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is the mean kinetic energ~~of ions entering the\analyzer. The device is
designed to operate with Ek’ greater than or equa’t~to 15 e.V, thus giving

• an opt imum K.E. bandwidth for transmitted ions of AE~—~!O.05 e.V. First—
order aberrations, and the effects of fringing ~ fields in the vicinity of• the defining apertures, have been taken into accoun t quantitatively in the
analyzer design.

One of the most important applications of the analyzer will be the
measurements of KS . spectra of energetic ions produced in 25—5000 e.V.• collisions. For high resolution measurements (at E ~5 e.V., giving~~~~~~~~ e.V.), it is thus necessary to retard the ~~st ions leaving thecollision region by a factor varying from about 5:1 to 1000:1. A
relatively simple cylindrically—cymeetric electrostatic lens system has
been designed for this purpose. The rather extensive calculations
necessary for this design were carried out by means of a computer
program, based~..on parazial ray electron—ion optics.
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CHAPTER I

INTRODUCTION

Several types of elect rostatic charged-particle kinetic energy

analyzers have been described in the literature. The parallel-ptate

analyzer was ?irst described by Yarnold and Bolton) A further analysis

of this device was given by Harrower,2 who derived some of the basic

equations. Eland and Danby3 have used such an analyzer with a resolution

of 25 meV . In 1929, Hughes and McMillen4 built a cylindrical analyzer

and showed that it could be used as an energy analyzer. Marme t and

Kerwin5 improved it by adding secondary electron suppression grids and
used it as an energy selector, to give beams of nearly monoenergetic

electrons. Rudd6 derived an expression for its transmission curve , and

Kuyatt and Rudd 7 proved that it could be used for measurement of absolute

cross sections. Purcell8 following a suggestion of Aston9 introduced an
• analyzer with focusing In two dimensions In the form of the spherical

capacitor; he also gave an analysis of the charged particle orbits,

includi ng relativistic effects. Hafner, Simpson, and Kuyatt10 developed
the theory further In their comparison of the spherical analyzer with the

cylindrical type. Paolini and Theodoridis~ obtained the transmission

functions for a specific ana1yzer operated under conditions similar to

those uced in satellite work.

These devices have the conmion feature that ions (or electrons)

traveling in a well-defined beam, but having  d i f ferent kinetic energies ,

are Incident on an electrostatic field. Ions of different kinetic

1
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energies then pass through the analyzing field along different paths ,

according to the laws of mechanics. The usual experimental arrangement

is adjust either the kinetic energy of the ions entering the analyzer,

or the magnitude of the analyzing t field , so that only those ions having

energies which lie in the range E0iAE0 are transmitted through the dev ice
and detected. The various types of analyzers differ from one another in

the shapes of their analyzing electrostatic fields , and of the electrodes
used to establish these fields.

Electrostat v~ lyzers are used in a nunter of research areas,
among these being: photo-electron spect~ scopy, electron impact spectro-

scopy, mass spectrometry, and studies of atomic collision phenomena. The

mean kinetic energies of transmitted ions vary from E0~l eV or less to
E0~lO4 eV or higher.

The electrostatic analyzer which is the main subject of this

thesis Is of the spherical condenser type, In which the analyzing E field

Is established by a potential difference placed between concentric metal

hemispheres. Its principal use will be in ion-atom or ion-molecule

c3llision experiments, to be carried out over the primary ion kinetic

energy range 100 eVcE1<5000 eV. The collision processes of most Interest

• in this work are direct electronic (or vibronic) excitation: A4+B= (A’)*

+ B~*. The spherical analyzer will be used to measure the kineti c energy

spectrt of the product A+ ions, as a function of scattering angle 0

(measured with respect to the Incident A’ ion direction) as well as of
collision energy E1. Such information, when used in conjunction with

- 4 - energy-mementum conservation, provides identification of the Internal

states of the product species. If the experiments can be done with

• • 
enough precision, they will also yield differential cross-sections

• 

.UIUpI~
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a(O ,E1) for each of the various excitation channels. The latter would

constitute a formidable body of information concerning the detailed

nature of processes which occur in a given collision system , and would

be of considerable theoretical importance . The success of exper iments

such as these Is strongly dependent on the perfo rmance of the analyzer

used , and in particular on Its energy resolution. Of the available types

of analyzer , the spherical condenser was chosen for this work since It

• not only gives adequate resolution, but possesses superior focusing

properties.

