and it can be switched from one to

the other in a few seconds when required.
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5. DESIGN AND CONSTRUCTION

3.1 TIon Source

In the present mass spectrometer a photoionization
ion source was used. Ions are obtained by the interac-
tion of photons with gas or vapour molecules. This type
of source produces ions with a low kinetic energy and
no multiply charged ions, and the excitation energy is
uniquely determined. However, the degree of ionization
is low. If high ion concentrations are desired, the
energy of the light source's flashes must be increased.

The ion source here consists of two parts:

2.1.1. A photon source; a vacuum ultra-violet monochro-
mator, capable of providing photons with energy between
4 and 18 electron volts.

5.1.2. An ionization chamber, where photons interact
with vapour or gas molecules to produce ions. The ions

are then accelerated into the field free drift tube.

3.1.1. Vacuum-Ultra-Violet Monochromator

3.1.1.1. Optical Design Considerations:

The important factors governing the design of vacuum
spectrographs include the requirements of spectral range,
dispersion and resolution, flexibility and convenience of

operation.
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Four types of monochromator are available™:

a) Prism spectromators - range down to 1100 A°.

b) Normal-Incidence grating monochromators - range 600 -
3000 A°.

e¢) Grazing incidence grating monochromators - range
30 - 600 A°.

d) Seya- Namicka grating monochromators, similar in
range to (b).

In this work the normal incldence type was adopted
because 1t has some advantages over the other types. It
has nearly linear, constant dispersion down to 600 Ao,
more light owing to less astigmatism and is very satisfac-
tory for the wavelength range in which molecular spectra
and photoionization of all organic molecules are likely
to be studied.

3.1.1.2. Scanning the Spectra:

One of the problems of the concave grating monochro-
mator is scanning of the spectrum. Several methods have
been used to solve this problem (161-173).

The most popular method was the simple rotation of
the grating about its axis with no translational motion

(174-177). Recently it seems fashionable to use the

*por a complete survey of 'Vacuum-Ultra-violet Spectro-

scopy' see refs 158, 159 and 160.
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mounting of Seya (178); Namigka (179-180); and Greiner
(181), where a similar rotation of the grating about its
vertical axis through its centre occurs, but the angle
between the lines connecting the grating centre to the
entrance and exit slits must be TOO 30', and both slits
must be placed at positions (81.8 em from the one-meter
radius grating centre), calculated from the theory.

This method is very good when high focusing over a wide
wavelength range is required. Obviously a certain amount
of defocusing occurs, but by a proper choice of the position
of the entrance and exit slits this was minimized. There
are two disadvantages of this mounting: a) the astigma-
tism is much greater than at normal incidence, and is
essentially due to the large angles of incidence and
diffraction (a = B = 35°).

b) The emergent beam is likely to be partially polarized
(224) .

In the present monochromator to be described here,
the grating has a simple rotation about its vertical axis
through its centre with a fine translational motion along
the axis which bisects the two slits. The grating, slits
and detector (photo-multiplier) are mounted vertically on
a horizontal Rowland circle, Pigure 4. The two slits are
fixed and the angle between them is 10° (a = B = 5°).

This minimizes the astigmatism while the fine translational
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motion keeps the image at the exit slit in good focus.

The scanning mechanism and other poinfs of the mono-
chromator are enclosed in a 10 mm. thick brass cylinder
of 27 cm. diameter and 101 cm. long. The cylinder is
mounted on a steel rack (2'6'"" x 4' 6" x 2'0") transport-
able on four rollers. It consists of two sections, the
first is 80 cm. long, bolted with 8 steel bolts to an end
rigid brass plate which holds the slits. This section
was used for the 4-inch oil diffusion pump connection and
the wavelength drive vacuum seal to the motor and gear
assembly outside the cylinder. The second section of the
cylinder is closed at one end which holds a Penning vacuum
gauge head and is bolted also with 8 steel bolts to the
main part of the cylinder. When attention to the grating
or any part of the monochromator inside this cylinder is
required, the second section may be slid back on three
wheels along rails on the main rack.

3.,1.1.3. Grating, Mount and Drive:

A. Grating: The grating is a Bausch and Lomb pre-
cision 0.99454-meter concave grating. It is a 'Tripartite’,
to give higher efficiency at the blazed wavelength - 1500 A°
in the first order - than similar concave gratings ruled
with the same blaze angle (2°35') over the entire area
but the resolving power is not as high. It has 600 lines/mm.

The ruled area 56 x 96 mm. was masked with a copper disc,
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having an aperture of 54 x 94 mm. The copper surface was
matt blackened by a layer of copper sulphide made by
immersing the disc in ammonium sulphide solution.

B. Mounting: The grating is mounted near the rear
end inside the main chamber. The mount is supported about
a horizontal axis upon a steel spring, kinematic mounting,
so that a small rocking motion could be imparted to the
grating electromagnetically at its natural resonant fre-
quency ( 12 cycle per second). The electromagnet is en-
closed in a little tank filled with pump oil, fitted behind
the grating mount. It was powered from outside the main
chamber through a metal-to-glass seal. This provision
was made to allow the effect of the stray light (182) to
be eliminated and to enable the monochromator to be used
as a double-beams srectrome.ter for ultra-violet absorption
studies if required.

The grating mount is placed on a brass table which
is able to rotate about a vertical axis through the grating
centre. The table is carried on ball bearingsx. The
bearings plate stands on a second plate which slides on

two grooves., This arrangement allows the grating fto

*The bearings and the internal parts of the entire mono-
chromator were degreased thoroughly, and the moving parts

were lubricated with Apiezon oil grade 'c', which has a

8

vapour pressure of 10 ~“mm. Hg at 20°C.
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maintain the focusing condition when scanning the spectrum
by the motion along the axis bisecting the slits towards
or away from them.

C. Driving: The two motions of the grating (rotation
and translation) are controlled simultaneously by a system
of radius arms attached to the drive unit nut on the head
screw, which is mounted in the middle of the main chamber.
The right-hand arm is bolted to the grating table. The
left-hand arm is controlled via a spring clutch by a lead
screw operated from outside the vacuum. Thils allows for
ad justment of the arms length and grating radius, hence
to focus the monochromator when required. The drive nut
1s stopped from rotating indefinitely by two gulde pins.
The lead screw of the drive nut is coupled to a 3/8 inch
steel shaft which passes through two rubber O-rings vaccuwm
seal, to outside the vacuum chamber. A reversible syn-
chronguéeared electric motor connected through a worm and
wheel to the drive shaft. The motor i1s controlled by a
reversible panel switch. It has one scanning speed only.

A revolution counter is coupled to the worm. The
counter reading can be converted into Angstrom units very
easily as follows:

We start from the usual grating cqQuation:

nh = a(sin a + sin B) (20)

where a = Angle of Incidence,
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B = Angle of Diffraction
2 = Grating spacing ==5%5 x 1077 a°
© = Blaze angle
n = Grating order 1,2,3,....
otp
Y=2

Since the beams lie on opposite sides of the normal
(Fig. 4 and 5), the smaller of the two angles is to be

taken as negative:

nA = a (sin a - sin B) (21)
If the grating is rotated & degrees then
= X
a > + b
= X .
p=g-0

By replacing o and B in equation (21)
na

a[sin(% +6) - sin(% - 6)]
oY
nA = 2a cos % sin B
from Fig. 5.
cos £ = 0.9962

or

= 2 620 ¢in 5 (22)
A° >
The counter reading at zero order image is 7235. The

number of turns of the shaft is then:

7235 = cgunter reading
0]

Since 60 turns of the electric motor turns the shaft one
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turn only, i.e. move the grating arm 1 mm. For n turns
of the shaft, the arm moves n millimeters and
sin & # tanS = 11—3—7—-—7— Replacing the value of sin & in

equation (22) and adding 18.3 A°® equation (22) becomes

o _ 99620 n
or
_ 199620 n
AAO = [25= . g577] + 18.3 (23%)

for the first order.
These calculations were confirmed quite accurately
by measurements on the various orders of strong lines.
Finally, it must be noted that the grating had been
under use for more than three years without showing any
marked falling off in intensity of the ultra-violet spectra
it produced, yet the grating could not be said to possess
a fresh surface, but is strong 1in its first and second

ocrders.

3.1.1.4. Slits:

The slits are similarly mounted, vertically on
rigid brass rings which are bolted to brass flanges placed
and bolted to the rigid brass front end of the vacuum
cylinder. The two slits' flanges are inclined to a point

at the grating centre. The jaws are one inch long and

*n constant error between calculated and experimental

wavelength.
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made of a 1/8-inch thick stainless steel with 450 wedge
towards the grating. They are of the so-called unilateral
type, in which only one jaw is movable.

The two slits are controlled by one micrometer through
a series of push rods and levers and can be adjusted fto
0.001 mm. The jaws are sprung back against the end of the
micrometer rod, when the micrometer is set back. They
are adjusted and set parallel before assembling the light
source and photomultiplier by focusing fthe central image
of the grating on the entrance first, then exit slits.
They are satisfactory parallel (0.01 mm.; 0.16 A° - 0.02
mm. or 3.3 A®). The slits' width or the bandwidth of
the ionizing photon beam (full width at half-maximum) in
the experimental work was 6.6 A°, or in the energy range

covered about 0.05 electron volt.

3.1.1.5. Vacuum System:

The vacuum system consists™ of:
a) Backing Pump: is a single stage gas ballast rotary
pump, model 13C 1450B, capable of displacing 144 litre of
air per minute at normal speed.

b) A four-inch three-stage o0il vapour fractionating

he vacuum products used in this project were made by

Edwards High Vacuum Limited, Manor Royal, Crawley, Sussex.
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diffusion pump model F403. It has a speed of 250 - 300
litre/sec. unbaffled and 150 - 170 litre/sec. at the
inlet of a hand operated 4-inch isolation baffle valve
type TL4. The baffle valve mounted between the main
vacuum chamber of the monochromator and the oil diffusion
pump allows this to be by-passed when required.

¢) Two one-inch two-stage o0il vapour diffusion pumps
model 102, are mounted under the slits. Each has a speed
of 7 - 8 litre/sec. at the inlet of the baffle valve.
These baffle valves are one-inch Speedivac Butterfly

fype QSB1l. The o0il used in these oil-diffusion pumps and
for lubkricating the moving parts inside the main chamber
is Apiezon o0il grade 'C'. It has a vapour pressure of

8

10" "mm. at 20°¢.
The vacuum connections and seals were made tight
by bolts with rubber O-rings placed in polished grooves.
The connections between the diffusion pumps and the béiing
rotary pump were made by either one or 1/2 inch copper
tubing through brass union and joints and a set of 3/4
inch valve.

