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ABSTRACT

&n Omegatron type mass spectrometer has been investigated both
theoretically and experimentelly to determine its detailed operation
and limitations, Resolﬁtion, peak height, shape and frequency have
been calculated theoretically and compared experimentally, A method
is given for sketching ion trajectories in the nonlinear case (6egas
with space charge), Using this method, it is shown that & small
amount of space charge will seriously hamper the operation of the
Omegatron in that it will limit the maximum excursion of a resonant
ion and thus limit the possible resolution, It is shown that under
normal operating conditions a trapping voltage is necessary to main-
tain ion collection efficiency, and that this trapping voltage causes
a space charge sufficient in size to result in nonlinear ion trajec=-
tories and poor operation,

It is concluded that in order to get good operation of the
Omegatron some method will have to be found for eliminating the space
charge or its effects, Several possibilities for doing this are
suggested, the most intriguing one being to use a dipole type of RF

electric field rather then a uniform one,
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CHAPTER I
INTRODUCTION

The Omegatron, The Omegatron is an RF type of mass spectrometer
which employs the cyclotron resonance phenomena of ions in a magnetic
field, In the Omegatron, ions are caused to spiral under the influence
of an RF electric field, and those ions that are in resonance with the
electric field spiral outward until they strike a collector plate and
record their presence as a current, The big advantages of the Omega-
tron, at least as far as the simple theory is concerned, are:

(a) There are no slits to define a beam and so no critical
dimensions,

(b) Mass is measured in terms of frequency and the magnetic
field, With O 88 2 standard, the measurement is
strictly frequency, which is generally very easy to
measure,

(¢) High resolution is obtained by a small RF voltage and
only moderate magnetic fields are necessary,

(d) Very high sensitivity is available because practically
all the ions produced can be made to go to the collector,

(e) The whole Omegatron is & very simple, compact mechanical
structure, being easily contained in a cube of one inch
sides,

From the advantages, it appears the Omegatron should be a panacea
emong spectrometers, It was invented b& three men from the Netional

Bureau of Standards, Sommer, Hipple and Thomas (1,2), and used by them
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primerily for a high accuracy measurement of the proton megnetic moment,
They made no attempf to deveiop it as a general purpose mass spectrometer
or to investigate its limitations, for their work was strictly with
masses around hydrogen, Since then, several other pecple have iried
to exploit the Omegatron's advantages. R. L. Bell (3), D, Alpert (4)
and A, G, Edwards (5) have all tried to use it as an aid in studying
high vacuums with varying degrees of success, The General Electric
Company produced a commercial model of the Omegatron and even had it on
the market for a few months in early 1955, but it was soon withdrawn
for reasons which have never been quite clear., C. E., Berry (30) of the
Consolidated Engineering Corporation has published a paper describing
the ion trajectories in the Omegatron in detail, but as yet no commercisal
model of the Omegatron has been produced by this company,

By implication from some of the published work, and by word of
mouth from some of the investigators, it appears that the difficulties
with the Omegatron are:

(a) While it works fairly well at low maesses and under
leboratory conditions, it does not behave at all well at
the high masses and seems useless above mass 100,

(b) There appears to be considerable anomelous behavior at
the low masses and unpredictable DC potentials must be
applied to get satisfactory operation, Resonance frequency,
size of response, and resolution do not agree with the
simple theory.

'(c) Only very low electron currents can be used before poor
Qperétion oceurs.

The purpose of the research reported here is simply to investiggte
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in deteil from both a theoretical and an experimental point of view the

method of operation of the Omegatron, It is hoped that through a better
lunderstanding of how the Omegatron operates, a method can be suggested

by which its difficulties may be overcome, Iwo possible reasons that
have been suggested for the difficulties with the Omegatron are (a) space
charge, agd (b) difficulty in controlling ions with very small voltages,
. These must either be verified or excluded,

History. Mass spectroscopy basically started around 1913 with the
work of J, J. Thomson (6) on the deflection of what were then called
"positive rays". The rays used by Thomson were the canal ‘rays from a
gas discharge tube, A canael ray is a beam of ions of a gas flowing from
a hole in the cathode of an ordinary gas discharge tube containing the
gas at such a pressure that the Crooke's dark space in front of the
cathode is several centimeters long., The ray thus contains ions of the
gas with velocities spread over a wide range, Thomson took & canal ray
and deflected it with a magnetic and an electric field which were perallel
to each other, perpendicular to the ray, and extended over a small region,
The defilection was measured ét a distance from the fields by letting the
ray travel in vacuo to strike a photographic plate mounted perpendicular
to their original direction, The deflection parallel to the fields is
due to the electric field only and is proportional to qE/'mv2 where
q, m and v are the charge, mass and initial velocity of the ion and
E is the magnitude of the electric field, The deflection perpendicular
to . the fields is due to the magnetic fleld and is proportional to
gB/mv where B is the magnetic field strength. For a ray of the same
ions with different velocities the deflections thus make a parabolic

trace on the photographic plate, For ions of a different mass the trace
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is still parabolic but a different parabola, Thomson observed parabolic
traces which were reaéonably sharp and thus concluded that atoms of a
given kind all have the same mass and furthermore that the masses come
essentially in integral values only.

This general method of esnalysing the rays was rendered more precise

by Aston (7) some six years

Photographic
Plate

later who devised a way of Electric

field
getting longer deflections k\,.:-\\\\\\\\~

—

while at the same time Ton “‘-:>\\\\\
Beam

bringing all ions with a

given q/m ratio to a focus Magnetic
field

(rather than having them

_Fig, 1. Aston's Spectrograph,
spread out in a parabols),
Aston's mass spectrograph consisted of first deflecting the ions in an
electric fieid and then subsequently reversing the deflection with a
magnetic field., Ions of different velocities spread out under the
influence of the electric field but are focused by the magnetic field
to converge at the photographic plate (see Fig. 1). Ions of different
mass are focused at a different place on the plate, and fortunately, by
proper design, the locus of foecal points for different masses can be
made to fall approximately on a straight line so the photographic plate
can be flat, From the known dimensions of the apparatus and the electric
and magnetic fields the mess of the ions can be calculated, By refining
his equipmant, Aston was able to show that the masses of atoms were
almost, but not guite, integers, and this stirred great interest in

more precise types of spectrometers,

Dempster invented the first of the now common 180° mass specirometers,



His apparatus (8) consisted _ L C)ﬁ'
' Ion | Beam I : .
of an ion source and an source =
| £
accelerating electric field _ [—
~ producing a high velocity, ' +I4444'- ,
v

essentially mono-~energetic

ion beam, the beam being
formed by a slit in the

: Electrometer
accelerating electrode,

The ion source itself was

actually a heated salt of

Fig, 2, Dempster!s Spectrometer
the element under consider-
ation vhich released ions of fairly small initisl velocity which were
then accelerated, After acceleration,the ions were deflected by a uni-
form magnetic fleld as in Fig, 2, In the magnetic field an ion travels
a circle of radius r = mv/qB ==-V21rﬂl'/’<:1EE 3 thus the radius varies
in proportion to the squere root of the mass, Denmpster used slits to
define a path of specified radius and thus allow only ions of a speci-
fied mass through, After an ion had traveled a half circle, it was
collected on a plate and the current registered on an electrometer,
To first order, ions entering the magnetic fleld with velocities in
different directions are focused at the exit slit, a desirsble condi-
tion to keep resolution and sensitivity high, By varying the acceler-
ating potential V , the ion velocity could be varied and thus ions of
different mass would travel the semi-circular path, Plotting the
collected ion cﬁrrent as a function of accelgrating potential showed a
series of sharp maxime, each corresponding to a particular value of q/h.

More recently, Bainbridge (9) has devised & spectrometer of high
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resolutibn and precision which has the big advantage of a linear mass

acale. In his equipmént

positive ions are injected o —;—T——T-;-“ '
I ——
with a range of velocities ngm -,
into a region of crossed - ’
B©
electric and magnetic fields, o
Thus ions with a velocity
Phot e
v = E/B travel through ° Og;§£€:c~

this region under no forces

(thus a straight line)
while ions with other ve-
Fig. 3., Bainbridge's Spsctrograph,.

locities are deflected and
removed from the beam, The region of crossed fields thus serves as a
velocity selector, passing only ions with a predetermined velocity,
After the velocity selecton the ions then travel in a circuler path of
radius proportional to their mass under the influence of only the magnetic
field, After a half circle, they strike a photographic plate where they
leave an image, The images on the plate from various.mass ions (assuming
the same charge) are spaced linearly along the plate in proportion to
their mass.

A form of spectrometer of considerable interest is the crossed
field type first introduced by @B E
Bleskney and Hipple (10) around ?

1938, TFor this spectrometer ions Callector

travel a trochoidal path in Ton
Source

mutually perpendicular uniform

Fig, 4. Ton path,
magnetic and electric fields,
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The interesting point here is.that no matter what thelr initial velocity
is (either.in magnitude or in direction), all ions from the source are
focused to & point (actually an image of the source defining slit);

thus ion collection efficiency and resolution can be very high, The
distance between the ion source and the first focal point is a function
of the mass of the ion, thus effecting spatial mass separation, This
idea of course could be extended to multiple loop trochoidal paths with
the possibility of getting still higher resolution,

In recent years there has been a great deal of work on mass spectro-
meters in seversl directions., For laboratory research tools effort has
been toward making them have greater resolution and precision, For
general anelytical work in the field they should be simple, reliable,
easy to operate and still have fairly high sensitivity and resolution,
For lesk detection applications sensitivity is most important while only
moderate resolution and precision are needed., A great many different
ways have been found for arranging electric and magnetic fields so
that a separation of ions of different q/m results, Far too many ways
are known to catalogue them here in any detail; however, the general
methods that are employed can be outlined briefly,

Essentially there are three quantities - velocity, momentum and
energy - which can be measured for an ion, Only two of these three are
needed to determine the mass, and spectrometers can be listed according
to which two they use, It should be pointed out here that spectrometers
can also be classified according to the type of focusing they use, There

are three basic types of focusing: (1) direction focusing, i.e., focusing

of ions homogeneous as to mass and velocity but of different initial

direction; (2) veloeity focusing, i.e., focusing of ions homogeneous as
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to mass and direction but of different initial veloecity; and (3) double
focusing, i.e., focusing of ions homogeneous in mass but of varying
felocities and directions, It is customary in mass spectroscopy to use
focusing systems equivalent to cylindrical lenses, though a few systems
achieve focusing analagous to spherical lenses, i.e., point to point
focusing, Focusing can be perfect, meaning it is exact for all ranges
of the variable velocity of direction, or it can be first or higher order
focusing, meaning it is only approximate to first or higher order in the
variable, Because the type of focusing strongly determines the possible
resolution, focusing is a very reasonable way to classify spectrometers.
But when so clasaified the list becomes rather extensive and since it
can be found in the litersture (11) it will not be given here, More
complete descriptions of the history and recent developments in mass
spectroscopy can be found in several texts (12,13). Classification
according to the two quantities measured leads to the following:

(1) Momentum-energy selection. This class is typified by
the spectrometers of Thomson, Aston and Dempster in which energy is
measured by an electric field and momentum by & magnetic field, The
most common types of spectrometers, the 60°, 90° and 180° types, fall
into this class (14-20)}, and in these a mono-ecnergetic ion beam is
produced by an accelerating electric field and then momentum is measured
by the radius of the beam while deflecting through the specified angle
in a magnetic field, Focusing in these types is first order in direction
only, and always the ion beam is defined mechanically, i.e., by slits,

(2) Energy-velocity selection, This class generally uses a
mono-energetic beam and a method of velocity selection, The latier may

be by crossed electric and magnetic fields (21,22), RF fields (23,24,25)
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or by a bulsed beam technique (26,27). The RF field and pulsed beam
techniqueslead to spectrometers which are usually called "time of flight®
types.