A schematic cross-sectional view of the analyzer which was designed

and constructed Is shown in Figure 1. Its optimum energy resolution is

~E0~±O.Q5 eV , which should enab le the device to distinguish between
• reaction channels which differ in Internal energy by as littl e as one

vibrational quantum. This high energy resolution is achieved in a

fairly compact device by adjusting the kinetic energy of product ions
* enteri ng the analyzer to the low value of E0~5 eV. Since the product

ions leave their collision sites wi th energies in the range 100-5000 eV

(dependi ng on the collision energy), the product ions must be retarded

in their passage from collision region to the analyzer by a large , and

vari able , factor, and then focused on the entrance aperture of the

analyzer. A cylindrical electrostatic lens system which accomplishes

this has been designed.

The theory of operation of the analyzer, the deta i ls of i ts
fabr ication, and the underlying theory and numerical calculations used

in the design of the retardation lens system are given In subsequent

sections of this thesis.
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CHAPTER II

DESIGN AND CONSTRUCTION OF
THE SPHERICAL ANALY ZER

1. Energy Dispersing Element

The most important element of any kinetic energy analyzer is the
energy dispers ing element. The choice in this work of the 1800 spherical
electrostatic analyzer was based on its property of focusing in two
directions. This provides high transmission , and is well adapted to
the use of relatively simple axially symmetric ion lenses for beam
transport and focusing before and after the analyzer. In this device,

a h r 2 electrostatic field Is ,~roduced by a difference of potential
between two concentric hemispherical surfaces , of inner and outer radii
R1 and R2. 

- 

Such an analyzer is shown schematically In Figure 1. The

ions (or electrons) enter the analyzer through a small circular aperture,t • -

located near the center of the space between the spheres, and leave
(through another aperture) after being deflected by 1800 . If E0 qV0
is the energy in  electron volts of ions which travel through the analyzer

on a circular path of radius R0, then the potential difference V between

the hemispheres Is given by:

V V0 (CR2/Ri) - (Ri/R2)] (2.1)
The potential of the Inner hemisphere, and the potential of the outer

hemisphere, V1, and V2, are given by:13

V1 • V0 (3 - 2 (R0/R1)] (2.2)
V2 V0 (3 - 2 (10/R2)) (2.3)

6
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The analyzer is required to transmit a beam of ions which is diverging

in two directions at the entrance aperture. The direction of a given ion
• trajectory (or “ray ”) at the entrance aperture is specified by the angles

a and 8. a is the angle between the projection of this ray on the plane

of the analyzer (i.e., the plane shown In the cross-sectional view of

• Figure 1) and the central ray. 8 (not shown In Figure 1) is the angle

between the direction of the central ray, and the projection of the ray

of interest on a plane which is normal to the plane of the analyzer , and

tangent to the cent~-l ray at the entrance aperture . The limiting values
• - of these angles are ± and 

~ ø~ . An t~ equation giving the image

position in an actual analyzer, the terms containing -these angles are
• 

• • 
• called aberration terms. The spherical analyzer provides perfect focusing

4 S •
• • 

-
~~ with respect to the angle 8, due to its spherical syninetry.8

Let X 1 be the radial distance measured from the path of radius R0 
•

• of an Incident Ion with energy E, and let a be the angle this incident

• 
Ion makes with the path of radius R0. Let X2 be the radial distance of

- 

• 

• • the outgoi ng ion measured from the path of radius R0 after a deflection

- 

•
~ - “f 180°. Then (as is derived in Appendix A)

(X2/R~j ) + (X1/R~) = 2(~E/Eo) - 2a2 (2 4)
- 

where ~E = E-E0. The absence In equatIon (2.4) of. a term linear in a
- 

shows that the spherical analyzer has first order angle (or direction)

focusing. The values of X1 and X2 are limi ted by the sizes of the
entrance and exit apertures respectively. The resolution of the analyzer

is defined as the maximum value of AE/E0 given by equation (2.4), (àE/Eo)maxs
- 

S For entrance and exit apertures of equal diameters W, It follows that:
• (hE/Eo)mex (w/2R.~) + (2.5)

This equation is basic for the design of the spherical analyzer. However,

1: ~~~~~~~~~~~~~ - -- --
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p ~ it is no lon ger valid if the distance between the hemispherical electrodes,

• t~R, is not sufficiently small in comparison with the mean radius R0. In

• 
- 

such cases the second-order aberrations ’2 become important, and must be

taken into consideration.