The grease used with the neoprene rubber O-rings
was Apiezon grade 'H' (vapour pressure 10 %mm. Hg at 20°C
and 10 “mm. Hg at 300°C) in the ionization chamber of the
mass spectrometer. Apilezon grade L (vapour pressure

10™ %unm. Hg at 20°C) in the light source and on the O-ring
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between the diffusion pump and the main chamber where a
high melting grease is required. Apiezon grade 'M' (vapour
pressure 10_7mm. at EOOC) for those O-rings elsewhere.

The vacuum system maintained a pressure of 10-6 without
any cold trap. When gas was flowing in the light source
the vacuum in the main chamber dropped to about 5 x 10_5mm.
of Hg, in the case of a windowless light source, or to

5 x 10‘6

mm. of Hg when the light source was isolated from
the body of the monochromator by a one millimeter thick
lithium fluoride window in front of the entrance slit.

The whole vacuum system was pumped down by the combined
pumping unit, from atmospheric pressure to 1 x 10-6mm. of
Hg in 35 minutes only.

The pressure was measured by a Penning gauge type
(5MF) in the main chamber above the grating, by a Piranyi
gauge type 6A in the ionization chamber and a similar one
in the backing line and by a barometric compensated gauge
type CG3 in the sampling system.

The pressure readings were displayed on a Pirangi-

Penning type vacuum gauge model 2A.
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3.1.1.6. Light Sources:

Molecular spectroscopy in the vacuum~-ultra-violet
has been undertaken infrequently, partly because of the
lack of satisfactory light sources. Photoelectric detec-
tion methods and high vacuum techniques have been greatly
improved in recent years, good optical materials and gratings
are now available commercially, but relatively few advances
in light sources have been made, and a continuous search
has been going on during recent years for improved light
sources glving high radiation intensity needed in photo-
ionization experiments. It is obviously desirable to have
additional radiation sources available in order to fill
the existing gaps in the spectrum.

Two new simple light sources were developed during
this work:

A. Pulsed Microwave Discharge Light Source: Excitation

of light sources by microwave power (183-196), has been
claimed to have many advantages over other methods of
excltation, notably:-

1. Absence of internal electrodes,

2. Low power consumption for a given light output,

3. High intensity,

4, Long tube 1life.

The discharge tube used here was a Pyrex tube of

4 em. long and 1.4 em. in diameter, Figure (6), inserted
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into a 1.4 cm. in diameter hole of an x-band wave-guide
(2.3 x 1 em.), at a place of antinode of the electric
field. A tuning plunger of quarter wave re-entrant edge
was used to provide a very smooth adjustment by simple
pushing or pulling it inside the waveguide.

The source of microwave power was a military radar
fransmitter using a Raytheon cavity magnetron type T725A
rated 50 - 60 Kw peak at x-band frequency (9345 - 9405
m.c. or 3.21 - 3.3%2 em. wavelength), with one microsecond
pulse duration. Some modifications on the transmitter's
circult were made to meet our specifications. The pulser
transmits about 40 K.W. peak at the same frequency and
pulse duration. The transmitter was triggered by one
microsecond pulses, 180 volts peak from a pulse generator
and monitor unit (Appendix 1). The radiation was trans-
mitted through one yard of flexible waveguide 2.3 x 1 cm.
to the light source (Appendix 2). Between the magnetron
and the light source was a Ferrite isolator, which serves
to protect the magnetron from power reflected by the light
source.

The carrier gas was flowing continuously through the
light source. The pressure readings in the main chamber
were recorded as follows:-

Ar : 2.5 x 1072 mm. of Hg

He : 1 x 10™° mm. of Hg
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: 3 x 1072 mm. of Heg

Hy
N, t1x 1072 mm. of Hg
Co, : 1 x 1072 mm. of Hg

As the pressure in the tube was increased, a trans-
ition from a glow filling the entire tube to a bright
ring around the wall occurred. It 1s necessary to mention
that the brightness of this light source is controlled
by the position of the plunger in the waveguide and by
the output of microwave radiation obtained from the power
unit.

The light source when operated with the appropriate
gas pressure, produces chiefly the resonance lines of the
gas used. It can probably by a different mode of operation
produce the molecular continuum, i.e. by increasing the
gas pressure without affecting the vacuum in the main
chamber, because the entrance slit was blocked by a lithium
fluoride window. This window was used with this tube
because the discharge needs a relatively high pressure of
few mm. of Hg to strike. This window limits the useful
wavelength range to longer than 1100 A° only, which is
not satisfactory in the present work. The light-source,
however, had several advantages over other previous micro-
wave light sources for these reasons:

1. Simple in shape and construction,

2. No initiation by a tesla coil was required,
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3. Stable over a long period of time,

4, No cooling arrangement was required, even if
it was left running for a few hours continuously with
full power.

B. Capacitor Discharge Flash Light Source: Many investi-

gations of the properties of the gaseous flash discharge
directed to its application as a photographic source have
5een reported (197 - 200). The application of the tech-
nigque to atomic and molecular spectroscopy, however, was
first described by Norrish and Porter in 1949 (201), when
they applied it to studies in photolysis. Since that
early experiment the technique of flash discharge has
been used extensively in chemical and physical research
to study the spectra of short-lived species (201 - 203).
However, until quite recently (204 - 207) flash discharge
studies have not been extended to the vacuum-ultra-violet
reglon shorter than 1600 A°.

A simple new low rep:tition frequency flash light
source has been developed, which exhibits some of the

desirable properties of a light source, such as stability

and intensity in the wavelenth rangex 685 - 1172 A°.

KThe characteristic of this light source in the wavelength
range longer than 1172 A° has not been studied since the
grating exhibits strong lines of the second order over-
lapped with those of the first order. A lithium fluoride
window is necessary to cut off the radiations of orders
other than the first.
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The light source tube was constructed, Figure (7), of
a Pyrex glass tube, 15 cm. long and 1.4 cm. in diameter.
The tube contains one electrode only and a capillary
glass section of 10 cm. long and 2 mm. bore in which the
discharge was produced.

The power dissipated was 0.18 joule per flash produced
by a series of mild condensed discharge from a bank of
five capacitors - of the television typé rated at 20 k..,
0.001 microfarad - connected around the discharge tube,
in parallel, to have a total capacitance of 0.005 micro-
farad. The capacltors were charged to 8600 volts positive
through eight current limiting resistors of 800 Kaw~ total
resistance. The conhection wire to the tube was made as
short as possible, but no attempt was made to reduce the
self-inductance of the discharge circuit to absolute
minimum. To trigger the discharge, the gas in the cap-
illary tube was ionized slightly by a 5000 volts provided
by a simple circuit shown in Figure (7), through a 10 K £,
3 watts ballast resistor to a secondary ring electrode
placed around the end of the capillary tube section, against
the outer tube. The tube was about 8 mm. distant from
the entrance slit and separated by two diaphragms which
protect the slit from sputtering or clogging by solid
materials torn from the electrode or glass wall by the

discharge, which was a problem with some light source
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used by other investigators (208).

The repetition freguency of the triggering pulse
was about 16 - 18 pulses per second and the half-width
of the light flash was about 2 - 2.5 microseconds.

The carrier gas was introduced to the tube through
10 -~ 12 cm. long of 0.5 mm. bore capillary tube. Using
this section of capillary tubing had two advantages:-

a) To prevent the discharge between the cathode and
the metal of the gas valve on the gas line,

b) To limit the discharge electrical noise from
spreading outside the shielding enclosure.

The rate of the gas flow was adjusted by a vernier
control needle valve.

The differential pumping system and the slit width
used permitted the discharge to be operated with the foll-
owing values of residual gas pressure in the main chamber:

Ar : 7.5 x 1072 mm. of Hg

N, : 6.5 x 1072 mm. of Hg
0, 5.5 x 1072 mm. of Hg
co, : 4.5 x 1072 mm. of Hg

The discharge has been found highly stable at a
particular pressure and voltage. It ran freely (i.e.
without triggering) if the gas pressure changed above the
limit mentioned earlier, and stopped completely if the

pressure was lower. Within these limits it was very
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steady and reproducible over a long period of time without
cooling. The reproducibility might be improved by re-
placing the mechanical relay (spark gap) in the triggering
circuit by an electronic switch or by using an ignitron
(thyratron circuit) (225).

The present light-source has been operated for over
500 hours without trouble, except for occasional failure
of the present type of capacitors when used for more than
25 minutes continuously.

The emission spectra of six gases, Hydrogen, Helium,
Argon, Oxygen, Nitrogen and Carbon Dioxide, were obtained.
Oxygen and Nitrogen spectra are shown in Figures (8) and
(9). It is shown that towards shorter wavelengths the
resconance lines occurred further apart and were less
intensive. This decrease in intensity probably caused
by the dischargelby grating surface reflectance loss, or
by the non-linearity of sodium salicylate in this region
of wavelength. The lines towards the long wavelengths

-some of them are not shown in these photographs - were
very strong because the grating blaze near 1500 A° in
the first order and 750 A®° in the second order. Thus
most of the spectral region from 685 A°, 18 e.v. to 1172 A°,
10.57 e.v., can be filled by the proper choice of gas.
These strong emission lines (Table 1) were used as

a source of photons of different energies, and are the
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TABLE 1

The Strong Emission Lines of Three

Gases as a Source

ef Energy
. First Order Second Order
Gas
Wavelength | Energy | Wavelength|Energy
A° e.v. A° e.v.
Nitrogen 685.8 18.07 685.8 18.07
765.1 16.2 765 16.2
775.9 15.97 | 771.5  {16.07
837.1 14.81
916.7 15.53
955.8 12.97
991.5 12.5
1000.5 12. 39 :
1085.7 11.42
Oxygen 712.6 17.39 707.3% 17.52
718.48 17.25 718.48 17.25
796.6 15.56 796.66 15.56
835.29 14.84 | 8o2.2 | 15.45 |
835.3 14.84
919.7 13.47
Carbon- 1172.5 10.57 t
Dioxide 835.29 14.84
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only lines which can be used in photoionization and diso-
cilation studies with the present energy of the light
output - 0.18 joule per flash. The intensity of many
other weak lines present may be increased if the power
dissipated were increased by increasing the energy storage

capacitance to an optimum value.

3.1.1.7. Detector

The ultra-violet radiation detector was a low dark
current 13-stage E.M.I. photomultiplier tube type 6256B.
The end window of this type is of fused quartz and possesses
a one-centimeter diameter photocathode surface.