(3) Momentum-velocity selection, There are three quite
different types of spectrometers which fall in this class, The first
is typified by Bainbridge's setup in which velocity Qas selected by a
Wien. filter (crossed electric and magnetic fields) and momentum was
measured by radial magnetic deflection. The second and third both fall
into the time of flight class, In one (28,29) a pulsed beam of ions is
sent into an homogeneous magnetic field, the radial magnetic deflection
giving momentum and the time for n revolutions giving velocity, 1In
the other, momentum and velocity are almost simultaneously obtained by
measuring the cyclotron resonance frequency of an ion in a homogeneous
magnetic field, This latter one has been given the name Omegatron by
its inventors, Thomas, Hipple and Sommer of the National Bureau of
Standards, and it is the subject of this dissertation,

The experimental Omegatron. In its embodiment used for the experi-
mental work to be reported here, the Omegatron is shown in Fig. 5, It
consists of a one inch cube of 0.020 inch stainless steel plates in a
uniforn magnetic field, The top and bottom plates are called the RF
plates and serve to produce a vertical electric field which varies
sinusoidally in time, They are driven by an RF signal generator of
variable frequency., In addition, DC potentials can be applied to these
plates to produce a vertical DC electric field for the purpose of "walking"
the ions either towards or away from the collector, The two plates
called Z plates are supplied with DC potentials whose prime purpose is

to provide an inward directed electric field to keep the ions from



10

Support wires

Onegabron

i~
go Je

Fi



11

drifting out of the useful region, This field is usually called & "trap-
ping fleld" and the agsociated voltage a "trapping voltage"., The two
.Y plates serve primarily as shielding for the interior of the cube and
so are normelly grounded but can also have potentials applied if needed,
At the left is a 0,003 inch tungsten filament which is heated to provide
a supply of electrons, Next is an electron accelerating plate which
has a 1/16 inch diameter hole to form the electron beém. This plate is
normelly run at 67 volts plus with respect to the filament, The electron
beam travels through the cube and in the process some of the electrons
collide with gas molecules and ionize them, The majority of the electrons
travel without collisions and pass through a hole in the far Z plate
and are collected on an electron collector plate which is run a few
volts positive (to suppress secondary emission), The ions that are
formed by the electron beam start essentially at rest (actually have
thermal velocities) along the beam and are accelerated by the electric
field to travel spiral paths (see later analysis), Those ions in
resonance spiral out far enough (electron beam to collector spacing 3/@
inch) to hit the ion collector, where they represent a current flow which
is measured by e sensitive electrometer,

A block diagram of the electronics associated with the Omegatron
is shown in Fig, 6, For convenience in operstion, the frequency of the
RF is continuously swept over a small range, The electrometer oubput
is applied to the veritical deflection system of an oscilloscope while
the spot is deflected horizontally in synchronism with the sweep
oscillator, The scope then displays collected ion current versus
frequency and so a resonant ion produces a peak in the trace., The upper

trace in Fig, 7 shows (reading from left to right) mass 16, 17, 18 and
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19 peaks while the lower trace has a highly compressed frequency scale
to show masses 16, 17, 18, 19, 28, 32, 44, 50 and some higher mass peaks

that are not separated,

AT Y
|
|

Fig, 7. Omegatron pesks,

Typical operating conditions. To get order of magnitude data for
some of the theoretical results that follow,it will be convenient to
have a set of typical operating conditions. These conditions were
found experimentally to produce a useful peak size in actual operation

around mass 18:

B = 3500 gauss RF = 1,8 volts RMS
Electron current = 0,05 1. amps Walking = O volts
Trapping = 0,25 volts Z field = O volts

Electron‘accelerating voltage = 67 volts

Electron collector voltage = 6 volts
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Peak ion current = lO'lzamps

Background pressure = 2:{10"6 mm of Hg.
The RF voltage quoted above corresponds tc a peak electric field strength

of 100 volts/m if one neglects any fringing of the electric field,



CHAPTER II

THEORETICAL RESULIS

Problem, In its most simplified form, the essence of the Omegatron

is indicated in Figure 8. 4 point mass-charge particle starts from

rest at the origin and moves Ay

in & time-invariant uniform m,q [~ —F
megnetic field perpendicular /; _\\ @B
to the paper and a sinuscidelly \\::ijz > X

time-varying uniform electric

field along the x axis, The

problem is, what is its trajec-
Fig., 8, Simplified problem,

tory? This problem is a two
dimensional one - everything is taken uniform in the z direction (perpen-
dicular to the paper),

0f the various methods of solution available for this problem,
there are two general approaches of interest, The first approach is s
straightforward. solution in fixed cartesian coordinates, while the
second involves transforming to a rotating coordinate system before
solving the equations of motion, The latter approach provides seversal
types of solutions through different velocities for the rotating system,

Cartesisn coordinates. In cartesian coordinates, the equations of

motion of a point mass-charge particle, mass m and charge q , are

F_= mx = q[Emsin(cot + ) +B y] . II-1
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'_Fy=my=-qu , II.2

where the electric field is E = Ex = Emsin(mt + 7)) and B is the

megnetic field., The solution to this problem is straightférward

Assuming the particle starts at the origin at t =0 with zero velocity,

E L
Y= . 2 [ﬂ[wz + (@ = f)eos’d cos (mt +X)
c Y ¢
B(e - “b) ‘
2 ',
- cos(et + @)\ - B ©°° g, - 13
E Ll
et [ NET - BeF s ¥
Bl - mb)
- o, sin(wt + ﬁ)] ’ TI-4

vhere « = qB/m and ¥} = —tan~( %% ten @) . It is clear from these
results thet for an electric field frequency w near the cycloiron
resonance frequency w, the maximum excursion of an ion becomes very
large, At resonsnce the ions spiral outward indefinitely., A rather
complete discussion of these results has been given by C. E. Berry (30),
where they are interpreted in terms of a coordinate system rotating at
the electric field frequency. The results are the same as those obtained
by solving the problem completely in the rotating coordinate system as
will be done laster and so will not be given here,

By writing the equations of motion II-1l and II-2 with the driving
force on the right hand side it is clear that linear superposition of
different driving fields is allowed and also that the complete solution

to the problem with initial conditions can be obtained by adding the
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solution of the same problem with zero initial conditions to the solution
of the problem without any driving forée but with the actual initial
conditions, a procedure very similar to finding the complementary
function and the particular integral. In particular, the results II-3
and II./ can be obtained by superimposing two rotating electric fields
with opposite but equal angular velocities ¢, Furthermore, for frequencies
near resonance the effect of the backwards roteting electric field will
be only to add a small perturbation - a jiggle motion - to the paths,
Since we are interested only in the average motion of an ion, these
jiggles can be neglected and an approximate solution obtained by consid-
ering only one of the two component rotating electric fields, Under
this condition it is reasonsble to consider motion in a rotating coordinate
systemn,

Rotating coordinate system. The vectorial equation of motion for

an ion in general is- ¥ %Y
N
]
F = ma = q(vxB + E). II-5 Fp
—= X
Relative to a coordinate system with
B
the same origin and rotating with o8

an angular velocity E%, equation

Fig, 9.
II-5 becomes

m(ar + 5. OXV, + CDSX(COEXI')) = Q(V;rXE + ((l)sxr)XB +E), I1-6

where the subscript r refers to motion relative to the rotating coor-
dinste system. A more complete derivation of II-6 and the other results
in this section may be found in Appendix I, It might be noted that the

general method used here is very similar to that involved in Larmor's
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Theofem.’v |

The farticular pfbblem under consideration is the motion of an
ion in an electric field of constant magnitude but rotating in direc-
tion in the x-y plane and a uniform magnetic field perpendicular to the
' X~y plane, In order to ﬁrite the results in terms of scalar quantities
‘which under normal conditions are positive, the positive directions for
the vérious quantities are assigned as in Fig, 9; thus clockwise angular
frequencies for @ and o, are positive and B is out of the paper,
The cyclotron resonance frequency w, as a vector is Eg = -dﬁ/h s but
here it is treated simply as a scalar number, w, = qB/m , which for
@he +B direction as assigned would also be clockwise if W, is
positive, There are three cases of interest to consider now and these
are when the angular velocity of the rotating coordinate system has a
value equal to (a) half the cyclotron resonance frequency @, (b) the
electric field frequeney w , and (e) the cyclotron resonance frequency,

(2) Wy = a%/ﬁ. In this case, II-6 becomes much simpler, being

ma_ = -maf T/4+ GE . | 117

This equation describes the motion of an ion under the action of a

radial spring from the origin and the original electric field, While

the equation itself is noW particularly simple because the magnetic

field cancelled out, general solutions to this equation are not especially
simple, particularly for the case of nonlinear magnetic field variations,
Resolving the rotating electric field into components along the relative
coordinate axes allows II-7 to be separated into two equations, one
involving x and 6ne Vp o which places stfongly in evidence the

r

resonance character of the solutions,
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.(b)’osS =, In this césé the coordinate system rotates at a
frequency equal to the electfic field freqtiency. In the rotating coor-
dinate system the electric field is stationary and the equation of motion

IT-.6 becomes

ma_ = q(vprl +E)-Kr I11-8
where §1 = B(1 - Za;/wc) and K = ma)(a)c - o). Thus the particle appears
to move in a modified magnetic field and under the action of a radial
spring from the origin and the now fixed electriec field, Though this
equation appears more complicated than II.7, it has a fairly simple

interpretation, At resonance, = Wy 3 the radial spring disappears,

-B-l = -B and the particle travels a T E
cycloidal path with an average mo- — >
tion perpendicular to the electrie ®B]_
field, The average motion has a x
velocity v = E/B while the. super- >

‘imposed circular motion is at fre-
Fig. 1Q Resonant ion trajectory.
quency @, and of radius r = v/cnc '

as in Fig, 10. It will become apparent later that for normal operation
with fairly high resolution, the circular motion can be neglected and
only the average drift motion is significaent,

Off resonance the radial spring must be included, but the problem
can be simpiified by two more transformations, The first comes about
by recogniiing that thé effect of the radial spring plus the electric
field (whiéh is‘now just a fixed force in the x, direction) is the

same as a radial spring connected not to the origin but to a point on

the xr axis at
X.= Xy = qE/k . I1-9
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We can now refer the motion to a new set of coordinates, xl" and yl“ ,

parallel to X, and Y but displaced so their origin is at X, = Xy,

The particle now appears to move in A y!
. r
a magnetic field B, and under the

action of a radial spring from the 1

m,q K x;.‘

origin of constant K , but the 60900 >

initiel conditions now are that it f— xl—%

starts with zero velocity at xl', = ~Xq,

yl'. = 0 ., This new problem can be

Fig, 11,
solved by one further itransformation,
and that is to a new coordinate system that gets rid of the radial
apring. The new coordinate system, x;[ and y;'_ s is one that rotates
clockwise with respect to the

e

primed system at a rate (mc - w).

