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Abstract

An omegatron mass spectrometer was designed and constructed using an electro-
magnet that was obsolete to nuclear magnetic resonance (NMR) investigations. The
design of the analytical region differs from any published and consists of “long”
rectangular plates with the detector positioned in the plane midway between them.
There are no end plates or guard rings. In contrast to previous instruments, su-
perior electronics included an integrating transimpedance amplifier for ion current
measurement, a crystal controlled electron emission filament power regulator, a radio
frequency driver, and a computer interface. To acquire data, a computer program
that allows real-time interaction with and display of data from the instrument was
written. Theoretical modelling of ion beam motion included ion-ion and ion-neutral
interactions with gases in the analyzer region and an approximation for electric field
distortions by the central ionizing electron beam. Numerically computed peak shapes
and mass spectra were found to be consistent with those realized by the instrument.
Tests using H,, Ne, Ar, Kr, and Xe show that the instrument performance agrees
with theory. The peaks corresponding to the stable isotopes of all these gases were
resolved. The resolution of 6300 obtained at mass 3 can be exceeded. An exciting
development was the formation and detection of KrH*. Surprisingly, numerical
calculations indicate that approximately 40 % of the Kr reacted with hydrogen to
form KrH*. Similarly an extremely high ratio (2:1) was observed for the Hf: HD*
doublet when analysing H, in contrast to 1:10 in a typical sector mass spectrometer.
Thus the omegatron appears to provide an environment which promotes hydride ion

formation.
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Chapter 1

Introduction

Human nature encompasses the desire to understand the forces that shape the uni-
verse. To gain this understanding, humanity has explored and developed methods to
learn more. One method among millions is measurement of the isotope composition
of noble gases. These data can be used to trace ground water flow [1], study mag-
matic processes [2], [3], metamorphic events [4] and processes in oil and gas reservoirs
[5]. Noble gas isotope analysis of meteorites provide information on the history of
our solar system and cosmic ray reactions [6]

The above applications have one common requirement, the need for precise and
accurate instruments for the measurement of isotopic abundance ratios. The work
presented in this dissertation, re-introduces the Omegatron developed by Hipple,
Sommer, and Thomas in 1949 [7] as a chemical composition and an isotope abun-
dance measurement mass spectrometer. In the 1960’s, omegatrons were used to
determine residual gases in vacuum tubes and ion pumps [8], [9], [10], [11] and [12].
Tons up to 50 atomic mass units were successfully resolved, collected, and recorded. In
1963, Bloom et.al. [13] compared an omegatron with a 90°sector-type mass spectrom-
eter. Although the ion current of the omegatron was orders of magnitude smaller, its
resolution surpassed the sector instrument for low masses. The omegatron excelled
by better resolving the isotopes of krypton with the same magnetic flux density and
physical size comparable to the sector instrument.

In this Thesis, differences between the omegatron and the commonly used mag-



netic sector mass spectrometer are described and techniques for the creation of ions
common to both types of instruments are outlined. A simple omegatron, similar to
that used by van der Waal [10] has been constructed using 316 grade stainless steel
and ceramic insulating components. Currently, the maximum radius of curvature
for the ion trajectories is 2 cm. This is over twice the radius previously used in
similar instruments. The instrument is housed in a bakeable stainless steel vacuum-
tight enclosure that has two rotational axes that allow the accurate alignment of
the omegatron with the magnetic field. The magnetic field is generated by a 30.5
cm diameter electromagnet with pole pieces that are separated by 6.4 cm. It can
produce a maximum magnetic flux density of 1.2 tesla. Under these conditions, the
maximum resolution of the new instrument should be approximately an order of
magnitude greater than that of the omegatron of Sommer et. al. in 1951 [14].

Electric equipotential lines are mapped and numerical calculations for ion trajec-
tories presented for (1) the ideal parallel plate capacitor model of the omegatron (2)
an ideal parallel plate capacitor with a central column of charge, representing the
electron beam that ionizes the gas sample and (3) an ideal parallel plate capacitor
that includes both an electron beam and drag due to interactions among neutral
atoms, molecules, and ions. The calculations are used to find the path length of ions
undergoing acceleration in a RF electric field over a range of frequencies. The path
lengths are then used to calculate a peak shape.

Mass spectra for H,, neon, argon, krypton, and xenon were obtained. All isotopes
of the noble gases up to xenon were resolved. The inverse mass dependence of the
resolution gives this instrument the advantage of being capable of resolving the

HD* and Hi doublet by increasing the magnetic flux density and decreasing the



RF acceleration field.

There is strong evidence for KrH* formation in a gas mixture of Kr, Hs, and
possibly water vapour inside the operating omegatron. A model whereby 40% of
the krypton combines with hydrogen, has been used to reconstruct a pure krypton

spectrum with good accuracy from that of the KrH* - Kr* mixture.



Chapter 2

Isotope Basics

The word isotope comes from the two Greek words isos topos, meaning the same
place [15]. The place that is referred to, is the location of the atom in the periodic
system of the elements. The reason for this placement is that different isotopes of
one element react chemically in the same manner and thus belong in the same “box”
in the periodic table. Isotopes of an element have the same number of protons, Z,
but different numbers of neutrons, N, in their nuclei. The atomic mass! of an atom,
A, is given by the sum of the numbers of neutrons and protons.

Most of the very light isotopes and elements, such as 'H, 2H (and some ‘He)
originate from the primordial components of the universe [16]. The heavier elements,
including most of the observed He, are produced by nucleosynthesis in stars [17]. The
isotopes of lithium, beryllium, and boron seem to be the exception to the rule, as they
are believed to formm mostly from cosmic ray interactions with the lighter elements
[18]. Some isotopes, such as *C found on earth are formed by the interaction of high
energy particles in the atmosphere [19]. Other isotopes are formed by the decay of
radioactive nuclei such as isotopes of uranium, thorium, and plutonium [20].

Although it is debatable whether the basic components of this planet may have
started as a homogeneous mixture of the elements and isotopes, large variations in

isotope abundances of elements have been generated in geological and biological sys-

! Atomic masses are often specified as multiples of the atomic mass unit, amu, that is equivalent
to 1.66057 x 10~27kg. Neutrons and Protons have masses that are very close to that of the atomic
mass unit.



tems. In some cases, variations resulted from radioactive decay, but most arise from
mass dependent fractionation processes. Fractionation may occur as a consequence of
kinetic isotope effects, where the mass difference causes the lighter isotopes to leave
a reservoir (evaporate, chemically react, etc.) with a rate constant that is higher
than that of the heavier ones, thus relatively depleting the reservoir of the lighter
isotope. Isotope exchange reactions, whereby isotopes of an element are exchanged
between two or more molecular species or states of one molecular species cause the
participants to differ in isotope composition. Isotope fractionation is found in phys-
ical [21], chemical, and biological processes. For example, photo-synthetic pathways
of different plant species favour the lighter isotope of carbon (}?C’) from atmospheric
CO, to different degrees.

Magnetic sector mass spectrometers are usually used to measure isotopic abun-
dances of the elements. Few if any of these instruments can be free of systematic
measurement errors. These errors pose potential problems with the compilation,
comparison, and analysis of data acquired from different laboratories. To avoid
these difficulties, a relative measurement technique has been developed. This tech-
nique requires a standard isotope abundance ratio for an element to be defined and
accepted globally. For hydrogen and deuterium, the historical reference standard
for the D/H ratio was defined as that for a mixture of ocean water samples known
as standard-mean-ocean-water (SMOW). Since the original standard was soon ex-
hausted, a replacement (V-SMOW) nearly identical to SMOW was prepared by
the International Atomic Energy Agency in Vienna. For argon, the atmospheric
10 Ar /36 Ar abundance ratio is accepted as 295.5 [2] . The isotopic ratio of an un-

known sample may then be used in conjunction with the isotopic abundance ratio



of a standard to define a measurement scale insensitive to systematic instrumental

errors, the del (or delta) scale,

()
mX sample

57X =1000 | ~
(;:%)standard

-1/, (2.1)
where " X represents the heavier isotope and ™ X is the lighter isotope of the element
X. The unit of measurement for this scale is the per mil, %,,, which presents a
difference of one part in one thousand between the ratio of the unknown and the
standard. By measuring both the sample and the standard under identical conditions
and expressing the data in terms of equation 2.1, systematic measurement errors are
reduced. A vast array of standards for many elements have been amassed. The
isotopic abundances that have been adopted for the stable noble gases, He, Ne, Ar,
Kr, Xe, are given in Table 2.1.

Since the isotope abundance ratios of elements that have one or more radioactive
or radiogenic isotopes change with time, this system may not be entirely suitable.
For radiogenic isotopes, delta scales can be defined preferably with the abundance
of a non-radiogenic isotope in the denominator. For radioactive materials, alternate

schemes have been adopted.



~1

[ Element | Isotope Mass | Abundance (%) ||

Helium SHe 0.00000137

‘He 99.99987
Neon 2 NVe 90.48(3)

21 Ne 0.27(1)
2 \e 9.25(3)

Argon B Ar 0.337(3)
B 4r 0.063(1)
10 47 99.600(3)

Krypton SKr 0.35(2)
OKr 2.25(2)
8Kr 11.60(1)
BKr 11.5(1)
8 fcr 57.0(3)
8 fr 17.3(2)

Xenon 21 Xe 0.10(1)
126 Xe 0.09(1)
128 Xe 1.91(3)
12y, | 26.4(6)
130 Xe 4.1(1)
BlXe 21.2(4)
B2, | 26.8(5)
BiXe 10.4(2)
136 e 8.9(1)

Table 2.1: Stable isotopic abundance data in % for the noble gases as published in
the 1993-1994 CRC Handbook of Chemistry and Physics {22]



Chapter 3

Ion Motion In Electric and Magnetic Fields

The functioning of stable isotope abundance ratio mass spectrometers depend on
interactions of charged particles with magnetic and electric fields. To explain the
design and operation of such instruments, an overview of the underlying theory is
provided. The discussion that follows will highlight important concepts that govern

ion motion.

3.1 Ions in Magnetic Fields

The force that ions experience in a magnetic field is given by
ﬁ\rlagnetic = g7 x B, (3.1)

where Fjragnetic is the force that the particle experiences, ¢q is its charge, v is the
velocity of the particle, and B is the magnetic flux density. This force always acts
perpendicular to both the ion’s direction of motion and the magnetic field. Thus,

the equation may be rewritten as
F, =quB (3.2)

for ¥ L B and implies that an ion will follow a circular path within a magnetic field.

To determine the radius of curvature and the frequency of a particle’s motion, the



force expression may be restated as

F_L =m—, (3.3)

where m is the mass of the ion and r is the radius of curvature of the ions motion.
Combining equations 3.2 and 3.3, it is possible to solve for the radius of curvature

of the ion trajectory in terms of its speed.

r=— (3.4)

The tangential speed of a particle moving in a circular orbit of radius r, can be
expressed in terms of the angular frequency of rotation, w, as w = v/r. This allows

equation 3.3 to be rewritten as

F. = mw?r. (3.3)

Substituting equation 3.5 into equation 3.2, and solving for the angular frequency,
w, one obtains the expression for the cyclotron frequency (the natural frequency of
precession) for a particle with a charge to mass ratio, ¢/m, located in a magnetic
field B.

We = "7; (36)

A N, molecule (28 amu), at a temperature of 300 K in a 0.5 T magnetic field would

move on a circular path with a radius of curvature of approximately 0.2 mm and

have a cyclotron frequency near 270 kH z.
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3.2 Ions in Electric Fields

Charged particles exposed to electric fields, experience a force that is proportional to
their net charge, and the electric field strength. This force is parallel or anti-parallel

to the field lines depending on whether the charge is positive or negative.
ﬁEledﬁc = qE, (3.7)

where F, Electric 1 the force that acts on the particle and E is the electric field vector.
The particle will experience an acceleration consistent with Newton’s 27¢ law of

motion,

_ (3.8)
m

CZ‘// — E
m

In equation 3.8, d", denotes the acceleration of the particle and m its mass. Substi-

tuting the acceleration into the kinematic expression for the velocity,

d'=d’, +d"t, (3.9)

where t is the time that the particle experiences the acceleration, d’ is the velocity
after time t, and d ! is the initial velocity at time ¢, = 0. Substituting equation 3.8

into 3.9 yields
d'=d +—. (3.10)

Thus, the velocity of a particle in an electric field is changed only along the direction

of the electric field.
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3.3 Ions in Electric and Magnetic Fields

The motion of ions in electric and magnetic fields can be expressed by the Lorentz

force [23] expression

F=qE+qixB (3.11)

The two terms that comprise the Lorentz equation are the magnetic force from
equation 3.1 and the electric force from equation 3.7.
It is convenient to separate the Lorentz force expression into its Cartesian coor-

dinate components.

F, = q(E; + (7 x B),) (3.12)
Fy=q(Ey+ (v x g)y) (3.13)
F, = q(E. + (7 x B).) (3.14)

To simplify the expression, one may assume that the magnetic field is pointing in

the positive z-direction.

B = B.k (3.15)

In the case, that the electric field is aligned parallel to the magnetic field, the electric
field simply accelerates the particles along the magnetic field lines. A more inter-
esting situation arises when the applied electric field is aligned perpendicular to the
magnetic field.

