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THE DESIGN OF A RESIDUAL GAS ANALYSER BASED
ON A TIME-OF-FLIGHT MASS SPECTROMETER

JOHN O DWYER
ABSTRACT

A residual gas analyser is an instrument which, by
ionising the ambient gas under low pressure (<107 atm),
enumerates the different atomic elements 1in the gas and
measures their relative abundance. The analysis of the
gas 1Us done using a mass spectrometer, which identifies
the atomic elements by separating the atoms, group of
atoms or molecules according to their mass to charge
ratio. Mass spectrometers are classified on the basis of
how the atomic mass separation 1is accomplished. In a
time-of-flight mass spectrometer the mass separation is
achieved by injecting a mono-energetic ion beam, iInto a
long electric/magnetic fTield free tube. The time taken to
reach the end of the tube depends on the square root of
the 1ions mass to charge ratio and so by observing the
output times of whatever 1ions are present, the different
atomic elements are revealed. The relative abundance of
the elements 1is simply the ratio of the number of ions
egressing the tube at the specific times.

This thesis describes the work carried out on the
development of a new type of time-of-flight mass
spectrometer Tfor the purposes of residual gas analysis and
was funded by Eolas, the Irish science and technology
agency. Like the conventional type it uses a Tield free
flight tube, however the tube is used more as a delay line
rather than as the mass separator. The mass separation 1is
achieved using a combination of time varying accelerating
/ decelerating electric fTields at the start and end of the
tube. The voltages producing these electric Tields are
between O and -200 volts D.C. and between 100 and 300
volts peak to peak A.C. at a frequency of 40 to 50kHz.
The resolution obtained with the mass spectrometer is
approximately = 0.5 atomic mass units.



TERMINOLOGY

lons: lons are positively or negatively charged atoms,
groups of atoms or molecules. They become charged by
losing or gaining one or more of their electrons.
Although both positive and negative 1ions can be
studied by mass spectrometry, only positive charged
ions will be dealt with, since the i1on source produces
them in larger quantities than negative 1ions by a
factor of *103. For the rest of this thesis ™"ions"

denotes positive ions unless stated otherwise.

Mass to Charge Ratio; The mass to charge ratio ,m/ne,
is the ratio of the mass, m, of the ion to the number,
n, of electric charges, e, lost during ionization.

Mass: The mass of a body 1is generally understood to be a
measure of matter the body contains and in physics 1is
defined as a measure of inertia, 1.e., a property of a
body that determines the acceleration it will
experience when acted upon by a given force. In mass
spectrometery the term "mass"™ has several connotations
which require qualification.

When equations are derived in mass
spectrometery, m means mass measured in Kkg. For
purposes of analysis, comparing masses of i1ons to each
other is more useful than than knowing their absolute
mass, therefore, a more convenient unit for mass 1in
this case is the atomic mass unit, u or amu, which 1is
defined as exactly one twelfth the mass of a 12C atom.
This second standard of mass is needed because present
laboratory techniques permit comparisons of atomic
masses to each other with greater precision than
comparing them to the standard Kkilogram. The
relationship is approximately

1 amu = 1.66043 X 10"Z7 kg



In mass spectrometry the term '"mass" or "m/e
value™ refers to the sum of the mass numbers of the
individual atoms composing a particular ion. Although
the majority of ions in a mass spectrometer are singly
charged, atoms and certain molecules may Uloose more
than one electron without disintegration. Doubly
charged ions exhibit an apparent mass exactly one half
that of the corresponding singly charged ion. For
example, doubly charged carbon dioxide ( CO™) appears
at mass 22, triply charged argon ( Ar3+) at mass 13"3.
(See appendix A for a copy of the periodic table and a
note on the convention for chemical symbols.)

Mass Spectrum: The mass spectrum of a sample reveals
in a graphical or tabular form the measured mass to
charge ratios of the separated 1ions and their
corresponding intensities. The knowledge of the mass
to charge ratios of the 1ions determines what is
present, while the measured ion intensities determines
how much 1is present.



Chapter 1
INTRODUCTION

In this chapter the major types of mass spectrometers
are briefly described with a view to introducing the wide
and varied types that have been developed over the years
and to give some prospective of the place the new type
described in this thesis will take. In general the mass
spectrometer is used 1in 1identifying all the atoms and
molecules that comprise gases, liquids and solids. Even
the so-called fourth and fifth states of matter, plasmas
and clusters, can be characterised by mass spectroscopic
techniques [1]- They have found applications in physics,
chemistry, biology, pharmacology, agriculture, geology,
metallurgy, environmental science etc. and are therefore
quite an important instrument to science. Mass
spectrometers are usually classified on the basis of how
the mass separation 1is accomplished, whether it 1is by
using magnetic and/or electric Tields.

MAGNETIC ANALYSERS

180° sector

This device, originally reported by Dempster in 1918
[2] and still widely used, is shown in Tfigure 1.1
overleaf. The basic principle of operation is as follows;
ions given a certain initial velocity are injected iInto a
magnetic TfTield B perpendicular to their velocity vector.
The 1i1ons will be deflected iInto a circular orbit which,
assuming the 1i1ons are singly charged, 1is given by

Bep R or R = ﬁ;

where R 1i1s the radius of curvature, e 1is the electric
charge, v is the velocity of the 1ions and M represents



ion source

Figure 1.1
lon trajectories in a homogeneous magnetic field 180° sector

their mass. Keeping v and B constant the radius and hence
the position along the x axis which the 1ions reach,
depends on the mass to charge ratio of the 1ions.

There are several desirable features of this
spectrometer. The 1ion trajectories lie completely within
the analysing B Tield so there are no field boundary or
edge effects to account for. lons of all masses are
deflected onto the 180° plane so that the simultaneous
readout of the mass spectra can be recorded. In fact,
work by Bainbridge on the reaction 1H + 7Li -» 24He using
this spectrometer provided the first experimental proof of
the Einstein mass-energy relationship [3]-

There are however Ilimitations with this arrangement
particularly with the sharpness of the line image arising
from the divergence angle of the input ions. To overcome
this problem the 1ions have to be restricted to small
angles.

The 60° sector

The 60° magnetic sector proposed by Nier in 1940 [4]
is shown 1i1n figure 1.2. The wunderlying principle, of
deflecting the i1on beam by a magnetic field is the same as



The 60° Magnetic sector

the 180° sector above, but 1in addition it provides a
sharper focusing effect, removing the limitations due to
using a diverging ion beam. The Tfocusing occurs because
ions entering at point a spend less time in the B fTield
than 1ions entering at point c and so are deflected less.
The geometry is such that 1ions of the same mass entering
the spectrometer at different angles all converge at one
point on the focal plane. By either altering the position
of the detector along the focal plane or varying the
magnetic Tfield strength, the different 1ion masses are
selected.

This configuration was used in many of the
instruments built by General Electric for the Oak Ridge
National Laboratory in the US during World War 11 [1] and
for several decades after was the standard in hundreds of
commercial instruments.

The 90° sector

This 1s another useful configuration popular for its
small radius of curvature («5cm) and has found extensive
use as partial pressure gas analysers, leak detectors,

breath analysers etc. [1] because of 1its small size.
Figure 1.3 shows the layout. Its operation is similar to
that of the 60° sector. Corrections must be made to the

object and image distances to account for the Tfringing
field in order to focus the 1ions properly. Often this is



Figure 1.3 Source
The 90° magnetic sector

done experimentally with the magnet being displaced in
small steps with respect to the analysing tube. This type
of analyser was used by Davis 1in 1962 to measure the
partial pressure of gases down to 1016 mbar [5]- Such a
pressure corresponds to a density approximating only 1
molecule per cm3, a pressure presumed comparable to that
of outer space!

There 1is no reason why sector magnets of any angle
cannot be constructed, but the 180°, 60° and 90° ones have
become somewhat standard. In modern instruments 1ion
entrance angles and trajectories are determined by fringe
field mapping and computer calculations.

ELECTROSTATIC ANALYSERS

Quadrupole mass fTilter

The quadrupole is termed as a mass fTilter rather than
a spectrometer because it transmits 1ions having only a
narrow range of mass to charge values and attenuates all
others rather like an electrical bandpass filter. It can
be used as a spectrometer by varying the electrical
parameters to vary the mass to charge ratio which 1t will
transmit, with a trade-off made between transmission and
resolution. Figure 1.4 shows the analysing section of the



quadrupole. Ideally the electrodes should be of
hyperbolic cross-section, however cylindrical rods are
easier to manufacture and are satisfactory provided they
are spaced correctly. The rods are typically 8mm 1in
diameter and 200mm 1long with a 7mm separation between
opposite rods [6], By proper selection of potentials and
frequency, an 1on of desired mass can be made to pass
through the system, while unwanted masses will undergo an
oscillating trajectory of increasing amplitude
perpendicular to the major axis so that they will
ultimately be collected on one of the electrodes.Values
of the supply voltages range from O to 800v p-p for the
radio-frequency source and 0O to -140v for the D.C. source.
Frequencies are typically between 3 and 4 MHz [6]-

In practical quadrupoles there 1i1s a limit on the
angular divergence of an entering ion and the performance
is also dependant upon the fringing fields at the entrance

and exit apertures. There are also strict mechanical and
electrical requirements for good resolution. The
electrode rods must have an extremely uniform

cross-section and must be positioned parallel to each
other with a tolerance of onlya few microns. The
amplitudes of the voltages must, at least, be stable to 1
part in 10s and stability must be 1 part in 103 for
frequency [6].

Its main advantages are: (1) 1i1ndependence from the
energy distribution of the 1ion beam (below a limiting
value), (2 high transmission rate (particularly at Ilow



resolution), and () opportunity for fast scanning.

Energy balance spectrometer

The Bennett rf spectrometer [7] was one of the first
energy balance type developed. Its operation is similar
to a linear accelerator and is shown in figure 1.5. lons
of a known energy are drawn into the first stage, which
consists of three grids all at the same dc potential. An
additional rf component is added to the middle grid G2 so
that equal and opposite rf fTields are established between
grids ci,c2 and c2,63. Only 1ions which take exactly one
cycle to transverse between ci and c3 and which enter when
the rf voltage 1is changing polarity, will lose no energy.
In addition, the ions whose time of Tflight in the field
free region is equal to an 1integral multiple of the rf
period (adjusted by -vdC) will remain at the same energy
as they progress toward successive stages and so mass
separation will be improving. A retarding grid cr at the
end of the tube allows only the highest energy ions to
reach the detector.

mo-\/dc

+Vr

Figure 15 M
Bennett rf mass spectrometer

The main advantages of this spectrometer are absence
of a magnet and the general simplicity making it ideal for
use in upper atmosphere research. Other applications
include residual gas analysis and analysis of 1dons in
flames [6]-



Time of Flight spectrometer

The principle of the time-of-flight (TOF) mass
spectrometer was Tfirst proposed by Stephens in 1946 [8]
and a commercial prototype was subsequently developed by
Wiley and Md.,aren in 1955 and manufactured by the Bendix
Corporation [9].-

The TOF spectrometer is rather straightforward and 1is
shown in figure 1.6. The 1ions, generated in packets, are
accelerated by passing them through a Ffixed electric
potential into a time of flight tube. The energy gained

Acceleration

region Time-of-flight tube Detector

lons |

-V volts

Figure 1.6
Schematic diagram of conventional time-of-flight mass spectrometer

by a singly charged ion passing through the electric field
is

Energy Gained = eV

where e 1is the charge on the electron and V 1is the
potentialdifference through which the ion passes.
Assuming that the 1initial energyof the 1ion 1is close
enough to zero to be ignored this expression represents
the total kinetic energy of the ioni.e.

K .E .ton = eV

> )zmvz = eV
/ 2eV
* vV = ’6_ TMm_

where m is the mass of the i1on (in kg) and v is the fTinal



ion velocity. The 1i1on velocity is 1inversely proportional
to the square root of the 1on"s mass, so light ions
travelling into the time of flight tube have a higher
velocity than heavier ones, therefore they arrive at the
end of the tube first at a time given by

t L
\%
where L 1i1s the Ilength of the tube. By timing the

emergence of the 1ions a complete mass spectrum can be
drawn up. The timings between the different ion bunches
will depend on the tube length, the accelerating voltage
and on the i1on masses, however it is desirable to have the
time differences large in order to improve resolution and
to avoid the problems involved with using ultra high speed
electronics for the detection of the 1ions. Typically the
accelerating voltage is ~3kV with a tube length of »l1
meter [6], so in order to have a resolution of 1 amu at
100 amu, 1ion bunches of approx. 65nS apart need to be
resolved. Clearly the ion packets, injected into the time
of flight tube at the start, should be kept as short as
possible so that the mass separated ion bunches at the
detector are equally as short. The reason such a high
tube voltage 1is used, 1is because the ion energy spread
going into the tube will be a smaller percentage of the
total energy than if a lower tube voltage was used, thus
reducing the spread 1iIn arrival times for individual 1ion
bunches.



Chapter 2
THEORY

This chapter will describe the operation of the new
mass spectrometer, beginning with a simple account in the
following section and introducing more detail later.

Theory of operation

The new mass spectrometer differs from the
conventional type in three respects. Firstly, and most
importantly the tube voltage 1is time dependant. It"s
general form 1is

V = F(t) = A + Bcos(2TTft)

where F is the alternating frequency, B is the peak A_C.
voltage, and A is a D.C. component. Secondly the 1ions,
instead of travelling directly to the detector after
leaving the tube, are decelerated by a grid at ground
potential placed between the tube and the detector.
Thirdly the ions may be injected into the time of fTlight
tube at any time i.e. the mass spectrometer will accept a

continuous iInput i1on beam. Figure 2.1 outlines the basic
structure.

lon source  Gj Time-of-flight tube G2 Detector
Figure 2.1

Basic diagram of new mass spectrometer



Its operation 1is as Tollows: lons emerge from the
source through the grounded grid Gi and enter the tube
with an energy in electron-volts equivalent to the tube
voltage at that time (ignoring any initial 1ion energy).
They travel down the tube and arrive at the far end after
a time t, similar to that of the conventional time of

f
flight, namely

but within this time the tube voltage will have altered
and depending on whether 1t 1is larger or smaller will
decide whether the 1ion will pass grid G2 or not. To
clarify this, figure 2.2 below shows the times of Tflight
for ions (a),(b) and (c¢), of equal mass, starting out from
grid Gi at different times.