In the new coordinate system,

the spring disappears (by ®B

virtue of the - part of the >
transfprmation), what was By

becomes the original B in X

magnitude but reversed in di-

Fig, 12,
rection (from the combined
effect of first a - and then an W, transformation), and the particle
- - ] b —
initial conditions are now x; = =Xq yz'. 0 and x; o, | .
v = -(wc - ) = -(E/B) (o c/co). The motion in the double primed system
is clearly a2 ceircle of radius r" = E/Em (see Fig. 12). 1In the primed

system this becomes an hypocycloid (epicycloid for w > mc) as shown



21

Fig, 13. Trajectories in primed coordinate system,

in Fig, 13, and in the unprimed system (the original rotating coordinate
system at the electric field frequency) these cycloids are just displaced
as in Fig, 14, Along their path, ions travel with an average velocity
(E/B)&Ddﬁn) and thus near resonance all ions have an average velocity

of about E/B,

Figure 1/ shows that for a given electric field frequency, particles
of different masses would travel different paths. Those in resonance
would travel out the Y. axis with cycloidal motion; those out of
resonance would travel circles with a superimposed jiggle motion (actually
epi- or hypocycloids), the redius of the circle being smeller the
further off resonance., More detailed conclusions from these paths will
be drawn later,

(e) wy = a%. When the relative coordinate system rotates at a

frequency equal to the cyclotron frequency, II-6 becomes

ma, = q(-vpr +E) ., | II-10
Thus the motion is apparently that of & particle in a megnetic field of
the same magnitude but reversed direction slong with the original

electric field, This approach has some advantages for interpreting the
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results near resonapce.' In the latter case, the electric field is
rotating very slowly with respect to the relative coordinate system,
fhe motion of a charged particle in a fixed electric field is cycloldal
with average drift perpendicular to the electric field and thus in a
slowly rotating electrié field the particle traces out a circle for its
average path, This then gives the same results as depicted in Fig. 14,

Resolution. With the basic analysis indicated, the most important
result as far as a mass spectrometer is concerned is the resolution of
the device, Still treating a two dimensional problem with a rotating
electric field, and assuming a collector for the resonant ions is
located at a radius r, from the origin, the resolution can be calculated
as follows, HNeglecting the jiggle motion of the particle and assuming

low - w,\ & w, , the maximum radial excursion of & particle is

Toox = 2%] = 2qE/lo - @ o] o II-11

If «, = qB/(m + &m/2) and o = qB/m , then rpox = mE/cucB&n . Setting

LI it follows that

m/fm = rccocB/l.E = m2 II-12

where N is the number of revolutions the particle makes before hitting
the collector (N = rcch/E) and 4m  is the range of masses that would
be collected. Equation II-12 states that the resolution (m/lm) is
directly proportional to the number of revolution a particle makes,

Another way to express the resolutioh is to find the range of
frequency, &» , over which a given mass particle would be collected.
This result is

- b _4E _ 2
by = AE/%CB or Y = Xy == . I1-13
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In the ldboratory embodiment of the Omegatron, the electric field
frequency is swept and'colleéted current versus frequency displayed
dn an oscilloscope, Thus the frequency range over which an ion is
collected is called the pesk width, and Jw meesures this,

| The important point here can be seen in equation II.12, where the
resolution varies inversily with the electric field; thus high resolution
is obtained simply by reducing the electric field - one of the big
advantages of the Omegatron,

Ion energy. A resonant ion travels an average spiral path with the
electric field always accelerating it., When it reaches the collector
it has gained some energy. This energy can easily be calculated. When
the ion is a radial distance r, out, its velocity is v = T W,

and so its kinetic energy is
R Y
KE = mv*/2 = m(r o) 2. 1114

For a mass 18 ion with r_ = 1 cm and o, = l.9x106 rad/sec , this
gives KE = 34 ev,
Clearly the energies involved in the Omegatron problem are all
small enough so that relativistic effects can be completely neglected.
Path length, A resonant ion which spirals out to a collector at
r, travels an average distance wrc per turn (neglecting jiggles),

so the totel path length traveled, L , becomes
L= ﬂrcN . II-15

The significance of this length, other than that it becomes fairly long

with high resolution, is in terms of possible gas scattering of the ions,
-3

The molecular mean free path in air at a pressure of 107 m of Hg, is
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somethiné-like 65 meters, so for r_ =1 cm this would limit N to
about 2100, at which point scatiering would become significant, The
corresponding resolution is one part in 3200, Thus even at such a .~
background pressure no difficulty from gas scattering should be expected
until extremely high resolution is required.,

Jigele motion. To show that the jiggle motion is indeed small and
can be neglected, refer to Fig, 10 where the size of the jiggle is twice
the radius of the cylirder generating the cycloid, This gives the
jiggle a size of 2v7&% = 2E/me = rc/hN = rcAm/ém . Thus the jiggle
size in proporﬁion to the collector distance eguals Am/?m , and for
.any reasonable resolution, say one part in 100, this makes the jiggles
negligible,

The effect of the counter rotating field necessary to describe the
fixed direction, sinusoidally time-varying electric field case can be
readily calculated and leads to jiggles comparable in size to those
above, thus also negligible,

Initisl velocities. The effect of x or y directed initial
velocities on the ion trajectories can be easily seen., Referring to the
coordinate system rotating at the electric field frequency, for a resonant
ion an initial velocity would simply change the cycloid to a prolate
or curtate trochoid., For an off resonance ion an initial velocity
would simply change the epi- or hypocycloid to an epi- or hypotrochoid
(may be either prolate or curtate depending on the direction of the initial
velocity). The net effect is then just a change in the size and shape
of the jiggle motion,

The size of the additional jJiggle motion from an initial veloeity

can be estimated, Initial velocities 'arise primarily from the thermal
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velocity of a gas molecule before it is ionized. Assuming the ges is
in thermal equilibrium at room temperature, the root-mean-square velocity
in the x-y plane is v =V2KkT/m ., For a mass 18 ion in only & mag-
netic field (3500 gauss), such a welocity would put the ion in a circular
orbit of diameter 2.'71:10"2 cm, The complete solution to the problem
with initisl conditions can now be obtained by adding this circular
motion to the solution for the problem with zero initial conditions,
But this extra jiggle motion is again a negligible amount and means
that x-y initial velocities may be neglected,

Tnitial velocities in the z direction cause an ion to drift out
of the measuring region and so decrease the number of collected ions
(peak height). This effect will be considered later under the particular
subject of peak height,

Space cherge, A uniform space charge (of magnitude p) would
produce a radial force on an ion a distance r from the origin of

amount

_gap |
Fr = 260 r . 1116

This looks just like a radial spring from the origin of spring constant
K' = -qP/?tio . Referring the motion %o a coordinate system rotating
at half cyelotron frequency, the equation of motion for this case, from

I1-7, becomes

ma

2— -~ -—
p = ~MOT + gE + (qP/ZGo)r

(qP/ZGO - mmi/a)?- +qE . I1.17

Thus the motion is identical (except W has changed) with that of an

ion with the same mass and charge but moving in a2 reduced magnetic field,
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The only'interesting effect of the uniform space charge is then to
change the resonant frequency of an ion., The actual resonant fre-

quency, e, , for small p , is-

qp
2 éoBcoc

For a mass 18 ion in a 3500 gauss field with p = 10-8 coul/m3 , this
gives a 0,1% lowering of the resonant frequency.

The more intereéting space charge case, though, is when the space
charge has a non-uniform distribution, particularly when it is crowded
up around the origin. In this case the radial force is non-linear, as
is the whole problem.

Nonlinearities. When the space charge has a non-uniform distri-

bution that is still cylindrically symmetrical, a graphical method can
be developed for finding the average trajectory of an ion. Actually
this method can be applied to any cylindrically symmetrical, nonlinear'
effect; thus it can be used, for example, for finding average ion
trajectories when the magnetic field has a radial variation in inten-
sity. In the experimental Omegatron, the pole tips are very large and
so it is reasonable to take the magnetic field as uniform, but a non-
uniform space charge (in particular, a line charge) is still of
interest, Again considering the case of an ion in a rotating applied
electric field and referring the motion to a coordinate system rotat-
ing at the electric field frequency, the equation of motion from II-8
becames

mé'r = q'(?rxﬁl +E) -« K¢ + Fr s II-19
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where §i = B(1 - 2m/bé) and K = mo(o, - ®) and F_ is the
radial force (which also may be any function of r) caused by any
space charge. For example, if the space charge is simply a line charge

at the origin of magnitude o, then

- gq —
F = 3 r o II-20
r 2n€, r

Eq. (17) may be rewritten for this case as
2 = v - b=y -
ma,, q(vr xﬁl +E) - xir II-21

where K!' =KX - Fr/b and thus X' varies to absorb the variations in
Fr/f .

The important point now is that we are locking only for the average
motion, and are not at all interested in the small jiggles., In the
constant K' case, the average motion is obtained by drawing a circle

through the origin whose center is A.yf —> E

, @5,

at x, =X = qE/K' , as in Fig. 15.
This is because, as we have already
seen, a particle in a uniform mag- -

netic field under the action of a

radial spring from the origin and

with zero initial wvelocity will
Fig. 15, Constant K! case,

travel an hypocycloid (epi- if K!

is negative), while if the initial velocity is non-zero the path will

be a hypotrochoid (again epi- if K!' is negative), both of which give

an average circular path centered at the origin with additional small

jiggles,
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If Fr/r varies with radius, then Kt will vary also. In this
case x4 will vary as the pai'ticle moves and changes its radius, The
path can be plotted graphically‘by A
,conneéting segments of circles cen-
~tered at various x, 's which are

calculated using the radial distance

of the particle from the origin over

each segment, This ié a convenient
Fig. 16. Graphical
graphical procedure for it involves construction.
only the use of a compass.
When the space charge is in the form of a line charge of size o

located at the origin, the circular arcs center at

=1
qE i Q0
= = e - o ——— . II-22
Xr xl m m(mc @) 2n Gom r2 ] '

For the’ purpose of plotting the results, it is convenient to normalize
the variables, Linear dimensions can be normalized by scaling by fhe
factor (w,B/E) , thus let u = (w.B/E)x and v = («,B/E)y . Frequency
can be expi'essed in terms of the percentage difference from resonance,
5= (w "”c)/"’c « In terms of the new variables, II-22 becomes

-1

T II-23
(1+6)6 + so/s

B i xl(ch/E) -

where s = (a)cB/E)r and sg = (ch/E)(G'/Zﬂ EOE) .