E=Ea (3.16)

These two conditions from equations 3.15 and 3.16 reduce the Lorenz force expres-



sions to

F, =q(E; +v,B;) (3.17)

and

Fy= q(—vzB:). (3.18)

The motion can now be separated into two distinct, yet simultaneous components.
The first component, the oscillating part is governed by equations 3.17 and 3.18.
It is useful to express this component in terms of the spatial derivatives, which are
commonly used to solve numerical models. Substituting the Newtonian force expres-

sion, £ = md" in its component form into 3.17 and 3.18, produces the differential

equations,
E.
" — __J_: / .
z wc<B:+y) (3.19)
and
y" = we(—1'). (3.20)

The second component, the motion of the centre of mass (gyro center) is obtained by
setting the left hand side of the Lorentz force equation 3.11 to zero. The remaining

expression is

0=E+7xB. (3.21)

Taking the cross product with B from the right, and using the vector identity

ax (bx &) =b@-é) —aa-b) (3.22)
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equation 3.23 is obtained.
ExB
Tp = ——3 (3.23)
3]

This equation shows the direction and speed at which the the centre of mass of

a precessing ion drifts when crossed electric and magnetic fields are present. The
velocity ¥p is called the drift velocity. A striking feature of equation 3.23, is that
the particle does not accelerate, rather, it moves at a constant speed in a direction
perpendicular to the fields. The drift velocity is also independent of the mass and

charge of the particle.

3.3.1 Oscillating Electric Fields

Solutions to the Lorentz equation for time dependent, oscillating electric fields show
how ions gain energy. As is discussed in later chapters, the omegatron employs an
alternating electric field to accelerate ions and allows those with specific charge to
mass ratios to reach a detector. The discussion in this section will be limited to
simple (ideal) field geometries that have exact solutions.

Let a charged particle be initially at rest between two infinite parallel plates. A
magnetic field is applied parallel to the plates and an oscillating electric field exists
between the two plates, as is shown in Figure 3.1.

The equations of motion of a particle located in between the plates may still be
expressed by equations 3.19 and 3.20 if one expresses the electric field, E;, in terms

of its oscillatory behaviour. A sinusoidal function is choosen as these are used in the
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Figure 3.1: The electric field configuration for an infinite parallel plate capacitor
with a magnetic field aligned parallel with the plates.

omegatron to gather data.

E = E_i = E,cos(wt)i. (3.24)

Here E, is the amplitude, w is the angular frequency of the electric field, and ¢ is the
time. Incorporating equation 3.24 into the equations of motion, 3.19 and 3.20, the

equations of motion for forced oscillations are obtained.

z" = w, (M + y') , (3.25)
B.
and
Y = w(-2'). (3.26)

Solutions to these equations may be obtained by differentiating equation 3.26, sub-
stituting it into equation 3.25, followed by applying the method of undetermined

coefficients [24] on the resulting inhomogeneous equation. The solutions below, are



derived for the case that at t =0, y=z =y’ =z’ =0.

, _ qE, wesin(wt) — w sin(wt)
T om w? —w?

I

, _ qE, we(cos(wet) — cos(wt))
T m w2 —w?

The corresponding equations for the spatial coordinates are given by

_ qE, —cos(w.t) + cos(wt)
T om w2 —w?

T

and

_ qE, sin(w.t) — “sin(wt)
T om w2 —w?

(3.27)

(3.28)

(3.29)

(3.30)

A mathematical limitation of equations 3.27 through 3.30 is that they are not valid

expressions when the driving frequency, w equals the cyclotron frequency, w.. Equa-

tions for the special case when the two frequencies are equal, can be derived by

applying L’Hépital’s rule [25]. One obtains

vy =z’ = % (sin(w.t) + wctcos(wct)) ,

E, .
v, =y’ = q—mo-tszn(wct),

E, .
T = ——tsin(wt),

2B

and

y - tcos(wct)> .

_ E, (sin(wt)
2B We

(3.31)
(3.32)

(3.33)

(3.34)
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Figure 3.2: Graph of the time evolution of the x and y components of the particle
velocity as given by equations 3.31 and 3.32.

The time dependence of equations 3.31 and 3.32 is shown in Figure 3.2. A constant
increase in the velocities can be observed. Figure 3.3 shows the same result in velocity
space. A similar behaviour is observed in the displacement. Figure 3.4 shows the time
evolution of the x and y components of the displacement as described by equations
3.33 and 3.34. Figure 3.5 shows the trajectory that an initially stationary particle
at the origin follows when subjected to the sinusoidally varying electric field from

equation 3.24.
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Figure 3.3: Phase space plot of the velocity-trajectory of a particle with a velocity
given by equations 3.31 and 3.32.
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Figure 3.4: Graph of the time evolution of the x and y components of displacement,
shown in equations 3.33 and 3.34.
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Figure 3.5: Plot of the trajectory of a particle with a velocity given by equations
3.33 and 3.34.
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One finds that with these forced oscillations, the radius a particle reaches will
be greater, the closer the driving frequency is to its cyclotron frequency. If driven
by a frequency other than the resonance frequency, the charged particle accelerates
for only a few revolutions. After that time, it lags the electric field in phase so that
it experiences a decrease in acceleration resulting from the phase difference between
its motion and the electric field. This behaviour is synonymous with the amplitude
modulation that is heard upon tuning musical instruments with a tuning fork. The
particle’s radius of motion will “beat” at a frequency equal to the difference between

its cyclotron frequency and that of the radio frequency electric field.

3.3.2 Damped Harmonic Motion

One is unlikely to encounter a harmonic oscillator that is not losing energy to its
surroundings. This loss of energy is referred to as damping or drag. The mechanism
by which this damping occurs, is often friction or air drag. For mass spectrometers,
any deceleration of the ions is usually caused by electron-ion, ion-neutral, and ion-
ion interactions [23]. Direct collisions do occur, but are less likely than long range
interactions. Electron-ion and ion-ion interactions proceed via coulombic interaction
forces. Interactions between ions and neutral particles, occur as a result of polar-
ization of the neutral particles and collisions. These effects will be much smaller
than those of ion-ion interactions, since the electric potential of a dipole decreases
with the square of the distance from the dipole [26] instead of linearly with distance
as does the coulombic potential. To derive equations of motion that include these
interactions, one needs to insert a damping term into the Lorentz equation 3.11. At

this point, the Lorentz equation is that of a parcel of particles rather than a single
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particle [27]. By this method one can express the interaction effect as an average,

rather than dealing with individual collisions [28].
9 (7, -_ B - =
= (E + 7 X B) - YU (3.35)

The damping term, 7;7, is velocity dependent, such that the energy loss from col-
lisions with ions and molecules will increase with difference between the orbiting
particles’ speed, and the speed of the background particles. Since the background
particles are at room temperature, their thermal energies are a fraction of an electron-
volt. The accelerated ions gain energy quickly, and have in excess of one hundred
electron-volts of energy at the end of their trajectories. Thus it is safe to assume
that the velocity of the background particles is negligible when compared to that
of the accelerated ions. Furthermore, the low temperature of the gas implies that
the level of ionization of gas is extremely low [28]. This means that the most im-
portant particle interactions will be limited to those that involve ions and neutral
particles. Neglecting direct collisions, one may then determine the energy loss and
the effect that these collisions will have on the trajectories of the moving ions as
a function of collision frequencies. The collision frequency, 7;, is the sum of the
collision frequencies between the accelerated ions, j, and all other species, ¢, present

in the background gas,
=D Yij- (3.36)

T

The Lorentz equation then becomes

" = Fycos(wt) + wey' — iz’ (3.37)
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and

n

y" = —wez' -7y, (3.38)

where F, = gE,/m. Solutions to equations 3.37 and 3.38 can be found as indicated
in the previous section for the case without damping. The resulting equations of

motion are

y = et (2 v} we cos(wet) + ('7;2 —-wl+ w2)sin(wct))

v w cos(w )
w? + ;% — w?

+% (w2 + 7;2 —w?)€ (sin(w t) —2 (3.39)

y' = e (wc(w2 —w? - 7}‘2)cos(wct) - "/;(7;2 +w? + wz)sz’n(wct))

+E(we(w? + "/;-'2 — w?) cos(wt) + 2vjwsin(wt) (3.40)

r = e N ((wf - "/;-’2 — w?)cos(w,t) + 27;-‘wcsin(w,_.t))

+£ ((’7}'2 + w? + w?)cos(wt) — %(7}‘2 +w? + wf)sin(wt)) (3.41)

z' = et (7;(7;2 + w? + w?)cos(wet) + we(w? —w? — "/;2)sin(wct))

~€ (VW2 +w? +72)cos(wt) + w(v}® — W - wl)sin(wt)) (3.42)

The damping term limits the maximum radius that an ion may attain. This effect
may be seen in Figure 3.6. The energy loss is more pronounced at higher particle

velocities. These interactions may thus be compared to the viscosity of a fluid. The
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transient solution vanishes when the energy gain from the electric field is balanced

by the energy loss from the interactions with the surrounding particles. Low gas

0.51 ;
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Figure 3.6: Graph of the velocity space trajectory of particles that are accelerated
by an oscillating electric field perpendicular to a static magnetic field. At higher ve-
locities, long range interactions with the background gas reduce the net acceleration
that the particles experience.

pressures that are used for mass spectrometric measurements (10~5 Torr to 1078
Torr), imply that the collision frequencies will be low. Thus slight damping should
be observed and the damping effects should not be as strong as those seen in Figure
3.6.

The effect of direct collisions that result in a loss of ions from the beam of acceler-
ating particles may be accounted for by the the use of probabilities. The probability

that a particle will not collide with a background gas depends on the path length
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that the particle traverses within the gas and its mean-free path in the gas.

>

Fi=e™x, (3.43)

where P; is the probability that an ion will not collide, L, is the particles path length,
and A is the mean-free path.

The combination of the long range interactions and collisions that particles ex-
perience will remove more particles from the beam than collisions alone would. This
must come about because the particles lose some of the energy that they gain to
the background gas while being accelerated. To reach a collector that is mounted
some distance from the centre, the particles require a greater number of revolutions,

therefore a longer path length to reach the detector than for the undamped case.

3.4 The Electric Potential Field

In the previous sections, the emphasis has been on ion motion in electric and magnetic
fields. It is important to look at these fields in more detail. An electric field can
completely be described by the electric potential. The relationship between the

electric field, E and the electric potential, ® is

-

E=-Va. (3.44)
The differential form of Gauss’s law,

V-E=£, (3.45)

€o
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where p is the volume charge density and ¢, is the permittivity of free space, states
that a static electric field cannot be present without some charge to source it. Com-

bining equations 3.44 and 3.45, The Poisson equation is obtained.

V2 = ;”- (3.46)

In regions of space, where no charges reside, the Poisson equation becomes Laplace’s
equation,

V2 = 0. (3.47)

The Laplace’s equation is commonly used to calculate the potential distribution
within a bounded region of space. The electric potential for the infinite (ideal)
parallel plate capacitor described in previous sections, can be found using Laplace’s
equation and the corresponding boundary conditions. A cross-section through the
equipotential surfaces within an ideal parallel plate capacitor are shown in Figure
3.7.

The potential is determined by a charge distribution. A cylindrical beam of
electrons, can be roughly approximated by an infinitely long column of stationary
charges. Applying the integral form of Gauss’s Law, one obtains two expressions for
the electric field strength. The magnitude of the electric field at a point inside the

column is given by

pr
E=— 3.48
2¢,’ ( )
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Figure 3.7: Cross-section throught the equipotential surfaces within an ideal parallel
plate capacitor. A and B are the top and bottom plates. Plate A is at a potential
of +10 volts while plate B is at a potential of -10 volts. The potential surfaces are
labelled with their respective potentials.

while the magnitude of the electric field outside the column of charge is given by

g=fE

= 3.49
Ber’ (3.49)

where p is the volume charge density, r is the distance to the centre of the charge
column, d is the diameter of the charge column, and ¢, is the permittivity of free
space. For an electron beam (a singly charged plasma), the current density, .J, can
be defined as

J =enuv, (3.50)

where e is the charge of the particles, 7 is the particle density, and v is the speed of
the particles. The current density can be expressed in terms of the cross sectional

area of the beam, 7d?/4, and the current that is flowing, I. Furthermore, en = p.



Equation 3.50 may thus be rewritten as

pud?

I= 1

(3.51)

Solving for p and substituting the charge density into equations 3.48 and 3.49 returns

the electric field magnitude for an electron beam of a diameter, d, current, I, and

speed, v.
Eveipa =2 —— (3.52)
r<d/2 - U d2€o 1 s VA
and
1 I
E, = - D
>d/2 2UTE,T (353)

[t may prove convenient to express the magnitude of the electric field in terms of the

kinetic energy of the charges creating it.

(3.54)

E Ir
<dj2 = —F=———
i \/%ﬂ'd?eo

and
17

r d2—’_ (355)
>4/ ,/ 1re,,

where T is the kinetic energy and m is the mass of the particles.

.J‘.

However, one should realize that the above derived equations for the electric
field of the charged cylinder, are approximations because Gauss’s Law implies that
the electric field at an infinite distance from the cylinder falls off to zero. Where
conductive, grounded walls surround the charges, the potential fields must change

more rapidly with the radius.
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Even more complicated situations arise when a finite parallel plate capacitor is
considered. The equi-potential planes are not parallel. Near the edges, the potential
surfaces are curved. To accelerate particles as discussed in sections 3.3.1 and 3.3.2,
and to determine their trajectories using exact solutions would at best be extremely
difficult. Since empty cubic regions of space cannot vield significant insights into
the physics of nature, one usually must insert some form of a measurement device
that will further distort the field. Chapter 5 shows some numerical solutions to
the electric fields and particle trajectories, as they apply to the omegatron. Reality
dictates that these derived equations are only a first approximation to the behaviour
of ions and neutrals in mass spectrometers. Space charge build up, engineering
limitations affecting magnetic and electric fields, and vacuum components, and low
partial pressures of the desired ions may all result in significant changes. Numerical
models that include approximations of some of these imperfections in real systems

may allow deeper insights into the operation of an instrument.



