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CHAPTER I
INTRODUCTION

Several types of electrostatic charged-particle kinetic energy
analyzers have been described in the literature. The parallel-ptate

analyzer was first described by Yarnold and Bo1ton.]

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 McMﬂ]en4 built a cylindrical analyzer
and showed that it could be used as an energy analyzer. Marmet and
Kerwin® 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 Rudd7 proved that it could be used for measurement of absolute

9 introduced an

cross sections. Purce118 following a suggestion of Aston
analyzer with focusing in two dimensions in the form of the spherical
capacitor; he also gave an analysis of the charged particle orbits,

including relativistic effects. Hafner, Simpson, and Kuyatt‘o developed

the theory further in their comparison of the spherical analyzer with the

1 obtained the transmission

cylindrical type. Paolini and Theodoridis
functions for a specific analyzer operated under conditions similar to
those used in satellite work.

These devices have the common feature that ions (or electrons)
traveling in a well-defined beam, but having different kinetic energies,

are incident on an electrostatic field. Ions of different kinetic




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 f'field, so that only those ions having
energies whicih 1ie in the range E,tAE, are transmitted through the device
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™ n=lyzers are used in a number 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 Eo=1 eV or less to
E°=104 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

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

energy range 100 eV<Ey<5000 eV. The collision processes of most interest
in this work are direct electronic (or vibronic) excitation: A*+B= (A*)*

+ B**, The spherical analyzer will be used to measure the kinetic energy

spectrum of the product a* fons, as a function of scattering angle ©

(measured with respect to the incident A* ion direction) as well as of

collisiﬁn energy Ey. Such information, when used in conjunction with

energy-momentum 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
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o(0,Ey) for each of the various excitation channels. The latter would

T AP SR

constitute a formidable body of information concerning the detaiied

nature of processes which occur in a given collision system, and would
be of considerable theoretical importance. The success of experiments
such as these is strongly dependent on the performance of the analyzer

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

st R AREATTUITIIE YR DO MO P T TR e R

of analyzer, the spherical condenser was chosen for this work since it
not only gives adequate resolution, but possesses superior focusing

properties.

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

and constructed is shown in Figure 1. Its optimum energy resolution is
AEy~%0.05 eV, which should enable the device to distinguish between
reaction channels which differ in internal energy by as little as one
vibrational quantum. This high energy resolution is achieved in a
fairly compact device by adjusting the kinetic energy of product ions
entering the analyzer to the low value of E4~5 eV. Since the product
jons leave their collision sites with energies in the range 100-5000 eV -
(depending on the collision energy), the product ions must be retarded
in their passage from collision region to the analyzer by a large, and
variable, factor, and then focused on the entrance aperture of the
analyzer. A cylindrical electrostat1é lens system which accomplishes
this has been designed.

The theory of operation of the analyzer, the details of its
fabrication, 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 11

DESIGN AND CONSTRUCTION OF
THE SPHERICAL ANALYZER

1. Energy Dispersing Element

The most important element of any kinetic energy analyzer is the

energy dispersing element. The choice in this work of the 180° 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 1/r2 electrostatic field is ~roduced by a difference of potential

between two concentric hemispherical surfaces, of inner and outer radii

4 Ry and Rz.”‘Suéh an ana1yzei‘is_shown schematically in Figure 1. The

iohs (or'electroﬁs)'enter the analyzer.throughbq small circular aperture,
located near the cehter of the space betyegn the spheres, and leave
(through another aperture) after being deflected by 180°. If Eg = qVg

is the energy in election volts of ions which travel through the analyzer
on a circular path of radius Ry, then the potential difference V between
the hemispheres is given by:

V = Vo [(R2/Ry) - (Ry/R2)] (2.1)