The tube was mounted end-on to the exit beam against
a rubber O-ring held against the wall surrounding the
tube aperture. The tube 1s clamped around the body
vacuum tight with another rubber 0O-ring and threaded brass
ring. It was completely shielded by a thick copper cyl-
inder with a light tight 1id. The shield contained the
dynodes resistor chain and is shown in Figure (10). The
output voltage pulse ras taken through the cathode follower
(I.D.L. type 658), to the input of a wide band linear
amplifier (I.D.L. type 652), then to the reference channel
of the pulse peaks height monitor (Appendix 1), the output
of which was recorded.

A fluorescent layer of sodium salicylate (209),

with a thickness of one milligram per ecm® (210), deposited
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on a microscope slide of 0.8 mm. thick was placed in
contact with the tube window. The layer was made by
dissolving the compound in methy alcohol, then dropping
The solution on the glass slide surface and drying it by
a gentle hot air stream from an air blower. This method
was found very convenient to coat the glass surface with
an even fine crystal layer. Other methods which have
been used to prepare this coating are found in references
211 and 212.

The quantum efficiency of sodium salicylate has
been measured by several investigators, (165 and 211-222),
and was found to be linear 1in response and constant with
wavelength in the range of excitation from 800 A° to
3500 A° with an indication of a 10°%4 decrease at 800 A°
and about 25°/0 at 584 A°.

3.1.1.8. Stray Light:

Stray light is alway present in a monochromator and
can lead to noticeable errors in spectrometric measure-
ments. Care was taken to reduce as far as possible the
level of the stray light reaching the exit slit. This
was achieved by installing a set of copper diaphragms,
to define the light beam between the slits and grating.
This system of diaphragms was held in a tube placed behind

each slit (Filgure 4). The surfacesof these devices were
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matt blackened by a layer of copper suphide to decrease
surface multi-reflection.

After many experiments it was noticed that the stray
light level was quite low, if not negligible, and had
no serious effect on the wavelength region 600 - 1100 A°
but it increases below 400 A°. Most of this residual stray
radiation in this region undoubtedly arises from the grating
surface itself and has to be tolerated, though the grating
rocking arrangement (3.1.1.3. B) provides a means to dis-
criminate against it, since only the diffracted image is

focused on the exit siit.

3.1.2. Ionization Chamber

The ionization chamber was a small brass chamber,
Figure (11), placed directly behind the exit slit of the
u.v. monochromator. It contained:

a) The ion repeller plate, a2 30 x 37 mm. nickel
sheet soldered vertically to the terminal of a metal-
ceramic feed-through close to the radiation beam. The
other end of the feed-through was connected through a
coaxial socket and plug to the output of the voltage pulse
generator. This pulse generator applied pulses of 2500
volt and 0.3 microseconds duration.

b) Seven rectangular 25 x 31 mm. copper rings soldered
at one end to the repeller plate and supported from the

other end by the drift tube. Those rings were spaced at
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6 mm. intervals. Each ring joints to the next by two
resistors, 300 K#& &, and the total resistance between the
plate and the ground is 500 Kun... The paint of these
resistors was completely removed by solvent to prevent
contamination of the sample vapour.~\

The u.v. radiation beam passed 3 - 4 mm. from the
repeller plate to impinge on the centre of the photomul-
tiplier window. The interaction between the radiation
and gas or vapour molecules occurred in this chamber along
the radiation beam. Simultaneously, or after a time-delay,

a voltage pulse repelled the ions and accelerated them

towards the drift tube.

3.2, Fleld-Pree-Drift Tube

The 'field free drift tube' was a cylindrical copper
tube, 8 cm. long and 4 cm. in diameter. One tungsten
fine mesh grid was soft soldered to each end of the tube
to prevent any electric penetration or interference from
outside, and to define a field free region.

Since the action of the drift tube depends on velocity
only and not on the mass or charge of the ion after it has
entered the drift tube, this tube makes the T7.U0.F.M.S.
s~ uniquely suitable instrument for studying the kineties

of the processes that change the mass and charge such as

charge transfer, ion dissociation and similar processes.
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2.3. Ton Collection and Signal Display

Two aluminium foils 20 x 30 mm. stuck opposite one
another outside and inside a 1.5 inches diameter Pyrex
glass tube formed a collecting electrode and a capacitance
23.5 micromicrofarad coupling to the preamplifier grid,
Figures (11) and (12). When charged (to -2k~ through
an isolating resistance 1 mary), the positive signal
created by the arrival of a group or bunch of positive
ions, was further amplified by the loss of secondary
electrons from the aluminium surface. A gain of about
5 fold was achieved for ions in the mass range 15 - 100
a.m.u, It 1s estimated that a pulse of 6 x lO5 ions™
could be detected by this detector.

The signal so obtained was amplified by the low
noise preamplifier (valve type EC1000 Mullard) and shaped
(transistor type 2G414), Figure (12). After further
amplification in a wideband linear amplifier (I.D.L. type
652) set at:

Attenuation 8 db

Time constant a) Rise time 0.03 u sec.

b) Fall time 100 p sec.

®*Prom the equation Q = C.V. = 23%.5 x 10712 x 4o x 10'6
= 0.4 x 10'"16 Coulomb
and the ionic charge is 1.6 x 10729 ¢.m.u.

-17
9'2 £ 10_20 = 6 x 10° ions per pulse
1.6 x 10

i.e. Number of lons =
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The signals displayed on an oscilloscope (Solarton
type CD 513.2), whose x-sweep was triggered by the accel-
erating pulse generator (Appendix 4).

The traces obtained on the oscilloscope's screen were
photographed and up to seven traces were superimposed on
the same frame. Measurements were made directly from

those photographs.
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4. Mass Resolving Power, Limitations in Performance and

Advantages

The present mass spectrometer can accelerate ions
with constant energy or with constant momentum.

The resolution was found to be higher when the in-
strument operated with constant momentum. Theoretically
the resolution in the case of constant momentum is double
that of constant energy. That is clear from the following
equations:

At constant energy, from equation (8) we have:

M T
AN = BAT (18)

and
at constant momentum, from equation (1%4) we have:

M T
AW = BT (19)

Practically, the resolution was not high - the in-
strument was unable to separate ions of masses with diff-
erence less than 3 - 4 a.m.u. This was satisfactory to
identify the carbon content of any peak in the mass spec-
trum by measuring directly the time of flight or by
comparing the peaks with standard ones of known masses.
Resolution has been sacrificed by shortening the length
of the drift tube (8 ecm.) to shorten the time of flight,
i.e. to enable the investigator to look at the fragmenta-

tion and dissociation products after very short time -
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a few microseconds only - because these product may
undertake further dissociation if they have to stay a
longer time before detection. However, poor resolving
power was one of two limitations of this spectrometer and
is still the main disadvantage of T-0-F mass spectrometers,
if compared with the conventional magnetic deflection

mass spectrometers.

The other limitation was the mass range. The spectro-
meter was used with constant energy for identifying masses
up to m/e = 204* a.m.u. Though no wide peaks were noticed
when ions were accelerated with constant energy, peaks
of masses heavier than m/e = 70 a.m.u. were unusually
wide and their abundance decreased as the mass increased,
until they vanished completely beyond m/e = 130 a.m.u.
A short time delay was found useful to refocus the ions
slightly.

These factors were probably affected -~ to a limit -

XIodobenzene, no higher molecular weight compounds were

examined.

EEEEWhen ions were accelerated with constant momentum.
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the peaks' broadening - owing to time spreading of the
ions bunch or pulse -~ and the decrease in abundance of
ions,-owing to scattering - towards the heavy mass side
of the spectrum.

a) Thermal velocities. The most important factor
of these is the thermal energy distribution as the ions
leave the ionization region.

About lo/o of the ions have energies greater than
6.5 times the most probable energy (223). At room tempera-
ture the most probable thermal energy is about 1/30 e.v.

Therefore 1 per cent of the lons will have energies above

3% x 6.5 = 0,216 e.v,. (20)
Since this may be in either the positive or negative ( )
direction, the voltage spread may be considered to be
2 x 0.216 = 0.43%2 e.v.

Also since these velocities may be in any direction, a
proportion of these ions will have significant components
of thermal velocity perpendicular or in the axis of the
ion beam (Z'). The perpendicular components (x,y) will
cause loss from the beam and the other (Z ) will cause
the time spreading, i.e. widening the individual ion peaks,
and thereby losing resolution.

b) Irregularities in the accelerating field caused

by irregularities in the ring shape, dimension or spacing

can give the ions transverse velocity components cause



- 69 -

the spreading ultimate loss. This will result in general
reduction in resolving power irrespective of mass.

c¢) Surface potential variations: This may cause
scattering by unequal retardation to different ion traj-
ectories.

d) Initial energy variations: The variations in
initial energy - if any - which occur in the ionization
chamber will cause the time spreading of the ion bunch.

e) Limited bandwidth: The ion signal amplifier
needs a wide bandwidth and the present detector may not
fulfil this condition, but because the high mass peak
broadening was noticed only when the ions are accelerated
with constant momentum, it follows that there is no limi-
tation here due to insufficient amplifier bandwidth. The
peak broadening was thus due to pulsed acceleration, and
might be overcome if the voltage and width of the accelera-
tion pulse were made variable, then optimum values to match
the depth of the acceleration region may be selected.

The major advantages of the instrument as a TOF mass
spectrometer are:

1. A unique advantage is the speed with which a
spectrum can be obtained conveniently. A complete spectrum
- depending on the light source frequency - can be obtained
every few microseconds. Thus one can study how the relative

abundance of different ions varies when the ionization
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region conditions change rapidly - such as by introducing
a time delay intervals between lonization and ion accelera-
tion.

2. The entire mass spectrum can be displayed for
each accelerating pulse. Thus one can measure relative
intensities of the peaks more accurately.

3. The accuracy here depends on electronic circuits
rather than on extremely accurate mechanical specifications.

4, As a reliable detector for the ultra-violet
radiation: when the ionization chamber, drift tube, and
ion detector are combined with any vacuum u.v. monochro-
mator, they can be used for qualitative determination of
u.v. radiation. There 1s a pressing need to make further
development of u.v. detectors which are both sensitive
over a wide range of the spectrum and stable, because
most available detectors have either limited range or no
wavelength linearity. Although photomultipliers coated
with sodium salicylate have been found to yield reprodu-
cible data by several investigators (40, 209, and 226-229)
they are much more sensitive to visible and near u.v.
than to shorter wavelength radlation. Photographic plates
have the same disadvantages, and moreover, they appear
to be less reliable for quantitative spectrophotometry.

Detectors which are sensitive only to vacuum u.v.

radiation will minimize the difficult problem of scattered
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or stray light, when a photomultiplier or photographic
plate is in use.