Chapter 4

Instrumentation

Instruments that yield reliable results, must be carefully designed to reduce system-
atic and random errors. Although the measurement scale shown in equation 2.1
eliminates some systematic errors, those that change between the measurement of
the sample and standard are not removed. Throughout history, different methods
of measuring isotopic ratios have been developed. Many of these employ similar

principles to separate ions according to their charge to mass ratios.

4.1 Key Components of a Mass Spectrometer

A mass spectrometer can be described by the operation and interaction of three
different components; the source, the analyzer, and the collector. Recently, with
the availability of fast computers, a fourth component, the data acquisition system,
can be added to this list. Figure 4.1 is a schematic diagram of a typical magnetic
sector mass spectrometer. The task of the source is to create and accelerate ions.
To accelerate the ions, an electric field is used. Ions are commonly accelerated
through potential differences of 3000 to 10000 volts. The region between the poles
of a permanent or electro-magnet is called the analyzer. Ion beams are separated
according to their charge to mass ratios as they traverse the analyzer. In the example,
the ion’s exit direction is deflected 90° from the entrance direction. The collection

of a desired ion species is performed by the collector(s).

28
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Figure 4.1: Simplified Diagram of a typical 90° magnetic sector mass spectrometer
with a triple collector.
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4.1.1 The Source

The type of analysis and compound that is to be studied often determines the type of
ion source in an instrument. The most common sources are the gas discharge source,
the thermal emission (filament) source, and the electron bombardment source.

Gas discharge and spark sources employ a high potential difference between two
electrodes that produces an electric discharge [29]. The heat from the discharge
evaporates and ionizes a small part of the electrodes, metals or salts that have been
placed on the electrodes, or any gases between the electrodes. With this ion source,
the isotopic and chemical composition of the samples can be determined. The ions
are then accelerated toward the analyzer region by an electric field. Ions created
by a gas discharge or spark source have a large thermal energy spread and are
often multiply charged. This variability poses difficulties for single focusing mass
spectrometers that require of mono-energetic ions. As a result, this type of source is
used in conjunction with velocity filters, or double focusing mass spectrometers.

Surface emission ionization, is the process in which a salt deposited onto a metal
filament is evaporated and ionized through electrical heating of the filament. Lang-
muir and Kingdon [30] have shown that both positive and negative ions may be

formed by this ionization process. The formation of positive ions is governed by the

relation
N. (W=0)
+ o< eg_Tq—’ (4.1)
N,

where NV, is the number of positive ions created, N, is the number of neutral atoms
present, W is the work function of the filament material, ¢ is the ionization potential

of the sample, k is the Boltzmann constant, and T is the absolute temperature of
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Figure 4.2: A solid source triple filament assembly. The center filament is loaded
with a sample.

the filament.
For negative ions, the relation changes since the ability of the sample to attract

and bind electrons becomes more important than its work function.

N_ -
& el (4.2)

o

where N_ is the number of negative ions created, and A is the electron affinity of
the sample.

Ionizing samples in this manner, often results in significant portions of the sample
having evaporated without ionization. To overcome this problem, triple filament
assemblies, where two extremely hot filaments ionize the cloud of evaporated material
that was placed on a cooler, central filament, have been developed. One of the
greatest disadvantages of this method, is that isotopic fractionation of the salt occurs
during the evaporation. Among others, Hitoshi Kanno in 1971 [31] attempted to
construct a theory to correct for this fractionation. Moore, Heald, and Filliben [32]

expanded on this investigation in 1978 and developed a much more complicated but
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also more satisfying model for the observed fractionation.

The electron impact ionization source, was first used by Dempster in 1918 [29] and
is suited best to the analysis of gases. A thin filament (Tungsten or Rhenium wire) is
heated to high temperatures. This heating imparts sufficient thermal energy to the
electrons in the metal to overcome the work function of the material and be emitted.
The electrons are then accelerated through an electric potential difference. Typically,
the electron energies range from 70eV to 130eV. The atoms and molecules in the
electron beam’s path are ionized by coulombic interactions with the electrons. Walter
Bleakney [33] improved the ion production by more than an order of magnitude by
introducing a magnetic field parallel to the electron beam to reduce the spreading

of the beam as it traverses the ionization region. When a low pressure gas is ionized

electron beam

Figure 4.3: An electron impact source
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by the electron beam, only a small portion of the electrons are involved in electron-
atom or electron-molecule collisions. As a consequence, high electron beam currents
are required to produce a significant ion beam. A byproduct of the high electron
densities result in multiple electron-ion collisions. A consequence of these and the
high kinetic energies of the electrons are doubly, even triply ionized gas species.
Further complications arise because the electrons often fragment molecules of the
gas. An adverse result of these effects is that some ion fragments of one gas may
interfere with the analysis of another gas species whose fragments have similar charge
to mass ratios [29]. Electrons may also be captured to form negative ions [29]. Figure
4.3 shows a simplified diagram of the electron emission source. The case is often a
cage that surrounds the ionizing region on 6 sides (the 6" side has an exit slit for
the ions) and is biased positively with respect to the filament (70t0130V). In turn,
the trap is biased positively ( 20 V') with respect to the case to avoid the re-entry of

electrons into the ionizing region.

4.1.2 The Analyzer

The analyzer of a magnetic sector mass spectrometer separates ions according to
equation 3.1. Figure 4.1 shows a spreading ion beam emitted by the ion source
entering the magnetic field at a right angle. In what is termed simple geometry the
beam is deflected and leaves the magnetic field at a right angle (for the geometry of
Figure 4.1) and is refocused at the collector. This property is called direction focusing
and can be achieved by designing an instrument such that the source exit slit, centres
of curvature of the ion paths, and the collectors lie in the same planes. Extended

geometry mass spectrometers, where the angle at which the ions exit the magnetic
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field is different from the entry angle are also possible. With appropriate choices of
angles, focusing may be realized in the z direction [34] (perpendicular to the diagram
in Fig 4.1 ). The resolution of such! a mass spectrometer can be described by the
convolution of the ion beam width with the collector slits. As a first approximation,
one can assume that the spreading of the ion beam is negligible (or that focusing is
very good), so that the beam width upon arrival at the collector slit is the same as
the source slit width. Figure 4.4 shows how an ion beam of uniform density swept
across the collector slit produces a peak. The peak shape shown represents the ideal
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Figure 4.4: Creation of a sector mass spectrometer peak. The beam moves across
the slit because the mass spectrometer is used in its scanning configuration. Either
the magnetic field is varied, or the energy of the ions is changed to affect a change
in the ion trajectories.

case where the beam has a uniform density along its cross section. Any plasma or ion

1This would also hold for mass spectrometers other than sector instruments so long as a beam
is swept across a collector slit.
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beam that is not neutral as a whole, must experience repulsive coulomb forces that
will result in a non-uniform ion beam density. The non-uniformity changes the peak
shape such that the tops lose the sharp edges, the slopes become curved, and the
peaks acquire tails at the baseline. The resolution for the ideal case can be expressed

using the simplified expression

M _ 2R
AM ~ S+C’

(43)

where M/AM represents the mass resolution, R is the radius of curvature of the ion
trajectories, C is the collector slit width, and S is the source slit width.

Equation 4.3 can be arrived at using Figure 4.4. The width of the peak base
is given by S + C. Thus, to resolve the next closest mass, it must be at least
a distance S + C from the first. The equation shows that to effect a change in
the resolution of a magnetic sector mass spectrometer, the physical dimensions of
the source and collector slits would need to be changed. As will be shown later,
mechanical alterations are not necessary to change the resolution of an omegatron

mass spectrometer.

4.1.3 The Collector

Before the turn of the century, the lack of low current detectors forced scientists
to use fluorescent screens for mass spectroscopy. More importantly, in 1886, Gold-
stein [29] is claimed to have discovered “positive rays” by the fluorescence that he
observed in glass. This lead to J.J. Thomson in 1910 developing his positive ray

parabola apparatus in conjunction with a fluorescent screen, to separate and detect
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the isotopes of neon. After the turn of the century, the advent of sensitive photo-
graphic plates resulted in isotope abundance measurements derived from the opacity
changes of these plates. The impact of ions caused the photosensitive coating to
darken. Problems with this method of mass spectrography, ranged from different
particle energies causing differing darkening of the plates, to the fact that saturation
through over-exposure required replacement of the plate. Photo-multiplier tubes,
although developed much later, suffer from non-linear current production with in-
creasing ion masses.

Collection of ion currents is usually done using a Faraday cup that is typically a
2cm deep rectangular metal box placed behind the collector slit. The first electrical
detection of ions was performed using electrometers. As thermionic valves became
known in about 1930, Metcalf and Thomson [35] developed a method to use these as
amplifiers. Vibrating reed electrometers were also quite popular as it was generally
easier to amplify a small alternating current signal, than to keep a direct current
amplifier system stable over the long periods of time that were required for the
measurements.

Recent technological advances have resulted in metal oxide field effect transistors
(MOSFET). These devices have extremely high input resistance and good stability.
Packaged as integrated circuits, the MOSFET’s are generally incorporated in the
design of operational amplifiers (OPAMP). OPAMP’s are now the basic building

blocks of most electrical detection schemes in commercial mass spectrometers.
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4.2 Dynamic Measurements using a Magnetic Sector Mass

Spectrometer

The magnetic sector mass spectrometer may be used statically, such that more than
one faraday cup collect ion beams. In that configuration, the magnetic flux density
and the ion energy are kept constant. Operating a mass spectrometer in this way, is
often called “simultaneous collection”.

If only one faraday cup is available, one may scan a mass spectrum by changing
either the magnetic flux density, or the ion’s energy. Using this method, a significant
length of time may pass between the measurement of consecutive mass peaks. This
requires equipment that is stable over long time periods, and insensitive to sample
pressure changes, or room temperature changes.

Over the past decade, gas chromatographs used as “front-ends” to mass spec-
trometers (GC-MS) have gained popularity. In these units, a gas sample is prepared
by a variety of methods, including combustion. The sample is “pushed” into a long
capillary column using a carrier gas. The carrier gas depends on the analyses that
are performed, but in most cases helium is used. In the capillary column, different
gases are adsorbed and re-released at different times. Thus a time separation of
gases such as CO,, SO,, and NO, is achieved. These time separated gases are then
admitted into a magnetic sector mass spectrometer. A computer generally switches
the magnetic flux density or the electric field strength that accelerated the ions to
accommodate the mass of the species.

Gas source mass spectrometers may also be used in a “static” mode whereby

a small amount of gas is admitted to the instrument which is then isolated from
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the evacuation line. This is often used in rare gas measurements to gain sensitivity.
From the electromagnetic view point, the instrument is “dynamic” in that the peaks
are scanned by changing either the magnetic flux density or the potential through

which the ions gain energy.

4.3 Previous Designs for Omegatrons

In 1949, Hipple et. al. [7] developed an instrument based on the cyclotron resonance
principle to measure the Faraday and named it the Omegatron. It is similar to the
cyclotron in that the ions follow circular paths and are accelerated by radio frequency
electric fields. It differs in that the ions do not cross regions of high electric fields (as
in the gaps between the cyclotron dee’s) that appear as pulses to the ions, resulting in
acceleration of ions at a base frequency and its harmonics. Rather, in the omegatron
the ions never leave a sinusoidally varying electric field between two metallic parallel
plates.

Sommer et. al. [14] describe the design of this instrument. Their omegatron was
cubic in shape and contained a potential divider connected to metal guard rings that
surrounded the analyzing region. These guard rings were used to reduce the curving
of the electric field lines near the edges of the analyser region. The radio frequency
electric field was applied by holding one plate at ground while applying a sinusoidal
voltage to the second plate. The ion collector was installed immediately above the
grounded plate, thereby distorting the geometry of the electric field. The resolution
of the instrument was affected by space-charge buildup within the omegatron. In-

vestigations on the operating characteristics of this omegatron design were described
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by Klopfer and Schmidt [36] in 1960. Early attempts at explaining how the motion
of ions is affected by the space-charge build up, and the central, ionizing electron
beam were performed by Schuchhardt [37]. The basic cubic design of the omega-
tron analyser region was widely used [11], [38], and [39] with some slight changes
to the trapping potentials or the number of potential-divider guard rings. A radical
approach to reduce the memory of the mass spectrometer was used by Batrakov
and Kobzev [12]. The cubic design was modified to create an “open” omegatron
that had a much smaller surface area. The resulting instrument required shorter
bake-out times. Gentsch [40] simplified the design of Sommer et. al. and Klopfer
and Schmidt with the removal of the guard rings and improved the sensitivity of the
omegatron.

In 1963, van der Waal [10] slightly modified the original design by extending the
parallel plates in a direction perpendicular to both the applied electric and magnetic
fields thereby improving the geometry of the electric field. The guard rings were also
omitted to improve the sensitivity of the instrument. The end plates were retained.
A disadvantage of this design was the appearance of mass peaks at harmonics of the
resonance frequencies of the ion species. Bijma [41] experienced similar harmonic
problems with the extended/long design.

The first indication that removing the end plates may have advantages, seems to
come from Marklund and Danielsson [42]. A basic cubic geometry was used but end
plates and guard rings were neglected. A similar instrument was later employed by
Engelmann et. al. [45]. One advantage of this design is that the uniformity of the
electric fields in the analyser may be improved.

Brubaker and Perkins [43] appear to be the only researchers who placed the
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detector in the mid-plane of the parallel plates. The potential on the plates was
established by a push-pull sinusoidal signal so that the detector was in a plane near
earth potential.

The above designas are summarized in Table 4.1.

Analysis of microwave plasma sources using an omegatron was done as late as
1991 by Friedmann et. al. [48]. The instrument that this group used was essentially
that of Sommer et. al. with the exception that no guard rings were used. The
novelty of this design was that instead of using electrostatic ion trapping parallel to
the magnetic field, the magnetic field itself was shaped to form a “magnetic bottle”.
The magnetic field lines were “pinched” at the walls of the omegatron so that ions
travelling parallel to the magnetic field experienced an increase in the magnetic flux
density and consequently a force in the opposite direction of their motion, returning
most ions to the centre of the analyser.

