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I. INTRODUCTION

The ionization of gases due to interactions of low
energy electrons with atoms or molecules has been studied for
many years. In these "ionization efficiency" studies the
procedure is to measure ion intensity of a specific ionic
species at varying eleciron energies while the pressure and
ionizing current are held constant. Field and Franklin (1)
have reviewed the early applications of mass spectrometry to
studies of the ionization of gases by electron bombardment.
However, several similar books (2, 3, 4) have been published
recently which include new techniques, developments, and
. theories of ionization. The IIIrd International Conference
on the Physics of Electronic and Atomic Collisions resulted
in a recently published book, Atomic Collisions (5), edited
by McDowell, which presents detailed coverage of work dealing
with most aspects of electron and atom or molecule inter-
actions. Besides ionization processes, excitation and
scattering processes are included.

Bach of the above references contains comprehensive
reviews of the historicél development of electron bombardment
technology and its application to ionization studies. There-
fore, much of the initial work which lead to the present
state of this field need not be discussed here.

All of the above general references indicate the diver-
sified applications of ionization efficiency studies. MMost

of these studies were made using the mass spectrometer



because it permits accurate identification of the ion under
investigation. In the last two decades many improvements in
ionization efficiency studies have been realizedf Most of
these improvements were in the instrumentation of mass
spectrometers, especially that which is used for controlling
the electron beam and reading the ion current intensities.
Some of these improvements and their effects will be dis-
cussed below.

The results of ionization efficiency studies have al-
ready furnished a wealth of thermodymamic data for physicists
and chemists, however, these data would be more accurate, and
more information could be obtained from them if the ionization
processes in the ion source were better understood. Only in

the last few years have any significant analytical techniques

been applied to ionization efficiency data. Previously, rare
gases were used to calibrate each ionization efficiency

curve. In this work it will be shown that the instrument

can first be calibrated by using the rare gases and then
appearance potentials can be obtained at various conditions
without the further use of a calibrating gas.

Ionization efficiency data that are obtained by use of
a retarding potential in the electron beam will be analyzed
in detail. An attempt will be made to demonstrate that the

retarding-potential-difference method gives only slightly

better results than an appropriate analytical treatment;



Before presenting the exact techniques used for trying
to establish the above ideas, it will be advantageous to
explain in detail ionigzation efficiency curves, and factors
which affect their accuracy. Actual experimental verifica-
tion of how some of these factors influence the ionization

efficiency data will be presented later.
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IT. IONIZATION EFFICIENCY CURVES

A. General Characteristics

If the measures of the ion eurrent intensity of a
specific ionic species are plotted against the energy of the
bombarding'electrons, a curve is obtained which is normally
termed the ionization efficiency curve for that ionic species.
A typical ionization efficiency curve for Xe™ is shown in
Fig. 1. Several important characteristics of this curve
which also occur in the ionization efficiency curves of maﬁy
other ionic species are described below. These characteris-
tics are also cited by Field and Franklin (1).

l. An initial rapid increase of the slope of the curve
may be observed over the first 0.5 to 3.0 volt
range above the ionization onset. This is commonly
referred to as the tail of the curve and it is this
tail that can greatly reduce the accuracy and pre-
cision of much ionization efficiency work.

2. The following portion of the curve has a steep but
nearly constant slope over a range of from 1 to
10 volts above onset. Since this part of the curve
is often linearly extrapolated to zero ion current
in ordef to obtain the ion appearance potential, it

is frequently referred to as the linear part of the

curve.
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Pig. 1. Typical ionization efficiency curve for xe®.




3en If'the ionization efficiency curve is investigated
over a large enough voltage range, an absolute
maximum is usually observed.

4. After reaching this maximum, the slope of the curve
usually décreases.much more slowly than it increased
prior to reaching the maximum.

5. In addition to the characteristics described above,
other details are often observed. For example,
several near-linear areas, breaks or relative maxima
ofteﬁ appear, depending upon the instrument that is
used and the type of ion that is investigated. It
will be shown later that all of the above character-
istics are dependent upon both the physical proper-
ties of the electrém beam and the instrumental
conditions. In fact, apparent relative maxima and
inflection points have been observedl by using in-
correctly aligned source magnets (2, p. 428, 6a, 6b).

B. Physical Properties Effecting
Ionization Efficiency Curves
Since the ionization efficiency curve is dependent upon
the energy of the bombarding electrons, the distribution of
energies within the electron beam is of primary concern. It
has been'commonly accepted that the major portion of the

initial tail or curvature of an ionization efficiency curve

1G. Junk, Iowa State University, Ames, Iowa, Informatlon
on electron beams, private communication, 1965.



is due to the spread of energies that occurs in the electron
beam emitted from a hot filament. If dNe represents. the
number of electrons emitted per unit volume with energies

between U and U + dU, the energy distribution for the elec-

trons within the entire electron beam is (7);
| _ €40 |
dNe=ﬂ—l‘§§£ KT 4U L
h

the mass of the electron

where;

the area of the emitting surface
= the temperature of the-emitter

the work function of the emitter

m
A
T
¢
h = Planck's constant .

k = Boltzmann's constant.

The above distribution is not the same as a true Maxwellian
distribution which is shown below for the velocity components,

v, of the electrons in the beam;

¢+mv2

_ 4rmAve - -
dNe = = 2kT dv 2

Thus the eleétron energy distribution is termed a pseudo-
Maxwellian distribution rather than a Maxwellian distribution.
Eqg. 1 was used in calculating the energy distribution

of electrons emitted from a 0.001 inch x 0.025 inch tungsten
ribbon af several temperatures. For these calculations Ne

was set equal to the number of electrons emitted with energies
from 9 to a, and Ntot was set equal to the total number of

electrons emitted. The percentage of electrons having



energies between 0 and a is then given by;

N, = Nia— x 100, 3
tot
where;
\ a _ U+¢
_ 4TmAU kT
N, = h3 e du 4
0
) _ U
ATTmAU - kT
Niot = 3 e du. 5
0

Solution of Eq. 5 gives Richardson's (8) equation for total

emission,
-2
_ 4mhe T KT 2
Niot = ——h3 (xT) 6

Curves of the energy distribution for several tempera-
tures in the range 2240°k to 24209k, plotted at 200 intervals
are shown in Fig. 2. Chart l-a lists typical results for a
single temperature. It can be shown that the average energy
of the electrons in a given direction is kT. These average
energies are also indicated on the curves in Fig. 2 by
vertical lines. Note that the average energy is very nearly
equal to the most probable energy, and this average increas-
es only slightly at higher temperatures. Chart 1-b lists
the total emission current, number of emitted electrons and
average energy for each temperature. The calculations were

made using an IBM-T7074 computer which was also equipped with
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Filament No. of Electrons Total Emission Average
Temperature Total Emission Current, MA Energy, eV
2200.00°K 0.26647E 16 0.42423E 00 0.1895
2210.00 0.29761F 16 0.47382% 00 0.1944
2220.00 0.33208E 16 0.52870E 00 0.1912
2230.00 0.37020E 16 0.58938E 00 0.1921
2240.00 0.41230E 16 0.65641E 00 0.1929
2250.00 O.45877E‘l6 0.73039E 00 0.1938
2260.00 0.51002E 16 0.81198E 00 0.1947
2270.00 0.56648E 16 0.90187E 00 0.1955
2280.00 0.62864E 16 0.10008E 01 0.1964
2290.00 0.69702E 16 0.11097E 01 0.1922
2300.00 0.77216E 16 0.12293E 01 0.1931
2310.00 0.85469E 16 0.13607E 01 0.1989
2320.00 0.94523E 16 0.15049E 01 0.1999
2330.00 0.10445E 17 0.16629E 01 0.2007
2340.00 0.11533E 17 0.18361E 01 0.2016
2350.00 0.12723E 17 0.20256E 01 0.2024
2360.00 0.14026E 17 0.22330E 01 0.2033
2370.00 0.15449E 17 0.24596E 01 0.2041
2380.00 0.17004E 17 70.27071E o1 0.2050
2390.00 0.18701E 17 0.29773E 01 0.2059

Chart l-b.

Blectron emission at several temperatures.
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a 1401 readout system. The 1401 computer was coordinated
with a mechanical plotter which was incremented to 0.0l inch.

The cause of the tailing of ionization efficiency curves
is evident from the data listed in Chart l-a. More than 40
percent of the electron beam consists of electrons whose
thermal energy is greater than the average thermal energy.
Since this energy distribution extends to infinity as a limit,
theoretically one should be able to observe the formation of
ions even when the electron accelerating voltage is at zero,
if a sensitive enough ion detection system is used.

The accuracy of the above calculations depends upon how
accurately Eq. 1 describes the situation involved in electron
emission by a hot metal. Several assumptions are necessary
to derive this energy distribution law which is based upon
statistical—fhermodynamics. Since this derivation is not
rigorously covered in recent literature, it is given in -
Appendix I. For a more detailed discussion of electron
emission theory the reader is referred to Fowler and Guggen-
heim (9) and the original works listed therein (10, 1la, 11b).

The major assumptions necessary for the derivation are
discussed here briefly.

1. The electron gas surrounding the emitter is assumed
to be in equilibrium with the electrons in the
emitter.

2. The electrons within the electron gas are assumed to

follow a Maxwell-Boltzmann momentum distribution.
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3. The electron specific heat is ignored.

4. The space charge caused by the electron gas cloud
near the filament is also ignored. The nature of
space charge and its effect upon electron emission
is discussed more fully in Harman (12, p. 128) and
Ryder (13, p. 116).

5. The external potential fields used for withdrawing
the electrons are disregarded. The effect of
penetrations of these external electric fields to
the filament (Schottky effect) can change the result-
int characteristics of the total energy barrier
which the electrons encounter after leaving the
emitter surface. A more detailed account of the
Schottky effect is found in Ryder (13, p. 97) and
Heemstra (14, p. 7).

6. The filament surface is assumed to be pure and uni-
form with a constant work function. Becker (15)
described in detail the proper interpretation of
the fterm "work function" and its dependence upon
temperature, external electric fields, and the
condition of the emitting surface.

7. Other substances within the vacuum system are ignor-
ed.

Many of the above assumptions do not introduce signifi—

cant errors in the results although neglecting space charge

and the "effective work function" may result in small errors.
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It is important to recognize that this energy distribution
function is not necessarily the same as that for the electrons
which finally pass through the ionizing region of an ion
source (16, 17).

Both the effective work function and the space charge
surrounding the emitter depend upon the electron accelerat-
ing voltage, as does the focus of the electron beam on the
collecting electrode, commonly designated as the "trap".
The}emitter temperature can be held constant by regulating
the current which passes through the filament. Schottky
and space charge effects can be held constant by maintaining
a constant potential near the filament and applying the
electron accelerating voltage oniy after the electron beanm
has been collimated.

During a qualitative test of the emission regulator cir-
cuit using the above conditions, several relative maxima and
minima were observed in the trap current as the electron
accelerating voltage was changed. TFlesch and Svec (18)
also observed this, as shown in Fig. 3, and invgstigated it
in greater detail. They applied the general equation of
motion for an electron within a magnetically confined beam,
(19) and found that the relative maxima corresponded to
integral numbers of helical revolutions of the electrons
within the ion box. Furthermore, the relative maxima of
the ion box current vs electron accelerating voltage, corres—

ponded to the relative minima observed in the trap current.
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These studies strongly emphasize the fact that trap current
is not a true measure of the actual number of electrons which
can cause lonization within the ion box.

Electrons in the emitted electron beam can also have
velocity components perpendicular to the desired direction
of propagatiop. Cloutier (20) has determined these trans-
verse velocity effects and he has described a method reduc~
ing their effect. Fox and Hickam (21) have also discussed
transverse velocities of electrons. They concluded
empirically that the effects of transverse velocities were
negligible in their ionization efficiency studies.

The existence of numerous excited electronic, vibra-
tional and rotational energy levels produces greater curva-
ture and tailing effects in ionization efficiency curves
than does any other physical factor. TFor complex fragments
and lonization processes, this effect is usually more promi-
nent than the effect of electron thermal energy. This is also
the aspect of lonization efficiency studies which is the most
difficult to understand and ascertain. A detailed discussion
of the problems attending this will be given later.

In high intensity electron beams the electrons in the
beam will diverge slightly due to space charge effects. TFor
magnetically confined beams, this spreading is directly
dependent upon the electron current and accelerating voltage,
and inversely dependent upon the squares of the magnetic

flux and initial electron beam diameter (22). Even at gas
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6 Torr or lower, it has been found

sample pressures of 10~
that the positive ions which are found in the electron beam
cause a reduction in space charge dispersion (22, p. 164)..
Thus, for a mass spectrometer ion source where pressures
approach lO"5 Torr and magnetic collimation fields are used
to define the electron beam, the space charge spreading

will be small and the contribution of space charge spreading
to the energy distribution of the electrons will be negli-
gible. Previous workers have used electron currents to the
trap of less than 10 microamperes to obviate space charge
effects. The present work was carried out using electron
trap currents ranging from 3 to 25 microamperes with the
assumption thét‘possible energy spread caused by space
chargé spreading was negligible. It should be clarified,

however, that although space charge spreading does not in-

fluence the electron energy distribution, space charge does

affect the actual energy of the entire electron beam. Within

an ion source, high electron currents reduce the potential
gradients near the electron beam. Because of this, the
actual potential through which the electron beam passes, is
dependent upon the intensity of the electron beam. In this
way the energy of the electrons is also dependent upon the
electron current intensity. The present work considers this
effect in an attempt to calibrate the instrument for ioniza-

tion efficiency studies.
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The space charge of the ion beam can also become signifi-
cant if.an intense ion beam ( 1O~9A) of low momentum is used,
and if the iorn beam must traverse a long path; after which it
is collected usiﬁg a small collector slit. During ionization
efficiency studies using those conditions, the ion beam space
charge decreases in proportion to the ion beam intensity.
Since fhe ion beam intensity is dependent directly upon the
electron accelerating voltage, a general positive curvature
of the entire ionization efficiency curve will occur.
..Similar effects can be produced by poor focussing, excess
ion kinetic energy, poor resolution, or instrumental insta-
bilities..

Taubert (23) has shown that when ions are formed with

excess kinetic energy, the ion beam is appreciably broadened

after it has passed through the magnetic field. If the
excess kinetic energy 1s not linearly dependent upon the
electron energy, slight curvature or significant irregular-
ities will be observed in the ionization efficiency curve.
In fact, results shown later in this thesis indicate that
processes involving excess kinetic energy may occur with
ionigzation efficiency laws which are different from the law

for the major portion of the ionization efficiency curve.

C. Instrumental Factors
Within any ion source, there always exist potential

gradients of several types. Elbert (24) constructed a large
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scale model of the ion source used in this work from 1/8 inch
and 1/4 inch brass plates in order to experimentally measure
these field gradients. This model ion source was placed
into a large glass tray and partly immersed in distilled
water. Low voltages, which were proportional to the actual
ion source potentials‘were.applied to the various plates.
It was assumed that the potential gradients which were thus
created throughout the distilled water within the model ion
source, were similar to the potehtial gradients present in
an actual ion source. The low voltage divider circuit
which was designed to sup@ly and control the plate voltages
is shown in Fig. 4. |

An accurate drawing of the model ion source was made on
tracing paper and placed in juxta position to the model. The
main axes of the model and the drawing were made parallel and
the other axes were made to coincide. A pantograph was
mounted in a fixed position so that when one of its contacts
was placed at a given point within the model, the other con-
tact was at the corresponding point on the drawing of the
model. The'céntacts were made of thin but rigid wire which
could be partly immersed in the distilled water within the
model.

Lead 1 of an electrometer (Model 600A Rlectrometer Keith-
ley Instruments Incorporated, Cleveland, Ohio) was attached
to the pantograph contact which was positioned in the model.

Lead 2 of the electrometer was placed at a fixed position
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within the model ion source. For each fixed position of
electrometer lead 2, a null on the electrometer was found by
moving electrometer lead 1 through the water in the model ion
source with the pantograph contact. This null indicated that
both of the eiectrometer leads wére at the same potential.
The other pantogfaph contact indicated this null point at the
corresﬁonding point on the drawing, hence the point was mark-
ed. An equipotential line was established on the drawing by,
determining many similar null points for a‘fixed position of
electrometer lead 2. Placing electrometer lead 2 in a new
position and thus at a different potential, permitted a
different equipotential line to be found. Fig. 5 illustrates
the resulfts of measurements which were made by Elbert. The
results of similar tests with different potentiais and
positions for the various ion plates were used in designing
the ion source for the present work.

In a conventional ion source, the penetrations of fila-

ment potential fields can become significant if large aper-

tures are used to admit the electron beam into the ionizing
region. Field penetrations from the filament potential are
directly dependent upon the electron accelerating voltage,
hence the effect upon ionization efficiency tailing can also
become significant. Reduction of this effect can be accom-
plished by increasing the distance from the filament to the
ion box. This is preferably done by inserting electron

collimating plates between the filament and the ion box. TUse
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of small apertures for transmitting the electron beam is also
desirable.

A similar effect will be encountered near the electron
trap when high trap voltages are used. Here the effect can
be reduced by increasing the distance from trap to ion box
and by using lower trap potentials. The effect of these
field penetrations are usually negligible because they remain
constant throughout most ionization efficiency experiments.

The primary source of instrumental errors is due to
field gradients which are necessary to remove the ions. Even
when the field penetrations of the filament and trap are
eliminated, the repeller or drawing out electrodes set up
field gradients which affect the ionization efficiency data.
The effect of these potential gradients can best be explained
by reference to Fig. 5 in which the dashed lines represents
the extent of the electron beam in the ion box. The ions
formed near A are at a greater potential energy than those
formed near B. Thus the electrons which cause ionization in
the proximity of A have a greater energy than the electrons
which cause ionization near B. TFor a particular ion source
this energy spread depends upon the widtn of the electron
beam, the strength of the collimating magnetic field, and
the potential difference between the repeller and the
shield. Robertson (25) has calculated that this effect con-
tributes less than 0.11 V to the energy spread of an electron

beam in a typical ion source. The effect is minimized by
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using low repeller or drawing out potentials and strong
collimating magnetic fields.

It is important to note that the electron energy is
usually determined by measuring the potential difference be-
tween the filament and the shield. TFig. 5 shows that because
of the potential gradients induced by the repeller, the
electron beam is actually accelerated to & potential greater
than the shield potential. A more accurate measure of the
electron energy would be to approximate the effect of the
repeller voltage on the electron energy and then to add this
to the measured potential difference between the shield
and filament. This was done in the present work in an
attempt to defermine appearance potentials witnout the direct
use of calibrating gases.

Any slits through which an electron beam passes can be
regarded as electrostatic lenses with focussing actions on
the electron beam. Such focussing may have only a minor
effect on the electron energy spread. Klemperer (26),

Pierce (22), and Harman (12), are excellent references regard-
ing electron optics and electron motion for conditions

analogous to mass spectrometer conditions.

D. TIiiscellaneous Effects
The accuracy of results wnich are obftained from loniza-
tion efficiency studies depends largely upon the method of

analysis and the absolute ion detection sensitivity of the



24

mass spectrometer. As previously stated, for perfect sen-~
sitivity one should be able to observe ions even at 0 clectron
accelerating voltage because of the electron thermal energy.
The curve in Fig. 6 shows a possible ionization efficiency

curve for the formation of ions within the ion source. Un-

less there is a 100 percent transmission of these ions to the
collector and a 100 percent efficiency throughout the col-
lector and amplifier system, one could observe the appearance
potential at points 1, 2, or 3 depending upon the ion detec-
tion sensitivity of the instrument. ILines A, B, and C
indicate these different sensitivities. Sensitivity is dis-
cussed in greater detail later, and an attempt is made to
determine its gbsolute value for the present instrument.

It is obvious that the accuracy of ionigzation efficiency
data is directly dependent upon the stabilities of the
electron beam, the ion beam, the magnetic field, and the
amplification-read-out system. The effect of any insta-
bilities on the accuracy of the results depends upon whether
the instability is relative to the intensity of the ion beanm
or if it 1s an absolute or constant instability. In the
present work, magnet and 1on source instabilities are con-
sidered to cause relative errors in ion intensity measure-
ments, whereas amplification-read-out instabilities are

considered to contribute boith to relative and absolute

errors. The effect of these instabilities should be

|
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considered in any analysis of the errors associated with

ionization efficiency data.

Contact potentials have been mentioned as sources of

error; however, only few attempts (27, 28, 19, p. 54) have
- been made to determine their exact values. In this work
contact potentials are assumed to be constant and therefore

not detrimental to the method of calibrating the instrument.
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IIT. UMASS SPEICTROLIETER ION SOURCE DESIGNS
P'OR IONIZATION IFr'ICIZNCY STUDIZES
A. Introduction

Many of the errors discussed above have been greaily
reduced by appropriate instrument design and by careful ad-
Justment of instrumental conditions. Factors which should
be emphasized in trying to optimize results are the use of
low repeller and trap voltages, strong electron collimating
magnetic fields, substantial separation of the trap and fila-
ment from the shield, high ion accelerating voltages, and
collector slits which are as large as the necessary resolu-
tion will permit.

Instrumental methods of eliminating the effects of
electron thermal energy have been in use for the last decade.
Some of these methods are discussed below. Refer to Fig. 7
for a comparison of the various types of electron collimating

systems which are used for these methods.