It should be emphasized that the detection process
here is triggered by photoionization, and in fact the long
wavelength limit of sensitivity of this detector is set
by the ionization potential of the gas molecule used

The efficiencypeak height of the signal of this det-
ector apparently depends on the pressure of the gas used,
but relatively low pressures (3 - 5 microns of acetone)
would be more desirable for a sensitive detector. As the
pressure increases the peak height increases and then
decreases after passing a maximum at about 30 microns.

The decrease was probably due to collision and loss of
ions. The efficiency was also found to be increased with
the number of photons.

When the capacitor discharge flash light source was
used, no saturation - in the 1limit of applied voltage -
in the jion current due to high incident intensity photons
was noticed. The efficiency also showed a dependence with
respect to the frequency of incident photons. This de-
pendence was expected because the photoionization efficiency
of a gas is known to vary with the wavelength.

However, since no quantitative studies were carried
out to investigate the characteristics of this fype of

detector for the u.v. radiation, it would be necessary
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to make a further development and exploratory work bn this
subject before any comment.

5. Identifying the overlapping orders of a concave
grating in the far and extreme ultra-violet region:

when working in the higher orders of a grating spectro-
graph it is usually necessary to 1ldentify and separate the
overlapping orders to avoid errors. In the visible and
near ultra-vidlet region this separation can readily be
accomplished by filters. In the vacuum ultra-violet it
is much more difficult to separate the orders and in spite
of the need for high resolution much of the vacuum ultra-
violet work has been done in the first order. It therefore
seems useful to devise a new technique in order to obtain
high resolution at the shorter wavelength.

The technique included introduction of several gases
(or compounds) having different ionization potentials, to
the ionization chamber, then by scanning the grating spectrum
in the required wavelength range for each gas, and looking
at its parent ion one can tell the order of the spectral
line.

Most of the spectral lines used in this work were of
the second order because they were stronger (see 3.1.1.6B

and Fig. 8 and 9).
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5. MATERIALS

The organic compounds investigated were:

a) Acetone; methyl-ethyl ketone; methyl-n-butyl ketone;
acetaldehyde; benzene; monobromobenzene and mono-iodo-
benzene.

These compounds were reagent grade and were all
distilled, the first fraction was discarded and the middle
fraction collected in a dry nitrogen atmosphere. All
refractive indexes and boiling points agreed with litera-
ture values.

b) n-Propane and n-Butane were prepared by Grignard's
reaction (230). n-Propane from n-propylbromide and n-
butane from n-butylbromide. Magnesium turnings (6 gm.)
and n-propylbromide or n-butylbromide (26.7 c.c.) were
used in sodium dried tetrahydrofurane (50 c.c.). The
product was decomposed by diluted sulphuric acid. The
evolved n-propane or n-butane passed through concentrated
sulphuric acid (to dry it and to get rid of olefins) and
then trapped in a sample tube cooled by solid carbon dio-
xide in methylated spirit. Fractional distillation was
carried out several times until the volatile material
pumped out and a pure hydrocarbon was obtained. The purity
was assessed by examining their n.m.r. spectra. Lines
associated with olefinic protons or proton adjoint to,

or on, Br were absent.
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The sample compound was degassed by several cycles
of freezindg and pumping on the all-glass vacuum line
before indtroduction into the storage section of this line,
then through a vernier control needle valve to the ioniza-~
tion chamber. All taps were of the diaphragm valve type,
the diaphragms being made from neoprene rubber and the
whole valve was bakeable up to 150°C.

The samples were introduced to the ionization chamber
in such quantity as to give the desired pressure. The
gas pressure in the ionization chamber was determined by
means of a Pirani gauge type 6A, attached to the gas line
at a point about 23 centimeters up stream from the ioniza-
tion chamber. A pressure of 5 microns was maintained in
the line throughout the experiments. This gives about
3 microns in the ionization chamber because of the differen-
tial pumping at the exit slit.

At three microns pressure at room temperature 2500,
the number of molecules per cm3 is 9.8 x .'LO13 and the
mean free path (L) for CH3CO+ m/e = 4% a.m.u. is 2.1 cm.
between collisions. The collision frequency then will be
1597 collisions per second. Because the life-time of
the particle is relatively short, the system would be

considered as a collision free region at that pressure.
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PART B

RESULTS AND DISCUSSION
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1. THEORETICAL CALCULATIONS

1.1. EXCESS KINETIC ENERGY OF FRAGMENT IONS

Often molecular ions are formed in an unstable state
then dissoclate. The possibility exists that some of the
resulting fragment ions separate with a considerable range
of kinetic energies. This fact was first demonstrated
experimentally in the ion source of the magnetic deflection
mass spectrometer by Bleakney and Tate(231). However,
the knowledge concerning initial kinetic energy of fram-
ment ions from polyatomic molecules is still rather limited.

The initial energy of fragment ions are important
for these reasons:

1. It must be taken into account in calculating heats
of formation from appearance potential measurements, and
in this case the kinetic energy is measured Jjust above
the threshold.

2. To eliminate initial energy as a source of error.

3. The kinetic energy is of interest itself, and would
be a valuable means to insight infto the process of dis-
sociation of ionic species.

Normally the initial or excess kinetic energy may
be determined by
a) A retarding potential field in front of the ion col
jector plate and recording the ion current as a function

of retarding potential (233, 234 and 80).
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b) Peak shape analysis: The excess kinetic energy causes
the shape of the ion peak to be asymetric and broader

than that for a normal peak. This alteration of the

peak shape has been studied in detail and can be used to
give a measurement of the initial kinetie energy of frag-
ment ions (235).

¢) Applying special energy selector (129).

d) Deflection method (236 and 237).

e) A rather new technique has been followed in this work.
It includes retaining the ions in the ionization chamber

by introducing a variable time delay between ionization

and acceleration into the drift tube-analyzing section.

The ion dissociation kinetic, or ion decay may be followed
from time zero to 3000 microseconds after ionization.

By comparing the experimental rate of decay at room tempera-
ture (300 KO) with those calculated at different temperatures
i.e. at different excess kinetic energy, then one can

tell whether the fragment -ions have excess or initial

kinetic energy or not.
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1.2, MECHANISM OF FORMATION OF HIGH KINETIC ENERGY IONS

DURING DISSOCIATION

It has long been known that fragment ions from diatomic
and polyatomic molecules formed by Electron Impact often
have appreciable amounts of kinetic energy, but no informa-
tion has been available so far that deals with high kinetic
energy ions formed during dissociation by photolonization.

The formation and distribution of kinetic energies
among the fragment lons formed from diatomic molecules
of a given species in a relatively collision-free region
such as the ionization chamber of this spectrometer can
ke explained satisfactorily on the basis of potential
energy diagrams of the normal ground-state and of various
ionized states involved using the Franck-Condon Principle
(80).

Fragment ions from polyatomic molecules have not been
so thoroughly studied even by electron impact as those from
diatomic molecules, since the potential energy diagrams
for pl ratomic molecules are (N+1) dimensional where N is
the number of oscillators in the polyatomic molecule.,

This makes the plctorial representation of such diagrams
extremely difficult, if not impossible. However, one can
display examples of the various types of processes leading

to molecular fragmentation for the two-dimensional diagrams
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representing the states of diatomic molecules. Although
the diagrams for polyatomic molecules are considerably
more complex and the number of possible modes of fragmen-
tation correspondingly greater, the types of processes
that may occur are probably alike for diatomic and poly-

atomic molecules.

1.2.1. Diatomic Molecules

In Fig. 13 is shown a set of potential energy curves
for the ground state and various lonic states of a theo-
retical diatomic molecule AB.

The system AB 1s represented here as a particle
moving about the plane of this paper surface, but 1is
constrained to move in certain specified ways depending
on the state of the system.

In the absence of any external force, which may impart
some energy to the system, e.g. inter-molecular collision,
electron, photon or secondary process (it is supposed that
the molecule is in a collision free region), the particle
is constrained to move along a line of constant total
energy (law of conservation of energy). In addition it
is constrained to remain always above the curve describing
the potential-energy curve of the state in which it exists,
that is to maintain at all times a positive kinetic energy.
Thus, in the absence of external force the particle repre-

senting the system will oscillate along the line representing



- 80 -

Energy

-~

Inter distance Rag
mueleory”
Fig. 13: Potential-energy curves for the ground state
and some ionized states off the theoretical
diatomic molecule AB. The vertical dotted lines
show the classical limits of the Franck-Condon

transition region.
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the ground state energy of the molecule, between the
limits imposed by the potential-energy curve,

If now a photon interacts with or an electron im-
pinges upon the system, the constant-energy constraint
is modified to the extent that the photon or electron can
transfer some or all of its energy into the AB system,
by moving the particle to some other energy level., There
are several restrictions on such energy transfers.

1. Since the transfer of energy takes place in a
very short time, then the inter-molecular distance cannot
change significantly during the transition,and in terms
of the diagram all energy transfers by photolonization or
electron impact are to be vertical according to the Franck-
Condon~Principle.

2. Since each transition state may be represented
by a wave function, the probability of fransition occurring
between any two points or two levels is dependent on the
overlap integral of the wave function representing the

system at these points:

fwi.r.wfdt (1)

where wi and wf are the eigenfunctions of the initial and
final states of the transition under consideration,dr the
inter-molecular separation. anewdEwIREMMYSOBRhEINATDILNAR
AT
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From this it follows that there is a large transition
probablility only between those overlapping points - or
rather the combining states whose eigenfunctions have
maxima for the same inter-molecular separation - hence
there is a higher probability of finding the moving system.
The character of the wavefunction i1s such that the trans-
itions between points near the edges of potential energy
curves (i.e. the point at which the kinetic anergy of the
system is small) are the only probable ones™.

The transitions representing these constraining
conditions are shown as vertical lir€s in Fig. 13.

Transition C, D, and E are typical of processes
leading to ions of thermal kinetic energies; process C
leading to the production of the molecular ion AB+, process
D leading to the production of a fragment ion At and a
neutral radical B, the process E leading to the doubly
charged ion AB++. The transitions represented by F, G,
and H, on the other hand, produce ions possessing kinetic
energy. The amount of such kinetic energy is given by
the vertical separationiat R = w, between the dotted line
denoting the total energy of the system and the solid line

in the figure giving the potential energy of this system.

XThe ground vibrational level of a bound state is an
exception because the probability function is greatest in
the centre of potential well (curve minimum) where the

kinetic energy i1s also the greatest.
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The total kinetic energy must be partitioned between the
two fragments inversely proportional to their respective
masses. Process F represents excitation to a bound-state
energy curve at an energy well (ewrsenwmvivadmsmw) above the
dissociation limit for the products A" and B*. Process

G represents an excitation to a repulsive-state curve
leading to the same products, and process H represents an
excitation to a potential-energy curve for the doubly
charged ion AB*Y at an energy equal to or greater than
the dissociation energy.