Of course an ideal line charge is not realistic for it would mean

an infinite force on an ion at the origin., The actual space charge

would probably be rather uniformly distributed in a small region near
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the origin. This can be taken care of, for a uniform charge distri-

bution of radius r, s by centering the circular arc at

~1
u = where s_ = r_(w B/E) II-2)
a (L+8)5 + si/sg a are ’

when the ion is within r, of the origin, and otherwise using the pre-
vious formula. The results of such a graphical procedure for several
typical cases are shown in Figs. 17-21 in terms of the normalized
variables,

Fige 17 shows, for reference, the ion trajectories with no space
charge. Fig. 18 shows the ion trajectories for the particular case of

52 = 10 and sa = 20 , For the typical operating conditions cited

o
earlier (B = 3500 gauss, E = 50 volts/m, @, = 1.9::106 rad/sec), these
numbers correspond to a line charge o = 2,1x10712 coul/m and an

r = 0.15 em (approximately 1/16"). Fig. 19 shows the trajectories for

si =10 and s, =10 . Fig, 20 and 21 show them for sg =50, s, = 30

and si =50 , s, = 20 , respectively., Clearly the concentration of
charge near the origin decreases the maximum radial excursion of the
particle., It also has the effect of lowering the apparent resonant
frequency and narrowing the peak width,

The general conclusion to be drawn from the non-linear ion
trajectories is that there exists a maximum radial excursion for all
“ions. Physically this results from the fact that the effective
resonant frequency of an ion varies with radius, so that an ion which
must start in resonance to get out at all soon becomes out of resonance

and spirals back in, Generally, the maximum radial excursion decreases

with electric field so that as the electric field is reduced in an
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éttempt to get more resolufioh, a point is reached where no more ions
are colleéted. Thié then. ciearly limits the ultimate resolution of
the Omegatron_and appears to be a very serious difficulty,
Electriec field fringing, The actual Omegatron is essentially a

| x +vo/2

~ cube of equipotential sﬁrfaces, two

b

sides of whieh form the electric

field plates, The other four sides

are generally maintained at some '

ye

small DC potential to aid in trap- g 1_____

ping the ions, This three-dimensional -

| -V/2
character causes the electric field to a

Fig. 22,
fringe quite badly rather than to be
wniform as has been assumed, To investigate effects from fringing of
the electric field, the field pattern must be calculated, The actual
potential distribution inside a cube of side a may be easily cal-
culated, Considering the top and bottom (x = +a/2 and x = -a/2) to
bé at +VO/Q and -Vc/é respectively and the other four sides to be

at ground; a solution of Laplace's equation gives
= t/; ' 1
V/Vo —;1 B,cosmTz /2 cos n T y'/2 sinh an x', II-25
, .

where m=1,3,5 « « o , n=1,3,5% s o 4 x!' =2x/a , y' =2y/a,

z! = 2z/a ,
S S
an =5 Yo +n

8(_1)(m.+n - 2)/2

B = Py
nn mnﬂzlsinh an

and

A different form for the potential which has better convergence at the
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top and bottom plates may be found by first subtracting out a uniform

electric field, Then

VAV, = x1/2 + E B'mn sin mwx1/2 [COS nwy'/2 cosh B2’

Mot II-26
+ cos nmz'/2 cosh B, y'] ’

Where m = 0,2,)4, ¢ s, n= 1,3)5, ¢

8(_1)(?(!1‘* n -1)/2
and B'mn = 5
mn o< cosh Bmn

From these potentials the vertical electric field along the axis

(y=2=0) may be calculated (E;c = Exa/Vo) as

-E}; = 1 = 0,291 cos 7 x?' +0.01L5 cos 2mx! = * + II-27

while along the 2z axis (or y axis by symmetry)

-E! =0.755 coswz!/2 - 0,0345 cos 3w z!/2 + 0.0015 cos 5w 212+ ¢ s
IT-28

Using these expressions the equipotentials and flux lines may be plot-
ted in the x-z plane (y=0) and in a parallel plane at y'=1/2 s
and these plots are shown in Fige. 23. It is quite clear that F‘x s
the desired component, does not vary too badly except quite near the
sides of the cube,

The horizontal electric field has a rather mixed behavior, but
near the origin of the coordinate system it can be roughly approximated

by the first term in its series. This gives
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E;‘ = 0,56 sinnz'/2 cos wy'/2 sinh 2,22 x! II-29

where E; = Eza/Vo and the next largest term in the series is of the
order of 0,03. Furthermore, near the origin the sine and sinh may be

approximated by their arguments, giving
= = 3
Ez' =2 xizt or E, = 8xz Vo/a . II-30

Trapping is usually applied through a positive voltage connected
to the two plates at 2z = +a/2 and z = -a/2 , so the potential and
field distribution under these conditions is also of interest. Taking
the trapping voltage to be Vt and the other four plates to be at

ground, the potential inside the cube is

v nx! nuy!

T = E Amn cos!'n-'é""' cos*Ez-cosh Oz’ s IT-31
t ‘mn

+n=-2/2
6017
where a =% mz*-n2 and A= 16(-1) .
m 2 n'zmn cosh
%mn

At the center of the cube this gives V = 0,199 V. . The vertical
electric field along the x axis (y =2z =0) can be calculated from

the above potential as

E;;= 1,072 sing-x' - 0,066 singérix' + 0,003 sin%x' + e e 0

At the top plate this gives E, = 1.156 Vi/a . The horizontal elec-
tric field E, at the center of a side plate (x=y=0, z=a/2) is
just twice the Ex at the top, E, = -2.3 Vt/a « This follows by

superimposing on the problem just solved a similar problem with the

plates at y = * a/2 raised in potential to V; and then the vertical
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field at fhe top is the same as Ez at the side in the original
problem,

Z-instability., A resonant ion travels essentially in a circu-

lar path (actually a spiral) 90° out of phase with the electric field.
As far as thelion's z motion is concerned, E, from the fringing RF
eléctric field looks like a restraining spring from the origin whose
spring constant varies with time from both V,'s variation and the

variation in x o For motion near the origin, the restraining force

can be written

)
ft

, = OE, = (8qV,/a3) xz

L]

where \'

V "coswt.
o max c

If the ion is on a circular path of radius r and in resonance,

X = r sin wct so that
F, = (bqV, . v/a’)(sin 20.t) = .

The equation of motion for the ion in the 2 direction only becomes
mz + F, +F} = 0

where F; is any additional time-independent 2z force (from trapping,

for example) and will be taken of the form kz . Then
dzz/dt2 + [khqv r/maB) sin 20 t + kﬁ;]'z =0 I1-32
max (&
i = 2 .3 . 2 .
Ietting . 2mbt T, thaxr/bc ma® =€ and k/hmbn1 & this becomes
dzz/d't2 + (€sinT +8)z =0, IT-33

This is the form of the Mathieu equation (31) for which the stability
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regions are known. MNumerically, for the typical case of a mass 18
ion with Vyae = 1 volt , a = 1 inch, «, = 1.9::':1(}6 rad/sec and
r = a/li , the constant defined above has the value € = 6.5::10'h .
This ﬁery aﬁall.value of € in the Mathieu equation essentially
guarantees stability for all positive values of 6 .

A resonant ion which is off center in the 2z direction still
gees a spring from the origin whose spring constant varies sinusoidally,
but if the 2z motion of the ion is small this can best be treated as a
sinusoidal applied force in the 2z direction. To show that the 3
motion of an ion is indeed small, an estimate can be made, For z'==%

and r = a/li the maximum E  is, from II-29

(Ez)max = 0,2 vmax/a .

With this as the only driving force on a mass 18 ion, and other condi-
tions as above, the sinusoidal excursion of the ion has a peak value

of roughly 1x10~3 inches, a size which is clearly negligible.

Electric field fringing, x-y effect, TFringing of the electrie

field also means that in the x-y plane the field is not uniform, so
splitting it into two counter rotating components does not completely
describe it. The total electric field could be described by two rotat-
ing components plus a small extra field. This small extra field would
vary both in time and in direction as far as a particular ion is con-
cerned, Considering the results of the preceding section, it seems
pretty clear that the effect of this small extra field would be to add
more jiggle motion to the ion but still of a negligible amount., When a

resonant ion is fairly far out, this extra field has a component along



L2

the ion path in the forward direction; it therefore appears to same-
what strengthen the forward rotating electric field, The total
amount of this strengthening can be estimated (from Fig, 23) as some-
thing like 10% to 20% at most and so is of no great concern here,

Ionization. In traveling through the spectrometer proper, some of
the electrons in the electron beam collide with molecules of the gas
and form ions., What happens to these ions (those not in resonance) and
the electrons knocked off is of great importance in the operation of
the device. Because of the very strong magnetic field, all the elec~-
trons remain very close to the original beam (a L5 e-v electron travels
a circle of radius 0,002 inches in 3500 gauss). Likewise, the non-
resonant ions also remain quite close to the beam (typically within
about 0.02 inches). Therefore the real problem is almost a one-dimen-
sional one and the only way electrons and ions can escape is out the
ends of the beam,

The standard ionization rate(1l) for a 67 volt electron beam is
about 20 ions per electron per centimeter of path for a gas pressure
of 1 mm of Hg, Under normal operation the background gas pressure is
23:10-6 mm of Hg. and the electron current 0,05 pamp, so for a path
length of one inch the total ion production corresponds to an ion cur-
rent of 5x10™12 amps (assuming single ionization).

The standard assumptions for low pressure gaseous conduction (32,
33,3L) are:

(a) The ions move without interaction under the forces of any elec-
tric fields present. They have Maxwellian initial velocities with a

temperature essentially that of the gas.
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(b) The electrons move with a great deal of interaction and

thus their density follows Boltzman's law,

P = p,exp(eV/kT,) , I1-3L

where p 1is the electron charge density, e dis the charge on an elec-
tron, Xk is Boltzman's constant; and Te is the equivalent
temperature of the electron gas. The electrons have a Maxwellian
velocity distribution of zero mean at a temperature. corresponding to
1 to 10 e~v of energy.

There are generally two electrons produced per ionj one is the
incident electron (which loses most of its energy) while the other is
the electron knocked off the atom in ionizing ites The electrons have
a high energy because the incident electron's energy is high and not
all of its energy is used in ionization., The ions have a low energy

because in an electron-ion AV

collision the large mass ratio means —<— a .

that very little kinetic energy is V= V=0

transferred. v(z)

As a simple approximation to
p(z)

the real problem, consider tuwo

VN

plates at zero potential between

Fig. 2L.
which non-interacting ions are
being produced uniformly in space and time at a rate di (charge per
unit volume and time) with zero initial velocity, and ask what is
the steady state potential and charge distribution., This neglects

the electrons and ion initial velocities, and makes a one-dimensional

problem, If p is the charge density, one of Maxwell's equations,



(p=V=+D) gives
p(z) = - €  d*v/ax® , II-35

while conservation of charge gives

p(z) =f (9;/v) dz* = J, \/m/'c‘ / . 1I-36
'\/V(z') - V(z) .

A solution for V(z) which satisfies both II-35 and IT-36 is
V(z) = A-Cz° . If this is substitutéd into II-35 and II-36, for

equality C must be
= (3, /he)? w2t I1-37
Thus V(z) = C [(a/2)2-22] and p(z) = 2€ C. II-38

To get a feel for the numbers, consider this simplified problem to
apply over just the area of the electron beam in the omegatron. Take
the beam diameter as 1/16" and length 1" with a total ion current of
10712 amps of mass 18 ions, J; becomes 6.2 %1070 amp/m3 while
V(0) = 0,12l volts and p = 1.J3x1077 coul/m> . Again using the
beam area, this p 1is equivalent to a line charge of O = 0,9x% 10"13
coul/m .

To show that the electrons really are negligible in this prob-
lem, assume kTe = 1 e-v (a rather pessimistic value), then, from
IT-3L

Pe = Pgy xp(eV/KT,) , II-39

where- Pe1 1s the electron space charge density at the edge, At the

center, pggo = 1le13 pyq and the electron density is practically
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constant; At the edge electrons escape because of their velocity
component normal to the wall, and the number of electrons escaping

(expressed as current density) is

i, = peljlkTe/Qume . II-h4O

where Mg is the electron's mass, By conservation of charge, this
must be equal to the number of electrons produced, so set ie = 2Jia

Where a 1is the length of the electron beam. Then

pel = 2Jia V 2n me/kTe - IT-11

11 coul/m3

Using the same mumbers as before this gives Pe1 = 1.28 x10°
a factor of lOh smaller than the ion charge density and clearly negli-

gible .

