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ABSTRACT

The spherical aberration of electron lenses of which
the refracting fields are axially symmetric, static, and space
charge free isvalways positive, The spherical aberration of
an electrostatic lens in which surface charges are introduced
within the electron beam on a metal gauze or a conducting
foil can be given an arbitrary value by adjusting the electro-
static field at the gauze or foil. The performance of gauze
lenses is limited by the lens action of the gauze holes, If
a gauze lens is given a zero spherical aberration and used
to provide the principal lensg action, the aberration figure
due to the gauze holes of diameter A has & diameter in the
image plane of about (1+M)A where M is the magnification of
the lens. If a gauze lens is used to correct the spherical
aberration of a normel magnetic lens which is used to provide
the principal lens action, the aberration figure due to the
gauze holes is a factor 2A/h - where h is the radius of the
lens aperture - times smaller than the minimum spherical
aberration figure of the uncorrected lens. The other possible
sources of error, such as migalignment, are discussed. Experi-
mental results obtained with a gauze lens corrector are given.
The use of two parallel gauzes as the central element of an
electrostatic lens gives the possibility of making a gauze
lens free of spherical aberration in which the error due to
the gauze holes is reduced. Each pair of gauze holes forms
a lens?mbut, by adjusting the intensity of the electric
field between the gauzes, the strength of the hole lenses
can be made zero, The design of such a lens is given together
with estimates of the errors limiting the performance., The
usefulness of foil lenses and correctors is limited by the
scattering of electrons by the foil. Some experimental re-

sults are given for a foil corrector.

Vi



INTRODUCTION

Any axially symmetric electric and magnetic
field is capable of forming a geometrically faithful
electron image of an object in a plane normal to the
axis of symmetry of the field, provided that the elec-

~tron rays forming the image make a small enough angle
with the axis, that the part of the object imaged covers
anarea small enough about the axis and that the elec-
trons are monoenergetic., This ideal image, in which
diffraction effects are also ignored, is called the
Gaussian image. The geometrical aberrations are char-
acterized by the deviations, in the Gaussian image
plane, from the Gaussian image points., These deviations
arige from the employment of imaging pencils of finite
aperture and from the imaging of objects of finite
extent, For axially symmetric systems the coordinates
of the ray intersections in the image plane depend

only on odd order terms in the object and aperture
plane coordinates., The first order terms give the
Gaussian approximation and the higher order terms the
aberrations,

Terms of higher order than the third order
aberrations are, for the small angles normally encoun-
tered in electron optics, negligible., The spherical
aberration is the third order aberration which depends
only on the ray coordinstes in the aperture plane and
thus does not vanish for an axial object point. The
eberration figure is a circle about the Gaussian image
point with a radius proportional to the cube of the
aperture radius.

That is:



The spherical aberration is the most important
geometrical aberration as it cannot always be made negli-
gible by reducing the aperture angle. In the case of lenses
used to form a real image of an electron source, because
the current into the image i1s reduced by reducing the
aperture angle, the spherical aberration of the lens li-
mits the current into a spot of given size. In the case
of an electron microscope objective, the spherical aber-
ration of the lens limits the resolution, because diffraction
effects increase with reduced aperture angle.

Under the conditions that the refracting fields
are axially symmeyric, static, and space charge free,
Scherzer (1936) has shown that the integrand of the inte-
gral expression for the spherical aberration coefficient A
can be written as the sum of a number of squared terms.
Thus A is always positive and can .only be zero if each
of the terms of the integrand is zero, which only hapnrens
if there is no lens. It was also Scherzer (1947) who
showed that the removal of any one of these restrictions
permits the construction of lenses of zero or negative
spherical aberration. The use of combinations of non-axial-
ly symmetric lenses to achieve correction of axially
symmetric lenses has received most of the experimental
attention.

The present investigation concerns the experimental
realization of spherical aberration correction by means
of surface charges introduced within the electron beam

on metal gauzes or electron permeable conducting foils.



ACTION OF WEAK LENSES

Action of & Foil Lens

Congsider an axially symmetric electrostatic electron
lens of which the central electrode is a conducting foil,
transparent to electrons.
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The lens is thin, that is, the extent of the refracting field
is short compared to the distance of the lens from both the
object and the image. The lens is weak, that is, the fielgd
strengths are such that an electron incident parallel to the
axis will change neither its separation from the axis nor its
axial velocity to an appreciable extent while passing through
the lens. The electron trajectories are paraxial, that is, the
angles of the electron rays with respect to the axis are small.
An electron of momentum P, rassing through the lens
parallel to the axis at a distance r from the axis, receives

an impulse directed towards the axis

AvD = & cﬁé;_/t Z}tz'j’

where Er is the radial component of the electric field. The

lens is symmetric about the central plane, thus

ap-ze) £ d ¢
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The axial velocity is constant, so that

df:d'l
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gives
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"he electron is deflected through an angle
. N
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"he energy of the electron can be written
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where U is the energy in electron volts, giving
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From Gauss' law, applied to & cylinder beginning just out-
gside the foil,

aryr ) £ dx = 27721 radr

(7]

where EZ = Ez(r,o) is the field in the z direction at the foil.

Thus

»
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Expanding Ez in a power series in r,
£ o F. lrwea 7 va, 7% )
o 20 2 &

where, because of the axial symmetry of the lens, only
even powers appear, gives
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The focal length fe of the lens is given by

3 5
= £ L+£&7+a977‘-~.)

L = é_zo
) Y

Thus a foil lens with a parabolic field distribution at

the foil
2
.é?; = Zg;o//;'—_Z%>/
7o

gives & deflection

I= 7 - o 7+

a—
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These results have been obtained in a weak lens
approximation in which the electron velocity and the radius
of the electron ray in the lens are taken to be constant and
the differences between y, sin y and ten y, although of the

third order, are ignored.



The application of the weak lens approximation to
the third order terms in r is Jjustified if the third order
term r3/2fer§ is large compared to the third order terms
in Y3 resulting from the expansion of sin vy, tan y, etc.,
that ig, if

/‘3 .; 3

=7 << 7

A e
e e 7,

or

7 << Jo

(4

Wher. a foil is used as a corrector for the spherical aber-

ration of a normal lens it will be quite weak and the approxi-

mation rather good. If a foil lens is used to provide the
principal lens action the approximation is not so good and

there will be contributions which cannot be ignored. In

either case the essential result is that the spherical aber-

ration of a foil lens can be given a desired value by adjusting

the field at the foil.