It will be noted that there is no way in which the
parent ions AB" or aptt can be formed with excess kinetic
energy, although there are many possible excitation processes
that lead to the formation of these ions with a varying
amount of excess vibrational energy.

It should be remarked and emphasized that the energy
curves shown in Fig. 13 in no way represent all the pro-
cesses that can lead to production of fragments. Two types
of processes in particular have not been mentioned in the
diagram, since: One of these (1) is an excitation not
involving ionization, which can lead to excited states
of the parent molecule, thermal radical, or kinetic energy
radical. This type of process has not been indicated,
since the main interest in the present work is focpssed

on ions rather than radicals.
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The second process (2) is the one that involves level
transfer either through emission of radiation or through
energy level crossing, or the possibility of the system's
transferring from one level to another at the crossing
point. Although such processes have the effect of permit-
ting the products to be formed with a variety of energy
distributions, the general types of these products formed
are the same as those arising from processes shown in
Fig. 13. Chupka has considered such processes (123).

However, when the above treatment is extended to
polyatomic molecules, the major difference is the increased
number of available energy states and the more modes of
fragmentation possible.

The majority of all ions usually observed in a mass
spectrometer are the result of processes of the type
C, D, and E or of a process involving inter-energy-level
transition,

Fragment ions produced from these processes are
expected in general to be formed with small amounts of
kinetic energy, because the investigations carried out
by Taubert (237), Monahan and Stanton (242), indicated a
very large number of the fragment ions formed from hydro-
carbons have excess kinetic energies in slight excess of
that thermal energy that the ions naturally possess.
Processes of the type D almost always impart to the frag-

ment ions some kinetic energy, since it is rather unlikely
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that the limit of the region of allowable excitation
processes will intersect the potential-energy-curve at
precisely the energy of dissociation of that curve.

A question which now arises regarding the ions formed
with large amount of excess kinetic energy is:

Which one of the three processes F, G or H 1s the
dominant process leading to formation of these ions?

Processes F and G are the same or indistinguishable
unless detailed and advanced knowledge concerning the
shapes of their potential energy curves is made available,
but the process type H giving rise as it shows to a pair
of ions may be experimentally distinguished from the other

processes.

1.2.2. Polyatomic molecules:

It has earlier been mentioned that fragment ions
from polyatomic molecules have not been so thoroughly
studied as those from diatomic molecules, and all the
knowledge concerning the kinetic energy ions is derived
from electron impact methods.

High kinetic energy ions formed from the dissociation
of polyatomic molecules have been interpreted in previous
studies (243, 244) as arising from processes type H.
Hustrulid et al (243) have proposed that high kinetic
energy ilons result from the dissociation of doubly-charged

ions — formed by electron-impact —into two singly charged
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fragments. Mohler et al (244) supported this interpre-
tation by computing the repulsive energiles of various
hydrocarbons on the assumption of Coulomb repulsion energies
for doubly charged ions of these hydrocarbon compounds,

and compared the total kinetic energies of fragmentation
that Hustrulid observed.

The value of such a comparison is highly questionable,
in view of two uncertainties involved in this comparison.
In the first place, the calculated repulsion energy depends
on the initial distance of separation between the two
charges which must be estimated.

Mohler et al# based their calculations on the greatest
possible charge separation, associating the charges with
protons attached to the end carbon. This is somewhat
doubtful because for such a charge distribution the C~H
bond would be considerably weakened. Hence one would
expect such a configuration to give rise to #&agmentation
of a C-H bond rather than one of the C-C bonds.

A more realistic charge-separation distance would
result from associating the charges with the end-carbon
nuclel, Even then, the Coulomb energy could not be directly
assocliated with the kinetic energy of the fragments, as
can be seen from the upper potential energy curves in
Fig. 13. The Coulomb repulsion curve is shown 1In the

figure as a dotted line and the actual potential-energy
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curve as a solid line. As the figure indicates - in
general - the potential-energy curve for the doubly charged
ion will deviate from the Coulomb repulsion curve, owing
to the binding force exerted by the electrons remaining
in the molecule. The extent of this binding will vary
from molecule to molecule and from one configuration to
another,
Hurley and Maslen (245) have carried out calculations
of potential energy curves for doubly charged diatomic
ions which indicates that the extent of binding for ions
such as 02++ and N2++ is between 3 to 6 electron volts.
For polyatomic molecules the probability for variation
in binding energy may be considerably greater, particularly
if exclted states of the doubly charged ions are considered.
A test of the doubly charged-ion hypothesis involves
the necessity that a pair of charged fragments be formed
in any mechanism that results in the appearance of a
singly charged ion, by looking at the analysis which has
been carried out by Stanton (129), for propane molecule .
Stanton concluded from his investigation of excess kinetic

energy ions from propane that the reaction:

++ + +
CyHg" " —> CHy" + C_Hg (2)

must be rejected, because of the complete absence of

+ ions with CH + ion in the mass

excess kinetic en C.H
erEY Loty 3
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spectrum of propane. An observation with which this
research 1s nearly in agreement because 02H5+ was only
observed with small amount of kinetic energy, with the
complete absence of CH3+ for photon energy up to 18 e.v.

Then process type H must be rejected according to
Stanton's result, as the primary mechanism for high kinetic
energy ion formation, and processes of type D, F or G
must be the dominant mechanisms giving rise to the high
kinetic energy ions.

It would be reasonable to assume that because the
spectrometer was qnable to ﬁgi§3;§ H or H2 mass peak due
to poor n@s&&w@;gt ower, all the small possessed kinetic
energy ions observed in this research arise out of cleavage
of a C-C bond, as is the case for propane.

This 1s not to say that type H processes do not
occur, Lozier (234) observed H+ ions whose properties

definitely characterized them as resulting from a type H

process leading to the purely Coulombie-repulsive state
++
2 L]

It would certainly be surprising if such processes

H

occurred for organic molecules photoionized at 18 e.v.
energy or less if they did not appear on bombardment with
50 or 7O e.v.

The conclusion one can reach, however, 1is that when

irradiating organic molecules with photon at energy of
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about 18 e.v. or even with electrons of 50 or 70 e.v.
or less, the processes of type H are not nearly of such
importance as sources of high kinetic energy ions as

types 'D', 'F' or 'G' processes.
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1.%. DECAY OF TIONS IN THE IONIZATION CHAMBER

A major question arises when retaining the ions in .
the ionization chamber by applying a time delay between -
ionization and acceleration - mass analysis - why do some
of the ions disappear?

Several modes for this loss or decay are possible,
but the most important mode is the loss by thermal dif-
fusion on to the repeller plate.

Ions formed in a field free region may diffuse out
of that region as a result of their thermal velocltiles
and collide with the repeller plate which is 3 mm. far
from the photons' beam, or ionization region, and get
lost.

Before doing the calculations we must assume:

1. The translation energies resulting from dissociation
are negligible so that the ions have only the velocities
initially possessed by the molecules.

2. All electrical fields are negligible so that the ions
can be represented by a simple bunch of ions having a
Maxwell-Boltzmann's velocity distribution.

%, The system is in a state of thermodynamic equilibrium.

The speeds of the molecules of a gas in a thermodynamic
equilibrium are distributed according to Maxwell's distri-

bution:
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_ mv®
N 1/2

f(v)dv = 5 = (EE%Tr) .o KT 4y (1)

Q,

Here f(v)dv is the number of molecules (238) with speeds
between (v) and (v + dv) cm/sec., m is the mass of molecule
in grams; T is the absolute temperature in OK, and

16

kK = 1.3806 x 10°"° erg/°K is Boltzmann's constant.

Evidently if Nt 1s the total number of molecules in

the gas then:

?f(v)dv = N, (2)

(o}
The average velocity vy is:

> 1/2
v, = ﬁ% ‘/Pf vi(v)dv = (%%2) (3)

O

and the r.m.s. velocity is:
o0
z 1/2
= [ 2 _ 2kT
Ve = [Nt b//‘ vaf(v)dv] = = (&)
o]

The most probable velocity vp of the distribution is
obtained by setting df(v)dv equal to zero and solving
for v then:
1/2
_ ¢2KT
v, = (2) (5)

By replacing the constants we have:

vy, = 12900 \/—%'em/sec. (6)
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v, = 1.1284 vy em/sec. (7)

Vp = 1.2248 h cm/sec. (8)
For the ion CHBCO+ m/e = 4% a.m.u; T = 29%°K, these
velocities are:

v, = 37698 cm/sec. (9)

Vp = 33540 cm/sec. (10)

v_ = 41053% cm/sec. (11)

Table 2 shows the distance travelled by this ion with
time.
TIME DELAY X

IN MICRO- ~ _~,
SECOND (tD) =

l=vpxtD Xy = vaxtD X3 = VthD
adius of = radius of = radius of
sSphere Sphere sphere

1 0.03%35 cm. 0.0%76 cm. 0.0410 ecm.
2 0.0670 0.0754 0.0821

3 0.1006 0.11%1 0.123%1

4 0.1341 0.1408 0.1642

5 0.1677 0.1885 0.2052

6 0.2012 0.2262 0.2463

7 0.2347 0.2639 0.2873

8 0.2683 0.3016 0.3284

9 0.3018 0.2392 0.3694
10 0.3%54 0.3769 0.4105

The number of ions remaining in the ionization chamber

as a function of time may be calculated as follows:
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1. One dimension: At time t = 0, there are No molecule
N

uniformly distributed with a linear density of —% along

the distance a = 3 mm.