Time (jiS)

Voltage (V)
or
Energy (eV) n

Figure 2.2

Diagram to demonstrate tube voltage/ion energy vs time,
for a number of ion starting times

Concentrating on 1ion (a), it can be seen that
starting at a time ts, It enters the tube with an energy
of vs electron-volts. It travels down the +tube and
arrives at the far end after a certain time indicated by
the Ilength of the arrow. At time tf the voltage on the
tube 1is vr, thus any ion which is to pass grid c2 at this
time must possess a kinetic energy equal to or in excess
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of vi electron-volts. Since vi is larger in magnitude than
Vs the ion is accelerated back into the tube and lost. In
the case of ion (b), vf is equal to vs and so the 1ion"s
axial velocity 1is unaltered by the passage between Gi and
G2 and once passed G2 is accelerated towards the detector.
vr  Ffor i1on (©) is Qless iIn magnitude than vs and
consequently the 1ion has more than enough energy when it
arrives at the end of the tube to overcome the retarding
electric field and pass G2.

Figure 2.3 below shows the 1locus of all the tf,Vf
points for a continuous ion beam.

Figure 2.3
Typical ion exit curve

It Is essentially a graph of the energy of the ion within
the tube vs the time it arrives at the end of the tube.
The dashed line indicates that the 1ion does not pass grid
G2. The point at which the 1ions start to cross G2 occurs
when the 1i1on"s time of flight across the tube corresponds
to the time it takes the voltage on the tube to decrease
to a minimum and rise back to the same value it was at
when the ion entered, indicated as ttof . This observation
allows the calculation of the time at which the ions first
appear at the detector relative to time zero at the crest
of the a.c. tube voltage. Designating ts as the ion entry
time and tr as the ion exit time, at the breakthrough time

11



the following equation holds;

V(t.) = VvV (P
= A + Bcos(idts) = A + Bcos(iJth)
* COS (Gdts) = Cos(ii)th)

Solving this equation between O and 2n, knowing ts*tf,
yields the solution: tf = T - ts, where T 1is the AC
period. Now,

tof = tr - ts and ttof = V/ ;elv!
L m
/ 35V - = tf m ts
= 2tF - T
5e® = @tr - T)2
but v = A + Bcos(wtf)
COS(CJtf) L 2m A

2eB(2tf-T)2 B

This equation can only be solved by using numerical
techniques. One such technique is to approximate a value
of tf, fTit 1t iInto the equation and by comparing both
sides, successive values of tf are determined which after
several iterations converge to the correct value. This
value 1is then the "time of flight” for an i1on of mass m
with respect to the peak of the cosinsoidal tube voltage.
As can be seen in Tfigure 2.3 the exit curve of the
ion crosses back across the tube voltage curve
approximately half a period later and the process is
repeated, but it should be noted that the exit curve is
not sinusoidal since the time of Tflight of 1ions starting
at low values of vs will be longer than those starting at
larger values. lons of different atomic mass will have
different exit curves. Figure 2.4 (€)) overleaf
illustrates this for two masses Mi and M2. Figure 2.4 (b)

12



shows the ion current that reaches the detector, with, as
an example, 1i1ons of mass M2 being twice as numerous as
those of mass Mi. Figure 2.4 (¢) shows the differentiated
ion current at the detector (ignoring negative peaks).

@
"detector
(ideal)
(b) Time (]iS)
di detector m.
dt m,
©) Time (MS)
Figure 2.4

Diagram showing the sequence of events leading to a mass spectrum

Differentiating the detector current will therefore yield
a time resolved mass spectrum with the Jlighter ions
appearing first and the height of the peaks indicating
their relative abundance. Since the a.c. component of the
tube voltage is alternating at typically 45kHz, a mass
spectrum is produced forty five thousand times a second.
Time zero is chosen arbitrarily at the crest of the tube
a.c. voltage and all timings henceforth are given relative
to this point.

13



Refinements to the model

The description given above has not addressed two
important factors which are needed for calculating the
timing of the mass peaks accurately. The first of these
is the finite time taken by the ions to cross between the
grids and the time-of-flight tube. Because the tube
voltage is time dependant, the voltage changes while the
ion 1s being accelerated with the result that the 1ion"s
energy 1in electron-volts will not equal the tube voltage
at the time it enters the tube (except at two discrete
points). Similarly the 1ion energy (in eV) which 1is
required to pass grid G2 will not equal the tube voltage
at the time i1t leaves the tube. The second factor that
must be accounted Tfor 1is the initial energy of the ion
that has been up to now ignored for the purposes of
illustration. This initial energy or velocity will also
alter the energy of the ion entering the tube at a given
time.

Consider the situation depicted In figure 2.5.

Time of flight tube

Figure 2.5
lon acceleration region

An ion crosses grid GiI at time to with an initial velocity
Uo. It experiences a force F towards grid Gt which 1is
given by

eV(to)
a —_—

where V(to) 1is the tube voltage at time to, d 1is the
separation between the grids and e is the charge on the
electron. The instantaneous acceleration experienced by



the ion of mass m, at time to, is therefore

eV(to)

As the 1ion 1is in transit between the grids this
acceleration 1is changing and by time te, the time it
reaches grid Gt, the acceleration will be

_ eV(te)
dm

It is possible to calculate the ion®"s velocity on reaching
grid Gt directly from 1integration of Newton"s 2nd law
which gives impulse of force equals change iIn momentum,
however in order to keep the same format of calculation
throughout this section it is preferable to calculate the
velocity from Tfirst principles. The Ffirst step is to
fragment the time taken to cross between the grids into
increments of time, At, then calculate the velocity after
each At and take the limit as At tends towards zero. The
velocity of the i1on after the first increment is given by

Ui = Uo + aoAt

Similarly the velocity after the second and third
increment are, respectively

uz2 = ui + aiAt = Uo + aoAt + aiAt
U3 = U2+ a2At = Uo + aoAt + ailAt + a2At

Thus the velocityafter the nth increment is

Un = Uo + aoAt + ailAt + ... + an-2At + an-iAt
n-1
=> Un = Uo + > anAt
Z
k=0

Taking the limit as At tends towards zero between the
limits to and te, the Tfinal velocity is then

V = Uo + a(t) dt

to

15



given that |\(/t).- m €  A+Bcos(wt)

dm dm
-te «ste
_ eA eB
V = Uo - dm dt dam cos (ocob) dt
to
sin(uti) - sin(wto) )
This expression has to be solved numerically. It gives a

value of ion velocity crossing into the time of flight
tube provided the initial ion velocity (Uo), the time the
ion crosses grid Gi (to) and the time the ion reaches grid
Gt (te) are known. In order to find the latter, which
itself depends on to and Uo we have to consider the
equation for distance travelled under acceleration i.e.

s = ut + > at2

s+As u(t+At) + 1 a(t+At)2

As =Ju + at + 1 aAtjAt

Again breaking the transit time into iIncrements of At, the
distance covered during the Ffirst iIncrement 1is

ASi = ~o + i aoAtj At

and the distances covered during the second and third
increment are, respectively

AS2 = "o + aoAt + i aiAtjAt

and AS3 = Mo + aoAt + aiAt + | azAt]At
so, the distance covered after the nth increment is

Sn = ASI + AS2 + __. + ASn-lI + ASn

16



k-1 "
Sn = ~(UoAt) + / NajAt N At + | E h At)4t
k=0

k=1 k=1  j=0

again taking the limit as At tends towards zero between

the limits to and te, the total distance covered by the
ion is

s = uo dt + a(t) dt dt

to

Note: the third term iIn the equation for sn disappears in
the limit. Substituting the expression for acceleration
into the above equation gives

-te .te .t

- Uo dt - v A * Boos(iD) dt dt
~to to* to
S = Uo(te-to) - |A-(te2-t.2) + 2Aii(t.-to)
+ H s4 cos<*U )'cos<"t*)) + eBd » (M- (t- - *e>

Again numerical techniques are required to solve this
equation, so by successively approximating te, Kknowing to
and that S should equal d, te may be evaluated. This
value can then be used to estimate the 1ion"s final
velocity.

Knowing the 1ion"s velocity into the tube the time of
flight along the tube is simply

ttof= “V-~

where L is the length of the tube.

On emerging out of the far end of the tube, the 1ion
is subjected to a time dependant electric fTield in the
opposite direction. The equations to calculate whether
the ion has enough energy to cross the final grounded grid
( G2 in figure 2.1 ) are much the same as above except the

17



acceleration is negative. The equations for As are

ASi

[v -1 aocAtjAt
ASa = |v -aoAt -1 ailAtjAt

AS2 = v -aoAt -ailAt - N aAtj At

etc..
Where V 1is the velocity of the ion within the tube. This

leads to the equation for distance between the tube and G2

S = Uo(te-to) + "(te~to2) -~to(te-to)

- & ( COS<“t,)"CoS("t=) - - to)

this is the same as before apart from the changes in sign

of some of the terms. The times to and te refer now to
the time the 1on emerges from the tube and the time it
reaches G2 respectively. Again te is determined by

successively approximating 1i1t, knowing to and that S
should equal the distance between the tube and grid G2.
ITf the 1ion has 1insufficient kinetic energy to cross G2
then S will never equal this distance and will go negative
for large enough values of te.

The breakthrough time 1is then given as the earliest
time the 1ons start to cross G2 (plus the time required to
travel between G2 and the detector). The computer
programs used to calculate these times are given 1in
appendix D. It must be said however that the breakthrough
times are generally not Ilinear with time or TOF tube
voltage and the degree of non-linearity depends on the TOF
tube parameters such as frequency, the magnitude of the AC
and DC voltages, tube length etc. The solution to this is
to either choose tube parameters to reduce the
non-linearity to a minimum or to adjust the spectrum data
after it has been gathered.

18



Changing the parameters

Up to now the mass spectrometer basically consisted
of a grounded grid, a time-of-flight tube fTollowed by a
second grounded grid all between an 1ion source and
detector, and this was indeed how the Ffirst version of the
mass spectrometer looked. The ion source was a commercial
electron bombardment type, the detector an electron
multiplier and the time-of-flight tube was a spare piece
of copper plumbing pipe! In this section the upgraded
version of this fTirst model is introduced, including such
additions as electrostatic focusing and field penetration
cancellation. The dependence of the spectrum on various
parameters such as tube length, A.C. frequency, A.C.
amplitude, D.C. bias voltage etc. are also investigated.

The 1ons generated in the source have a certain axial
velocity on leaving, uo 1In the previous section, however
the ions will also have a certain radial velocity ranging
from zero upwards and the effect of this is that the ion
beam diverges as it travels outward from the source. For
the mass spectrometer to function as best as possible it
is desirable to have a parallel beam of i1ons or at least
keep the divergence low enough so that the beam 'spot
size"™ doesn"t grow larger than the active surface area of
the detector by the time it reaches it (see fTigure 2.6
below).

Spot size at distance x

Figure 2.6
Divergence of the ion beam (nhot drawn to scale)
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This requirement is hindered by the fact that the voltage
on the tube is varying, since this will tend to cause a
time dependent focusing effect, modulating the spot size
at the frequency of the tube voltage. For this reason,
instead of the grounded grid immediately after the 1ion
source ( Gi ) and a grid on the 1input of the
time-of-flight tube, a three element electrostatic lens is
fitted, using the time-of-flight tube as the final element
( see figure 2.7 ).

Lens elements
lon source r 1 2 3 Time of flight tube

N v

Figure 2.7
The electrostatic lens at the entrance of the TOF tube

The physical dimensions of the lens elements were worked
out using graphs and tables of standard lens systems [10],
The analysis given in the previous section for calculating
the (axial) velocity of the ions entering the tube still
holds when using the lenses, with the distance between
element 1 and 2 replacing the distance between the grids.
The second modification made to the original design
is at the fTar end of the time-of-flight tube. The
electron multiplier, used to detect the ions, operates at
a bias potential of -3kV and the time-of-flight tube at a
potential in the region of -100V to -200V. Because of the
large difference between the electric TfTields on each side
of G2 and the finite size of the grid spacings, a certain
amount of Tfield penetration occurs. This leads to
non-uniformities in the electric Ffield between the
time-of-fFlight tube and grid G2 leading to a possible
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degradation of the mass spectrum. In order to overcome
this problem an additional grid is placed between G2 and
the electron multiplier tube at the same potential as the
time-of-flight tube ( see figure 2.8 ). This will reduce
the amount of field penetration into the spacing di while
having no effect on the operation of the mass
spectrometer. It will however affect the flight time
between G2 and the electron multiplier and will of course
have to be taken into account in calculating the detection
times of the mass peaks.

Figure 2.8 —
Schematic diagram showing the grids at the end of the TOF tube

The dependence of the mass spectrum on the various
different parameters, such as tube voltage, tube Ilength
etc., 1Is best shown by example. Take N+ with an atomic
mass of 28 amu. Figure 2.9overleaf shows a computer
printout of the calculated exit curve for the parameters
shown . The Jjump 1In the exit curve occurs because the
computer program plots the time the 1on either comes to
rest or 1is detected. Since it has to travel an extra
distance once it makes it past G2 the exit curve must jump
at this point to accommodatethis. The exitcurve 1is
mapped 10V higher than its real position for clarity (the
initial 1i1on energy of [10eV means that the maximum and
minimum exit energy of the 1ions 1is HOeV and 210eV
respectively).
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Figure 2.9

Computer simulation of N2 exit curve

Figure 2.10 below is a table showing the effects of
varying the different parameters on the breakthrough time
i.e. the mass peak time indicated as t28 in figure 2.9.
The table demonstrates that varying any of the parameters
has an effect, to various degrees, on the breakthrough
time of the ion, however none of the parameters Iis

Tube parameters Breakthrough
Frequency AC amplitude DC magnitude Length tube to G2 time for N* (t)
(kHz) (Mop) (V) (mm) spacing (mm) (in MS)
45 100 -150 250 4 14.96
50 100 -150 250 4 13.95
45 200 -150 250 4 14.85
45 100 -200 250 4 14.83
45 100 -150 260 4 15.12
45 100 -150 250 5 15.00
45 100 -173 260 4 14.%
455 120 -140 250 4 14.96
433 100 -152 200 35 14.96

Figure 2.10

22



critical since if one varies the others can be adjusted to
give the same result. This 1i1s illustrated at the bottom
of the table, with t28 remaining the same for the three
sets.

lon breakthrough current

All the discussion so far has centered on the timing
of the mass peaks and on the detection of particular ionic
species, however there 1is another iImportant parameter of
any mass spectrometer; that 1i1s the measurement of the
relative abundance of the different ions. At TfTirst glance
it may seem simply a matter of measuring the relative
heights of the mass peaks, however a closer look will
reveal that this is not so. Figure 2.11 (a) overleaf is a
computer simulation of the exit curves of ions of mass 10
and 100 amu under the given parameters and part (b) shows
the calculated detector current that should appear,
assuming both ion masses are equally abundant. The
detected i1on current can be obtained from the slope of the
ion exit curve (solid line only), a larger slope generally
indicating a larger ion current. The precise relationship
between the two is

I = | slope

detected In (jB.sin(utm)
where I s the input ion current into the mass
spectrometer (assumed constant) , Msloge 1is slope of

the 1ion exit curve at a particular point, and t is the
time an ion would have to enter the spectrometer in order
to arrive at the point of interest on the ion exit curve.
As can be seen the detected current depends not only on
the slope of the exit curve but also on the tube voltage
at the time the 1ion enters. The derivation of this
equation 1is given iIn appendix F.