Action of a Gauze Lens

Consider the situation in which the foil is replaced
by a gauze which has small holes of diameter A. For a single
hole of radius R in a conducting sheet, where the fields
approach the uniform fields - E+ on the left and E+ on the
risht, the potential on the axis of the hole is [see, for

example, Zworykin (1945) page 389)

¢/z):—-2}?f, _/_Z__ZLan_/_Z_' + 7
77 Vet A

For values of z/R>1 this can be expanded as

I/ ——£z~%‘—7//?/+2/?£/77

The axial field is then

i

7

and the disturbance in the field decrenses as (A/z)3 for values
of z/A> 1. The contribution to the deflection, in the case of

a foil, for the part of the path -z to z, for small z, is

4f[7:2)=_7_/2£7512
AU

:__z__/zf;a/z
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as the lens is symmetric about z equal zero and Curl E is zero.

For a paraholic field

2
Zg; = zf;o 7'_—;Z;
71

o

at the foil, this becomes

VLTI —Z[L/Eéa% za/z:—/_z_)lf;or
I

Thus if A<<‘ro the action of the gauze can be considered to
be that of a foil plus the disturbance due to the gauze holes,

Consider an electron passing through 2 hole centered

at r=rC at a distance/ﬁ from the axis of the hole.

@
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The deflection is

7
i) 5

where‘fj is chosen to be:

Large enough compared to A so that the contribution to the lens
action of the hole of the region?>?% can be neglected.

Smell enough cumnaraed to the dimensions of the lens so that

the field in the plane?Z=7can be taken equal to the value

for z2=0 in the case of a foil.

The change in B with r across a hole of diameter A is of the

order

AE, ~0FE A =~-F£,, %A
J7r 2 *

Q\

Since the maximum defl<ction due to the lens action of a hole
is proportional to EZA the effect of the change in EZ across
the hole will be of second order in A and cen be neglected.,
Thus the field in the p]ane'ﬁ::ﬁ is taken to be uniform and

equal to the value for z = 0 in t"e case of the foil, that is

E,Z/ti).ef;/?;,o)

Fromn Gauss' law

£ 7
27 Ez/ﬂ//) :—zyr/J/ é/—,_a’p

0

Thus

-, /’2 dp -1 Elr)
r ZZ_/—Z; z/)/) ZZLZ ~f~

:“'fza[7"£/ﬁ
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The maximum value of P 1is 8/2, so the maximum de-

flection due to the lens action of a hole at r=rC is

b == 7 ,/z’—zyA
274 7

The principal action of the lens is that of a foil lens, that
is

3
= 7 7 = _7 7

jg 2:751

If the field at the gauze is uniform, that is, if

1/ro2 is zero, then the lens is free of spherical aberration,

The maximum def'ection due to the lens sction of a hole is

éf/ = — 7 A
A Jjé

This gives an aberration figure in the focus of diameter

d :2]/%7

A
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where I is the image distance.

The result that a uniform field at the gauze gives
a lens free of spherical aberration is a weak lens approxi-
mation which ignores-—-the existence of third order terms other
than that due to the field. Thus to make the net third order
coefficient zero will actually require a small negative
contribution from the field. This will be considered, for the

case of the multiple gauze lens, on page £6.
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Acticon of a Magnetic Lens

In order to find the lens action of a thin, weak,
axially symmetric magnetic lens, the following epproximations

to the equations of motion in polar coordinates are used.

Z%: = Zg'ZE?Z > Z Zg;
Ve
% =l B—0B )1 285y B

b

llere 77 is e/m. The quantities v, and r are taken to be con-
stant in the lens. The vector potential A(r,z), which because
of the symmetry of the field has only one component, is ex-

panded in terms of the axial field.

Y w
A/T,Z’):_?_’Ez -7 B, +7" B, -
2 /8 3Py

Integrating the equation for ve gives

z
2% = ~m‘é/ﬁ/ﬁ = -7/115?@/2

7/ VA dx = A lrz)
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as

r

7)*:0/ ..B:':—'f)A,
pa
J z

and as A(r,z) has the form

Alrx) = J_D¢r) Crz)

The deflection given an electron is

6/7;7 = —A Zfi = =7 ///O;Zi QZZL

vy 2z
= ~_1_4_ 7/‘;’%2’
% /fo
“ 2
- —77//7%5?—22/%2
oo 7

as

2
7 Jd o
and
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With
< iy
/4 ngi :.;Z_JE; ‘*_Z:fzs; JZ%?.¢.7;f(/3422:ﬁ122522i),...
or 4 & 356

and making use of the integrals

‘z/<:zg,lzlzfz = - UQ/CZZijza/z
i2§4zilsz = vo/i;fij;)izﬁz

=N

J/;s evaluated through terms in the fifth power in r,.

Let

/: 77‘7’-__5_4’7"3'/"__;‘7‘;

/1/ //

Then the coefficients are given by the integfals

_1_::2___ C?.Bzza/l
VY

E;Z__ ::_Zz__ ////°OK:Zi;/)2a/Z
FrosU ),

C_; :_Q /w/_B;,}i&/Z
£/,

8
574

N

The radius of the aberration figure in the Gaussian focus is:

ﬁ:]d/:_}_[]_‘_/é\/
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:/77‘/‘7) /A/

= /77‘/‘7) 54 7‘37‘[_: al
}ZJ /_5'

where I is the i1age distance and M the magnification of the

lens.

For a weak lens the shape of the magnetic field does
not depend on the field strength, but only on the geometry
of the lens. Thus the coefficientscs/f3 and 05/f5 are con-
stants for wesk lenses.

According to Van !ents and Le Foole (1947) for iron
clad lenses of pole separation 5 to bore diameter D ratio of
about unity the axirl field is well represcnted by the function

z?

