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ABSTRACT 

The spherical aberration of electron lenses of which 

the refracting fields are axially symmetric, static, and space 

charge free is always 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 lens action, the aberration figure 

due to the gauze holes of diameter A has a diameter in the 

image plane of about (1+M)A where M is the magnification of 

the lens. If a gauze lens ia used to correct the spherical 

aberration of a. normal 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 misalignment, 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, but, 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. 

V i 



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 

an area 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 

arise 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 approxinmtion 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 coordinates in the aperture plane and 

thus does not vanish for an axial object point. The 

aberration figure is a circle about the Gaussian image 

point with a radius proportional to the cube of the 

aperture radius. 

That is: 

J > =  A R J  . 

1 



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 is 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 (1956) 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 happens 

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 a Foil Lens 

Consider an axially symmetric electrostatic electron 

lens of which the central electrode is a conducting foil, 

transparent to electrons. 

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 field 

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 , passing through the lens 
z 

parallel to the axis at a distance r from the axis, receives 

an impulse directed towards the axis 

where E^ is the radial component of the electric field. The 

lens is symmetric about the central plane, thus 

T 

X 

o 

3 



The axial velocity is constant, so that 

cLt  -  d_x 

giv:s 

'Cn 
A P = Z -£ / £-r d 2 

-it 'o 

The electron is deflected through an angle 

Ajl = i £ Erdx 
/77 

The energy of the electron can be written 

7 m 1%- = -e. Ll. 

where U is the energy in electron volts, giving 

/= 
' to 

LL 
£ d z 

7-

From Gauss' law, applied to a cylinder "beginning just out­

side the foil, 

i rrr / Erdz = l 7r/Ex rdr 

where E = E (r,o) is the field in the z direction at the foil 
z ' 

Thus 

r. r 
= j__ . j__ / E t dr. 

II r. 



Expanding E in a power series in r, 
z 

£ z= EX o (7  + a z  r  ̂  - • •  •  )  

where, because of the axial symmetry of the lens, only 

even powers appear, gives 

(T- £~z0 j__ /' fr f-a r*+ ar** • • )dr 
~ T 

— /T v <2> T •/- T •/ • 
I I  \ z  4 6  

The focal length f of the lens is given by 

£ xLL 

Thus a foil lens with a parabolic field distribution at 

the foil 

£* =  £ „ A - r J  

4 

gives a deflection 

fe. 4r' 

3 
~r — /_  T  

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 tan y, although of the 

third order, are ignored. 



The application of the weak lens approximation to 

the third order terms in r is justified if the third order 
•z 2 

term r /2f r is large compared to the third order terms 
' e o 

in y resulting from the expansion of sin y> "tan Y> etc., 

that is, if 

J 

/• 
J 3 

=r T « r 
A rf~ 

or 

-n « fe 

When 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 Lena 

7 

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 
' r + + 

ri.-vht, the potential on the axis of the hole is [see, for 

examplej Zworykin 094cj) page 38 5] 

(ftu) = - iFEi.j 

rr 

For values o f z/H > 1 this nan be expanded as 

^ 7 

= -£^z  
<J7T I Zj ^~7T I 

The axial field is thfn 

Ex = - d 0 
d x 

= E+ 
j rr 

and the disturbance in the field decreases as (a/z)^ 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 

E. dx 
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£ 

— _z_ 

a 
c> z oLt 

o 

as the lens is symmetric about z equal zero and Curl _E is zero. 

For a parabolic field 

^x — / 7 -
r/ 

at the foil, this becones 

/"/r,z)= / z£Xo £ z olx 
LL To)  l i t  

=  - X  L R  
r.J £ 

Thus if A«rQ the a.ction 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 a hole centered 

at r=rc at a distance p fron the axis of the hole. 

-> 

A. 
I 

Jfc-

r 
T Ep 

L- fx  

0i 



9 
The deflection is 

£ i 7 

where^ is chosen to be: 

Large enough compared to A so that the contribution to the lens 

action of the hole of the region^-V^ can be neglected. 

Small enough compared to the dimensions of the lens so that 

the field in the planeT^^can taken equal to the value 

for z = 0 in the case of a foil. 

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

order 

A ~ d E x  ~ -  E x o  Tc A 

d-r 2. r/ 

Since the maximum deflection due to the lens action of a hole 

is proportional to E A the effect of the change in E across 
z z 

the hole will be of second order in A and can be neglected. 

