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AN ABSTRACT OF THE THESIS OF John Patrick Stewart for the

Master of Science degree in Physics presented on June 2L, 1968,

Title: A Method of Measuring the Electron Enérgy Losses

in Transmission Through Thin Films

APPROVED BY MEMBERS OF THE THESIS COMMITTEE:

Gertrude F. Rempfer

Makoto Takeo

The energy distribution‘in an electron beam transmitted by
a thin aluminum film was studied by a retarding potential method
in which the energy analysis could be made as a function of the
ﬁolar angle and azimuth of scattering.

The results indicated that the transmitted beam contained
electrons which had lost essentially zero energy'and groups of
electrons which had suffered losses of approximately 15 ev and
25 ev, and possibly 75 ev. In addition there appeared to be a
continuous béckground of energy losses over the range studied
(from O to 80 év). The resolution of‘the energy analyser was
limited by the separation of the data points and was not adequate
to observe the dependence of the 15 ev energy loss (plasma loss)

on the polar angle of scattering.




This study demonstrated the feasibility of this method of
energy analysis as well as the short-comings of the apparatus.

Suggestions for future improvements are made.
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CHAPTER I
INTRODUCTION

The study of the inelastic collisions which occur when a
‘beam of electrons traverses a material 'provides a method for the
: investigation of the properties of m#tter. The energy losses
which the.electrons suffer during scattering can be meaéured in
- the emerging beam and give informat;ion about the electronic ener-
gy levels in the material. Typicaily a spectrhm of energy losses
| for a material contains several peaks corresponding to discrete
losses and a genera.l background indicating a contir‘mous‘ range of
energy losses. Many investigators have utilized’the energy loss
method ‘in studying the properties o_f various materials. Much of
the e_nergy loss data has been assembled in a review article by
Marton, Leder, and Mendlowi£z9.

Two of the poésible mécha.nisms which can be identified as
causing electron enérgy losges in metals are, according to
Farre116: a) one-electron transistions where an electron in the
metal is raised in energy from a level in one band to an unoc-
cupied level in another band and b) excitation of plasma oscilla-
tions, which are collective oscillations of the charge density in

the electron sea of the metal. The intensity peaks in the energy




loss spectrum corresponding to interband transistions are gener-
ally not as sharp as those due to plasma oscillations. Interband
losses may. range down to low energies, for example around 3 ev
for gold. It should be posSible to correlate the interband
losses with optical absorption bands where data are avéilable.

On the othér hand, the collective oscillation loss peak is rela-
tively sharp and larger than the smallest interband losses. This
loss is not expected to be correlated with an optical ab'sorption
band, but rather with a minimum cut-off frequency for transmis-
sion of electromagnetic radiation through the metal. Ferrell's
“view is that in every metal there will be at least one colleb‘ﬁive
loss s of relatively large energy énd intensity, and‘ none to
several one-electron losses of generally émallér eﬁergyf and

intensity. Bohm and Pinesl?223:11

have shown theoretically that
collective oscillations above a certain critical wavelength
corresponding to a maximum valixe of the frequericy can exist in

the electron sea. Watanabe12

has shown and verified experimen-.
tally that the frequency of the oscillation increases with the
scattering angle of the exciting electron. For small scattering

angles © the frequency can be expressed as:

w =, + w'E62/m
where E is the kinetic energy of the exciting electron, wp is the
plasma frequency for zero angle, and )) depends on the scattering

material. For metals which aspproximate the free electron model

p = (WTme/n%, ana?' = 0.1s5.

n




A number of different types of energy analysers have béen
used fo obtain the energy loss spectrum of the scattered elec-
tron beam.. the most widely used at presenﬁ is a high resolution
instrument devised by Mollenstedt. It is based on the high off-
axis chromatic aberration of an electrostatic ler}s' and has a
res‘olution‘ capability of less than one electron-volt for primary |
electrons of 20 kev. Comprehensive' descriptions of this type of .
10 8

instrument have been given by Milyutin and Kabanov™ and Hahn

along with examples of its application to the energy analysis of

12 observed

électron beams. Using this type of analyser, Watanabe
both collective and one-electron energy losses and verified ex~
| perimentally the properties of the collective oscillatibns for
metals such as aluminum which appro:d.méte the free electron
model used by Bohm'-a.nd Pines. Another type of high resolution
instrument, described by Ha.bers'vl;:coh7 s is based én a retarding
potential method and measures the energy loss spectrum, |
integrated over small scattering angles.