The fraction of the ions NO still in the 1lonization

reglion after t time is

a) a-vt

> ir -1 <

or 1 -

°ls
"l

b) © if 1

"l

v

Because the ions may leave from either side of the
ionization region. The number of ions in the region after

time t is then:

1-_=l
a
vt
N, =u/ (1 - g~).de (12)
v.t _ _
- =1 y
com 1/2
If we multiply and divide the quantity Y2 by vy = (2L
then suppose that the quantity:
1/2
m
(=) /' v =a (13)
1/2
m a
(%) T % (14)
m 1/2
and (§ET) . dv = da (15)

By replacing these values in the probability function:

dN(a) =N, = e da (16)
we have
Cto 1 2
= a_ L -0
N(t) = J[ (1 - “o) N, = - e da (17)
-0



aQ, a,
2N 2 a2
or N(t) = —2 [ ‘f e"% da - %f J( e”% ada] (18)
'3 o
o 0
If we suppose Q.
—_—y2
A = 2 e o da
E A
fo 2 —aoa
B = 5: .% f e_oﬁtda = *J;:E—-‘—:
y o 0 o a, VD
and equation (18) finally becomes:
Q 2
N M o] = "ao
T [ e da - LS — (19)
o V= o o E
-q 2

The value of term A and e © in term B are given directly
in (239), and the evaluation of eq (19) can be made very
easily by replacing the constants: a = 3 mm. and Vp = 33540
em/seec. t = 0,1,2,..... 15 microseconds T = EOOKf‘
Another method which was followed in the present
work is to solve the equation by computer.
2. Three dimension system: Extending this mathematical
treatment to the loss of ions in three dimensions we have
for the number of ions with a velocity in the x direction
of Vy and Ve * dvx, and in the y direction of
v__ and vy + dvy, and in the z direction of

y

a
VZ nd vZ + dvz
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Then: m(v 2,y 24y 2)
X vy Z
aN = N[——m~—]3/2 e KT dv_.dv_.dv. (20)
- 27KT Xyt 'z

At time t = O there are No molecules uniformly distributed

N
o

X.y.2 "’

in the volume x.y.zZ. with a volume density equal to
and zero elsewhere.
After a delay time t, the fraction of molecules or

ions still in the same volume is:

(x - v t)(y - th)(z - v,t)
XeYe2

following the same mathematical treatment as in the previous

case we write:

% L 2
| b /% (v 8) (y-v_t) (2-v t) 3/2
t o) Xy 2z * O 2nkT
o o o (21)
- S
2kT 2 2 2
© (Vx +Vy v, )’dvx.dvy.dvz

The factor 8 here arises from the integration over
one octant.
Because the variables are independent they may be

easily separated as
g

X Z
T E
v_t v t v t 3/2
X z m
N, = 8N, Q/r t/7/'V//’(1_~§..)(1- _g_)(l_ ~£-) ()
Q 0 e}

m 2 2 2

5= (Vv F+v_S+v

. € kT ( X y 2 ). dv_.dv_.dv
X y Z

(22)

—



N

x ¥ Zz mv mv
t £ t X v
3/2, vyt - Vol BRT
or N, = 8No J// J// ///}g%gﬁ) (1- —%—)e (1- —%—)e
0 0

mv,
A2 R
(1- 2-) ¢ “¥T gx.ay.az  (23)
°r 8N C"C) BO YO
2 2 2
N, = —2, (1- 2 )e % ga. § (1- B)e™Pas. [ (1-Xe Y ay
¢ (n)3/2 ){‘ % Ps Yo
o o 0
where
RV o V2.
o= (zpF)  Vx i 9% = (5w c T = vt
1/2
m
and da = (§~T) dv,,
1/2 1/2
B=(-—m—)/v o - iy Y
2kT vy’ o] 2kT t vpt
_(.m \1/2
and dp (§ET) dvy
1/2

_/.m m\1/2 2z _ 2z

and ¥ = (37 v, 5 Yo = (5F) t - V.E

then:
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a a_
2 1 -a®
N, = [—=—( da - }/ e ada)] -
€ v }( % o
2 7 B® 1 o B®
[— }( e " dp - 7 jr e -
3 U RO
Yo Yo
2 -2 1 -2
[W ( e dY - T € YdY)] (25)
o °© 7o

Equation (25) shows that the three dimensions case is a
product of three one-dimensional cases given by equation
(19).

This treatment may account for the decrease in the
number of ions with time due to the collision with repeller
plate, which is backing the photon beam-ionization region -
and a = 3 mm. far from it. It does seem reasonable to
conclude that this is actually the major mode of ions'

decay in that short time.
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2. PRESENT RESULTS

The results and discussion concerned with the design,
construction and performance of the spectrometer are found
in the previous sections, part A, while the results and
discussion concerned with the behaviour of the organic
compounds studied are treated in this part.

After the best instrumental operating procedure
conditions had been determined according to the setting
procedure discussed in the previous part, the mass spectra
of some organic compounds were obtained at different values
of photon energy, while the time delay between ionization
and acceleration of ions was varied between zero and 15
microseconds in steps of one or two mieroseconds. The
procedure was repeated several times for each of the
compounds for various fixed time delay and different
photon energy (10.57 - 18.07 e.v.) as well.

The results of this research work are presented in
the form of parent (molecular) and fragment ions' decay
curves given in Figures (14, 15, 17, 18, 20-23, 25-28,
30-32, 34, 36, 37-39, 41-42, 44, 46, 47), tables (3 to 12)
and typical mass spectra,Figures (16, 19, 24, 29, 33, 36,
40, 43, 45), All were obtained from a series of oscillo~
scope photographs chosen to illustrate the range of processes
which can be observed by this technique. All the photographs

obtained were taken using the same condition. For the
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tables the column headed exp. lists the experimental peak
height or abundance of ions. The column headed cale. is
the abundance of various fragment (F) or molecular (M)
ions, as calculated from equation (18) in section 1.3 of

this part, by computer.

TABLE 3. MOLECULAR AND FRAGMENT IONS PRODUCED
BY PHOTOIONIZATION

and accelerated with constant momenta

m/e at = Probable
Structure of
Compound 18.07 e.v. 14.84 e.v, 10.57 e.v. ion
1.Acetone 58 58 58 CHBCO+CH3
43 43 - CH, c=0"
28 - - cot
o+
15 - - CHy
2 .Methyl 72 72 72 CH cotcH
ethyl 5 >
ketone 57 57 57 CH3C0+CH2
43 43 - CH c=o0F
.f-
29 29 - CHy C H,

+
15 - - C H5
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m/e at = Probable
ucture of
Compound 18.07 e.v. 14.84 e.v. 10.57 e.v. ion
3.Methyl 71 71 72 CH300+CH20H2
n-butyl
ketone 58 58 58 CH3C0+ CE
43 43 - CH, co¥
ﬂ—
29 29 - CHy-C H,
4, Acetaldehyde 44 4y 4y CHB.CHO+
29 29 - CHO™
+
15 15 - C Hy
5.n-Propane Ly 4y - CH30+HECH3
+
29 29 - CHy C H,
+
6 .n-Butane 58 58 - C QH‘ a
+
43 43 - CH,CH,C"H,
+
o o9 - CHy C'H,
15 - - C H;'
+
7 .Benzene 78 78 78 C6H6
51 51 - 04H3+
+
32 - - C3H3
8 .Monobromo- 77 77 77 CGH *
benzene 5

9.Monotodoben- 77 77 77 C6H5+

zene
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TABLE 4. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM
ACETONE WITH DELAY TIME AT 1%.8% e.v., (835.29 A°)

Ion Peak at m/e =
Delay time
Microseconds | EXP- CALC. EXP. CALC.
43(F) | 43(F) 58(M) | 58(M)
x5
0 10 9.99 4. 9.99
1 - 9.36 - 9.44
2 - 8.71 - 8.89
3 - 8.07 - 8.34
b 9.33| T.43 6. 7.79
5 9 6.81 6. 7.24
6 8 6.22 6. 6.71
7 7.331 5.68 6. 6.20
8 6.33| 5.20 5.75 5.74
9 5.66 | 4.78 5.5 5.31
10 4.4y 4,94
11 4,661 4.08 5.25 4.60
12 3.80 4.30
13 3.66 | 3.55 5. 4.03
14 3.33 3.79
15 > 3.13 4.80 2.57
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TABLE 5. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM
METHYL-ETHYL KETONE WITH DELAY TIME AT 14.84 e.v.
(835.29 A°)
Delay Ton Peak at M/e =
time in EXP.|CALC. | EXP.]|CALC. | EXP,|CALC.| EXP,|CALC.
icroseconds [20(F)[29(F) | 43(F) (43(F) [57(R)|{57(F)|{72(M)| T72(M)
X

0 7.12}9.99 | 10.25| 9.99 | 2.62{ 9.99] 1.5 | 9.99

1 6.37{9.21 | 10. 9.35 | 2.62| 9.44( 1.68| 9.50

2 5.62|8.43 | 10. 8.71 | 2.43}| 8.88{ 2.25] 9.00

3 4.897.65 9.75} 8.07 | 2.43| 8.33] 2.25] 8.51

) 4.5 16.89 9.25}1 7.43 } 2.38} 7.77| 2.25| 8,01

5 3.75]6.17 8.75| 6.81 | 2.25| 7.22| - 7.52

6 3.3715.53 7.5 | 6.22 [ 2.1 | 6.68] - 7.03

7 3. (4.97 | 6.75]5.68 | 1.87| 6.17| - 6.51

8 2.62|4.50 6.25 5.50 1.68} 5.711 - 6.11

9 2.43] 4,10 5.5 | 4.78 | 1.65| 5.28] - 5.70

10 2.25(3.75 5. 4,41 | 1.50| 4.90] - 5.32

11 1.87] 3.46 4.5 [4.08 | 1.42} 4.571 - 4,98

12 1.5 | 3.20 4, 3.8 1.35| 4.27) - 4.67

13 1.5 |2.98 3.75 13.55 | 1.23} 4.00} - 4,39

14 1.41)2.79 3.25|3.33 | 1.20] 3.76| -~ 4,14

15 1.12] 2.61 3. 3.13 |1.12§ 3.54| - 3.91

EXP. = Experimental;

M = Molecular

CALC. = Calculated;

F = Fragment;
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TABLE 6. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM
METHYL~n-BUTYL KETONE WITH DELAY TIME AT
14.84, e.v.; (835.29 A°)
Delay Ton Peak at m/e =
time in
roresceemss | giz Tonggy | ] gy | B oy [ i Jome
X

0 8.2519.99 [11. [9.99 {"7.59.99 |2.25/9.99

1 7.5 [9.21 [11. {9.35 | 6.75/9.44 - 19.50

2 6.75 | 8.43 [11. |[8.71 | 6.75/8.89 - 19.00

3 5.85|7.65 [10.5|8.07 | 6. |[8.34 - |8.50

4 5.1 |6.89 [10.5]7.43 5.85| 7.79 - |8.00

5 4.5 [6.17 [10.516.81 5.25| 7.24 - {7.53

6 5.53 6.22 6.71 7.01

7 3.37 | 4.97 9.5 | 5.68 4.5 16.20 - |6.54

8 4.50 5.20 5.74 6.09

9 2.55 | 4.10 7.5 4.78 3.93| 5.31 | 2.43(5.68

10 3.75 4.4y 4. 94 5.30

11 1.87 | 3.46 | 6.25 4.08 3.37| 4.60 | 2.85[4.96

12 3.20 3.8 4,30 4,65

13 1.50 | 2.98 5. |3.55 3.0 | 4.03 | 3.0 |4.37

14 2.79 3.33 3.79 4,12

15 1.12{ 2.61 | 3.75/3.13 | 2.75/3.57 | 3.0 {3.89
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TABLE 7. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM
ACETAIDEHYDE WITH DELAY TIME AT 14.84 e.v.