2. Choice of Acceptance Angle

The transmission function of the spherical analyzer, T(E ;V0) Is
defined as the fraction of those ions (or electrons) incident on the

entrance aperture which are transmitted by the analyzer, at a given

setting of the analyzer voltage V0. For a given V0, the shape of T versus

E depends on the current distribution of ions in the incident beam, the
maximum size of the aberration term in equation (2.5), and finally on

the sizes of the entrance and exit defining apertures.11 In the• present
• - design a uniform distribution of the current of ions over the entrance

aperture, and entrance and exit apertures with equal diameters, have

been assumed. The T(E;V0) versus E profile :depeflds considerably on the

magnitude of a,~. This - aberration term produces an asyninetric tailing

of the T(E,V0) versus E curve, on the htgh-E side.

Kuyatt and Simpson13 found that this effect becomes small if cz~ <

(W/2R0)
1’2. However, a correction of the transmission function profile

by decreasing 
~ 

to arbitrarily small values is not an adequate solution,

because of the intensity loss which accompanies it. In the present

design , am was chosen to be

• (w,4R0)L’2 (2.6)

then when equation (2.6) is substituted into equation (2.5),witPi a mean

radius for the spheres of 1.500 inches , a kinetic energy resolution of

1/100 requires an aperture width of W • 0.020 inches. The acceptance

_________________
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angle becomes a,,~’3.l3°. To provide a collimated beam of ions with the
desired maximum spread in angle (±a,,~), a circular aperture can be placed
at a suitable distance from the defining entrance aperture. In the

- 
present design, this collimating aperture has a diameter of 0.089 inches

and is separated from the entrance aperture by 1.000 inches..

3. Determination of the Gap Between the Electrodes

To determine the gap between the electrodes ~R of the spherical

analyzer, one has to consider the trajectories of the ions within the

analyzer. In a central foi~~. 
0
~~ld (such as that formed between the two

hemispherical electrodes of the spherical analyzer), a charged particle
• 

• (ion or electron) describes an elliptical trajectory, with an eccentricity11

* 
which depends on the energy of the particle E. The trajectory of an

- ion with energy E has been obtained in terms of its point of Incidence

• 

- 

and its angle a relative to the central ray of the spherical analyzer12.

- 
I 

- The maximum separation from the central ray, Wma,c (Figure 1), of an ion

• entering into the analyzer midway between the electrodes and having the
- 

• - 

- 

macimum allowed spreads in angle and energy (cv’a41, t~E/E0 = (
~E/Eo)max) ,

is given by13 
S 

-

(%
~iex/Ro) (ttE/Eo)max + (~ + (W/2R~ + (AE/Eo)max)2]

h/’ 2 
(2.7)

j The gap between the hemispherical electrodes was chosen to be ~R • 2 W,~~.
In the present spherIcal analyzer !~R • 0.200 inches. The radii of the

Inner and outer hemispheres, R1 and R2, are thus determined by the two
S equations:

CR1 + R2)/2 R0 (2.8)

(R2 - R1) • (2.9)

These give Ri • 1.400 inches for the radius of the inner hemisphere and
R2 • 1.600 Inches for the radius of the outer.

- -
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4. Fring ing Field Corrections

The fringing t-field outside of the gap between the hemispheres has

so far been ignored, and calculations have been performed assuming that

the trajectories of the ions are those which would prevail in completely

rotationally syninetric electrostatic fields. The fringing field has

the effect of increasing the angle 4~ through which the ions are deflected,

so that a hemispherical analyzer (Oe i8O°) gi-ves an actual deflectIon

angle •~ which is somewhat greater than 180°. An estimate of the required

correction was made by using the correction factor for a parallel plate

condenser)4 WoilnIk and Ewald’5 have shown that, if the electrodes and

the plane containing the entrance and exit apertures of the spherical

analyzer are placed as in Figure 2, the calculations performed for a

parallel plate analyzer are also good approximations for spherical (or

other toroidal) analyzers. With an arrangement such as that shown in

Figure 2, the effects of the fringing fields outside of the diaphragms

S1 and S2 are negligible. The angle •~ between the planes containing

the entrance end exit apertures (or equivalently, the angle •~ between
the diaphragns SI and S2) is then: $~ = $e+2d. The supplementary angle

d, defined in Figure 2, has been calculated as a function of the aperture

width W, the principal radius R0, and the gap between the electrodes ~R,

by Woilnik and Ewa1d12’15. In the spherical analyzer of interest here

the supplementary angle was found to be thl.8°. In the present design

It is desirable to have focusi ng at precisely 180° (.~ • 180°). In

order to achieve this, the azimuthal angle of the electrodes Is required
to be •• • 116.4°.