Differentiating the current to obtain mass peaks 1is
therefore going to indicate a larger abundance of 100 amu
ions than 10 amu ions. The solution to this is to
multiply each peak by a correcting or adjustment factor to
compensate for the difference, making all the peaks the
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(@) Computer simulation of exit-curves for masses 10 and 100 amu

lon
current
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(b) Computer simulated detected current for the same 10 and 100 amu masses,
of equal abundance

Figure 2.11

same height for equal quantities of each 1ion mass. This
has been done using the computer simulations but has never
been tested experimentally. Figure 2.12 overleaf shows a
graph of the height adjustment factor (HAF) versus atomic
mass.

IT ff(m) 1s the height of the mass peak for an 1i1on of
mass m then the true height of the peak is

h(m) = HAF(m) H(m)

This product can be easily calculated using a computer
equipped with a look-up table of values for HAF(m). The
HAF will be different for different TOF tube parameters.
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Figure 2.12 Atomic mass (amu)
Graph of height adjustment factor versus atomic mass

lon bunching

ITf the AC amplitude is made comparable to or larger
than the D.C. voltage an interesting effect occurs. The
voltage on the TOF tube varies at a large enough rate such
that, during a certain period of time, the ions that enter
the tube late receive a large enough difference 1In energy
to i1ons that entered earlier such that they 'catch up”™
with the earlier ones at the end of the TOF tube. This
bunching of the ions leads to a large detector current at
breakthrough time. Figure 2.13 (a), again a computer
simulation, shows this effect for i1ons of N* and 2.13 (b)
shows the ideal detector current that should result from
this arrangement. Obviously since a large number of 1ions
emerge at the same time this will give rise to a very
large peak dying away rapidly. Again the heights of the
peaks depend on mass and a height adjustment factor is
needed.

This leads to the question: What would happen if the
TOF tube voltage was triangular or some other shape
besides cosinsoidal? It happens that a sinusoidal shape
is the best all-round for observing the complete spectrum
together (not to mention the easiest to work with). It is
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(@ Computer simulation of  exit curve showing ion bunching

detector
output

(b) Corresponding calculated detector current for a mono-energetic ion beam
Figure 2.13

conceivable that a triangular shape wave at a particular
frequency, AC amplitude and DC offset will allow all the
ions of one particular mass entering the TOF tube during
the fTirst half of the cycle to exit at the same time, but
it would not suit any other mass because of the square
root dependence of the time-of-flight with mass.

Figure 2.14 overleaf i1s a graph of the breakthrough
time versus atomic mass Tfor a 45kHz cosinsoidal tube
voltage with an amplitude of 300 Vp-p and a dc offset of
-50 V (similar to the parameters in fTigure 2.13 above). A
straight [line 1i1s added to the diagram to outline the
slightly curved shape, indicating that mass peaks in the
region 70 to 90 amu will be spaced closer together than
those 1in the range 10 to 30 amu, for iInstance. As
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Figure 2.14

Graph of breakthrough time versus atomic mass

mentioned earlier the mass scale is generally not linear
with either time or TOF tube voltage but the non-linearity
in this case 1is tolerable, especially for a restricted
mass range and the mass spectra presented iIn chapter 4 are
all obtained using these parameters.

Very Heavy lons

lons of mass greater than about 300amu or so will
pose difficulties for the mass spectrometer because of
their very long flight time. Figure 2.15 below shows the
exit curve of an i1on of atomic mass 414 amu as an example.
Its breakthrough time, th, coincides with that of an 1ion
of mass 28 amu (N+). Even though its flight time is very
long 1t will appear within each cycle of the tube voltage,
the 1ons that exit the tube at any time having entered it
in the previous cycle. As a result, fTor example, a peak
at 28 amu may indicate ions of atomic mass 28 or 414 amu.

A possible way of unveiling these rogue peaks 1is to
adjust one of the parameters (tube voltage fTor example)
and observe the new spectrum. A peak of 28 amu will keep
its correct position relative to the other peaks around
it, whereas a 414 amu peak will move to some other
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Figure 2.15
Exit curve for an ion of atomic mass = 414 amu

un-correlated position. This 1s demonstrated in Tfigure
2.16 below. IT there are no other peaks to compare with
the suspect peak position, then a comparison of the two
different calculated and observed breakthrough times
should identify the peak. For the mass spectra presented
in this thesis, where the 1ions are produced from the
ambient air, there was no traces of any very heavy ions.

Parameters: TOF tube length = 250mm, Frequency = 45kHz
AC voltage = 100 Vw, DC voltage = -150V ~

Mass (amu) Breakthrough time (|xS)

18 14.79
28 14.96
40 15.94
414 14.96

AC voltage = 200 Vpp, DC voltage = -200 V
Mass (amu) Breakthrough time (|xS)

18 13.67
28 14.75
40 15.17
414 15.96

Figure 2.16

Table showing the shift of a 414 amu peak from the 28 amu position
with a change in TOF tube voltage
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Chapter 3
EQUIPMENT

THE VACUUM SECTION

The Tfirst part of this chapter describes the various
vacuum components of the mass spectrometer. As shown in
the previous chapter, the mass spectrometer consists of an
ion source, electrostatic lens, the TOF tube and an
electron multiplier. Neither the 1on source or the
electron multiplier can operate at pressures (greater than
IxXI(T4 mbar and so a medium to high vacuum is needed for
operation. A vacuum 1is also required so that the ions
mean free path is long enough to avoid collisions as they
progress along the length of the spectrometer.

A rotary pump, diffusion pump combination provides a
pressure of approximately [IxI0’5 mbar iIn the vacuum
chamber, to which the mass spectrometer 1is connected,
enough to allow it to function and this pressure 1is
monitored using an ion gauge which automatically shuts the
spectrometer down should the pressure rise above 1x10™
mbar due to a power TfTailure or mechanical fault. A liquid
nitrogen trap, placed between the vacuum chamber and the
diffusion pump, is used to prevent any hot oil vapour Tfrom
the diffusion pump reaching the mass spectrometer by
presenting it with vacuum chamber walls at a temperature
below -196°C. The spectrometer®s key parts are described
below.

The 1ion source and electrostatic lens

The 1ion source 1is an electron bombardment type
manufactured by VG Quadrupoles Itd. [11], designed for use
in a quadrupole mass Tilter and, together with the
electrostatic lens, 1is outlined in figure 3.1 overleaf.
It consists of a Rhenium Tfilament, a grid cage and an
electrostatic lens assembly. Electrons are obtained by
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(+10V) TOF tube

(-78V)

. The ion source Additional
Figure 3.1 lens

thermionic emission from the heated filament and
accelerated towards the grid. The high transmittance of
the grid allows most of these electrons to cross through
and 1ionise the gas inside the grid cage. Because of the
large mass difference between electrons and the target
molecules, the latter will acquire only a small energy
increment on impact and the energy spread can be as low as
O.1eV or less. The manufacturers of the 1on source quote
an energy spread of 0.2eV at an electron emission current
of 30*xA and 0.8eV at 500*1IA, at a pressure of Ix10-7 mbar.
The 1on source®s built-in electrostatic lens consists

of three elements. The Ffirst is connected to the grid
cage and its potential (+10V) determines the energy at
which the 1ons emerge from the source. The second element

is biased negative to draw the ions out of the grid region
and to focus the ion beam in front of the source. The
final element is connected to ground.

In order to accelerate the electrons from the
filament to the grid cage, a potential difference must be
applied across this region. It might be presumed that the
energy of the 1ionisation electrons need only exceed the
first ionisation or appearance potential of the sample gas

to produce 1ons. For achieving the maximum 1ionisation
efficiency, however,, the electron energy must always
substantially exceed this value. Figure 3.2 overleaf

indicates the relative yield of 1ions as a function of
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lonisation efficiency curves for inorganic gases

(R. Jaeckel, ""*Allgemeine Vakuumphysik™, in Handbuch derP hysik,
Vol. 12, S. Fliigge, Ed., Springerverlang, Berlin 1958, p. 535.)

electron energy and it 1iIs seen that the maxima of the
curves 1s located at the same energy level (*70eV) for
most gases. Thus the body of the ion source is biased to
-60V giving an overall potential between grid and filament
of 70V. The vertical scale in the figure is the
probability of ionisation which is defined as the number
of collisions which result in ion production per
centimeter of electron path through a gas at a pressure of
1 torr (1.333 mbar) at 0°C.

In addition to the built-in lens an external lens; was
added to provide a parallel beam of ions for the TOF tube.
It also consisted of three elements, the first at ground
potential and the Jlast two connected to the TOF tube
supply. The lens plates, made from 0.5mm thick stainless
steel, are separated by a spacing of 4.5mm. The diameter
of the elements was limited by the vacuum chamber housing
to 35mm with a aperture diameter of 10mm. The parameters
of the 1lens were chosen from a book of pre-calculated
sample lenses [10], but since only a limited amount of
information was available about the 1on source, the ion
focal point etc., the external lens was limited in its
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effectiveness. Figure 3.3 1is a graph of the electron
multiplier anode current versus the voltage on the time of
flight tube, showing how variation in the tube voltage
affects the focusing and hence the number of i1ons reaching
the detector. Ideally the ion current should be
independent of tube voltage, so the variations will have

to be taken into account when determing the relative peak
heights.

Anode
current
(uA) 150 ( Electron emission current = 100/iA
125 ' lonisation potential = 70eV
Focus potential (ion source) = -78V
Source potential (ion source) = +10V
EM bias = -3kV
Pressure = 1x10’
-150 -200 -250 -300
Time-of-flight tube voltage (volts)
Figure 3.3

Detector current as a function of focusing voltage

A diagram of the vacuum mounting of the ion source
and electrostatic lens is shown in figure 3.4. The pumps
are situated directly below the gas inlet and in front of
the ion source so that once the inlet has been shut off,
the gas clears in a matter of seconds.

gas inlet
. lens
[immm-E vV ]
z:
source
focus TOF
filament + tube
filament -
gmnnn-E
Vv
Figure 3.4 to pump

Vacuum mounting of the ion source
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The time-of-flight tube

The structure of the tube 1is very straightforward.
It 1s 250mm Qlong, 30mm 1in diameter and made of copper.
Its job is to provide afield free region, blocking out
any external electric fields that would affect the
trajectory of the ions. Irrespective of 1its potential
with respect to 1its surroundings , the electric fTield
everywhere 1inside the tube (with no charges present) Iis
zero. Electrical contact 1is made at the center of the
tube so that any time delay due to the propagation of the
electric fTield to the ends 1is equal in both directions («
0.5nS each way) and hence cancels out, but this 1is not
really of any significance. The tube 1itself Tforms one
plate of a capacitor with respect tothe vacuum chamber
walls with a value close to 300pFandrequires a special
circuit to drive this capacitance at the frequencies and
voltages required. The grid at the end of the tube and
the grounded grid are separated by 4.0mm, followed by
spacing of 3.5mm between the grounded grid and the Ffinal
grid. These consist of a fTine wire mesh with wires of 20
micron diameter and 500 micron separation.

Electron multiplier

Electron multipliers are based on a phenomenon called
secondary electron emission, where a number of electrons
are ejected from a surface, bombarded by an energetic
particle. They utilise this for detecting 1ions 1iIn two
ways: First, the 1ion current 1is ™converted” 1iInto an
equivalent electron current on the Ffirst electrode or
dynode of the multiplier (see Tigure 3.5 overleaf). The
secondary electron emission current is then amplified as
it becomes the primary electron current for the second
dynode and soon. The obvious requirement of the dynode
material 1is that the values of the secondary electron
emission coefficients for ion and primary electron
bombardment be as large as possible.

The electron multiplier used in the mass spectrometer
was a Thorn EMI EM642/3B, 18 stage Venetian blind type
with a typical gain of 5x106 at a supply voltage of -3kV
(voltage on the first dynode with respect to the anode).
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-2.5kV -1.5kV -0.5kV

The detection efficiency for ions is not specified at ion
impact energies of 3keV but is approximately 60% at 6keV
and 85% at 18keV and is not greatly affected by i1on mass
[12].- The transit time (the time between ion impact and
electrons reaching the anode) 1is not specified either but
the manufacturer Philips [13] give a value of 30nS at a
supply voltage of -3kV for a similar type. The pulse rise
time 1is given as 5nS and 1is more than adequate fTor the
purpose required.

The electron multiplier (enclosed in a glass
envelope) 1is mounted in the vacuum chamber as shown in
figure 3.6.

Figure 3.6
A section of the vacuum chamber containing the electron multiplier
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A rubber ™"0" ring, seals the chamber at a point along the
glass tube and a metal stop disk 1is used to prevent the
multiplier from being pushed 1nto the chamber by the
pressure differential, equivalent to 196 Newtons (the
weight of a 20kg mass!). Ordinary non-vacuum connections
can then be used to power up and receive signals from the
multiplier tube.

THE ELECTRONICS SECTION

The electronic section of the mass spectrometer can
be divided into 3 main parts. The Tfirst section is the
amplification of the tiny 1on currents reaching the
detector, most of which is done by the detector itself, an
electron multiplier. The second 1is the manipulation of
the signal to extract a mass spectrum from it and to plot
the spectrum out on some easily readable way and the third
and final section deals with the supporting circuits. Not
all the circuits are given in this chapter but any that
are not shown here are given iIn appendix C. The
detection, amplification and processing circuits are all
necessarily high speed since the mass spectrum occurs
during the second half of the TOF tube cycle (typically
10*xS) . IT 100 mass peaks are to be accommodated within
this time each peak has to be, at most, 100nS wide for
1 amu resolution, however this represents the lower limit
of resolution and i1t is preferable to aim for higher than
this. All this being considered the circuits must be able
to deal with frequencies iIn the range 10 to 100 MHz. The
final part of this section looks at the possibility of
micro-processor/ computer control.

Supporting circuits

The circuits covered 1iIn this section are, the TOF
tube driver and to a limited extent the ion source power
supply which 1is a commercial type with a few minor
modifications.