In most of the experimental studies the primary beam vol-
tage, defined by Mmve = eV»B , has been in the range from five to
L5 kv. The energy losses do not depend on the primary’ beam
voltage, but are characteristic of the material and are |
sometimes called eigenlosses.

Multiple scattering, which is inherent in reflection
studies and in transmission through thick specimens, produces
additional peaks in the spectrum and increases the diffuse back-

ground. These complications are avoided if the specimen is thin




enough so ‘tha'b theA intensity of the singly scattered domponent
of the emerging beam is large relative to that of the multiply
scattered gomponent. Thin specimens are essential in s‘b‘udies-
of the losses as a function of scattering angle. |

The apparatus described in this thesis was delsigned to
measure the electro;i energy' loss spéct.rum as a function of the
scattering direction. The electron beam is analysed in a plane
following.the specimen and normal to the axis of the primary
~ beam. The position 61‘ the electfons in the analysing plane is
determined by the direction of scattering. The cbnvergenﬁe of
the primary beam is such that electrons scattered in the same
azimuth through the same polar ‘angle by different parts of the
specimen are focused in the a.naljsing plane. The energy
analyser is of the retarding potential typé s but differs from
that of Haberstroh which analyses the energy loss spectrum
integrated over 5céttering angle and azimuth, The measurement
of the énerw 1o§s' spectrum was carried through for aluminum

at room temperature with a primary beam voltage of 15 kv,




CHAPTER II
EXPERIMENTAL METHOD

A discussion of the electron optical aspects of t.he_ method
used in this study are i‘acilitated by Figures 1 through L. As
shown in Figure 1, électrons diverge from an essentially point
source and are redirected by a lehs toward a f;)cus in thé plane,
P. The image of the source, formed in the plane P, is demag-

nified and is of the order of 0.001" in diameter. When a speci-
| men is placed as shown in the path' of the beam, rays which are
scattered in» a given azimuth thi'ough the ‘sa.me polar a.ﬁgle' 6 by
dii‘ferent parts of the specimen are also focused, to first order,
in the plane P (see Appendix A). The energy loss analysis of
the electron beam is carried out in the plane P where the
spectrum obtained as a function of position in the pattern can
be correlated with the polar angle and the ‘a.zimﬁth of scattering.
The diffraction pattern of the specimen is focused in this plane
also. The contrast and sharpness of the diffraction pattern is
an indication of the predominance of the sivngyle-»collision com- |
ponents of the transmitted beam. Figure 2 is the diffraction
pattern of the aluminum specimen used in this e@ermnt. The
dotted circle surrounding the center of the pattern inciuded
the range of angles over which the a.nghlar dependence of the

energy losses was studied.
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Figure 2, X3.6 enlargement of the diffraction pattern
of aluminum taken with a specimen to plate distance of
18.2 cm. and a primary beam voltage of 15 kv.