This concludes the discussion of the design of the present spherical

analyzer. Its charac teristics are sLamnarized in Table 1.

— ~~~~~~~~~~~~~~~~

—- 

- ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5 - -
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Table 1.
Sum~iary of the Spherical Energy Analyzer

Characteristics

Analyzer mean radius RI,) 1.500 inchesRsdius of the Inner electrode R1 1.400 inchesRadius of the outer electrode R2 1 .600 inchesEffective entrance . ,*‘~re W 0.020 Inches in diameterEffective exit 51Itwid~ , 0.020 inchesEnergy In deflector Lo 5 eV
Energy resolution t~E 0.05 eVAcceptance angle a 3.13° 

-Electrode deflection angle e 176.4°

•

~ 

- 

-

_ _ _ _ _ _ _ _ _ _ _ _ _ _  ______________________________________ 
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5. ConstructIonal Details

The validity of the calculated design parameters for the spherical

analyzer which have been presented thus far Is doubtless subject to some

restrictions, because of the Idealized conditions which were assumed in

the calcul ations . As set forth in the previous Section 4, the effects
of the fri nging E field have been taken into account. However , other
perturbing factors which can affect the performance of this device have

(so far) been neglected. The most important of these are: the effects

of space-charge (or Coulomb) spreading of the charged-particle beam;
the effects of contami nation of electrode surfaces by layers of insulating
material; and the reflection of charged particles by electrode surfaces.

The first of these factors (space charge) can be disposed of easily. This

analyzer is designed for use in the product-ion analyzer system of an

apparatus for studies of ion-atonVmolecule collisions. In these applica-
• tions , the estimated fluxes of product ions are very low: typically,

only a few ions would be found in the analyzer- at any given Instant.

Under these circumstances the mean distances between ions are relatively

very large, and the effects of their mutual Coulomb interactions are

- 
negligible. The other two effects (contamination of electrode surfaces ,
and reflection of Ions) cannot be dismissed so easily, but it has been
possible to design the analyzer so that these are minimized. In the

case of the contamination effect, layers of Insulating material (arising
primarily from diffusion pump oil , or other impurities in the vacuum
system) deposited on electrode surfaces can acquire volume or surface
charge distributions which can, In turn, alter the paths of nearby ions
drastically. The effect Is especially serious if the ion kinetic energies
are low (as they would be, In the experiments of Interest here), and If

_______________ -5- 
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the contamination occurs on small defining apertures . It results In
reduced transmission of ions, and in unsteady ion beam currents . Its
cures are to design the vacuum system so that background gas impurities
are reduced as far as practicable, and to fabricate the electrodes of

metal which tends to maintain a relatively clean surface under experimental

conditions. To achieve the latter, the spherical analyzer entrance and

exit apertures have been made of pure gold, and the interior surfaces of

the analyzer electrodes will be gold-plated.

For a given set~..: if the potential difference V between the
analyzer hemispheres we have seen that the m ean kineti c energy of ions

transmi tted through the analyzer, E0 qVo , is related to V by Equation (1).

Ions with kinetic energies which differ appreciably from E0 will strike
either the inner or outer hemispherical surfaces. If such ions are
reflected from, rathe r than absorbed by, these surfaces , they can be
transmitted through the analyzer exit aperture. Thus ion reflection can
give rise to spurious peaks , or structure, In the measured kinetic

energy distributions, and these are obviously undesirable. Previous

.perlence in this laboratory has shown that the effects of ion reflec-
tion are diminished greatly , and perhaps eliminated altogether, If the

inner electrode surfaces have a matte (as opposed to a highly polished)
finish. The gold (or gold plate) surfaces mentioned previously satisfy
this requirement adequately.

The me~~1l1c elements (except for the defining apertures) are
fabricated of non-magnetic stainless steel (S/S 304). This material
was chosen because of its high dimensional stability, relative freedom
from Internal stresses, and satisfactory behavior In high vacuum. The

spherical surfaces were machined using the OD-ID combination radius

- 
-- S
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turning tool , manufactured by Ralmi kes Tool-A-Rama Corporation (cat. #

006-14), givi ng an accuracy for the radius of curvature -of ~0.0005 Inches.

The two hemispheres are mounted on a stainless steel baseplate (Figure 3)

and separated from It by KEL-F insulator disks of 1/16 inches thickness.