' The potential of the inner hemisphere, and the potential of the outer

hemisphere, Vi, and V2, are given tqy:]3
Vi = Vo [3 - 2 (Ry/Ry)] (2.2)
V2 = Vg [3 - 2 (Rg/R2)] (2.3)

e e T RN S i VA T A cls AR R AN 0 T 2



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. B (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-~1 ray at the entrance aperture. The limiting values
of these angles are t oy and = gy, In th- equation giving the image
position in an actual analyzer, the terms containfng.these angles are
called aberration terms. The spherical analyzer provides perfect focusing
with rerect to the angle B, due to its spherical symmetry.8
: Let Xy be the radial distance measuredvfrom the path of radius Ro
of an 1nc18ent ion with energy E, and let a be the angle this incident
ion makes with the path46f radius Ry. Let X, be the radial distance of
the outgoing ion measured from the path of radius Ro after a deflection
- ~f 180°. Thenb(as_is derived in Appendix A)

(X2/Rg) + (X/Ro) = 2(AE/Eq) - 202 (2.4)

where AE = E-E,. The .absence in equation (2.4) of a tenm.linear ina

~shows that the sphericaI,an|1yzer has first order angle (or direction)

focusing. The values of X1 and X, are limited by the sizes of the

entrance and exit apertures respectively. The resolution of the analyzer

is defined as the maximum value of AE/E, given by equation (2.4),(AE/E°),.x.

For entrance and exit apertures of equal diameters W, it follows that:
(AE/Eo)max = (W/2Rg) + a2 (2.5)

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




it is no longer valid if the distance between the hemispherical electrodes,

AR, is not sufficiently small in comparison with the mean radius Ry: In

such cases the second-order aberwationsl2 become important, and must be

taken into consideration.

2. Choice of Acceptance Angle

The transmission function of the spherical analyzer, T(E;V,) 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 V,. For a given V5, the shape of T versus

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

' the sizes of the entrance and exit defiﬁing apertur‘es.]1

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;Vg) versus E profile depends considerably on the

magnitude of op. This aberration term produces ah asymmetric tailing
of the T(E,Vy) versus E curye,'on the high-E side.
Kuyatt and,Simbson‘3 found that this effect becomes small if ay <

; 172 -
(W/2Rg) / . However, a correction of the transmission function profile

by decreasing ay to arbitrarily small values 1s'not an adequate solution,
because of the intensity loss which accompanies it. In the present
design, oy was chosen to be

om = (W/aRg)!/? (2.6)
then when equation (2.6) is substituted into equation (2.5), with 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 oy,~3.13°. To provide a collimated beam of ions with the
desired maximum spread in angle (toy), 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 AR of the spherical
analyzer, one has to consider the trajectories of the ions within the
analyzer. In a central foi.. “':1d (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 eccentricity"
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 o relative to the central ray of.the sphericai analyzerlz.
The maximum separation from the central ray, Knax (Eigurc 1), of an ion
entering into the analyzer midway between the electrodes and having the
maximum allowed spreads in angle and encrgy (a=am. AE/Eq = (AE/Eq)max)»
is given by!3 : ' ,

(Mnax/Ro) = (AE/Eo)max + [0 + (W2Ro + (8E/Eqdman)?]’2 (2.7
The gap between the hemispherical electrodes was chosen to be AR = 2 Wpyy-
In the present spherical analyzer AR = 0.200 inches. The radii of the
inner and outer hemispheres, Ry and Ry, are thus determined by the two
equations:

(Ry + Rp)/2 = R, : (2.8)

(Rz - Ry) = AR (2.9)
These give Ry = 1.400 inches for the radius of the inner hemisphere and
Rz = 1.600 inches for the radius of the outer.
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4. Fringing Field Corrections

The fringing gﬁfield 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 symmetric electrostatic fields. The fringing field has
the effect of increasing the angle @ through which the ions are deflected,
so that a hemispherical analyzer (9=180°) gives 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.'® Wollnik and Ewald'® 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 approximatiqns 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
S7 and S, are negligible. The angle ¢ between the planes containing
the entrance'and exit apertures (or equivalently, the angle &g between
the diaphragms Sy andlsz) is then: ®s = dg*t2d. The supplementary angle
d, defined in Figure 2, has been calculated as'a function of the aperture
‘width W, the principal radius Ry, and the gap between the electrodes AR,
by Wollnik and Ewald‘z'ls. In the spherical analyzer of interest here
the supplementary angle was found to be d=1.8°. In the present design
it is desirable to have focusing at precisely 180° (¢g = 180°). 1In
order to achieve this, the azimuthal angle of the electrodes is required
to be ¢, = 176.4°.