The analyser consists of a fine metallic mesh supported
between and eléctrically insulated from two outer eiectrodes
which, along with the structure supporting the mesh,.hévé
cylindrical symmetry. ‘The two outer electrodes are at ground
potential as is the specimen, and the inner mesh electrode is
negative aﬁd close to cathode potential (see the schematic
diagram in Figure 3). An adjustable bias between the mesh and
cathode potentials is uséd to analyse the distribution in energy
of electrons in the beam. The mesh acts like a sieve allowing
electrons above a certaih energy (depending on fhe‘bias) ﬁo
pass through while returning those of lowér‘ energy. Because of
the field between the negative mesh and the grounded end elec-
trodes the potential in the mesh openings is leés negati#e than
that of the mesh. Therefore a negative bias on fhe mesh is
needed to cut-off transmission of the beam entirely. The
changes in intensity of the beam transmitted 5y»the‘meSh as the
negative bias is reduced from cut-off gives the energy
distribution in the beam; ,

Eléctron-optical effects in the analyser due to the
electric fields_bétween the electrodes and arouhd the apertures
in the end electrodes cause the effective position and size of
the mesh, referred tovthe space outside the analyser, to be
different from its actual position and size. The calculations
are worked out in Appendix B. The result is that the mesh has
a virtual magnification of 2/3, and its distance from the aper-

ture on the side of the reference space appears to be increased
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10
by the factor L/3 (see Figure ;). The plane P in Figure 1 in
vhich the scattéring pattern is focused and in which the energy
analysis is to be done should then be made to coincide with the
virtual plane M rather than Mo in Figure h. Distances rkfrom
the axis in this plane are measﬁred in terms ofkfhe mesh con-

stant of M which is 2/3 the size of Mp. The polar angle of
| scattering, O, corfesponding to a distance r offéaxis is given
by: ’ |
= tan & = (r/SM) = _n(2/3)c
P+ (L/3)s

where n is the mimb_er of mesh spacings from the center and c is

the mesh constant.

A further electron;Optical aspect of the analyser is dis-
cussed in Appendix C. This involves the reduction in the axial
speed of the electron as fhe scattering angle is inéreaSed-
Correspondingly, the part of the beam voltage associated with
the axial direction,vdefined by oVg = (1/2)mv§, is reduced as
the scattering angle is increased. For the chief ray of a
diverging pencil, the loss in axial beam voltage of an electron
inside the analyser is given by:

V,(loss) FAVB 02 (14 p/hs)z'.
In general the beam7voltage depends on both the scattering
‘angle 6 and the angle of convergence & , which results in a
variation in axial beam voltage for a given pencil. The
analysing mesh measures the axial energy and consequently re-
cords an apparant energy loss in the off-axis beam which must

be taken into account in comparing the transmission through the
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mesh of beams scattered at different angles. Furthermore the.
variation in axial beam voltage in a given pencil sets a limit
on the energy resolutibn.

As the beam passes through the mesh it is scattered by the
electfic fields around the mesh openings, which act as an array
of tiny lenses scrambling the rays from the different openings.
The rays can be unscrambled by using an electron lens following

the analyser to reimage the plane of the mesh. In addition,
k'this lens can be used to magnify the image. This is desirable
since the mesh spacing constant is very small (0.002*) and with-
out magnification the analysis would be inconvenient. The
illumination in the mesh image as a function of position relates
the current of the eleotrbns getting through the mesh WJ.th the
corresponding angle of scattering.

In the experimental arrangeinent s the magnii‘ied mesh janaée R
illunﬁ.nated by the eieétrons which the mesh transnlits , can be
observed on a_i‘luorescent‘ screen. The magnifying lens _is ad-‘
Justed so ﬁha‘b the mesh is in focus and the specimen lens is
adjusted so thatv the unscattered rays passing through the speci-
men are focused in the plane of the mesh. The mesh image is then
recorded on a photographic platé foi' study in a densitometer.
Figure 5 is a sample photograph of the magnified image as re-
corded on the plate.’ The original intention was to record a full
pattern for each mesh bias setting on a separate plate and from
these plates to determine the energy distribution as a function

of both azimuth and angle of scattering. However, the scattering
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pattern for the specimen used appeared to be azimuthally
symmetric and it was decided to record only a representative
strip of the pattern. This made it possible to record patterns
for a range of.mesh bias settings on the saﬁe plate by advancing
the plate behind a slit opening. AThe pattern strip was recorded
for a series of mesh bias settings through the bias voltage
range, =35 to 450 volts,‘and back. Four plates ﬁere needed for
the series, whiéh was recorded in sections: -35v to 0, O to 460 v,
460V to 0, and O to -35v. Figure 6 illustrates the apfearance
of the pattern strips for the range’from zero bias to cut-off,
The location of the center of the pattérn relative to the strib
is indicated in the sketch.