The time-of-flight tube driver has the task of
providing the time dependant accelerating/decelerating
electric fields which are fundamental to the operation of
the spectrometer. It supplies the DC and AC voltages to

35



the time-of-flight tube together with a smaller replica of
the signal to the data processing circuit. The driver
circuit was built to provide a DC potential of 0 to +200V
with a superimposed AC potential of 0 to +200Vp-p.
Fortunately the circuit was relatively simple since the
capacitance, formed between the tube and the walls of the

vacuum chamber, grids, etc., was reasonably small, about
300pF. This capacitive load on the circuit has a
reactance of approximately 10kFi at typical tube
frequencies of around 50kHz. The circuit 1is shown in
figure 3.7.

Time of flight tube driver circuit

The central component 1is the purpose wound RF
transformer. It has a flat response over a large range of
tube frequencies (see appendix E) and requires a primary
voltage of only 12V to achieve the maximum 200V output
required at the secondary. The circuit driving the
primary 1is a standard class AB power amplifier [14],
designed to operate over the same frequency range as the
transformer. Because of the considerable and variable
phase shift of the whole circuit with frequency, the
reference signal 1is tapped directly off the output of the
transformer. Three resistors are used for Ri to minimise
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phase shifts caused by stray capacitances within the
resistors themselves. R2 and Ci provide compensation for
the small amount that does occur due to other factors.
The Qlinearity of the mass scale of the spectrum with
respect to the tube voltage depends on accurate timing of
the reference signal. It is therefore important to keep
the reference as accurately in phase as possible. The
values of R2 and Ci were chosen to achieve a phase shift
of less than 0.18° (IOnS at 50kHz). The op amp eliminates
the need to compensate fTor cable capacitance by providing
a very low driving impedance while buffering the reference
signal.

The 1on source power supply consists essentially of a
medium power voltage source to supply the filament, a low
power voltage source to provide the ionising and focusing
potentials and a current source to set the electron

emission current. It was this latter part that was

modified as shown in figure 3.8. The addition to the
+15v

Figure 3.8

Initial ion energy adjustment circuit

circuit is outlined by the dashed box. Its purpose was to
provide a means to vary or trim the initial energy of the
ions entering the time of flight tube, between 0 and 10
electron-volts, so that its value could be set and known
exactly as required.
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The rest of the circuitry is involved with the actual
ion signal, and as mentioned above 1iIs segregated into two
sections;

Signal amplification

The major part of the signal amplification is done by
the electron multiplier used to detect the 1ions. The
minute ion current, less than 0.0005/iA rs at 2x10~smbar,
striking the front end of the multiplier appears as a
current of approximately IOA ms at the anode end. A
complete diagram of the amplifier is shown in figure 3.9.

-3kV

Figure 3.9
lon detection and amplification circuit

The multiplier provides an excellent method of
amplification In terms of low noise and wide bandwidth.
In order to preserve the higher frequency components of
the signal the anode resistor, Ra, needs to be kept small,
otherwise together with any stray capacitance, including
the input capacitance of the following amplifier («7pF in
total), i1t will act as a low pass filter with a -3dB point
at a frequency given by

f4&B - 2nR§Cs

where Cs is the stray capacitance. In order to keep this
-3dB point above 100MHz, Ra must be at most 220(2. Ra also
determines the signal voltage at the anode since the anode

looks electrically like a current source. It was found
that putting Ra=220ft gave too large a signal and
overloaded 1IC1. An Ra of 50ft was found satisfactory as

well as giving the added advantage of making the circuit
compatible with other 50ft high speed amplifiers.
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ICL is an integrated circuit designed for video
signals up to 200MHz and gives a gain of 200 in the wiring
configuration shown. IC2 is an ultra high speed op-amp
and in this circuit iIs designed to give an overall gain of
5 and to drive a cable and load terminated in the standard
50n. In the construction of the circuit, while not being
terribly important, some consideration must be given to
the Ilayout of the printed circuit tracks 1iIn terms of
capacitive coupling, Inductance etc. because of the high
frequencies involved. The signal level at the output is
in the order of 100°s of millivolts at a pressure of
1x10"5 mbar, substantial enough to observe a mass spectrum
without difficulty on an oscilloscope (figure 3.10), but
as discussed in chapter 2 this is the "raw” data and the
peak heights need to be adjusted for correct relative
abundance measurements and also the timings of the peaks
will not be linear with time.

(@) undifferentiated (13

N2

Oscilloscope trace showing the mass spectrum of air
at a pressure of 1x10smbar.
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Signal processing

Examining the mass spectrum on the screen of an
oscilloscope, besides the difficulties mentioned above, Iis
marred by two other problems, the Tfirst being that the
noise on the signal obscures the smaller peaks and makes
the Tfull spectrum difficult to observe and measurements
difficult to obtain and the second being that there is no
permanent record of the mass spectrum. It was decided
that the best and quickest way to overcome this problem
was to build a device to average the signal over a number
of tube cycles, 1in order to rescue the smaller peaks from
noise and to plot the resultant mass spectrum on a plotter
or chart recorder. The averaging part of this device is
shown in figure 3.11. The central component 1is the

ICI

The averaging section of the data processing circuit

74HCT4316 (ICI), an electronic FET switch capable of
switching a signal 1in and out 1in the order of 10
nanoseconds. The circuit operation is as fTollows:

The logic gates are triggered by the rising edge of a
pulse supplied to the trigger input and produces *20nS
pulse at test point 2 (tp2) in the circuit, the moment it

is triggered. This pulse is simply supplied to the
control pin of one of Id"s fTour FET switches (the other
three are unused). The front end of the switch is
connected to the differentiated incoming signal. The back

end 1is connected to a capacitor (Ci) and resistor @Ri)
connected 1in parallel to ground and from there into an
op-amp. The op-amp merely buffers the voltage across Ci
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into a X-Y plotter via a low-pass fTilter, wused to
eliminate any high frequency noise from the switch
control, power supplies etc.

When a trigger pulse 1is supplied, the FET switch
conducts for *20nS. This switching time was considered
sufficiently short to preserve the shape of the mass peaks
accurately enough. While the switch 1is conducting the
signal driver will charge the capacitor through the
switch. The capacitor will initially only charge to 0.66%
of the signal value during the Tfirst 20nS sample, but if a
trigger pulse 1is received at the same time every tube
cycle then the voltage across the capacitor Ci will, after
a number of periods, reach the average value of the signal
voltage at that time of the cycle. Therefore scanning the
arrival time of the trigger pulse slowly over the period
of the tube voltage will produce an averaged mass spectrum
at the output of the circuit. IT this output is connected
to the Y axis of a plotter and the X axis scanned at the
same rate as the trigger pulse, then the averaged mass
spectrum will be plotted out. Ri is there to provide bias
to the op-amp when no trigger pulses are being received
(before and after a scan) and it also provides a shunt to
ground for the FET leakage current.

The second part of the signal processor generates the
trigger pulse needed above and the circuit is shown in
figure 3.12 overleaf. This circuit consists of, input
amplifiers for the reference voltage, a ramp generator and
a comparator.

The ramp generator®"s job 1is to provide a slowly
increasing DC voltage over a set period of time, and is
achieved by using IC4 as an 1integrator and supplying it
with a constant voltage. The rate of 1increase of the
output voltage can be adjusted and mostly it iIs set around
1 volt per 5 to 6 seconds. The generator®s output is
connected directly into the input of a comparator (IC5)
and is also used to drive the X axis of the plotter.

The reference voltage amplifier 1is built in three
stages using IC1,2 & 3. The first stage 1iIs used to
provide a phase lead in order to compensate Tfor delays 1in
the processing and switching circuits and to adjust the
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Reference

Figure 3.12
The time-of-flight tube signal processing circuit

amplitude so that, for reasons presented shortly, it 1is
reduced to 3vPP. The second stage inverts the signal and
the third stage re-inverts 1t again but also adds +3v DC
so that the signal at tp3 ranges from 0 to 6v. This
signal is compared with the DC ramp voltage (tp4) using
IC5 and the output becomes the trigger pulse for the
averaging circuit in figure 3.11.

Justification for the rather contrived circuit in
figure 3.12 is contained in figure 3.13 overleaf. In part
(&) the reference voltage at tp3 1i1s shown superimposed
over the DC ramp voltage at tp4 at a particular point
during the ramping period. The comparator output is shown
in part (b). Recalling that the mass spectrum appears
during the second half of the tube period it can be seen
that the rising edge of the pulse from the comparator
appears during this time. As the DC ramp voltage
increases with time from OVto 6V, this rising edge moves
along the time axis between and t, where x is the tube
voltage period. In this way the sampling "window"™ of the
averaging circuit, which occurs at the rising edge of the
trigger pulse, scans across the spectrum.
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Figure 3.13

Comparison of reference and ramp voltages

Overshoot compensation

For reasons of clarity, a small addition to the
averaging circuit was omitted up to now. Although this
additional circuit doesn*t affect the operation of the
above circuits it does have an effect on the quality of
the plotted mass spectrum. The differentiation of the
detected 1ion current produces negative overshoots or
"tails™ 1In the mass peaks. It is not enough to simply
clip out these negative tails with say a diode or
something similar since this could reduce the height or
even obscure a small peak if it was close enough to be
caught in the tail of a large peak. For this reason a
special circuit is required to cancel out the tails of the
peaks and this section describes such a circuit.

The tail of the peak 1i1s to a good approximation
exponential. The principle of operation of the
compensation circuit 1is that i1t adds to the signal an
exponentially decaying pulse with the same height and time
constant as the tails of the peaks but of the opposite
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Figure 3.14
Overshoot compensation

polarity. Figure 3.14 above shows the progression of
events within the circuit. Part (@) shows the input
signal, consisting of two mass peaks Mi and M2 close to
each other such that the height of M2 is reduced by the
tail of MI, relative to zero volts. Part (b) shows the
internally generated compensation signal that the circuit
produces from the negative part of the input signal and
part (c¢) shows the summation of part (@ and part (b)
which is the correctly compensated signal, i.e. the height
of M2 is independent of the presence of Mi.

The circuit diagram is shown in figure 3.15 overleaf.
The section within the dashed box 1is the part that
generates the compensation signal. The rest of it is
simply the adder circuit ( IC4 adds the two signals and
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10k

Figure 3.15
Overshoot compensation circuit

inadvertently inverts them in the process so IC5
re-inverts them to the correct polarity for output to the
X-Y plotter ). The compensation signal generator works as
follows: IC1 serves a dual purpose, 1t inverts the
polarity of the i1nput signal and rectifies it so that only
the part of the original signal that was negative appears
at 1C2 but as a positive replica. The combination of IC2,
1C3, Ci and the diodes act as a peak hold amplifier and if
VR1 was not present would hold the value of the largest
input voltage that was applied to IC2, at the output of
IC3 indefinitely (assuming ideal components). Instead the
existence of VR1, adjusted so that the product of VR1
times Ci matches the time constant of the peak tails,
causes the output to decay exponentially once the input
voltage to IC2 has dropped from its maximum value. IT VR1
is adjusted correctly this decay should match the decay in
the 1input signal and since 1t is positive, when added to
the input signal will cancel out the peak tails.

IT during the decay another peak occurs, like 1in
figure 3.14, the 1i1nput to I1C2 will drop to zero but the
output of IC3 will still be positive and continue to decay
exponentially, so when added to the input signal will
"lift" the second peak M2 up to its correct position on
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the voltage scale. When the tail of M2 occurs, the
voltage at I1C2"s 1input will exceed the voltage at IC3~"s
output at which stage 1C2 will charge up Ci to the new
maximum input value and when this voltage starts to
decline again, IC3"s output will start to drop
exponentially as before.

It should be noted that while IC2 is charging up Ci,
the output of IC3 1is just a replica of the input, giving a
"dead time" after each peak, during which, the output Iis
held at zero volts. This 1is not a problem as long as the
"dead time" is over before the appearance of the next
peak.

Computer control

The simplest way to provide computer control for the
above circuits is to use a digital to analogue converter
(DAC) instead of the ramp generator to provide the DC ramp
voltage and to use an analogue to digital converter (ADC)
at the output of the averaging circuit to read the
averaged signal. This way by continually incrementing the
DAC, to provide the rising DC ramp voltage, and reading
the ADC after every increment the mass spectrum can be
stored Mas a series of numbers. This would make the
processing of the data, such as adjusting and comparing
peak heights a trivial matter. It would also allow the
data to be adjusted easily for any non-linearity in the
mass axis and so would permit the use of a wide range of
working parameters fTor the TOF +tube voltage, frequency
etc..

The circuit diagrams for a more detailed digital
system are given 1in appendix C. These circuits were
designhed for an experimental device and allow the computer
to control a wide variety of parameters such as TOF tube
AC amplitude,frequency & waveform, the number of samples
per point on the mass spectrum etc. and is thus far more
complicated than is needed on a working model as described
above.

Also contained in appendix C 1is an alternative
circuit for generating the trigger pulse, to the one given
in the previous section, which produces a mass spectrum
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with the mass scale linear with respect to time as opposed
to TOF tube voltage.

COMPUTER ALGORITHM

This section describes the algorithm behind the
computer programs used throughout the thesis, for drawing
the ion exit curves, comparing the calculated and
experimental breakthrough times etc.. The programs are
listed in Tfull in appendix D and are written in the high
level language "C". Some of the programs require quite a
substantial length of time to run ( a matter of days on a
PC ) and for this reason they were written on a very high
speed computer; the Acorn Archimedes 440 with a math
co-processor installed. Even so, longer programs like the
height adjustment factor program take jJust over 2.5 hours
to complete.

All the programs concerned, use the equations given
in chapter 2 for the velocity of an ion after
acceleration, V, and distance travelled by an 1on under
acceleration, S, namely;

V - «e " - t) - sin(ut.) - sin(uto) )

and

S = Uo(te-to) - £H (te2-to2) + *e|to(te_to)

keB f y - - keBsiniwto) .. . X

+ d M2 [c°s(a>te )-cos (uxto )] o ' to >

respectively, where k=+1 for an accelerating electric
field and k=-1 for a decelerating field. As a reminder, A
is the magnitude of the DC component of the tube voltage,
B is the peak AC amplitude, u is equal to twice pi times
the frequency of the AC voltage, e is the charge on the
electron, m iIs the mass of the ion, d iIs the separation
across the acceleration region and the time the ion enters
the electric TfTield is given by to. V and S may then be
calculated for any time te during the accelerating
process.