This concludes the discussion of the design of the present spherical

analyzer. _lts characteristics are sunmarized in Table 1.

S &
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Table 1.
Summary of the Spherical Energy Analyzer
Characteristics
Analyzer mean radius 1.500 inches
Radius of the inner electrode Ry 1.400 inches
Radius of the outer electrode R, 1.600 inches
Effective entrance . . tre W 0.020 inches in diameter
Effective exit slitwidun 0.020 inches
Energy in deflector E, 5 eV
Energy resolution AE 0.05 eV
, Acceptance angle o 3.13°
Electrode deflection angle ¢ 176.4°
i
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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 calculations. As set forth in the previous Section 4, the effects
of the fringing 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 contamination of electrode surfaces by layers of insulating
material; and the reflection of charged particles by eleétrode surfaces.
The first of these factors (space charge) can be disposed of easily. This
ahalyzer is designed for use in the product-ion analyzer system of an
apparatus for studies of ion-atom/molecule collisions. In these applica-
tions, the estimated fluxes of product ions are very low: typically,
only a few 1oﬁs 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 fons) 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 0i1, 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

08 S EUSES PRSI .
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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 setv.:: ,f the potential difference V between the

analyzer hemispheres we have seen that the inean kinetic energy of ions

transmitted through the analyzer, Ep=qVo, is related to V by Equation (1).

Ions with kinetic energies which differ appreciably from Eo will strike
either the inner or outer hemispherical surfaces. If such ions are
reflected from, rather 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
~perience in this laboratory has shown that the effects of ion reflec-
tion are diminished greatly, and perhaps eliminated altogether, if the
inner4eloctrode surfaces have a matte (as opposed to a highly polished)
finish. The gold (or gold plate) surfaces mentioned previously satisfy
this requirement adequately.

The mei>11ic 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 0D-ID combination radius

s ek
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turning tool, manufactured by Ralmikes Tool-A-Rama Corporation (cat. #
006-14), giving 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 alignment 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 co]jimating 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 111
ELECTROSTATIC LENS SYSTEM

1. Parameters of a Single Electrostatic Lens

Electrostatic fields with axial symmetry accelerate (or decelerate)
and focus paraxial electrons or ions (i.e., those particles whose paths
lie close to the axis, and make small angles with the axis} much as a
glass lens focuses light raysls. If an axially symmetrical 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 thefe is 1n'the cése 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. F1gure 5 shows the axially symmetric field formed by

2pplying potentials to two ccaxial cylinders of different diameters,
separated by a small gap in bétuegn. :

Evidently other electrode geometries will give different distribu-
tions of the electrostatic field. From the geometry of the lens
electrodes it is possible in principle to determine the potential and
field distribution in the lens, and from this information, to determine
all possible fon 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-axis of symmetry from the
right hand side, and the left hand side, respectively. These two rays

2
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can be used to give the so-called "cardinal points" of the lens, and the
latter describe the image formation 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
symmetry (ray 1' in Figure 6), is deflected towards the Z-axis while
passing through the inhomogeneous electrostatic E-field in the gap
between the two cylimdrical electrodes, and emerges headed toward the
axis.'® At sufficient distances from 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', which

i corresponds to the image. The distance between the principal plane and

l 1 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

’ i ) “focal point." In the same way an ion coming from right to left and

: B parallel to the Z-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

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

the Z-axis is the object "focal point" and its distance f to the plane H
is the corresponding focal length f of the object side. The lateral
magnification M is defined as M = -Y'/Y, where Y' and Y are defined in