The plates were examined to determine the variation in
density with mesh bias at a given position in the image. Densi-
tometer réadings for a given mesh opening were taken for the
series of'bias'settings and plotted as a function of bias vbltage.
The effective image density for a mesh opening was obtained by
masking off the surrounding péttern (see Figure T7) and measuring
thebaverage transmission of light through the mesh hole image.
The effective density_is related to the current of eléctrons
through the mesh opening. A comparison of the density readings,
corresponding to exposures taken at the same bias setting (each
setting occurred twice in a series) served to check on individual
differences in the plates and on progressive changes in bean
intensity, e.g., as might be caused by the heating'current
falling off in the emitting filament. The analyser was




Mesh hole image

N

Figure 7. Pattern mask.

Mask
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_ 16
calibrated by recording the transmission of the primary

monoenergetic beam through the mesh (without a Specimeﬁ) and
plotting the density versﬁs bias seﬁtings in the same way.

| The experiment was §onducted in an electron-optical
bench. The pressuré was below ld-h Torr. The bench was pro-
vided with V-wayé to align the optical components of the
spedtrometer, electridal'feedthroughs for supplying voltages,
an electron source, and a multiple photographic plate holder.

A glass top for viewing thevexperiment was removable for access
to the system. The "point source" of electrons ﬁas formed by
using a condénser lens to demagnify the waist of the beam from
the electron sourbe; The angular aperture <C of the beam
directed through the specimen was limited to about 0.007 radians
by a stop on the specimen lens. The magnifying lens also was
stopped down to avqid undue'spherical aberration. These lenses
were of the-three-electrdde unipotential type with a variable
focal power depending 6n the ratio of the lens voltage to the
accelerating voltage. The physical system was arranged so

that the anode was at ground potential and the cathode
negatively off ground. Figure 8 is a schematic diagram of the
experimental system and Figure 9 is a photograph of’the_setup
in the electron-obtical bench. The table in Figure 10 gives

the numerical value of the essential dimensions.
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Figure 10. Schematic Diagram of
the essential dimensions.

Table of dimensions

Symbol Value

41 cm.
1.4 cm.
2.01 cm.
0.65 cm.
0.067 cm.
0.384 cm.

0T RO
]

M)

Table I. Essential dimensions,




The aluminum specimen, approximately 100 angstroms

thick, was prepa.red by vacuum evaporation onto mica. It was

subsequently floated off on water a.nd mounted on a standard

electron-microscope grid for study in the apparatus.

20




CHAPTER III
EXPERIMENTAL RESULTS AND DISCUSSION

The experimental data are represented gré,phically in
Figures 11 thi‘ough 17. Each figure is a‘ plot of effective
image density as a. function of bias voltage from =35 volts to
460 volts. The density> scale and unit are arbitrarily chosen so
that the numerical value is zero at cut-off and one at ‘zero bias.
The density readings going toward and coming from cut-off are
shown as separate points, (@) and (O), at the eﬁds of the
vertical bars. _

Figure 11 is tﬁe calibration curve for the mesh, taken
without the specimen., The beam angle © was zeré. The density
curve drops sharply to zex_'é as‘cut-oi‘f (at =33 volts) is
approached and indicates a resolution of one volt at the toe.
A sharper cut-off could be obtained with a finer mesh in the
analyser and finer steps in the bias adjustment. A slight
spregd in the axial beam voltage and consequently a slight un-
sharpness in cut-off is caused by the convergence of the beam
heading toward focus 1n thé analysing plane. The angle of con-
vergence, after the divergent effect of the aperture field of
the analyser is included, is about 0.005 radians. This causes
a spread in axial beam voltage for the unscattered rays of less
than one-half volt which is below the present resolving power.