Neglecting the ion initial velocities is justified simply in
terms of the potential--the ions have initial energies of about 0.0248
e~v, while in traveling from the center to the edge they gain 0,12} e-v.
Their initial velocities would have a small effeet on the potential
distribution at the center, but this can be neglected.

The simplified one~dimensional problem just solved is really too
simple to adequately describe the Omegatron because the magnetic field
confines the ions and electrons to remain essentially along the electron
beam, Thus the problem is strictly a two-dimensional one. Of course
one could solve exactly the problem of a circular pencil of space charge

in a conducting cube, but such a solution would be much more complicated
than the results justify. A good approximation to the complete solution

can be obtained by assuming a uniform pencil-shaped distribution of ion
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charge and a parsbolic potential
distribution along the axis of the

pencil, The coefficients for the

parabolic potential and the size of

the ion charge are obtained by find-

ing the exact electric field at the

end of the pencil and its associated

charge., Near the end of the pencil

the rest of the cube may be neglected

(beam diameter small compared with the cube size), so the problem
may be treated as a beam ending on an infinite conducting surface.,
The conducting surface may then be replaced by the image of the beam

and the electric field on the axis of the beam written as

E(Z)=zf 7 PzZ‘n'r
bm € (r +22 3/2

- (ofe) H*_—“ i ] .

In terms of an equivalent line charge O, E(zq =0) = G’/rbﬂeo .

II-y2

Assuming a parabolic potential, V(z) = Cl(az/h - 22) where
z =3+ af2 , at the edge E(z=a/2) = Cya + Equating these two

E's fixes Cl as

Cl = G/a I‘b‘ﬂ'eo . II-}.}B

4s in the case of uniform overall ion production, conservation of

charge gives (neglecting any radial potential variation)
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-2 I, dz!
o= , , TI-Lk
[ aVa/m V(z) -7(2)
where I; is the total ion production expressed as current. Thus
o = (Ii/a)(n/z) 1\/m./'2q01

and so Ci = (Ii/2a2 rbq)Z/B (m/2q)1/3 and G = n(Iiegn rb/Baq)l/B.

II-L5
For a numerical value, same conditions as hefore, « = 6x10710 coul/m
and V(0) = 1,7x10™3 volts. This is clearly too small a line charge
to cause any serious difficulties.

When a trapping voltage is applied the story is quite different.
Trapping causes an inward directed electric field at the ends of the
beam and the ion space charge must build up enough to cancel this
field plus an additional amount as in Eq., IT-45 to force the ions out.
If the trapping produces a field E; at the ends, the ion charge
density to cancel this, from II-L3 , is

One volt of trapping produces a field of about 50 volts/m , so with

this trapping O = 1l.1x 10712

coul/m , This is definitely large
encugh to cause nonlinear trajectories--see Fig,l9--and would mean
the_applied RF would have to be of the order of a volt or more for
ions to be collected at all. This space charge effect is a very

serious one and appears to be the crux of the Omegatron's difficul-

ties.
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Péak Height.. 'I‘he. maximum ion current collected as the fre-
_quency is swept over resonance for a particular ion is called the
peak height, The largest factor affecting the peak height is the
z drift of ﬁhe ions due to their thermal velocities, Assuming
there is no trapping field, that ions are produced uniformly along
the length a of the electron beam with a Maxwellian distribution
of velocities (of non-zero mean for generaiity) in the z direction
and that the collector is at a radial distance r, and of length a
(not exact, but a good approximation), the number of ions collected
n , as a percentage of the number produced N , can be found. In
order to reach the collector, those ions with a z-directed velocity
v must come from a length (a2 -Tlvl) of the electron beam, where

T 1is the transit time of an ion. Thus

a/r
N(L-Tlvl/a) =(v-v.)2
n va e o7 dv II-47
-é/r

where v is the root-mean-square ion velocity about the mean and
V, 1s the average velocity. In a normal thermal ion at temperature

T,V,=0 and v_ ='\’k‘l‘/m o Carrying out the integral

% = %—.[eri‘(s +b) +erf(s = b)] + (-g—s') erf(s+b) -erf(s -b) -Zerf(bi‘

II-48
2 o2 2
+ (% sy") [e-(s -b), e-(s 2 2e™® ‘i

vhere s = a/y2 7 v.s b= vO/V2 v, and erf is the error func-
tion (Dwe 590). A resonant ion has an average radial velocity (neg-
lecting the jiggle motion) v, = E/B, so its transit time

T = ry/v, = v, B/E and thus
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s = E(a/V2 rBv) . - II-49

With b= 0, II-48 reduces to the result given by C,E, Berry (35) in
an article explaeining some of t;he effects of ion initial velocities on
a normal 180° spectrometer.

Numerically, for a mass 18 ion under the typical conditions used
before and at room temperature, s = 0,5 , Equation IT-48 is shown
plott;ed in Fig, 27 for various \ %

values of b

T/
It is somewheat interesting

to speculate on what the effect

y
\
of & z-directed electric field \.\
/ z

would be on pesk height, Consider e
-a/2 2, +a/2

Fig, 26.

ions which start at z = 2 o with
a Maxwellian velocity distribution
of zero mean and ask for the range of initisl 2z directed velocities
over which an ion will reach the collector at time T . 4n fon will
reach the collector only if its z coordinate is never greater than +a/2
or less than -8/2 , otherwise it will strike the side of the spectro-
meter and disappear, The conditions on its initial velocity such that
|2 el S &2 are:
For 0<T< Y2u/g

v & V&Y for -a/2< 2, 2

2 1l
v $VET, for 3,< 2% a/2
For ‘\/_2—a7§‘é T < 2V2a/g
v <VEY and 2.$z <af

o 2 2 o
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i
i
i
'

P—

Fig, 27, Pesk height, thermel z drift,
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L}

where A -+/e(a +225) , vy = -a/2T - 2,/T -aT/2,
, = 28/2T -z /t-aT/2, g=aB/m ,
L= eT2-a/2, 5, =e(T-V2a/g)?/2 - 2a/2 .

o
]

N
L}

For T 2 2vy/2a/g , no ions reach the collector. In terms of these
conditions ,k the percentage number of ions reaching the collector may

be Written

For 0<T<V2a/g

%1
d d
%= /—-Z—e /f(v)dv + / “o ff(v) dv TI-50

a/ v
%: ]dzo/a fo(v) dv II-51

where fo(v) is the Maxwellian distribution of zero mean,

= (1/y2r v,) exp(-v2/2v ) .

The solution of these integrals, though rather tedious in algebra, is

straightforward and gives
for 0 & T < yf2a/g
% = (;—is_) [(s -c/s) erf(s~c/s)~(c/s +s/8c) erf(2/s) - (c/s)exf(c/s)
2
. (S+C/S) erf(s +c/s) + ]/v—«[ ~(s-¢/s)? _ ,-(c/s) 1I-g2
- 2 (s + 2
&y e (2¢/s)2 | (s +c/s) ]]

while for f2a/g < T € 2«]2a/g
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=8
"

(%‘s)[(c/s -5 + s/8c) ér.f(2c/s -2¢) - (¢/s) erf(c/s)

+

5(1-1/6c) erf(2VT) + J/ﬁ“[ﬁ/211+s/ﬁ") gle/s-c)®  1gs
. |
- ef(c/s). + (s/2vc") ehc-ﬂ

where s = a/\fﬁ'T‘vh and ¢ = ga/hvi' + These results are shown
plotted in Fig,. 28 for various values of c¢ .

The conclusions from Fig. 27 are that, as was to be expectéd,
thermal z drift would éause the peak height to drop as the electric
field is decreased., Thus in an attempt to get higher resolution with
a smaller electric field, a point will be reached where not enough

‘ions reach the collector. This then will limit the resolution of the
device, but with only thermal (of zero or non=-zero mean) initial velo-
cities, the peak height drops proportionally to the RF for small RF so
the resoclution can always be extended by increasing the sensitivity of
the electrometer. On the other hand,‘if there is an external E, the
peak height drops more rapidly with RF (see Fig. 28) and for any'parti-
cular E, there exists a minimum RF below which no ions are collected.
In this latter case, nothing short of canceling the E, would allow
the resolution to be extended, This could be a very serious difficulty
if it were not for the fact that any stray E, could very easily be
canceled by applying an external voltage to the Z plates.

The electric field from the space charge is outward on both sides
of the cube of the Omegatron so can't be canceled by an average EZ 9
but from ﬁhe calculated size of that electric field (see section of

~ionization) it would not be a significant effect. And of course ordi-

nary trapping would offset it,
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Peak éhage. Under ideal conditions, without any z fields or
space charge effects, the peak shape is perfectly rectangular. All
ions of a given mass either travel far enough out to be collected or
they dé not, and the width of the peak, neglecting any jiggle motions,
has already been calculated in IT-13., If the 2z drift of the ions is
now included, the corners of the peak become slightly rounded. This
is because an ion reaching the collector when the frequency is slightly
off resonance requires a slightly longer time--in the rotating coordi-
nate system it travels the arc of a circle rather than a straight line--
and more of them drift out before being collected, Actually the maximum
transit time is a factor of w/2 greater than the resonant transit time
(circumference of a semi-circle compared to its diameter). This round-
ing has its worst effect when the RF is small (see Fig, 27) for then
the percentage number of ions collected at the peak edge compared to
the peak center is smallest, and is in fact just inversely proportional
to the transit time. This is indicated in Fig, 29 on an arbitrary
logarithmic scale of collected ion current, From Fig, 29 it is clear
that this effect is really a rather small one,

The jiggle motion which has so far been neglected, tends to spread
out the ion trajectories (in the rotating coordinate system, see TFigs 14)
into bands following the same average trajectory. From an exact solu-
tion of the rotating electric field case plus the effect of the counter
rotating field and any electric field fringing, the jiggle motion pro-
duces a bénd of finite width (quite small under normal conditions).
From the thermal initial velocities, the band is not exactly defined

because a few ions have g very high initial welocity and thus a large
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jiggle mofion. The majority of the ions however have initial wvelo-
Qities about equal to the root-mean-square thermal velocity Vo
and so the band has a sort of average width given by the correspond-
ing jiggle. This has been calculated before (see section on initial
velocities) and for typical conditions gives a jiggle width of about
0s03 cme The bands in the ion trajectories, of course, mean that the
peak shape is still more rounded and the sides of the peaks will be
sloping. It is hardly worth while to calculate an exact peak shape
for this condition, but an engineering guess as to the peak shape can
be made and is included in Fig. 29,

A uniform space charge simply changes the center freguency of
the peak, leaving the peak shape essentially as it was. A non-uniform
space charge, and in particular a line charge, causes the peaks to
become narrower, This can be seen in terms of Figs. 17-21, where the
frequency range of ions that travel out a certain distance is narrower
than that of the corresponding case of no space charge. The physical
explanation qf this is that the nonlinear forces fram the space charge
make the system behave somewhat like a narrow band filter., If the
frequency is off a small amount
from that which gets the ions farthest ’\ Ton current
out, the ion trajectory is strongly
confined, In addition to narrowing
the peak width, a non-uniform space
charge would make the peaks unsymmet-

Freq,
rical, This can be seen, for example, >

in Fig.- 21, where one must imagine Fig. 30, Ubsymme trical Peak.
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bands to account for the jiggle motion, replacing the lines in the
trajectories., As the frequency is increased from below that for
maximum excursion (6 = =3,5%), the collected ion currenf slowly in-
creases, while above the frequency of maximum excursion the collected
ion current decreases rapidly. Essentially this is because of the
sudden change in radial excursion for ions abowe and below the fre-
quency of largest excursion; that is, because of the unsymmetry in
ion trajectories.