Further attempts to improve the resolution of the omegatron were performed
by Petley and Morris [44]. Their omegatron used hyperbolic RF electrodes, and
contained no guard rings. A serious problem with this design was the appearance of
harmonic peaks. Petley and Morris suggested that these may be removed with the

addition of a hyperbolic guard ring structure.

4.4 Construction and Design of the Current Omegatron

The popularity of the omegatron seems to have declined since the 1960’s and 1970’s.
During that time, small commercial units could be bought from well known vacuum-

tube manufacturers such as Philips. Manufacturers apparently ceased production
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I Refs. | RECT | MDPD | SS-RF | NSP | GRG | HARM. | maxR | max B I
[7] [14] * * <lcm | 047T
[10] * * * | <l5cm| 044T
[40] * NA NA
[42] [45] * * <12cm| 04T
[43] NA * NA NA
Philips
commer. * * * ~lem | ~04T
This
Work * * * 1.8cm 1.2T

Table 4.1: Summary of the most important features of previous and current omega-
tron designs. RECT indicates whether the analyser is rectangular, MDPD indicates
that the detector is located in the mid plane between the RF plates, SS-RF indicates
that a single-sided radio frequency signal is used and one RF plate is grounded, GRG
indicates the use of guard rings, and HARM indicates that the design suffered from
harmonic effects. Max R, and max B show the maximum radius of curvature and the
maximum magnetic flux density that were possible with the instruments. Entries
labelled NA indicate that the information was not available.

as the instruments are no longer commercially available. Thus, an omegatron was

designed and constructed as one aim of the project described in this dissertation.

4.4.1 The Vacuum Chamber and Suspension Arm

A Harvey-Wells Corporation L-128A nuclear magnetic resonance electromagnet and
a Harvey-Wells HS-1050 magnet power supply were available for the construction of
the omegatron. The size and great mass of this magnet created a number of design
constraints on the mounting system and the geometry of the vacuum chamber. The
gap between the 30.48 cm (12”) diameter pole pieces of the magnet is 6.4cm (2.527).
The vacuum chamber must fit between the pole pieces, leaving sufficient space to
align the instrument in the magnetic field by rotating the chamber and also allow

easy access to the instrument for cleaning or replacing filaments. Figure 4.5 shows
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Figure 4.5: Cross sectional view of the omegatron mass spectrometer vacuum cham-

ber.
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Figure 4.6: Side view of the omegatron mass spectrometer vacuum chamber.

a cross-sectional view of the vacuum chamber and lid. A side view is shown in
Figure 4.6. Since the chamber needed to be rugged and chemically non-reactive, it
has been constructed of 316 grade stainless steel. This material was chosen for its
extremely low magnetic permeability (z = 1.02 N/A?) and high strength. Other 300
grade stainless steels do not possess the same ability to keep their shape when under
pressure or vacuum. Con-flat knife edges were machined into the bottom section of
the chamber and the lid to accommodate a standard size 30.48 cm (12”) vacuum
flange copper gasket. Thirty counter-sunk stainless steel bolts provide the pressure

for the metal-to-metal seal. The bolt spacing has been arranged so that each bolt is
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spaced 9° from the next, with every fourth bolt omitted to permit larger diameter

power feedthroughs and vacuum pipes. The current configuration consists of two

Figure 4.7: Suspension arm with the vacuum chamber attached, showing the rota-
tional degrees of freedom.

3.34 cm diameter (1.33”) flanges on opposite sides of the diameter. One flange is
connected to a 75!//s Varian Star-Cell Ion Getter Pump by a valve attached to a
flexible bellows vacuum hose, while the second serves to rough pump the :hamber,
and admit gas samples for analysis. The electrical connections consist of one coaxial
BNC feedthrough, and two eight-pin molybdenum power feedthroughs. Since the

power feedthroughs are rated at 500 volts and 10 amperes per pin, they are suitable
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for all electrical connections, including the power for electron emission filaments that
may require as much as 4 amperes of current.

The mounting bracket that supports the vacuum chamber must be (1) rigid to
prevent movement during measurements, (2) allow the chamber to be rotated, to
align the omegatron with the magnetic field, and (3) easily removed. Figure 4.7
shows the mounting arm, that has been suspended from a sliding platform, that
allows easy removal of the vacuum chamber from between the magnet’s pole pieces.
The vacuum chamber is attached to the mounting arm by a polished 1.9 cm (3/47)
diameter stainless steel pin that allows rotation about a horizontal axis. To have
complete control over the alignment, the arm may be rotated about its (and the
vacuum chamber’s) vertical axis. To reduce weight and magnetic interference, the

mounting bracket has been constructed of aluminum.

4.4.2 The Omegatron Interior

The striking difference between the omegatron and conventional mass spectrometers
is that the source, analyzer, and the detector occupy the same volume. Yet the
functioning of each component has strong similarities with conventional mass spec-
trometers. Whereas the magnetic sector mass spectrometer accelerates ions through
a static electric field, then it separates them in a static magnetic field, the omegatron
is designed such that the separation of the ions begins right at the moment of the
initial ionization, and ends with the ion striking the detector. The ions gain energy
from an oscillating electric field applied perpendicular to a static magnetic field as
described in the previous section on the theory of ion motion. The advantage of this

scheme is that the instrument can reach extremely high resolution for low particle
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Figure 4.8: Photograph of the “old” omegatron design.

masses.

The resolution of the omegatron is strongly dependent on the homogeneity of the
electric and magnetic fields that determine the ion motion. For this reason, the focus
of the first attempt to construct an omegatron for this dissertation, was to improve
the electric field homogeneity. A geometry similar to, but larger than that of Sommer
et.al. [14] was designed. Grooved ceramic plates were used to support a resistive wire
grid, that was used instead of the guard rings to reduce the warping of the electric
field lines near the edges of the analyzing region (Figure 4.8). Sixty rows of wire were
used on each of the four sides enclosing the analyzing region. Opposing wire grids
were connected in parallel to allow independent control of the trapping potentials
parallel and perpendicular to the magnetic field, as discussed by Masica [38]. This
geometry was equivalent to that of an analyser region surrounded by sixty guard
rings. Measurements that were taken with the unit were not consistent. Subsequent

measurements showed that the resolution of the instrument decreased as a function
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of the time that the omegatron was operated. This reduction became so extreme,
that it was not possible to observe any mass peaks. After long periods outside the
magnetic field, and with the ionizing electron beam turned off, operation could be
resumed for short time periods. The reason for this behaviour is consistent with
surface charge build up on the exposed ceramic surfaces. It is likely that over long
periods of time, the charge build up on the walls of the instrument created electric
fields comparable to or greater than the applied radio frequency electric fields.

A second, much simplified instrument was designed and built (Figure 4.11). The
current omegatron is a long (rectangular) design similar to that constructed by van
der Waal [10] in 1963, but differs significantly in having no side plates or guard rings

[14], and the collector positioned in the midplane

Figure 4.9: Photograph of the current omegatron design showing the position of the
parallel RF plates and the filament holder on the top.

between the RF acceleration plates (Figures 4.9 and 4.10). The analyzer region is
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Figure 4.10: Photograph of the current omegatron design showing the position of
the detector.

3 cm deep by 4 cm high by 9cm wide. The ion collector may be positioned at a
distance of up to 3 cm from the electron beam. The position of the radio frequency
plates allows a maximum collector distance of 2 cm but the plates may be moved
further apart. As seen in Table 4.1, this design is a unique combination of features
in previous designs.

A trapping potential parallel to the magnetic field that prevents the ions from
moving along the magnetic field lines and impacting with the walls of the analyzer
region can be applied but a perpendicular trapping field is not possible because of
the absence of end plates perpendicular to the magnetic field. Guard-rings or wire
grids were not incorporated to reduce the surface area available for adsorption of
gases. The advantage of a long (rectangular) design is that the electric field lines,
in the middle region, that are used to accelerate ions are more uniform than in the
classical cubic design. Thus, the ion orbits are more circular and the resolution

of the instrument is improved. The detector and the detector support block cause
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the greatest disturbance of the electric field geometry. Many omegatrons that were
used [14], [41], [45], [46], placed the detector close to a grounded radio frequency
plate, where it could greatly affect the electric potential fields. The current design,
places the collector in the middle between two radio frequency plates. Since the mid-
plane between the radio frequency plates is at ground potential and the collector’s
potential (determined by the amplifier) is only a few milli-volts removed from ground,
this arrangement results in the least change to the electric field. The extended design
also improves the electric field geometry so that the side plates may be left off as in
the design of Marklund and Danielsson [42] . A further advantage of this design is
that one need not perforate any of the remaining walls as was done by Wang et.al.
[39] and by Friedmann et.al. [48], since the transmission of gas into the analyzing
region is much higher without the side plates.

The omegatron was constructed of 304 grade non-magnetic stainless steel. In-
sulating materials were used only where it was absolutely necessary and then the
insulating surfaces that face any portion of the analyzing region were minimized to
reduce charge accumulation. Spacers made of Makor machinable ceramic align and
support the metal plates to which the radio frequency is applied. The ion collector
also is insulated from its support structure by ceramic sleeves.

The ionizing electron beam is created with a 0.12 mm diameter Rhenium-Tungsten
alloy 2 filament. The first filaments were made of 0.05 mm diameter tungsten but
proved to be extremely sensitive to vibraticns that often resulted in breakage of the
filament. The alloy has a much higher electric resistivity than pure tungsten, allow-

ing the use of thicker wire while keeping the current required for electron emission

2The alloy contains 75% W and 25% Re.
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low. Custom built filament posts were used to position the filament, as commercially
available filament posts are often constructed using magnetic materials that would
experience large stresses within strong magnetic fields and cause inhomogeneities of

the magnetic fields at the analyzer.

4.5 Data Acquisition and Signal Generation

To improve reproducibility and reduce the chance of user introduced errors, the
omegatron has been designed to operate almost entirely by computer control. Only
vacuum components such as valves and pumps need to be operated manually. A
mass spectrometry computer interface designed by Kaare Berg and Michael Wieser
[49] and Kaare Berg et. al. [50] is used for the data acquisition. Figure 4.9 shows a
block diagram of the electronic components used for generating and acquiring mass
spectra. The electron beam that ionizes the samples is stabilized by amplifying the
trap current and converting it to a frequency. This frequency is monitored and used
as the feed-back signal for the electron emission filament power regulator. The ionized
gases are accelerated using a push-pull RF-driver that receives a frequency signal
from a Wavetek 395 synthesized frequency generator. This frequency synthesizer is
computer controlled through a serial communications port. The mass spectra ion
currents are amplified and converted to a frequency. The computer records the trap
current and ion signal that the mass spectrometry interface receives via its fiber optic

couplers.
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Figure 4.12: Schematic diagram of the electronics used to operate the omegatron.
The abbreviations EEF PS, OSC, MS I/O stand for the electron emission filament
power regulator, the synthesized frequency generator, and the mass spectrometry
interface board respectively.

4.5.1 Filament Power Regulation

The filament power regulator has been designed so it can be connected to any float-
ing DC power source of up to 30 volts. In conjunction with the trap-current pre-
amplifier and the voltage to frequency converter, it functions as a phase lock loop.
A phase comparator, receives both the opto-isolated feed-back signal, and a digitally
selectable crystal generated frequency reference. The output of the comparator, a

voltage that is proportional to the time average of the phase difference of the two
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Figure 4.13: Schematic diagram of the filament power regulator. Electron emission
is regulated by controlling the filament temperature through a phase comparison of
the frequency converted trap current, and an adjustable frequency reference.

frequencies, regulates the power supplied to the electron emission filament. Figures

B.3 and B.4 in Appendix B display detailed electrical diagrams of the circuitry.

4.5.2 The Radio Frequency Driver

Since this design needs a push-pull sinusoidal signal and the signal from the generator
is grounded on one side, a frequency driver is required. The first generation frequency
driver was a toroidal transformer with its primary driven by the Wavetek, and the RF
signals were taken from its secondaries. The secondary for the RF' plates was center
tapped and grounded while the other connections were center tapped and connected
to a variable voltage power supply. Although sufficient for preliminary tests, this
method did not allow for computer control of DC offset during data acquisition and
was limited to the power output of the synthesized signal generator.

With this in mind, a second circuit was designed (Figure 4.14). This circuit,

a block diagram is shown in Figure 4.11, uses one LM6181 high speed operational
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amplifier as a differential amplifier, to isolate the ground of the omegatron from the
signal generator ground. Thereafter, two LF6181 op-amps are used to provide one
inverted and one non-inverted signal. Each of these high-speed current-feedback am-

plifiers is designed to provide a potential difference of 10V into a 10002 load. The

| Differential
i Amplifier

l { Non-Inverting
j Amplifier

Figure 4.14: Block diagram of the RF-Driver that generates a ground-isolated
push-pull signal from the ground referenced signal provided by the signal genera-
tor

driver thus acts as a phase splitter and power booster for the RF signal. The syn-
thesized signal generator cannot supply more than 5V into a 5092 load (or 250mW).
The maximum output of one amplifier is 1WW. To keep the amplifier from oscillating,
it must not drive a capacitive load. If the load is capacitive, as with coaxial cables,
the amplifier must be back-terminated. A 5092 load may be back-terminated with

a 5012 resistor, thus reducing the usable power to 1/2W per amplifier. A realistic
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value for the power gain is a factor of four greater, 1W, when compared with that

of the Wavetek 395.