These two equations, along with the basic equations
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for straight line motion with constant acceleration, Tform
the basis of the computer programs. Everything else 1in
the programs, such as drawing graphics etc., including
differences between the programs are peripheral to the
simulation of the physical events undergone by the 1ions
and for this reason are not dealt with in this text.

The above two equations need to be solved
numerically. Figure 3.16 shows the algorithm used to
calculate the velocity of the ion entering the TOF tube.

Figure 3.16
Algorithm flow chart for acceleration of ions into the TOF tube
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The grid separation referred to in the Ffigure is simply
the distance across the acceleration region which in fact
in the actual spectrometer 1is the distance between the
first two lens elements. The calculating of the ions
velocity entering the tube 1is a very small part of the
algorithm (the last block before FINISH), the rest of the
algorithm is taken up in determing the value of te. The
problem, and the reason why an equation for S is needed at
all, is that the time the 1on takes to cross the
acceleration region (te-to) depends on the starting time
to, the 1initial ion velocity Uo and on all the parameters
of the tube voltage. Thus te depends on a lot of factors
and the most convenient way to calculate it is to use an
equation TfTor the distance covered by the 1ion while
accelerating, knowing that this should equal the grid
separation at the correct value of te.

The TFirst section of the algorithm, on the left hand
side of figure 3.16, calculates a "window"™ of time that te
should [Iie within, this window being necessary Iif the
bisection method is to be used to converge to a value for
te .

The bisection method is shown in the right hand side
of fTigure 3.16. A lower and higher limit on te, tL and tH
respectively are defined and te Is set to half way between
the two. S 1s calculated and compared with the actual
distance ((4.5mm in this case). IT the difference is not
below about 1 micron, this error being decided on after a
number of trial runs, then te IS revised. If S is larger
than 4.5 mm then te must lie somewhere between its present
value and tL, therefore the higher time limit tH Is set
equal to te and the new value of te 1Is again chosen half
way between tH and tL. The process 1is repeated a number
of times (about 10 on average) until S eventually
converges to a value within 1 micron of 4.5 mm. The value
of te at this stage can be considered as the true value
and it is then a simple matter of calculating V.

From the value of V, the time to travel the length of
the tube L, can be calculated from
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A similar algorithm is then applied for the
de-acceleration of the ion as it leaves the TOF tube, and
for the re-acceleration of the 1ion if it passes the
grounded grid. Once i1t passes the final grid the
acceleration towards the electron multiplier 1is again
determined by the variation on the TOF tube but to a
lesser extent because of the large bias on the front of
the multiplier, of -3kV.
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Chapter 4
MASS SPECTRA

In this chapter several mass spectra, from a working
model of the mass spectrometer, are presented. They
include spectra of the ambient air, and of known mixtures
of other gases. Before looking at these in detail, it is
necessary to clarify some of the terms used as well as
looking at the structure of air iIn order to identify the
different peaks in the spectra.

Resolution

The resolving power is a measure of the smallest
increment in mass that can be 1i1dentified in the mass
spectrometer output. By convention, this 1is defined 1in
terms of m/Am, where m i1s the mass of the observed peak
and Am 1s the amount by which the mass of another peak of
equal intensity must be smaller or larger iIn mass than the
observed peak in order that the height contribution of one
to the other becomes negligibly small. This 1is normally
accepted as the point where the valley between the two
peaks is 10% of the peak height i.e. h/H = 0.05 in figure
4.1 overleaf.

A measure of resolution may also be obtained from a
single peak i1f the shape 1i1s approximately Gaussian. The
mass difference Am, calculated above, 1is equal to the
width of a single Gaussian peak at 5% of its height and
equal to 2.08 times the Tull width at half maximum (FWHM).
IT Am remains constant over the mass range of the
spectrometer, the resolution may also be quoted as simply
Am atomic mass units.

When peaks have long "tails"™, extending much beyond
the nominal mass number, there may be considerable
addition or subtraction to the top of one peak from the
tail of another (figure 4.2). This can be a particular
problem in trace analysis where small peaks must be
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Intensity

/arbitrary\

VvV units / EWHM

i mass
Figure 4.1

Two mass peaks of equal intensity, seperated by Amatomic mass units

assertained in the presence of large ones and also in the
determination of low abundance isotopes adjacent to masses
of high abundance. The ability of a mass spectrometer to
handle such a problem 1is measured by the abundance
sensitivity whose magnitude 1is given by the ratio of peak
ion current at mass m to the ™"background current'” at
adjacent mass spectral positions nzl. The background
current 1is considered to be the absolute value of the
difference in height of a peak, at either mxl, due to the
presence of the peak at mass m.

Figure 4.2

Diagram showing the distortion of the height of a small peak
in the presence of a large peak close by
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For Quadrupole mass fTilters, transmission of the 1ion
beam through the Ffilter and resolution are complimentary
parameters. Typically a resolution of 100 at 100 amu (Am
= Jlamu) 1is achieved at a transmission of 10% with
resolution dropping to 35 at 100 amu (Am = 2.8 amu) for
transmission of 100% [6]- For a conventional
time-of-flight mass spectrometer the resolution is
dependant on the speed of response of circuitry rather
than on geometric factors. Present commercial instruments
have a resolution of around 300 with a mass range up to
1500 amu (Am = 5 amu) [6]-

Mass spectral patterns

The 1onisation source 1In most mass spectrometers
operates at an ionisation potential somewhat iIn excess of
what is needed for parent 1on TfTormation i.e. singly
charged replica of the ambient atoms or molecules. This
results in the appearance 1in the spectra of doubly,

triply, etc. charged ions in addition to the 1isotope
peaks. The array of peaks 1in thecompletespectrum of a
pure substance isreferred to as a cracking pattern. Peak

heights in a spectrum are usually normalised by taking the

largest peak in the spectrum, called the base peak, and

allotting it a height of 100 units. Part (@) of fTigure

4.3 overleaft shows the cracking patterns, in tabular form,

of the three most abundant elements 1in air (excluding

water vapour). Cracking patterns have three 1i1Important

properties:

(1) Every chemical compound has 1its own distinctive
cracking pattern or "fingerprint"

(2 Cracking patterns are constant as long as experimental
parameters are kept unchanged

(3 When two or more components are present at the same
time, each will produce its own cracking pattern and
the resultant spectrum is produced by simply adding the
components.

Therefore a Qlist of cracking patterns for different

compounds or compilations of compounds can be stored and

used to identify or remove the presence of particular

atoms or molecules from a mass spectrum.
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Element Percent by

Volume
Cracking patterns
n2 78.08
02 20.95
Ar 0.934
C02 0.033
3 / 1 w

Ne 1.8x10
He . m/e % abundance m/e % abundance m/e % abundance

5.2x164 13 0.01 12 0.12 14 6.85
CH4 2.0x10" 20 19.10 16 8.96 27 0.96
Kr 1140 > 36 0.36 28 3.40 28 100.00
ND 5_0x105 38 0.08 32 100.00 29 0.89

40 100.00 33 0.10

h?2 5.0x105 " 0.40
Xe 8.7X10-6
03 7.0x10n

(@ Components of atmospheric air (excluding water vapour)

100 * 1
Percentage
Abundance 90
80
70
60
50 H
40
30
20

10

O FT 11I1»T1j!| | «lz 1» ' | weT*Y*T | tMATTTPFmM | FBt A d T i1

10 20 30 40 50

Atomic Mass (amu)

(b) Expected mass spectrum of air (excluding water vapour)

Figure 4.3
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Electron impact phenomena

When electrons collide with neutral particles the
collisions may be elastic or inelastic. IT the electrons
are travelling at a low velocity, elastic collisions occur
with no change iIn the internal energy of the atom. IT the
velocity 1is 1increased, the collisions become inelastic
when excited species are produced. The excess energy
gained by the atom 1is eventually dissipated as radiation.
At even higher energies many configurational changes are
possible. At electron energies of 25-30eV, stripping of
two valence electrons becomes possible, producing doubly
charged ions and when the energy available becomes equal
to the dissociation energy iIn one of the i1on®s degrees of
freedom, fragment 1ons appear.

The typical components of atmospheric air are given
in part (@ of figure 4.3. The bar graph in part (b) is a
convenient way of showing the expected spectrum. A table
of the nuclidic masses and relative abundances of the
isotopes of the most common elements of air is given 1in
appendix A

Mass spectra

After examining what is to be expected for the mass
spectrum, it is now appropriate to look at some of the
recorded spectra.

Figure spectrum # 1 (page 57) shows the mass spectrum
obtained for residual air inside the vacuum system at a
pressure of Ix10-5 mbar. It shows all the major peaks as
expected; nitrogen, oxygen, etc., as well as a water vapor
peak. Fragment peaks of water vapor, OH, and single
oxygen and nitrogen are also distinctly visible. Argon
and a rather large carbon dioxide also appear and the
isotopes of N2 appear in approximately the correct
proportions at 27 and 29 amu. There are a number of small
peaks notably at atomic mass numbers 15,26,42 and »50
upwards which cannot be easily explained and are more than
likely due to pollution i1n the air, fragmented pump oil
contaminants, noise or a combination of these. The
following is a list of the additional spectra and what
they represent:
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spectrum # 2. .. _Helium & air

spectrum # 3.... Methane & air

spectrum # 4. .. _Argon & air

spectrum # 5. ...Nitrogen & air

spectrum # 6. ...90% Ar, 10% CH4g&air

spectrum # 7. ... Butane/Propane (domestic gas) & air

Each scan took approximately 20 seconds to record and
the N2 peak represents a signal voltage of approximately
3.5V (at a pressure of 3xl0~smbar). The mass scale on
these spectra are not Ulinear for reasons mentioned in
chapter 2, however it is possible to adjust the scale so
that the mass 1iIncrements are of equal length, by using a
computer, provided i1t can predict accurately when the mass
peaks are to be expected. The computer algorithm shown in
the previous chapter was written for this purpose and iIt"s
predictions along with the experimentally measured
breakthrough times are given 1iIn table 4.1 below. A
comparison shows that the computer can predict the timings
of the peaks down to at least 0.6% accuracy and indicates
that the computer model fits well with the actual

spectrometer.

Parameters: = 45.00 kHz, \£c = 300 \"p, Initial ion energy = 10 eV

Vdc= -50v \Vae=0v

Measured  Calculated  Measured  Calculated
Element  Mass No. time (US) time (US) time(JiS) time (MS)

N 14 14.2 14.22 15.15 15.16
ch3 15 14.3 14.37 1537 15.39
chi4 16 14.4 14.46 15-59 15.61
HP 18 14.79 14.73 16.07 16.04
Arz+ 20 15.05 15.05 16.47 16.44
n2 28 16.33 16.31 17.87 17.85
02 32 16.91 16.87 18.51 18.47
At 40 17.89 17.89 19.6 19.59
Table 4.1

Comparison between measured and calculated values of breakthrough times
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Spectrum# 1

The recorded mass spectrum of Air at IxI0 5Smbar
(inset: oscilloscope trace of same spectrum)
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Spectrum# 2
The mass spectrum of Helium & air at 3xl0'5mbar
(inset: oscilloscope trace of same spectrum)
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oscilloscope trace
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Spectrum # 3
The mass spectrum of Methane and air at 3xI0'5 mbar



Spectrum # 4

The mass spectrum of Argon and air at 3xI0‘s mbar
(inset: oscilloscope trace of same spectrum)
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Spectrum# 5
The mass spectrum of Nitrogen and air at 310* mbar
(inset: oscilloscope trace of same spectrum)
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Spectrum # 6
The mass spectrum 0f90% Ar, 10% CH4and air at 3.5x10'5 mbar
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Spectrum # 7
The mass spectrum of Butane/Propane and air at 3xI0*5mbar
(Calor Kosangas : C4H10/ C3H8)



Resolution and Abundance sensitivity of spectra

The +full width of the peaks at half maximum is 0.4
amu and seems generally independent of atomic mass. Thus
the resolution by definition ( atomic mass divided by 2.08
times the FWHM ) increases with atomic mass from a value
of 18.8 at 15 amu to a value of 50 at 40 amu which is more
than sufficient for residual gas analysis.

The abundance sensitivity can be examined as follows.
From the isolated peak of argon at 40 amu in spectrum # 4
it can be seen that the width of the base is approximately
1.2 amu across and it has quite distinctive edges. Since
the base extends +0.6 amu about its center position its
value at *1 amu can be considered as zero and so the
abundance sensitivity is infinite by definition.

As mentioned abovethe peaks have an almost
un-naturally sharp cut-off, especially on the right hand
side. This is because the actual spectrum signal drops
below zero on this side of the peaks, as can be seen 1iIn
oscilloscope trace, so the overshoot compensation circuit
cuts this off replacing what was a negative value with
zero and in this sense the abundance sensitivity is
artificially enhanced. There is also an associated "dead
time™ after a peak which 1is the time taken for the
negative overshoot to reach its maximum value (see chapter
3). During this time the compensation circuits output 1is
held at zero volts. The effect of this can be seen iIn
spectrum # 1 where the peak of the nitrogen 1isotope at 29
amu 1Us sharper than its 27 amu counterpart. What has
happened here 1is that part of the 29 amu peak has been
obscured while the negative overshoot of the 28 amu peak
was reaching maximum. This is not a problem as long as
the height of mass 29 is not adversely affected, otherwise
the abundance sensitivity could not be considered as
infinite.
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CONCLUSION

There is no doubt that the mass spectrometer
described in this thesis is well capable of resolving mass
peaks of as little as one atomic mass unit apart.
Although this was only tested with gases of atomic mass up
to 40 amu, there 1iIs no reason to suspect that it wouldn"t
work up as far as the required 100 amu, needed for
residual gas analysis. This can be demonstrated using the
computer model which in fact suggests that with
modification, length of tube, frequency of voltage etc.,
it could probably be used for a much larger range of
masses. The role of the computer model was not stressed
much in the text but it played a very important part at
the beginning of the research, most notably in the
discovery of 1ion bunching. The good agreement between
experimental and calculated values of breakthrough times
makes the model a reliable iIndicator of what to expect.

The construction of the spectrometer 1is very simple
and because of 1its very lax requirements on tolerances,
especially since any variation 1in one parameter can be
compensated with another (see figure 2.10, p.22), it could
be easily manufactured for a fraction of the cost of a
quadrupole of equal performance. However the quadrupole
is capable of operating with a Faraday cup at pressures in
the range 1074 to 10-7mbar, whereas an electron multiplier
is needed at all pressure ranges with the new
time-of-flight spectrometer and so takes away Tfrom this
advantage somewhat. The length of the spectrometer is
extended by approximately 150mm by the electron multiplier
to an overall length of approximately 450mm which is very
compact for a time-of-flight and compares favorably with a
typical quadrupole.