Thus the field in the p]ane^ = ̂  taken to be uniform and 

equal to the value for z = 0 in t'->e case of the foil, that is 

k v ) ~ E, , o) 

Fron Gauss' law 

'P / ?  
x 7r / ZT fld/> - -

X 

f ' 
= -X.7TN dy 

Thus 

K = ~-L J-(£,/><{/>*-j-Ex̂ JL 
J LL fI XJ J U i 

= lEro, (1 -JL If 
ill I T/ 
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- -± / ' - -41 f  
A ' r*' 

The maximum value of p is A/2, so the maximum de­

flection due to the lenr? action of a hole at r=r is 
c 

v.* 1 J 

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

i s 

K  =  J - r ~  J -  ^  
i  if t  f '  

If the field at the gauze is uniform, that is, if 
2 . 

i 
) 

The maximum deflection due to the lens action of a hole is 

l/r is zero, then the lens is free of spherical aberration, 

A 

£ 
This gives an aberration figure in the focus of diameter 

= a. 

= I  A 

A 



where I is the image distance. 

The result that a uniform field at the gauze gives 

a lens free of spherical aberration i3 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 pagei6. 



Action of a Magnetic Lens 

12 

In order to find the lens action of a thin, weak, 

axially symmetric magnetic lens, the following approximations 

to the equations of motion in polar coordinates are used. 

1% = -q 2% B^ -f- l_t£ 
7~ 

n = 

Here ij is e/m. The quantities v and r are taken to he 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. 

A fa z ) = ZL-^x - • • • • 
Z 

Integrating the equation for v gives 9 
ft /Z 

7% - = -7pJ 
— co to 

fX 
- ^ ^ dz - y A fa z) 

-cr> c) X 
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as 

i ^ o -5 — - ^ A , % - r -<) x 
and as A(r,z) has the form 

A (z  %) =.  T-  D (r)  CtT.)  

The deflection given an electron is 

Jlr) - ^ = -7 / <££ 

= 7L_ i /A_  ̂ A) —A ) d x  
' r J -r -r J 

A J A d z 

d T 

as 

° , -&Z = _2L r̂A\ ) 
J 7" 

and 

eU. - _7_ m  ̂

JL 



With 

A M = t£ -ZA (*&&+#% 
dr f  • S  2J- /1  

and making use of the integrals 

fjB̂ otx = - T  f x . ) *  
Z. CO 

= rrjEc^z 
'-CO CO 

J'is evaluated through terms in the fifth power in r. 

Let 

f - 'T s-C*. T3 s-
T  /*  /*  . 

Then the coefficients are given by the integrals 

Jr=3— , / sUJ-

GO 9 

SB* dz  

C = 7 

• CO 

f 7 J HI CO 

Cs 

/ 
= 

^r / j .  IL  

Cb:) dl 

Yj3" ) dx 

The radius of the aberration figure in the Gaussian focus is 

/•.-//J /A/ 
/ 
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= h+rt)  /a  f  

-  T S  + C r  r S j  

(/j r J 

where I is the itage distance and W 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 coefficientsC /f^ and Cr/f^ are con­
s' 5 

stants for weak lenses. 

According to Van Ments and Le Poole (1947) for iron 

clad lenses of pole separation S to bore dia.meter D ratio of 

about unity the axi/'l field is well represented by the function 

A - - * . * ' * '  

For a field of this form 

7 

/ 

£ 
/ 
c. 
/ 

Z A I  
<? LL 

TT 
P 

'J 

= 7 

*/> 

= /S 

/ * P 

_7_ 

* 

- / 

V 



16 

Van Ments and Le Poole also found that in terras of the lens 

geometry the relation 

/ 
gives a rather good fit to values calculated from experiment­

al^ measured fields for weak lenses over a wide range of the 

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 approximation. The 

contributions to the aberrations due to the inclination of 

the electron trajectories and the change in axial velocity, 

which have been ignored, are smaller 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 C^/d for the bell-shaped field 

between 0.2 and 2.0. For this field shape, the weak lens inte­

grals give 

gap to bore ratio S/H. 

for values of the excitation parameter 

The complete integrals give 



for 0.2 and. 

/ _ 7.03 

oL 
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£ 0 3</ Cr d — o o # 

/• 

for k2= 2.0. 



USE OF FOIL AITD GAUZE LENSES 

As has been shown, a foil lens can be given an arbi­

trary spherical aberration. Thus a foil lens free of sphe­

rical aberration can be made, or a 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 a conducting foil thin enough so that the scattering 

of electronoby 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 required. This 

has been considered theoretically by Scherzer (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 a new error. In'the case of a 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 = -L A 

i 
where I is the image distance, f 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 transparency and mechanical strength, 

has restricted the use of such lenses. 