4.5.3 Ion Current Amplification

Finally, the amplification of the small currents produced when ions impact the col-
lector is required. For positive ions, the currents that one amplifies stem from the
electrons that move from the earth through the amplifier into the detector to neu-
tralize the charge imbalance at the detector. Magnetic sector mass spectrometers
often measure ion currents from 1078 to 107'2 A . Operational amplifiers, serving
as transimpedance devices, convert these low currents into signals ranging typically
from 1mV to 10V which serve as inputs to other devices such as voltage to fre-
quency converters. As DC signals are usually measured, noise may be reduced with

a band-width reducing capacitor, as shown in Figure 4.12. To measure the small

Figure 4.15: Circuit diagram of the amplifier configuration used for conventional
mass spectrometers.

currents without much interference from voltage noise (including Johnson noise, am-

plifier noise, triboelectric effects in transmission lines, commonly of the order of 10~
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to 1076 V), the resistances must be between 10°Q and 10'' Q. With a band-width
limiting capacitor of 10 pF, a low pass filter with a “time constant” of up to one sec-
ond would result. A sudden change of the input signal would result in the amplifier
output lagging in time. To achieve an output that lies within 0.5% of the correct
value, the amplifier would require a settling time of approximately 5 seconds. With
dual or triple collector mass spectrometers, where the currents are simultaneously
measured under constant conditions, this time delay does not pose a great problem.
In fact, small variations in the signal are damped.

For a “dynamic” mass spectrometer such as the omegatron and continuous flow
mass spectrometers and magnetic sector instruments that scan over a mass range,
this delay can present some difficulties. During a measurement, these “dynamic”
instruments require that the magnetic and electric fields and the performance of the
electronic measurement equipment do not change. Short measurement times are
more important for dynamic instruments. The omegatron has only one collector.
To measure the isotope abundance ratio of two isotopes, the instrument must scan
through a frequency range. During this time, any variation in the physical parameters
such as the gas pressure, electron beam intensity, and the magnetic flux density can
potentially change the measured ratio. It is thus important to quickly complete the
measurement scan.

Rather than attempting to reduce the capacitance and increase the amplified
noise, an integrating amplifier design has been constructed for use with the omega-
tron. The IVC102 integrating transimpedance amplifier (Burr Brown Corp.) is
used. Since all of the solid state switches and capacitors needed for its operation

are included in the IVC102, leakage of small currents across printed circuit boards
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need not occur. Figure 4.13 shows the circuit that is contained within the IVC102.

Several operating modes may be implemented with this design. The mode used for
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Figure 4.16: Operational schematic diagram of the IVC102 integrating trans-
impedance amplifier.

the omegatron was chosen so that all ions striking the detector would contribute to
the measured ion current. At the start of an integration, switch S2 is closed and
switch S1 is in the open position. For a short period that is required to discharge the
capacitor Cl, ions striking the detector are building up charge on it. After switch
S2 is opened and Sl is closed, the integration of the ion current starts. Next, switch
S1 is opened again to allow a DC measurement of the output voltage. This voltage

is proportional to the charge that accumulates on the capacitor,

V= (4.4)

Qo

where V is the output voltage, Q is the accumulated charge, and C is the capacitance.

The general expression for a time dependent ion current is given by

V= é /0 i (t) dt. (4.5)
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Signals obtained with the omegatron are DC signals. A more specific expression in

terms of a steady ion current therefore is more applicable.

T
V=l (4.6)

where T is the integration period, and I the DC current. The gain of the amplifier
may be expressed as G = T/C. The next cycle is started by closing the reset
switch, S2. An advantage of using this method for amplifying small currents is that
amplifier settling time not does affect measurements. The MS computer interface is
not designed to sample synchronously with the integrating amplifier. To keep the
amplifier compatible with the interface, a sample and hold circuit has been added as
its final stage. A complete circuit diagram is shown in Appendix B, Figure B.1.
The timing signals for the amplifier switches are generated by the circuit shown
in Appendix B, Figure B.2. The frequency of a 30720 Hz crystal oscillator found
in most digital watches, is used for the timing signals. As the crystal oscillator
frequency and thus the integration frequency are multiples of 60 Hz. Any 60 Hz, 120
Hz, 180 Hz, ... line noise is efficiently filtered by averaging over full cycles of these

noise sources.



Chapter 5

Numerical Models

Recent developments in computer technology have enabled scientists to obtain solu-
tions to more complicated numerical problems. J. Bijma [41] pioneered the compu-
tation of particle trajectories for an omegatron. Although his models include only
a few revolutions and are missing more realistic features such as the electric field of
the ionizing electron beam or slight damping that the particles experience, consider-
ing that Bijma was limited to analog computational equipment, the calculations he

performed were a great achievement.

5.1 Methods of Solving Ordinary Differential Equations

Particle trajectories that were computed for this work, are based on the equations
of motion, 3.25 and 3.26. The programming was done using Fortran 90 on two
different computer systems. The shorter computations were performed on Pentium
166 microcomputers. Memory limitations of these micro-computers, while executing
integrations well away from the cyclotron frequency of particles, forced the code to
be migrated to an AIX mainframe. The numerical integration is performed using a
NETLIB ! package for ordinary differential equations, RKSUITE_90 developed for
FORTRAN 77 by Brankin et.al. [51], and ported to FORTRAN 90 by Brankin and
Gladwell [52].

INETLIB is a collection of mathematical software and papers on the Internet. Its URL is
http://www.netlib.org .
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A number of different fourth/fifth order Runge-Kutta algorithms were tested
to find the particle trajectories, but numerical errors (most likely rounding errors)
resulted in a phase shift between the test particles and the applied electric field after
the particles had completed of the order of forty cycles. The RKSUITE library uses
three different Runge-Kutta pairs® (4,5), (7,8), and a (2,3) pair, depending on the
accuracy requirements of the solution. The (4,5) pairs were used for the computations
presented in this work.

The basic idea of integrating (solving) an ordinary differential equation (ODE)
as an initial value problem (IVP) numerically is to use the data available at an initial
point, and extrapolate it to the endpoint. One method of doing this is to take the
initial value of the function, f (Z), and determine the derivative of that function at

the initial value to determine the function at the end point.

F(Zo+F) = f(7) +F [%f (f)] . (5.1
In the above equation k is the step size of the integration. By repeating this process,
the problem may be integrated. This is the Euler method of integrating ODE’s
[53]. The main disadvantages of this method are low accuracy and stability. The
next iteration would be to use the initial value Z, to find a point half way between
the f(Z,) and the end-point of the interval f (:Z"+ H). This mid-point is used to

evaluate the derivative at the mid-point. The derivative at the mid-point is then

2The pairs refer to the order.
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used to advance the function over the interval such that

I=fo+%

f(Zo+h)=f(&)+h [%f (f)] : (5.2)

This is referred to as a second order Runge-Kutta. The higher order Runge-Kutta
algorithms extend this system to enhance the reliability and accuracy of the inte-
grations. Computational time savings can be achieved by using adaptive step-size
algorithms. These algorithms can determine how fast a function varies and adjust

the step sizes used for the integrations accordingly.

5.2 Particle Trajectories

This section is organized much like the theory chapter. First, the most basic parallel
plate capacitor is used to accelerate particles. Next, an electron beam at the centre
distorts the electric field, and deflects the trajectories. The last part incorporates a
damping term into the equation of motion. The number of cycles that particles are

shown to travel have been reduced so that individual parts of the spiral can be seen.

5.2.1 Ion Trajectories in a Parallel Plate Capacitor

For these computations, equations 3.25 and 3.26 are used. The integration was
started with the ions initially at rest at the origin. The ion collector was positioned
on the positive x-axis, 1.5 ¢cm from the origin. Ions were said to strike the detector
if they reached the detector at z = 1.5¢m and came to within a 0.05 cm vertical

distance of the detector. The parameters for the integration are shown in table 5.1.



Magnetic Flux Density 1T
RF Angular Frequency 9.648 s~!
Ion Mass 10%amu
RF Electric Field 25x 1073 V/m
Charge 1 electronic charge

Table 5.1: Integration parameters for the omegatron modeled as an ideal parallel

plate capacitor.
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Figure 5.1: Trajectory of a resonant particle in the omegatron modelled as an ideal

parallel plate capacitor.
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A large ion mass was chosen, so that any rounding errors in the time steps for the
integration would be small compared to the step size. A small mass requires a high
radio frequency field. To integrate one whole revolution of the ion paths, between
one hundred and one thousand time steps are required. High frequency oscillations
have short periods. Further dividing these already small numbers by two or three
orders of magnitude often makes the step size comparable to a computer’s roundoff
error. Figure 5.1 shows the trajectory of the particles. The spiral produced is evenly
spaced and keeps increasing. This trajectory is of the same type as that determined

from the exact solution in chapter 3, and proof that the code is working properly.

5.2.2 Ion Trajectories in a Parallel Plate Capacitor with a Central Elec-

tron Beam

The more complex situation, when an electron beam (modelled as a column of charge)
is present at the centre of the ideal omegatron, yields particle trajectories that are
somewhat distorted from the previous situation. Table 5.2 shows the parameters that
were used to create the trajectory. In Figure 5.2 one can see that the trajectory of the
ions is “skewed” towards the detector side. The ions also require fewer revolutions to
reach the detector. The radial electric field points toward the centre of the particles
trajectories. Throughout its path, the electric field then causes a force toward the
centre to be present. The particles are prevented from moving toward the centre by
the magnetic field, and as a result a net acceleration occurs.

Although the particles start the spiral motion in phase to the RF electric field,
after a short time, the particles will have a greater phase angle than the electric field.

At that time, the electric field reduces the increase in the particle energy per
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Magnetic Flux Density 1T

RF Angular Frequency 9.648 st
Ton Mass 107amu

RF Electric Field 2.5x1073V/m

Charge 1 electronic charge
Trap Current 2x107% 4

Beam Diameter 0.3mm
Electron Energy 100 eV

Table 5.2: Integration parameters for the omegatron modelled as an ideal parallel
plate capacitor with a column of charge at the origin, representing the electron beam.
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Figure 5.2: Trajectory of a resonant particle in the omegatron modelled as an ideal
parallel plate capacitor with a column of charge at the origin of the x-y plane and
aligned along the z-direction, representing the electron beam.
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revolution. The natural frequency of precession about the magnetic field lines is
altered by the presence of a radial electric field. Since the particles lead the RF
electric fields, their new frequency of precession will be higher. A positive cylindrical
charge distribution will cause the opposite effect, since the direction of the electric
field lines is reversed. A slowing of the particles will result in a reduced effective
frequency of precession. With space charge accumulating about the electron beam,
a shielding effect may arise [54], [14]. The result is that a particle requires a finite
frequency band to accelerate it instead of a discrete frequency. For the omegatron, a
critical particle density must exist, which will broaden this frequency band sufficiently

to effectively prevent the arrival of the ions at the detector.

5.2.3 Ion Trajectories in a Parallel Plate Capacitor with a Central Elec-

tron Beam and Long Range Forces damping the ion Motion

Particles that experience long range interactions as described in section 3.3, as well
as an electric field arising from a central charge distribution, are modelled in this
section. Table 5.3 lists the parameters that were used to integrate the equations of
motion. Figure 5.3 depicts the resulting trajectory. During the first few revolutions,
the particles follow the same path that was seen in Figure 5.2. The damping of the
motion starts being noticeable when the particles reach higher velocities than the
thermal velocity range of the background atoms. Thus it is at greater radii that
the particles gain less energy per revolution and the change in the radius becomes
smaller from one revolution to the next. Since the particles experience a smaller
energy gain per revolution, they have to perform a greater number of revolutions to

reach the detector. Consequently, the particles’ path length increases.
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Magnetic Flux Density 1T

RF Angular Frequency 9.648 st
Ton Mass 107amu

RF Electric Field 2.5 x 1073 V/m

Charge 1 electronic charge
Trap Current 2x107° 4

Beam Diameter 0.3mm
Electron Energy 100 eV
Gamma 0.05 st

Table 5.3: Integration parameters for the omegatron modelled as an ideal parallel
plate capacitor with a column of charge at the origin, representing the electron beam
and a damping term.
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Figure 5.3: Trajectory of a resonant particle in the omegatron modelled as an ideal
parallel plate capacitor with a column of charge aligned along the z-direction, repre-
senting the electron beam at the origin of the x-y plane. Drag forces from ion-ion and
ion-neutral interactions result in smaller changes of the radius at higher ion speeds
(greater radii).
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5.3 Theoretical Spectra