(835.29 A°)
Delay time Ion Peak at m/e =
porseeenas |20 | 0 | 3 | 5% | Bk |
X3 x3

0 3.9 [9.99 | 8.0 [9.99 | 6.00 [9.99

1 3.6 8.91 7.12 | 9.21 6.25 1 9.36

2 3.1871 7.83 | 6.5 |8.43 | 6.50 |8.73

3 2.7 | 6.76 5.75| 7.65 | 6.75 | 8.09

4 2.25 | 5.80 4.6216.89 7. 7.46

5 1.87 { 5.00 3.8716.17 6.75 |6.84

6 1.50 | 4.35 | 3.25]5.53 | 6.50 [6.26

7 1.2 3.84 | 2.62| 4%.97 | 6.25|5.72

8 0.937| 3.42 2.12{ 4.50 6. 5.24

9 - 3.08 1.87| 4.10 5.75 | 4.82

10 - 2.80 1.5 | 3.75 | 5.5 |4.45

11 - 2,57 1.25| 3.46 5.25 [ 4.12

12 - 2,37 1.0 | 3.20 | 5. 3.84

13 - 2.19 - 2,98 | 4.75|3.58

14 - 2.04 - 2.79 4,62 | 3.36

15 '1.91 2,61 | 4.5 |3.16
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TABLE 8. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM
n-PROPANE WITH DELAY TIME AT 14.8% e.v.(835.29 A°)

Delay time Ion Peak at m/e =
Micrégeconds Eg%gi gg%gs 4%%55 gﬁ%ﬁi
x5
0 9.6 9.99 | 9.75 9.99
1 9 9.21 110.5 9.36
2 8.4 8.43 {10.12 8.73
3 7.8 7.65 110.12 8.09
4 7.5 6.89 | 9.75 7.46
5 6.9 6.17 9.75 6.84
6 6. 5.53 | 9. 6.26
7 5.4 h.or | 8.85 5.72
8 4.8 4.50 | 8.62 5.24
9 4.2 k.10 8.25 4.82
10 4.05 3.75 | 7.87 4.45
11 3.6 3.46 | 7.57 4.12
12 3.3 5.20 7.12 3.84
13 3. 2.98 7.12 3.58
14 2.7 2.79 | 6.75 3.36
15 2.55 2.61 | 6.375 | 3.16
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TABLE 9. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM

n-BUTANE WITH DELAY TIME AT 14.84 e.v.(835.29 A°)

Delay time Ton Peak at m/e =
Micrégeconds EXP, |CALC, EXP. | CALC. EXP. | CALC.
29(F) | 29(F) | 43(F)| 43(F) | 58(M) | 58(M)

x10

0 13 2.99 3.5 9.99 5. 9.99
1 14 9.21 3.5 9.36 6. 9.44
2 13 8.43 3.4 8.71 6. 8.89
3 12, 7.65 3.3 8.07 6. 8.34
4 11 6.89 3.3 T.43 5.8 | 7.79
5 6.17 6.81 T.24
6 10 5.53 3.1 6.22 5.2 | 6.71
7 8 b.97 2.9 5.68 5. 6.20
8 7 4,50 2.6 5.20 5. 5.74
9 6 4,10 2.4 4.78 4, 5.31
10 5 3.75 2.2 4.41 4.3 | 4.94
11 4.5 3.48 2. 4.08 L2 | 4.60
12 4 3.20 1.7 3.80 L, 4,30
13 3.5 2.98 1.6 3.55 3.8 | 4.03
14 3 2.79 1.4 3.3% 3.8 | 3.79
15 2.5 2.61 1.3 3.13 3.5 | 3.57
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TABLE 10. CHANGE OF THE RELATIVE ABUNDANCE: OF IONS FROM

BENZENE WITH DELAY TIME AT 14.84

e.v.(8%5.29 A°)

Delay time Ion Peak at m/e =
Microégconds EXP. | CALC. | EXP. | CALC.
51(F) { 51(F) | 78(m) | 78(M)
0 1.5 19.99 6. 9.99
1 1.5 [9.41 6. 9.52
2 1.5 |8.82 6.15 | 9.04
3 1.5 (8.23 6.37 | 8.57
! 0.937| 7.64 6.37 | 8.09
5 0.825| 7.06 6.37 | 7.62
6 0.825|6.05 7.12 | 7.15
7 0.825| 5.98 7.12 | 6.69
8 0.825] 5.51 7.5 | 6.25
9 0.825|5.08 7.5 | 5.84
10 0.75 | 4.71 7.5 | 5.47
11 0.75 | #.37 7.85|5.12
12 0.75 | 4.08 7.87 | 4.81
13 0.75 {3.82 7.87 | 4.53
14 0.75 | 3.58 7.5 | 4.27
15 0.75 |3.37 7.5 L .ok
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TABLE 11. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM
BROMOBENZENE WITH DELAY TIME AT 14.84 e.v.

(835.29 A°)

Delay time Ton Peak at m/e =

Micrégeconds EXP, CALC.

77(F) 77(F)

0 2.3 9.99

1 2.3 9.52

2 2.25 9.04

3 = 8.56

4 = 8.08

5 2.2 7.60

6 2. T.13

7 1.87 6.67

8 - 6.23

9 1.5 5.82

10 1.35 5.44

11 1.2 5.10

12 l.12 4.79

13 1 4,51

14 1 4,25

15 1 4,02
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TABLE 12. CHANGE OF THE RELATIVE ABUNDANCE OF IONS FROM

IODQO-BENZENE WITH DELAY TIME AT 1 484 e.v.

(835.29 A°)
Delay time Ton Peak at m/e =
Mi cr'cljrslec onds EXP.| CALC, EXP. | CALC.
51(F)| 51(F) | 77(F) | 77(F)
0 4, 9.99 6.5 | 9.99
1 4, 9.41 6.25| 9.52
2 3.8 | 8.82 5.7 | 9.04
3 3.6 | 8.23 5.25 | 8.57
i 3.4 1 7.64 5 8.09
5 3.25) 7.06 L5 | 7.62
6 3.25{ 6.50 4, 7.15
T 2.9 5.98 3.8 6.69
8 2.9 | 5.51 3.5 [6.25
9 2.6 | 5.08 3.2 | 5.84
10 2.6 | 4.71 3. 5.47
11 2.5 | 4.37 2.7 |5.12
12 2.25| 4.08 2.5 |4.81
13 2.1 %.82 2.25 | 4.53
14 2 3.58 2. 4. 27
15 2 3.37 2, 4,04
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2.1l Effect of Pressure

A study was made to investigate the effect of sample
pressure in the ionization chamber on the decay of ions.
The results are shown in Pigs. 14 and 15. The plot of
the logarithm of the peak height vs delay time for both
Tragment and molecular ions at low pressures was linear
up to seven microns. This was expected since all the
ions are formed by a simple photon-molecule interaction.

At pressures higher than 7 microns - it was checked
up to 17 microns only - the slope of the curve increases
up to 10 microseconds, then decreases nearly linearly.

The sharp decrease in peak height at high pressures must
arise from ion-molecule collision in the ionization chamber
and drift tube.

It was also observed that the spectrum peaks were
broadened and a tail on the high mass side of intensity
vs mass peaks. This must be due to collisions. Therefore
about 3 microns gas pressure was used in the ionization
chamber throughout the work to obtain a relatively collision

free region.
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2.2. Effect of Time Delay

The curves in figures (14, 15, 17, 18, 20-23, 25-28,
30-328% 34, 36, 37-39, 41-42, 44, 46, 47) were constructed
to aid in the interpretation of data; to obtain decay
constants (from half-life of the molecular and fragment
ions) when appropriate. These experimental deecay curves
were all made at room temperature taken as 300KO but at
different photon energies. Two theoretical curves are
shown - solid lines - one for room temperature BOOOK and
the other for an elevated temperature, 6OOOK, but unfor-
tunately for not all the fragment ions in table (3),
especially those with small mass. In these cases decay
curves could not be plotted because of the low intensity
of their peaks. However, these fragments were relatively
weak.

Several interesting points may be made concerning these
decay curves:-

A. The apparent splitting in peak m/e = 78 of the benzene
molecular ion Fig. 40 and the peak at m/e = 77 in the mass
spectrum of monobromobenzene and monoiodobenzene Figs. 43

and 45, was probably associated with the poor resolving power
of the instrument for masses heavier than 70 a.m.u., when
operated with constant momentum, i.e. accelerating the

ions by pulsed voltage (see 2.2).

It could also be caused by the negative going tail
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of the accelerating voltage pulse since it has not properly
rectangular positive shape (see Chapter 4 of part A and
Appendix 4). This negative voltage tail will impart a
negative momentum at the end of the positive momentum

which could cause peak broadening and would have been

the cause for the nonlinearity in TOF - m/e scale beyond
70 a.m.u.

B. In none of the spectra obtained was evidence found

for any long lived metastable species. If there were any
the resultant peaks were too small to be observed directly.
C. The rate of decay is greater as the mass of the fragment
decreases. This was in good agreement with the theoretical
calculations made in section 1.3 of this part, Fig. 148.
This undoubtely was due to the greater migration or diffu-
sion rate for ions with low mass than with larger ones.

The rate of decay can be associated with the kinetic energy
of dissociation, the smaller the mass of the fragment,

the larger the amount of kinetic energy it possesses.

This agrees with the principle of conservation of momentum,
where the kinetilc energy will be partitioned between the
neutral (radical) and fragment ions in inverse proportion
fto thelr respective masses.

D. On inspection of the decay curves it will be noticed
that few fragment ions appear to possess excess kinetic

energy and for most fragment ions this was less than or
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equal to 0.05 e.v., except fragment ion m/e = 15 of acetal-
dehyde (Fig. 32) which had kinetic energy slightly above
this level.

E. Similar fragment ions from different compounds have

the same rate of decay such as m/e 29, or 43 Figs. 22 and
23, from methyl-ethyl ketone and from methyl-n-butyl ketone
and m/e = 13 of acetone as well Figs. 18, 27 and 28. This
indicates that the processes of formation of such ions

are at least initially similar.