27
B, =B, ¢

For a field of this form

7 =78, [~
Vs & U L 4
C
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Van Ments and Le Poole also found that in terms of the lens

geometry the relation

é:; ~ 2, %

‘//3 2 2

=S +D

gives a rather good fit to values calculated from experiment-
aly measured fields for weak lenses over a wide range of the
gap to bore ratio 5/D. '
The possibility of compensating for the third order
aberration makes interesting an estimate of the fifth order
error, This has been done in the weak lens approximetion., The
contributions to the aberrations due to the inclination of
the electron trajectories and the change in axiel velocity,
which have been ignored, are smeller by a factor of the order
p/f than the contribution from the field distribution. Archard
(1960) has made a numerical calculation of the complete fifth

order coefficient Cs/d for the bell-shaped field

B = B,
'z |
7+&j
for values of the excitation parameter
2 2,2
/ﬁfﬂ = ZZ _JZZ a/
/A

hetween 0.2 and 2.0, For this ficld shape, the weak lens inte-

grals give




for k

2

= 0.2 and

for ko= 2.0.
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USE OF FOIL AND GAUZE LIENSES

As has been shown;a foil lens can be given ah arbi-
trary spherical aberration, Thus a foil lens free of sphe-
rical aberration can be made, or a2 foil lens of negative
spherical aberration can be combined with a lens of the
normal type, having positive spherical aberration, to give
a lens system free from spherical aberration. The problem of
making & conducting foil thin enough so that the scattering
0of electronsby the foil is negligible, while maintaining
sufficient mechanical strength, has prevented the use of
such lenses., A foil lens may be applicable to the correction
of electron microscope objectives where relatively high
energies and only a very small aperture are reguired. This
has been considered theoretically by Scherszer (1949).

The difficulty of using foils leads to the consider-
ation of the use of lenses in which the foil is replaced
by a gauze. As has been shown, a gauze lens acts like a
foil, except that the holes in the gauze, as they act as
lenses, introduce & new error, In the case of & spherical aber-
ration free gauze lens the diameter of the aberration figure in

the Gaussian image plane due to the lens action of the holes is

§ = [ a

where I is the image di:«tance, fe the focal length of the lens,
and A is the diameter of the gauze holes, The problem of
making holes small enough to make this error negligible, while
maintaining sufficient trensparency and mechanical strength,
has restricted the use of such lenses. '

However, if a gauze lens of negative spherical abher-
ration is used to correct the positive spherical aberration
of a normal lens the size of the holes imposes a much less
severe restriction on the performance of the composite lens.,

Scherzer and Steigerwald (1959) have obtained a patent based

18
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on this idea.. Rus (1965) has made calculations and obtained
some preliminary experimental results which demonstrated the
feasibility of this approach to the correction of spherical
aherration. As will be shown, if a normal lens is corrected
for spherical sasberration by a gauze lens the aberration
figure due to the gauze holes has & diameter

4= 24 ¢,

where h is the radius of the lens aperture and 5; is the mini-
mum spherical aberration figure of the uncorrected lens. Thus
a éubstantial reduction in the aberration figure can be achieved.
This is demonstrated experimenteally.

The use of more than one gauze gives a second possibil-
ity for the reduction of the error due to the gauze holes.
For example, two parallel gauzes can be used as the central
element in constructing a spherical aberration free lens.
Dach pair of géuze holes forms a lens, but, by adjusting the
intensity of the electric field between the gauze, the strength
of the hole lenses can be made zero. The spherical aberration
of the gauze hole lenses will be the limiting error. The aber-

ration figure has, at unit magnification,a diameter

5, £(4)a

where 4 1s the separation of the gauzes. This is a substantial
reduction over the aberration figure of a single gauze lens.

This type of lens is algo considered.



CORRECTION OF A WEAK MAGNETIC LENS BY MEANS OF A GAUZE LENS

Correctibn of Spherical Aberraticon - 1

A magnetic lens gives a deflection

J
C%:; = — 43 7

and a foil or gauze lens can be made to give the deflection

// 3
e =_71 — 7 7
Loir 7
e 27 e
For l/fé<< l/fm, if the lenses are superinpcsed, with coin-

cident principal plenes, the net dcflection is

T tE )

C:Zd — 7 = 0
AT

t:e spherical aberration of the combined lens is zero. This

Thus if

requires

)

9
2 Z‘)ﬁ )ém
That is

Z?;a - 4’42{ (?4

————

7 L I .

which determines one parameter in the parabolic field

20
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distribution

542

In the case of the gauze lens a new aberration, due
to the lens action of the holes, is introduced. A hole centered

at r=T gives & maximum deflection of magnitude

2 2
67/L/7?_) = =7 //GZ - Z;///zs
A 2
2% 7

This gives an aberration figure in the focus of diameter

The coefficient fm/feri ig fixed by the requirement that
the net spherical aberration be zero. Let the maximum.value
of r be h. The quantity r2 - r2 has the value r2 at

c o} c o} c
equal to zero, decreases to zero at T, equal to T, and increa-~
ses to ri - h2 at r, equal to h., Increasing T, from zero
increases the value at T, equal to zero and decreases it
at T, equal to h, thus the minimum of the maximum value of

this quantity occurs when
¢{; /b// = 4; /Cé_)

That is, when

2 2
'7;1:A—‘7;
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Thus the condition

; <
y

2

which fixes the second parameter in the parabolic field dis-
tribution, minimizes the aberration due to the lens action
of the gauze holes,

The diameter of the eberration figure is then

ﬁ&:: /é; . /{é;& — /éi? A
L7t 2 A4

But, as has been shown, in order to make the net spherical

aberration zero

L. C 2. 2G4
i A s

Thus

=L, Aa
]/{73

The minimum spherical aberration figure for the magnetic lens

has a diameter

=7 C, 4
2 fa

Thus the minimum aberration figure of the corrected lens is

d =24 d

/4 ~J
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Correction of Spherical Aberration - 2

Consider the case in which the electron source is at
a finite distance S from the lens and the plane of the correc-

tor is a distance L from the plane of the magnetic lens.,

)

4N

Here

The deflections due to the maegnetic lens and the corrector

lens are

thi: 7+ (f; 7'3
AR

(:7—7 7"3
J A2

The radiui/a of the error at the focus is

and

(1+L) 7~ T G
//9 l/{ Cg 1:

Letdp = C,



Then
/77"__4_"_4_/ 7 :C/J 7-mj
I Lkt A7

as

This gives

so that

The error in the deflection due to the gauze holes is

é{y/%é} = =7 7 - 724 A
é 75{ ‘2

The maximum magnitude of this is minimized if

Aéz = <

Z;l

where he is the maximum value of r_. This gives

s =

YA\
£ Je

The diameter¢£ of the c¢rror in the focus duc to this error

in the deflection is

At
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But the minimum spherical aberration figure of the magnetic

lens has a diameter

=2 L Lo 4]
A

Thus

g - A 214 4
%

m

In the case that the corvector is within the deflecting
field of the magnetic lens it is not sufficient to take the
radial coordinate of the electron to be that given by the
straight line approximation to the electron trajectory unless
the length of the magnetic lens is quite short compared to its
focal len.th.

v

Y
A

L W4 N

A 7'

Consider an electron incident parallel to the axis of a magnetic

lens of length w at a height h. Approximating the trajectory within
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the lens by

(%) = A/ - 7 a_"zy
2

and requiring

-7 (w) = haotw =54

J[

gives
2
C/Z):A/—L_Z,_J
2 y«j%
If the corrector is at the center of the magnetic lens then

the radial coordinate at the corrector is

be =72

For the net spherical aberration to be zero, as

f- 2 b2 K

and



That is

The gauze hole error

becomes

27
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Errors Due to the Gauze Lens

Alignment Errors

If the axis of the corrector does not coincide with

that of the magnetic lens, errors will be introduced into

the image.

Suppose that the corrector axis is tilted with re.

spect to the axis of the magnetic lens. Cinsider electron
rays in the plane of the two axes.
e 5

/
>

/

An eluctron, incident at a radius r parsllel to the magnetic

lerns axis,is ata radius with respect to the corrector axis
given by
Vo = 7
cvrg €

and thus is given & deflection by the corrector

/{2';— 7e — 72753
fo L4

Thus there is an error in the deflection, taking

given by

€ €=o0
A 0k/:: 6/1}77 — dP;Tj
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< K| 2
7 £

:__7;__6_ — - 2
foo2  Sh o2

2 <
= 7-3 7 7 =

e
e 2
This has its maximum value at r equal to h, where

2d o - 4
e

The width of the error in the focus is

4 =2 1h/ad]
2 LA

e

In terms of the gauze error,

g - Sy A
7

i{é' =2 /4 6'2

et

4 A

A

this 1is

Suppose that the corrector axis is displaced parallel
to the magnetic lens axis. Consider electron rays in the

plane of the displacement.
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—'/-—‘
/

The deflection due to the corrector lens is

éﬁ; = _231 —_ 7 7ZJ

Z.l
Here, )é o

where r is the radial coordina“e of the 2lectiron ray with

=L

e

respect to the magnetic axis. Thus there is an error in the

deflection

d:d

A/: //f’)“/?r)

from which,

;4 yal A/;b) = -1 d

A/%/:: 2 o



Thus the width of the error in the focus is

J:J][mol
4 Zm
/.

In terms of the diameter of the gauze error, this is

Eﬂé' = JJZL
Ja A

Fifth Crder krror
Consider the next term in the expansion of the field

at the gauze.

Let
£Z=£Za/7_/7f )2t _;j//
[l p

J{Z__Z__/sz rALr
» U

/e/ =_Z_/f—£_v_‘/_/7j +_Z—77
/e[ 277 7Y

Then, as

this gives

Combining this with

L= [rel, +
-

the net aberration is

31
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A/:_Zg_ /—/71‘5//,%,1/ 7 27’—(
A 24 7" Cs stz

Consider that j €< 1, let

[F.6)/ = /E,05)/

in order to minimize ﬁA' This gives

45 (r=7)
= 7"‘/
2
Introduce the parameter x, which is small for small j,

4
/ZQ = 7 + X
%rxé’

:) ']
and ignore terms in j  and Jjx. Then

A////v".)()?'f" )/9

£ (j+x) is zero the error is in tne fifth order only. The

maximum diameter of the aherration figure in the Gaussiean

focus is

2 /ad T = 2 O, Aéz/
g 47
However, this does not represent the minimum aberration fig-

ure, - -

The diameter of the combined error in the Gaussian

focus is the absolute value of

d, (7)) = 2/,[,, ad r7)



[HE )

Let

_7;:)() /7+)(

Y y 7
Then

4!X) =/X£——ZX7{,.

Let Xo he the value of X satisfying

AJ;’J = 0
2 X

That is, let

X = J
o z;jj7

Thus, as a function of the adjustable parameter XO

gx),._/x‘__éxjxycg
: <A,

Increasing Xo increases/cgj [Xo)/ but decreases/zr{%; [’)/

so that the best value of XO is that for which

/aQ;/X,,)/:/aQJ (1) /= d, 5

That is, it satisfies

2,AC J;ch)x;z-—
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The approximate solution is

Thus
zﬂj:_%_XoJ: 7 dy
3 a
-2 & K = 2 4, 1/
3,33

where d; is the minimum dismeter of the third order spheri-
cal aberration error. In terms of the gauze erroxr this be-

comes, Since

4 =h
5 2A

A

f, s /720{,///

PAVANNEER i

"The relative errcr in the field at the maximum radius h is
AL 05) /A”?z)—ff/él/: 27/
Ezo Zia

So that in terms of the field error &t h

Qﬂ £ = !4 .7 A é?/Cé)

— e
e

d, 2 A 7 ZE:‘za
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Chromatic Error