B. Conventional Ion Sources

Most mass spectrometers have simple electron collimating
systems which consist of a filamenti, repeller, ion box, and
an electron trap. The inaccuracles oif lonization efficiency
studies using such conveantional sources may ove caused by any
or all of the factors discussed previously. Several simple
modifications of these sources can be made which improve thae
results. A single collimating plate placed between the fila-

ment and the ion box is sufficlent to reduce the penetration
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of filament potentials into the ilonizing region and also to
reduce the width of the 1l1onizing electron beam. The net
result is a decrease of the tail of the ionization efficiency
curve. Furthermore, better emission characteristics are
obtained if the potential of this collimating plate is fixed
at 2 to 6 volts above the shield potential, rather than

at shield potential. As previously explained, this creates

a constant space charge because 1t maintains a constant
potential gradient around the filament. Further improve-
ments in the electron emission are obtained if more collimat-

ing plates are used. In the present work, four collimating

plates are used.

C. Retarding - Potential Ion Sources

1. Fox and Hickam design

In 1953 Fox and Hickanm (28) described an ion source that
essentially eliminates the erffecis of electron thermal energy.
The potentials of the various plates within the eleciron
collimating system relative to the potential of the filament
are indicated at the rignt in Fig. 7. The basic operating
principle for this source 1s the use of a retarding potential
electrode, plate E. IZlecirons cannot reachn the ionizing
region unless they have thermal encrgy which 1s suiiicilently

. |

nigh to enable them tc surmount the potential barrier created

t

ot

by the retarding potential that is applied to plate
mlectrons wnich have insufficient energy do not pass througn

the electron retarding plate . The ion current intensity
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&

ls then due only to the electrons which do pass the potentizl
barrier. Area A of Pig. 8 shows the electrons that can cause
ionization for a retarding potential of 0.18 wvolts. If the
total number of electrons emitted from the filament is held
eonstant, and the retarding potenitial barrier is reduced by
a small amount, for example, 0.02 volts, then the number of

electrons which can reach the ionizing region increases

slightly. Area B indicates this increase. The difference in

the lon current intensity measured for these two retarding
potentials is assumed to be caused by the electrons re-
presented by Area B. The thermal energy spread of the
electrons which produced this difference is indicated by the
difference in the voltage of the two retarding potentials.

In this example the thermal energy spread is only 0.02 volts.

If the differences in ion current irntensities are measured

over a range of electron accelerating voltages near the
ionization onset, an ilonization efficiency curve is obtained
with only slight tailing.

2. Cloutier and Schiff source

Cloutier and Schiff (20, 29) nave described a retarding

povential lon source wialcn is & modification of the Fox and

Hickam lon source. Thelr source 1s paysically the same as

£

that illustrated in Fig. 7 but instead of using the four
electron collimating plates to retard the eleciron beamn,
they maintain these plates at a potential of +2 to +5 volts

with respect to filament. Under these conditions tne electron
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emission 1s very similar to the emission encountered in a
simple space charge limited diode (13, p. 112). Due to the
space charge surrounding the filament, electrons must pass
through a negative or retarding potential field in order

to leave the vicinity of the filament. The magnitude of

this space charge retarding potential depends on the distance
between the filament and the first electron collimating plate
or "anode" (20, p. 20), on taeir voltage difference and on
the filament temperature. The operation of the Cloutier and
Schiff source is similar to that of the Fox and Hickamn
source in that the difference of ion current intensities is
determined for two different retarding poteantials. However,
in the Cloutier and Schiff source, the retarding poteantial
increment 1s produced by changing the potential of the

anode. The space charge, or retarding potential changes
only a fraction as much as does the anode potential change,
hence it is much easier o control the retarding potential

increment in this source then in the Fox and Hickam source.

D. ZElectron Velocity Selectors
The most accurate and most direct method of eliminating
electron thermal energy is to pass the electron beam through
an energy selector for which conditions can be chosen to
pass only an eleciron beam with a narrow energy spread.

This final electron beam is then accelerated and used 1o

ionize the gas. Althougn several types of energy selectors

have been described (30, 31, 32, 33) since the initial
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designs of Nottinghem (27) and Clarke (34), none of these are
able to obtain electron currents above 10—6 amps and all of
them encounter difficulties because of space charge, second-
ary electrons, and contaminations. The use of electron energy
éelectors is also discouraged by the complexity of the ion
source and by their greatly reduced ion detection sensitiv-
ities. However, results of ionization efficiency studies made
using electron energy selectors are superior to the results
of other electron bombardment methods.

Results from photoionization are very similar to the
results from electron energy selectors. Ilany of the advan-

tages and disadvantages are similar (35, 36).

k=

. Pulsing Technigues

The effec§ of potential field gradients within the ion-
izing region can be reduced by using pulsing technigues (21,
29). In the usual pulsing procedures, potential gradien
are eliminated by applying & negative pulse to the repeller
plate while the electron beam is traversing the ion box. The
anmplitude of the negative pulse is just sufficient to equal-

ize the repeller and shield c. voltages. This permiis

p.l

the lonlgzatvion to occur in an ion source region walch is

free of potential field gradients from the repeller. Taen
the negative pulse is removed from the repeller and simulta-
neously & negative pulse is applied to the eleciron collimat-

ing plates. This prevents elecirons from entering the ion



box to causc lonigzation waile the repeller expels the ions
that were formed during the previous nulse. The cntire cycle
is repeated at a frequency of 20 to 100 XCPS in order %o
reduce the effects of wall collisions within the ion box (21).
Reduced tailing of the ionization curve is obgserved as a

result of this pulsing technigue (29).

An attempt was made to incorporate &ll of the above de-
signs, except the electron energy selectors, into the present
ion source. IMigs. 7 and § are diagrams of the present ion
source. The electron collimating plates, D, I, ', and G are

&

constructed of 0.025 inch thick (Nichrome V) metal. Plate
G, the electron plate nearest the filament is called the
anode 1in agreement witxz the usage of Cloutier and Schiff
(20). The slits in plates D, E, ¥, and ¢ for the electron
transmission are 0.030 inch, 0.020 inch, 0.010 inch, 0.030
inch and 0.020 inch wide respectively. These sizes were
chosen in order to obtain good electron transmission with
a reduced transverse veloclty sprezd. Thae slit in pla
i1s only 0.010 incxh in order to produce more accurate retard-
ing potentials. DPrevious worx indicates that field pene-

~

rations affect the true poten ne center of this

®

slit if it 1s too large. 3Such field penetration can reduc
the "effective revarding potentiel™ for fthe electrons. Field

penetrations into the slit in plate T are further decreased
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by separating it from plates D and ', with 0.040 inch fired
lava spacers. DPlates D and T are separated from the shield
and anode respectively, by 0.035 inch lava spacers.

The filament is a 0.032 inch x 0.001 inch tungsten
ribbon heated by direct current, hence a voltage drop occurs
over the length of the filament. TFor this reason care is
taken to tie the small reflector behind the filament to the
side of the filament which is at the lowest potential.

The entire electron collimating system is enclosed by
a Nichrom V shield which is mounted directly on the anode
plate holder. The electron trap is similarly enclosed with
a shield which is maintained at the same potential as the
ion box. The.shields are used to prevent field penetrations
to and from the electron collimating system and to confine
to the filament region excess tunstic oxide distilled from
the filament. DNounted in each shield is an iron button
(Armco ingot iron, American Rolling Mill Co., Warren, Ohio)
1/4 inch D by 3/16 inch thick. One button is mounted
directly behind the electron trap and the otner button 1is
mounted directly behind the filement. The electron collimat-
ing magnetic field is supplied by & small permenent magnet
whica is positioned immediately outside the ion source
envelope.

Two improvements are realized by using the 1lron buttons.

1l. They substantially increase the emission charac-

teristics of the electron system by concentrating
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the magnetic field between the filament and electron
trap. A gaussumeter (lModel 1390, Gaussmeter Radio
Prequency Laboratory, Boonton, New Jersey) was used
to measure the magnetic field in the center of the
ionizing region. Before inserting the iron buttons,
a magnetic field of 245 Gauss was obtained. After
inserting the buttons, the magnetic field was
increased to 288 Gauss. Without the buttons it was
difficult to obtain 1 microampere of electron trap
current wnen a current of about 5A was passed
through the filament. After inserting the buttons
and under similar conditions, trap currents of 10
to 15 microamperes are obtained using only 4.2A of
filament current.

2. The iron buttons also reduce the effect of.the source
magnet position on the eleciron transmission.
Because of tTunis, cptimum electron transmission can
be obtained by less precise adjustment of the

source magnet position.

s

The voltage of the znode; (plate G) is continuously

variagble from O to +8 volts with respect to the shield

potential. The voltages of plates U, &, and F are indepen-

dently and continuously varizble from -1 to +16 volts with
respect to eilther the Tilament or saield potential.
The voltages at either thne anode or plate T can be

incremented slightly by selecting one of two different
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potentials by means of a switch. This produces either a
Schiff or a Fox type of retarding potential increment.

The repeller plate is located as far away from the elec-
tron beam path as space permnits. This prevents electrons
from striking it, and produces more uniform potential field
gradients within the ionizing region. This also reduces
the effect of wall collisions and permits better adjustment
of the potential field gradients.

Efforts were made to reduce tne flow of sample gas out
of the 1lon box through the slits in the electron collimating
plates and through the slit for the eleciron trap. Four holes
were drilled in the repeller plate to allow the flow of
sample gas directly through the repeller instead of around it.

The electron beam is allowed t0 pass as close as is
practicable to the ion box exit slit. This further reduces
the effect of wall collisions, permits a shorter average
exit time for the ilons, increases ilon detection sensitivity,
and produces ionlzation in a region of more uniform potential
gradients. In the present ion source the slits in the elec-
tron collimating plates place the axis of the electron beam
0.045 inch from the ionm Dox exit slit. The potentials from
the repeller plate cause z general sideward displacement of

the electron beam. Tanls displacement, waich is dependent

w

magnetic collimating Tield and

(0]

upon the strength of tn
repeller potential, is calculated to be less than 0.005 inch

in this 1lon source &t nominal operating conditions.



The electron collector slit is 0.040 inch wide. This
is large enough to compensate for electron beam space charge
spreading, electron beam divergences due to focussing effects
of the electron collimating plates, and to partially reduce
the focussing effects caused by the electron accelerating
voltage. The electron trap voltage is normally about 8 to
30 volts greater than the shield voltage. A negative square
wave pulse with an amplitude of 0 to 54 volts can be applied
to the anode at frequencies from 1 c¢cps to 1 Mcps. The
repeller plate can be similarly pulsed from O to 7 volts and
180° out of phase with the anode pulse. The symmetry of the
two pulses can be varied to produce exactly symmetrical
square wave forms at each plate.

The versatility of the present ilon source is easily
recognizable. Not only is it possible to operate it as a
Fox or Schiff-type ion source, but 1t can also be used in a
convential type of operation. Iany other modifications and
combinations of these three types of source are also possible
and pulsed or continuous modes can be used in either the
normal or retarding potential methods for ionization

efficiency studies.
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Iv. THd3 DESIGN OF THE MASS S

A. General Description

The mass spectrometer wnich was used in the present work
was initially designed by Svec (37) and also used by Saalfeld
(6a, 6b). All of the components originally used by Svec have
been modified or replaced, and since the description given by
Saalfeld, the ion source, electromagnet, and most of the
electronic circuits have been replaced or modified. HMany
additions have also been made.

Tne design of the present instrument is still essentially
a Bleakney-Nier single focus mass spectrometer of the 60°
sector type with a 15 cm deflection radius. The instrument

is shown in Fig. 10.

B. Paysical Components

The inlet system is similar to The one described by
Saalfeld (6a), thus only & brief discussion is necessary.

It consists of two sevarate and independently variable viscous
leaks which allow two different gaseous samples to be
simultaneously introduced into the ion source through a 1/4

4

inca 0.d. copper

B

tube 18 inches long. A 1/8 inch o.d.
borosilicate glass tubing at the top of the ion source
delivers the gas to ithe ionizing region and isolates the
copper inlet tube from ion accelerating voltages. The copper

tubing and the inlet valves can be baked out using a one
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Mass spectrometer.

10.

Fig.
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inch by 8 feet, 768 watt (BIH-41, Briscoe Manufacturing
Company, Columbus, Ohio) heating tape. An oil diffusion

|
pump which is backed by a mechanical fore pump may be used

to evacuate either inlet independent of the other.

2. Moms analyznar

The mass analyzer tube is the same as the one described
by Saalfeld, and it is similarly mounted. It is a one inch
0.d. copper tube 71.8 cm. long. t is bent at its center
to 1200 in a 15 cm radius, and it is flattened to approxi-
mately 1/2 inch. Collimation of the analyzer tube with the
permanently positioned magnet is achieved by moving the
entire aluminum frame which holds the analyzer tube, ion
source, and collector. The motion is accomplished in a
vertical direction by means of three screw adjustments and
in a horizontal direction by means of two additional screw
ad justments.

3. Ion source

The electron collimating system nas already been
described. Figs. 11 and 12 are photograpvhs of the present
ion source both assembled and disassembled, and it was
illustrated in Figs. 7 and 9.
£11 of the ilon plates were constructed from 0.025 inch

thick Nicanrome V metal or of Chromel-A waich was cut into

discs 1l.437 inch in diameter. The spacers which are used
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Fig. 11. Assembled ion source.
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Fig. 12. Disassembled ion source.
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to provide electrical isolation and to separate the plates
are eilther glass, lava, or porcelain and are cut and ground
to + 0.001 inch tolerances.

The ion box potential which is normally 2000 volts, is
variable from O to 3111 volts.

The initial ion exit slit is 0.01% inches wide and 0.500

inches long with short lips to reduce field penetrations into
the ion source. The slit in the ion drawing out plate is
0.080 inches wide and 0.500 inches long with lips placed

at its edges. The potential of this plate is normally about
20 volts below shield potential, however, it can be wvaried
from +5 to -300 volts. It is spaced 0.313 inches from the
initial ion exit slit. This is far enougn to significantly
reduce field penetrations into the ionizing region.

In a typical ion collimating system, the ion beam is
passed through a slit formed by two analf plates. These two
plates are used to either focus or decrease ion beam dis-
placements which are caused by misalignments in tne ion
source. Recently, Conzemius and Svec (38) described a method
of improving the ion traznsmission of a mass spectrometer
without significantly affecting the resolution. The present
ion source also uses his technigue which involves placing
a second set of focus plates between the two grounded final
collimating plates. The first set of focus plates, X and U
in Fig. 7, is used at a potential of about 1800 volts. This

potential can be varied from O to 400 volts below shield
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potential. The second set of focus plates, I and V, is
placed between two grounded collimating plates L and N. The
potential of this second set of focus plates is normally
about 400 volts at optimum focus, however, it is variable
from O to shield voltage. The two collimating plates contain
0.011 inch slits which determine the minimum ion beam width.

All of the above plates are mounted on four stainless
steel studs which are threaded at each end for 0 - 80 nuts.\
These four studs are screwed into a 0.025 inch thick ion
base plate. Thin borosilicate glass capillary tubing pro-
vides electrical insulation between the ion source plates
and the mounting studs. Hexagonal 0 - 80 nuts and small
Nichrome washers are used at the top of the mounting studs

i "
to tighten the ion source assembly.

The entire ion source assembly is mounted on & slit
alignment adapter which a2llows small rotations of the ion
source about the main ion veam axis. This permits alignment
of the ion source slits with the cqllector slit. The slit
aligament adapter consists of fthree parts constructed of
stainless steel. See Fig. 13 and the photographs shown in
Pigs. 11 and 12.

1. The analyzer tube plate is a disc 0.875 inch in

Ciameter and 0.285 inch thick with a concentric cut
0.720 inch in diameter and 0.225 inch deep. It is
attached directly to the end of the 1 inch copper

analyzer tube by means of two 2 - 56 screws.
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2. A source mount plate 0.720 inch in diameter and 0.200

inch thick fits snugly into the cut of the analyzer
tube plate. The base plate of the ion source is
attached to this source mount plate by means of two
0 - 80 screws. The entire ion source assembly is
.connected to the source mount plate in this manner
to allow smooth rotation of the ion source within
the analyzer tube plate.

3. A 0.025 inch thick retaining ring holds the ion

source base plate and the source mount plate within
the analyzer tube plate. This retaining ring is
attached to the analyzer tube plate with four 0 - 80
screws.,

The entire ion source is mounted in a vacuum nousing which
has a removable cap in order to expose it completely for main-
tenance (See Tig. 11). The electrical potentials are
supplied to the ion source by pessing leads through two seven-
lead bulkheads (Fusite Series 9-700, Pusite Corporation,
Cincinnati, Ohio) which are vacuum sealed to the envelope
with aluminum gaskets. Ssalfeld (6a, p. 3) describes tuie
envelope in detail.

4. llagnes

The magnetic field is produced by a permanently posi-
tioned electromagnet which is mounted on a steel base 1o
elevate the entire mass specitrometer analyzer frame above

tne floor. Only the coils of the magnet are the same as thae
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magnet described by Saalfeld. Briefly, each coil consists

of 20,000 turns of Hea&y Pormvar insulated copper wire

(A.W.G. 22, Anaconda Wire and Cable Company, Chicago, Illinois)
with a resistance to 500 & . The maximun magnetic field of

the original magnet was 6300 Gauss.

BExtensive calculations were made from basic equations for
magnetic circuits, (39, 40z, p. 372) and the results of these
calculations were used in redesigning the magnet. These
calculations are discussed below.

Magnetomotive force, mmf, is given by the product of
the current, I, and N, the number of coil turns through
which 1t passes; or by the product of the reluctance, R, and
the magnetic flux, ® ;

mmf = R & = NI. T
The reluctance of a material with magnetic permeability, u ,

length, ¢ , and cross section, A, is given by;
{
R =17 8
and the magnetic flux within this reluctance is;

¢ = HUA, 9

gives tne magnetomotive force;

(X&)

Combining Egs. 7, 8, and

muf = NI = 4 X HUA = 4H 10

MA
as the product of the length of the reluctance path, 4, and

the magnetic field strength, H.
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The magnetic flux, €, must be equal for each of several
reluctances which are in series. Thus Eqg. 9 can be used to
determine the mmf for each reluctance, providing that the
magnetic field is known for at least one of them. In the
following calculations for an air gap in series with a steel

bar, the variables with subscript "a" refer to the air gap,

and those with a subscript "s" refer to the steel bar.

@a = Ha“aAa 1lla
@S = HsusAs 11b

But ¢ _ must equal ¢

a
Hence;
HuadA = €& =& =K
Ha“a a a S ns“sAs 12
or;
T v A
L TeMata 13
s T M _A :
S S

Once the magnetic Tield within each reluctance has been
devtermined, Eg. 10 can be used to calculate the mmf for

each reluctance. PFor the above example, from Egs. 10 and
PLC, q

13;

NIS = 'és X Hs 14

L B A
steHatts
usns
Before the original magnet was redesigned, calculastions
o o b}

§

were made to determine dimensions which would produce optimun
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magnet characteristics. Because several dimensions of the
original magnet could not be modified, the design was re-
stricted. In these calculations the magnet coil currents
which are necessary to produce various magnetic fields within
the magne% air gap are calculated. A plot of the magnet

coll current vs the magnetic field within the air gap was
made from the results of eacn set of calculations.

Pirst the values of %g were calculated from Eg. 13 for
each reluctance in the magnet circuit. This was done for
each of a large number of values of magnetic fields within
the air gap. Thne %5 values were assumed to be‘nearly egual
to the intrinsic flux, B. PFig. 14 shows the "DC lagneti-
zation Curves for Various letals" which are used to relate
the g values to the magnetizing forces. These magnetizing
forces are tnen used in Z¢. 14 to calculate the mmf for
each reluctance of the circuit. The total mmf is then
given as the sum of all the series magnetomotive forces
and this total mmf is used to celculate the total magnet
coll current that is necessary to produce the various megnetic
Tields within the air gap.

The magnet comsidercd in these calculetions consisted
of four reluctances in series.

1. The reluctance of the air gap of the magnet is

computed on the basis of dry air. The area of tne
gap 1is calculated by assuming that fringe fields

increase all of the effective dimensions by one
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gap width (40b, p. 26). The air gap width is 9/16
inches.

2. The reluctance of both magnet core pleces is cal-

culated as a single value.

3. Tho reluctance of the moasmet voke iz included.

4. The reluctance of the magnet pole pieces is cal-~

culated as a single value.

First the calculations were made for the original magnet.
Then the theoretical results of several proposed changes to
this magnet were calculated in order to ascertain the
feasibility of such changes. The plots in Pig. 15 show the
results which are described below.

Curve A is a plot of the results for the calculations
of magnet field strength vs magnet coil current for the
original magnet wnich consisted of the iron pole pileces
shown in Fig. 16a, and the magnet core pieces and yoke
fabricated from mild steel, SA® 1020.

Curve B 1s a plot of these results for similar components
but core pieces constructed from Armco Ingot Iron.

Curve C is a plot waich indicates the calculated improve-
ments which would result 1f the cross sectional area of the
Armco core pieces were increased from 10.03 inche52 to 12.29
inches2.

Curve D illustrates tne theoretical improvements cited

above as well as the Improvement expected by fabricating the
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i

Pig. 16. ilagnet pole pieces.
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yoke from Armco Ingot Iron and increasing its cross sectional
area from 12 incheé2 to 20 inche32

Curve E indicates all of the above changes plus the cal-
culated improvement which would result from decreasing the
effective area of the air gap by cutting the magnet pole
pleces as shown in Fig. 16b. To prevent significantly de-
creasing the average cross sectional area of tne pole pieces
themselves, the cuts are tapered so that the area of only
one side of the pole viece is decreased. The effective area
of the air gap is thus decreased from 24.5 inches® 1o 19.8
inches2. The cuts also result in pole Ffaces which are more
symmetrical to the ion beam path than are the original faces.

The results of the theoretical calculations strongly
suggested tnat the proposed modifications of the original
magnet would result in an improvement in the maximum obiain-
able field from 6300 Gauss meximum to over 8000 Gauss.

The modifications were made as described, and the magnet
performance was then tesied by two nethods.