" Figure 6. From Figure 6 1t can also be seen that the object distance

P and the image distance Q, measured from the reference plane Z=0, are

given by:
P=F- f/M (3.1)
Q=F" +f'M (3.2)
T e—— = -~
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For equal-diameter, two-cylinder lenses, the values of P and Q have
been calculated as functions of the magnification M and the voltage
ratio V'/V for different values of the gap between the electrodes'®. 1In a
recent work, A. B. El-Kareh!7 has obtained accurate values for the cardinal
points of lenses having voltage ratios within the range 1.5<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 M is inverted,

and equations (3.1) and (3.2) are then given by:
P=F'+f'/M : (3.3)
Q=F+fM ' (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 applicatiohs of the spherical analyzer described
previously will be the measurements of K.E. spectrq of energetic ions
produced in 25-5000 ev collisions. The analyzer was designed to operate
with E,~5 eV, in order to obtain high enefgy resolution. It is thus
necessary to retard the fast ions leaving the collision region by a
varfable factor which ranges from about 5:1 to 1000:1, and simultaneously
to keep the distance between object and 1ma§e (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 cylindrically-symmetric
electrostatic Ien§ sy;tll has been designed. This lens system (which is
essentially a combination of two single electrostatic lenses) provides
a wide range of accelerations and decelerations, and has the same

focusing properties of any electrostatic field with rotational symmetry.
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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 section.

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 Vy and V2, it is possible to find values of
Vg which satisfy the .. .ina condition of the lens. For simplicity L,y
has been chosen equal to L3. The length L,>2D in order to avoid overlap
between the potential fields of the first and second stage. If Py and
Qy are the object and image distances of the first stage with respect to
the reference plane Z,, and P, and Q, the object and image distances of
the second stage with respect to the reference plane 27, then the overall
focusing conditions of the two stage lens require that:

P1=Qp (3.5)
pePpely. (3.6)

For fixed values of Py and Qz, the magnitudes of Q; and Py are
determined in terms of their respective magnifications My and My, and
the voltage ratios Vg/Vq, Vg/'r- according to the equations (3.1) and
(3.2). The conditions (3.5) and (3.6) can be applied to three different
operating modes. ‘Mode A-A consists of two accelerating stages; in this
case Vp/Vy-'. and Vp/Vp>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 become

Fi(Ve/Vy) + fo(Ve/NI) /My = L _ (3.7)
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Fé(VZ/VF) + fo(Vo/VEMp = L (3.8)
where L = Py = Q, and
[F{(Ve/vy) + fi(VF/V])"]]*[Fz(VZ/VF)*fz(Vz/VF)lﬁzl =Ly (3.9)

The subscripts 1 and 2 refer to the first and second stages respectively,
and the parentheses [e.g., Fy(Vg/V,)] indicate the dependences of the
various cardinal points on the appropriate voltage ratios. For given
values of L and of the voltage ratios Vg/Vy and Vp/Vg, the magnifications
M) and M, can be evaluated from equations (3.7) and (3.8). The values
obtained for these .. :Fications are then substituted into equation (3.9).
If the equation is not satisfied for a g.ven value of L2, a different set
of values of VF/V] and V2/Vp are taken and the same procedure is repeated.
The products of all the pairs of values'of VE/V1 and V2/Vg found to
satisfy equation (3.9) represent the accelerations provided by the lens
with two accelerating stages and for those fixed values of L and Ly.
Mode A-D (acceleration-deceleration) is obtained when Vg/Vy>1 and
V2/Vi<1. 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
vy equations (3.3) and (3.4). The focusing conditions are then given by
FA(VE/Vy) + F(VE/Vy )My = L (3.10)
Fa(Va/VE) + F2(Va/VE)/Mp = L (3.11)
and
[Fi(Vrlvj) + fi(Vp/V1)Hh]+[Fé(V2/VF) + £5(Va/lNEIMR] = L, (3.12)
In the sane manner as that used for Mode A-A, My and M, are determined
from equation (3.10) and (3.11) for a fixed value of L, and for given
values of Vg/Vy and Vp/Vp. The resulting magnifications are substituted
into equation (3.12). A1 the pairs of values of Vg/Vy and Va/Vp found
to satisfy the focusing conditions represent the solutions for this mode.
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Mode D-D (two deceleration stages) corresponds to Vg/V1<1 and
Vo/Vg<1. Obviously this mode is the inverse of the Mode A-A. For this

mode of operation the focusing conditions are given by

FY(VE/VY) + £3(Ve/Vq)/My = L (3.13)
Fa(Va/Vg) + Fo(Va/VeMy = L (3.14)

and |
[F](VF/V])+f](VF/V1)M1]*[Fé(V2/VF)+fé(V2/VF)/Mz] =L, (3.15)