The focal length of the combined lens is given by

F A S

The variation in this focal length due to variation in the

ad

strength of the corrector is given by

af = Jn ak
;FxE A

The dependence of the strength of the corrector on the voltage

v applied to the electrodes and the electron energy U is

2 o= A
A 4

where k is a2 geometrical constant of the lens. Thus

ol =fad - ol

Since fm/fe is one, the contribution of the AU/U term is domi-

nated by the chromatic aberration of the magnetic lens. So,

as a function of Av/v

a /S :/Zm a 2%
ba J 2~

As can be seen from the following sketch,

5

Vins

ot
~ 7%

N
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the diameter of the aberration figure due to a variation in the

focal length is

{ =2 A = 2 /A)[//7
7[

Thus here

c A —— g
24

Cf = .2;Z£2_ A 24 /;
Je

As the diameter of the gauze aberration is

JA:/,@A

A———

e
then

d; = 2_/; a
Jda A 2
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Errors Due to the Magnetic Lens

Fifth Order Error
Congider the expansion of the deflectidn in the mag-
netic lens to the next higher order in the radius of the

electron ray. Let

/,::__Lf'-f-as
'

[

¥ s

m 7

The diameter of the aberration fis ure due to a fifth order

error only is

5
§ooal adh) -2l 4
.._5'
m
But, as has been shown for the case of the fifth order error
in the corrector lens, when a fifth order error is combined
with the appropriate amount of third order error, the minimum

aberration figure has a diameter

d, , =

gy

Z
&

For a weak lens the factor CB/fS is & constant, depending

only on the field geometry. For an axial field of the form

~z!

B, B, e ~

wvhich is a good approximation to the field of & magnetic lens

of the form used as a test lens, C5/f5 is given by



(C v

In terms of the gauze error,

AA

Thus

= L.
/3

This becomes

i
O
i

po
*{\{\‘
AN

w
[N
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Chromatic Error

The diameter of the aberration figure due to & vari-

ation in the foceal length is

ISV
/

The focal length of & magnetic lens is dependent on the

energy of the electrons and the lens current. For a weak lens,

A’
where U is the electron energy, A is the lens current and

k is a geometrical constant of the lens. Thus

AP = all — 204
foooU A

i

€,—R€

«w A

Hl

As the variations in the energy and lens current are mostly
independent, the diameter of the aberrations due to these

variations can be taken to be

Juv-_-z;eu/)
and

C{A = L/eA/é

In terms of the gauze error these are



and

40
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Summary of Lens Errors

The errors of the corrector and the magnetic lens that
have been considered are listed below together with estimates
of their magnitude for the experimental system., A corréctor
with a gauze electrode with holes about 30 micron in diameter
and a magnetic lens with & spherical aberration coefficient
Cs/f3 of about 107> mm~% were used. The magnification was
small, that is, I/f is about one. Values are given for h =~ lmm
and hx~2mm, and in that order. The errors are calculated as

fractions of the gauze hole error
2
4; = (f; /4 A
J[J

The errors of the c rrectcr are:
The élignment error due to the tilt, by an angle e , of the

corrector axis with respect to the magnetic axis.

g, = 24¢€°

—

s, A
0.

7 0.1

fore = 1/30.
The alignment error due to the parallel displacement, by a
distance d, of the corrector axis with respect to the magnetic

axis.

dy = 54
5 A

for d= 1 micron.
The error due to the fifth order error, of magnitude AE at h,
in the field.

s _ b allhl
g, sa £

r 44
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0.2

R
Q

for AE/E = 0.02,
The chromatic error due to a fractional fluctuation of am-

plitudeev in the voltage supplied to the corrector.

C{ ::_i;éé €,

I

for EV o 0.001.
The errors of the magnetic lens considered are:

The error due to the fifth order spherical aberration error

of the lens.

$o =2 G B

5‘ —

4 fPa

b

= 0.0 L 0.7

The chromatic error due to a fractional fluctuation of am-

plitude €, in the energy of the electrons.

A

= 0.3 , 0.2

for€,= 5. 10-6

The chromatic error due to the fractional fluctuation of am-

plitude€ in the lens current.

..,/
JA =——~L/——§‘3L— 6:A

S
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6

for €= 2.5,107",
Considering that the total error,é; can be taken
to be
d, =
JA
gives

for both values of h.

One important source of errors that has not yet
been discussed is the astigmatism of the lenses due to the
departure of physical electrodes from ideal rotational
symmetry. Thus there are errors in the deflection dependent
on the azimuthal angle € as well as the radius of incidence
r of the electron rays. These errors can be corrected for
by introducing weak multipole Jenses of variable strengzth
and orientation. Normally, if the first order astigmatism
is corrected, the higher order astigmatism is negligible
compared to the spherical sberration. If the spherical aber-
ration is corrected, then it may be necessary to correct
the seéond order astigmatism,

Ancther source of errors which is important prac-
tically is the disturbances duz to the charging of conta-
minated surfaces. The surfaces which limit the electron
beam are the most critical. That is, the lens aperture and,

in the case of the corrector, the edges of the gauze holes.



IAA

These errors can be reduced by maintaining clean surfaces,

which requires a good vacuum in the region of the lenses.
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Experimental Test

Design of the Corrector LElectrodes
Electrode configurations which give the required

field distributions at the gauze,

érz = 7 - 7'{
1
EXO 70

were determined with the aid of a resistance network analogue.

The network cofresponds to one of the half planes of a system
of rotational symmetry. The network has 20 meshes in the radial
direction and 40 meshes in the axial direction. The accuracy
of the field determination is about one percent.

The best configuration found is shown in figure 1.
The shape of the field is not very sensitive to small changes
in the configuration, The deviation of the field at the central
plane from parabolic form is less than about two percent over
the ranie 0L r<h for h less—than 9 meshes where h is the
aperture radius and where,wi; order to minimize the gauze
hole error, r, has been set equal to h/]fT. The parameter T,
is determined by the ratio of the ring electrode voltage to

the gauze electrode voltage VR/VC' The parameter € (ro), where

. 2 . . s
dzo/ro —E(ro)VR, varies only slowly with r . See figure 1.

Experimental System

The experimental electron optical system, which
consists of an electron microscope split above the objective
lens to admit the corrected lens, is shown in figure 2 .
The condensor lenses are used to form a highly demagnified
image of the gun crossover. The corrected lens forms an '
image of this source in the object plane of the microscope
objective, The Gaussian size of the image can be made small
compared to the aberration fisure. The microscope was normally

4

used at a magnification of 107, The 4 micron wide bhars of a
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Fig.1 Design for corrector lens
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gauze were used as a standard. An electrén energy of 70 kV was
normally used.