Method 1 involved the applicatiocn of the general eguation

motion in single focussing magnetic mass spectrometer to

Hh

0

an ion of known mass focussed at a xmown lon accelereting

voltage with The magnet coil current near its maximum. The

- +
i I

parent ion of silicon tetrabromide, SiBr4 mass 358, weas

focussed with an ion accelerating voltage of 2000 volts.

Svec (37) has evaluated the various constants and sinplified
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the general equation of mass spectroscopy which relates these

variables;

m _ H°R% _ 4.82 x 1077 u%a% .
ol 7 1o
2Ve
where m = atomlic weight units -

e = number of electronic charges

H = magnetic field strength in Gauss
R = radius of curvature of the ion beam in cm.
V = ion accelerating voltage in volts.

From this equation the maximum magnetic field strength
for the present magnet is calculated to be 8150 Gauss.

Method 2 involved inserting a Hall Crystal (BE200 Trans-
verse I"leld Hall Effect Device, Bell Inc., 1356 Norton Ave.,
Columbus 12, Ohio) into the magnet azir gap and measuring
its output voltage withn & potentiometer or recorder. The
output voltage is linearly dependent upon the magnetic field
and this can be used as a measure of it. The Hall-Crystal
circuits will be discussed below.

The Hell crystael neasurements indicated that the maximun
magnetic field is approximately 6C00 CGauss which agrees well
with the results in method 1.

In a comparison of the theoretical and actual megneti-
zation curves, the output of the Hall Crystal was recordazd
walle The magnet coil current was increased from 0 to 500 ma
at a constant rate. The resulting curves shown in Fig. 17

are direct representations of thne magnetization curves.
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These curves comnare well with the curves shown in Fig. 15
whica were calculated thebretically.

Curve A of Fig. 17 and curve E of Fig. 15 correspond to
the experimental and the calculated magnetization curves for
the present magnet.

Curve B of Fig. 17 and curve D of Fig. 15 represent these
curves for the present magnet before the pole pieces were
modified.

Curve B of Fig. 17 and Curve A of Fig. 15 represent the
curves for the original magnet.

5. Collector assenmbly

The Taiwway Cup, secondary clectron suppressor plate,
collector mouﬁting plate, and the variaple slit are the sanme
ones described by Szalfeld, however three modifications were
made. A plate with a 0.040 inch slit was mounted in front
of the 0.0 to 0.025 inch variable slit to serve as a means
for measuring kinetic energy of fragment ions. The potential
of this electrode 1is variable from -10 to +200 volts with
respect to shield potential but it is grounded during normal
operations. All the collector plates are assembled on two
studs which are alttacaed to the collector mounting plate.

The whole collector assembly is mounted inside a cylindrical,
Chromel:A shield which 1s used to prevent excess interference
from stray potential fields. The electrical leads are intro-
duced by hignh voltage terminals which are vacuum sealed with

lead solder to three separate ports in the collector envelope.
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This collector envelope is strusiurally similar to the ion
source envelope.

6. Vacuum systen

A metal mercury diffusion pump (I1AG-40, Consolidated
Vacuum Corporation, Rochester, New York), backed by a mechani-
cal fore pump, evacuates the ion source, and the collector and
analyzer tube regions. The diffusion pump is connected to
the ion source envelope in series with a glass liquid nitrogen
cold trap which was designed according to suggestions given
in Dushman (41). A glass cold-cathode ion gauge (Iiller
‘Laboratories, Latham, New York) is mounted directly above
the nitrogen cold trap to monitor vhe pressure within the
ion source envelope.

An 1l;liter per second ion pums (VacIon high vacuum
pump, Model 96-0011, Varian Associates, Pzlo Alto, Celifornia)
is connected to the collector envelope by means of a 2 inca

A -

diameter copper tube. A baffle consitructed of 4 split,

Chromel-A plates 1s mounted inside this copper tube in order
to prevent diffusion of ions from the VaclIon pump into the
collector region.

Most of tne ior source envelope, collector envelope, and
analyzer tube is wound with a 1 inch Tlexible heating tape,
768 watts, (BIE-41, Briscoe XManufecturing Company, Columbus,

T b

Ohio) which permits bakeout. With the bakeout at approxi-

- -8 .
mately 80°9C, a background pressure of 1 x 10 Torr is in-

dicated at the cold cathode lon gauge and the Vaclon pump.



C. Zlectronic Components

l. High voltage divider circuit

Refer to Pig. 18 for the complete circuit diagram. The
high voltage divider circuit is composed of four strings of
resistors connected in parallel between the input and ground
leads of the high voltage power supply. The divider circuit
is designed to supply and control 12 potentials within the
ion source, the potential of the kinetic energy plate at thae
collector, the electron accelerating voltage, and the high
voltage for an isolation transformer in the emission regula-
tor.

Listed in Table 1 are the ion source plates that are con-
trolled, their normal voltage, and their range of control for
a nominal hign voltage of 2200 volts.

The potentizls of these plates zare dependent upon the
nigh voltage input. If the high voltage is changed, some

q

of the relative potential differernces will also chang The

control of the potentiels of plates D, Z, ', and G is
acconplisaed vy usihg several groups of mercury dry cells in
order to maintaln potential differences walch are absolute
rather than relative. The potentials which are critical to
the stability of operation are all controlled by 10 turn
helical potentiometers (Helipot, Todel AR Series, Beckman
Instruments, Incorporated, Fullerton, California) to provide

more precise voltage adjustments.



Hy 8' 300V
TRAP CURRENT
2014 O ] ¢l
) o 20uA
] 4 250K 800K ]
407 00,4 K 9K
165K Be—g T ofF
40K
sox fiw
| MA EMISSION 1ok ¢ 0 éﬁ&
oM 30K @_
! —~1OFF [ M
E’TJL 2] IQ"ELD_ ° 4
C X Y
(X4 3 - VAUDE 100V ! Fn
!_]' N 13 - "’WI 2 “RiF 3 20K -
& p—arn o FiL 20K 8
- | I T ~
K e | ] VAR [~ 250K ] y \
€AV
€
100uA 7
a 1254 . X
3
750K s E
L_1 K \
| s P
r 1LS-135V
ox ) He K
s &
o _ t y
EU Y W 100K \
3
. 3 \
135Hg o 200 k/$ 50K x
- /i—— 2 q
P
L3 S— 11358 2 X gs0x .
L orF | — -]
— 1
1a2m , o o 6135 Hp
) 10K I [ — ;
‘ '—hl_,_o-‘F D [<1.4 ﬁ-ﬂA
) ‘on 750K
OFF
[-—:—)." 194M
oM
oM |
1. OFF TK
1 “oN P |
_ ~»] 1001
- 1 i
Atds L .
B .
3
BF— | 250k
. 2 30K
i Y R0 SHELD
5 L0, p25K POTENTIAL - 3000V
Ry 100xA
RECORDER
eax
TOTAL v
CURRENT
j 10mA

Mg, 18.

High voltage divider circuit.

¢9



Table 1.

Plates

Lon Houvrce Voltages

L Am e e Jemet teSe B ANES S s A YA Nt b S A nasteen

Control and Range

———— e = s [ T

2-T'ocus

2-Deflecct

Drawing Out
Repellor
Trap

Pilament

K.Iie

Anode, G

D, B, and B

K.BE. plate

variable with high voltage
stepwise plus fine focus

stepwise plus fine focus
plus beam deflect swilch

Continuous 10 turn helipot
Continuous 10 turn helipot
Continuous 1 turn helipotl

Continuous either of two --
10 turn helipots

Continuous 10 turn helipot

Continuouy 10 turn helipot -

Continuous 10 turn helipot
for each

Continuous 10 turn helipot

Voltage relative to Normal
shield potential Potential
O to -400 V +2000

+1700 V
O to -2000 +300
+1980
-5 to +20 +2003
-5 to +200 +2030 o
-5 to +200 varices
150 to +200 0
voltage relative
to flilament
0 to +8 varies
-7 to +16 varies
0 to -2200 V varies
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Additional control features include a switch to permit
the application of a 0 to 1 volt increment to plate E, and
a similar switch for adding a O to 1 volt increment to plate
G. The filament voltage can be set with either of two 10X
helical potentiometers in order to compare various measure-
ments during an ionization efficiency study. The ion current
intensity reading which resulis from a reference electron
accelerating voltage, can be compared to ion current intensity
readings at various other electron accelerating voltages
which are determined by the second helical potentiometer.
The design of the divider circuit incorporates minimum re-—
sistance between the shield, repeller, drawing out electrode
and trap in order to reduce the instabilities of their
potential differences.

Pive appropriately calibrated meters are used to monitor
the source conditions that are conirolled by tne high voltage
divider circuit.

Total nign voltage current for the divider circuit is
o) )

indicated directly by a 0 - 10 milliampere meter.

Shield votentizl is indicated by a 0 - 100 microampere

meter which represents 3000 volts full scale.

-

Llectron accelerating voltage is indicated by a 0 - 100

microampere neter waicn when used in either of two positions
represents 50 or 100 volts full scale.

Total emission from the filament is read directly from

a 0 - 1 milliampere meter used in any of tnree positions.
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The emission of electrons from the filament to either the
anode, or the shield, can be monitored, or the total emission
of electrons from the filament can be monitored.

Trap current is monitored by a O - 20 microampere meter

used in either of two positions to read 0 - 20 or O ~ 100
microamperes full scale.

2. High voltage power supply

Refer to Figs. 19a and 19b for the circuit diagram.

The high voltage to the divider circuit is supplied by
a commercial high voltage power supply (IModel 413D, John
Fluke Manufacturing Company, Incorporated,lSeattle 33,
Washington) which has a O to +3111 volt dc output with 2
regulation of +0.001 percent +2 millivolts for currents of

0 to 20 milliemperes. It is variable in five 500~volt

l.l.

, ten 10-volt steps, one O to 11

4}

steps, five 100-volts step

nv vernier. The calibration

O

volt vernier and a 0O to 20
accuracy is 0.25 percent of the dizl readings.

3. Emission regulator

The circuit diagran is shown:by Fig. 20.

The emission regulator is a solid state circuit designed
and bullt at Iowa State University. The unit provides
better than one percent regulation in any one of four modes
for trap currents &3 low as one microampere. This is
accomplished by the regulator, which automatically adjusts
the filament current in order to meintain a preset counstant

voltage across sensor resistors wnicn are in series with
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either the anode or trap. The emission of electrons from the
filament to these respective electrodes is directly dependent
upon the voltage drop across thesc resistors, which are locat-
ed in the high voltage divider circuit. Emission current to
the anode can be regulated from 50 to 550 microamperes across
a 50 resistor. The emission curreat to the trap is regulat-
ed either from one to 1l microamperes across a 1l0K{ resistor
or from 10 to 110 microamperes across a 1K resistor. Both
the trap and anode emission currents are adjusted by a 10-
turn helical poventiometer. The curreat through the filament
can be regulated up to 8 amperes across a 0.02& internal
resistance in series with the filament.

Several other Ifuncitlons are performed by the emission
regulator which is supplied by two isolation transformers so
that it can float at shield potential. It provides a con-
stant 107 volt, d.c. potential from an 0382 voltage regula-

tor tube to two nhelical potentiometers in the high voltage

O

divider. These &are used To control the electron accelerat-—

a
supply is supplied by The emission regulator also. A safety
microswitch turns off tThe high voltage if there is a mal-
function in the emiscion regulator or 1f its protective
dust cover 1s removed.

rator

( O

4. Souare wave gene

The circuit diagram for the square wave generstor (Iodel

2114, Sguare YWave Generator, Hewlett-Packard Company, Palo

Alto, California) is shown in Figs. 2la and 21b.
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This'generator can supply a negative 3.5 volt maximum
square wave signal across a 75(} load waich is 180° out of
phase with a negative 27 volt maeximum sguare wave signal
across a 600{} load. The zmplitude of each output is con-
tinuously and independently variable from one cps to one
lcps with controllable symmetry. The generator is mounted
in the main instrument panel and the output is transmitted
to the source regicn through two coaxial cables (no. 21-026).

5. Pulse filter circuit

Fig. 22 1s a circuit diagran illusirating the ion
source and the filter system which is used 1o prevent the
square wave signals fromn influencing the voltages of'any
source electrodes other than the repeller and anode. The

rs

outputs of the sguare wave generator vpass through the pri-
maries of two 2:1 pulse transiorners Tl and Ty, (/N E-

785, Raytheon Compony, Walthanm 54, llassachusetts) before

they reach tze ion source. T, is the anode pulse Transformer.
One of the leads from 1Ts secoundary winling connects directly
1o Tthe Tilament and the other lead is connected to the anode

via a 0.01 microfarad cajacitor. The renceller pulse is

secondary connects dirgcily to the repelier and the otrer
lead 1s connecied o the shield via a 0.0l microfarad capac-
itor.

interference of
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also increases the stability of <the ion source. All of the
potentials to the ion source electrodes are supplied by 18
inch coaxial cables from the filter system which is mounted
on the mass analyzer frame as close to the ion source as

possible.

6. Differenticl voltmeter

A differential voltumeter (lodel E81AB Differentizal
Voltmeter, John Fluke lenufacturing Company, Incorporated,
Seattle 33, Washington) is used to measure the potential
differences between the electrodes witain the ion source.

It is & commercial d.c. volimeter whicn may be operated fronm
either the 110V AC line or from internal batteries. A +.01
percent accuracy is guaraniced for the input ranges 1, 10,
100 or 1000 V. Zach iaput renge is covered by four null

positions in sieps of increa ity to a maximum

[}
'..J
o]
0o
w
@
]
(]
’._,'
cl
}. )
<

sensitivity of 0.0L percent of vThe input voltage. An input
voltage is successiveiy adjusted 10 zero in each of the four

directly from five

‘:)J

ull positions and itz velue is resad
decade dials. The entire differential volimeter is of high
potential, thus it is encased in wocl and plestic and operat-
ed only irom tne internal
Coexial cable, 21, connects the source electrodes
directly to an input swiscning
entvial voltmeter. This switching errangemnent comsists of two
12-vosition switcaes, one with 1its moving contact connected

To the pos3itive inputv verminel of the voltmeter, tne other
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with its moving contact conneclted to the negative input Termi-
nal of the voltmeter. The eleven inputs are common to both
switches, hence the voltage difference of any two inputs can
be measured by appropriate switching. The various input

potentials which can be measured by the voltmeter are listed

below.
Switcn Position Input

1 off

2 off

3 shield

& Plate B

) Plate D

6 Plate G (anode)

7 Pilement

8 Repeller

S K.E. plate, ground, or trap

10 Plate T

11 Hell Crystal output
T. Anmplifers and recorder

iscussed below,

o)

For circuit diagrams of the comsonents
refer to Szalfeld (5z) or to the original operaving manuels.

<

, . - - _ - . b . 2 .
The ion collector lead 1s attacnied to & 1077 input

k-

resistor of & vibrating reed electrometer (liodel 36, Apvlied
Paysics Corporavion, Pasadena 1, California) waich affords

- o y - = 8 7 m?, S A - - . ot
gain of either L x 10 or 1 x 10 . The vibrating reed out-

put can be furtaer amplified by an impedance nmatching, direct



76

current amplifier (Model 111BF, KinTel, a division of Cohu
Electronics Incorporated, San Diego, California) which has

a gain continuously variable from 10 to 2000. The final
amplified ion beam current is recorded on a 100 millivolt,
continuous-drive recording potentiometer (lodel 6701,
Daystrom, Incorporated, Weston Instruments Division, Chicago,
Illinois).

8. Attenvation

The final input potential to the recorder may be con-
trolled in any one of five ways by means of an attenuation
selector switch. Refer to Fig. 23 for a circuit diagram of
the attenuvating circuit. Listed velow are the control
positions:

Position 1, Bucking Scale & Bucking scale, connects

the vibrating reed outpust direcily to the recording potentio-

t vibraving reed out-

E
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ct
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ry
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put will read full scale on tane recorier, nowever, up to 10
volt inpuis can be bucked out in 100 millivolt increments.

The buciing 1s accomplisihed by means of a Kelvin-Verley

!

volta

-

re divider waich supplies up to 10 volts in 100 milli-

G

volt increments witn & polarity opvosite to the input. This

permits observaiion of the ilon bean curreat witnin = 100

millivols rearnge of its maximum without decreasing the
]

sensitivity ¢f trne recoriing systen.

Posivicn 2, Logarithmic Scale A logaritanic atten—




VIERATING
RZED

b, op—
-7 ]

CRYSTAL X 20

LL

‘éZﬁ-‘L“f“‘ v fujur o oof cuﬂn P TBeconpen |
~v&:¢—-J&kj: Ef% 2k | _ﬂt;____
ook Prok| B2 »

I_i__uL 8l |

Fig. 23. Attenuating Circuit.



78

the less intense ion currents will not be excessively diminish-
ed, whereas the more intense ilon currents can still be record-
ed. TFor this mode, the output from the vibrating reed is
amplified by the KinTel amplifier before it is recorded.

The KinTel gain can be changed in order to vary the sensitivity
of the readout on the recorder but normally it 1s set at 100.

A 10 turn helical potentiometer affords further continuous
control of the logarithmic sensitivity ©to the extent that a

5V vibrating reed output can be made to read anywhere from O

to full scale on the recorder.

Position 3, Linear 3cale This scale permits a linear

scan of a mass specira so that all ion current intensities

can be read direcvly from the recorder chart. Another 10

turn helical potentiometer allows variation of the sensi-

tivity within the same linits for a 5V peak as for the

Logarithmic scale. The XinTel amplifier is by-passed in
& 3¢ y-Pp

this mode.

A linear amplifi-
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Positior

ed scale, is similer to position 3 except that the vibrating
reed outout is amplified by the KinTel amplifier before it
ic recorded. For & normal gain of 100, a 0.5 millivolt
vibrating reed output can be adjusted to read from O to

full scale on the recorder chart.

—

Position 5, Bucking Amplified Scale On this scale

the vibrating reed output is amplified by the KinTel amplifier

7 )

the resulting voltage is measured directly by the

o

n

jY]
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recorder. Ilaximum sensitivity is obtained in this position.
This is accomplished by amplifying the vibrating reed output
with the maximum (2000) gain of the KinTel amplifier. This
causes full scale deflection on the recording potentiometer
for a vibrating reed signal of only 0.05 millivolt. However,
noise levels and zero drift normally suppress any improve-
ments of sensitivity for gains in excess of 500. Further-
more, in this mode the final amplified output cannot be read
if it is greater than the 100 nmillivolt full scale recorder
limit.

The sensitivities of all of the above positions can be
decreased by a factor 10 by using the lower gain of the

vibrating reed. This permits the reading of intense ion

&

beam currents wnich result in amplifier outouts up to 100

e . . . -10
volts wanich correspond to ion currents of 10 amnps.
9. Heall crystal mass izndicasor and masnetoneter

A few mass inCicators have been reported for use with
mass spectrometers ror scue time, aowever thelr operation is
usually based on rotvaving colil megnetometers for which the

accuracy is limited (42, 43). The magnetic response char-

-y

acteristics of seniconduciting crystals suggested their poten—

h
W
v
W

tial use as mass indicators for m speciromevers. sLxtensive
studies were made to determince treir capabilities for such
a purpose, and a mass indicator clircuit was designed and

tested using commercially available semi-conductor crystals.

Several otner authors nave emplioyed These types of crystals
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as sensing devices fdr-ﬁagnetdmetefs, (44, 45, 46, 47, 48,
49) and the theory of the Hall effect is éiécussed suffi-
'cently by them. However, they were not used for mass
indicators.

The specific crystals used in these studies were indium-
arsenide crystals 0.130 inch by 0.500 inch and 0.019 inch
thick. For an input current, I, the output voltage, EH,

of the crystal is related to the magnetic field strengtn, H,

normal to its surface by the approximate relationship,
E., — KIH. 17

The constant in the above eguation was evaluated using
a CEC 21-201 Isotope Ratio ilass Specirometer and the Hall
crystal circuit shown in rfig. 24.

The Hall crystal input is supplied by a low voltage
power supply (Ziodel 4005R Universal Constant Voltage Current
Power Supply, Power Designs Incorporated, Vesbury, New York)
which produces 0.05 percent volitage reguletion for O to 40
volts output or 0.02 percens curreat regulastion for 25 3%

500 milliamperes output. (See Pig. 25 for the circuit dia-
gram). For calibration purvoses, Tze Hell crystal output
was measured using & menual potentvioneter (Tpe X-3, Hodel
7553, Leeds axnl Noritarupr Company, Pailedelphia 44, Penn-—
sylvania) waich haé a low range sensitivity of 0.0161 volts
+0.015 percent full scale. The potentiometer was balanced
using a galvanometer (Rubicon Model 3414, Rubicon Division,

Minneapolis Eoneywell Corp., Pailadelphia, Pennsylvania)
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with a sensitivity of 0.0014K a/mm and an internal resistance
of 518§ . An attenuation circuit allows the operator to
measure the Hall crystal output direcily or to amplify it and

then record it on a 20 millivolt full scale recording

-

potentiometer. All but 20 millivolts of the Hall crystal
output can ve cancelled by the attenuation circuit. Twenty
millivolt increments are used for measuring the Hall crystal
output directly, and 2V increments are used when the amplified

output is measured.

[0}

Bach 1on beam from tie mass spectrun of butane was
focussed magneticzlly and the focussing megnetic field was
then calculated using Z¢. 16 and the other known mass spectro-
meter conditions. At each ion pesk the Hall crystal output
was measured snd the value of X in Eqg. 17 was determined.

It was found thait the velius of X was not constant but varied

somewhat devpending ugccn the velues of the magnetic field
iy fo] i ton) b

H, the Hall input current, I, and the load resistor, RL'

For I = 200 a, and R = 1X{, X was caiculated vo be

=

7.65 x 107 -3 + 0.12 mv/me-gauss with a uniform 3 gercent
increase over & mnagnevic fileld range of 1120 to 2370 gauss.
This variation initiazted a more vigorous analysis to

determine optimun sensitivity of the crystel, and to find a

more accurate relatiounszis beitween 3. and H. The results

are summarized velow.