Possible problems could arise iIn the presence of very
heavy 1ons that take more than one cycle of the tube
frequency to travel down the tube, as discussed iIn the
text and such things as having to adjust peak heights by a
calibration Tfactor (HAF), having to shape the peaks to
compensate for overshoot and adjust the mass scale to make
it linear, are a little awkward. It should be noted that



the height adjustment Ffactor only corrects for the
abnormalities in the heights of peaks due to the
fundamental operation of the mass spectrometer and does
not include factors such as the 1initial divergence or
defocusing of the 1on beam (figure 3.3, p-.-32), the
efficiency of the 1ion source for different gases or the
detection efficiency of the electron multiplier for
different 1ion masses etc.. As there was no available
method for comparing the heights of peaks, it in not known
if these fTactors are significant and need to be included,
so the computer calculated peak heights, HAF etc. should
be taken with this in mind.

The fact that pulses of 1ions are being detected
rather than a continuous i1on beam make it necessary to use
high-frequency high-gain high- bandwidth amplifiers ( a
problem shared with conventional time-of-fFlight
spectrometers ). As a result the spectrum 1is noisy and
needs to be averaged electronically if all but the largest
peaks are to be observed. While this in 1i1tself does not
present much difficulty, 1t means that considerably more
expensive and elaborate circuitry is needed compared to
other mass spectrometers, the main competitor for residual
gas analysis being quadrupoles, which simply measure a dc
current.

Apart from the above problems, which are quite easily
overcome, the spectrometer functions very well and is a
definite competitor to the older types for residual gas
analysis, where its combination of low cost materials and
general simplicity make i1t a good choice.

Future Developments

As mentioned in the text, the potential for this mass
spectrometer could be greatly 1improved by the digital
control of 1i1ts components, such that it could be
controlled by a computer, where the necessary adjustments
such as peak height, mass scale and overshoot compensation
could be achieved with greater ease and a Ilot more
versatility. The automatic control of DC voltage, AC
amplitude, frequency etc., would also allow a computer to
adjust the parameters of the spectrometer to optimise



performance for a particular mass peak or range of mass
peaks. Improvements could also be made in the computer
model to include such things as the efficiency of the 1ion
source, electron multiplier, electrostatic lenses etc., as
mentioned above, so that a more accurate height adjustment
factor could be calculated to include all the relevant
variables.

There 1is a possible alternative to the one economic
drawback of this spectrometer, the electron multiplier /
high speed electronics and i1t is shown 1in the diagram
below. It consists of replacing the electron multiplier
tube with a Faraday cup and a grid G3. This grid can be
the same grid that 1is used at present to reduce field
penetration caused by the high voltage on the front end of
the electron multiplier ( see Tfigure 2.8, p.21 ), since
field penetration will not be a problem with this
configuration

Gate

TOF +iov—
tube G2

— 0V (or negative)
©->3 1
1 1
1 1
1 1
1 1
1
'"“collector
Fgure: future 1

Schematic diagram of a possible alternative to an electron multiplier detector

The 1idea is to apply a 10 to 20nS negative pulse to
G3 at a particular time during the tube cycle that is of
interest, while keeping the grid at +10V or greater at all
other times (initial ion energy = 10eV). Thus only the
ions that cross grid G2 at the time the pulse is applied
to G3 will go on to reach the Faraday cup. By using a
measuring device with a slow response compared to the
frequency of pulses on G3, an average current for that
point in the spectrum will be obtained. It is much easier



electronically, to measure the magnitude of what in effect
is a small dc current, than the present technique;
measuring the height of a 10 or 20nS pulse of current
(even if 1t 1is magnified by 106 times by an electron
multiplier).

A mass spectrum can be obtained by changing the
timing of the pulse with respect to the tube voltage,
similar to what 1is done electronically at present. The
pulse depth 1is a matter of convenience, although it must
at least equal the voltage on G2 ( OV ) if it is to allow
all 1i1ons passing G2 to cross 1iInto the detector. Very
sharp and accurate pulses can be obtained by using a
length of transmission Jline terminated with a short
circuit, the length determining the pulse width ( I0OnS per
meter) . The Faraday cup can be directly replaced with an
electron multiplier at very low pressures if necessary, to
increase sensitivity, similar to what is needed when using
a quadrupole or other types of mass spectrometers.
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APPENDIX A

atomic
overleaf
abundances of
mass spectra

Below
mass

is

is the periodic table of elements showing the

and number for each element. The table
a list of nuclidic masses and relative
isotopes, of the elements that occur in the

in chapter 4.
1.007€J_| Aomicmass | at

h i/T

1 atomic number

4.00260

IVa Va Via Vila

47.90 50.9414 51.9% 54.9380 55.847 58.9332

Ti V. Cr Mn Fe Co

22 23 24 25 26 27

H
Vb Vb VIb vob o

1061 12,0112 14.0067 15.9994 189984 20.179
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58.71 63346 6538 49.72 7239 74.9216 78.96 79.904 83.80

Ni Cu Zn Ga Ge As Se Br Kr
36

28 29 30 31 32 33 34 35

85.4678 87.62 88.9059 91.22 92.9064 95.94 98.9062 101.07 102906 1064 107.868 112.40 114.82 11869 121.75 127.60 126.905 131.30

Priad Ia
1.00797
H
1 | Ha
6.941 901218
2 Li Be
3 4
22.9898 24305
3 Na M .
1 jf Dia
39.098 40.08 44.9559
4 K a S
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5 Rb Sr Y
37 3B 39
132905 137.34 138.906
6 Cs Ba alLa
55 5« 57
(223) 226,025 (227)
7

The TfTollowing designations are conventional

[6]:

element X

Fr Ra iAc
87 89

140.12 140908 144.24

1Ce
(rare earths) 58

Lanthanides

i 232008 231 036 238.029 237.048 (244)

Th
9%

Actinides

Zr Nb Mo Tc Ru Rh Pd Affi Cd In Sn Sh Te | Xe
40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
178.49 180.948 183.85 186.2 190.2 19222 19509 196.967 200.59 20437 207.19 208.980 (210) (210) (222)
Hf Ta w Re Os 1+ Pt Au H* TI Pb Bi Po At Rn
72 73 74 75 76 77 78 79 80 N 82 83 84 85 86
(261) (260) (263)

104 105 106

(147)

Pr- Nd Pm Sm Eu

59 60 61 62 63 64

(243)
Pa

mass number

atomic number

(247)
No Pu Am Cm Bk a Es

91 92 93 94 95 %

1504 151.96 157.25 158.925 162.50 164930 167.26 168.934 173.04 174.97

Gd Tb py Ho Er

Tm Yb Lu

65 66 67 68 69 70 7

(47) (251) (54) (257) (258) (255) (256)
Fm Md No Lr
97 98 99 100 101 102 103

for a chemical

state of ionisation

.number of atoms in molecule



Below
which appear

is a table showing the elements,

in mass spectra presented

and their
in chapter 4

isotopes,

[16].

Table of elements and their isotopes, which appear in the mass spectrum of air

atomic
number number

Element

Hydrogen

Helium

Carbon

Nitrogen

1

7

w N

1
12
13
14
15
16

12
13
14
15
16
17
18
19

mass

percentage

natural

abundance

99.985%
0.015%

0.000138%
99.999862%

98.90%
1.10%

99.63%
0.37%

nuclidic
mass

1.007825
2.0140
3.01605

3.01603
4.00260
5.01222
6.018886
8.03392

9.031039
10.01686
11.01143
12.000000
13.003355
14.003241
15.010599
16.014701

12.018613
13.005738
14.003074
15.000108
16.006099
17.008450
18.014081
19.017040

half
life

atomic
mass

1.00797

12.26 yr
4.002603

0.808 s
0.122 s

12.0111
0.127 s
193 s
20.3 min

5730 yr
245 s
0.75 s

14.0067
0.011 s

9.97 min

7.13 s
4.17 s
0.63 s
042s

Continued overleaf.



continued

Element

Oxygen

Argon

atomic

number number

8

18

mass

13
14
15
16
17
18
19
20
21

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

percentage
natural
abundance

99.76%
0.04%
0.2%

0.337%

0.063%

99.60%

nuclidic
mass

13.02810

14.008595
15.003065
15.994915
16.999131
17.999160
19.003577
20.004075
21.008730

31.997660
32.989930
33.980269
34.975256
35.967545
36.966776
37.962732
38.964314
39.962384
40.964501
41.963050
42.965670
43.96365

44.968090
45.968090

half atomic
life mass

15.9994
0.009 s
70.6 s
122 s

26.9s
135 s
3.14 s

39.948
=0.1s
0.017 s
0.844 s
177 s

34.8 days

269 yr

1.83 hr
33 yr
5.4 min
11.9 min
21's
3.8s



APPENDIX B

The diagrams of a proposed vacuum chamber for the
mass spectrometer are shown below. It is intended that
the spectrometer be a self contained unit with all the
electrical connections being brought out at the back, such
that it could be attached to a vacuum system via a single
flange connection, like present commercial residual gas
analysers. It should then be a simple matter of
connecting the mass spectrometer to the vacuum chamber,
connecting the vacuum components via a single cable to the
electronics (all contained in one unit), to set up the
spectrometer.

The present layout of the spectrometer is shown Tfull
in figure B.3 on page 3. The 1ion source and electron
multiplier are drawn approximately to scale.

twist this section to
take up slack on wires

Figure B.1
Diagram of proposed vacuum mounting of the electron multiplier tube
showing the connections to both the time-of-flight tube and the ion source
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Figure B.2
Diagram of proposed vacuum chamber for time-of-flight tube and ion source



Figure B.3
Full diagram of the present mass spectrometer



Nmitli. o g -fiiljiuig

C
mr
i %
""""" L+ electron 17? ERT
TOF . - £v myltiplier
tube cjc tube
cii (EM642/3B) Signal
J ti 1=3
L
mmi*

gannm- | B UillHQ



APPENDIX C

Part 1
The TFirst part of this appendix deals with circuits
that were not given Ffully 1in chapter 3 for reasons of

clarity. The Tfirst of these circuits is a three stage
low-pass ‘"Butterworth™ active Tfilter, shown below in
figure C.I. it iIs a standard circuit, the details of

whose operation are given in most textbooks on electronics
and so It was not deemed necessary to show iIn detail 1iIn

Chapter 3. The figure iIn which 1t appeared was Tfigure
3.11.
From
Averager
~ i 330k
+ Filtered
OP-07 output
L 100nX

Figure C.I 5 Hz - 4 pole Butterworth low-pass filter

Also included here is the actual circuit for
overshoot compensation. The circuit shown in figure 3.15
differes slightly from the actual circuit in that the
compensation capacitor Cl and resistor VR1 are in fact
biased to a small positive voltage via 106, shown 1iIn a
dashed box in figure C.2 overleaf. This makes no
difference to the operation of the circuit as explained in
chapter 3, it simply allows for a constant DC component
that 1is 1inserted into the input signal by the leakage
current from the FET switch. The compensation circuit
will now be activated by an 1input signal below this

unwanted DC voltage (usually below I00mV) instead of zero
volts.



Figure C.3 on page 3 is the complete circuit of the
mass spectrometer, showing all but the circuitry that
controls the ion source. This circuit is of no importance

to the operation of the mass spectrometer except in
controlling the initial 1on energy.
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Figure C.3
The complete circuit of the mass spectrometer used to obtain results for this thesis



Part 2

The second part of this appendix concerns circuits
that were designed for the mass spectrometer but for
various reasons were never built.

The Ffirst of these is a programmable waveform
generator that requires direct access to an 8-bit data
line, a 1IMHz clock, a write line and 6 address lines. The
circuit, Tfigure C.4, 1is shown overleaf. It produces an
output waveform of any shape (programmable) at any
frequency between 5kHz and beyond 100kHz. It also
provides a trigger pulse whose position can be programmed
to any point in the waveform within 10nS. It will also
provide two auxiliary, Tfixed phase, trigger pulses if
needed. The waveform amplitude 1is also programmable in
256 steps.

The waveform generator works by having a high speed
digital to analog converter connected to RAM chips which
have the waveform stored within them. The memory address
of the RAM (2k, 16 bit) 1is clocked sequentially at 10MHz
so that the output stream of numbers is converted into an
analog equivalent. The waveform is written into the RAM
by the controlling computer by disabling the 10MHz
clocking signal and addressing the RAM via 2 of the 6
allocated computer addresses. The addresses and their
functions are given below.

ADO & ADI:

These are the addresses of the function generator memory

and also contain convenient ways of altering the

adjustable trigger pulse in 10nS steps.

ADO: D7 - 1i1ncrement trigger phase by 10nS (write 1 into
this line, it clears automatically).

D6 - direction of trigger phase increment (O:increase

ljdecrease).

Ds - load a preset phase delay into the trigger phase

adjustment counters.

D4 - not connected.

D3 - O:enable waveform output l:write to RAM.

D2 - RAM address 1o (RDio)

Di - RD9

Do - RDs



Figure C.4
Circuit diagram for a computer controlled function generator



ADI: D7 - RD?

D6 - RD6
Ds - RDs
D4 - RD4
D3 - RD3
D2 - RD2
Di - RDi
Do - RDo
AD2 & AD3;

These addresses are the way of writing the data into
the RAM. D7 to Do of AD2 hold the 8 most significant bits
of the RAM data and D7 to Do of AD3 hold the 8 Ileast
significant bits.

Note: since the digital to analog converter, which
the RAM supplies with numbers, is only 12-bit, only D7 to
Do of AD2 and D7 to D4 of AD3 are used to program in the
actual waveform i1.e. D3 to Do of AD3 do not contain data
for the converter instead they are used to control the
operation of the waveform generator. D3 is an iImportant
line with regard to the working of the generator. Because
the waveform data will more often than not use only a
small part of the 2k of memory a pulse 1is needed to tell
the circuit when the waveform data ends so that it can
reset the address of the memory and repeat the waveform.
This pulse is supplied by writing 1 into D3 when the final
waveform point 1is being written into the RAM and zero at
every other point. D2 is usually set to zero when writing
to the RAM. It is only set to 1 at the point 1in the
waveform where the user wants to define the point t=0 on
the waveform (usually at the very fTirst data point). The
signal from D2 1is sent to the programmable trigger
adjustment circuit and so phase zero is defined to be the
point iIn the waveform that this line goes high. It it
goes high twice or more during the waveform, two or more
trigger pulses are generated at the specified delays. Di
and Do are not 1important, they merely provide two extra
trigger pulses (for an oscilloscope etc.) which the phase
of which the user can set by writing 1 into these lines at
the appropriate part of the waveform.