The unsymmetrical peak shape was noticed by Sommer, Hipple and
Thomas in their work with the Omegatron (2), but unexplained, They
also showed that they had some positive ion space charge, so in view
of the latter the unsymmetrical peak shape can now be explained.

Peak frequency. Experimentally, one measures the frequency at

which maximum ion current is collected and calls this the peak fre-
quency. Several factors can make the measured frequency different
from the theoretical cyclotron resomance frequency, qB/m . As has
already been pointed ocut, a uniform positive space charge will simply
lower the peak frequency, and given the amount of space charge, the
change in frequency can be calculated through II-18 ., A non-uniform
space charge also lowers the frequency, but of course in a very non-
linear way. Given the space charge in size and distribution, the
frequency of maximum ccllected ion éurrent can be calculated as oute-
1lined in the section on nonlinearities.

The last factor which influences the peak frequency is the
fringing of the trapping field. For an ion spiraling in the center
plane of the Omegatron a positive trapping voltage producés a radizl

field and thus a radial force on the ion. The effect of this radial
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force is fhe same as an increase in the ion's mass (i.e., the same

as an increase in its centrifugal force), and this in turn is equi-
valent to a decrease in its cyclotron resonance frequency. In the
center plane of the Omegatrbn, the actual electric field from a posi-
tive trapping voltage is not quite radial because the Omegatron is a
cube rather then a cylinder, but its deviation is small and can be
neglected, This radial electric field varies almost linearly in
proportion to the radius--actually, from the section on electric
field fringing, its variation is more sinusoidal with radius than
anything else because the first term in the series is the most impor-
tant one, but the linear assumption is a pretty good one, The trapping
field fringing thus affects an lon in exactly the same way as a
uniform space charge, i.6., it leaves the ion trajectory unchanged
but lowers the apparent resonant frequency. The size of this effect
can easily be calculated in the same way as the uniform space charge
effect was; in a coordinate system rotating at half cyclotron fre-
quency the radial spring from the transformation plus the spring from
the trapping are combined and the resonance for this new system
determined, If the trapping voltage Vt produces an electric field
E, = 1.156 A /a at y=2=0, x=af2 , the apparent spring constant

is K% = 2th/é o Using this spring constant in II-7 leads to

® w2 K,
. .c 1/_2_._...: - 2
©, > *V 3 - 0, (1 Kﬂ&m% )

. II-5L
. wc(l “203 v‘t/aZch> s

]

where @, is the apparent resonant frequency. Thus one volt of trap-
ping on a mass 18 ion under typical conditions gives a frequency shift

of 1.2% .



CHAPTER III

EXPERIMENTAL RESULTS

Equipment. Much of the equipment associated with the operation
of the Omegatron is rather standard laboratory test gear and so
deserves only brief mention, but a few of the parts should be more
completely described, The DC voltages for the various plates in the
Onegatron were all obtained fram batteries as indicated in the block
diagram and potentiometers,

(1) Magnet. The magnet body was built by another experimenter

for a different purpose but was modified for the Omegatron., It is a

conventional type of electromagnet

which under normal conditions is

supplied by four six-volt bat-

Winding _
teries and draws 12 amps. Under RRSHREEE
these conditions it produces a Iron
magnetic field of about 3500 gauss RSSO

Fige 31.

in the gap. The pole tips are

cylindrical, of mild steel and 6" in diameter with a gap spacing of
1.5", Because of their large diameter and the small size of the
Omegatron proper, it is reasonable to neglect all fringing of the
magnetic field and assume B 1is constant over the area of the
Omegatron. Any inhomogeneities in the iron of the tips themselves
would be expected to drop off in a distance of the order of the size

of the inhomogeneity, and thus small flaws are not significant. There
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wWas no exéerimental,evidence to indicate any large flaws., For the
sake of completeness, a curve of gap flux density versus magnet
current is included in Appendix II,

(2) Vécuuﬁ system. The vacuum system was also mostly the result
of an earlier experimenter's work. The high vacuum is obtained from
two all-glass mercury diffusion pumps operated in cascade. The diffu-
sion pump nearest the fore pump has a convergent nozzle to give a
large pressure drop while the second pump has a divergent nozzle for
high pumping speed at low pressure. There is a liquid air trap in
the line and then a glass-to-copper seal leading to the spectrometer
proper. A standard ionization gauge (RCA 19L9) is attached between
the cold trap and the spectrometer.

There is a great advantage in using a mercury diffusion pump for
experimental work on a mass spectrometer, and that is because mercury
and its isotopes are well known and only mercury would contaminate the
vacuun. With an oil diffusion pump there is some cracking of the oll
in the pump from heating, and this gives a wide range of masses which
might be found as background.

& gas handling system has been built for the Omegatron, Essen-
tially it consists of a large flask into which the gas sample can be
admitted at reduced pressure (about 0,1 mm of Hg.). Connecting the
flask to the spectrometer proper is a capillary leak (a piece of
capillary tubing drawn down to an inside diameter of 0.15 m and of
length 25 mm) which allows the gas to leak in at as high a rate as
pogsible without spoiling the vacuum,.

(3) BF system. In block diagram form, the RF system has alrea
2
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been descrived (see Fig, 6). As indicated there, the output from a
standard TV sweep generator (RCA FM Sweep Generator, Model WR-53A) is
8 to 10.5 MC and this is swept over a maximum range of 0.8 MC , The
output from this oscillator is mixed in a standard mixer tuvbe circuit
with the output from a fixed frequency 10,5 MC oscillator. From the
mixer the signal is amplified in a conventional one-tube wide band RC
coupled amplifier, then passed through a split load phase inverter to
two céthode follower output tubes, The output from these tubes goes
directly to the RF plates of the OUmegatron, RF amplitude control is
obtained by wvarying the output from the FM sweep oscillator. The cen-
ter frequency of the RF is varied by tuning the M sweep oscillator.

The low sweep rate is actually obtained from the display oscillo-
.scope (2 DuMont 30LA) using external capacitors to slow down its regu-
lar sweep rate, Since the M sweep generator on "external sweep input”
requires a push-pull signal, the sweep voltage from the oscilloscope is
fed through a DC coupled phase inverter and a pair of cathode followers
to the FM sweep generator. A gain control in the phase inverter allows
the frequency range swept to be varied in width,

The circuits associated with the RF system are all quite standard
radio circuits. A circuit diagram for them is included in Appendix III,

(4) Electrometer. The electrometer circuit used with the Omegatron

is shown in block diagram form in R

big
Fige 32, The block labeled =-A is JVAAN
an amplifier of gain -4 with a
' I
very high input impedance, a c_i‘r : O +
=4 E
. . . o 2
detailed circuit for which may be ‘ -

found in Appendix IIT., By stand-

ard circuit analysis, Fig. 32, Electrometer.
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-A R, 1
B, = —I—= III-1
1+4
so that if a voltmeter is attached to the output it will read in pro-

portion to the input current, For the Omegatron, R, = 1011 oms, A
is about 5,000, and the maximum deflection sensitivity of the oscil-

loscope used to read E, is about 0.1 volts for full scale, so this
-12

would correspond to a current sensitivity of 10 amps. Higher
sensitivity can be obtained

R
with the circuit of Fig. 33, AN

where R, and R2 form a

voltage divider after E2 for -4 E R2

the feedback. The current sen- O '
sitivity is increased inversely

Fige 33. More sensitive circuit.
as the ratio of the voltage
division (assuming Rp> R or RZ) and a factor of 10 increase is

easily obtained,

Referring to Fig, 32, the input impedance is

177 Y III-2

which for a high gain amplifier is relatively small., This low input
impedance combined with an output voltage proportional to input current
makes an ideal ammeter, which is what is really wanted for the Omegatron.
In addition, the low input impedance means that any stray resistance to

ground'at_the input is less significant and any stray capacitance has
less effect. In fact, a capacitance C1 from the input to ground

makes equation ITI-1 look like
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E
— = - A %F III-3
%- 144 1+ 15

where T1.= RgC,/(L+4) , and thus the time constant of the circuit
is reduced by essentially the gain of the amplifier. The reduction
of the time constant is really the biggest advantage of this circuit.
Johnson noise in the feedback resistor is the limiting factor in
sensitivity. In the circuit of Fig. 32, such noise can be accounted
for by inserting a noise voltage source En in series with Rf s
where Eg = hkT RoAf , If the amplifier gain is very high, its
input voltage is substantially zero and the output noise is just
equal to the resistor noise. The root-mean-square noise in the out-
put then increases in proportion to the square root of the resistance,
while for a given current input the signal output increases direcily
as the resistance. Thus the signal to noise ratio increases in pro-
portion to the square root of the resistance, the larger resistance
the better. The limiting factor on the size of the resistance 4is when
shot noise from the grid current becomes appreciable, Since the grid

ey

shot noise current is Ig121 = 2e Iqu s Where Iq is the average

grid current, the total mean-square output noise is

2 _
E2n = (LKT + 2e Ig Rf) RfAf . _ III-}4
Therefore the two effects are equal when Rp = 2kT/eIg s which for
roam temperature gives Ri‘ = 0.0S/Ig « The electrometer input tube
is a Victoreen type 5800, which has an average grid current less than

10":LS amps. Thus Johnson noise and grid current noise are equal when

R=5x10 13 ohms; Above this value, increasing R does not improve
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the signal to noise ratio.

The input tube of course adds noise in the shot effect from
its plate current, but this contribution is negligible. Tube noise
may be treated by an equivalent voltage generator in series with the
input grid, and the size of this generator calculated from the noise
equivalent grid resistance for the tube. Since as far as noise is
concerned the input is open circuited, a noise generator in series
with the grid behaves just like the noise associated with the feed-
back resistance and so appears directly at the output. But since
the noise equivalent grid resistor for most tubes is of the order of
10K to 100K ohms, and might be as bad as an order of magnitude
greater for this particular input tube, it is still negligible com-
pared with the Johnson noise from the feedback resistore.

Of course in the circuit of Fig, 33 the signal to noise ratio is
unchanged by R1 and R2 s so their effect is simply to increase the
voltage level at the output. In normal operation at maximum sensiti-
vity, Rl and R

2
noise voltage at E, is 10V/LKIR.Af . With Ry = 10" ohms and

form a 10 to 1 voltage divider and so the RMS

at room temperature, this gives Lx10-laAf volts/ veps' . Maximum
signal under these conditions is 0.1 volt, so for a signal to noise
ratio of 100, Af would have to be 6 cps. Thus between the electro-
meter amplifier and the recording device, there must be a low pass
filter with a cut off about 6 cps., This means that the sweep frequency
used must be small campared to 6 ¢ps in order to have good detail in
the oscilloscope pattern. The actual sweep frequency has been set zt

1/5 ecps.
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The only other parasitic element which might be significant would

be a distributed capacitance |Ff
' H
across the feedback resistor. ANA
4nd analysis of the circuit in I, Re
; 1
Fig.34 shows o ot
Cl._L__-. Rl% =A E2
o |
Fige 34. Parasitic elements.
E R -1
2 -4 £ Cy
—_— = 14 o) + —— N ITI-5
I, 1+A Re &( (1+A)Rl) (Cot T37) Bes 5

Thus C, is significant only if large compared to C;/(1+4A) + One
would expect Cg to be of the order of 0,1 uuf, being only the distri-
buted capacity between the ends of the 10 ohm feedback resistor, so

Tff = Cf RT = 10-2 secs, and should cause no trouble.