The “sagging" of the potential across the mesh openings. accounts
for the cut-off occurring at -33 volts instead of zero bias.

Figures 12 throﬁgh 17 are image density versus bias
voltage plots for electrons transmitted by the thin aluminum
specimen at room temperature for scattering angles of 0.002l,
0.0035, and 0.0055 radians. The two curves for each angular
settiﬁg are for two different mesh openings on opposite sides
of the center of the strip. The insert is the density plot from
cut-dff to zerd biaé with an expanded vertical scale. All of
the 6urves show a sharp 6ut-of£ at about =32 volts. This_is
very closg to the cut-off on the calibration curve at 9 = 0 and
corresponds to a group of electrons which have lost no appre-
ciable energy. A comparison of the curves for beams scattered
at different angles indicates a slight shift in the cut-off
bias over the angulér range. The shift of about one volt is
consistent with the4éhift ﬁo be expected beéauée of loss in
"axiai beanm voltage" for beams inclined to the axis (see Appen-
dix C). The sbread in axial beam voltage due to the convergence
of pencils inclined to the axis sets a resolution limit of about
two volts at the iargest scattering angle for which meﬁsurements
were taken. The spread in axial beam voltage can be rednced by
the use of.a smaller stop to decrease the angular aperfure of
the converging pencil.

Anothér abrupt rise in the density as the bias increases
positively from cut-off occurs between -20 and -15 volts.(in all

of the curves except that in Figure 1L). This rise occurs at

22
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about 15 volts from cut-off and can be accounted for by a group

of electrons which have lost 15 ev of energy and which begin to
 be transmitted as the mesh potential becomes 15 volts more posi-
tive than cut-off. The 15 ev loss is approximately equal to the
14.8 ev loss found by Watanabe and which hé attributed to the
excitation of a plasha or collective oscillation. Over the
range of scattering angies uéed,.this energy 1oss wés éxpected
to sbow a shift of about oﬁe volt in the position of the toe
as a function of scattering angle. However; the bias voltage,
steps were not fine enough (except near cut-off) to accurately
determine the location of the toe of thé densit& rises.‘_It‘was
therefore not po$sible to verify the angular dependence. |

- Most of the curves show a density rise occurriﬁg at a bias
voltage between -10 and -5 volts corresponding to an energy loss
of approximately 25 ev. This is close to the 23 ev loss which
Watanabe found and attributed to an interband transistion re-
lated to the fine structure in the L absorption edge for X-Tays.
There is also a slight indication of a density rise ét +45 &olts
mesh bias corresponding to a loss of about 75 éve The 75 ev
loss is outside the range of losses studied by Watanabe, however
a loss of approximately this amount has been related by

b o the fine structure in the K absorption edge

Cauchols
for x-rays.

A continuous background distribution of electron energies
is suggested bj the general slope of the specimen curves, which

could be due to radiation losses which occur when the electron




2l
is accelerated in collisions. The general slope may be due in

part also to small intensity intefband losses which were not
observed because of lack of resolution. The data assembled by

7 include the losses observed in

Marton, Leder, and Mendlowitz
this.study along with others not observed here;v

The inserts on some of the figures show the separate
image denéity curves for increasing and decreasiﬁg bias from
cut-off to zero. The differences between the curveé of in-

' creasing and decreasing bias may be due to differences in the
vplates uséd to record these sections of the series of bias
voltage settings; It is also possible that the.beam had changed
during the run, but the method of choosing the density scale
for the curves’would tend to minimize this effect. However, in
both curves the same energy groups appear, as indicaﬁed by the
position of the steeper slopes, although not with the same
“amplitude. In FiguféS'IQ’and'l3 where 6nly one curve appears
the photographic data for one direction of bias change was |
impaired by fogging. -