Three KEL-F dowels (0.250 inches in diameter and 0.960 inches long) give

precise aligmnent of the two hemispheres relative to one another. The

two hemispheres are rigidly attached to the baseplate by four 6X32 screws ,

which are insulated from the baseplate by KEL-F sleeves (Figure 3).

The entrance and exit defining apertures are fabricated of pure gold ,

In order to minimize surface contamination effects. These are mounted

with their respective collimating apertures in two removable plugs

(Figure 4) which fit into holes in the baseplate. These apertures have

been machined with chamfers, so that they approximate knife edges. The

approximate weight of the spherical analyzer is 16.25 pounds.
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CHAPTER II I

ELECTROSTATIC LENS SYSTEM

1. Parameters of a Single Electrostatic Lens

Electrostatic fields with axial syninetry accelerate (or decelerate)
and focus paraxial electrons or ions (i.e., those particles whose paths
lie close to the axis, and make small angles wi th the axis1 much as a
glass lens focuses light rays 16. If an axially syninetrical ora two-
dimensional electrostatic field is specified on the axis , then it is

determined everywhere. This means that there is less freedom in the
design of electrons lenses than there Is in the case of optical lenses.

A knowledge of the electrostatic field along the axis provides all

- 
- necessary information about the focusing properties of the -lens in -

consideration. Figure 5 shows the axially syninetric field formed by
applying potentials to two coaxial cylinders of different diameters,

separated by a small gap in between. 
-

Evidently other electrode geometries will give different distribu-
tions of the electrostati c field. F rom the geometry of the lens

- - electrodes it is possible in principle to determine the potential and
field distri bution in the lens , and from this info rmation , to determine

all possible Ion paths. However, in the case of paraxial ions or
electrons, it is sufficient to compute only the path of two paraxial
rays, which enter the lens parallel to the Z-ax ls of syninetry from the
ri~ it hand side, and the left hand side, respectively. These two rays

21
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can be used to give the so-called “cardinal points ” of the lens , and the

latter describe the image formati on of the lens completely. The definitions
of these cardinal points are shown in Figure 6. An ion (or electron)

entering the lens from the left , and Initially parallel to the Z-axis of
S 

syimnetry (ray 1’ In Figure 6), is deflected towards the Z-axis while

passing through the inhomogeneous electrostatic r-field In the gap

between the two cylindrical electrodes, and emerges headed toward the
axis. 18 At sufficient distances f rom the lens region the Ions travel in
field-free space, and their paths are straight lines . The intersection
between the Initial parallel trajectory (ray 1’) and the asymptotic

path of the emerging ion (ray 2’) defines the principal plane H’, wh ich

corresponds to the Image. The distance between the principa l plane and

the point where the ion crosses the Z-axis, is the “focal length” f ’ of

the image side. The point at which the ion crosses the Z-axis is the

“focal point.” In the same way an ion coming from right to left and

parallel to the 2—axis (ray 1) is also deflected toward the Z-axis, -

and emerges headed towards it (ray 2). Extending the two straight

trajectories , their intersection defines the principal plane H
~0

corresponding to the object. The point at which the emerging ion crosses

j the Z-ax is is the object “focal point” and i ts distance f to the plane H
Is the corresponding focal length f of the object side. The lateral

magnification H is defined as H -Y ’/Y , where Y ’ and Y are defined In
Figure 6. From Figure 6 it can also be seen tha t the object distance
P and the image distance Q, measured from the reference plane 2-0, are
given by:

P — F -~ f/N (3.1)

Q — F ’  + f ’M (3.2)