However, if a gauze lens of negative spherical aber­

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 

aberration. As will be shown, if a normal lens is corrected 

for spherical aberration by a gauze lens the aberration 

figure due to the gauze holes has a diameter 

where h is the radius of the lens aperture and is the mini­

mum spherical aberration figure of the uncorrected lens. Thus 

a substantial reduction in the aberration figure can be achieved. 

This is demonstrated experimentally. 

The use of more than one gauze gives a second possibil­

ity for the redaction 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. 

Each pair of gauze 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 

cT =-£• fA.) A-^ A O ( / 

where d is the separation of the gauzes. This is a substantial 

reduction over the aberration figure of a single gauze lens. 

This type of lens is also considered. 



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

Correctiftn of Spherical Aberration - 1 

A magnetic lens gives a deflection 

=-Z- •*  ̂ r$ 

L fJ 

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

f, = r - 7 __ _Z_ 

£ /£ 1% fe. 
For l/f« 1/f , if the 1 enses are superimposed, with coin­

cident principal planes, the net deflection is 

t —_z ) r J  

L  ( f Z  7 7 7 J  
Thus if 

C<4 . - / = 0 

J*? *r'k 
the spherical aberration of the combined lens is zero. This 

requires 

£ 
That is 

7* / /J 'o Jm J J~n 

which determines one parameter in the parabolic field 

20 



2 1  

distribution 

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=r , gives a maximum deflection of magnitude 
0 

3 o 
This gives an aberration figure in the focus of diameter 

<£ />?) = 3./m 

t, - r'/& — y m ' o 'c 

e ro 

2 
The coefficient fm/fgr0 fixed by the requirement that 

the net spherical aberration be zero. Let the maximum.value 
2 2 2 

of r be h. The quantity r - r has the value r at r 
c o c o c 

equal to zero, decreases to zero at r equal to r and increa-
2 2 c ° 

ses to r - h at r equal to h. Increasing r from zero 
o c o 

increases the value at r equal to zero and decreases it 
c 

at rc equal to h, thus the minimum of the maximum value of 

this quantity occurs when 

= J (A) 
.a a 

That is, when 

I /* i -To = A - r. 



2 2  

Thus the condition 

X r o = f 

z 
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 aberration figure is then 

•a — ĵ rr> a 

feZ* /c 
But, as has been shown, in order to make the net spherical 

aberration zero 

Thus 

J™ ~  .  Z  r* - / 
A /J /J 

s = b / >  

I 

A  
3 

'/r> 
The minimum spherical aberration figure for the magnetic lens 

has a diameter 

? C* h3 

i £ 
Thus the minimum aberration figure of the corrected lens is 

<L = 1A £ 



Correction of Spherical Aberration - 2 

2 3  

Consider the case in 

a finite distance S from the 

tor is a distance L from the 

which the electron source is at 

lens and the plane of the correc-

p]ane of the magnetic lens. 

Here 

^ J Q  

^— £ tr> 

JL 

1 + 1. - 7 

i s /  S m 

 ̂jl « jl 

fe fa 

7- - _t ' m — „ •—'— 

7> _r- z 

The deflections due to the magnetic lens and the corrector 

lens are 

/ /' y 7Ti y/n 
and 

/ = T — 7 T 

fe ifet? 
The radiusyO of the error at the focus is 

= (i+l) r* - I C, rt-i L r? 
l % fa i i r? 

Let J) = C. 



2 4  

Then 

as 

This 

B O  

The error in the deflection due to the gauze holes is 

The maximum magnitude of this is minimized if 

where h is the maximum value of r . This gives 
e e 

The dia.meter</ of the error in the focus due to this error A 
in the deflection is 

,hat 

'7 -t_L_ - Z I 7 — Ĉ s T„ 
I  t  l i^r*  J* r /  

gives 

(7+-U 1=7 -L. 
\ I  fm J S rn 

7 = /A * C.4 _ 

i f r  / f '~ Je. 'o Jm Jr> 
J 

m 

£,. .= ULC1 
T.* fa 

ZL 



2 5  

= z-JLA. £< 
z/e d I A 

A 

L. C I A 
hr 'm ' 'm 

But the minimum spherical aberration figure of the magnetic 

lens has a diameter 

I = / / C* />* 
" ~i—J3"" " rm L 

Thus 

/ - Z A £ A 
A m 

In the case that the corrector is within the deflecting 

field of the magnetic len3 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.rth. 