The density versus bias curves in Figures 12 and 18 are
for scattering angles‘éf 0.002) radians; Two Separate mesh
openings, Nos. 6 and 8, on opposiie sides of cénter were mea-
sured to obtain these curves. In Figure 12 the'eneﬁgy losses
are more noticeable than in Figufe 18 but have the same values.
The differences between the curves may be due to differences

in the scattered beam in the two scattering azimuths which

T




would indicate that the scattering was not azimnﬁhaily
symmetric as supposéd ea?lier. |

Figures 1l and 15 are for scattering angles of 0.0035
radians corresponding to mesh openings Nos. 5 and 9. The curve
in Figure 1L differs from all of the other specimen curves in
that the energy losses appeared to be shifted towérd cut-bff
by about 5 volts. At present, the explanation for this is not
kmown. | |

The curves in Figures 16 and 17 are for scattering énglesr
"~ of 0.0055 radians and correspond fo mesh openings Nos. L and 10.
Again, the energy losses'appéar to be the same but have different
intensities. Again thg only explanation is that the scattering

pattern was not azimuthally symmetric.
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CHAPTER IV
CONCLUSIONS AND FUTURE WORK

The energy disﬁribution in an electron beam, transmitted
by a thin aluminum film, which served as a test specimen, was
studied by a retarding potential method in which the energy
 analysis could be made as a function of the polar angle and

azimuth of scattering. The primary energy was 15 ker ‘The
résults showed that the transmitted beam contained eiectrdns
which had lost essentially zero energy élong with groups of
kelectrons.which had suffered losses of about 15 ev and 25 ev, .
and bossibly 75 ev.v In addition there appeared to be a con-
tinuous background of electron energy losses over the range
studied (from O to 30 ev). The 15 ev loss has been attributed
to the excitation of plasma or collective oscillations of the
electrons in the specimen, and the 25 and 75 ev losses have
been attributed to interband transitions. The continuous back-
grouhd could be due to r#diation losses, and unresolved small
intensity interband losses. It was not possible to observe :
the dependence of the plasma loss on the angle of scattering
because of lack of resolution in the mesh bias settings. This
study demonstrated the feasibility of this method of energy
analysis of electron beams as well as the shortcomings of the

apparatus and measurements.




The resolution of the energy analysis could be improved
considerably by finer settings in the bias voltage. However,
taking and working up the data would be very timekconsuming if
the photographic method described in this thesis were used. .It
would seem better to use a different method of recording the
image obtained; e.g., a fluorescent screen and a photomultiplier
tube could be used to measure the illumination at a given posi-.
tion‘in the pattern as the bias voltage is varied continuoﬁsly
through its range. 1If, in addition, the bias voltage and photo-
multiplief outputs were ﬁsed to run an XY-ploiter, data recording
would be greatly facilitated. Andther improvement in resolution
would result from using a finer mesh in thé analjser. MeShes of..
2000° lines per inch are available conmercially, ﬁhereas the mesh
used in this experiment was 500 lines per inch.k

The axial beam voltage loss due'to angle of scattering can
- be avoided by arrangihg the'Specimen lens betwéen the'specimen
and the analyser ih such a'way that the pencils of sgattered
rays have their axes normal to the analysing mesh inside the
analyser. In this arrgngement the individual pencils of
scattered rays converge, as before, toward a focus in the plane
M, at a distance L4 s/3 beyond A. However, the specimen is
positioned so that its image is projected at a distance Ls be-
yond A. The chief réys of the scattered pencils head toward the
axial point of the image and on entering the analyser are
diverged by the aperture lens into a parallel beam normal t§ the

analysing mesh.