AD4 :

This address sets the peak to peak amplitude of the
output waveform from O to 100 mV in steps of «0.4 mV.

AD5 & ADG6:

These two addresses allow the user to preset the
delay between t=0 on the waveform and the output of the
trigger pulse. The preset is loaded by writing 1 into Ds
of address ADO as mentioned above. The delay can be
adjusted between 0 and 9999, 10nS increments i.e. between
0 and 100;jiS. The delay 1is specified in BCD format as
follows:

AD5 Dv - MSB AD6 D? - MSB
De D6
Ds 1000°*s Ds 10°s
D4 LSB D4 LSB
D3 MSB D3 MSB
D2 D2
Di 100*s Di 1°S
Do - LSB Do - LSB

Figure C.5 overleaf shows another circuit which was
designed to replace the averaging circuit in chapter 3.
It is fully computer controlled and the spectrum data 1is
outputted in the Tform of an optional 12 or 8 bit binary
word. It requires an 8 bit data line, a 1MHz clock, a
read line, a write 1line and 4 address |lines. The
addresses are as follows:

AD7 :
Sets the number of samples per data point (minimum: 16,
maximum: 271).

ADS8:

Sets the gain of an analog amplifier (after averaging) so
that weak signals may be amplified to improve height
resolution when read off the ADC. The amplifier range Iis



Figure C.5
Circuit diagram for a computer controlled analog sampling and averaging circuit



Xl to X256. This was designed particularly for the
situation where only one small peak 1is being examined.
The 1input signal amplitude cannot exceed 5V peak, since
any larger voltage would damage the FET switches, so any
large peak in the spectrum would mean the small peak could
not cover the 1input range of the ADC and if i1t was 4096
times smaller than the large peak 1t would not be seen.
With the amplifier present this threshold drops to
1/1048576! The amplifier also allows the mass
spectrometer to give the same size peaks over a pressure
variation of 2.5 orders of magnitude.

AD9 & ADI10;
Location of the analog to digital converter and flags
connected with the conversion process.
AD9 I Holds the most significant 8 bits of the apc data
AD 10: bp7—
D6 Least significant 4 bits of ADC data
Ds (if ADC is set to 12 bit mode)
D4_
D3 - not connected
Dz -  end ofnulling / start conversion

=
I

end of sampling
Do - end of conversion / start conversion

*data line has a dual function (when written to it does
one thing and when read from it indicates another) .

The Jlast three data Jlines of AD10 are wused 1in
controlling the various analog processes that take place.
When 1 is written into D2 it causes the analog circuit to
automatically null itself ( trimming its output to =zero
volts fTor whatever voltage is present at the input at the
time of nulling) . This process takes approximately half a
second and when finished 1is indicated by D2going low.
Writing 1to Do starts the data collection process. It
sets Di and Do high, waits for a trigger pulse and samples
the 1nput for the pre-programmed number of samples (AD7).
When this is completed it sets Di low. The track and hold
amplifier is triggered and after a short delay to let it"s
output settle V/jS) the ADC starts converting. When this



is completed Do is set low. Note: writing to any other
data line has no effect.

The last circuit in this appendix, figure C.6, is not
connected with the above two but designed as a replacement
for the «circuit given in Tigure 3.12. Instead of
providing a trigger pulse that gives a mass spectrum with
a mass scale relative to the TOF tube voltage, it gives
the mass scale with respect to time. The advantage of
this 1is that phase delays in the various circuits are no
longer relevant.

10



Figure C.6
Circuit diagram for an alternative trigger generator circuit

with phase increasing linearly with respect to time

11
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APPENDIX D

The fTollowing is a listing of Tfive computer programs
which were used to calculate the results and present the
computer simulations used iIn this thesis. They were all
written in the high level language "C" and all written to
run on an Acorn Archimedes micro-computer.

All the programs below incorporate a Tile called
EXITTIME which 1is Tfundamental to the simulation of the
spectrometer. It is a special fTile called an include file
which 1is not a program in 1itself but is written as if it
was part of a main program. When a program is compiling
and calls an include fTile, the text of the include file 1is
simply placed in the program where it was called and the
whole thing is then complied together. EXITTIME contains
a subroutine which calculates the time an ion reaches the
detector ((f at all) when given the time the 1ion enters
into the mass spectrometer from the 1Hon source. Thus,
passing a value for time to this subroutine will return a
value for the time the 1i1on comes to rest, negative if It
doesn®"t reach the detector and positive if it does. The
include file EXITTIME 1is given overleaf:



Include file: exittime.h

requires a number of variables to be defined before it 1is
called in the main program. These are:

f == frequency of tube voltage

m == mass of ion (In amu)

ac == amplitude of the AC tube voltage
dc == the magnitude of the DC component
e0 == the initial i1on energy (in eV)

*********************************************************/

double exit_time(double);
double distance (int,double,double,double,float)
double velocity (int,double,double,double,float)

int dca;

double exit_time(time)
double time;
{
int adc;
float mas;
double tine/tO,tl/t2,tf,u,v/s/err;

mas=m*1.66057e-27;
v=u=pow( 2*10. 0*1.60219e-19/mas ,0.5);
tf=tO=time; s=0.0; adc=dca=dc;

for(tinc=1.0e-9;s<4 .5e-3 && v>0;tinc*=2.0)
tf+=tinc;

s=distance(l,t0,tf,u,4.5e-3);
v=velocity(l,t0,tf,u,4.5e-3);

X
if (v<0 && s<4.5e-3) tf=t0;

if(s>4.5e-3)

{ tlI=tf-tinc/2.0; t2=tf;
do
{
tf=(t1+t2)/2.0;
s=distance(l,t0,tf,u,4.5e-3);
err=fabs(s-4.5e-3);
if(s<4.5e-3) tl=tf; else t2=tf;
>
while(err>1.0e-6);
v=velocity(1/t0/tf,u,4.5e-3);
}

if(v>0) tf+=0.2545/v;

tO=tf; u=v; s=0.0;
for(tinc=1.0e-9;s<4.0e-3 && v>0;tinc*=2.0)

{



tf+=tinc;

s=distance( -1/t0/tf/UN_0e-S) ;
v=velocity(-1,t0,tf,u,4.0e-3);

if (v<O && s<4.0e-3) tf=t0;
iT(s>4.0e-3)

tlI=tf-tinc/2.0; t2=tf;
do

tf=(tl+t2)/2.0;
s=distance(-1,t0,tf,u,4.0e-3) ;
err=fabs(s-4.0e-3);
if(s<4.0e-3) tl=tf; else t2=tf;

}
while(err>1.0e-6);
v=velocity(-1,t0,tf,u,4.0e-3);

to=tf; u=v; s=0.0;
for(tinc=1.0e-9;s<3.5e-3 && v>0;tinc*=2.0)

tf+=tinc;
s=distance(1,t0,tf,u,3.5e-3);
v=velocity(1,t0,tf,u,3.5e-3);

if (v<0 && s<3.5e-3) tf=t0;

if(s>3.5e-3)

{ tl=tf-tinc/2.0; t2=tf;
do

tf=(t1+t2)/2.0;
s=distance(1/t0,tf,u,3.5e-3);
err=fabs(s-3.5e-3);
if(s<3.5e-3) tl=tf; else t2=tf;

%hile(err>l.0e-6);
v=velocity(l,t0,tf/u,3.5e-3);

tOo=tf; u=v; s=0.0;

if(v>0)

{ dca=2600-adc;
for(tinc=1.0e-9;s<l.0e-2;tine*=2)

tf+=tinc;
s=distance(-1/t0,tf,u,1.0e-2);
}

tlI=tf-tinc/2.0; t2=tf;
do

tf=(t1+t2)/2.0;
s=distance(-1,t0,tf,u,1.0e-2);



err=fabs(s-1.0e-2);
iIT(s<1.0e-2) tl=tf; else t2=tf;

¥
while(err>1.0e-6);
tf+=7.0e-8; /* EM tube & amplifier delay » 70nS */

}
i F(v<0) tf*=-1;

return tf;

double distance(dir,tl,t2,u,grid)
int dir;

double tl,t2,u;

float grid;

{
double s,wfmas;
w=2*3.14159265358*T;
mas=m*01.66057e-27;
s=u*(t2-tl)
-dir*1.60219e-19*dca*(t2*t2-tl*tl)/(2*grid*mas)
+dir*1.60219e-19*dca*tl*(t2-tl)/(grid*mas)
+dir*1.60219e-19*ac*(cos(w*t2)-cos(w*tl))
/(w*w*grid*mas)
+dir*1.60219e-19*ac*sin(w*tl)*(t2-tl)/(w*grid*mas);
return s;
}
double velocity(dir,tl,t2,u,grid)
int dir;
double tl,t2,u;
float grid;
{

double v,w,mas;
w=2*3.14159265358*F;
mas=m*1.66057e-27;

v=u
-dir*1.60219e-19*dca*(t2-tl)/ (grid*mas)
-dir*1.60219e-19*ac*(sin(w*t2)-sin(w*tl))
/(w*grid*mas);

return v;
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Program name: singraph

Plots the 1ion exit curves on screen after inputing
various parameters.

*************************************************/

¢include <stdio.h>
¢include <math.h>
¢include <Arthur.h>
¢include <float>
¢include <stdlib.h>

¢define e 1.60219e-19
edefine pi 3.14159265358
¢define e0 10

void setup(void);
double voltage(double);
int xcoor(float);
int ycoor(float);

int m,dc,ac;
long T;
float c;

¢include <exittime.h>

void main()
{ int ml,mlflag,z,mas[10],x,flag;
double tO0,tl;

mode (15);
colour(133);
clsQ);

tab(2,4);
printf(""What is the frequency (kHz)?");
scanft("%d" ,&T); f=1*1000;

tab(2,6);
printf("What is the bias voltage (V)?");
scanf('%d" ,&dc) ;

tab(2,8);
printf("What is the peak AC amplitude (V)?");
scanf("%d" ,&ac); abs(ac);

miflag=0; z=2;

do

{
tab(2,10);
printf(""What atomic mass lines do you ');
printf(""want displayed (amu)?');
scanf("%d:,&ml);



tab(53,10);

printf( ")
if(ml>0 && mlflag<l1l0)
{ mas[miflag]=ml;
miflag++;
tab(z,12);

printf(C'%d”,ml);
z+=2+1oglo(ml);
>

%hile(ml>0);
forX=mlflag;x<10;x++) mas[x]=0;
mlflag— ;

tab(2,14);
printf(""How many cycles do you want displayed?’);
scanf("%f",&c) ;

cursor(0);

setup();
for(flag=0;flag<=mlflag;flag++)

m=mas[flag];
do; while(inkey(-74));
for(t0=0.0;t0<=c/T;t0+=c/ (f*1268))
{

tl=exit_time(t0);

if(tl<0)

gcol (0,2);
th*=-1;

glse gcolfo/1);
plot(69,xcoor(tl),ycoor(voltage(0)));
system("*fx21,0");

if(inkey(-74)) break;

}

cursor();
printf(C'\n");

setup()

int uplimit,lolimit;
float tO;

mode (12);

gcol (0/128);
clg();
colour(6);
colour(128);
cls();

palette(8/ 16,50,50,50);
palette(9,16,100,100,150);



gcol(0,8);

move (1ll,ycoor(dc));
draw( 1279,ycoor(dc));
gcol(0,9);

move (0,ycoor (0));
draw(1279,ycoor () );

uplimit=(Cint)floor((dc+ac)/10)*10+10;
lolimit=(int)floor((dc-ac)/10)*10-10;
do
{ -
uplimit-=10 ;
move(5,ycooruplimit));
draw(15,ycoor(uplimit));

%hile(uplimit>lolimit);

move (10,0);

draw(10,1023);

gcol(0,7);

for(t0=0.0 ;t0<=c/TF;t0+=c/ (f*1268))

plot(69,xcoor(t0),ycoor(voltage(t0)));

>

double voltage(time)
double time;

{ double v;
v=dc+ac*cos(*pi*f*time);
return v;

>

int xcoor(time)

float time;

{ .
int Xx;
x=(int) (time*1268.0*f/c+11) ;
return Xx;

}

int ycoor(voltage)
float voltage;

int y;
y=(Cint) ((voltage-(dc-ac))*1023/(2*ac));
return y;



Program name: sinfile

Plots the ion exit curve into a file "graphdata™ in
subdirectory john, after inputing parameters from the
keyboard (also plots on the screen - similar to
“"singraph™). The file 'graphdata”™ may be imported
directly into GRAPHBOX for storage as a drawing.

a***************************************************/

¢include <stdio.h>
¢include <math.h>
¢include <Arthur.h>
¢include <float>
¢include <stdllb.h>

¢define e 1.60219e-19
edefine pi 3.14159265358
¢define eO 10

void setup(void);
double voltage(double);
int xcoor(float);
int ycoor(float);

int m,dc,ac;
long T;
float c;
FILE *fp;

e¢include <exittime.h>

void main()

{ int ml,mlflag,z,mas[10],x,flag;

double tO0,tl;
fp=Ffopen("$.john.graphdata"™,"w");

mode (15);
colour(133);
clsQ);

tab(2,4);
printf("'What is the frequency (kHz)?");
scanf('%d",&F); f=F*1000;

tab(2,6);
printf("'What is the bias voltage (V)?");
scanf("%d™ ,&dc);

tab(2,8);
printf(""What is the peak AC amplitude (V)?");
scanf('%d", &ac); abs(ac);

mlflag=0; z2=2;



tab(2,10);

printf(""What atomic mass lines do you ™);

printf("want displayed (amu)?");

scanf('%d:,&ml);

tab(53, 10);

printf(" ");

if(ml>0 && mlflag<l1l0)

{ mas[mlflag]=ml;
mlflag++;
tab(z,12);
printf('%d"”,ml);
z+=2+1oglo(ml);

}

%hile(ml>0);
for(x=mlflag;x<10;x++) mas[x]=0;
mliflag— ;

tab(2/14);
printf(""How many cycles do you want displayed?’);
scant('%f",&c);

cursor(0)J
setup();
for(flag=0;flag<=mlflag;flag++)
{ m=mas[flag];
do; while(inkey(-74));
Ffor(t0=0.0;t0<=c/F;t0+=c/ (f*1268))

tl=exit_time(t0);
i F(tl<0)

glse gcol (0,1);
plot(69,xcoor(tl),ycoor(voltage(t0)));
fprintf(fp,"%d,%d\n",xcoor(tl),
ycoor (voltage(t0)));
system(""*fx21,0");
i f(inkey(-74)) break;
}
>
cursor();
printf('\n");
fclose(fp);

setup()

int uplimit,lolimit;
float tO;

mode (12);



gcol(0,128);
clg(Q);
colour(6);
colour(128);

clsQ);

palette(8,16,50,50,50);
palette(9,16,100,100,150);

gcol(0,8);
move(1ll,ycoor({dc));
draw(1279,ycoor(dc));
gcol(0,9);

move (0,ycoor(0));
draw(1279,ycoor (0));

uplimit=(int)floor((dc+ac) /710)*10+10;
lolimit=Cint)floor((dc-ac)/10)*10-10;
do

uplimit-=10;
move(5,ycoor(uplimit));
draw(15,ycoor(uplimit));