A. 7Tre outvus, L., was found to follow Bg. 18 or 1§

-4

more eccurately rFor all conditioas then it did

Zg. 17.

&}

2. = (kE-p)I 18
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and By = H(k¥I + a) — cI + 4 19
where a and b are constants depending upon the
individual crystal properties and ¢, and d are
constants depending upon the mass specirometer
characieristics.
It was calculated that a 194 & load resistor would
yield maximum sensitivity, S, for an input of 200
milliamperes. The sensitivity, S, is defined as

the percentage change of Z-; for one mass unit

{ 5 ZOQ. 50

U
L
4

o

lon was dcrived from the experimental

daeta whick relates tne crystal output and I, the

mass in focus.

. - 5 2 deR H -
32, - (eI + 1) J° = ——4;%; - X 21

where a, 0, &, X are conswants Cetermined by the

crystal, load resistor, and accelerating volitage.
Using the CZC 21L-201 nass spectrometer with 204
miliampere inpus B0 ohe Hell crysital end & 2C0
in focus is cal-

[P S, g " -1, ~ - 2 -
cuiated by the fgneral ecguatlon,

V2
/

Ffor verificaetvion of this relatvicasihip, a single

cceleraving

m

mass focussed with 1000 volts ion
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voltage gave a Hall output of 31.57 millivolts.
The results of a calculation employing Eq. 22 pre-
dicted mass 41.2 whereas the true mass in.focus
was noninally 41. These recults agree quite well
considering that a single zbsolute result was
calculated from a general ecuation.

Using specific conditions, the sensitivity of the

Hell crystal was indicated in two ways. In the
first measurenent, the Hall output was sufficient-
ly precise to permis measuring the difference in
magnetic Tield strength which resulted in scanning
across the N2+, nass 28, ion beam. The width of
this ion beam was found to correspond to 0.038 mass
units or 6.7 gauss. A second measurement was made

magaetic field strength variations

W

to determing th
across the air gep. The Hall crystal output changed
from 40.610 millivolis a% The face of the pole
glsce, to 40.763 nillivolits at the ceater of the

alr gap. For the total megrnetic fieid of 2370

i ag

gauss the difference in fthese ocuvpuvs represents

The reproducibility of thre Zall cutput was very good
for a series of measurenments made on different days
even waen vhe Hall crystal circuit and the mass

-

scectroneter were turned off between measurements.

The Hell crystal ousput for one of these measurements
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was 30.32 millivolts for a particular ion beam in

£

3

focus at a corresponding magnetic field. The

=

Tr ]

following day the mass specirometer and the Hall
crystal conditions were reset for the same ion bean,
and, without further calibration, the Hall outout
was measured as 30.39 millivolts.

From the results of these studies, it was concluded that
the Hall crystal mass indicator ce an easlly obtain a mass reso-
lution of 1 part in 400. The conditions for realizing this
resolution are a 200 milliampere input regulated to 0.25
percent and an output read To within 25 microvolts. On
the basis of a calibration curve from nmany I & measurements,
the mass resolution is much greater. A final check of the
Hall mass indicator verifics itvs convenience as a mass in-
dicator. In a magnetvic mass spectral scan of Uﬁf, the Hall

millivolt record-

)
£
ci
0]
N
(@]

crystal output was recorded on a se&pje
er potentiometer wiile The mass spectrum was recorded on

another potentiometer. Lt each lon pesi the magnetic scan

was monmentarily stopped in orler to focus the ion beam. This

B

resulted in consiexnt Z-, outouis which were recorded as

.

straight lines by the =Zall output pOu»nulOLctef. Thus each

mass was indicaved by & step or discontinuity on the Hall

r

output recording. & sinmilar recording is shown in IFig. 20
wnich is Thae zctuel recorded Hzall crystel output during a
magnetic scan of the Hg spectruam. A calibration curve

representing LH vs nass peraits a fast reference for accurate
S

mass identificaetion.
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10. Magnetic current regulator and power supply

The circuit diagrams of the magnet current regulator
and magnet power supply are given in Figs. 27 and 28. The
units were designed and built in these laboratories.

The magnet power supply provides O to 500 milliamperes
through the magnet coils. The magnet current regulator
normally is used to regulate the magnet coil current by
comparing the voltage drop across the magnet coils with a
reference voltage. This is accomplished with a 1000 cps
Bristol Chopper which automatically adjusts the magnet coil
current in order ‘%o maintain balance between the two volt-
ages being compared. The reference voltage can be varied
from O to 2 volts by means of a 20K 9 40 turn potentio-
meter. Since the 40 turn potentiometer can also be driven
by a variable speed motor, the magnet céil current can also
be increased at a constant rate. The 40 turn potentiometer
is -overlapped for greater sensifivity so that as it is turned'
from O to-40 turns the magnet coil current is increased from
0 to 250 milliamperes. A current selector switch is then
manually turned. The variable speed motor is reversed and
as the 40 turn potentiometer is turned back to zero the
magnet coil current continues t0 increase to its maximum of
500 milliamperes. This type of magnetic scanning produces
nagnet field strength vs time curves as shown previously in
Figs. 15 and 17. Note that although the magnet coil current

is linearly increased, the curves are not linear because of
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saturation effects and variations of the permeabilities with-
in the magnet. Because of these effects the mass dispersion
for a magnetic spectral scan does not hold to an inverse
square root law with respect to mass. One would predict
this law from Eq. 16 by assuming a linear increase of magnetic
field strength. If the mass dispersion is defined as,
Mo dm |

m~- m 23

then for a magnetic scan of the mass spectra, during which

time R and V are constant, the following relationships hold;

m = KH® 24
and
dm _ daH

If the magnetic field strength ircreases at a constant rate,

AH _ 1y

37 = X! 26
and 8 ~22 - 2KK'H = oxt/ 211/ 2
or %% = C!' m1/2 . ' . 27

For a constant time interval, the dispersion becomes,

Am _

_C
w1 T 28

ani b

The magnetic field strength certainly does not increase at

a constant rate if the magnetic coil current is regulatéd,
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hence the mass dispersion in such a scan would follow a much
more complex function than Eq. 28 indicates.

The present magnet cﬁrrent regulator includes a modifi-
cation of the Bristol Chopper circuit so that effectively

the magnet field strength instead of the magnet coil curfent

is regulated. Basically, in the Bristol Chopper circuit a
reference voltage is compared with another voltage which is

linearly dependent upon the magnetic field strength instead

of linearly dependent upon the magnet coil current. The

voltage which is linearly dependent upon the magnetic field
strength is the output from a Hall crystal immersed in the
gap of the magnet. The output of the Hall crystal is
amplified by the KinTel amplifier and connected into the
Bristol Chopper circuit in place of the voltage‘dfop across
the magnet coils. Before the regulation is switched to
this mode, the magnet power supply is turned to the full 500
milliampere output and by varying the KinTel amplifier gain
the Hall Crystal output is adjusted equal to the reference
voltage. Starting at zero milliamperes again, the Hall
crystal output voltage is regulated while the 40 turn
reference potentiometer is driven at a'éonstant rate. The

magnetic field strength then increases linearly. A selector

switch can be set to give a linear scan of the magnetic
field to either 250 or 500 milliamperes coil current.
The block diagram in Fig. 29 illustrates the arrange-~

ment which enables the regulation of the magnetic field
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strength by means of a Hall Crystal. An experimental curve
is shown in Fig. 30 illustrating the nearly linear scan of
magnetic field strength using thié arrangement. Note that
.in %his regulation mode, the mass dispersion of a magnetic
mass spectrum scan is given by the inverse square root |
shown in Eq. 28. This is much more convenient fhan the
complex mass dispersion function which results if the magnet

coil current is regulated.

A magnetic mass spectral scan with a constant mass dis-

persion is desirable but, at present, methods for doing
this have not been developed. Constant mass dispersion
might be obtained by using the Hall cfystal regulation of
the magnetic field strength and a reference voltage which

increases at a logarithmic rate. This would cause the

magnetic field strength to increase at a logarithmic rate

and thus,
Log H = Ct 29
dH _

For a constant time interval in Eq. 25 -~

AM _ ey GH
At = 2K 3% 3l
Am _ 2KH?C _ 2KmC . 30
Am T " m T TmK

leads to,
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Am
== = 2C. 33

Thus a constant mass dispersion would be realized.

11. Ionization pumps and cold cathode ionization gauge

The high voltage power to the 11 1/s VacIon pump (Varian
Associates, Palo Alto, Callfornla) is supplied and controlled
by a standard Model 921~0011 Control Unit which is mounted
in the main instrument cabinet. The pressure in the mass
analyser is read from a meter which has a logarithmic scale
and five:linear scales for full scale readings to indicate
the pressure for a range of 1 x 1072 to 1 x 1079 porr.

Another unit is mounted in the instrument panel to
supply high voltage to the cold ionization‘gaﬁge which is
used to monitor the pressure in the ion source envelope.

This pressure is read from a O - 1 milliammeter which has
five positions for which the full scale readings can cover
total pressure.ranges of 1 x lO"3 to 1 x 10_7 Torr.

One modification has been made to this circuit. The
circuit diagram of the original circuit can be found in
Saalfeld (6a,6b) work. A 5 watt, 50§, 1 turn potentiometer
is connected in series with the meter, and the three leads
from this resistor are connected to a switch in the
"pressure-protect" circuit.

12. Pressure protect circuit

The circuit diagram for this unit is shown in PFig. 31.

The line power for the emission regulator and the high

/
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voltage supply is provided by this circuit. When the pressure
in the mass spectrometer becomes excessively high, a relay is
activated to turn off the ac power to the emission regulator
and to the high voltage supply. A selector switch permits

the selection of pressure protection from either the cold
cathode unit or from the VacIon pump unit. The pressure at
which the relay is activated, is controlled and indicated

by a 0 - 100 microammeter in the pressure protect circuit.

13. Bakeout system

This circuit is mounted in the main instrument panel
and serves the purpose of supplying, réading, and controlling
the current to the mass analyzer bakeout heater, the inlet
bakeout heater, and a high temperature furnace. A selector
switch permits turning on any one of these heating elemehts
or any combination of them. The furnace can be used to

"heat reaction mixtures to temperatures up to 1000°C.
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V. EXPERIMENTAL PROCEDURE

The accuracy of the results obtained from ionization
efficiency studies can often be directly influenﬂed by the
-manner in which the data are obtained. To provide a better
understanding and interpretation of the results from this
work, the experimental procedure is explicitly described in
detail.

Prior to making an ionization efficiency study; several
preliminary steps are taken. First, the entire mass
spectrum of the compound under investigation is scanned and
analyzed, and the fragment ions are identified. Careful
account is made of the background spectrum. This analysis
is completed using a high sample pressure, a high trap
current, a high electron accelerating voltage, a high re-
~peller potential, and a moderate collector slit size, with
the ion source in the conventional mode of operation. One
ion current of a series of fragment ions for which the
ionization efficiency curves are to be studied, is then
focussed and the high voltage divider circuit is appropri-
ately adjusted to establish the desired ion source mode of
operation.

A. Pressure Conditions and Stabilization

The sample pressure is allowed to stabilize during an
8 to 10 houf period before the ionization efficiency studies
are conducted. The pressure at which the sample is admitted,

depends upon the intensity of the ion fragment which is to
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be studied. Normally the sample gas pressure is 5 x 10_7

6 Torr during ionization efficiency studies of

to 8 x 107
major fragments or at higher pressures for studies of minor
fragments. Some workérs'adjust the pressure for each
ionization efficiency study so that at one specific electron
accelerating voltage, usually 50 volts, the ion intensity
reads the same for both the calibrating gas and the ion
fragment under investigatiqn (50). Prom a theoretical view-
point there is little reason to expect an improvement in
results from this technique. Furthermore, one can certainly
not speculate that the slopes, sensitivities, or any other
physical characteristics are equalized for both specific

ion processes of interest. Indeed, since the specific
ionization process of importance occurs only within the
first few volts above onset, any adjustments of ion

" current infensity based on readings as high as 50 volts

may be superfluous. If the ion current intensities were
equalized at electron accelerating potentials as low as 2

to j volts above their respective onsets, certain theo-
retical speculations might be acknowledged concerning the
specific ionization processes, but improved accuracy would
most likely be fortuitous. Empirically this technique

might improve the precision for some specific studies but

in general more accurate results will be obtained by using
optimum sensitivity for the ion of concern. For this

reason the sample pressure is only changed when necessary
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in order to obtain sufficient ioh current intensities to
enable ionization efficiency studies of the less abundant
ion fragments.
B. Emission Conditions

Next, the operating conditions for this specific ion
source mode are adjusted using the differential voltmeter
to monitor the potentials of the ion source electrodes.
The electron accelerating voltage is decreased to a range
within 10 to 15 volts above the anticipated threshold
potential.- If the adjacent ion beams are from the same
fragment ion species, the variable collector slit is opened
to its maximum width of 0.025 inch. The voltages of the
electron collimating plates and the anode are adjusted
to the selected values and the trap emission current is
set as close to 15 microamperes as it is possible to main- -
tain throughout the experiment. The emission regulator
is set for trap current regulation. The repeller voltage
is then decreased to a value which is dependent upon the
ion current intensity. This potential is usually 1 to 5
volts or high enough such that the ion current intensity
is sufficient to permit an ionization efficiency study.

C. Pulsing Conditions

When pulsing techniques are employed, the amplitudes
of the anode and repeller pulses are adjusted by any one
of the following methods.

Method 1. With the high voltage off, an oscilloécope

is used to set the amplitude of the anode pulse equal to a
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preset anode potential which is to be applied during the
high voltage operating conditions. Likewise, the amplitude
of the repeller pulse is also set equal to a preselected
repeller potential. Both pulses are negative with respect
to the normal voltages of these two electrodes.

Method 2. At the high voltage operating conditions;
the amplitude of the anode pulse is increased until the
trap emission current decreases to one half its initial
value. This also reduces. the ion currenf intensity; it
is further reduced to 50 percent of the latter value by
increasing the amplitude of the repeller pulse.

Method 3. The amplitude of the anode pulse is increas-
ed until the initial ion current intensity is reduced by 50
percent. The amplitude of the repeller pulse is then in-
creased until the latter ion current density also reduced
50 percent.

D. Ion Beam Stability Check

After all ion source conditions are established, the
shape of the ion beam is observed. If it is satiéfactory,
the ion beam is refocussed to its maximum and the ion
current intensity is recorded for 20 to.-30 minutes using
the bucking attenuation mode. Usually during this period
the ion current attains a constant value and satisfactory
stability. If the ion current stabilizes but does not
remain constant, compensation is made for the resulting
drift that océurs during the ionization study. This is

accomplished by comparing the ion current intensity reading
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obtained for each value of the variable electron accelerat-
ing voltage to the ion current intensity reading obtained

at a fixed reference electron accelerating voltage.

The vacuum system is baked out and pumped for two days
between samples. The bakeout is normally left at about
80°C throughout the ionization efficiency studies.

E. Compilation of Data

All the data are recorded directly on IBM Computer
Fortran Coding Forms in the following manner. The initial
ion current intensity is read directly from the atteﬁua—
tion control dials and from the recorder. It is then re-
corded on the coding form. The initial electron acceler-
ating voltage is accurately measured by means of the
differential voltmeter and is recorded. The electron
accelerating voltage is then reduced by small but arbitrary
amounts (0.1 to 0.5 volts) and the ion current intensity
and electron accelerating voltages are again read and re-
corded. From 50 to 100 such readings are made until the
ion current is extremely small. Usually smaller electron
accelerating voltage increments are uged near the onset in
order to obtain more experimental points in this region of

the ilonization efficiency curve.

If there is a drift in the ion current intensity through-
out the initial stability check, compensation is made by
comparing each of the above readings to readings of the ion
current intensity at the reference electron accelerating

voltage.
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When the ion current becomes too small to detect, the
following additional values are recorded:

1. The zero level of the ion readout system,

2. The potentials of the anode, repeller, electrodes

D, E, and F,

3. The relative potential of the drawing out plate,

4. The filament current,

5. The ion source pressure, ion species, mass to charge
ratio, -compound investigated, and the calibration
gas used,

6. The trap current,

7. The date, and miscellaneous comments.

The information on the IBM Coding Forms is then
punched onto IBM Computer Cards by keypunch operators. The
data are analyzed and plotted by various computer programs
which are discussed later.

The use of a differential voltmeter and the technique
described required less than aﬁ hour $o read and record 70
to 80 points for an ionization efficiency curve. The use of
the computer eliminates the time usually required to analyze
and plot the data manually. Note that the ion current is
read at any electroﬁ accelerating voltage intervals without
introducing any excess work and without complicating the

calculations. PFurthermore, numerical data are obtained so

that they can be conveniently treated and analyzed in many
Ways. This cannot be claimed fof techniques which merely

yield a graph.
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VI. METHODS FOR INTERPRETING IONIZATION
EFFICIENCY DATA

A. Introduction

Unfortunately, an overwhelming amount of confusion and
disagreement exists concerning the appropriate or correct
method of analyzing ionization efficiency data.. In many in-
stances one method might appear to give satisfactory results
whereas énother method does not. Perhaps the major cause for
lack of a single consistent method of analysis arises because
ionization efficiency processes are of such complexity that
most workers are content to use empirical methods of analysis.
A few attempts'have been made to alleviate the problem of
accuracy by using highly developed instrumental techniques;
but, recently, there has been an increasing emphasis upon

theoretical treatment of ionization efficiency data. Although

it is not the intent of this work to provide a complete
solution to eliminate the confusion, it is hoped that the
theoretical analysis and viewpoints discussed in this report
will help to create a better understanding of ionizgtion
efficiency studies.

Since some of the present methods of analyzing ionization
efficiency data are pertinent to the following discussion,
they are briefly described.' Further explanation of these
methods can be found in Field and Franklin (1), McDowell (2,

5), Reed (4), or in the original works of the various authors.
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B. Empirical or Graphical Methods

The present methods of analysis are based primarily on
graphical treatment of the data since ionization efficiency
‘data are not ordinarily amenable to mathematical analysis.
All these methods involve some assumption to justify using
the technique. These assumptions may be valid for some
specific ionizing processes but are often invalid for other
processes. However, correct interpretation and understand-
ing of their limitations can sometimes yield moderately
accurate results.

1. Linear extrapolation

Linear extrapolation was one of the firs+t techniqueé
employed and it is probably the simplest to explain. The
major assumption is that the near-linear portion of an ion-
ization efficiency curve is caused by the ionization pro-
cess of interest. The tail of this curve is attributed to
extraneous effects such as electron thermal energy, poten:
tial gradients, and many of the other factors that were
described earlier. The ionization process is assumed to
conform to a linear threshold law, thus the near linear
portion of the curve is extrapolated along a straight line
to a point of zero ion current. This point is corrected by
reference to a similar point from the ionizatién efficiency
curve of a calibrating gas, (usually a rare gas) and the

final value is assumed to be the appearance potential of

the ion.
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2. Initial onset or vanishing current method

When this method is used, an attempt is made to adjust
the ionizing conditions for the particular ion of interest
so that they are similar to the conditions of ionization for
the calibrating gas. Two techniques are normally employed;
the ion currents of the two ions are adjusted :by pressure
variation until they are both equal for an electron accelerat-
ing voltage of about 50v, or the ionization efficiency curves
are plotted with different scales so that the two curves
have equal slopes throughout their linear portions. From
the ionization -efficiency curve, the appearance potential is
chosen as the electron accelerating voltage which corresponds

to the initial formation of ions.

3. Extrapolated difference method

Warren (51) has proposed a modification of the Vanish-
ing Current Method. The ionization efficiency curves due to
the calibrating gas and the ion of intgrest are plotted on
different scales such that their linear portions are parallel.
The differences in electron accelerating voltage, AV, for
various values of ion current, I, are plotted agéinst ion
current. This graph is extrapolated to obtain a value of AV
at zero ion current, and this value is assumed to be the
difference in appearance potentials between the ion of
interest and the calibrating gas.

4. Critical slope method

Honig (7), as early as 1948, proposed one of the first

methods of analyzing ionization efficiency curves without
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using a completely empirical technique. He assumed that
ionization near the threshold depended upon the square of
the electron energy'in excess of the critical energy, and he
combined this assumption with the quasi-Maxwellian thermal
energy function fof electrons. He concluded that the critical
energy, or appearance potential of the ion was the point at
which the slope of the curve was 2/3KT for a semilog plot

of ion current vs electron energy. Recently Wahrhaftig (52)
used a similar procedure and determined that the critical
slopes should be 1/2 KT fpr'rare'gas ions and 2/3 KT fof

the parent ion of a molecule.

5. Modification of critical slope method

Lossing (53) described a simple modification of the
method described by Honig. He found that semilogarithmic
plots of ion current intensity vs electron energy result in
parallel linear regions mear threshold if both the ion
currents of the calibrating gas and sample gas are adjusted
to be equal to 50V. The difference between the electron
energies at 1 percent of the maximum ion current reading is
taken to be the difference in appearance potentials. Dibeler
(54) uses a method very similar to this.

Morrison (55a, 55b, 55c¢) proposed another slight adap-
tation of Honig's method of critical slopes. He assumed that
the point at which a semilog plot departs from linearity is
due to the tailing of the ionization efficiency curve caused

by the exponential nature of the electron thermal energy
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distribution. Thus this point is taken as the appearance

potential.

C.  Analytical Improvements

1. Removal of electron thermal energy

Several methods have already been discussed as to how
electron thermal energy can be removed by assuming a Max-
wellian thermal energy distribution (7, 56, 57, 58).