A sﬁaller angle of convérgence of the pencils-of rays
focused in the analysing plane would redncé the spread in axial
bean voltage resultihg-from this cause. The angie can be |
decreased by the use of a smaller stop on the specimen lens
or by an iﬁcrease in distance between the specimen and the
analysing plane.

It would be interesting to apply this méthod, with
improVements of resolution, to other specimens. it would be
especially:intéresting to Study a case where the scattering

pattern is not rotationally symmetric.
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APPEN}DIXYA"
FOCUSING OF SCATTERED RAYS

In Figure Al rays écattéred by two different specimen
points, Sy and 8, into cones of the Sa.me angle © eire shown.
The axes of these cones are inclined to each other at an angle
& and intersect é.t 6 in the plane P. 'fhe cone of rays froin
So has its axis normal to P and intersects P in a ciréle- of
radiué z tan 8, The é.zimuth of ﬁher écattered ray corresponds
to the angle @ in the plane. The rays from 51 intersect P in
an ellipse. The points of intersection do not coihcide per-
fectly with those from So either in ‘distance from O or in
azimuth in the‘-plane. ~The lack of registration of the inter-
.Sectidn points is "'g‘rea'bés..t i’.nvf.’he direc'bion of ,ﬁhe 'éepara'bion.
of the specimen points. The rays corres‘po‘nding to this direc~
tion are drawn in Figure A2, These rays from 5 intersect P
at Tmax and Tmin. From the law of sines:

T max - z sece 2z seco

sin 8 ~ sin(90°-6-&) = cos (6 +of)

or ' max = 7 sin © secd
' cos(6 +oC )

Also from the law of sines:

Tmin - 2z secX z secck

sIn® - sIn(90°-6+@)- “cos(® -« )
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or .
z sin © sec ol

Yo e
cos (8 -a ) .

The rays from S intersect P at:
r =2z tan @

The expressions i‘or r ., r. ,andr differ only in second and

max’ “min
higher order terms in @ and & . For o = 0.007 radians and
6 =0, 006 radians (the largest value of @ was O. 0055 rad:Lans),
and z = p 4 (h/3)s = 2 88 cm, S be evaluated:

rmax < 20(1-62/3/ ) (14 oc2/2' ) (1 +(e+a)2/24)

= r(l - 600704 25x10-6 4 85510 ~©)

| = r(l 4+ l_O-h).
The lack of registration. for rmin and r is less than that for
Lk and i'; o
At a distance of V20 mesh spacings (0.002.") for the largest @
used and for a mesh opening of 0,001" the fractional variation of
r over the mesh opening is: i B

0.001"

(V20)0.002"

which is much larger than the lack of registration (10')" parts of r)

- 1/9,

of Tnax O0 T Therefore the ellipse and circle intérsection curves
can be considered to be in registration. The azimuths of the
~ intersection points also -agreé to fi'rst order and can be considered

to be in registration.




APPENDIX B
ELECTRON-OPTICAL ASPECTS OF THE ANALYSER

The equivalent optical system for the analyser is the
same on both sides and is therefore w.orked. out for one side
only. (see Figure Bl)., The effect of the electric field in the
analyser can be thought of as the sum of the separate: effects |
-of two fields: A uniform field béﬁween the ﬁositive end elec-
trode A at potenﬁial V, end the negative mesh electrode Mo é’c
potential vM, and a field associated with the aperture in the
" end‘electro'de. The local‘fie'lds associated with the small
openings in the mésh are taken into account separately. The
aper‘bure field was shown by Daviséon and Ca,l_biclé tovbe, to
first order, a thin electron lens of focal length:

“f = | _,"vB '
(AV/ez), - (13 V/3z),

vg is the beam vdltage of the electron at the potential of the
apertured electrode and is equal to Vp . Vg where Vg is the cathode
potential, (dV/9 z),'z and (z\r/az):L are thé potential gradiénts which
would exist on the two sides of the electrode in the absence of

the aperture and have values of:
(Vp=-"y)
s

| (JV/QZ)]_ =‘O and (@Vez), =
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_ The aperture field acts 11ke a dn.verglng lens of i‘ocal length

fu h(VA-Vc)S' .