The calculations for Mode D-D 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 providing a wide
range of accelerations and decelerations.

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 bf the lens. For good performance of the lens,
this f{111ng 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 1imit the width of the beam. In the present
electrostatic lens system the image and object distances of the first
and second stages respectively'are variable. However, we can control
the width 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 Mode 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.

» - A IR Y ¥ )
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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 tfia] and error method. The cardinal points corresponding to
different voltage ratios (as obtained from the calculations of El-Kareh]7)
are stored in two identical arrays (Xi), and (Xj), where the array (Xi)
correspond to the first lens stage and the array (Xj) to the second
stage. Every element v, €~ " array (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=1, j=1) are taken and substituted into the equations giving the
focusing conditions. If the pair (X; and Xq) satisfy the focusing
conditions, then the voltage ratio is printed out. Then a new pair
(i=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 caiculate the range of accelerations (decelerations) of various lenses
with different values of the lengths L and Lp. The overall voltage
ratio of the lens V3/Vy has been plotted versus the voltage ratio of
the first stage Vg/Vy, for two different values of L and Ly, in Figures
8 and 9. Although these calculations have been confined to a three-tube
lens of a particular geometry (equidiameter lenses), one could obviously
do similar calculations with electrostatic lenses of other geometries.

The wide range of accelerations (or decelerations) required in the
experiments of interest here (5<V2/V1<1000) can be accomplished using
two of these varfable ratio lenses in cascade (as for example two
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variable ratio lenses of L=3D and L2=3D). This combination also permits
the use of one of the two variable lenses as an Einzel lens!/ (for which
v,=v2), which provides great range of control of the focus by varying
the potential V.

Listings of the computer programs and the input cardinal point data,

are included in Appendix B.

o i G T TR 2 e —

STV




UoL3eud|addy ybLH 3yl e ‘suai
40 oljey abe3|op 3yl .nsuap

T

(2 anand)  ge = 2 o€ = 1
(L @aand) @ = & e ey
“(v-v 3POW) PO |RuOi3Raadp

-334yy ay3 jo Lp/3p beys Isuaty ayy
A Ot3ey 3be3jop |[RJBAQ 343 jO 30|4 °g @4nbiy




33

Velq

50.03

1

'
" oo
-

(2)

o
(1)
00

€)
£

3] o

| e : g
! -
e R SRRSO S S
nn- o9 6a“oh 00 os IR
£ aUEx)

oo’




(2 aaand)  gg = 27 g€ = 1
(L 3Aand) gy = &4 aE = 1

(g-v 30W) POk LRuoi3eaady
UOLIRID(IOY MOT FY3 3: “suai 1&&2& uﬁ.s >\w> &Smuczsﬁ
>

40 0f3ey 3b6RIL0A ay3 snsdd A 0}3%y 36RI|OA ||43A0 Y3 O 3014 ‘G danbyy




0008 0C°0h 00°0€E 00°02 00°01 00"
TVATY ; o + : " p.uu.
o
9 n}
Q@
@ n]
2 o
> )
. )
(L)
n|
]
]




.