Experimental results. For the main part, the experimental results

agree with the theory as developed. Some spurious effects were noticed
and exact reproducibility was not always obtainable, Generally this is
explained by noting that the voltages involved in the Omegatron are all
relatively small, of the order of one volt, while a small charge accu-
nulation on the stainless steel plates if slightly dirty, could produce
equivalent fields., Considerable effort was expended in an attempt to
clean the conducting surfaces in the Omegatron, but such cleaning
usually had‘a rather short life when it had any effect at all. Because

of the nature of the system--soft solder connections and "O" ring seals--

it was not possible to bake out the whole spectrometer in order to clean
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fhe surfaces, Charging of slightly dirty metal plates is a common
difficulty in mass spectrbmeters, and there is some evidence to in-
dicéte that such charging is more severe when the ions arrive at the
metal surface nearly tangent, as many do in the Omegatron.

Peak Height. Most of the initial experimental results were ob-
tained in terms of peak height because this is very easy to measure
in the experimental setup. The mass 18 peak was generally used be-
cause it was prominent and appeared quite reliable., Fig, 35 is quite
typical and shows peak height on a logarithmic scale (log Ic s where
Ic is the collected ion current) plotted as a function of RF for
various trapping voltages. Several things are clear from the figure:

(a) Peak height drops much more rapidly than linearly with RF
for small RF voltages., This strongly suggests space charge difficul-
ties. A DC z-directed field could also explain this difficulty, but
an applied field did not correct it so it is ruled out,

() With no trapping, the minimum RF for a useful peak is so high
that resolution is not wvery good.

(e) Trapping generally increases the size of the peak, but even
at best there is a minimum RF for reasonable peaks., And for this to
be a very low value of RF, a great deal of trapping is required.

(d) Some anomalous behavior occurs with high trapping. This is
called peak splitting and will be discussed later,

Similar results have been found for hydrogen (mass 2), carbon
monoxide (mass 28), oxygen (mass 32) and carbon dioxide (mass LlL).

Peak Width. Generally, width of the peaks agrees pretty well

with calculated values. The shape of the peaks was more rounded than

the simple theory would predict, but the differences were estimated
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to be reasonable in terms of including the effect of the various
jiggle motions. Fig. 36 shows the mass 16, 17, 18 and 19 peaks run

U amps/div), Using equa-

| at RF = 3 volts.(sensitivity here is 10”
tion II-13 for the theoretical pesk width, one gets lAuw, = 0.05 .
' This agrees qualitatively with the figure, the actual peaks being
- a little sharper, Resolution can be increased by lowering the RF ,
but in order to maintain peak size it is then necessary to use trap-
ping; Fig, 37 shows mass 17, 18, and 19 at RF = 0,1 with a trapping
of 0,35 volts, Resolution is clearly improved considerasbly, in fact
more than is shown in the figure, The low pass filter suppressing
the Johnson noise in the electrometer has widened the peaks somewhat,
This can be seen in Fig, 38 where the horizontal scale has been expanded
by a factor of four to show just the mass 18 peak, The triple peak
appearing here is probably a form of peak splitting (discussed later)
because a small amount of walking (0,05 volts) clears it up completely
and leaves a very nice shaped mass 18 peak as shown in Fig, 39,

Another example of the high resolution obtainable with high trap-
ping is shown in Fig, 40, where the mass 17 and 18 peaks are shown for
RF = 0,4, trapping = 0,8 and walking = 0,3 volts, The small wiggles
between the peaks are not real but just a momentary surge of noise,
The non-symmetrical peak is also unreal, being caused by the low pass
filter in the electrometer, This is demonstrated in Fig. 41 where the
horizontal scale has been expanded by a factor of five to show the
mass 18 peak itself in detail,

It is interesting to néte that quite high resolution can be ob-

tained even with the experimental Omegatron. It was possible to
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Ty

Fig. 37.

Fig. 36.

Fig. 39.

Fig, 38.
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separate 016 and methane, CH, , into two separate peaks by prapérly
adjusting the Omegatron, Since the two masses differ by one part in
450, the resolution was estimated at something like one part in 1500.
This high resolution could not be maintained at the higher masses,
and even at mass 32 the resolution had dropped below one part in 500,
Fig. 42 shous peak width versus RF for several different masses.
The significant point here is that although there is considerable
scétter in the points the width is frequently narrower than the
simple theory would predict. The only explanation of this seems to
be in terms of space charge, which has been shown to have a éharpen-

ing effect on peaks,

Peak Frequency. Fig. /3 shows a typical plot of peak ﬁnaﬁmmcy
as a function of trappingﬁ For small values of trapping there ig
pronounced anomalous behavior and peak splitting, but above 0.4 volts
trapéing»thevbehavior is quite uniform. The slope of the trappihg
versus freqﬁency curve is just about twice the value that could be

explained in terms of the trapping field fringing alone; presumably
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the rest.is due to space charge effects.
The ffequency of thebpeak is also affected by the RF and the
eleétron beam current; but because of the difficulty in measuring
the frequéncy;.curves showing ﬁhese effects were not taken,

Electron current. If space charge really is the important dif-

fiéulty, and since it comes from ions which are produced by the
electron beam, the electron current ought to be qﬁite significant.
And ihis was indeed réund to be the case, Without trapping, an
electron current of the order of 0,05 pamps was found to give maxi-
mum peak size, Above this current the peaks drop off in size,
presumably from space charge effects, while below they again drop,
Eut now from lack of ion production. This value of/electron current
andAthe collected ion current are roughly of the right order to be
consistent with the known ion production of an electron beam, It is
rather difficult to really pin this value down since nothing is known
about the actual partial pressure for the water vapor in the back-
ground gas. With trapping, peak height was somewhat less depeﬁdent
on electron current but still affected by it. This doesn't quite
agree with the theory, but then the total space charge would un-
doubtedly be very sensitive to ény walking voltages or any stray

walking fields,

Mass 19 peak. One of the strongest pieces of evidence showing

that there is a considerable amount of space charge in the Omegatron
is the presence of the mass 19 peak, Normally, one would expect mass
18 (H20+); mass 17 (HO) and mass 16 (0*) . Fluorine has mass 19 and
an isotope of argon has mass 38 (which might be double ionized) but

both of these are extremely rare in the atmosphere and not generally
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- found in the background of a mass spectrometer. The only reasonable

explanation of a 19 peak is that it is H.0* ., This could be formed

3
-in a great variety of ways--e.ge, ionization of an H30 molecule
formed in the collision of an T T . |
7H20+ and an H™ or just the> . »
collision of an HO* with an [ ‘: 1
H, --and all the ways of form- E
ing HBO require a collision of T T h :T_

two or more molecules or ions,

Normally in gaseous conduction s

the ions move without appre- : SRR S em——

ciable collisions, but in the - e

BE REREE

|

|5

T

Omegatron, especially with a

|
small trapping applied, there S THY 1 !

Tar

is reason to suspect that it is ‘ ' : .
Fig, Lli. Mass 19 Peak.
difficult for the non-resonant

ions to get out. In fact it appears that ions may slosh around in the
space between the two end plates quite a while and that there may be a
large concentration of these ions. Such a suggestion is strongly
brought out in Fig. bli, where the upper trace shows normal mass 16, 17,
18 and 19 peaks with no trapping while the lower trace shows the same
péaks with trapping (actual vaiues, upper: BF = 3,5 volis, no trapping;
~ lower: RF = 1,6, trapping = O.L; sensitivity 10"1)" amps/div), One
wculd eXpec_t trapping to keep more ions around longer and thus make
more H30+ , and Fig. Ll shows a relatively larger 19 peak for the case
with trapping.
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. Thé_’applicatipn. of a walking voltage, either plus or minus,
generally reduced 19 more than 18, OF course, with sufficiemt walk~
‘ing all peaks were wiped out., Walking the ions away from the collector
at a .low enough rate so that a resonant 18 bion could s’ti,),i reach the
collector apparently does not clear away the space charge fast enough;
for the 19, while smaller, still persists. ' - _

An attempt was made to superimpose a fixed i‘requency RF field on
the normal operation to remove a particular ion. It was hoped in
this way to find which ions contributed to trhe xfzass 19 peaks The
results were not too successful because of kexpe-rhnental difficulties,
but it appeared that removing the mass 18 ions had the greate‘st. effect
on the 19 peak, |

Anomalous behavior. Peak splitting

is the most striking anomaly observed,

Fige 45 is a typical example of this -

characteristic, The upper trace shows

a normal behavior for the mass 16, 17, . — R

18, and 19 peaks at RF = 3,5 volts

(sensitivity 5x 10-1k amps/div). The T RERES

lower trace shows the effect of 0.7

volts trapping with 2 volts of RF and

PN

no walking voltage, the peaks have all

shifted to the right (lower frequency)

3

and all appear to have a doublet

characfer._ No exact theoretical des-

cription of the cause of peak splitting — R

has been found. Though it occurs under Fige U5. Peak Splitting,
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a varietj of conditions, it always requires a fairly high trapping
voltage and this strongly suggests that its primary cause is space
charge. Generally a small amount of walking voltage eliminates any
splitting. Oné can imagine several causes for splitting involving
the actual detalled trajectory of an ion in going to the .collector.
Or Iit may be that when many ions are removed from the space charge
near resonance, the change is significant enough to strongly affect
their trajectories, In any event it seems pretty clear that split-
ting and space charge are rather intimately connected.

In the operation of the Omegatron, some difficulty was observed
in getting completely reproducible results. Generally, results could
be duplicated within 10 to 50%, depending on the quantity being mea-
sured, In addition, there were indications that several sweeps were
required for a particular pattern to settle down on the oscilloscope,
These effects can probably be explained in terms of surf#ces charging
up slightly, of variations in the actual composition of the backgroun&
gas, and of deviations in the operating cm ditions, potentials, etc.
Presumably the actual space charge and its distribution is quite sen-
sitive to any stray potentials., None of these variations were suffi-
cient to affect the general shape of the curves presented here or to
change appreciably any of the conclusions drawn,

Some effect on peak size was observed when an external z field
was applied. Slightly larger peaks were obtained with a z potential
of about 0,1 volts in a particula:; direction. The effects were small
enough to be of no great concern. Probably they can be explained in
terms of field fringing around the exit hole for the electron beam
from thé slightly higher potential of the electron beam collector.