%hile(uplimit>lolimit);

move (10,0);

draw(10,1023);

gcol (0,7);
For(t0=0.0;t0<=c/F;t0+=c/ (¥*1268))

plot(69,xcoor(t0),ycoor(voltage(t0)));

>

double voltage(time)
double time;

double v;
v=dc+ac*cos(2*pi*f*time);
return v;

>

int xcoor(time)
float time;

int x;
x=(int) (time*1268.0*f/c+11);
return Xx;

¥

int ycoor(voltage)
float voltage;

int y;

y=(int) ((voltage-(dc-ac))*1023/(2*ac));
return vy;
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/********************************************

Program

This program calculates the outline of the detected
into a data fTile called
a TfTormat that

current

""fTondata’

acceptab

*********************************************************/

¢include
¢include
¢include
¢include
¢include

edefine
eodefine
eodefine
eodefine
eodefine
eodefine

int abs(

name: peakgraph

and outputs the curve
', in subdirectory john,
le to GRAPHBOX.

in

<stdio.h>
<math.h>
<Arthur.h>
<float>
<stdlib.h>

e 1.60219e-19

pi 3.14159265358
e0 10

T 45000

dc -50

ac 150

int);

int xcoor(double);

int m;
¢include
void mai

{

int

<exittime.h>

nQ
ml,miflag,z,x,flag,mas[20],output[1001];

FILE *fp;
double tO,tl,tb;

mod
col

e(15);
our(133);

cls();

mlf
do

{

whi

lag=0; z=2;

tab(2,4);
printf(""What atomic mass lines do you
printf("want displayed (amu)?'");
scanf('%d: ,&ml);
tab(53,4);
printf(’ ";
if(ml>0 && mlflag<20)
{ mas[mlflag]=ml;
miflag++;
tab(z,6);
printf(%d” ,ml);
z+=2+1oglO(ml);

}
le(ml>0);

":

ER R i o b



clsQ);

for(x=mlflag;x<20;x++) mas[x]=0;
miflag— ;

for(x=0;x<=1000;x++) output[x]=0;

tab(0,0) ;printf('Mass = amu™);
tab(0,1) ;printf('tstart = usS'™);
tab(0,2);printf("%%time ='");
tab(0,3);;printf("tfinish = us'™);
tab(0,4);printf("tbreak = us'™);
for(flag=0;flag<=mlflag;flag++)
{ m=mas[flag];
tab(7/0) ;printf("%3d"/m) ;
do; while(inkey(-74));
Tfor(t0=0.0,tb=1.0/T;t0<=1.0/F;t0+=1.0e-9)
{
tab (10,1); printf (%2 31" ,t0*1eb);
tab(8,2);printfF("%3.1F",F*t0*100) ;
tl=exit_time(to);
if(tl<tb && tI>0) tb=tl;
tab(10,3); printf(%2.3f",tl1*1e6);
tab( 10,4);printfF(C'%2.3F",th*1e6);
if(inkey(-74)) break;
if(tl<0) continue;
ifT(xcoor(tl)>0 && xcoor(tl)<1000)
output[xcoor(tl)]++;
}
}
}
fp=fopen("$.john_iondata","w");
tab (0,6);

printf("Writing to file \"$_john.iondataV'");
Tfor(x=0 ;x<=1000 ;x++)

fprintf(fp, "%d,%d\n" ,x,output[x]);
fclose(fp);

printf(C'\n\n");
int xcoor(time)
double time;

int t;
float tl,tu; /** tu-tl == view window **/

tl=1.1e-5; tu=3.3e-5;



t=(int)((time-ti)*1000/(tu-ti));
return t;
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/ek'k-k-kir'k'k'k-k'k'k-k-k'k'kkiK'k'k'kic-k'k'kic'k'k'k'k-k'k-k-k-k'k'k'kirifk'k-k'klc-k'kic'k'k'klc'k-k'k'kic'k
Program name: HAFtable

Calculates the density of 1dons exiting the tube at
breakthrough by 1injecting ions of different mass every
InNS, over the period t=0 to t=3/4(tube period) and
counting the number of those that appear at the
breakthrough times. It writes this number (Y co-ordinate)
with the corresponding atomic mass (X co-ordinate) iInto a
file "HAFlist” in a format suitable for GRAPHBOX.

*********************************************************/

¢include <stdio.h>
¢include <math.h>
¢include <Arthur.h>
¢include <float>
¢include <stdlib.h>

odefine e 1.60219e-19
edefine pi 3.14159265358
odefine e0 10

odefine T 45000

edefine dc -150

edefine ac 50

int abs(int);
int xcoor(double);

int m;
e¢include <exittime.h>

void main()

{
int x,haf[100],output[1000];

FILE *fp;
double t0/tl;
fp=fopen("$.john_HAFlist" ,"w");

mode (15);
colour(133);
cls(Q);

/********** Star—t ca I cu I at i ons **********/
for(x=0;x<=100;x++) haf[x]=0;

tab(0,6);
printf("Writing to file \"$_john.HAFlist\"");

for(m=1 ;m<=100;m++)

{
printf(""\nmass = %d amu'/m);

for(x=0;x<=1000;x++)
output[x]=0;

}
for(t0=0.0;t0<=0.75/F;t0+=1 .0e-9)

14



¥

tl=exit_time(t0);
if(tl<0) continue;
if(xcoor(tl)>0 && xcoor(tl)<1000)

output[xcoor(tl)]++;
}

%or(xzo;x<:1000;x++)
if(haf[m]<output[x]) haf[m]=output][x];

>

fprintf(fp,"%d/%d\n""/m,haf[m]);

>
fclose(fp);
printf(C'\n\n");

int xcoor(time)
double time;

{

int t;
float tl,tu; /** tu-tl :== view window **/

tl=7.0e-6; tu=2.3e-5;

t=Cint) ((time-tl)*1000/ (tu-tl));
return t;
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/*********************************************************

Program name: Exptcomp

Calculates the breakthrough times for a preset list of
atomic masses and compares the calculated times with the
experimental times.

*********************************************************/

¢include <stdio.h>
¢include <math.h>
¢include <Arthur.h>
¢include <float>
¢include <stdlib.h>

eodefine ac 150
eodefine T 45000

int m,dc;

main()
{
int mflg,mls[15];
float brkt[15];
double ts,tsl,ts2/ts3,tf ,p;

mis[0]=14;mIs[1]=15;mlIs[2]=16;mlIs[3]=18;
mis[4]=20;mIs[5]=28;mlIs[6]=32;mIs[7]=40;

mis[8]=14;mIs[9]=15;mIs[10]=16;mliIs[11]=18;
mIs[12]=20;mIs[13]=28;mIs[14]=32;mlIs[15]=40;

brkt[0]=14.2;brkt[1]=14.3;brkt[2]=14 .4;
brkt[3]=14.79;brkt[4]=15.15;brkt[5]=16 .33;
brkt[6]=16.91;brkt[7]=17.89;

brkt[8]=15.15 ;brkt[9]=15.37;brkt[10] =15 .59;
brkt[11]=16.07; brkt[12] =16.47;brkt[13] =17.87 ;
brkt[14] =18.51; brkt[15] =19.6;

for(mFlg=0;mflg<=15;mFlg++)

if(mflg<=7) dc=-50; else dc=0;
m=mIs[mflg];
p=2.0/f+0.5;
for(ts=0.0;ts<=1/(f*2.0)+0.5e-6;ts+=1.0e-7)
{ tf=exit_time(ts);

if(tf<=0) continue;

if(p>tf) { p=tf; tsl=ts; }
}

ts2=tsl;

for(ts=tsl-1_.0e-7;ts<=tsl+1_0e-7;ts+=1.0e-8)
{

tf=exit_time(ts);

if(tf<=0) continue;

if(p>tf) { p=tf; ts2=ts; }

16



ts3=ts2;

for(ts=ts2-1.0e-8;ts<=ts2+1 .0e-8;ts+=1.0e-9)
{ tf=exit_time(ts);

if(tf<=0) continue;

if(p>tf) { p=tf; ts3=ts; }

%f(mflg::O) printf("'\n\nDC component = -50V');
if(mflg==8) printf('\n\nDC component = 0V'");
if(mflg==0 || mflg== Il mflg==2 || mflg==15)

printf('\nMass = %3d amu'/m);
printf(" Texpt %3.1F uS",brkt[mflg]);
printf(" Tcalc %3.2F uS",(p+5.0e-9)*1eb6);

>

else

{ printf("NnMass = %3d amu',m);
printf(" Texpt = %3.2F uS",brkt[mflg]);
printf(" Tcalc = %3.2F uS"/(p+5.0e-9)*1eb6);
printf(" ( %¥3.0F nS )", ((pt5.0e-9)*1.0e6

-brkt[mflg])*1.0e3);
)
printf(C'\n\n");
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APPENDIX E

The transformer used in the time-of-flight tube
driver was specially wound and this appendix outlines its
electrical equivalent circuit. Several computer programs
were written to simulate its response at various
frequencies.

In general, a transformer can be represented
electrically by the following circuit [15]:

Figure E.1  Electrical equivalent circuit of a transformer

where
Ic is the core loss current, representing power
dissipated in hysteresis and eddy current loss. Ic
is in phase with voltage Vp so that the product is
power .

Rp Is the resistance accounting for the power loss.

Imn is the magnetising current. It is this current that
establishes the magnetic TfTlux. It lags the voltage
by 90° and 1is iIn phase with the magnetic Tflux which
it produces.

Lp is the 1inductance accounting for energy storage in
the magnetic TfTield.

Rs is the resistance, including the effects of both
windings, that accounts for power loss in the
resistance of windings due to the presence of Is.

Ls 1is the 1Inductance representing energy stored 1in
leakage Tields, 1.e. magnetic flux lines set up 1in
the secondary due to Is that do not intersect the
primary coil due to the non-ideal shape of the
magnhetic core.

a is the ratio of the secondary voltage Vs, to the



primary voltage VP/ with the secondary unloaded.

By leaving the secondary unloaded (open circuit test)
the primary current is simply the excitation current of
the transformer, 1i.e. 1Ic + jIlm, and from measuring its
magnitude and phase relative to the applied voltage Vp, Rp
and LP may be determined.

Connecting zero ohms across the secondary terminals
(short circuit test) and 1increasing the primary voltage
until the rated secondary current 1is reached will allow
the values Rs and Ls to be determined, by observing the
magnitude and phase of the secondary current with respect
to "a" times the primary voltage.

The equivalent of the mass spectrometer®s transformer
is shown below

RF Transformer

0.0 67 150ft  2mH
MAN—w ru WAr-'V A"
Primary  440|iH 4.20F—— XE.TSxXVA == WpF | Secondary

Figure E.2  Mass spectrometer radio-frequency transformer

The 14pF across the secondary represents the capacitance
between the windings in the secondary which 1looks like
4_2nF at the primary (@=17.25) and was found by observing
the frequency at which the primary circuit resonates with
the secondary unloaded. RP was so large relative to the
impedance of Lp that It was immeasurable.

Figure E.3 overleaf shows the equivalent circuit of
the primary with the secondary Jloaded with a 300pF
capacitor (the TOF tube) in parallel with a 2.5/ resistor
(the oscilloscope probe).

; =  Ri+ w6Li (F+wLi ) - uGFLi L <J&Li + uFLi (F+wLi)
Gz+ (F+wLi)2 J G2+ (F+uLi )2

where



G = R2¥ ————— " ——— and’ E = <ﬁ2 _ R&g>C 1
(R3GCi)2+ 1 (RawCi )2+ 1

This equation was used in a computer to calculate,
among other things, the phase of Vs with respect to Vp for
different frequencies, because it was originally proposed
to use the transformer iIn a negative feedback loop so that
its output voltage could be set accurately by computer
control and be in phase with a computer generated
reference signal.

Figure E.4 overleaf shows the experimental and
computer calculated response curves for the transformer
and demonstrates the accuracy of the model.

05X 0.6ft 67
-\VVW-0- oYV vt
R. ’
1, r3
o - o 0
© 4 I00F

Figure E3  Electrical equivalent circuit of primary with a 300pF|[2.5MQ
load on the secondary
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Figure E4 Calculated and measured response curves
for the RF transformer



APPENDIX F

Figure F.l1 below is a computer simulation of the exit
curve of an 1ion of mass 100 amu, as shown previously in
figure 2.11. As mentioned iIn chapter 2, the detected ion
current can be obtained from the slope of the ion exit

curve and in this appendix the relationship between the
two is examined.

3Q time (RS
TOF
tube
voltage
-200 exit-curve tube voltage

Frie = 45kHz , Lme=25cm

Figure F.1 Computer simulation of thé exit-curve for 100 amu

Consider a small 1increment in time Atex, shown in the
figure, TfTrom which the slope is to be determined, via;
Liope = ~4lex eV st
Now, the 1ion current during the time Atex is simply the
number of i1ons entering the tube with an energy within the
range AE divided by Atex i.e.

N (AE)
1 I ons
exit Atex
The number of ions with an energy within the range AE is
the number that entered during the time Atin. The slope

of the co-sinusoidal curve is

W _AE -i
= — ~ ev s
cos Atin



AE

Atin — M

Assuming that the 1ion 1iInput 1is constant, the number of

ions entering the tube is simply proportional to Atin,
i.e.

Nions (AE) = keAtin
k-M
slope
N M AE M Ate
k_Mslope
exit M

Taking the limit where Atex, AE and Atin tend toward zero,
this equation becomes

| _ Mslope

. = |,
exit in _
—UB—SIn(\L/J)t In)

where the AC component of the tube voltage is given by
B-cos(o)t) and tin is the time at which the 1ion has to
enter the mass spectrometer in order to exit at the point
in the exit curve, for which Iexit is bein% calculated.
The modulus is taken because the sign of the equation has

no meaning; Iexit is the number of coulombs of charge

being detected per second (@ coulomb = 6.24x1018 singly

charged 1ions) and it makes no sense to detect a negative
number of ions.