. & - APPENDICES

IRISFLOCES

e e




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/de? + u = ERe/Ry_o E cosa (A.1)

‘ where Rg.g is the radial distance of the charged particle when it enters
) jé into the analyzer, and u = Ry/R. Ry is the radius of the circular path
(or principal path) of the spherical analyzer, E, the energy of the
!é charged particle describing the principal path, and a the acceptance
angle. The solution of the differential equation has the form:

u=(RoEo/Re=g E cos?a)(1-cose)+cose-tana sind (A.2)

Expanding the factors contﬁining a, we find all powers from the
first present. However, at the azimuthal angle ¢=180°, the last term
vanishes, and with it the only linear term in a. Therefore at ¢=180°

there exists first-order focusing. Choosing that value of ¢ and expanding
the equation to second order in a, we have
Ro/Ro=180 = (ZEqRo/E Rgap)(140)-1 (A.3)
The spherical analyzer is usually operated with V=0 at R=R, so a

charged particle entering the analyzer at a value of RFR, 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

R T T T R




QV(Xq) = 2 EgXy/R, (A.4)
where X; = Ry - Ry. This is subtracted from E in the previous equation.

Letting X, = R'.Iao‘ko. there results:
Xp/2Rg = -(X)/2Ry)+(AE/Eq)-a? (A.5)
where AE = E-Eq. This is the basic equation for the spherical analyzer.

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

(AE/Eg) = (W/2Rq) + o? (A.6)
For the maximum .,1~ied spreads in energy and angle ((AE/Eq )max, uﬁ).
the resolution of the spherical analyzer is then given by

(8E/Eq)max = (W/2Rg) + of (A.7)

a——




APPENDIX B

COMPUTER PROGRAMS USED
IN THE CALCULATIONS OF THE
VARIABLE VOLTAGE RATIO
ELECTROSTATIC LENS

In this Apperdix have been included and detailed the computer

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,
i ‘ with a separation between electrodes of 0.20.!7
|
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CALCULA?!&NS CURRESPAUNOLING TO THE OPEﬁAYIONAL MODE A-A QOF A

VAﬂlADLE VOLTALE ~ATIO ELECTRUSTATIC LENS

THE CARDINAL PUINTS LOHAESIPUNUING TU Tad EGILVILANMCTEX CYLINOEAS
SEPARATED BY A SPACING OF 0,20 ARE STGREOD IN ARRAY (X[) wHcrE
I=)leee98, cALNh ELEMENT GF THE ARRAY (x1) CONTAIN THE CARUIMNAL
PUINTS COnnEIPLAUING Tu A VULTAGE RATIO ANG ThE VULTAGE RATIU

ITSELF.
géﬂ%ﬁl';ﬂ FMLEGC) oF1(78),FM2(98).F2(98)+V(93)
)y @

READ(Se10) ur " "' DATAR ¢LATAL UATARDATAS
Frlll)=-DATAL
FL(1)=-DATARZ
FM2(1)=0ATad
F2(1)=DATAs
VILI)=DATAS
Fok“‘f“‘.co"V-‘vﬁlOo‘u"o"
CUNnTin
bﬂlf!(bosaﬁ
FORMATULIX o* WF/ZVL® 3K o'VZ/VF* 3R "MAGN.® +SXe°V2/VL®)
THE LENTH L=C.

C=a,
THE TRIAL ANu ERRUR METROUD LS ACCCMPLISHED USING Tel DO-LOOPS.
OU 3 Jzlewe .
DENU=Z o8 C=r2l J)

THE FACTOn & MULTIPLYING THE LENGTM C IS DJE TO CATA NORmA~
LIZATIUN (GIVEN N TekMS UF The RADIUS OF THE CYLINDERS).

" IFLDEND) <cecod N

CONTINVE
ThHE MAGNEF ICATION GF Trt FIRST STAGE hAS BEEN CALLED AUA AND
THE MAGNIFILATIUN UF The SELUND STAGE NAS BEEN CALLED auA
::A:FH&(J)ID&&U
=
THE OBJECT aANU IMAGE OISTANCES OF THE FIRST STAGr MAVE BEEN CALLELOD
PA AND QAe AND THE LOJELT AND IMAGE UF THE SECOAS STAGE MAVE BCEEN
CALLED PD AND wle THIS NIOMeNCLATURE mAS BEEN USED Fuk THE
TAREE OPERATLIOGNAL AUUEDs BUT IN EACH CASE THEIR EXPRESSIUNS ANE
DIFFERENTS. :
QA= .58 (FllJ)eFnllJ)avA)
00 S L=leva
CO=C
AVDE(2.%C~Fel L) I)I/FN2(L)
LFLAUD)IA 0
CONTY INVE
PO SS(FLILICENMILLIZAUM)
$S2A85(PD)vARS (QaA)
AUT = AUD® ALA
viaviJievin)
Tk VALUE uF S IS Cnﬁ’Aﬂlﬂ wilTH THE VALUE CIVEN Tu L2
x":ﬁ“"sol ehke o01) 70 6