To determine the theoretical spectrum of ions, integrations like those that produced
the trajectories in the previous section were performed. The only difference between
the previous and the following integrations, is that instead of using a small number
of revolutions that were previously used to display the changes in the trajectories,
the ions were accelerated by a smaller electric field that resulted in at least 250
revolutions near the resonance. This scenario more closely resembles the true path
that ions follow. Trajectories at frequencies significantly different from the cyclotron
frequency resulted in an even greater number of revolutions. The path lengths that
ions traverse in transit between their point of creation (the electron beam) and the
collector, have been recorded. The path lengths can then be plotted as a function of
frequency. To approximate the shape of the resonance spectrum, the path length was
next used in equation 3.43 to determine the fraction of particles that arrive at the
detector. By using this equation, direct collision of ions with the background gas are
taken into account. Particles that collide are said to be lost from the ion beam, and
cannot contribute to the ion current at the detector. Figure 5.4 shows the path length
of ions as a function of frequency for three models of the omegatron. The ppc model
represents the simplest configuration, where the omegatron is treated as an ideal
parallel plate capacitor. The model named “ppc+beam”, has a column of charge
added in the middle of the analyser region. The last model, “ppc+beam+damp”
includes the damping terms that should be present to account for the interactions
between the beam ions and the background gas. Near resonance at w, = 9.6484 s71,

the ions travel a distance of approximately 9m. As the difference between the radio
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Figure 5.4: Graph showing the path length as a function of the applied angular
frequency. Comparison of the ideal ppc in red, the ppc with the column of charge
shown in green, and the ppc with the column of charge and the damping term in
yellow.
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frequency electric field and the resonance frequency, & = |w. — wgr|, increases, the
path length increases. This increase is gradual to the point where the path length
almost doubles. For slightly greater values of x the path length increases more
rapidly. As one would expect, the ions no longer reach the detector when « passes
some critical value, ki¢- The critical value depends on the amplitude of the electric
field, the magnetic flux density, and the mass of the ions. To create a peak shape,
this condition can be expressed as the ions having an infinitely long path length for
K > Kegit- The models that include the column of charge show a shift away from
the cyclotron frequency. This does not indicate that the ions now have a single new
frequency of precession about the field lines. Since the electric field of the electron
beam decreases with the distance that an ion is removed from it, the frequency to
accelerate an ion at its resonance would also change throughout the trajectory. One
does in fact need a frequency band (centered at the peak centre) to accelerate the
ions at resonance.  Figures 5.5 and 5.6 are two representations of the same peak
shape calculations. The mean-free path for these models was taken to be 20% of the
minimum path length of the “ppc” model. Figure 3.5 shows the relationship between
the expected heights for the three models. As discussed earlier, the “ppc+beam”
model, results in shorter trajectory path lengths, thus the probability of detecting
these particles must be higher. The model that includes the damping term, still has
the shifted resonance frequency but it shows that the damping results in an increase
of the path length. Another notable difference, that is best seen in the normalized
plot in Figure 5.6, is that the undamped motion with the electron beam results
in a wider peak (lower resolution) than without the damping. Including damping

into the model results in a narrowing of the peak as well as a reduction of the
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Figure 5.5: Probability of particles reaching the detector as a function of the applied
angular frequency for a mean-free path that is 20% of the minimum path length.
Comparison of the ideal ppc, the ppc with the column of charge, and the ppc with
the column of charge and the damping term.
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Figure 5.6: Normalized probability of particles reaching the detector as a function
of the applied angular frequency for a mean-free path that is 20% of the minimum
path length. Comparison of the ideal ppc, the ppc with the column of charge, and
the ppc with the column of charge and the damping term.
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Figure 5.7: Probability of particles reaching the detector as a function of the applied
angular frequency for a mean-free path that is 100% of the minimum path length.
Comparison of the ideal ppc, the ppc with the column of charge, and the ppc with
the column of charge and the damping term.
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Figure 5.8: Normalized probability of particles reaching the detector as a function
of the applied angular frequency for a mean-free path that is 100% of the minimum
path length. Comparison of the ideal ppc, the ppc with the column of charge, and
the ppc with the column of charge and the damping term.
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probability of the particles reaching the detector. For the case that a collection of
particles are part of the beam at all times, the reduced probability translates into
a reduced ion current. If one defines the resolution to be the ratio of the full width
of a peak at half maximum height and the centre frequency, then the resolution of
the “ppc+beam” simulation is 402, the “ppc” peak has a resolution of 459, and the
“ppc+beam+damp” shows a resolution of approximately 522. For the test particle
of 107 atomic mass units, the next closest isotopes that would be resolved under the
current conditions, would be 2 x 10* mass units removed. A smaller accelerating
voltage would further improve the resolution but it would also increase the path
length and decrease the number of ions that reach the detector. Thus the sensitivity
would be decreased.

A second situation, where the mean free path is of the order of the path length
that the particles traverse is shown in Figures 5.7 and 3.8. The changes of the
peak shape between the three models are comparable to those seen for the previous
examples. The mean free path is now set equal to the minimum path length. The
peaks are well rounded, and the sides of the peaks drop almost vertically. The
resolution suffers in that the “ppc+beam” resolution has become 273, the “ppc”
resolution became 295, and the “ppc+beam-+damp” resolution was reduced to 309.

These results are consistent with data that are obtained for small detector distances.

5.4 Realistic Electric Potential Fields

The omegatron is finite in extent, and deviations from the ideal field configuration

are expected. In section 3.4, the electric potential field distribution for ideal parallel
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plate capacitors is shown. The degree to which these deviations occur is a limiting
factor to the maximum resolution that is attainable. This has been experimentally
confirmed. When the detector mounting block was 2.5 cm wide, it was not possible
to resolve all the krypton isotopes. Upon milling away the bulk of the material,
leaving a 0.9 cm wide detector mount, the krypton isotopes were easily resclved. One
can create accurate three-dimensional models of complicated electric potential fields
with a number of algorithms. For this work, the VLUGR3 3 algorithm by Bloom
and Verwer [55] was used. Although this program is able to solve time dependent
IVP-ODE systems, for the purpose of this work, it was used as a time-independent
boundary value solver in three dimensions with pre-defined grid sizes.

The VLUGR algorithm requires that the dimensions of any feature in the cal-
culation volume span at least two grid points. Thus, the true dimensions of the
omegatron were approximated for the program to properly interpret the informa-
tion. For this reason, the detector size was over estimated by a factor of about
2, and the size of the detector mount was rounded to the nearest grid-points. For
the x-direction, 31 grid points spanned the 9 cm length of the omegatron, the 4cm
height (y-direction) contained 41 grid-points, and the 3cm depth (z-direction) 16
grid-points. The coordinate system is not the same as that discussed in previous
chapters. Rather, the axes are rotated so that the RF electric field points in the
y-direction, with the magnetic field pointing in the z-direction.

The first computations with a large collector mount, revealed that the mount
affected the electric potential fields strongly, and the field lines were curved far into

the analyser region. Figure 5.9 shows the electric potential field lines at two central

3Algorithm 759, Transactions of Mathematical Science (TOMS), NETLIB.
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planes through the omegatron. Along with the curvature of the fields, a second,
undesired effect arises from the finite size of the omegatron. Along the y-direction,
the distance between the electric field lines varies. Near the edges the distances
are smaller than near the middle. The slice of the y-z plane shows why the field
distribution is not uniform. Figure 5.10 shows how the electric potential fields have
changed with the smaller collector mount. The curvature of the field lines is now
significantly reduced. With this change, the resolution of the omegatron improved

by a factor of about three.
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Figure 5.9: Contour plot of a cross section of the equipotential planes inside a finite
three dimensional omegatron. The presence of the detector mount and the detector
between the RF-plates (rigth side of top view), strongly distorts the equipotential
planes. The numbers shown reflect the potential (V).
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Figure 5.10: Contour plot of the equipotential planes inside a finite three dimensional
omegatron. A smaller detector mount on the right side of the top view, results in the
field geometry approaching that of the ideal omegatron. The non-linear distribution
of the fields due to the finite extent did not change. The numbers shown reflect the
potential (V).



Chapter 6
Obtaining and Analysing Omegatron Spectra

The theory governing the operation of the ideal omegatron can explain the basic
operation of the constructed instrument. Even with a very basic instrument there
are procedures required including alignments of the electron beam parallel and the
acceleration fields perpendicular to the magnetic field. Space charge effects and ion
velocities parallel to the magnetic field should be addressed with additional experi-

mental procedures in order to realize more effective operation.

6.1 Alignment with the Magnetic Field

The initial, rough alignment of the omegatron was performed by visual inspection.
Thereafter, the radio frequency accelerating voltage was set to the maximum (22 V),
and the trapping potential was set to obtain a high ion current. Next the omegatron
was moved until a maximum ion current was reached. The trapping potential and
acceleration potentials were decreased and the alignment was adjusted to maximize
the ion current again. This process was repeated until adjustment in any direction

resulted in a decrease of the ion current.

79



80

6.2 Reducing Ion Loss due to Motion Parallel to the Mag-

netic Field

Thermal energy results in the ions possessing velocity components that are parallel
to the magnetic field lines. Without constraining the motion of these ions within
the analyser region, most of these ions would be lost, as their motion parallel to
the fields would cause them to impact the walls of the omegatron. At 300 K, the
thermal motion of a nitrogen molecule would carry it across the 3c¢m depth of the
analyser region in under 0.1 ms. The cyclotron frequency of a molecular nitrogen ion
is 270 kHz. Thus, it takes the ion about 4 us to complete one revolution. Typically,
to obtain good resolution, the ion must perform between one hundred and several
thousand revolutions and travel for a duration of the order of milli-seconds. The
thermal velocity of a large portion of the ions would cause them to be lost. An
electric trapping potential parallel to the magnetic field [14], [40] and [42] may be
used to trap the ions.

For this work, the trapping potential was adjusted for each sample and acceler-
ation potential, to maximize the ion current. In this manner the conditions in the

omegatron were optimized for each sample.

6.3 Reducing Space Charge Effects

Space charge buildup, that arises from the accumulation of non-resonant ions around
the electron beam, has the potential to reduce the sensitivity of the omegatron. A
number of different methods to reduce the space charge have been suggested [14],

[56], and [45]. The two methods that may be applied with the current design are the
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application of a DC voltage pulse between the RF acceleration plates to purge the
analyser prior to ion current measurements and the second method is by applying
a small DC voltage superimposed on the RF frequency signal to continuously drive
non-resonant ions out of the region. These methods may be employed independently,

or simultaneously, as conditions require.

6.4 Data Acquisition Procedure

The computer algorithm that controls the acquisition of the data, has been pro-
grammed for the Windows95 32-bit operating system. This operating system was
chosen since it is relatively user friendly and allows the parallel execution of two rou-
tines {threads) within one program !. The use of threads provides an easier method
to program a data acquisition routine that provides the user with a real-time in-
terface to control the measurement process. To achieve this, the program has been
coded such that the acquisition thread is continuously executed. A second thread
contains the interface dialog that allows the user to intervene in the execution of the
acquisition thread. The third thread updates the display, to show the progress of
the measurements. Figure 6.1 is a flow chart of the information exchange between
the threads of the program.

The acquisition thread is organized so that first, the mass spectrometer interface
is initialized. This includes the initialization of the fiber-optic interface, the voltage

to frequency converters, and the signal generator.

1'The execution is not parallel in the sense that the program statements of both routines are not
executed simultaneously. Simultaneous execution would require multiple micro-processors. Rather,
the routines time-share the existing micro-processor.
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Figure 6.1: Flow chart showing the interaction and data flow paths between the
acquisition, the real-time control, and the display update threads.

Before each measurement is started, a DC voltage of the order of 20V may
be used to purge the analyser region of ions. Following this purging pulse, the
background current that appears due to amplifier offset and noise may be measured
and subtracted. Next, the frequency and amplitude of the RF signal are set. After
a short delay to allow the signal generator to settle, the current measurement is
started. The measurement is averaged over a set time, then the process is repeated
at discrete frequency increments until the spectrum is scanned.

The frequency and a number proportional to the ion current at that frequency

are recorded for each frequency step. During subsequent scans, the ion current data
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are binned with the corresponding frequencies.

6.5 Data Analysis

The data consist of a number of frequency scans, where the ion current is recorded
at discrete intervals. The data are binned according to their frequencies. Averages
and standard deviations that are estimates of the precision of the measurements
are calculated. Figure 6.2 shows successive frequency spectra gathered for neon.

With these data, a suitable method of analysis must be found. The methods that
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Figure 6.2: Diagram of successive frequency scans during the acquisition of a neon
spectrum. Starting from the left, the peaks are 22Ne, ?' Ne, and Ne

are available for the determination of the percent isotope abundances integrate the
areas under the peaks and divide each by the sum of all peak areas. In an analogous

fashion, the maximum height for each peak can be used to determine the abundances.
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The latter method is employed for the determination of isotope abundance ratios
in conventional magnetic sector mass spectrometers, where the peaks have a flat top
(shown in Figure 4.4). Mass spectra that are obtained with the omegatron, do not
have flat topped peaks. Typical shapes are seen in Figure 6.2. Locating the maxima
of the peaks is not trivial. With the use of discrete frequency steps for a mass
scan, it is not likely that one step will be located at the exact resonance frequency
of a peak. Furthermore, the exact resonance frequency of a given charge to mass
ratio is dependent on the magnetic field, trap current, and the gas pressure in the
instrument. All these factors make it difficult to use the maximum peak height for
the determination of isotopic abundance ratios.

The peak areas are not as dependent on the location of the frequency steps with
respect to the peak centre. As more data are available with this method, the precision
with which one can determine the abundances is better.

To determine the area under a peak, one needs to know two parameters. The
easiest to determine is the background level. The background may be determined
by averaging the ion current on both sides of a peak. A more difficult parameter
is the peak width. For a finite, clearly defined peak (dark shaded region of Fig.
6.3), the tail regions are quite small and determining the area under the peak is
trivial. Integrating the area under the peak and subtracting the background area
yields the correct results. Inspections of the peaks in Fig. 6.2, shows that the peaks
are unsymmetric with extended tail regions and noise is present. The start and
end of a peak now becomes a judgment call. For peaks such as these, a variety of
criteria are used to determine the peak-width. Spectroscopists sometimes use the

full-width at half maximum height, at other times the width of a peak is said to
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Figure 6.3: Diagram of the approximate peak shape. Calculation of the peak-area
involves consistently defining the background and tail regions.

be the point at which the peak reaches one percent of its maximum height. The
start and end of a peak may also be determined using statistical criteria. Given
the noise levels present in the omegatron data, using a greater portion of the peak
statistically reduces measurement errors. A problem arises when one approaches the
background and noise is mistaken for data. To balance these considerations, the data
are analysed such that the peak-width is defined by the two points where the peak
decreases to 10 percent of its maximum height with respect to the background.