2. Differential method

Although the method of critical slopes and some of its
modifications is based upon analytical treatment of ioni-
zation efficlency data, the results are still subject to
some arbitrary or‘empirical assumptions.

Morrison (59) approached the problem of evaluating
ionization efficiency data with a more sophisticated theo-
retical treatment of ionization procesées. He assumed that
ionization near threshold depends upon a polynomial funcfioh
of the electron energy in excess of the critical voltage.
This was combined with the electron thermal energy distri-
bution to determine the function upon which the ion current
depends. This treatment indicated that plots of the first
and second differentials of ionization éfficiency data
permit the detection of much structural detail in curves
plotted from the data (60a, 60b). He also describes an
eleétronic method by which differential plots can be pro-

duced directly from the mass spectrometers.
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3. Deconvolution

Morrison (60a, 60b) also deséribed and used a method
by which the ionization efficiency data is subjected to
mathematical deconvolution to remove the effects of electron
thermal energy and some instrumental effects. Basically
a curve to be analyzed is compared to corresponding portions
of a standard ionization efficiency curve of He.
D. Present Method

1., Introduction

None of the above methods of analysis of ionization
efficiency data seemed satisfactory for this work. However,
the method of linear extrapolation did appear to be the
least arbitrary of the methods and it also seemed most
adaptable for the theoretical modifications and computer
techniques of interest in this work. The method of linear
extrapolation was thus modified to accomodate computer
techniques and then applied to the ionization efficiency
data. The results of the analysis were studied in order to
eliminate some of the inherent errors arising from this
method of analysis. The emphasis is not placed on the
result obtained from an extrapolation of one large linear
portion of each curve but rather, the emphasis is on the
linear extrapolation of various small linear segments
and points of inflection throughout the curves. The original

data can be handled by means of nonlinear functions of the
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excess electron energy before the linear extrapolation is
applied.

2. Initial treatment of data

Before the ionization efficiency data are analyzed, they
are adjusted to compensate for several instrumental effects.
First, the numerical order of the data is reversed so that
the last datum point becomes the first point which is listed
and treated by the computer. The zero reading of the
amplifier and recorder system is then subtracted from each
ion current intensity reading.. The readings are also cor-
rected for pressure drifts which might have occurred during
the study. Correction for pressure drift is accomplished
by assuming that the ion current intensity readings for
the ionization efficiency curves change in the same ratio as
do the ion current intensity readings for a reference electron
accelerating voltage.

If a retarding potential difference study is made, two
ion current intensities are read for each different electron
accelerating voltage. The two readings correspond to the
two retarding potentials used. The two se@s of data are

treated as above and the difference in the ion current in-

tensity is also determined from each of the two readings.

The major advantage of this computer technique accrues

from the versatility with which thé‘data can be further
treated before the plotting or analysis is executed. PFor

example, the ionization efficiency data can beﬂtfeated by
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linear, square, power, exponential, or complex types of
threshold laws merely by carrying out the appropriate mathe-
matical operations on the ionization efficiency data.

3. Plotting subroutine

-

When no further data tredtment is to be performed, the
data points are plotted and a point-to-point line is drawn
through them. Every third point on the plot is numbered to
allow rapid identification of specific points. An example
of such a plot is given in Fig. 1.

The plotting is generated in the computer program by
the use of a CalComp subroutine plotting package (60c)
(CalComp Digital Plotter Package, California Computer Pro-
ducts, Incorporated, Anaheim, California) which is incor-
porated into the computer system by the Computer Center at
Iowa State University. This plotting routine automatically
optimizes the plot size by determining convenient scales
for the axes; draws, makes, and labels each axis; labels
the graph; plots and numbers the points; and draws either
a smooth line or a point to point line through the data.
When modifications are desired, it is only necessary to
change a few control parameters which are then read into
the program with the data input.

The plot is generated onto magnetic tape by the use of
the CalComp subroutine and the IBM-7074 computer, and it
is then processed through an IBM 1401 computer. An IBM
1627 Model I digital incremental plotter is controlled by
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the 1401 computer in the final, mechanical plotting opera-
tion. This plotter is capable of plotting 18,000 incre-
ments per minute, with a resolution of 0.0l inch. Plots
can be 11 inches by 120 feelt long but in this work they are
usually 10 inches by 40 inches. The use of the CalComp
plotting package is described in more detail in a bulletin
from the computer service group (Computer Utilization
Bulletin No., 20, Iowa State University).

4. Computer analysis by linear extrapolation

After the data are converted to the desired form, the
main routine of this computer program subjects the, ioniza-
tion efficiency data to an.extensive analysis involving
linear extrapdlation. The intimate details of the computer
program are relevant in pfoviding an understanding of the
accuracy of the results, hence the computer technique is
further described.

When linear extrapolation of ionization efficiency curves
is performed with the unaided eye or with the use of a
straight edge, several errors can result. When using these
methods, one cannot readily detect small changes in slope
or slight curvature, nor can this process produce accurate

gquantitative determinations of slopes, standard deviations,

or points of intersection. Furthermore, if there is any
scattering in the data points, the extrapolation is not
usually the outcome of an optimum least squares line.

Perhaps the greatest error is introduced by human judgement
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which can bias the results. The use of a computer does not

completely eliminate all of these inadequacies, but it does

yield consistent results as well as unbiased and more
accurate measures of slopes, standard deviations, error
limits, points of intersection, elimination of computation

errors, and more accurate plots.

The process of selecting and evaluating linear segments
from the data is not easily executed using a computer. The
process is based on two major error limits. The first error
1limit requires that the points must lie within a certain
"scattering limit", AE, in order to be considered for extrapo-
lation. This scattering limit, AE, is determined by an error
that is allowed in the readings of electron accelerating
voltage, AV. Initially this error, AV, is chosen as 0.25
volts. .

FPig. 32 shows 5 points from a greatly enlarged section
of.data from an ionization efficiency curve. The scattering
error limit, AE, is geometrically related to AV and is mathe-
matically related to, m, the slope of the least squares line

drawn through the points.

AVsin | | 34

2AE =
AVM
AB = = 35

2/ 1+m

It is indicated in Fig. 32 that although the points fit

-the scattering function, they can occur in such a way as to
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N

impart a general curvature to the ionization efficiency at
that region. .

A second error limit, AI, establishes the amount of
general curvature that will be tolerated in the extrapola-
tion. This "Cﬁrvature error limit", BEAM ERROR, is deter-
mined by the amount of error that will be allowed in the
ion current intensity readings. In order to determine the
curvature of the ionization efficiency curve in the region
of these points, a line, AB, is drawn from the first point
under consideration to the last point. The vertical dis-
tances, ¢, from each point to this line are calculated for
all poinfs between the two end points. The distances are
weighted by a factor of Ii2/IN so that the smaller ion cur-
rent readings receive less emphasis than do the larger ion
current readings. For a series of N points starting at 1,

the total error is:

N-1 Ii2
ERROR = I Al —=— . 36
3=2 N

ERROR, the sum of these distances, must be less than the
allowable error, BEAM ERROR, which is determined by the
chosen value assigned to_AI. The initial AL is chosen as
2.4 percent of the ion current reading as the maximum
tolerable ion current noise. BEAM ERROR is given by the
sum 0f AI times the ion current intensity of each point

between the end points.
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BEAM ERROR = T AT I, 37
i=2
Tt is obvious that if the sum of these distances is signifi-
cantly different than zero, most of the points are either
below or above line AB. The representative geometrical
-values, V, E, and ¢ are also indicated in Fig. 32.

The actual computer program operates according to the

following scheme.

1. A linear least squares line is computed for the five
points, N to N + 4. The first set begins at point
1.

2., The distance of each point from the least squares
line is computed. If any of these distances are
greater than the scattering limit, the first point
(or base point) is rejected and the process is
repeated for the next five points. When five
points are found that lie within the scattering
error tolerances, a linear least squares line is
similarl& computed for these five points plus the
next point. Each time the set.of points conforms
to the sc;ttering error, another poinf is included
at the upper end and fhe cycle is repeated.

3. When all points are found that satisfy the scatter-
ing limit using point N as a base point, the entire

procedure is repeated for point N + 1 as the base

point. If more points fit the scattering limit
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using N + 1 as the base point than for N, the
procedure is repeated using N + 2 as the base point.

The procedure eontinues until a base point is

found for which a maximum number of points satisfy
the sbattering error limit.

The test for curvature is then applied. If the
points indicate that the ionization efficiency cﬁrve
has more curvature than is allowed by the curvature
error limit, the highest point of this series of
points is rejected and the curvature is redetermined

using the remaining points. If the curvature is

still too great, another point is rejected at the

top of the series of points and a repetition of the
procedure is completed.

If, after rejecting two upper points, the series of
points still does not fit the curvature error, the

upper two points are restored and the base point is

rejected from the calculations. The entire cycle
described in step 4 is then repeated using a new

point as a base.

Steps 4 and 5 are repeated until less than five

‘points remain to satisfy the scattering error limit

or until a series of points is found that satisfies
both error limits. The method of linear least
squares analysis is then applied to this series of

points to determine the equation of the line which
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best fits them. Calculations are made to determine
"Student" deviations of the electron accelerating
voltage and the ion current intensity, slope, slopé
deviation, intercepts, and avérage ion current read-
ing.
7. The point immediately below the highest point in the
.last series is then taken as a new base point. The
entire procedure is'repeated to determine a different
linear portion of the ionization efficiency curve.
8. If another line is established, the deviatigns,
slope, etc, are calculated for this line also. The
‘points of intersection of this line, with the last
line and with the axes are also calculated.
9. The entire data from the ionization efficiency
curve are subjected to the above method of analysis
and the calculated results are printed out for each
line that is determined.

10. After all the data have been evaluated using the
above process, the scattering error and curvature
error limits are deéreased by small increments and
the entire process above is repeated. About twenty

‘repetitions are completed until the error limits
_become very small.

1l. An example of the output from a typical analysis of

the data for the ionization efficiency curve of xet

is shown in Chart 3a.
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Chart 3a. Typical linear extrapolation data.
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d is the number of the curve or line; the first line is
always the x-axis.

LL is the number of points that satisfied the extrapo-
lation criteria.

XO.and B are the intersection points of each line with
the x-axis and y-axis respectively.

XX and YY are the coordinates for the ‘intersection of
two adjacent lines.

S and SIGMA represent the slope of the line and its

standard deviation.

1lst Pt and LP are the base point or first point and the

last point of each line.
YAVE is the average ion current intensity reading for
each series of points on a line.

YSIG and XSIG are the Student deviations in the ion

current intensity readings and in the electron
accelerating voltage.

DAP is the allowable error limit of the electron accel-
erating volfage; it determines the scattering
limit. |

BEAIM ERROR is the percentage error allowed in the ion

current reading; it determines the curvature
limit.
Some of the advantages of computer applications are
obvious. Note that the use of the computer plotting pro-

gram eliminates the large amounts of manual analysis that
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are otherwise necessary. The only manual labor required is
reading the data and interpreting the results. The simplicity
of conducting and analyzing ionization efficiency studies in
this way, permits many more studies to be made in the same
amount of time, yet, it yields numerical data which can be
stored or treated in other ways. PFurthermore, it removes

most of the element of human judgement which can often pro-
duce biased, inaccurate results. It 1s also versatile

since the data can be treated by several different mathemati-
cal methods and relationships. |

5. Differential analysis

Whereas the method of linear extrapolation permits the

determination of appearance potentials from large segments -

of an ionization efficiency curve, first and second diff-
erential plots magnify the details of such curves. This
is quite obvious when the differentials at the point of
intersection of two curves are compared to the differentials
along the curves. Since only 70 to 100 data points are
measured for each cufve, simply taking the differences
between points is not sufficient to produce smooth diff-
erential plots. For this purpose, a computer program

was also written to determine the differentials of ioniza-
tion efficiency curves from the nﬁmerical data. The data
are read into an IBM 7074 computer and an interpolation
subroutine (613) is used to determine a total of 500 points

spaced at intervals of 0.02 volts. The interpolation
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procedure uses a preselected number of original data points
and Legrangian interpolation. For this work 2 to 5 points
gre used. Note that two point interpolation is merely the

| , .
same as a straight line interpolation between each two

points. -

A 5 point or a 7 point smoothing subroutine (61b) is
also used to smooth the data either before or after the
interpolation is completed. Normally the smoothing is com-
pleted only after interpolation so that the original data
are not altered. |

After the 500 points are generated, differentials are
computed by taking the differences between each two read-
ings or by faking an average of three of these differences.
The final differentials are then plotted using a sub-
routine, GRAPH, (6lc) and the IGM-1401, IBM-1627 Digital
Plotting combination.

Variations of the above methods are used extensively,
especially for double ions and fragment ions resulting
from complex processes. With the exception of routine
checké of the mathematical procedures gnd equations, all

the calculations are carried out by means of an IBM 7074 -

computer.
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VII. THEORETICAL DESCRIPTION OF IONIZATION

t

EFFICIENCY CURVES

A. Introduction

|

The process of iohization is of such complexity that
volumes have been written on the subject. For the ioni-
zation of very simple atoms and molecules some general
methods of data treatment can be applied ito yield significant
accuracy. The necessary theoretical approximations can be ;
made with adequaﬁe justification and only minor de%rimental
effects. The energy level schemes and transition rules are
much simpler and better known for the inert gaseé than for
most other gases, Also, more experimental-éﬁd theoretical
data are available for comparison and useage."

However, the ion source éonditions, and the complexities
of the molecules which most mass spectroscoptists are con-
strained to investigate, subject them to a more arduous
task of interpreting and understanding the data. Wahrhaftig
(52) presents a very commendable description of thiS'plight.

Perhaps the most effective manner in which complex ioni-
zation processes can be interpreted and understood is to
investigate first the basic processes and theories of ioni-
zation of simple compounds. This will help create better
judgement of the feasibility and validity of assumptions
which migat be necessary to further improve the interpretation

of ionization efficiency curves for more complex molecules.
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The present work, attempts to provide a better under-
standing of both simple and complex ionization processes in
.a mass spectrometer by applying these basic principles to the
ionization of Xe. Because a completelylrigorous theoretical

treatment of even this simple atomic ionization process is
beyond the scope of this thesis, the treatment will be brief
but pertinent to the development outlined below. It is hoped
that the results of this detailed study of the ionization

of Xe will provide a better basis for understanding complex‘

ionization efficiency studies.

B. Ionization Processes

1. Atomic ions

As stated previously the ionization efficiency curves
of the inert gases are the simplest, yet they entail much o
detail. The effects of the electron thermal energy distri-
bution can be removed by mathematical (7, 56, 57, 58) or
insfrumental techniques (21, 29, 30); the effect of potential
field penetrations can be eliminated by pulsing techniques;
and the other effects which produce curvature of the ioni-
zation efficiency curve can be minimized. Never-the-less,
the gas under study still may possess translational momentum
and many excited electronic energy states.

The average translational energy of molecules within

a gas is small, but its Maxwellian energy distribution is

similar to the electron thermal energy distribution shown
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in Fig. 2. The average electron thermal energy is only 0.2V,
yet the total electron thermal energy imparts over a 0.5V tail
to an ionization efficiency curve. It would appear then, that
translational energy of a gas'should also tend to limit the
absolute resolution in ionizgtion efficiency data. Even for
.an ideal study involving monoenergetic ionizing electrons and
a linear threshold law, one would expect to observe a slight
tail of length at least kT (approximately 0.02) for normal
ion source conditions. There is a large uncertainty con-
cerning the relationship between the temperature of the ion
source and the average temperature of a gas molecule which
is ionized in the electron beam. In this work it is assumed
that the average molecular translational energy is due to a
ion source temperature of 300°C. These translational energy
distributions are seldom mentioned in ionization studies,
however, workers who strive for high energy resolution
should seriously consider this inherent energy distribution.

Recently, impfoved energy resolution and sensitivity
of the mass spectrometer have enabled the investigation of
electronic energy levels. The number of molecules or atoms,
dNN, in each electronic energy state, Eﬁ, of degeneracy,

8N’ is given by the Boltzman distribution,

-E :
ANy = gy e N/%T ©34

for thermal population. Herzberg (62a, p. 160) states that

in electrical discharges the population is approximately
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equal to gye In a mass spectrometer where radiation from a
‘hot filament or high electrical fields and a large amount of
ionization within the electron beam exists, the population
distribution is possibly between these two distributions.
Nevertheless for normal mass spectromeyer conditions the
temperature is low enough and excited electronic energy states
of neutral molecules and atoms are high enough above the
ground state so that generally only the ground state is
occupied. Oxygen, 02, and nitrogen, N2, are two exceptions
(9, p. 104). Therefore, ionization can be considered as a

transition from the ground state to some energy level at or

above the ionization energy. If the neutral atom is excited
to a discrete electronic energy level above the ionization
potential, the process of pre-ionization or self-dissocia;
tion (often called autoionization) can occur (62a, p. 172).
Morrison (62b, 62c) and Burns (63) have detected and ex-
plained many of these autoionization processes in their
exemplary works on the ionization of Xe using mass spectro-
meters of higﬁ energy resolution.

Besides auto-~ionization from excitgd states of the
neutral atom or molecule, ionization cén also result in the
formation of excited states of the ion. The final result
is that the ionization efficiency curve is a complex
summation of ions resulting from all of these possible
processes. FPFig. 33 illustrates an ionization efficiency

. s
curve for Xe with the 2p3/2 gnd the 2pl/2 excitation levels
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indicated. The dotted lines indicate the excited states of
the neutral atom from which autoionization can occur. The
energies of these states were obtained from NBS Circular 467

(64).

2. Molecular parent ions

The ionization of molecules is a much more qomplicated\
process than is the ionization of inert gases. Diatomic
molecules are the simplest, yet even these have complex
vibrational and rotational energy levels in addition to the
electronic states.

Furthermore, it is not valid to assure that all of the
ionization takes place from the ground state when molecules
are subject to the temperature of a typical ion source;
espécially if the vibrational energy states are closely
spaced. Tor a single vibrational mode the population distri-

bution of the vibrational energy levels is approximately

(65)

N ~hv.
Nl S 1 —kg i ) - Si 34
tot :
N4 : : e e s
where ® = fraction of molecules in the specified i.
tot
vy o= vibrational frequency.
Si = degeneracy.

It can be shown that when hv is signifiéantly less than kT,

many of the excited vibrational states are populated and the
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process of ionization can occur from any one of them. TFor
example, at 700°C only 89 percent of H,0 molecules are in
their ground vibrational state and less than 32 percent of
CO, molecules are in the ground state (65, 145)! Thus
molecules which have many low lying vibrational energy levels
may exhibit long tails in their ionization efficiency curves.
It is especially apparent for complex molecules which have
many vibrational modes. Recently, several papers have report-
ed the observation of vibrational levels of simple molecules,
although the studies on H2+ are perhaps the most widely known
(66).

Just as ionization can arise from any occupied vibrational
level of the molecule, it can proceed 1o any vibrational state
of the ion. In general the final nuclear separation of the
ionized molecule cannot be assumed to be the same as for the
parent ion. This implies fhéf the area of maximum overlap
of the vibrational probability functions of the ground state
and excited state potential energy curves does not occur at
the same vibrational‘quantum number. In fact, there is a
greater probability of forming the ion in an excited vibration-~
al sﬁate than there is for forming it in the ground state.

Note that the ion or the original molecule may be in a
ground electronic state and an excited vibrational state; in
a ground vibrational state and an excited electronic state;
or in either ground or excited states of both. These ioniza-

tion processes are illustrated by the potential energy level
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diagrams in Fig. 34. DPotential energy Curve 1 is for the
ground state of the molecule; Curve 2 for an excited elec-
tronic state of the molecule; Curve 3 for an excited state
of the ion; and Curve 4 for an antibonding state of the
molecule. The well?known FPranck~Condon Principle involving
8 —transition functions, and vertical transitions is
generally applicable to ionization efficiency studies. This
principle is adequately discussed in Field and Ffanklin (1).
It must be stressed, however, that caution should be exer-
cised in comparing appearance potential data to adiabatic
values.

Most molecules also have higher rotational energy levels

which are populated according to the following distribution

function,
N _n(23 +1) B ~n(J + 1)B/KT 35
N - kT
where B = —EE—
8 “I
I = the moment of inertia
J = rotational quantum number.

Whereas two adjacent rotational energy levels are very
closely'spaced, the total distribution may extend over a
significantly wide energy range. For many molecules at
normal temperatures, the energy of the most populous rota-
tional level is approximately 5% . Each rotational mode

contributes this amount of energy to the molecule hence

N
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Fig. 34. Typical potential energy levels.
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molecules having N rotational degrees of freedom would have

an energy, -I%E y above the ground state. Even at normal

temperatures, where E% is about 0.02 volts this can be
significant.

It should be realized that the energy distributions
which have been given above, express the minimum contribu-
tion from higher excited states. All of these energy dis-
tributions are also directly proportional to v, the radiation
intensity encountered in the ion source. Further complexity
is introduced because the wave functions for vibrational,
rotational, and electronic energy states can interact to
produce more energy levels, anharmonicity, and Fefmi o

resonarce.

3. Fragment ions

It is often difficult to distinguish the exact ionization
process that corresponds to the observed appearance potential
of a fragment ion. Some of the possible processes for the
formation of fragment ion c* are indicated below.

a) ABC~ABG7"(-'AB+C++K.E.

~ A + C* 4 K.E.
- AB + C+¥ + K.E.