J 70 &
BRITE(D+20) VIJIoVIL) +AUT VT
FOHMAT (IX o 3UFSe2038)03KeFT:3)
CUNT INUE
CONT
‘o&'l““.
CONTINVE
CONTINVE
STOP
END
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CALCULATICNS COFPESPONDING TN THE D2ERATIONAL MCDE A-D OF a

VARIA®LE VOLTAGS RATIO SLECTROSTATIC LENS

THE CAROINAL POINTS CCFRESPONDING TO Tws EQUICIAVMETEE CYL INDERS
SEPARATED BY A SPACING OF 0.2D ARE STORZD [N a=SAv (X1) weEce
121¢ 0099, EACH ELEMENT OF THE A3RAY (X) CONTAIN TWS CASOINAL
S CORRESPCNDING TO A VOLTAGE RATIO AND THE VOLTAGE 2aT(0

ON’:*I(OQ)-FI(GG).FM?(Q!).FZ(G!).VC’!)

.
10) DATAL,CATA2,0ATA3.CATALDATAS
=“DATAL

-DATA2

DATA3

ATAA

ATAS ;
(F5e2:2FF:24510.2,F¢,.2)
NUE

WRITE(A,30)

FOEMAT(IX.*VF/V]® $3X e V2/VF® 43X+ MAGN.® s EX,*V2/VL®)

THT LENTH L =C, 5

c=a,

THT TRIAL ANC EFKOR MTTHID I3 ATCCMAL ISHIT USING Twd DO=LCCPS.
€2 3 J=1,5"

CENO=2,.3C=F1(J)

THE EACTOR 2 MULTIPLYING TME LENSTH 2 IS DUE 73 DATA NCEMa=-
LIZATION (GIVEN IN TEFMS COF THE FADIUS CF. THE CYLINDERS),
IF(DEND) 2,2.8

CCNT INUT

THE MAGNIFIZATICN CF THT FIRST STAGE HAS SESn CALLED AUA AND
THE MAGNIFICAY[ON GF THZ SECCNC STAGET HAS BTN CALLSC aAua
AUA=FEM] (J ) /DENC

PA=C

THE CBJSCT ANC IMAGE CISTANCES ZF THE FIFST STEGE HAVE BEEN CALLSD
PA AND QA+ AND THE QRJSCT AMD [MAGE GF THE SZCCND STAGE Hav: gfen
CALLED PD ANC QDo THIS NTMENCLATURE HAS EEEN USED FCP THE

THEEE OPZRATIGNAL MOCES, EUT IN EACH CASE THEII EXPRESSIONS ARE
ODIFFERSENTS,

QA= S8 (F2( J)+FM2(J)sAUA)

0C S L=1,98

00=C

AUC= (2,8C=FL (L) )/® M1 (L)

IF(AUD)a, 8,12

CONT INUT

PO=.S6(F2(L)+FM2(L)7AUD)

$=PD+0A

AUT= AUDSAUA

VT=vIiJIisviL)

THE VALUZ OF S IS COMPARED wW1TH THE VALVE GIVEN YO L2
;;‘:.’:S"o, oL¥e ,01) GO TO &

2

BRITE(A,20) VI(J)eVIL) AUT,VT
FNEMATUIX o 3(FSe2 s 3N)¢3IXe€7e3)
CUNT INY™

CONY INyT

CONT ITNnuF
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CALCULATIGNS CURRESPUNDIMG TO THE OPERATIONAL MUDE D-D CF A

bttt ettt bebatadde b L T T T PSSRSO n SR Gui Rt bl .