— 
~~~~~~~~~~~~~~~ 
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For equal-diameter, two-cylinder lenses, the values of P and Q have

been calculated as functions 0f the magnification N and the vol tage
ratio V ’ /V for different values of the gap between the ~~~~~~~~~~ In a
recent work. A. B. El-Kare h17 has obtained accurate values for the cardinal

points of lenses having voltage ratios within the range I.5<V ’/V<50.

If desired the lens can be used to decelerate ions , as well as to
accelerate them. In this case, V’<V; the magnification H is inverted,

and equations (3.1) and (3.2) are then given by:

P = F’ + f ’/M (3.3)
Q = F + f M  (3.4)

This kind of electrostatic lens has been used frequently in

accelerating (or decelerating) and focusing systems in many experimental

devices in which a fixed acceleration (or deceleration) is required. One

of the most important applications of the spherical analyzer described

previously will be the measurements of ICE. spectra of energetic ions

produced in 25-5000 eV collisions . The analyzer was designed to operate

with Eo 5 eV, in order to obtain high energy resolution. it is thus

necessary to retard the fast ions leaving the collision region by a

variable factor which ranges from about 5:1 to 1000:1, and simultaneously

to keep the distance between object and image (P+Q) constant. A single

(2-cylinder) lens will not satisfy these requIrements, since as V’/V Is

varied , in general P+Q also changes .
For the present application, a three-element cylindrica lly-symmetric

electrostatic lens syst~ i has been designed. This lens system (which is
essentially a continatlon of two single electrostatic lenses ) provides
a wide range of accelerations and decelerations, and has the same
focusing properties of any electrostati c field wi th rotational synmietry.
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An analysis of this variable voltage-ratio lens system, and a description
of the numerical results which have been obtained for several different

lens geometries, are presented in the following secti on.

2. Variable Ratio Lens

One can construct a variable ratio electrostatic lens by combining
two single electrostatic lenses as in Figure 7. For a large number of

pairs of values assigned to V 1 and V2, It is possible to find values of

V~ which satisfy the ~inn condition of the lens. For simplicity L1
has been chosen equal to L3. The length L~~2D in order to avoid overlap
between the potential fields of the first- and ‘iecond stage. If P1 and

are the abject and image distances of the first stage with respect to
the reference plane Z1, and P2 and Q2 the object and image distances of
the second stage wi th respect to the reference p lane Z2, then the overall
focusing condi ti ons of the two stage lens require that:

= (3.5)
Q1 + P 2 — L 2 - 

(3.6)
For fixed values of P1 and Q25 the magnitudes of Qi and P2 are

determi ned in terms of their respective magnifications N1 and N2, and

the voltage ratios 
~F’~1’ ~2’~F’ 

according to th. equatIons (3.1) and

(3.2) . The condItions (3.5) and (3.6) can be applied to three different
operating modes. Mode A-A cons ists of two accelerating s tages; In this
case Vç/V1~1. and ~2’~F>1• Then the object and image of an accelerating
stage are given by equations (3.1) and (3.2) in terms of the cardinal
points. When these equations are substituted into equations (3.5) and
(3.6), the focusing conditions of the lens beconue

F1(YF/Vl) + fl(Y F/V1)/Ml — t. (3.7)

~~~ 

i’

~~~~~~~~!~~~~~~~ _S~~~~~ S 
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F
~

(V 2/V F) + f~(V 2/V,)M2 = L (3.8)

where I - P1 = Q2 and

(Fj (V F/Vl) + f’(VF/Vl )Ml]+fF2(v2/VF)+f2(v2/vF)/M2) = 12 (3.9)
The subscripts 1 and 2 refer to the first and second stages respectively,
and the parentheses [e.g., Fl (V F/V l)) indicate the dependences of the
various cardinal points on the appropriate voltage ratios. For given

values of L and of the voltage ratios 
~F’~1 and V2/Vg , the magnifications

Ml and H2 can be evaluated from equations (3.7) and (3.8). The values

ob ta ined  for these • a  :Flcations are then substituted Into equatIon (3.9).

If the equation is not satisfied for a g ,en value of 12, a different set
of values of VF/V l and 

~2/~r are taken and the same procedure is repeated.
The products of all the pairs of values of 

~F/~i and 
~2/~F found to

satisfy equation (3.9) represent the accelerations provided by the lens

with two accelerating stages and for those fixed va lues of I and 12.
Mode A—D (acceleration-deceleration) is obtained when VF/Vpl and
V2/V1<l. In this case the object and image of the first stage are given

by equations (3.1) and (3.2) and the object and image of the second stage

uj equations (3.3) and (3.4). The focusing conditions are then given by

F1(V~/V1) + fl(V F/V1)/Ml — 1 (3.10)

F2(V2/VF) + f?(V 2/V F)/N2 = L. (3.11)

and

(F~(Vp/V 1) + fj (V F/V 1)Ml]+(F
~

(V 2/V F) + f
~

(V2/VF)/M2) = 12 (3.12)

In the sag~ manner as that used for Mode A-A , N1 and N2 are determined
from equatIon (3.10) and (3.11) for a fi xed value of 1, and for given
values of Vp/V 1 and V2/V F. The resulting magnifications are substituted
into equatIon (3.12). All the pa i rs of values of VF/V l and ~2/~F 

found

to satisfy the focusi ng conditions represent the solutions for this mode.

T

~

-r- - - ‘1 - -~~-~±—~~ - - 5—
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Node 0-0 (two deceleration stages) corresponds to VF/Vl <l and

V2/V~<1. Obviously this mode is the inverse of the Mode A-A. For this

mode of operation the focusing conditions are given by

Fj (V F/V l) + fj (V F/V l)/Ml = 1 (3.13)
F2 (V 2/V r) + f 2 (V 2/V F )M 2 = L (3.14)

and

= 12 (3.15)

The calculations for Mode 0-0 are carried out in the same way as those

for the other two modes. Since the present electrostatic lens system can

be operated in any of the three modes , it Is capable of providi ng a wide

range of accelerations and decelerat lons.

When dealing with practical instruments two important factors have

to be taken into account. The first of these is the “filling factor” of

the electrostatic lens, and the second is the maximum deceleration ratio

permitted in -one stage. The filling factor of an electrostatic lens is

defined as the ratio of the maximum width of the ion beam within the

lens to the diameter of the lens. For good performance of the lens ,
this filling factor should be less than 50%. In a single stage electro-
static lens , in which the object and image distances are- fixed, defining
apertures can be used to limit the width of the beam. In the present
electrostatic lens system the image and object distances of the firs t
and second stages respectively are variable. However, we can control

the wi dth of the beam by restricting the magnifications to have small
values. The second factor affects the present electrostatic lens when

It is operated as in Mode A D , or in Node D-D. A large deceleration ratio 
—

as (e.g., 1:100) can not be tolerated in a single stage , since the lens
would be so strong that the image would be formed inside the lens field.

—- - - - 
-—- _ _ _