Z 

Consider an electron incident parallel to the axis of a magnetic 

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



2 6  

the lens by 

TjX) ~ /// - 7_ 

and requiring 

-  T ' ( W )  =  H  C L ' W  =  H _  
/ 

gives 

T e ( z )  H F 7 - 2 -
wj~. 

If the corrector is at the center of the magnetic lens then 

the radial coordinate at the corrector is 

L =/>, 
<9 / 

e - .. , 7 ~ / W 

For the net spherical aberration to be zero, as 

fz 3- J?.To 

and 

/ +cs /> 
/ /' 

7 ,.e 

X. i J /' 



2 7  

That is 

(/>.! / /• 

7 + _7_ W I %u c 

& J-J / / 

^  v Z /  

" / /J 

i 

The gauze hole error 

i = I A 

"becomes 

J / JL 
i -14/L) 4 

y / ju 

21 

= // /1 £ f>lA 
\he.) f /J 

= ̂ w 
/ /J 



Errors Due to the Gauze Lens 

2 8  

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. Consider electron 

rays in the plane of the two axes. 

e v / 
\ 

r t 
/I 

An electron, incident at a radius r parallel to the magnetic 

lens axis,is at a radius with respect to the corrector axis 

given by 

n = r 

and thus is given a deflection by the corrector 

= n  -  7 

Thus there is an error in the deflection, taking 

7 ~ 7 y. 6 
£*nr £ x. 

given by 

a /=: yfT) - IflrJ 
e = o 
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•? 3 4 = _r_ e — _r je__ 
f ,  JL ft/)1  1. 

=/ ^ - J r* / r el 
tfJfe 'e J-

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

* r =  -

A 
The width of the error in the focus is 

£ = >2 A 

'a 

In terms of the gauze error, 

SA =2JO- 4 

this is 

z A =2 h 
4 A 

€ 

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 

(jfe - tP — 7 Tz 

Here, f£ 1 

rE = r — oL. 

where r is the radial coordinate of the electron ray with 

respect to the magnetic axis. 7hus there is an error in the 

deflection 

r y°^ \/ d- = 
A ^ / = (ttr) ~ ^(r) 

from which, 

- - cL -/- j T *oL 

A /J1 

A /(o) — ~J_ cL 
A 

a /t/i) = z oL 
A 
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Thus the width of the error in the focus is 

y = s oL 

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

JcL = JjL 
st. a 

Fifth Order Error 

Consider the next term in the expansion of the field 

at the gauze. 

Let 

4 = h ~ z 

Then, as 

r 

z . T • iK. — 7 / £ r r ol-

rll 

this gives 

<*-r/ 

Combining this with 

dC. = 7___fr + r3 -m 

ffr> sm 

the net aberration is 



3 2  

l J-fe. t*  ̂  ̂

Consider that j •< < 1, let 

/E_[o) /  = /' E / h ) /  

in order to minimize . This gives 
a 

T* = Jl_ ly-f) 
2 

Introduce the parameter x, which is small for small j, 

* 
•/» = •  7  + O C  

1 TXC 'o -4 

and ignore terms in j"' and jx. Then 

a (T = /-// +•*) ~r2 + Cs_ 

If (j+x) is zero the error is in tkie fifth order only. The 

maximum diameter of the aberration figure in the Gaussian 

focus is 

i = z/„ /A = JL C± H*!J/ 

/J / 

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 

S^M= zL ±/7r) 



Let 

Then 

r )3  iC*h 

x =X 
h 

J 
d-fy -+2L = Q 
W / )  l 

s.cx) =(x*~ix*y. <*. S 

Let XQ be the value of X satisfying 

j < f j j  = a 

 ̂a' 

That is, let 

Thus, as a function of the adjustable parameter Xq 

Increasing Xq increases/c£^_ (X0)f but decreases//, ̂  
so that the best value of X is that for which 

o 

l^s(X.)/=ll,(7)/=. 