The test lens and corrector are shown in figure 3.,
The test lens has a bore of 3 cm and a pole separation of 4 cm.
The upper pole piece is centerable and the corrector can be
centered on the magnetic lens. First and second order astigma-~
tism correctors are built into the lens. The corrector holder
was made of vinidur plastic, the electrodes of brass and the
gauze of copper. The gauze was annealed in vacuum which made
it possible to achieve a high degree of flatness when it was
placed in the corrector. The test lens and corrector electrode
holder are those designed and used by Rus (1965) in a prelim-
inary investigation.

The spherical aberration coefficient Cs/f3 for the
test lens was determined by measuring the fractional change
in lens current needed to defocus from the Gaussian plane to
the plane of minimum cross section,

This gave

C s
4 = 7 2 70 72 7 -

7{3

The size of the image was normally determined simply
by observing the image on a screen with reference markings
of one millimeter separation which corresponds to O.1 micron
in the image. In order to obtain information on the intensity
distribution in the image, the brofile across a slit was
determined. The beam was driven across a thin slit at the
screen posiﬁion by means of one pair of the deflection coils
below the condensor lenses and the electrons passing through
the s8lit were detected by means of a scintillator, light pipe
and photomultiplier and the signal displayed on a storage
oscilloscope., The magnified image was driven at 50 cps with
an amplitude of 20 mm at the screen. As the image diameter
at the screen was only about one millimeter the velocity
acrogs the slit was taken to be constant, Referred to the

object plane of the microscope, this was 0.63 mm/s. The
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oscilloscope was driven at 0.02 s/m, thus the magnification
at the oscilloscope screen was 0.013 micron/mm. The width
of the slit was about 50 micron which is small compared to

the image sizes.

Experimental Results
The diameter of the minimum spherical aberration figure

is given by

é; = 7 / (f; /;3 :

—7 73
2 ff
The object distance S was 32 cm, the image distance I was 6 cm

"and the physical sperture of dismeter a was a distance L equal

2 cm above the center of the lenses, Thus N

e

T oerild =g
FoUs T
4 -

ﬁjﬁ. a = 0..5J3 a
-/ 2
For the test leﬁs
5’ -3 -2
3 = 7 2 70 77

Thus

J
c/fJ = O /S k& milror

where a is in millimeters,
If the spherical aberration of the magnetic lens is

corrected by means of a gauze lens, placed at the center of the
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magnetic lens, the diameter of the gauze hole aberration figure
is

where A is the diameter of the gauze holes. The gauze used
was a square mesh copper gauze with holes 25 microns square.
Verster (1963) has studied the lens action of the holes of
square mesh gauzes by means of a ray tracer. The maximum
deflection is perpendicular to the bars and is about 20 per-
cent greater than in the round hole case., Thus the 25 micron
square holes are about equivalent to 30 micron round holes.
Thus A is taken 1o be 30 micron. The parameter kw vhich
arises because the corrector is at. the center of the magnetic

lens is ziven by

ol

where w is the distance over which the lens action of the
magnetic lens can be considered to taeke place. Taking w to
be equal to the pole piece separation gives
Cﬁﬂ =/7 + Y |\ =77
v 7 4
& 6
Thus

< L
4; = 0.0/73 a4 mLllor

where a is in millimeters.

The spherical aberration of the system test lens

plus corrector will be zero if
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£, _ A sl IC
=t 7 f

For an electron energy U of 70 kV

ZZ- = &£ 5 \//Cﬂ7rnd

X0

7

[
The maximum diameter of the gauze hole aberration figure is

minimiged if

7 :r_fiL_ = _7_ _lé_
72 A, VT

In terms of the physical aperture of diameter a this is

7= 0.34¥ a

o

The corrector electrode voltages which correspond to these
values of the parameters Ezo/ro2 and r  can be determined
from the curves of figure 1 where VR/VG and e(ro) are given

as a function of T, VR ig given by

<
V. £,/
€ (7))

Apertures 2,17, 3,0, and 4.2 mm in diameter were used.

Voo VR/VG, the centering of the corrector and the
first and second order astigmators were adjusted to minimize
the diameter of the aberration figure. The profiles of the
images are shown in figure 4 . The profiles of images for the
uncorrected lens, where the corrector has been replaced, by a

tube of 7.5 mm inside diameter, for apertures 0.75, 100,
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and 1.25 mm in diameter are also shown in figure 4 ., The
diameter of the imageé, d , is taken to be the width of
the profile at 1/20 of the maximum., For a Gaussian distri-
bution this would include 99 percent of the current into
the image.

Tabulating the results, for the uncorrected lens

a (mm) iréu) Jl )
0.75 0.05 0.10
1.00 0.11 0.14
1.25 0.21 0.19

and for the corrected lens

a (mm) c//;(/u_) & () S el
2.1 1.0 0.06 0.10
3.0 2.9 0.12 0.15
4,2 8.0 0.23 0.26

- where a is the diameter of the physical aperture,qz the
calculated diameter of the minimum spherical aberration
figure,J; the calculated diameter of the minimum gauze
hole aberration fizure and d the measured diameter of the
minimum aberration figure. As the vacuum in the microscope
was not very good, the image sizé at small apertures was

limited by contamination, The calculated V and experimental

R,
Vg, voltages were
a (mm) ve(v)  vi(v) Ve/V, VR/VG
2.1 380 385 1.33 1.33
3.0 390 400 1.29 1.27
4.2 415 430 1.22 1.19

For the two larger apertures the reproducibility of VE was

about+ 5 volts and for the 2.1 mm aperture about + 30 volts.
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The reproducibility of V;/Vg was about * 0.03 for the larger

apertures. For the 2,1 mm aperture the ratio was set equal to
the calculated value,

A few trials were made with foil electrodes. Aluminum
oxide windows about 6 mm in diameter and 300 A thick were
made in aluminum foil electrodes by anodic oxidation. Carbgn
was evaporated into the electrodes to.make them conductingr
which gave a total of about 1000 A. An uncorrected image 8
micron in diameter could be reduced by the foil corrector to
an image about 0.2 micron in diameter which had sharp edges
and contained about 1/3 of the incident electrons. The re-
maining electrons were scattered over large enoﬁgh angles

gso that they did not come through the microscope.
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Pogsgible Improvement of a Probe Lens