To estimate the precision of a ratio, one may use the variances of the measure-
ments collected for each frequency. The data obtained are paired as a number that
represents the average ion current at one frequency, z;, and the standard deviation,
oz,, of the currents at that frequency. To calculate the area, A, of a peak of isotope,

k, one adds the data

Ak = Z Ii, (6.1)

where 7 are the frequency bins that comprise the peak width. An estimate of the
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maximum error of the data may be obtained by expanding the previous equation as
a Taylor series and taking the sum of the squares of the first order terms to be the

variance of the peak area,

oF =Y o2 (6.2)

Although calculating the peak areas in this manner may introduce significant sys-
tematic errors, these are virtually eliminated with the use of the d-scale. Abundance

ratios and their errors required for the calculation of d-values are given by

Ag
= — 6.3
Rus = 5 (63)

2
oA\, [Aroy, ,
ORcy = \j( Al ) + ( Al2 ) ’ (64)

where A; and A; are the two peak areas. By the same method, an error estimate for

- R or\? , (R * 5
a5 = IOOORref\J ( R) + (Rref) , (6.5)

where the R.¢s is the isotope abundance ratio of the reference (standard), and og,,,

o-values is

is its error estimate and R and oy are the abundance ratio and error estimate of the

sample.



Chapter 7

Results and Discussion

In this chapter, the performance of the omegatron is described in terms of consistency
with theory and limitations imposed by components and other phenomena in the
instrument. Higher resolution is achieved at lower masses as derived by Sommer et.

al. [14],
M qB%*r

AM  2Eprm (7.1)

This concept was tested by trying to resolve Hi and HD* at mass 3. To evaluate
the instrument in more general terms, spectra of rare gases were obtained since they
offer several advantages. Chemical interactions should be minimal and a wide range
of masses is available. Adjacent isotopes (as found for Kr and Xe) allow better

estimates of resolution. An unexpected outcome was production of KrH ™.

7.1 Performance Limitations Imposed by the Quality of the

Components and Other Phenomena

For any instrument, performance is limited by the most unstable component. For
example, the latter’s characteristics may be altered significantly by changes in tem-
perature, humidity, and line voltage. An instrument may also be stable but possess
undesirable qualities such as non-linearity.

Stability of any mass spectrometer can be considered in terms of two aspects (1)

87
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stability of electric and magnetic fields which is important for mass determinations
and resolution and (2) stability of ion currents which is important for isotope abun-
dance measurements. The latter may be influenced by the former as is the case of
overlap of ions with nearly the same q/m ratioe.g. T+, HD*, H , 3He".

The frequency of the electric field was adjustable by 0.1 Hz increments, implying
that the stability is better than this. Thus for the case where the lowest frequency
used is about 10° Hz, the uncertainty in frequency should be better than 1 in 108.
The field homogeneity of the electromagnet according to the manufacturer’s specifi-
cations, should be better than 1 in 10° over the analyser region. The stability of the
external magnetic field over time is of the same order. Experimentally at mass 3, a
shift of 3 parts in 20000 for the resonant frequency (Figure 7.1) corresponds to an
uncertainty of 2 parts in 10% for the magnetic field.

The integrating transimpedance amplifier was compared to a typical operational
amplifier (LM128) used on conventional sector isotope ratio mass spectrometers.
On the basis of comparing the DC source settings with digital multimeter output
readings, departures from linearity were less than 1 part in 10* over the input range
of 107 A to below saturation ( 1078 4) [57]. Without gas present, the maximum
variation in the electron beam current was +0.2%. This specification should be put
into the context of the electron current being only 107 A i.e. the regulation [38] is
to £107% A. The requirement of the low electron current to minimize electric field
distortion is therefore the limitation in abundance measurement precision. It is noted
that the magnetic field of the electron beam is of the order of 107° of that of the
applied field and is therefore not a significant factor. It is also interesting to note

that with this emission control design the percentage variability of electron beams
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(up to 500 £A) in a magnetic sector mass spectrometer is much lower.

The uncertainties in ion currents can be reduced by repeated frequency scans as
shown in the next section.

Measurement of sensitivity was thwarted by problems in pressure measurement.
To measure the pressure inside the vacuum chamber, a Penning gauge was attached
to it using a 1.33” flange and a 10” long 3/4” diameter stainless steel pipe. Penning
gauges directly rely on a magnetic field to perform pressure measurements. The
12” Harvey Wells electromagnet that provides the magnetic field for the omegatron,
produced a stray magnetic field that interfered with the operation of the gauge (Mag-
netic fields sufficient to affect the operation of a computer monitor were observed as
far as 1.5 metres from the magnet). Since a pressure gauge attached by a long nar-
row pipe to the chamber would not correctly display the chamber pressure, a longer
tube was not used. It is the author’s understanding that any device that ionizes a
part of the gas in a chamber and measures the current, such as Penning gauges and
Ionization gauges will be susceptible to magnetic fields. Instruments which might
not be affected, such as thermocouple gauges and capacitance manometers are not
capable of measuring pressures in the high and ultra high vacuum ranges. Thus
pressures and changes thereof could only be crudely estimated.

Pressure changes of the gas inside the omegatron affect its operation by chang-
ing the mean free path of the ions. As the pressure changes, the radio-frequency
and the trapping potentials may need to be adjusted for optimum operation. The
numerical solutions suggest that any change to the mean free of the ions will affect
the peak shape and the peak height. The effects of pressure change are not due

solely to collision phenomena. Schuchhardt [37] suggested that the density and thus
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the pressure of the gas determines the nature of a cloud of space charge generated
upon ionization by the electron beam. This cloud of charge can interfere with the
operation of the omegatron. Interestingly, Engelmann et. al. [45] state that the
resolution reducing effects of the electron beam may be offset and even balanced by
the space charge. At a critical pressure, electrostatic shielding of the space charge
should negate the electric field of the electron beam. An additional problem with
the space charge is that it causes diffusion of charged-particles normal to the mag-
netic field. This implies that as this charge density changes, so will the diffusion of
charged-particles. The motion of particles normal to the magnetic field contributes
to the background current that can be measured with and without the application of
the radio frequencies to the omegatron. The combination of all of these phenomena

reduces the reproducibility of measurements.

7.2 Resolution of Hf and HD™*

It is well known that in electron impact sources of magnetic sector mass spectrome-
ters, H5 is formed during ionization of H> and increases with H, pressure. Its current
is typically 10% of that of HD*. Hj is also generated in omegatrons but in much
larger relative quantities (approximately 2:1 in Figure 7.2). These two species are
ideal for determining resolution at low mass. With his available instrument, Gentsch
[54] could detect H; but it was not satisfactorily resolved from HD*. Engelmann
et. al. [45] resolved doublets of H, D* and Di, HT* but did not examine Hy .
With the omegatron described in this thesis, the doublet is clearly resolved as

shown by the “corrected” spectrum in Figure 7.1. The masses of the two species
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are 3.0235 amu for H; and 3.0218 amu for HD. To completely resolve the two ion
species, a resolution of at least 1952 at mass 3 is required. With the electric and
magnetic field settings used for Figure 7.1, the instruments FWHM resolution was

6300. Higher resolutions are achievable if sensitivity is sacrificed. Figure 7.2 shows
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Figure 7.1: Plot of the H; and H D% mass peaks resolved by the omegatron with
a magnetic flux density of approximately 1.127 and a radio frequency accelerating
electric field of 125V /m.

the individual frequency scans that were averaged to obtain the spectrum shown in
Figure 7.1. A correction was applied to compensate for the frequency “drift” of the

spectra and align the peaks. The “drift” appears to stem from a gradual change in
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the magnetic field. This change is likely a result of the extremely long times required
for the magnet and power (both have large thermal masses) supply to reach thermal

equilibrium when operating near maximum capacities (B = 1.2T). A decrease of the
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Figure 7.2: Example of the frequency shift observed due to a slow drift of the mag-
netic field for H and HD™* peaks.

baseline and corresponding increase of the peak height is also seen with time. These
changes are a result of a slight decrease of the pressure of the sample gas, since the
vacuum chamber was continuously pumped, and the sample was leaked through a

capillary into the instrument. This is evidence that at lower pressure there are fewer
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collisions with the ions and hence more reach the detector.
It is also important to note that the separation between 3He* and HD" is about
three times that between HD* and Hy . However, T+ separation from *He* requires

about 25 times the resolution obtained to date.

7.3 Mass Spectra of Noble Gases

Up to now, the mass spectrum of He was not obtained because 3He has an aver-
age abundance of only 1075%. In principle, detection of 3He* should be possible
by increasing the amplitude of the RF during its analysis and decreasing the RF

amplitude during detection of *He™.

7.3.1 Neon

Neon spectra are easily resolved at magnetic flux densities as low as 0.4 T and electric
field strengths of the order of 25 to 225 V/m (Figure 7.3). Lower electric field
strengths can be used, but are only needed if other interfering mass peaks are present

and must be resolved.
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Figure 7.3: Neon isotope spectrum. All three stable isotopes are visible even though
the 2! Ve™ peak almost vanishes in the background, and the peaks are asymmetric.
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Figure 7.4: Semi-logarithmic graph of the neon spectrum shown in Figure 7.3. Here
the 2! Ne*t peak is clearly visible.



7.3.2 Argon

Argon isotopes were also readily resolved with magnetic flux densities as low as 0.4 T
and electric field strengths of 25 to 225 V/m. The logarithmic plot of the spectrum of
the Figure 7.6 makes the 3 4r+ (0.327 % abundant) peak more evident whereas the
peak of ¥ Ar+* (0.063 %) is lost in the noise. Selective changes to the radio frequency
acceleration potential can enhance the mass 3¥.Ar* and 38 Ar* peaks. Although it
cannot be stated for certain, the clearly visible peak at mass 41 may be ArH* since

ArH and other noble gas hydrides are known to exist. See also section 7.4.
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Figure 7.5: Mass spectrum of Argon. Only the dominant *® Ar peak is clearly visible
for the particular instrumental settings.
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Figure 7.6: Semi-logarithmic graph of the argon spectrum shown in Figure 7.5. The
36 Ar+ peak is barely visible.
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7.3.3 Krypton

Isotopes of krypton could be readily resolved with a magnetic flux density of 1T
and lower electric field streagths (1 to 10 V/m). Computational models in chapter 5
showed that the peak shapes are dependent on the mean-free-path of resonant ions
in the instrument. The predictions of these computations were verified with Kr*
spectra. The spectrum in Figure 7.7 was obtained with a small collector distance
and hence a relatively short path length to reach the detector. The shapes of these
peaks is comparable to those theoretically generated in Figure 5.8 in that the tops

of the peaks are rounded and the sides are very steep. With the collector set at a
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Figure 7.7: Krypton isotope spectrum measured with an ion collector distance of
1.3 cm from the electron beam. The peak tops are rounded and the sides rise rapidly.

distance of 1.8 cm from the centre of the analyser the krypton spectrum seen in Figure



99

7.8 was obtained. The noteworthy changes are a substantial decrease in the peak
height, narrower resonance peaks, and a more triangular peak shape that compares
well to those modelled in Figure 5.5 where the path length is long compared to the

mean-free-path.
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Figure 7.8: Krypton isotope spectrum with the ion collector at a distance of 1.8 cm
from the electron beam. Sharp peak tops with smoothly rising sides are observed.

As found with Ne, a plot of the logarithm of the ion currents enhanced the
visibility of a very low abundant peak, in this case ®Kr (0.35 %) as shown in Figure

7.9.
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Figure 7.9: Semi-logarithmic graph of the krypton isotope spectrum shown in Figure
7.7. The change in scale, allows the identification of the ® Kt mass peak.
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7.3.4 Xenon

The xenon isotopes were almost completely resolved using a magnetic field of 1.12T

and electric field strengths of 1 to 10 V/m (Figure 7.10). The lowest abundance
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Figure 7.10: Xenon isotope spectrum. At high magnetic flux densities (1.12T) and
low acceleration potentials the Xenon isotopes are almost completely resolved.

peaks (> Xe* 0.1 %; *6Xe*, 0.09 %) cannot be detected in the baseline noise with
these instrumental settings.

7.4 Formation of KrH*

An extremely interesting spectrum was obtained by admitting krypton gas that

had previously been in contact with water into a chamber that had previously held
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Figure 7.11: Spectrum observed after admitting krypton gas that contained some
water vapour into the sample storage bellows and vacuum chamber that previously
contained hydrogen gas. The additional peaks that occur one atomic mass unit higher
than the krypton isotopes suggest that this mass spectrum most likely corresponds
to a mixture of K7+ and KrH™.

H, (Figure 7.11). It is likely that significant levels of H, were still present, as
a turbo molecular pump was being used temporarily to evacuate the instrument.
These pumps are well known for back streaming of hydrogen (motion opposite to
the direction of pumping). Examination of the spectrum reveals that (1) some of the
mass peaks of krypton at masses 83 and 84 are not present in the usual proportions
relative to the peaks at mass 80 and 86 and (2) additional mass peaks that are

neavier by one mass unit are present. The explanation for this spectrum must be
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that krypton chemically combined with H, (and/or! H,O) at some time between
being admitted to the system and reaching the collector. In view of the observation
of the high relative abundance of H5 (section 7.2), when H, was analysed, it would
appear that H, is quite reactive in the omegatron and was more likely the source of
KrH* than H,O. If the krypton-hydride (KrH*) formed during the travel time of
the ions from the electron beam to the collector, a broadening of the peaks at mass
81, 85, and 87 should be observed. The data do not show a significant change in
the peak widths. It may thus be safe to assume that the molecules formed before,
during or very shortly after ionization near the electron beam. Furthermore, peaks
whose mass is two mass units heavier than those of krypton were not detected. This
could indicate that KrH; is not a stable ion. KrD% was probably present but not
detected because of the low abundance of deuterium. Historically the noble gases
were considered as unreactive, and prior to the middle of this century there was
no evidence or knowledge of noble gas compounds. In the 1960’s, the discovery of
noble gas compounds ignited a flurry of research [59], [60]. Hydrides are not stable
in their ground states but potiential energy minima in their excited electronic states
allow their existence. Deprotonation energies for singly and multiprotonated species
have been calculated by Boldyrev and Simons [61]. Spectroscopic studies on HeH™,
NeH*, ArH* KrH*, KrD*, XeH*, and XeD* have been performed by Johns
[62], Dabrowski et. al. [63], and Dabrowski and Herzberg [64].