-(Vp -Wy)

Since VM& VC. | £ = -ls

‘The uniform field between the »elec‘brode;s caﬁses the elec-
tfons to travel on éarabolic ba‘bhs with v_erk‘oig‘esf at Mo approxi-
- mately. These pqthé: when referred to the potential of the end
electrode can bé replacedvby; their tangents just‘inéid'e the.
aperture lens. The disf,ahce between the end electrode and the
mesh és indicated by the fangents is 2s, twice the actual dis-
tance, Figufe_Bl can therefore be replaced by the optical
. counterpart, Figure B2 ,. in which the rays inside.the analyser
‘are atraight. The' mesh ME')"is the same size ‘as Mo Péi'aboiic
paths which have their vertices a"b a point in My therefore have
initial tangents which focus at ME, a distance s beyond My

, Since electrons entering the analyser are ai’fected by' the
diverging a.ction of the aperture field, a pencil for wh:l.ch the
tangents inside the a.nalysér are to be focused at M".S‘, must be
directed from outside the analyser toward a focus at M (see

Figure B3). The positi'on of M rela'bive to the aperture lens

is given by:

| (l/AM) + (1/1) = (1/mi8)
or (1/AM) + (1/-Ls) = (1/2s),
therefore AM = (L4/3)s.

The magnification of M is given by:
n s AM/AME = 2/3,
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L7
Thus I, the image of I o referred to the space oﬁtsicie the
‘analyser, is 2/3 the size of‘ Mo‘and is located ir-.i.thinfthe ‘
analyser at a distance (4/3)s from the aperture lens.
The angular apef'bure o of the pencil o:t" rays ’converg:i.ng

in the space o_utsidé the analyser to a focus at M is also

» ai‘fécted by the action 61‘ thé aperture lehs. The diverging

‘effect of this lens reduces the angular aperturé to

L = (2/3)‘oC as can be seen from Figure B3.




APPENDIX C
FURTHER ASPECTS OF THE ANALYSER

The analyser measures the energy associated w:Lth the
axial veloclty of the electrons. The a.xa.al beam voltage s de-
' fined by lgmrz =6V, depends on the angle wh:.ch the electron
path makes with the z-axis. In the space. outsn.de the a.nalyser
the chief‘ ray (the. electron path) along the axis of the :.mag:n.ng
cone- ma.kes an angle & = Q/p with the axis. The aperture lens .
of the a.nalyser :mcreases the angle to @', as _shpm in Figure Cl,
given by: R
o = o +f/f £,
which can be expressed ast"
8= 9( 1+ p/hs)
where f = po and £ mals, 'l‘he beam voltage Just ins:Lde the
analyser is given by: o '
| eVi3 = eV, - &V 35'1\' =35W2+;97W
Then the loss in axial beam voltage due to the inclination of
the ray is given by: o _
V. (lo8s) = Vg = T, = 1/2(w/e)v?
and remains constant as the electron approaches the retarding

mesh, since v, is constant inside the analyser. In terms of &',

the axial heam voltage loss for the chief‘ray iss
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VZ.(loss') = 1/2(m/e) (v sine')2 -
| - = Vg s:'m29"
)

or iﬁ terms of G v _
v =14 pAs)?.

"In the pencil 'éf rays conve_fging to M"o" the angle to the
z-a.ﬁs varies inmagnitu_de from -9"-:(" to G';!-ac' for o'72L" or
from zero to @' +L!' fdr ©' £4'. The corresponding ré.nge in
axial beam voltage less ds:. | | o
L VQoss) =Ty [(e" + o) -.(9'.-¢')2] = lWp @' '
for 0')&,; and ‘ o - | :

= Vg6’ + o« 1)?

for 0'4 ',
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