Consider the case of a lens used to form a real
image of an electron source. The current into the image

of an electron source of brightness B is

L//:: Zflluz//24'//219
y v

where h/I is the anguiar aperture of the lens and 1 1s the

Gaussian diameter of the image. The total diameter of the

image can be teken to be

d = Vi‘e s

where 4 is the diameter of the disc of confusion due to the
sberrations of the lens, Hormally, the limiting aberration
is the spherical aberration, of which the minimum disc of

confusion is

Sem G4

A.———-
,2,/"

where

m-_-_,_[_~:/+/7

/

M being the magnification of the lens.
In order to determine the aperture which gives the
maximum current ih an image of total diameter ds’the current

is written as a function of the aberration é; . That is

S A -5") %

The solution to the maximizing equation
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is

Thus the radius of the cptimum aperture for the total image

3 / /
b/ % /4
=< T s
m C,
The current into ds is

Sean/L )54 * B
78 /77 C; _ 174

Suppose thet the spherical abherration is corrected

gize d_ is
s

by means of a gauze lens and that the gauze hole error then
determines the size of the aberration disc. The diameter»of

the aberration disc is
A{J
fy=mly ha
.
In this case the optimum value ofc& is

4 -d ~d

Py A

V3 2

L))

Thus,
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is the optimum aperture radius. The current into dA is

¢/___f~,/,/f_, LT B
76 mC, |

A

where T is the transmission of the gauze.

Thus, for a given image distance I and total image diameter 4,

or, for a given current and image size

__A:/T%_,_/ﬁ/%_gi/f %
4 mé; 24

The ratio of the optimum aperture sizes is

fo -_-/_Zf/g_gé_/i/z
A //7/7Q 24

For a given current and image distance,

d, .—./_/_/mé Z_J;él_//’
L LT 27

Here the ratio of the mperture sizes is

AA:J—I//Zi/ZAVJ 7
% TG/ 2a

A

As a numerical example let

A
74 frownd /0 Vead R/

/3

m = 7+/7 ~ 7



Then

and

with

and

with

é = 7 mcCron

A = 25 microp

T:O,.J'

é:]/ﬂm

N S

W™

A = 9,5/77/77

dA:OJ.f/(
/4 =J. 0 mmm,
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MULTIPLE GAUZE LENS

Compensation of the Gauze Hole Lrror

Each hole of & gauze lens of strength 1/fe, of which
the central element is a single gauze, acts as an aperture
lens of strength -l/fe. The lens action of the holes gives

an error in the focus of dismeter

d =4 A
a4 _
/-

where I is the image distance‘éhd A is the diameter of the
gauze holes. However, if more than one gauze is used, the
lens action of the gsuze holes is not fixed by the strength
of the lens itself, but can be made zero by adjusting the
fields between the gauzes,

Consider the lens sketched in figure 5, of which the
central element is formed by two perallel gauzes. The elec-
trodes are designed, with the aid of the resistance network
described on page 45, to give a uniform field at the gauze.
Thus the principel lens action is, within the weak lens ap-
proximation used so far, free of sgspherical aherration.

The strength of the two halves of the lens sre

—]—:—54— Y —Z—:_éé.
/{ 4Ul,, }ﬁ vl ;.

where U1O’ U20 are the potentials of the outer electrodes.

In terms of the potentials and the lens geometry the fields

E=l-lt,, LH=tly,
7 g
L= U, - U,
ol

are

60
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If f1 is equal to the object distance S, then the electrons

will be incident perpendicular to the first gauze. The gauze

holes act as aperture lenses of strength

_L___::""[t_,.—é:) ;L _-_-_(f;+£:,)
/{,, //[// /iu. 4//ZL

If the net impulse directed to@ard the axis of a hole is zero,

the electrons will emerge perpendicular to the second gauze,

7 7
4 2
0 2

It is required that
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Pd pd - 2pp _d =
/63/ Z; P TP /“’/“"
That 1is

(£,-£)d + (£,+F)d  +
yVd; YVIL,

VU, (E-F)d (E+E) d_,
V(Z’-ﬁm //él, 4y U,

ZE: = ZZC'—'ZZ;O ) Z:; = ézz-_.éé2¢7

7 A

7= £, ., 2= _£a
S ‘/am 7 4 Uy

the gusntities

’ <
2 al = CZ/ 7 = 6;51
Ly U, 7 7+ijéé

are seen to be constants of the lens geometry. Let g, equal

€s1 that is, let the lens have unit magnification. Then

f(f+r)f(é/ U)/ +
74 m‘"




zé/é/ // d/(}+al/aa 0

T:Wj: , A:Vz

With

This can be written
2 2 2 L 2
14—_/1]-_5_7_%7%!7’-_{1%/7‘—-4) —_7__;/_%_7:4_4___::0
3 3 3 /7-/-4}2
As g is small only the first two terms are kept. This gives
2 2
r2(7+42)70 # 4 =0
3 .

To the lowest order in g the required solutiion is

/3

U

From

£, d =
y U, ud L

lf;gtzf = ZQQZ- [Zii, ::Z;Z
wl,  a4tU,

It follows that

I
K
|

Neo
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Thus the error of a spherical aberratidn free gauze lens
due to the lens action of the gauze holes can be removed
by using two gauzes, with the field between them adjusted
to make the strength of the two-hole lenses zero., In doing
this, & new error is introduced, which is due to the sphe-

rical aberration of the two-hole lenses.