CHAPTER IV -
CONCLUSIONS

In view of the theoretical and experimentasl work that has been
described, the following conclusions can be drawn,

-(a) An Omegatron built according to the standard procedures can
be made an operating mass spectrometer, It will have several undesir-
able characteristics - requiring unusual voltages for good peaks,
poorer resolution than expected, ete,

(b) In order to keep ions in the measuring region for a sufficient
time, a trapping voltage must be applied. With trapping a positive
space charge is gusranteed to build up, The space charge builds up
to & value large enough to strongly influence thé ion trajectories,
peak frequency, width and height, and these effects are detrimental to
good operation of the Omegatron, A small amount of walking voitage
does indeed help to reduce the space charge effects, but it is not
possible to apply enough walking to remove the space charge completely
without at the same time eliminating the resonant ions themselves,

(¢) Operation of the Omegatron without any trapping is possible,
but high resolution cannot be obtained in this condition, The ceuse
of this difficulty is a combination of effects from stray electric
fields which both remove the resonant ions and make the space charge
larger then one would normally expect. Again a walking field is not
sufficient to overcome the difficulties,

These conclusions can effectively be summarized by saying that in
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the Omegetron ilong travel under the influence of very small electric
fields anﬂ so it isldifficult to keep them in a simple trajectory,
Any small stray electric field or any small space charge forces can
easily distort ion trajectories and spoil the operation,

As & result of these conclusions, it appears that the Omegatron
as it stands will not make a good general purpose spectrometer, It
should be very satisfactory though as a Helium leak detector where
resoiution and accuracy are not so important, Its simplicity and lack
of critical slits to define a’beam speak very strongly for it, parti-
cularly in this application,

Future work, Several ideas have suggested themselves toward
eliminating some of the defecta of the Omegatron, Basically, of course,
one would like to get rid of the space charge completely, and oné of
the suggestions sounds as 1f it would do that, It might also be possible
to work with the present system if some of the effects of the space
charge could be reduced, Possible future work could be:

() RF detection, A4s a detector, an electrometer amplifier is a
rather awkward device, It suffers from all the standard difficulties
of DC amplifiers, such as drift and jumping, plus additional problems
from the very high input resistance. An intriguing substitute for the
electrometer, with the additionél advantage that it might yield sonme
information on the behavior of the ions near the origin, is an RF pick-
up, This could, for example, be simply the Y plates in the present
Omegatron, An ion traveling an almost circular path would induce an
oscillating chafge on the Y plates and this could be detected with an
RF amplifier, Sinée the driving RF signal ié push-pull, to first order

it induces no voltage in the Y plates, and any small lack of symmetry
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could be balanced out with an external balancing system, This typs of

detection is exactly the system used with nuclear resonance probes and
‘seems to work very well there._

Considering a resonant ion traveling a circle of radius r , its
¥y coordinate is y = r cos wt , Such an ion induces an alternating
charge on one of the Y plateé of magnitude Bp = (qr/a)cos wt s Where
g is the ion's charge and & is the plate spacing, and so the apparent
RMS current flow between plates is I, = aqr/aV2 . For & string of
charges spireling out with sverage radial velocity E/B and a total

ion current I, , the integrated effect of all the I.'s is

i 1
I= Ii(mBa/Bfﬁh). For mass 18 under the typical operating conditions,
I=14 Ii s So the RMS RF current is about fifteen times the ion cur-
rent,
In its simplest form, the RF amplifier input would be a tuned cir-
cuit connected between the Y plates, The mean square noise from the

losses in the eircuit is readily obtained by noting that the energy

stored in the capacitor is CVZ/? and by equipartition of thermel

energy, the mean square energy must be X2, Thus Vn? = kI/¢ . The

signal voltage developed across a tank resonant to w by & current I

would be VS = IR = IQ/aC . Thus the signal to noise voltage ratio is

For I=10"%

amperes at room temperature with mass 18 under typical
conditions and with C = 20 puf , Q = 100 , this gives S/N = 0.19,
This is clearly too small to be useful eand in order to get anywhere at

all the input would have to be a crystal, This would restrict operation
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to a fixed frequency and so would require sweeping the magnetic field,
Sweeping the magnetic field is desirable in many ways, but with the
particular arrangement that was used in the experimental Omegatron, it
could not be conveniently done snd so this idea was not tried at all,

A feedback circuit arranged to increase the § of an ordinary
tank circuit might be considered in place of the crystal, but generally
feedback does not improve the signal to noise ratio and if that rule
applies here feedback would not help at all,

(2) Pulsed z field, One possibility for removing the space charge
is to apply a pulsed z directed electric field, Short duration pulses
could be used, and their repetition time made as long as possible, By
uging a2 large impulse for Ez , the ions can be given a very high
velocity and all space cherge cleared out in a negligible time, But
during the time new ione are spiraling out to the collector, more space
charge is forming, Typically, space charge is formed at a rate of

12

about 10~ amperes and a resonant ion takes about 66 1 sec to

reach the collector., In this time a charge 66 x 107

15

coulombs builds
up; or a line charge of 2,6 x 107~ coul/m , This line charge is
roughly 103 smaller than the amount necessary to significantly affect
ion trajectories, Setting the repetition rate for the impulses to give
a period roughly ten times the transit time of en ion would mean e
collected ion current loss of about 10% over the maximum possible,
which could be easily tolerated, In this time the line charge would
build up to 2.6 x 10~ coul/m , still tolerable, Thus this method
should work for the conditions quoted, but these are rather low resolu-

tion conditions, With high resolution the transit time becomes longer,

the impulse repetifion rate must be slowed down, and the space charge
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becomes larger, A factor of 100 increasse in resolution would increase
space charge by aboﬁt the same amount, and this amount would be defi-
nitely significant, The conclusion is that while this method would
help some, it would probably not be a cure all,

4 brief effort was made to try this procedure out, but no success
was obtained, The difficulty is in keeping the impulses out of the
electrometer cireuit where they block the input, Basically this is a
simpie circuit balancing problem but with large impulses it becomes
guite sensitive,

(3) Dipole RF field, An extremely promising idea, the invention
of Professor R,V, Langmuir, is to replace the uniform RF electric field '
with that of a dipole--a peir of wires parallel and close to the elec-
tron beam, The advantage of such a field is that it causes the reso-
nant ions to spiral strongly at the beginning where the field is strong
and so get away from the center area, and then to get their resolution
further out where the field is weaker, Because the dipole field drops
off so strongly with radius, it may be advantageous to superiméose a
uniform RF electric field and so guarantee that ions continue to spiral
outward, In such a case, the dipole field would really serve as an
injector to a regular Omegatron, The presence of a DC grounded wire
in the center would give a place for the non-resonant ions to go, and
most of them would strike the wire very soon if it was reascnably large.
The DC grounded wire would also fix the potential at the center and
thus any space charge that did exist would have very little influence
away from the center,

To avoid the éffects of trapping field fringing on the resonant

frequency, the use of alternating gradient (hard) focusing is suggested.
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This is essentially using an AC potential on the trapping electrodes
rather than DC, and.a detailed analysis of such a potential lsads to
the conclusion that the net effect is indeed a trapping effect,
Because the average fringing field from the trapping is zero, it is
hoped that the ion resonant frequency would not be affected by it,
but a more detailed analysis would be necessary to prove this,

No experiments have been made with the dipole RF field, but the
hard foeusing has been tried and shown to work successfully in the
present Omegatron, As it stands it has no real advantage for the pre-
sent Omegatron because it traps a large range of masses and so still
leaves space charge,

(4) Selective trapping, A system which would trap only the reso-
nant mass and untrap the remaining ones--essentially a spectrometer in
a spectrometer--would clear up the space charge trouBles. For example,
such a system might be made with a DC untrapping voltage plus an AC
hard focusing voltage., The combination of these two could be made
trapping for a small range of masses only, This idea has not been
tried at all,

Many other possibilities still exist for improving the operation
of the Omegatron, and, of course, it must be remembered that it is a

pretty good spectrometer as it stands,



APPENDIX I

The vectorial equation of motion for a mass-charge particle in a

megnetic and electric field is
F=ma=q(vxB + E). AT-1

Consider beferring the motion tow=m coordinste system rotating about a

fixed point with vector angular velocity Eg . The total acceleration
and velocity can be written in terms of the acceleration and velocity
relative to the rotating coordinate system plus the coordinate systems

angular velocity, This leads to

o T RxV +ox (wsxr) AT-2

w |

a8 =

it
<1

r + KTy Al-3

and v
where the subseript r refers to relative motion, In AI-2, the second
term on the right is the Coriolis acceleration, while the third term is

the centripetal acceleration, Using AI-2 and AI-3 in AI-1l gives
m(ar + 2w xv  + m%x(a%xr)) = q(vpr + (mhxr)xB +E) ., AI-4
This can be rewritten as

m2r=q[vx(B+2-m)+ wxr)x(B+ams)+E] . ALS

There are now three cases of interest; (a) Z% = -(q/@m)ﬁ for which the
first térm on the right of AI-5 disappears, (b) m = w , where » is
the vector electric field frequency, which makes the electric field
statioﬁary in the rotating coordinate system, and (c) E% = (q/m)B for

which the second term on the right diseppears,
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(a) c_os = -(q/2m)B . 1In this case, AI-5 becomes
m‘sr =q [-(qﬂ,,m) (Bxr)xB + E] . AT-6

In the particular case that T 1is confined to the plane perpendicular
to B and Z;S (as it is in the actual Omegatron problem), this be-

comes

ma

o= o[- v E |

-m(qB/2m)2 T o+ qﬁ

-m o;i /4 + qE AT

where W, = gB/m ., In these equations, the scalar B is simply the

megnitude of the vector B .
(b) ES =w® ., In this case, AI-5 is unchanged except for replacing

Wy by ® , thus

- > «(B n-- Y (B 4+ B %
ma = q(vrx(B +2 a w) + (axr)x(B + a w) + E] . | AI-8

If the electric field rotates in the plans perpendicular to the magnetic
field, then @ and B are parallel, There is still & plus or minus
sign to be specified depending on whether they point in the same or

opposite directionsg, but this cean be teken care of by defining

m=-(y8) 3 , AT-9

where B is still the magnitude of B and so is always positive, The
scalar « has & magnitude equal to the magnitude of the vector » and
a sign which depends on the relative direction of ® and B (plus if
they are opposite), The sign convention here is chosen to make ®

normally a positive number., Using AI-9, AI-8 becomes
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ma =g [(1“' 20/0,) V3B = (1 - ayiw,) (/B) (Bxr)xB + E] AI-10

If T is again restricted to the plane perpendicular to B amd o N

this can be written as

iy = 0 (- 2/6,)5 55 + E] - a1 - v w7

q [(1 - 2u/mc)$rx§ + E:‘ - m(w, - w) T . AT-11
If 'B'l =B(1 - 2a/t0,) and K = mo(w, - ®) , this cen be reduced to

+E) -k . AT-12

ma_ = q(-v.xB + E) . AI-13

In case (c¢) it is clear that if the electric field is zero, a
particle can be stationary in the rotating coordinate system and satisfy
AT-13. 1In the fixed coordinate system its motion is circular, with
vector angular frequency -QE/h (called the eyclotron resonance fre-
quency). Vectorially then the eyelotron resonance frequency is
EE s -qB/m .

Referring to Fig., 9 (page 17) in the body of this report, the
angular frequency ®» and the direction of B are defined consistently
with AI-9, and furthermore .Eg is defined opposite in direction to B .
In view of this, the three cases considered here can be described as
(a) w, = cnc/Z , (b) @, = and (e) w, = @, 5 which is the way they are
listed in the text, Equation AI-7 then becomes II-7, AI.12 becomes II-8,

and AI<13 becomes II-10,
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APPENDIX II

This eppendix contains a curve showing the air gap flux density
as a function of the coil current for the electromagnet that was used,
This curve is Fig, 46 on the next pege. It is included here for the
convenience of anyone who might want to use this experimental setup

again in the future,
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APPENDIX III

This appendix contains detailed circuit disgrams for the RF mart
of the system and for the electrometer amplifier, The equipment described
was built specifically for operation with the experimental Omegatron.
Fig. 47 shows the circuit for the 10,5 MC fixed frequency oscillator,
while Fig, 48 shows the mixer-amplifier used to produce the low fre-
quency sweep signal, Fig., 49 shows the circuit diagram for the

electrometer amplifier,
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