- AB# + C+% + K.E.
b) ABC - AB + ¢+ K.E.
c) ABC ~ AB + ¢¥  + K.E.
d) ABC ~ A + B + CT + K.E.
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Note that all of these processes can result in the various
excited states, denoted by #, that are shown in (a). If the
‘-molecule is excited to a state above the appearance potential
energy of the fragmgnt ion, it can transfer excess kinetic
energy, K.E., to the fragment ion when it dissociates. The
resultant excess kinetic energy, K.E. can have values up to
several volts. In addition to errors which arise due fo
electron the;mal energy, excess kinetic energy, and excited
electronic, vibrational and rotational energy levels, a large
error can be introduced by a misinterpretation of the specific
ionization process. Often, approximations of the relative |
energy of these different processes can be made and used to
associate different breaks in ionization efficiency curves to
the correct process. Threshold laws can also be observed
over the entire curve in order to help distinguish the
processes and determine if the process imparts_excess kinetic
energy to the fragment ion.

4., Multiply charges ions

The number of processes of formation and the number of
occupied excited electronic, vibrational, and rotational
states are even more numerous for the ionization of multiply

charged ions than for singiy charged ions.

AB + e~ - A" 4+ 3¢ + K.E.
- AB+% + 2e” - AB™ 4+ 3¢~ + K.E.
- AB% + e - aB™™ + 3¢ + K.E.

- AB+¢ + 2e - AB++¥ + 3¢ + K.E.
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- A+ B# + e - A+ B* 4+ 37 + K.E. .
o~ Y 4 26 - A+ B™ 4 3¢ + K.E.
- At . B+% + 2¢” - AY + B + 3¢” + K.E.

Several p?ocesses can result from successive collisions with
electrons. Although the probability is small that already
ionized or highly excited molecules undergo another electron
colligion, it may not be negligible. If double ionization
occurs by a double collision process, then ions could be
formed at electron energies approximately one half the
second ionization potential. This type of process would be
expected to result with a different threshold law than
ionization by a single collision.

Whereas the probability is small for the occurrence of
multiple collisions, the probabiliﬁy of forming multiple
ions by other processes might also be small. In this case
the ionization efficiency curve would tend to exhibit a
long tail below the true ionization potential. Again, the
investigation of threshold processes can sometimes divulge
ample evidence to make possible a correct interpretation.

Threshold laws are discussed in more detail later.

C. Previous Work
It has already been stated that initial workers assumed
linear threshold laws for most ionization processes in
appearance potential studies. The total number of ions,

Ni(V) formed at some electron energy, V, was expressed by,
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Ni(V) = K(V - Vc) 36

where V, is the appearance'potential of the ion. Even when
ionization efficiency curves exhibited long tails, a linear
law was assumed and.the tail was attributed to the electron
thermal energy distribution. Honig (7) assumed that the
number of ions formed at a given electrdn accelerating voltage,

Vl was the sum of ions formed in all electron energy states

This implies that

(-~}

Ny (V) = / p(E)aN,(U) | 38
(0]

where p(E) is.the probability of ionization by an electron

of energy, E, and dNe(U) is the Maxwellian thermal energy
distribution of the electrons. He assumed that the threshold
law was a function of the square of the energy in excess of

the critical energy or appearance potential, Vc’ Thus,

p(E) = 0 E <V, 39
p(E) = C(E - Vc)2 E =2V,
and -
N, (V) = j/;(E - v,)? £%§ég v Y au. 40
0

Honig performed the integration to obtain the ion current as

a function of the electron accelerating voltage,

N, (V) = or2e /T (6?12 4 qn(v-v,) + (v-v 1%, a1
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taking logarithms and differentiating with respect to V,

he obtained,

d(1n N.(V)) N
7 =17 V31+ I%T * %{T 42
, e

and for the appearance potential, V = V,» he obtained the
expfession used for the critical slope method of interpret-
ing ionization efficiency curves. Unfortunately this treat—~
ment is subject to three sources of error. PFirst, the
effects of potential gradients, space charge, excited states;
and some of the othér parameters mentioned earlier can affect
the slope. Secondly, the assumption of a square threshold
law is not theoretically or experimentally -justified for all
ionizéfion processes. Third the law applies to the process
of ionization within the ionization chamber, not at the
collector.

Honig also found that a similar plot would give critical
slopes at energies of [n/(n+l)]kT for processes dependent
upon the nth power of the excess energy of the electrons.
Recently Barfield and Wahrhaftig (67) found that for complex
parent ions the critical slope is more closely indicated by
TE%%%ET and for simple atoms and molecules, by §%T. Further-
more, they state that the activation energy for fragmentation
processes makes it difficult to determine the appropriate

critical slope since it may range from Oig7 to O£g5.
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Morrison has given two analytical treatments (55a, 55b,
55¢, 59). He assumes that ionization efficiency for a single

process is given by

o (V) = ﬁ(E)e-(E—Ec)/Ec)s n(E;EC)dE 43

where P(E) is the probability of energy transfer,

P(E) a‘/f"""""'""b/?;’Ec)dEn' ‘ . 44

The freedom factor, n, is proportional to the number of
electrons leaving the collision process and the structural
factor, s, is dependent upon the characteristics of the
molecule being ionized. He further calculates, that the

total ionization efficiency is,

for all of the processes. The coefficients, Ki’ are the
relative transition probabilities for ionization.

A second method used by Morrison (60a, 60b) consists of
removing the electron thermal energy by a deconvoluting
technique involving Fourier transforms. In this method
the random scattering of data is essentially smoothed. The
ionization of He' is assumed to follow a linear threshold
law and its ionization efficiency curve is then used as an
indication of electron thermal energy effects. This
technique gives surprising improvements on energy resolution.
Note that it includes a slightly different basis for sub-

tracting out electron thermal energy since a Maxwellian
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for Xe.

Chart 3b. Ionization efficiency data
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C = conventional
P = pulsed

Chart 3. continued. Ionization efficiency data for Xe.
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distribution is not necessarily assumed. Recently Hutchison
(16) has measured electron thermal energy distributions and
concluded that they are not Maxwellian. Furthermore, Marmet
(17) has calculated from theoretical viewpoints that it is
not Maxwellian. Both have also concluded that the electron
thermal energy distribution changes as the electron accelerat-
ing voltage is changed.

D. Present Work

A1l of the previous methods either require a calibration

curve to analytically correct the data, or they assume apriori
knowledge of the true appearance potentials, and excited states
before they are employed. The various ionization efficiency
studies which were conducted and are discussed and treated
.throughout this thesis are listed in Chart 3b.. In the present
work a somewhat different technique is attempted. An
analytical expression is derived for the ionization efficiency
using both é linear threshold assumption and a general
empirical cross section equation. TFor simplicity, a Max-
wellian electron thermal energy distribution is used.
Estimates of the absolute sensitivity of the mass spectro-
meter detection limit and the ion transmission coefficient

are made and included in the calculations. Previous treat-
ments by others use the experimental data per se without
relating the ionization efficiency data directly to the
actual conditions which exist in the ion source. Since the

theory of concern is applicable to the ion source conditions,:



141

the data in this work afe corrected for instrument sensitivity
and transmission in an attempt to relate the data to existing
ion source conditions.

In the derived analytical expression for the ionization
efficiency, two unknown terms are always present. Neither
the actual critical voltage or appearance potential, Vc, nor

the proportionality constant, C, are known,

T, U) 46

Ni(V) = Cf(V, Vos
This function is such that when the frue appearance potential,
VC,'is encountered in the calculations, C remains constant
over a wide range of the data. The principle of this treat-
ment is to apply the IBM 7074 computer and the following brute
force method of solving a series of equatioﬁs for two unknowns,
C, and VC, by a process of iteration.
1. The data points are all related to the actual absolute
ion currents within the ion box.
2. The appearance potential, Vc, is estimated and the
value C is computed for each datum point.
3. The value, Vc’ is incremented by a small amount and
the value of C is again calculated for each point.
4. The process of iteration is completed several times
until Vc has been varied from slightly below the
expected appearénce potential to slightly above it.

The values of C are calculated for the entire data

set during each cycle.
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5. The value of V, for which C remains constant over a
wide range of data points is taken as the true appear-
ance potential.

6. The value of the constant, C, is useful as a direct
approximation to the relative cross section of
ionizafion.

Two different threshold laws are treated using this method.

Pirst, the linear threshold law is assumed and the ionization
efficiency is calculated for the ion source region. A pseudo-

Maxwellian thermal energy distribution is used,

4ﬂmUAe_( +U) /kT
e h3

dN au. 47

Then from Eq. 45 the ionization efficiency is given by,

b

Ni(v) = 4{}E)dNe 48
where p(E) is the probability of ionization. In this work,
the data were often obtained using a retarding potential of
energy, a, hence in the calculations the lower integration
limit is a. The use qf the retarding potential was found to
give much better ionization efficiency data than did a con-
ventional or Schiff method. Ionization efficiency curves
were made under the various ion sources modes and conditions
shown in Fig. 35. A straight line is drawn through the portion
of each ionization efficiency curve that represents the 2p3/2
electronic state. It can be noted that less tailing occurs

for large retarding potentials. The upper limit, b, is
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normally very large for a Maxwellian distribution. In the
computer -program, Simpson's rule is used to evaluate some

integrals, hence the iteration is completed to an upper

integration, b, beyond which no further increase contributes

significantly to the value of the integral. When a retarding

potential difference method is used, b represents the uppe
limit of the second retarding potential. For a linear

threshold law,

Q = Cy(E-E,)
and b '
_ 4™mAU _~(4+U)/kT .
N () = cl/ 3 e (E-E,)au
q
where the electron energy, E, is the sum of the electron
thermal energy, U, and the electron accelerating Qoltage,
E=TU+7V
Thus b
-¢ -
N, = A8 o /KT c Ue U/kT (U+V-E_)dU
i h3 1 c
‘ a
and letting X = éﬂ@%@f@/kT
h
b /
2 -U/kT
N, =KCl/(U + UV - U) Ee au
A .
or, b b

N, = Kcl[/uze“U/kT au + /U(V—Ec)e_U/kT au
a a

Evaluating the two integrals and simplifying,

r

V;

{
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b
N, = [kci(-kTUZe'U/kT —o(x1)20e~ /KT _3(xp)3e~U/KT
a .

(0 2eTV/ET ()36 U/, (V-Ec>] 54
\

and evaluating between the limits,

N, = simae~%/ET 1o [e'a/kT(aZ + 2kTa + 3(kT)?
(v-E_) -e"o/¥T (b2 4 2 4+ 3(kT)2i] c, 55

This equation represents the theoretical ionization

efficiency for ionization within the ion source assuming a

linear threshold. It can be related to the actual ionization

efficiency data observed at the collector by considering the

ion transmission coefficient T,., and the absolute sensitivity,
S, of the instrument. The sensitivity, S, is composed of two

terms, the vibrating reed minimum response, V_, and the average

r’
noise level, No’ of the instrument. A 100 percent efficiency

is assumed for the amplifier and recorder system. From this,
S::Vr-i-No 56

The input of the vibrating reed is amplified by a factor of

108

and measured across a 5K ohm resistbr, The minimum
voltage that is readable during most ionization efficiency
studies is approximately 0.1 millivolt. From thié the
vibrating reed sensitivity is calculated as,

1x107% 10716

o
r” 5 4103 x 10°

amperes.
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Adding the average noise level of approximately 0.1l millivolt
decreases the ab301ﬁte sensitivity, S, to about 4 x lO_16
amperes. This sensitivity can be increased slightly by using
the KinTel amplifier by increasing the signal-to-noise ratio.
The coefficient for the transmission of ions from the ion box
to the collector was not measured but rather it was estimated
to be about one percentl. The measured ioh current, N, is

related to the actual ion current in the ion source, Ni’ by

the relationship,

Nm = TrNi -5 57
The values, Nm, are measured and used to compute the values,
?
* N, + S '
Ny = =7 — °8

Combining this equation with IEg. 55 and solving for

the reciprocal of Cl’ one gets,

o, = m, AL e[ (a2s2akr+3(x1)?) /T (v-z )
B3 (N_+5)

—(v2+2bkT43(kT)2) & /KT 59

Note that calculating the value of Cl-;,instead'of C1 yields
a number in units of cm2 which is directly proportional to

the actual cross section of ionization.

1Flesch, G. D. [Concluded from a private discussion].
Ames, Iowa, Ames Laboratory of Atomic Energy Commission.
ca. 1965.
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In order to use the measured values of ion current, Nm’
for these calculatidns they are first converted to the actual
number of ions formed in the source region. This is done by
converting them to amperes, thence to the actual number of |
ions striking the collector. It is assumed that the ions
striking the collector exhibit 100 percent charge transfer,

to the vibrating reed! input. For this conversion;

-3
1l x 10 °V x 6.281 esu 60

m 5 x 103 Q X lO8 X amperes

N

after which Eq. 58 relates these values to N;.

The assumption of a linear threshold law introduces
some major disadvantages into the calculations. Note that
the linear law predicts a monatomic increase of N; with E,
whereas a maximum is always observed in ionization efficiency
curves. Secondly, the linear law is assumed for a large
segment of the curve whereas often only a small part of it
fits a linear law. These calculations were initially pro-
posed for severai reasons. One was to attempt to find an |
equation for ionization cross sections which would fit the
data. Once an acceptable threshold law was found, it was
hoped that contributions from lower excited states could be
calculated and successively subtracted from the total
ionization curve thereby breaking it down into its basic
ionizing processés.

The second application of the computer involves using

cross section equations rather than trying to propose
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ionization threshold laws as previous workers have done.
The specific equatidn used was that derived by Gsyzinski
(68a, 68b, 68c, 69a, 69b) for simple atoms and molecules. The
probability of ionization p(E), in Eg. 48 is replaced by

Gryzinski's equation,

Q = p(B) = N (ne?/1%)g, (8, /1) 61
where |
g = % [( 2132 (1:20dpn(er(x-1)1/2)] 62
and
= E/I.

Making the substitution and including the electron thermal

energy distribution, one obtains the complete expression

b
-4 /T 4
_ » 4mmhe (me™) B ~U/kT
d
where
g = & ( E1)3/2 (12 2L yn(es( EL)/2)) 65

Inspection of this equation reveals two things. One, as
E approaches I, Ni approaches zero linearly and two; if E < I,
Ni is also less than zero. This latter result is not
physically possible but analytically feasible due to ioniza-
tion from excited states which maj be populated. The second
factor is eliminated by either of two ways. The probability

of ionization for E < I is assumed to be zero for simplicity,

or Gryzinski's general equation is used to calculate the
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probability of ionization from excited states when E< I.
The latter method would also require calculating the proba-
bility of excitation within the ion source. For the case of

Xe+, only values of E2 I are considered. If one uses the

relationships,
E=U+7V
and’
_44nmAeq@/kT 4 ~
X = 3 Ne me |
h
then Ni can be simplified %o,
C, X ( E=I 13/24,=U/E X 2
= I(N —S; 17‘+I I Nm-S 3

/ 2L )3/2 (2L e U/ (o ( 1 71/2yqu 66
a

The computer program as described is used with Eq. 57
and 66 to calculate the values of C; at each datum point for
each value of Vc' The portion of data for which Cl is
constant throughout the greatest range of data points is
considered as the best fit of the theoretical equation. The
value of VC from which these data resulted is taken to be
the uncorrected appearance potential. It can be noted from
Chart 4 that for an critical voltage of 8.95 volts, the
value of C1 is nearly constant for points 16 through 39;
This corresponds with the data from the linear extrapolation
program which lists 9.23 as the extrapolated appearance
potential for points 18 to 57. Three factors would tend to

give the lower calculated value.
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First, the ionization efficiency curve was obtained with;
out pulsing techniqﬁes, thus repeller gradients were present.
Seqond, the retarding potential was only 0.119 volts. Third,
the calculations relate the data to actual ion source |
conditions. All of these factors produce curvature at the
lower end.

Whereas the analytical technique can compensate for
this curvature, the linear extraﬁolation cannot. It is also
possible that the lowest state, 2P3/2 was missed by one or
both treatments.

The effect of repeller potential gradients upon the
results could be determined by including a mathematical
approximation of them in the calculations; |

N, = £f(Q, B, V, T) + f(AVg) 67

where f(AVg) represents the function due to potential gradi;
ents within the ionizing region of the ion source. The values
of Ty, T, and S can also be varied in order to find a better
fit for the experimental data or measurements could be made

to determine them more precisely. It would be especially
valuable to know the true ion transmission coefficient and
instrument sensitivity, for then the actual cross sections of
ionization could be computed using the values of C,. Note
that in order to relate Cl to cross section, . Q, it is nec-
essary to know the absolute ion source pressure due to the

specific isotopic species being studied, the electron beam
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intensity, and the effect of ion source potential gradients

upon the transmission coefficient and electron energy spread.

Although the analytical technique just described is

mathematically complex, requires a computer, and does not

_actually improve the precision of results, several important

|
conclusions are evident and further improvements could be

made by extending the mathematical treatment.

3

This method illustrates that a purely analytical
method can be used without a prior knowledge of the
appearance potentials and without a calibrating gas.
It suggests that appearance potential results appear

to be slightly lower in value when the appearance

. potential data are related to ion sourcé conditions.

This method can also be used to investigate the

theories of ionization and cross sections.

By including appropriate functions, one can investi-
gate field gradients within the ion source, electron
thermal energies, threshold laws, and the effects of
excited energy levels.

It also illustrates.the difficulty in determining
true excited states and their cross sectionms. It
appears that this method is very difficult to use in
determining excited states unless the states are
well separated in energy and the cross section
equation is known and similar for each state. In

Fig. 36 this problem is indicated very well. Curves
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A through E represent some of the possible ionization effi-
ciency curves for each of several processes having onset
energies 1 through 5 respectively. Processes very similar
to these could occur in an actuwal ion source. It must be
realized that Fig. 36 is only a small enlarged portion of

a possible ionization efficiency curve. The final observed
ionization efficiency curve is indicated by the summation,
A+B+C+ D+ E, of ions formed from all of these processes.
It was stated that differential plots of ionization efficiency
curves magnify detailed structure. Often an inflection
point on & real curve may be so obscure that it is almost

- imperceptible to the eye whereas on a differential plot it
is seen very easily. If Fig. 36 is reduced by a factor of
10, point C is difficult to'see. Yet if the second differ-
ential is examined in the vicinity of point C, it can be
seen that it goes from a negative value to a larger positive
value and back to a negative value. It can also be shown
that even uéing a Maxwellian electron energy distribution,
processes of relatively close energy separations can still
be detected. One of these ionization efficiency curves of
Xe+, expanded along the energy axis, ié’shown in Fig. 33
with the energy levels of Xel superimposed between the 2P3/2
and the 2Pl/2 state of XeII. This curve was obtained using
the ion source in the Fox mode with a retarding potential of
0.112 volts. A total of 108 points were taken during the

run. Close observation of this curve reveals many small
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humps and inflection points. It is assumed that instrumental
conditions impart only general effects and not all of these
small details. In spite of the general scattering of data
points, several of these inflection points were reproducible
in many different ionization efficiency curves of Xet. 1In
order to facilitate a detailed analysis of the data between
the 2P3/2 and ‘che.ZPl/2 states of Xe(II), the first and
second differentials were plotted as shown in Pigs. 37 and
38. These specific differential plots represent treatment
of the original data without the use of smoothing routines.
It is assumed that increases of slopes on the first diff-
erential plot and points of maximum curvature on the second
differential plot are indicative of the onset of different
processes. The 2P3/2 and the 2Pl/2 states are illustrated on
these plots by solid lines and the states from which autoioni-
zation can occur are indicated by the dotted lines.

This differential analysis was carried out on Xe+, test
24, in a variety of ways; no data smoothing, 5 point smoothing,
7 point smoothing, 2, 3 or 5 point interpolations, etc. The
results were always very similar in spite of the method of
treatment.

Two further tests were examined to determine if these
effects were reproducible; Test 31, Xe+, was made using a
Schiff ion source mode with the pulsing technique. Test 27,
Xe+, was made using a Fox ion source mode and a retarding

potential of 0.441 volts with the pulsing method. The
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pressures, repeller voltages and electron trap. currents were
different fof all three samples. Yet each curve showed the
same characteristics and correlations to the electronic
energy states of Xe(I).

Another test for'reproducibility involved comparing the
details between the 2P3/2 and 2P1/2 limits for ten enlarged
ionization efficiency curves for Xet. 1In most ionization
efficiency curves obtained for Xe+, the.2}?1/2 limit was
detected first by the computer linear extrapolation program.
The first few volts above threshold were then plotted on a
large scale (5 volts per inch) in order to determine the
2Pl/2 limit more accurately. All of these curves were run
using different mass spectrometer conditions, and over a
period of a year. After the 2P1/2 limits were determined,
the curves were normalized to read 100 for the ion current
slightly above the 2Pl/2 1imit.' A1l of the curves were then
superimposed and all points were averaged to give an average
plot of the data between the 2P3/2 and 2Pl/2 limits.
I1lustrated in Figs. 39 and 40 are the final averaged resulis
with the 2P3/2 and 2P1/2 energy levels of Xet(XeII) and the
autoionization states of Xe(XeI) superimposed. The fact that
such .details can be observed without monoenergetic electrons
is surprising considering the large thermal energy spread of
the electron beam. Furthermore, note the reproducibility of
the entire curves to 0.02 eV for studies made months apart

at widely varying conditions! Also proposed and used
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extensively is a new method of evaluating and determining

appearance potentials. The usual linear plot produces a
long positive curvature for both the effects due to electron

thermal energy and the ionization procesé. A semilogarithmic

plot produces a negative cufvature for both effects. Using
either of these methods it is difficult to determine the
transition point on the curve bétween the effects of electron
thermal energy and the effects of the ionization process.

If the electron thermal energy is close to a pseud6~Max—

wellian distribution, it should produce an exponentially

increasing tail on the ionization efficiency curve. In
contrast to this, the ionization threshold process is usually
between a linear and a square function of the electron energy

in excess of the appearance potential. It is expected,

then, that a plot of the sgquare root of the ion current vs
the electron energy will result in an initial positvive

curvature, due to electron thermal energy,

2
A°N.

21 a eE/kT 68
ar

and a negative curvature due to the ionization process,

N, o [(E- Vc)njl/2 69

where the curvature is derived from;

= o (m2) (@ - v)ed/2 70
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a4n.