VARIABLE VULTAGE RATIC ELECTRUSTATIC LENS

THE CARDINAL PULINTS CURRESPUNVDING TO Tw0 EQUIDIAMETER CYLINDERS
SEPARATED oY A SPACING UF 0,20 AKE STORED IN ARRAY (X)) wHERE
2120090 cALH ELEMENT OF ThE ARRAY (XI) CONTAIN THE CARDINAL
PCINTS CORMESPUNDING TO A VOLTAGE RATIO ANC The VOLTAGE RATIO

<CNPYNDOY
ANEeEMO

»
c
»

9
FURMAT [ 1X,*vE/VL® ..n.'vuvran.macn.nsx.'vz/vn)
z“. LENTH L., :

=Qe
THE TRIAL AND EnRON METHQD IS ACCOMPL ISHED USING TeC CO-LIUPS.
00 3 J=1,%8
DENU=2,0C~F2( 4)
THE FACTLUn ¢ MATIPL
LIZATIUN (WiveN N T
IFLOEND 2,20 &
CUNT INVE 2
THE MAGNIFILATiUN UF Trw FIRST STAGE HAS BEEN CALLEL AuA AND
THE MAGNIFICATIUN UF ThHe SECUND STAGE PAS bcEN CALLED AUA
:2‘:!!2(."/»&0& F

-
THE OBJIECT AnD IMAGE OISTANCES OF THE FIRST STAGE HAVE BELN CALLED
PA AND QA, ANU et weJell AND [MAGe OF THE SECOND STAGE HAVE BEEN
CALLED PC AND wDo THLS MUMENCLATURE HAS BEEN USED FOR ThE
THREE OPERATICNAL MOLESs buT AN EACH CASE THEIK EXPRESSIGNS ASE
DIFFERENT S, )
QA S8(FL(JIoFNL(J)oAUA)
00 L=lswbd - i
- 0 >
AUCS(2.8C=FLILII/ZFMLLL)
IF(ALD)4 a0l
CONT INUE
PO=oS¥(F2(L)oFNcliL)/7AVL)
$S=PUSGA

AUTsAUDSAUA
VA=l o/Vid)
VOo=1./viL)

VING THE LENGTH C 1S DUE Ty DATA NORMA -
ERNMS LF TmE WALIUS GF Thk CYL INDERS).

VYTavasvD i
THE VALUE GUF $ IS5 CuMFARED ‘wlTh THE VALJUE GIVEN TC L2
IF (ABS{S~3¢) ebke ¢01) &G JO0 o
GU TO 4 b
WRITE(Ge20) VAIVD dAUT o¥T
FORMAT (1X o3l FSe20 IRDeIXeF 7,3)
CONT INnVE ;
CONT I NUE
g:!iuu!

TINVE
CONT INVE 5

AR =
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Table 2. Cardinal Pdints Corresponding to Two
Equidiameter Cylinders. The separation
between the electrodes is 0,2D,

£/R F/R £'/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
g 2.75 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 5.59 2.89 8.00
P . 1.86 3.54 5.41 2.71 8.50
¢ 1.zs 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
1.ag 2,60 4,25 1.57 15.50
1: 2.57 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
0.94 2.44 4,06 1,31 18.50 {
0.92 2.41 4.03 1.27 19,00 i
0.91 2.39 4,01 1.24 19.50 i
0.89 2.37 3.99 1.21 20,00




S At . 2

44

Table 2.-continuation

0.88 2.36 3.97 1.19 20,50
0.86 2.34 3.95 1.16 21,00
0.85 2.32 3.97 1.11 21,50
0.83 2.31 , 3.91 1.11 22,00
0.82 2,29 3.90 1.09 22,50
b:¥1 2,28 3.88 1,06 23,00
0.80 2,26 3,87 1.04 23.50
0.79 1 3.86 1.02 24.00
0.78 2.24 3.84 1.00 24,50
0:77 2,23 3.83 0.89 25.00
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