Spherical Aherration of the Gauze Hole Lenses

As the field between the gauzes 1is much greater than
the fields outside the latter can be ignored in calculating
the spherical aberration of the two-hole lenses. The sphe-

rical sberration coefficient is given by the integral

C, =_{._z_/m/5£11dz
7 by U, |

For the axial field of a hole of radius R, where the fields

approach the uniform fields - on the left and E+ on the.

right, Eé is given by ‘

/
F.-2(E-E.)
o 12774
77 [+ (5]

R

Thus for the two-hole lens

.Cd:_S’ 4/15;2___7_+7//
7@ Rl L LT

dx _ - 5 7R

-mﬁv‘-/fg;)f/" 72

As
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and

~

N

ls;;// /I + 7 g Jé::Z
wr U ER

(:; = 25 7
/”’ g RId

The m:iiimum aberration figure is

This gives

Residual Gauze Hole Irror

The result that a uniform field at the gauze gives
a lens free qf gpherical aberration depends on the assumption
that the lens is weak and, in particular, on the assumption
that the axisl velocity is constant. In finding the aberrations
of the lens this is not adequate. Taking into account the
variation of axial velocity, the deflection given an elec-

tron becomes

/=4€_ mf; _dx

A7 v, (%, L)
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Meking use of the expansion of the potential in terms of the

axial potential

¢(t1)= ¢(z) ~7- PGler) - -
L

gives
E;:—dgf ~ 7 ﬁ”
J 7 2
and
V, (7 7)=~ e g ~ V,, 7—-7v [,
27 4 U,
Thus

70 4 n
(7] Py L
= 7 frdz#—r f;,dz
2
2440 ~o &ééa -

In each half of the lens Er(r,z) is approximated by a function

Er(r) over a region of width w and by zero elsewhere. Then,

Thus
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The error in the deflection is

o 2 2
z%d/q = 7 ZE;_ C{‘Z = 7:3 Zf;a W
2 ) /72
4 ZZ/o —o U, LW

Taking w t0o be the width at h~1f height of Er as measured

on the resistance network gives, for the lens shown in figure 5

W ~ D

————

2

where D is the diameter of the outer electrodes. Thus

A/D :],‘ZZD 7

This cen be corrected, as in the case of the use of a one

3

gauze lens to correct a lens of the normal type, by causing

the field at the gauzes to be

This gives an additional deflection

Thus by requiring

A/:A% -/-A/?B
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2
/p Iz

which gives

/] = _7_
72 ID

this error can be made zero. The deviation from uniformity

introduced in the field,

tAE’L = * E’XO—E‘X/A} :;{:E_

) 2
Z?Zo 2 ZF;a 2 7:

-+ 4

2/D

gives a deflection, due to the lens action thus given to

the hole lenses, of maximum range

DN

4 U 2 £

Il

N

J-
~~

AL 4
£ 7

~ X

This gives &n error in the focus of diameter
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This error arisnas, because, for the principal lens action
to be sphericel aberration free, the field at the gauzes
must be slightly non-uniform, which gives a gauze hole lens
action which cannot be made zero over the entire aperture
by sdjusting the uniform field between the two parallel
gauzes, However, by shaping the gauzes, the field between
them can be given the appropriate value over the entire

aperture.

Alignment Error

If the pairs of holes in the two gauzes are not
aligned this will give an error in the focus. A parasllel
displacement of one of the gauzes will, to the first order
in the displacement, give only a displacement of the focus.
If the misalignment is rotational, however, the direction
of the displecement of the focus will vary around the lens
and will thus give an error in the size of the focal spot.
Suppose, that the holes are misaligned by a small angle €
and consider a pair:? holes at a radius r from the lens axis:

o~

axis o segond fole
f > o e

2

£
:axés of jl’rSZ /70/6

The linear displacement is then

E = 7€

The deviation in the deflection in the plane of the displace-
ment E is

yi

Z%/é( ~ {;2*'%;? —+ ,/?'~ é;




as

A == ZE; é[ ZZ, = 7 ///Z/ — C/
1 9 i

- Z/,az Z/

‘/d 3 [cZ

/= ¢
& VT

The diameter of the aberration figure is

JG:QI/A//:ZZZ/_Z_J_ Erma
3 Id

Ae

=) L
3 d
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Summary and Wumerical Example

The use of more than one gauze to form the central
element of a spherical aberration free electrostatic lens
gives 8 reduction in the error due to the gamuze holes., By
adjusting the field between the gauzes the error due to the

lens action of the pairs of gauze holes can be minimized.
The appropriate potentials satisfy

where

- d 7
f I 14l
/

The potentials which give the required principal lens action

satisfy

U, _ U,

—————

= _ 7

U U 7+ 4L
/ 2 /7

The lens is considered at unit magnification. The image distance

is I, the radius of the aperture is h and A is the diameter

of the gauze holes. D, T, d, # and 1/r2

are parameters of the
lens geometry. See figure 5

The fields at the gauzes are given by

E - U - é/,o/

and

Zg; = éki-—.ézl(7 -7
V4 7"

)
Y
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For the spherical aberration of the lens to be zero it is re=-

guired that

2z = _7_

P
7 D
The parameters . and 1/r§ are functions of the lens geometry.
Varying T and keeping the rest of the lens geometry fixed,
measurernents on the resistance network give the following

values:

/D £/p »?/x?
0.62 0.78 0.0
0.69 0.86 0.1
0.75 0.94 0.2

The errors of the two gauze lens considered are:

The error due to the spherical aberration of the two-hole

b (2)*

the residual gauze hole error due to the non-uniformity of

lenses,

the field at the gsauzes,
o 2
7D

and the error due to a rotational misalignment of the pairs

of gauze holes,
dE =/ _AZ; A;EA
J o

Take as a numerical example a lens with the follow=-

ing values of the parameters:



100 mm

1]
ESS
3
3

10 mm

> g > H
1l It
u
=
8

200 micron

The reguirement

P4
7; 7D
is satisfied if
7 = /,jmm
which gives

/: d?o/mm

Then the poiential ratios are

and

The ervors in the focus are

d =

JA

Z g,
7+ 4L
v
a 7
a 7 -4 2
VA
~ 0g u«

_L/_é_/A
7 (d

74



75

if de is to be less than éxa ,h€ must be less than
0,1 micron which is a very severe requirement. If this can

be achieved then it becomes worth while to reduce J; by shap-
ing the gauze. It should be possible to keep he to within

about 0,5 micron which would give a total error of about

5 micron,

A single gauze lens would require gauze holes of about 3 micron
to achieve this. A normal lens of similar dimensions would

have a gpherical aberration error of about 100 micron,
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