21 is negative. The result,

Since n-2 < 0 for n < 2 then
‘ ‘ ae

which is as expécted; is illustrated in Fig. 40. The point
at which the curvature exhibits a transition from negative
to positive is easily determined and taken as the actual
appearance potential. The ten curves mentioned above were
also analyzed‘by this square root technique, normalized,
averaged, and plotted. TFig. 40 illustrates these results
with the energy levels of Xe again superimposed. The dotted
line is drawn merely as an aid to distinguish the details.
Although it is difficult to observe the details on the plot,
shown in this figure, they are more easily visible on en-
larged plots. Furthermore, if any two of the plots are super-
imposed, all of the details occur at precisely the same
positions. PFrom the several methods of analysis discussed
above it appears that the differential curves shown in Figs.
37 and 38 exhibit a strong, reproducible correlation with
the actual electronic states of Xe from which autoionization
occurs.,
E. Threshold Laws

The validity of assumptions concerning the characteristic
dependency of ionization upon the excess electron energy near
onset has been debated for some time. Wigner (69c) proposed
that the electron collision results in a collision cbmplex
which dissociates into twoc electrons and an ion. From this

concept, Wannier (70) and Geltmar (71) predicted that the
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ion current would be proportional to the 1.127 power of the
excess energy. Theoretical treatments usually assume that
when the collision complex dissociates, the electrons carxry

off all of the excess energy. The final derived expressions
relate the ion efficiency to excess energy near the threshold
and for ionization frqm one electron state to only one other
state. With a slight simplification and extension, the same
theory predicts threshold laws which are dependent upon the
nth power of the excess energy for the nth ionization potential
respectively (72). |

At present, much disagreement exists in the literature
concerning the correct threshold laws for ionization. Many
authors have published experimental results to support a
linear threshold law for single ionization (34, 73, 74, 75,
76) and a square law for double ionization (34, 72). Some
papers (34, 77, 78) support an nth law for n-fold ionization
and at least one paper (79) indicates that a linear law holds
even for these procésses. Most of these publications refer
to work on the insert gases and simple molecules. It is
generally accepted that threshold laws for ionization of
complex molecules and fragment ions are not linear.

When all of these apparent discrepancies are examined
and compared in detail, it appears that most of the treatments
and data are actually correct in certain respects. The dis-
agreements stem primarily from different interpretations as

to the range of the ionization efficiency curve to which the
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threshold law is applicable. This results in two entirely
different interpretations of the terms "threshold". ILiter-
ature coneerning threshold laws reflects this, since some
workers consider threshold laws valid for ionization from
one specified state to only one other state. Other workers
merely evaluate the entire ionization curve over a relatively
large energy range. Thus; an ionization efficiency curve
might appear to follow a nonlinear threshold law in

general, whereas each single transition might follow a

linear threshold lawi: The contrast of these two methods of
evaluating is well illustrated by comparing the work on the
multiple ionization of Xenon by Fox (79), who proposes a
linear threshold law, and by several others (34, 74, 77, 78)
who propose the nonlinear law of ionization. Fox used high
energy resolution, and high sensitivity for examining a
single specific transition, and the others used convential
instruments for examining the entire ionization efficiency
curve in general. It is obvious that when different energy
states are closely spaced, it requires extremely high ion
collector sensitivity and fine electron energy discrimination
to investigate the threshold law over a'range applicable to
a single transition. Unfortunately very few atoms have
widely separated electronic states and few instruments ful-
fill the necessary requirements. Perhaps the strongest
support of a linear threshold law is the work on the ioniza-

tion of He especially that by Hutchison (75), and that by
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Fox et al.on Xe+N (79). Both of these studies were made
using monoenergetic electrons. Hutchison used an electron
energy selector and emphasized that the estimated precision
was sufficient to show that ionization to the first elec-
tronic state of He+, mass 3, followed a 1.00 fhreshdld law -
‘rather tﬂan the 1.127 law predicted theoretically.

Workers should be cautious when examining threshold laws
unless their interpretation of the term "threshold" is
clearly defined. It would seem from most experimental
results, that the word "threshold" should be reserved for

reference to single ionization tramsitions of only simple

atoms or molecules studied with high sensitivity and high
energy resolution. Even then, there are several reasons to
suspect that it is fortuitous when a threshold law is
exactly 1.00.

l. It is relatively easy to fit a straight line %o
data, even when there is slight curvature. This was
illustrated in the computer linear extrapolation
program described eaflier in this thesis. (Refer
to Fig. 32). Often‘a large range of points appear
linear to the unaided eye wheréas the computer
indicates slight curvature.

.2. Few workers, other than Hutchison have investigated
ionization of a single transition with high pre-
cision. Only his work on Het is precise enough to

speculate on the difference between a 1.00 or a
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1.127 threshold law, but He™ is also the simplest
atom available for ionization studies.

The theoretical threshold law is based upon simple
assumptions for two body collisions. The electrons
are assumed to carry off all of the excess energy

and -during this separation, only long range electro-
static interactions are considered. It is also
assumed that the ionization proceeds to single states
with no interacting states present. Thus the ioniza-

tion probability is given as

p(V) = £(E - v ) ol

where n is the charge on the ion. It would seem that
for more complex atoms and molecules, one should
consider the nature of the transition, the total
electronic configuration of the collision complex,
the chemical nature of the molecular bonding
orbitals, the velocity vectors before the collision,
close lying energy levels, the probability of
excitation of the complex, the initial state of the
molecule, and half-life of the collision complex.
From all of these considerations it is unlikeiy
that the threshold laws for two processes will be
exactly equal for even a small energy range above

onset.
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4, When ionization efficiency curves are obtained under
closely controlled conditions and are greatly enlarged,
the effects of atomic electronic energy stat;s are
shown by the processes of autionization. Auto-
ionization occurs via a different proceés than direct
ionization hence these states can influence the
apparent threshold law. In fact Burns (63) ' -
emphasizes that autoionization states may even make
it impractical to attempt discriminating between a
1.00 and a 1.127 threshold law.

It is much more practical in most ionization efficiency
studies, to investigate the dependency on the excess electron
energy over a range of 2 to 5 volts rather than to attempt
to resolve the ionization process between single states.
Furthermore, for the sake of clarity, the term “"threshold"
should not be applied to investigations in which the states
of the atom and molecule are not single or specified. Other

investigations should use the general term ionization

efficiency law to prevent confusion.

Tn view of the above considerations, it is assumed that
each ionization efficiency curve follows a different "ioniza-
tion efficiency law" and that these differences are sometimes
quite.distinct. In fact, different portions of the same
ionization efficiency curve can also exhibit different ioniza-
tion efficiency laws which may indicate the occurence of

different processes. This is already reflected by the
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discussion of the different threshold laws for autoionization
and direct ionization. The following method is used to
determine the appearance potentials of complex and multiple
ions. It is assumed that ionization efficiency laws are power

functions of the excess energy,

A K
N; = (B - v,) | 72

The ionization efficiency data are plotted after first taking
the nth root of Ni using the computer. Several plots are
made for ionization efficiency laws with values of 1/k rang-
ing from 1.0 to 0.5. These plots are then observed to
determine what power function is most applicable for each

process. I'or example, if the curvature of a specific portion

of a curve goes from positive to negative for values plotted
with k = 1.11 and 1.25 respectively, then the actual ioniza-
tion efficiency law is assumed t0 lie between 1.1l and 1.25.
Instrumental conditions affect the general curvature slightly
but this is not appreciable and it is not detrimental to
appearance potential results. One of the many studies made
using this technique is illustra%ed in Fig. 41. ZEach curve
is normalized so that all of the curves are of the same
height, and each curve is displaced 3 volts along the energy
axis. The power dependency, 1/k, is indicated for each

curve. The difference between two portions of the curves

are indicated by the two lines.
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Ionization efficiency curves for several different
ions are shown in Fig. 42; an inert gas sinéle ion, Xe+; two
parent ions, SiF4+, Si014+; two fragment ions, SiF3+,

SiF2+; two double ions SiF2++, and the double ion Xe*¥.

The energy scale is not corrected and each curve is displac- '
Aed 3 volts along the energy axis. Instrumental conditions
were similar for all of these studies ana the value of k is
1.0 for each curve. Although these curves represent only

a limited sample of the many curves that were studied, the
comparison illustrates significant differences in the ioniza-
tion efficiency laws for the several processes. Furthermore,
it was found that the ionization efficiency law differs for
a series of parent ions; a series of fragment ioné; or a
segies of double ions. As an example, from Fig. 42 it is
easily seen that SiF,* and $iC1," fit the 1.0 law better
than do SiF3+ and SiF2+ respecfively.

The critical slope and the initial onset methods might
give reproducible values; and even good precision for these
studies. However, such methods depend entirely upon
arbitrary empirical bases which necessitate constant instru-
ment conditions, sensitivity, etc. Oftén an ion current is
so small that it becomes impractical to even attempt to
equalize the sensitivities of the sample gas and calibrating
gas. |

The linear extrapolation method has been extensively

criticized because only a few simple ionization processes do
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not exhibit long tails. It is very obvious that without high
sensitivity and high resolution, and/or, with closely spaced
energy levels it is unfeasible to atteﬁpt linear extrapolation.
However, Figs. 41 and 42 clearly indicate that when an ioniza-
tion efficiency curve is plotted according to the correct
power, k, a linear plot is obtained. This can then be'
extrapolated to obtain the appearance potential. Many examplesl
could be cited but only the results from Xe"‘2 are given. The

+2 has & long tail

general ionization efficiency curve for Xe
which must be neglected if linear extrapolation is used for

k =1 (see Fig. 42). The corrected results are‘36.2 volts
and 33.4 volts for values of k = 1.0 and k = 1.8 respectively.
The spectroscopic value is 33.33 volts.

The advantages of this mefhod are evident. The method
is applicable to any ionization process; a specific point is
not chosen arbitrarily; the relative sensitivities of a
calibrating gas and the sample gas do not have to be equal-

ized; monoenergetic electrons are unnecessary; high sensi-

tivity is not necessary; and much more information is

obtained.
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VIII. MEASUREMENTS OF APPEARANCE POTENTIALS
WITHOUT USE OF CALIBRATING GASES

A. IDxperimental Preeedure

Normally the observed values of an appearance potential
must be corrected by reference to the observed appearance..
potential of a known calibrating gas, u%ually an inert gas.

- The calibrating gas is admitted into the ion source simul-
taneously with the sample gas, and both appearance potentials
are obtained using the same instrument conditions. The obser-
ved appearancé potential of the unknown ion is corrected by
appropriately adding or subtrécting the difference between
the observed appearance potential of the calibrating gas and
its spectroscopic value. This necessitates scrupulous

ad justments of many instrumental conditions‘and gas pressures,
demands low drift of these instrumental parameters, and
requires performing a new calibration each time the instru-
ment conditions are changed; this is usually very often.

It was found during this work that if all the effects of
major instrumental parameters upon appearance potentials are
carefully analyzed, many correlations cén be precisely estaab-
lished. These correlatioﬁs can then be used to relate an
observed appearance potential to the true appearahce potential

without directly using a calibrating gas, and for widely .

variable instrument conditions. This procedure obviously

offers many very desirable advantages.
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The explicit dependency of the observed appearance
potential on some of these instrumental parameters was
established after 40 ionigetion ef%ieienoy studies of Xe'
were carefully examined. These studies were made at widely
differing trap currents, retarding voltages, ion detection
sensitivities, anode voltages, and repeller voltages, through-
out an ion gun pressure range of 2 x lO"6 to 2.0 x 10"5
Torr. Some of these studies were made while various other
substances.(SiF4, 8iCl,, SiBr,, Ar, N2) were simultaneously
being introduced into the ion source and some were made
using only pure Xet. The tests were conducted over a
period of a year, during which time the ion source was twice
disassembled and modified. Many times the filament was re-
placed or repositioned; Frequently, some of the circuit
diagrams were grossly modified or repaired. All of these
tests were conducted primarily as preliminary steps to
evaluate the instrument capabilities and performance during
its development. The attempt to establish correlations from
the recorded data and to usevthese correlations for cal-
.culating absolute appearance potentials’was conceived and
conducted after all the tests had been'completed and analyzed
with the aid of the linear extrapolation computer program.
This eliminated the possibility of a biased operating pro-
cedure and yielded measurements which are, therefore, not

results of attempts to accurately control the instrumental

conditions. Rather emphasis was placed upon accurately
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recording the instrumental conditions immediately after an

.ionization study. In some respects, this certainly did not
result in ideal, or complete data, yet, the results are
relatively precise. ‘

The true appearance potential, A.P., is assumed to be a
function of the parameters,

A.P. = £(AP. o, R, B, A, Uy, I, P) + £(C) 73

where

= Observed appearance potential
= repeller voltage

E_ = retarding plate voltage

Av = anode voltage

UA = averaée electron thermal energy
IC = trap current

P = total pressure

¢ = constant.

The function, f(c¢), is assumed to be a function of the
contact and surface potentials, the VOltége drop across the
filament, and miscellaneous effects. It has been assumed by
many others that contact and surface potentials create many
~large indeterminate errors in appearance potential measure-
ments and that these effects are not constant. This is the
major reason why nearly all workers resort to employing
calibrating gases. It is shown below that the function,

f(c), which includes indeterminate contact potentials, is
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constant within the standard deviation of the calibration of
the instrument under the widely varied studies already men-
tioned.

The values, A.P.obS are determined using the computer
linear extrapolation program. The lowest values resulting
from extrapolation of the 2P3/2 electronic state of Xet are
used. Using this technique, the actual ionization efficiency
plots are not even referred to, except for qualitative
information.

The energy corrections that are évaluated and appliéd to
the observed appearance potentials are illustrated in PFig.
43, Normally fthe electron energy is measured from filament
to the retarding electrode, plate E, however, when there is
no retarding voltage, it is measured from filament to shield.
It is obvious that the true energy of the electrons in the
ionizing electron beam is actually greater than the measured
value by the amounts, x, and y (see Fig. 44). This is
because of gradients due to the repeller potential, and
gradients due to the inbfeased average electron thermal
energy caused by retarding the lower energy electrons. A
slight decrease, z, also rgsults from tﬁe effect of the anode
potential gradient upon the space charge and potentials near
the filament. The factor, z, fhus represents a change in
the energy of the entire electron distribution but not a
change in the distribution itself. Hence this is not

effective when a retarding potential is used since the
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electron energy is measured from plate E to shield when a
retarding potential is used and factors which affect the
total energy of the electron beam before they reach the re-

tarding plate do not influence the thermal energy distribu-

tion significantly. Thus the energy distribution of
electrons which pass plate E is relatively independént of

the anode voltage. In the Schiff mode of source operation

this is not true.

B. Initial Correction Due to Repeller Gradient

The largest error in determining appearance potentials
is caused by the effect of the repeller potential on the
voltage gradients in the ionizing region of the source. The
differences between the spectroscopic ionization potential
6f Xet and the observed values as calculated using the com-
puter technique are plotted as ordinate against the re-
spective repeller voltages as shown in Pig. 43. Several
things should be clarified concerning this graph. The.
numbers refer to the specific test from which the appearance
potentials were obtained. Refer to Table 3a. Insufficient
readings were obtained at the lower eléctron energies near
onset'for tests 2, 3, 22, and 23, so that the computer
extrapolation results were not used for these tests. PFurther-
more, test 25 was a retarding potential difference study,
and tests 26 through 31 involved pulsing techniques hence

they were not used either. Tests 1 through 12 were run
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during a 6 month period although tests 6 through 12 were
compieted during only a 2 day interval. Test 1 is used in
the calculations although it is off scale on the plot of
Fig. 43. The voltage applied to plate E was the only con-

dition that was intentionally varied in tests 6 to 12, and

it was observed that the repeller and anode voltages also
varied slightly with the retarding voltage. The enlarge-
ment of area B, shown at the right in Fig. 43, illustrétes
that further correction is necessary depending upon the
value of the retarding potential, although the electron
energy was measured from the retarding plate to the shield.
After performing test 12, the ion source was paftly
disassembled, the repeller plate was moved 0.065 inches
further from the electron path, and the ion source was re-
assembled. After running tests 15 through 18, the leads
supplying power to the filameﬁt were changed and then tests
19 through 24b were completed. It is apparent that the
differences in the corrections for tests 15 through‘18,
and 19 through 24b are most likely due to the voltage drop
across the filament. The average of the distance from
points 24a and 24b to the extrapolated iine through points
15 to 18 is assumed tc be a constant correction due to this
filament voltage drop. The value of this correction is 0.44
volts and it is subtracted from the corrections of each of

tests 19 through 24Db.
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In order to evaluate the corrections x, y and z indicated
in Fig. 43, Eq. 73 is rewritten,
AoPnEAPObS*OR*OE*OA*Q Tk

where Cpy CE, CA’ and C are the corrections due to the
repeller gradient, retarding potential, anode potential, and
miscellaneous effects. Note, all of the instrumental
variables are treated as being independent of one another.
Although this may not represent the true state of affairs,
it yields consistent and agcurate results when the follow-
"ing procedure is applied. This procedure is discussed in

- detail below.

From the.data shown in Pig. 43, tests 15 through 24b are
used to establish a first order correlation of the repeller
potential with the correction, x. This is done by using a
computer program for.applying the method of least squares to
data fof linear, simple parabolic, and general gradiatic
equations. If it is assume& that the correction due to the
repeller gradient increases approximately as the square of
the applied repeller voltage, then one would expect the
measured repeller potential to be proportional to the square
of the correction due to this gradient. This is, indeed,
the case since it is found that the data fit a quadratic
function very well., Some of the tests wefe not performed
at the same retarding potential hence this first least
squares result is considered only as a first order

approximation of the magnitude of this correction.



181

C. Correction for Electron Thermal Energy

The data from the above results are used as a first
approximation to normalize the correction factors of tests
5 through 12 to the same repeller gradient. These normalized
corrections are plotted vs the voltage of plate E as shown
in the enlarged portion of Fig. 43. The correction, y, in
addition to the correction, x, is also indicéted in Fig. 44.
.3ince the total electron energy is measured from the retard-
ing plate to the shield, the correction factor, y, indicates
that the true electron energy is still greater than the
measured energy plus the repeller gradient correction. This
extra correction, y, is assumed t0o be caused by the average
thermal energy of the electrons which reach the ion box. It
might also be the result of smaller effects such as focussing,
or voltage drops betWeen plates.

The curves in Fig. 44 illustrate the electron thermal
energy distributions for temperatures 2140 to 2320°K, and
the average thermal energies'of each entire distribution.
In tests 5 through 12, electron trap regulation was used
with trap current of 6.6 microamperes for each test. Thus,
if a retarding potential prevents some electrons from reach-
ing the electron trap,‘indicated by Area A, then the filament
temperature muét increase to increase the number of emitted
electrons. For example, when the retarding potential is

increased from 0.40 volts to 0.80 volts, the electrons
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Fig. 44. Representation of corrections to appearance
potential measurements.
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represented in area A are also retarded. Thus the filament
temperature must increase so that the number of electrons
with thermal energy above 0.8 volts increases by the same
number. This is represented by area B, If the trap current
is to remain constant then the total number of electrons
emitted with thermal energies greater than 0.4 volts is

- equal to the Fotal number of electrons emitted with thermal
energies greater than 0.8 volts for these respective retard-
ing voltages; Earlier, Eq. 5 expressed the number of

thus

electrons emitfed at a temperature, Ti’
4 mAn =3+u
Nl = ——1:1—3—- e le du 75
and
-4+u
N, = HB o T qu 76
no

Although experimental (16) and theoretical (17) evidence
have already been presented to suggest non-Maxwellian
electron thermal energy distributions, it is assumed here
for simplicity that the pseudo-Maxwellian distribution
represents the thermal energy of the electrons which do
reach the retarding slit. Then the liﬁits a,, and a, are
assumed to be related to the measured values of the voltages
applied to the retarding electrode, plate E. Using Egs.

75 and 76, the measured voltage of platé E, and the known
total current, NT the approximate temperature, Ti, is

calculated. Then, since,
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Ny = Ny, 17
o0 0

-7 )

4mmAlUe ——m— _ MmAU |
/ —Th kT, 4U = / ----h3 e kTouy 78

9 a,
or simplifying,
/ ge ~U/kT1 qU = / we “UV/ET2 4y, 79
a

’ 4 a
It is further assumed that the focussing effects of the re-

tarding plate do not influence the coefficient of trans-
mission of electrons from plate E to the trap. The relation-
ship expresses in Eq. 79 is then used to calculate the new
temperature, T2. The initial temperature, Tl, is associat-
ed with a retarding potential of zero. Hence completing

the integrations and solving for Tl, one 6btains the
expression,

24 a’i/kTi ]1/2

2
-a; + [ai + 4(le)

T, = R 80

The final numerical solution of this equation is calculated
by employing 10 cycles of Newton's Method of Approximation
using the IBM 7074 computer program that was also used for
calculating electron energy distributions. After Ti has
been calculated, it is possible to determine the average
energy of the electrons which:reach the electron trap. This

is done by applying the relationship,

o

Usave = / U3 aN; /N3 4o 81
Qa- .