~~~
i _ _ _ 

-

- -
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In the calculations of the present lens, the maximum deceleration ratio

allowed per stage was chosen to be less than 1:50.

Extensive calculations of this variable-ratio electrostatic lens

were carried out by means of a computer program. Basically this program

executes a trial and error method. The cardinal points corresponding to

di fferent voltage ratios (as obtained from the calculations of El—Ka reh17)

are stored in two Identical arrays (Xi), and (Xi ), where the array (Xi)

correspond to the first lens stage and the array (Xj) to the second

stage. Every elemen t ~~
, ~~~- ~ ~r”ay (Xi) is a vector of dimension five ,

the components of which are the four cardinal points corresponding to a

given voltage ratio, and the voltage ratio itself. The first two elements

(i— I , i—i ) are taken and substituted into the equations giving the

focusing conditions. If the pair (X1 and X1) satisfy the focusing

conditions, then the voltage ratio is printed out. Then a new pair

(1-1, j—2) Is taken and compared with the focusing conditions. The

process terminates when all the elements of the array (Xi) are compared

with all the elements of the array (Xj). This computer program was used

to calculate the range of accelerations (decelerations) of various lenses

with different values of the lengths I and 12. The overall voltage-

ratio of the lens V2/V1 has been plottOd versus the voltage ratio of

the first stage Vp/V1, for two different values of I and 12, in Figures

8 and 9. AlthOugh these calcu lations have been confined to a three-tube

lens of a particular geometry (equidlameter lenses), one could obviously

4. simi lar calculations with electrostatic lenses of other geometries.

~~~~ The wide range of accelerations (or decelerations) required in the

experiments of Interest here (5cV 2/V1cl000) can be accomplished using

two of these variable ratIo lenses In cascade (as for example two

.1
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vari able ratio lenses of 1=30 and 12=3D). This combination also permits

the use of one of the two variable lenses as an Elnzel lens17 (for which

which provides great range of control of the focus by varying

the potential VF.
Listi ngs of the computer programs and the input cardina l point data,

are included in Appendix B.

_ _ _ _  - — _ _ _ _ _ _ _ _ _
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S APPENDIX A

THE BASIC EQUATION
- 

- 
OF THE SPHERICAL ANALYZER

- 
- The differential equation correspondIng to the trajectory of a

charged partIcle of energy E, in the electrostatic field produced by
- the two hemispherical electrodes of the spherical analyzer was obtained

- 
by H. Wollnik 12 and is given by:

- d2u/d$2 
+ u E0R0/R~,,0 E cos2cs (A.l)

where R ,,~ is the radial distance of the charged partkle when it enters

~ I 
into the analyzer, and u = R3/R. R0 is the radius of the circular path

- (or principal path) of the spherical analyzer, E0 the energy of the
charged particle describing the principal path, and a the acceptance

angle. The solution of the differential equation has the form:
- u— (R0E0/R1,0 E cos2cs)( l-cós•)+cOsO-tana - sine (A.2)

Expanding the factors containing a, we find all powers from the
first present. However, at the azimuthal angle 4— 180°, the last term