If one assumes that approximately 40% of the measured krypton reacted with

! Analyses performed between the writing of this thesis and the thesis defense suggest that the
KrH* was formed from the H, gas. The same “wet” Kr gas was admitted into the analyser that
had been evacuated for more than one week (the H, was removed). Mass spectra thus obtained
did not show high KrH™* generation.
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Figure 7.12: Comparison of Kr* and KrH™* spectra. The spectrum in blue cor-
responds to the mixture of K+ and KrH™ ions. The spectrum in purple is that
of Kr* obtained earlier. The peaks coloured in green were obtained by assuming
that 40% of the Kr reacted with the H, and subtracting this contribution from the
spectrum of the mixture.

hydrogen, one can perform a subtraction of the KrH™ data from the combined
spectrum to see how closely the calculated abundances relate to those measured
previously. Figure 7.12 shows the results of one such calculation. The spectrum
coloured in green agrees quite closely with that coloured in purple. Slight differences
in the resolution of the two spectra caused mismatch-errors at masses 85 and 87.
Thus one can state with certainty, that the peaks are those of KrH¥.

The solubility of rare gases in water has been a matter of debate. Because of their
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chemical inertness, the concept of water molecule “cages” (clathrate formation) has
been postulated. In view of the above, one can ask whether inert gas hydride ions

occur in water.



Chapter 8

Conclusions and Future Possibilities

Omegatrons have been built and theoretically analysed previously. Omegatron per-
formance has also been compared to that of magnetic sector instruments. The ques-
tion arises as to what is different and/or novel in this thesis.

This instrument has incorporated features of several different omegatron designs.
Separately, open designs without end plates, simple designs without guard rings,
and collectors located in the mid-plane between the radio frequency plates have
been used. Another difference is that this instrument has superior electronics to
those built three to four decades ago. The quartz crystal stabilized electron emission
supply and transimpedance amplifier are innovations developed in the Stable Isotope
Laboratory at the University of Calgary. Also of great importance is the interfacing
of the instrument to a computer to realize unprecedented instrument control and
data acquisition.

One desirable consequence of the computer interfacing is that theoretical mod-
elling of performance can be compared to actual operation in greater detail than
hitherto realized. Evaluation of modifications to the instrument can be accomplished
with relative ease.

In terms of comparison of the omegatron with magnetic sector instruments, it is
appropriate to note that the instrument of this thesis was built in a laboratory with
three decades of experience in building and operating the latter (with a supervisor

having over four decades of such experience).
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The computational peaks are a reasonable approximation to those observed. The
tails of the peaks are wider in the observed spectra. These might be explained by a
model that includes collisions where the beam ions are not electrically neutralized,
but are accelerated for a second time (with a different center of motion) in the
region between the electron beam and the collector. Such ions, could still reach the
detector even if the frequency difference between the applied electric field and the
ion’s resonance frequency is large. Determining computational spectra that include
the more realistic potential fields, may yield insight into the asymmetries of resonance
peaks.

The electric fields within the instrument are critical to its operation. Reducing
the size of the collector mounting block resulted in a great improvement in the
instrument’s resolution. It stands to reason that further reducing the size of this
mounting block would increase the maximum achievable resolution, provided that
the collector is mechanically rigid. The thickness of the insulators that are inserted
into the block present a lower limit to its size.

From Figure 5.10 one can see that due mainly to the finite size of the omegatron,
the electric potential lines are not homogeneous. Creating a network of potential
dividers that present discrete voltage steps near the walls along the y-direction would
remove the complex pattern that is visible in the y-z plane and make the fields more
homogeneous. Any curvature of these fields that is created by the collector mount
would still be present. By placing a part of this potential di-ider in front of the
mount, the analysing region could be shielded. These improvements would allow
resolution of masses heavier than xenon (136 amu).

Higher resolutions are attainable by reducing the electric field (Equation 7.1) but
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the reduction of the sensitivity causes low abundance mass peaks to vanish in the
baseline noise. For the purpose of abundance determinations this is not appropriate.
For mass determinations and identification of interfering mass peaks this may at
times be useful.

An interesting feature of the operation of the instrument concerns the trapping
potential that is applied parallel to the magnetic field (Section 6.2). Larger peak
heights (instrumental sensitivity) at large electric field strengths are observed at lower
trapping potentials (between 1 and 1.5 volts). When smaller electric fields are used
to accelerate heavier ions, this trapping voltage must be increased to approximately
4.5 volts for maximum sensitivity. The optimum trapping potential is also dependent
on the sample pressure and the electron beam [54],[40],[65], [43]. Quantitative data
for these parameters is not supplied because exact pressure measurements were not
possible (see below).

Of all the trapping schemes described in the literature, one stands out in that it
is possible to discriminately trap ions of certain charge to mass ratios, whereas other
ions are ejected from the analyser region [56]. Instead of a DC trapping potential, an
AC trapping potential is used. The ions oscillate in harmonic motion parallel to the
magnetic field. An AC trapping field of the same frequency as that of the harmonic
motion will trap specific ions. Those with different charge to mass ratios will not
have the same frequency of motion and are ejected. Adapting the current instrument
to this type of trapping would provide a greater mean-free-path of the beam ions.
A reduction of the baseline noise may also be achieved by modulating the radio-
frequency electric field [66], and using a phase sensitive detector to de-modulate the

ion beam signals. Another alternative is to modulate the electron beam.
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For measurements of isotope abundance ratios and of small quantities of gas, it is
advisable to operate the omegatron such that it is isolated from the vacuum pumps,
with the sample contained in the vacuum chamber that houses the instrument. This
static mode of operation requires that no vacuum leaks are present. Even in the
absence of leaks the pressure inside the analyser is likely to rise. The tungsten-alloy
electron emission filament is known to produce H,, H,O, and CO, [42]. Fragmenta-
tion of these molecules will also produce H*, C*, OF, OH*, and CO*. The metal
surfaces of the stainless-steel vacuum chamber are also known to outgas. Keeping
the pressure low may be accomplished with a getter pump that will trap the reactive
gases. Inert gases will not react chemically with the getter-material e.g. titanium. As
a third alternative, one may reduce the problem by increasing measurement speeds
at the cost of precision and sensitivity.

The suitability of omegatrons to isotope abundance measurements has been con-
firmed by Galkin and Fedorov [67]. To be able to isotopically compare standards to
unknowns, both must be admitted alternately into the omegatron under the same
conditions. To achieve this, a switchable dual inlet system with two stainless steel
bellows that can store samples and change their pressures may be used as done
successfully with magnetic sector mass spectrometers for over four decades.

In terms of measuring small differences in isotope abundance ratios for many
elements, traditional as well as more recently developed continuous flow IRMS (Iso-
tope Ratio Mass Spectrometry) featuring simultaneous collection of two or more ion
currents in a magnetic sector instrument, is superior. Such instruments are usually
set up with fixed collector slits for analyses of particular gases such as Hj, No, COs,

and 502.
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With an element containing many isotopes such as xenon, simultaneous collection
of all ion species would unlikely be considered. The physical requirements of the
individual slit assemblies would require a large high resolution instrument. Hence it
is much more likely that mass spectra would be generated by scanning the magnetic
field or the source electric field using a single collector. The former is slow because
of hysteresis. Scanning the source electric field changes the energy of the ions which
is acceptable if only one element is examined. However this proves problematic if
there is a need to scan a wide mass range such as He up to Xe. A combination of
magnetic and electric field scanning would be required.

It is in the measurements of chemical and isotope abundances of several elements
over a wide mass range that the omegatron becomes competitive and in some ways
surpasses the capabilities of the magnetic sector instruments. The latter are fixed in
resolution as determined geometrically by the source and collector slit widths and
ion path radius (Equation 4.3).

The omegatron is unique in that its resolution is inversely proportional to the
mass of the ions being analysed. Resolution of 3He*, HD™*, HJ, etc., and hence de-
terminations of H and He isotopes without interference, is realizable in a small sized
instrument. Another distinct advantage of the omegatron is that “tradeoffs” among
resolution, peak shape, and sensitivity can be realized electronically whereas physical
changes inside the sector instruments are required to change these parameters.

In the case of rare gases there are large variations in the abundances of radio-
genic isotopes. Hence the precision realized for omegatron ion current measurements
is adequate. An obvious improvement for the current instrument would be higher

magnetic fields. One could realize higher resolution which depends upon B? (Equa-
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tion 7.1) or alternately use larger RF electric fields to obtain higher sensitivity.
Thus, a few improvements have the potential to make the omegatron constructed
for this work suitable to a wide variety of experiments and measurements with ade-

quate precision.
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Appendix A

Software Interface for the Omegatron.

The instrument was designed so that the complete data acquisition, apart from the
sample preparation and admission, could be performed from the computer control
program. Several key concepts must be understood to use the instrument efficiently.
The computer interface is programmed for two tasks that can be performed indepen-
dently. The smaller of these programs is used to calculate the approximate resonance
frequencies of ions. The second and larger program is used to control the instrumen-
tation. The omegatron scans a preset region of frequency space and records the ion
currents over that region. The reason that frequencies are specified rather than mass
numbers is that at this time, the computer interface cannot measure the magnetic
flux density and calculate the correct frequency to use for the measurements. To
perform a frequency scan, the data program needs a initialization file that contains

information on how the data acquisition is to be performed.

A.1 Calculating Omegatron Frequencies

The calculation of the frequencies is performed with the program OmCalculator
that is shown in Figure A.1. To find the frequency that a given ion will be found at,
enter the mass (for '2C enter 12) and charge of the ion (singly charged=1, doubly
charged=2). Also enter the magnetic flux density that is being used for the tests.

After performing these steps, click on the circle to the right of the frequency edit

121



y: |460678.

L et

Figure A.1: The omegatron frequency and mass calculator.

box. Calculating the mass of an unknown peak may be performed similarly. One
enters the frequency of the peak-center, and then clicks on the circle to the right of

the mass specification.

A.2 Controlling The Omegatron

The screen display presented when the Omegatron Control Center (OCE) is started
is shown in Figure A.2. Thereafter one must tell the program which frequencies need
to be scanned. This task is accomplished by selecting the initialization command

shown in Figure A.3.
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Raw Frequency Scan Output

Figure A.2: Data acquisition program just after it has been started.
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Row Frequeacy Scan Output

Figure A.3: Starting the initialization of the data acquisition procedure.
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Figure A.4: Display of the dialog box that allows the selection of a manually config-
ured data acquisition procedure, or a previously stored acquisition procedure.

There are two ways that the initialization may proceed. One may enter the data
by hand or use an old initialization file by clicking the appropriate check-box. In
either case the name by which the initialization file is to be stored must be selected
by pressing the “Non-Default Initialization” button shown in Figure A.4. The next
dialog box that is visible is shown in Figure A.5. Here the location and name of
the initialization should be specified. Caution! If manual initialization has
been selected previously, then the program will overwrite an old file if

you accidentally choose the same file name again.
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Figure A.5: Selecting the initialization file from the available files. If the file does
not exist (manual configuration), it will be created.
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Figure A.6: Specification of the number of frequency ranges. If the same frequency
range is to be scanned repeatedly three times, the range should be entered as three
regions.

After specifying the filename, and pressing the “OK” button, one will once again
see the dialog box shown in Figure A.4. If the manual option has been selected,
pressing “OK” will result in the next dialog box shown in Figure A.6. Enter the
number of frequency regions that the data acquisition sequence is to have, and a
description of the procedure. Then click on the “OK” button. The next view will
be of Figure A.7. Here, the frequencies, amplitudes, amplification settings of the

voltage to frequency converters, and purging settings must be set.
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I

Figure A.7: The starting and end frequencies, the frequency step size, amplitude,
and other parameters for one frequency sweep are entered using this dialog box.
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To start acquiring data, select the “Data Acquisition” option from the “File”
menu. This step is shown in Figure A.8. The “Real Time Control” dialog, shown
in Figure A.9, will appear on the screen. To start the measurements press the

“Start” button. At times it may be convenient to stop a measurement by clicking

Raw Frequency Scan Output

Siinths 45 egmiin oricow

Figure A.8: To start a data acquisition, the Data Acquisition option must be selected
from the file menu.

on the “Stop” button. The same measurement may be restarted by clicking the
“Start” button again. The buttons labelled “Abort Seg’t” and “Abort Exp’t” will
abort a single frequency sweep, and all of the measurements respectively. To save
intermediate results while the measurements are being gathered, one may choose
the “Save” command under the “File” menu. To save the acquired data after the

measurements are complete, click on the “Exit” button and close the document
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Real Time Control l

Figure A.9: Control panel that allows direct control of the omegatron. During a data
acquisition sequence, the user may intervene to halt the program, abort a segment,
or change the voltage to frequency converter gain.

window that displays the raw frequency scan output. Figure A.10 shows the output
while measurements are being taken. The graphic display shows the average of the
data gathered at each frequency step. Auto-scaling in the vertical dimension is used
so that all of the data is displayed at all times. The graph shows the lowest frequency
on the left side, and the highest frequency on the right. This scale corresponds to

masses decreasing in the direction from left to right.
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Figure A.10: View of the program as it acquires data. The progress bar shows the

current frequency location relative to the end points of the frequency scan.



Appendix B

Circuit Diagrams
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Figure B.1: Schematic diagram of the integrating transimpedance amplifier with a
sample-and-hold circuit to give a continuous voltage output.
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Conference Presentations and Abstracts based on

this Thesis
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