[}
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where dNi is the number of electrons emitted with thermal

energies Ui' Thus,

(<]
2 —4+U -a+U
_ ATmAU e = fmmAlUe ———
Uy ove = ———— kT; dU // ——— kI; du 82
as h g h
or simplifying,
o0 0
_ 2_ =U/%xTi ~U/kT
Ui gve = /U e av / e au 83
a“ al,

The resulting solution gives the average thermal energy of
the electrons entering the ionizing region as a function of

the retarding potential, a;, and the filament temperature,

i? 5
2(kTi)
. 84

i

The temperature, T;, is determined first by Eq. 80. The
computef program discussgd earlier for.calculatihg electron
emission characteristics was used to calculate the average
thermal energies of electron distributions that result after
passing through various retarding potentials, a;. This was
done for several initial emitting temperatures as illustrat-
ed in Fig. ,., although Chart 5 lists the results for only

one initial temperature, 22800K. Iﬁ this table, the columns

—

from left %o right represent, the minimum kinetic or thermal
energy of the distribution established by the retarding
potential, S the new temperature, Tl’ the average electron

thermal energy, U the total electron emission from the

iAve’
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filament, the constant trap current, the percent of electrons
retarded, and the percent total electron transmission
increase based on the initial total emission.

If the entire observed correction, y, due to the effects
of the voltage applied to plate E is assumed to be caused by

and U. then Chart 5 can be used

oAve iAve’!
to relate y to the true retarding potential varrier that is

the difference of U

actually defined by plate E. The initial average thermal

energy, U y 1s for a zero retarding potential. This is

OAve
done for tests 5 through 12 using the calculated electron

emitting temperatures for each of the respective retarding
potentials. The retarding potential is assumed initially"
to be equal to the measured voltage, EV, applied to plate E.
Chart 5 is then used to determine the average thermal energy,

U y of the resulting trap current. If the applied voltage

iAve
is initially assumed to be 100 percent efficient in defining

the retarding potential, the observed correction due to y

at the measured voltage, EV, should equal the difference be-

tween UiA

ve and UoAve’ where

C 85

-=U- - .
i iAve UoAve

The example underlined in Chart 5 illustrates the procedure
for an applied retarding potential, Ev’ of -0.206 volts shown
in the first column. In an experiment using ~0.206 volts as

the retarding poténtial the observed correction, C; (or y),
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was 0.137 volts. The correction calculated from Eq. 85 (see

column 3) is,

G, . = 0.411 - 0.196
= 0.215 volts,

assuming 100 percent definition occurs at the retarding slit.

If the experimental correction, 0.137 volts, is entirely due

to electron thermal energy but 100 percent definition does

not occur, then the actual thermal energy involved in this

example is given by Eq. 85,

U = Ci + U

iAve OAve

]

0.137 + 0.196

= 0.333 volts.
It is.found in Chart 5 that this corresponds to a retarding
poﬁential 0.131 which is nearly equal to the observed
correction of 0.137. It is therefore assumed that the

observed corrections are approximately equal to the "effective"

retarding potential established by the measured voltages

applied to plate E. If it is further assumed that the
effective retarding potential is established by the potential
gradient in the center of'the slit in plate E, then the .
observed corrections, which also represent fheée gradieﬁts,
should depend upon the square of the voltage épplied to
plate E. (See discussion concerning thé repeller correction
on p. 167). The observed corrections are based upon a zero

correction for a zero retarding potential. This is not true
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since the correction, y, is always equal to at least the

average thermal energy of the total electron distribution.

For a zero retarding potential this is shown to be 0.196
volts, hence this amount should be added to all the observed
y corrections. The application of the method of least
squares calculations for a general parabolic equation
indicates that the above assumptions are surprisingly

accurate. The relationship between retarding potential and

this correction is

2
E, =+ 0.380 - 1.866 Cp + 0.559 Cp - o 86

The standard deviation of the correction is + 0.042 volts
for the 8 appearance potentials observed in tests 5 through
12. BEqg. 85 can be used to calculate the retarding potential
necessary to cause a correctién of 0.196v, Just equal to

the theoretical average electron thermal energy for zero
retarding potential. This calculated result is 0.29v

which is greater than the theoretical value of zero. This
indicates that perhaps the measured voltages at plate E are
too high. |

The above procedure required several assumptions,

1. It was assumed that the total electron thermal energy
distribution was Maxwellian and independent of the
ion source conditions.

2. It was assumed that the correction, Cp was. equal to

the average thermal energy of the itrap electroms.
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Actually it would be better to assume that CE is

equal to the average energy of electrons which cause

ionization since the probability of ionization is

proportional to the energy of the electrons. This
would mean that the calculated correction would be
slightly higher than the average energies indicated.
3%« Focus effects of Plate E were ignored.
4, It was assumed that the eﬁtire correction waé due to
the effect of the electron thermal energy.
5. The initial temperature was approximated.
In spite of these rough approximations, it is evident that
there is a strong correlation between the observed corrections
and the measured retarding voltages or the average electron

thermal energies calculated from these measured voltages.

D. Second Order Correction for the

Repeller Gradient

After the corrections due to the effects of the retarding
potentials have been determined they are subtracted from the
total corrections observed. It is thenﬁassumed that the
resulting corrections, Cg, are due only to thé repeller
gradients. These final corrections obtained after subtract-
ing CE, as shown in Fig. 45, are again subjected to analysis
by the method of least squares for a general quadratic
equation. Note that 10 tests, 1 through 12 were obtained

with a different repeller-to-electron beam distance than
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were the 13 tests, 14 through 24b. For this reason a least
squares analysis was made for each set of data., Egs. 87

and 88 represent the final results respectively,

Ry = 0.480 + o.4oocR2' 87
Cp = + 0.063 volts
Ry = 0.541 + 0.385C, + 0.33005° 88

Cp = £ 0.050 volts.

Note that the slope, %%% s 1s greater for tests 1 through 10
than for tests 14 through 24b because the repeller plate

was closer to the ionizing region during these tests. PFurther-
more, the calculétea éorrection is zero for a repeller volt-
ages of 0.480 and 0.541 volts respectively. Whereas this is
only slightly greater than the expected result of zero, it
indicates two possible effects; the measured repeller volu-
age is not the true repeller voltage, or fhere is another,
nearly constant potential gradient that exists in the ioniz- -
ing region. Obviously the above results could be used to

make a second order correction in Cp which, in turn, could

be used to make a third order correction in CR, étc. The
standard deviation of the measured corrections for Egs. 87

and 88 are surprisingly good considering fhe many assumptions
to which the entire data were subjected. It should be stress-
ed that these standard deviations also include the standard

deviations of the corrections, CE and A'P'obs'
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E. Correction Due to Space Charge

Around the Filament

It was stated earlier that the anode potential can
influence the space charge in the region of the filament.
This can effect the energy of the emitted electron beam and
its total energy distribution. It was shown that these
effects do not influence appearance potential measurements
for the Fox mode of operation but for a Schiff mode the
correction factor, z, can be significant. In Fig. 15
tests 13, 32, 33 and 34 were run using the Schiff mode. The
fact that the observed corrections for these tests are
significantly lower than the other results indicates that
- Z, Or CA is negative. This is precisely what one would
expect since, due to the anode potential gradient, the
emitted electrons are accelerated from a potential that is
above the filament potential. These corrections, CA’ range
from 0.58 to 0.95 volts but unfortunately the four tests
were insufficient to determine the explicit dependency of
CA upon the anode voltage.

Tests 1 through 24b were performed ‘over a. range of.anode'
voltages of 2.2 to 6.1 volts. All of the tests were per-
formed in the Fox mode, and thus it was found that within

0.05 volts the anode voltage had no detectable effect upon

the corrections.
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F, Other Effects

Previously, it has been stated that pressure, other gases,
surface potentials, contact potentials, ion detection sen-
- sitivities, and electron cufrents affect the accuracy of
appearance potential measurements. It is quite probable that
some of these factors affect the curvature of an ion
efficiency curve for specific instruments or conditions, but
by careful analysis the effects are of small significance to
the appearance potential measurement. In this work no

correlations could be found between the observed corrections

and any of these variables. The ranges of these variables

are listed below,
ion sensitivity at 17.5 volts electron energy
= 11.2 millivolts to 4.323 volts,

6

pressure = 2 x 10 ~ to 2 x 1077 Torr,

electron current = 0.8 to 20 pa.
Since the above variables were investigated after making the
corrections due to the repeller and retarding potentials one

cannot eliminate the possibility that the effects of some of

these factors depends upon the retarding or repeller voltages;
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IX. SUMMARY AND CONCLUSIONS
A, Instrumental

In mass spectroscopy, mass spectra may be obtained
using magnetic field scanning. Direct recordings of this
magnetic field vs time were shown to be complex anal&tical
functions when the magnet coil current is linearly increas-
ed. A method has been described whereby crystals which
exhibit the Hall effect due to a magnetic flux passing
through them were used in an electronic circuit to produce
a linear magnetic field response. Comparisons of the cal-
culated magnet field strength vs magnet coil current and
the measured field strength vs magnet coii current were in
good agreement. A further modification of the method was
discussed in which constant mass dispersion could be obtain-
ed throughout the entire mass spectral scan. Such a modifica-
tion also involves the use of the Hall crystal as a circuit
element and a reference voltage which increases at a
logarithmic rate.

Many present day mass spectrometers’do ﬁot have adquate
or convenient methods for accurately defermining the mass of
an ion in focus. A circult which employs a Hall crystal
which is capable of being used as a mass indicator has been
described in detail. The reproducibility, stability, and
accuracy are sufficient for normallmass spectrometric work;

the cost is moderate; and the method is easily and generally
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adaptable to mass spectrometers., With slight modifications
and careful application, this mass indicator could be improv-
ed to obtain a mass indication to 1 part in 2000 t6 3000 or
better. Thus it is capable of distinguishing multiply-
charged species, metastable ions, and singly-charged ions
when uncertainty arisés in mass spectral work.

The major instrumental improvement in mass spectrometer
design during the work described in this thesis is evident
by the versatility of the electron-ionizing system. It is
emphasized that the voltages applied to all of the ion source

electrodes are independently and externally variable over

- wide ranges. This allows complete control of the electron
beam and the fields in the ionizing region to permit Fox,
Schiff, conventional or other types of ion source operating
modes for use in ionizing efficiency studies. Either the '
normal or the retarding potential difference technique can
be used with or without square-wave pulsing of the repeller
and the electron current. The design, construction, and
characteristics of this ion ‘source are described in detail. -
An adapter to aid in aligning the ion source élits and the
collector slits is also described.

The technique described for measuring and recording
ionization efficiency data using a differential voltmeter
affords faster and more precise measurements, yields
numerical data, and eliminates the necessity of employing

constant accelerating voltage intervals. Although direct
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recording of an ionization efficiency curve or its first
differential by means of an XiY recording potentiometer is
faster, the resulting plots must be further interpreted if
a rigorous and accurate analysis is to be made. It has
already been shown in this work and others, especially

in that of Morrison (50b),that optimum results are obtained
from ionization, efficiency studies when analytical treat-
ments are applied to numerical data. Recently this lab-
‘oratory has acquired equipment which could improve numerical
data acquisition considerably. This would involve simul-
taneous print—put of the electron accelerafing voltage and
ion current intensity while the electron accelerating volt-
age is increased at a slow constant rate. The print-out
can be accomplished through the use of two voltage-to-
frequency converters,'digital voltmeter, and a two-channel
printer capable of printing 5 measurements per second. In
this manner accurate numerical data could be acquired in a

very short time and subjected to further computer analysis.

B. EXperimental

-

The ionization efficiency data are obtained in a uniqué
way using the instrument described. It involves one of the
first attempts to illustrate the effects df various types
of ion source designs and operating conditions upon ioniza-
tion efficiency data using the éame mass spectrometer and

without physically changing the ion source. The results
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shown in Pigs. 41 and 42 indicate these comparisons between
the conventional, Schiff, Schiff pulsed, Fox and Fox pulsed
modes using various retarding potentials. Two conclusions
are emphasized. The data are significantly improved in
changing from the conventional to the Fox mode, from non-
pulsed. to pulsed techhique, and from low to high retarding
potentials. These results indicate that the Fox mode of
operation offers better control over the electron beam.

The reduced tailing observed in the ionization efficiency
curves for higher retarding potentials suggests that the

. electron beam entering the ionizing region does not have a
true Maxwellian distribution. It can be seen from Fig. 41
that at higher retarding potentials the energy spread is
increased for a Maxwellian energy distribution.  Thus one
would actually expect more tailing as the retarding potential
is increased. From the work of Cloutier (20) and from the
basic physics of motion of charged particles in a magnetic
field, it can be shown that electrons of high energy do not
pass through the series of electron collimating plates.
Hence the electron energy distribution does not necessarily
extend to infinity but rather, it has séme finite maximum
energy. This is suggested by workers who use the vanishing
current method. A maximum electron thermal energy would
certainly make such results easier to reproduce than would

a long tail as given by a Maxwellian distribution. The
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observations of this work are in close agreement with the
work of Hutchison (16) and Marmet (17). |

It was shown that the energy scale of & mass spettrometer
can be precisely calibrated and that it will remain so for
widely varying instrumental conditions. This is advantageous
for obtaining faster, more precise appearance potential
measurements using various ion source conditions Qithout
performing frequent calibration ionization efficiency curves.
It was shown that effects of the repeller potential, retard-
ing potential, potential drop across the filament, and fila-
ment space charge can be established and applied in a manner
which corrects observed appearance potential measurements
without the use of a calibrating gas.

Perhaps of prime importance is the observation that so
called "contact potentials" or "surface potentials" are
constant, or precisely compensated for in other corréctions.
Previously it has been speculated that such factors con-
tribute large errors to measurements. In this work, any
error introduced by variations of contact or surface
potentials was found to be less than 0.05 volts for a wide
range of conditions.

_The use of purely analytical treatments which do not

rely upon plotting methods have been illustrated also. The
results of such treatments suggest that many of the actual

ion source conditions, threshold behaviours, cross sections,
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and general theories of ionization can be deducted by
similar analytical methods.

The Fox ion sourde has already beea recognized as one
which yields excellent ionigzation efficiency data when it is

used with the retarding potential difference method. In

this difference method, the differences in two large ion
currents certainly can be no more precise than either of
the large ion current readings themselves. ZEach of these
two series of ion current measurements establishes an
ionization efficiency curve similar to the_one established
by the differences. Thus it is quite apparent that the
difference method does not yield more data; it merely rend-
ers it more obvious in graphical analysis. In this thesis
the observation of the autoionization states of Xet shows

that the retarding potential difference method is not

necessary to distinguish many of the details present in
ionization efficiency data. Although the difference method
usually makes details more obvious it has several dis-
advantages. The difference of two large numbers can be
relatively inaccurate. Obtaining such measurements cer-
tainly requires more time and better instrument stability.
Since the ion source conditions must be changed repeatedly
it is desirable to have an ion source and circuitry that
attain equilibrium rapidly without enduring memory effects.
However one cannot assume that the resulting data are

analytically representative of the actual ionization
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efficiency data, hence speculations on threshold or ionization
efficiency laws must be made with caution.

One other important point that becams Bpparent during
this work is that each ionization efficiency curve should be
carefully analyzed. Several methods were proposed, discuss~
ed, and applied in this thes;s. The linear extrapolation
of data by means of a computer eliminates possible human
bias, provides more accurate and‘reproducible results;
requires less time; and furnishes quantitative measurements
of the ergor limits, slopes, and standard deviations, that
are otherwise not ordinarily obtained by ménual methods.
These quantitative additional data are very useful for
further analysis of the efperiments. For example, it is
noted that the slope of ionization efficiency curves of the
Xe+.2Pl/2 and the 2P3/2 states are_in a ratio of about 2:1.
This might be interpreted as an indication of the relative
cross sections of ionization for the two processes.

The linear extrapolation program can be used also after
treating the data by means of different analytical functioms.
It has been shown that ionization efficiency data for |

-different ions and different processes do not behave the
same when they are subjected to such analytical treatments
indicating that the mechanisms for forming the various types
of ions are different.

The primary point that should be emphasized is that

—

careful analysis of each ionization efficiency curve is
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necessary in order to obtain optimum accuracy and results
from the data. It was shown in this thesis that even the

- ionization efficiency data of Xe+, a simple atomic ion,
contain a surprising amount of detail within the first few
volts above onset. Very recent work by others, especially
that by Winters (80a, 80b) also exemplifies the increasing

importance of careful analytical evaluation of ionization

efficiency data. DPresently it is apparent that the develop-
ment of methods of mathematical analysis of ionigzation
efficiency data are far behind the present instrumental
sophistication in mass spectrometers. Future improvemente
in mass spectrometry will no doubt be in the area of

better treatment of data which will make use of the tech-
nique for obtaining more reliable values for thermo-

chemical properties.
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XII. APPENDIX: DERIVATION OF MAXWELLIAN ELECTRON
THERMAL ENERGY DISTRIBUTION

The study of the emission of electrons from hot bodies
dates back to the early works of Richardson (8) and Rieman
(10). In deriving ea quantitative expression for this
emission the assumptions listed on p. 11 are made and sta-
tistical thermodynamics theory is applied. It is assumed
that the reader has some understanding:of thermodynamics
aﬁd‘the relationship between it and'statistical thermo-
dynamics. Refer to Fowler and Guggenheim (9) for a more
detailed discussion concerning basic statistical thermo-
dynamics and the theory'of electron gases (p. 454). TFirst
it is assumed that the emission of electrons from a hot
body'obeys the theory of a vapor in equilibrium with a
metal. The density of the electron vapor is assumed to be
so small that although electrons obey strictly FermifDirac
statistics, the equation for the absolute activity of the
electrons in the gas phase (denoted by subscript "g") is

given according to classical statistical thermodynamics

as
Ng h3 Mg /kT
A o = ( T ) = € & 89
g Ve ' o(ommn)3/?

This assumes that the electron vapor behaves as an ideal

gas. The electron at rest in the vapor is assumed to have

Zero energy.
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Next the absolute activity of the electrons in the metal,
Xm’ must be evaluated with reference to the same zero energy.
Defining as #he average energy required to remove an
electron from within the metal, also termed the thermionic
work function to a position at fest outside the metal, the
chemical potential of the electrons within the metal is

given to a good approximation by
Mo = =X. : 90
From this, the absolute activity is-given as

_ .—X/kT
Km = e . . 91

In order to establish an equilibrium between the electron

vapor and the metal, the condition

A=A . 92

must be satisfied. Substituting the appropriate values of

Kg and Xm’

3
h X /kT
g ) 2(mkT)¥ % ° ' ‘ >

<:qu

For an ideal gas

N
P:(vg)kT, 94
g

hence from Eq. 93 the equilibrium vapor pressure of the

electron gas is given by
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_ o X/KT 2k o ) 3/

) 95
0o

P

or rewriting,

o mkT )3/ & X/kT

P = 2kT (
n?

Since the momentum of the electrons in the gas follow a

Maxwellian-Boltzman distribution, the equation

a( gﬁ ) = comP/2mi op2dp 40 4o 96
8

gives the total number of electrons per unit volume with
momentum between p and p + dp, directed between 9, 8 + 4O
and@ ,© + &. The number of electrons, dn, striking a unit
area Of the surface in a direction between6 , and 6 + 46,
and ¢ and, ¢+ & 1is given as the product of the number of
electrons per unit volume in the gas phase and the velocity

increment normal to the surface,

__ N | . .
dn = ¢ 2888 (£, | 97a
&€
 thus
dn = C E—S%§—9 e P /2nkT sin B pzdp e do 97b

In order to evaluate the constant, C, Eq. 96 is solved.

| ' © T 217
2
g g /

sin @ d0 do 98

‘Thus,
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) 9
2Tf3/r//'rr e ? /2mkT p3dp sin © 40
o :

o

2
Q .

) = c(2mmkr)3/2,

_m<:lmz'

Solving for C, ;
o) 9
(omkr)¥2

Replacing C in Eq. 97b results in the expression,

p°/2ukl

N ) -
( g/vg P cos @ e p2 sin ©

(2 ka)3/2 m
cos © dp 4o de 100

dn =

In order to solve this expression explicitly, (Ng/Vg) can be
replaced by its equivalent taken from Eq. 93.

p2/2ka

_ 2(ommkr)3/2 ¢X/KT

p cos © e
m(2mmkT) /% 13

dn

02 sin 0 dp 40 do 101a

peX/KD -p°/2mkT | |
= p~ sin © cos © dpde dp 101b
mh3

2
- 2=
e (x + 2m )/kT p3 sin © cos O 10lc

_2_
)

dp d0 do
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It is now assumed that the number of electrons striking the
surface is equal to the number of electrons emitted minus the
fraction, r, of electrons that are reflected into the metal.
In order to calculate the total emission from a hot filament
of surface area, A, for electrons with momentum between p
and p + dp in any direction, the integration is performed
from g = 0 to ™ andyp = 0 to 27,

Thus . ‘ ' ,
8 |
dn = lezljglé e_(x T om )/xT p3dP 102
mh.

Turthermore since,

p = mv : 103
and
2

where U is the energy of the electron, the relationships

between momentum, p, and energy can be expressed as,

p = (2n0) /2,

or p2 = 2mU,

from which | 104
2pdp = 2mU,

or pdp = mdU,

2

and p3dp = 2m°UdU.
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In the relationships expressed in Egs. 104, the electron
momentum distribution can be converted to the electron

energy distribution, by

dn = (1-7) 31% e~ (X + U)/KT 5 2uqn
mh
or
~-(x + U)/kT
dn = {1=r) 4”mAU§ 4u. 105

h...
For most electron impact work the fraction of electrons,
r, reflected into the metal is assumed to be negligible with

respect to unity. Hence the total number of electrons

emitted per unit volume, dN,, over an area A is expressed by

4ﬂmAUe-(X + U)/kT
e — 3

aN 4u. 106

Strictly speaking, in a mass spectrometer only those
electrons passing through the volume defined by the collimat-
ing slits are effective in ionization. However these |
electrons still possess the same thermal energy distribuﬁion
given in Eg. 106. Note that & is often used in place of ¥

as the thermionic work funcition of the metal.
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