/ vanishes, and wi th It the only linear term In a. Therefore it 4=180°
there exists first-order focusing. Choosing that value of 4 and expanding

the equation to second order in a, we have

= (2E0R0/E R1 0)(l+cs2)-1 (A.3)

The spherical analyzer Is usually operated with Y—O at R R0 so a

- 

-

~ charged particle entering the analyzer at a value of R$R0 will enter a
region at a nonzero potential and will lose or gain energy depending on

- 
what part of the defining aperture It enters. The loss of energy is

A
37
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qV (X j) — 2 E0X1/P~0 (A.4)
where X1 - R .,,~ - R0. This is subtracted from E in the previous equation.
Letting X2 — R _180-R0, there results:

X2/2R~ — -(Xj/2R0)+(aEjf(0)..a
2 (A.5)

- where àE - E-E0. This Is the basic equation for the spherical analyzer.
S 

For defining entrance, and exit apertures of equal widths W , the basic
equatIon becomes

(~4E/E0) 
- (W/2R0) + (A.6) -

For the maximum ~~~, i’~’~ed spreads In energy and angle ((~E/E0)max, a~),
the resolution of the spherical analyzer is then given by

(W/ 2R0) + cii~ (A.7)

‘ 1 !  
-
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APPENDIX B

COMPUTER PROGRAMS USED
IN ThE CALCULATION S OF THE

VARI ABLE VOLTAGE RAT IO
EL ECTROSTATIC LENS

In this Appendix have been Included and detailed the computer
S programs used for the calculations of the overall voltage ratios of the

three-tube lens in the different operational modes. The corresponding
cardinal points used in these calculations have been also included.
These cardinal points correspond to the two-tube equidiameter lens,

with a separation between electrodes of 0.20.17
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Table 2. Cardinal Points Corresponding to Two
Equidiaaeter Cylinders. The separation
between the electrodes is 0.2D.

f/ft F/ft f’/R F’/R V’/V

68.25 75.61 83.59 75.45 1.50
21.98 26.27 31.08 26.00 2.00
12.05 15.32 19.05 14.97 2.50.
8.11 10.88 14.04 10.45’ 3.00
6.08 8.55 11.38 8.06 3.50
4.84 7.13 9.73 6.59 4.00— 4.06 6.19 8.81 5.60 4.50
3.49 5.52 7.81 4.89 5.00
3.08 5.01 7.21 4.35n 5.50
2.73 4.63 6.74 3.93 6.00
2.50 4.32 6.37 3.60 6.50
2.12 3.87 5.81 3.08 7.00
2.02 3.82 5,68 2.98 - 7.50

• 1.98 3.69 559 2.89 8.00
1.86 3.54 5.41 2.71 8.50

3.42 5.25 2.56 9.00
1:66 3.30 5.11 2.43 9.50
1.58 3.21 4.99 2.32 10.00
1.44 3.04 4.79 2.11 10.50
1.39 -2.98 4.70 2.03 11.00
1.34 2.91- 4.63 1.98 11.50
1.29 2.85 4.56 1.87 12.00
1.25 2.80 4.46 1.81 12.50
1.21 2.75 4.43 1.74 13.00
1.20 2.73 4.41 1.73 13.50
1.17 2.71 4.38 1.69 14.00
1.14 2.67 4.33 1.63 14.50
1.11 2.63 4.29 1.51 15.00
i.qp 2.60 4.25 1.57 15.50
1:05 2.37 4.21 1.49 16.00
1.06 2.54 4.17 1.45 16.50
0.98 2.48 4.14 1.41 17.00 —

0.97 2.47 4.11 1.37 17.50
096 2.46 4.08 1.34 18.00
0.94 2.44 4 0 6  1.31 18.50
0.92 2.41 4.03 1.27 19.00
0.91 2.39 4.01 1.24 19.50
0.89 2.37 3.99 1.21 20.00

S

‘
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~~~~~ . -~~~‘ - -1- - —
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Table 2.—contjnuatjon

0.88 2.36 3 ,97 1.19 20.500.86 2.34 3.95 1.16 21.000.85 2.32 3.97 1.11 21.500.83 2.31 , 3.91 1.11 22.00
Q.~2 2.29 3.90 1.09 2-2.50b:ai 2.28 3.88 1.06 23.000.80 ‘.26 3.87 1.04 23.500.79 ...25 3.86 1.02 24.000.7$ 2.24 3.84 1.00 24.50

2.23 3.83 0.89 25.00
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