F. The rates of decay of fragment ions are different from
those molecular ions having the same mass, e.g. m/e = 43,
from acetone Fig. 18, and mass m/e = 44 from acetaldehyde
Fig. 30, or propane Fig. 34. Similarly, the molecular ion
of acetone m/e = 58 of methyl n-butyl ketone Figs. 17 and
264 |

G. The slope of the decay curves of the parent ion some=-
times increased slightly with the increase of photon
energy. This indicates the rate constant for dissociation
to be a function of the excess energy of the ion. As the
photon energy was increased, the number of ions dissqeiating
during a time shorter than one microsecond should also
increase. This was noticed as a direct increase in the
relative height of the fragment ions peaks as the photon
energy increased.

In the case where the rate of decay does not increase
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with excess photon energy that necessary to cause disso-
ciation, the excess energy may remain as internal vibra-
tional energy. This is the assumption made by numerous
workers (240), that almost all excess energy of excitation
or ionization - if not too large - appears as an internal
vibrational energy of fragments and not as kinetic energy.
H. Molecular ions possess no kinetic energy due to primary
ionization, except their initial thermal energy which is,
according to the Boltzmann-Maxwellian's distribution,
equal at 300K to: E = %m vp2 = k.T = 0.025 e.v.

and  600%K to 0.05 e.v.
where m 18 the mass of the molecule, vp the most probable

l6erg /k° is the Boltzmamn's

veloclty and k = 1.3806 x 10~
constant. Molecular ions don't possess excess kinetic
energies since in the primary ionization the difference
between the energy of incident photons and the ionization
potential of one of the outermost electrons will be im-
parted as kinetic energy E to thls ejected electron accor-
ding to Einstein's equation:

h.v = e. Vi + E

or, more accurately, according to this equation:

+
AB + hv = AB" + e + I +E, ;0 + B .+ EL electron

where e 1s the ejected electron, Ip the adiabatic ionization

potential - the minimum energy required to remove the most
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weakly bound electron with zero kinetic energy and the
positive ion formed in the ground state - Ee ion is the
excitation energy of the resulting molecular ion,

is the kinetic energy of the ion, and E

Ek.ion k.electron

1s the kKinetic energy of the ejected electron.

Even when the photon energy is several electron volts
(or even higher than ten electron volts, as in the present
work) higher than the ionization potential, the kinetic
energy of molecular ion is very small and consequently
can be neglected (60).
I. Molecular ion peak height sometimes remains constant
for about ten microseconds Figs. 14 and 17, 15 microseconds
Fig. 20 or more Figs. 25 and 41, but they mostly showed a
definite increase with increasing delay time, then a
decrease depending on the ion. This increment in peak
height occurred within the first few microseconds of time
delay showed a slight dependence on photon energy.

Three possible explanations for this phenomenon may
be advanced:

1. The 'tail' of strong fragment peaks sometimes
overlaps that of the parent and a part of the increase
of the latter might result from interference between the
two.

2. The increase in the molecular ion peak may be

associated with a time delay focusing effect., The intro-
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duction of a small time delay between ionization and

ions acceleration can improve focusing the ion bunch (148).

From the end of the photon pulse until the accelerating
) pulse applied the ions are free to move under the influence
;f thelr initial thermal velocities and kinetlc energiecs
of dissociation if possessed, as well as any stray fields -
which have been discussed earlier in Chapter 5. These ions'
motions tend to distribute the ions throughout the ioniza-
tion chamber.

Plotting the values of time of flight (T-0-F) T

versus the position of the ion x (Fig. 45) help in exXplain-
ing this focusing phenomenon:

A

+v

o~ e -

FLICHT 7iryes

;-

ION INITTAL POSITION

Fig. 45: Curves of - total flight time of an ion versus

initial position of the ion in the ionization

chamber
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The middle curve represents ions with zero
initial velocity, the upper and lower curves represent
ions with initial velocities of +vO and -V, respectively.
Supposing that +vO is for those ions travelling towards
the drift tube and -VO is for those travelling towards
the repeller plate.

During the short delay time period t, each ion moves
a distance + vot which produces a change in flight time
T - which was given in equation (8) of section (2.1) or
equation (15) of section (2.2) - of very nearly egual to
+ %g . vot. As the velocities remain the same each ion
moves on its own trajectory to a new position indicated
by a black circle. If the effect of the initial energy
is to be eliminated - such as molecular ions - the change
in flight time thus produced must compensate for the flight
time difference with no delay time between ions with
velocity zero and + A and a focusing effect is produced.
This time difference at no time delay is approxima-
tely the time necessary for an ion travelling in the wrong
or negative direction towards the repeller plate to be
stopped. If the ion is travelling with initial velocity
(—vo) in the accelerating field E, it will experience a

force F equal to:

(1)

QalQo
ctig

-~
F=e.E=m.vy=m.
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and the time for the ion of mass m to stop is then given

by:
o »
m
t = f E dv (2)
-v
o
or
mv
o
t =2 (3)

Thus the time spread introduced by the time delay (t)
given in equation (3) will compensate for the time spread

- of the ion bunch - due to the initlal velocities if:

mv

aT 9 _

= Vot teE =0 (4)

or

m
e.E

t =~ 5% (5)
ax

It is apparent from equation (5) that the time delay
focusing is possible only when %% is negative. This is

verified in the region between the photon beam and repesller

plate in the ionization chamber, where we can consider

aT is negative, if the ionization region were the origin.

dx
But when ¢ is negative, this will violate the space foc-

dx
using condition %g = 0 (section 2.1) which has already been

established in the present spectrometer.
However, if the delay time t is small, then %% must
be large and gives poor focusing, but if it is too long

the effect of the energy focusing %% = 0 may be lost since
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this quantity is not constant and some of the ions will
travel too far into the region where %% is positive towards
the drift tube and produce defocusing or broadening the
mass peaks as the peaks' height decrease with increasing
delay time.

With large values of delay time also, some of the
ions - especially those with high energy such as fragments -
will move towards the repeller plate impinging on it and
are lost. This was the most probable cause for ions'
decay in the ionization chamber and it was already treated
in detail in part B section 1.3.

Thus as the time-delay varies from zero time, the
peak height should go through a maximum then experience
continuocus decay. That was experimentally observed.

When one looks at equation (5) it is apparent that the
time delay t required for focusing is independent of the
init%al ions velocity 5 but is dependent and proportional

daT

to mi since %

to m2. This means that fragment ions should show an increase

(in equation 8 of section 2), is proportional

in peak height like molecular ions with time delay focusing.
Actually this was not observed, except in one case,

the fragment ion m/e = 51 of benzene Fig. 42 and that.was

probably due to experimental error. But if one loocks at

the decay curves of fragment ions it will be observed that

there is a slow and constant decay during the first five
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microseconds; while an increase was observed in the
curves of Wahrhaftig (ref. 85) using electron impact
technique.

However, this treatment may account for that increase
in the molecular ion peak height which occurs in the first
few microseconds of time delay. It may be however that by
measuring peak area rather than height, the anomalous
behaviour might be avoided since the number of ions pro-
duced in the ionization region in each pulse is proportional
to the area recorded for ion peak rather than the height.
This however could not be achieved in practice.

3. One last reason that might account for the in-
crease 1s that the moleéular ions may not be formed imme-
diately as:

AB + hv = AB' + e

but may arise indirectly thus:-

slow

AB + hv = AB¥ 35 ap™

+ e - A+ + B + e

The initially excited state must thus remain intact
for a time. This period of time increases with excess
photon energy, see Fig. 17 - sufficient for the excess
photon energy (over the first ionization potential or
some fraction of it) to become randomly distributea over

the vibrational levels of molecule (240). Franck et al

(246) have pointed out in general a polyatomic molecule
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in an excited state will vibrate through a complex of

'Lissajous figures' before reaching an unstable configura-
tion resulting in dissociation, and the life-time of this
state depends on how long a path the polyatomic system
travels within the potential energy surface (diagram)
describing it before reaching a configuration leading
directly to fragmentation and the rates of fragmentation
of this molecule are determined by the probability of the
energy randomly distributed over the molecular levels.
Unfortunately, since no similar research work has
been reported so far (except ref. 85), this complication
makes any quantitative or advanced discussion very diffi-

cult at this time.
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PART C: APPENDICES - ELECTRONIC INSTRUMENTS
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APPENDICES

ELECTRONIC TINSTRUMENTS

1. PULSE GENERATOR AND MONITOR UNIT: This unit provided
180 volt square pulse of one microsecond duration, to
trigger the microwave pulse generator (section > to follow)
and has three time sharing signal measurement channels:
1) Sample (x), 2) Reference (y), 3) Stray light (z).
These channels are linear in response up to 25 volts.
The unit also provided a 12.5 c¢/sec. sﬁuare wave of

50 volts peak amplitude, which can be adjusted in frequency
to rock the grating when required at its natural frequency

12 cycle per second. The complete circuit diagram of
this unit is shown in Figure (47) and the component list
in Fig. (48).
2. MICROWAVE PULSE GENERATOR: This unit was based upon
military x-band radar transmitter. Major modifications
were carried out on the circuit to work under laboratory
conditions 230 volts/A.C. Full description is found in
(3.1.1.6 a) and the complete circuit diagram is shown in
Figure (49).
3. 10 K.V. POWER SUPPLY: The unit was a D.C/A.C. power
supply. It provided the proper A.C. or D.C. potentials
to the light source or to the magnetron of a microwave

pulse generator (section © ). The voltage range was
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ad justable between 0 - 10000 volts D.C. or A.C. Figure
(7) shows the complete circuit diagram.

4, REPELLER VOLTAGE GENERATOR: The unit was already
designed and constructed by Dr. D. W. Turner, later light
modifications have been carried out on its circuit, Figure
(50) to meet the instrument need. When triggered exter-
nally it provides reasonably square pulses of 2500 volts

amplitude and 0.3 microsecond duration,
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FIGHE " COMPONENT LIST

RESISTOR: - CONDENSER
Rg~=100 ' . c R
.3,5,6,16,20,24 =100
33,38,43. = 4600 a ot 4 =2oogf-
R4.9,19,30 = 10K A _ C 4 = 0.000! [IF
RR2=1IK C7,8.9 = 0.00! P‘F
R5 1021, 34,39,44-"-*”331( ci2,13 = 0.002 '.,L -
RI 13,20 = 47K c2 = 0.0251IF .
R%1— 68 K Cl = O ﬁF
C14,15,17,18.19 . -
R36.7,14,15,24,25= 100K 2] 22 23.25 26 27— | ,f
RIl,1222 23 =270K ' ' ;
R36137'4 l,42:46447 g 470 K:"
R2 16,i718,26,27,28 ,29,35 4045 = | M
| | —[a  oas

VARIAELE RESISTOR:

VR,4,5,6= IK
VR, 2,3 = 10K
= 100K
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