That is, it satisfies 

z X ^ s.X* - j = o 
O 6 
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The approximate solution is 

X,  -  7.  O l  

TT 

Thus 

- -i- 4 

J s 

- JL = ^ <^/^/ 
*3 Z / Jm 

where ^ is the minimum diameter of the third order spheri­

cal aberration error. In terms of the gauze error this be­

comes, since 

h =JL  
4 

J, „ = }> zSA /f/ s 

ZA *3 

The relative error in the field at the maximum radius h is 

A,, rf:° 
A  £ % / / ? )  _  / / I  M  / ~  *  H /  

E* ' ~ ~E ~ ^ <•—7.0 •o u Z 
So that in terms of the field error at h 

dj s - / • 7 A E fA J 
Z A *3 E- -z. o 



Chromatic Error 

The focal length of the combined lens is given by 

/- r -f- 7 

/ L A 
The variation in this focal length due to variation in the 

strength of the corrector is giver; by 

•A = J~rr, A 

/ fe. & 

The dependence of the strength of the corrector on the voltage 

v applied to the electrodes and the electron energy U is 

_J_ -

X u 

where k is a geometrical constant of the lens. Thus 

~ / A — A. U. I 

A. • (  ̂ U J 
Since f /f is one, the contribution of the AU/U term is domi-

m' e ' 
nated by the chromatic aberration of the magnetic lens. So, 

as a function of Av/v 

—A / =r J™  ̂2?" 

/ A v-
As can be seen from the following sketch, 
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the diameter of the aberration figure due to a variation in the 

focal length ia 

i =. ipr = z / / h 
/ 

Thus here 

cT =. 2 A if- h  
h * 

As the diameter of the gauze aberration is 

cf — /no Z\ 

fe 
then 

Sc = x. h A  if-
12 a z> 



3 7  

Errors Due to the Magnetic Lens 

Fifth Order Error 

Consider the expansion of the deflecti&n in the mag­

netic lens to the next higher order in the radius of the 

electron ray. Let 

I m = -4- f + {L- Cj- r'*' 
t" /J 

The diameter of the aberration figure due to a fifth order 

error only is 

S = lir, Zx = 2.£S_ /) 

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 

i.-r = -2- <£ 
s> 

Cs A 
* /-*• S nn 

For a weak lens the factor C^/f^ is a constant, depending 

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

which is a good approximation to the field of a magnetic lens 

of the form used as a test lens, C^/f^ is given by 
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/: It J 
Thus 

4 - '  //n 
In terms of the gauze error, 

r 
This becomes 

(fj j- = _7 /? 
i /J 

<f*  ̂ / A 

J 
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Chromatic Error 

The diameter of the aberration figure due to a vari­

ation in the focal length is 

= x /A // / 

/ 
The focal length of a 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 

A / ̂A U~Z A A 
/ U. A 

= 6 - Z € 
- c u.  ̂

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 

4  

and 

4 = v eA & 

In terms of the gauze error these are 



A O  

4 = -l (JL 
7T ^'/J-

and 

hA I /' 



Summary of Lens Errors 

4 1  

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 corrector 

with a gauze electrode with holes about 30 micron in diameter 

and a magnetic lens with a spherical aberration coefficient 
/  3  - 3 - 2  

C /f of about 10 mm were used. The magnification was 

small, that is, l/f is about one. Values are given for h — 1mm 

and h~2mm, and in that order. The errors are calculated as 

fractions of the gauze hole error 

/ = 4 4 

The errors o f  the cirrectci: are: 

The alignment error due to the tilt, by an angle £. , of the 

corrector axis with respect to the magnetic axis. 

<4 = 

fT A 

= o. 7 o. I 

for 6 - 1/30. 

The alignment error due to the parallel displacement, by a 

distance d, of the corrector axis with respect to the magnetic 

ax i s. 

^cL ~ ^ ^~ 
a 

=" O. 7 

for d— 1 micron. 

The error due to the fifth order error, of magnitude AE at h, 

in the field. 

<rA /A  
A£//>) 



U2 

cz- o. / o. 3. 

for AE/E;r 0.02. 

The chromatic error due to a fractional fluctuation of am­

plitude £ in the voltage supplied to the corrector. 

cfc  = X /) 

4 A 

- O. ? , o. 7 

for P ~ 0.001. 
v 

The errors of the magnetic lens considered are: 

The error due to the fifth order spherical aberration error 

of the lens . 

ct s - J_ , /) 

XT 

3 

= 0. 0 „ 0. 7 

The chi^otnatic error due to a fractional fluctuation of am­

plitude €u in the energy of the electrons. 

4 .  =_*_ /£> / '  f  
SA AA \  /  

U-3 

= O. <3 ; O. 2. 

for€u- 5.10"6 

The chromatic error due to the fractional fluctuation of am-

plitudef" in the lens current. 
A 

l-/ 

= a~ &1 £a A a ( t -
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- o. J ^ o.l 

for £a- 2.5.10"6. 

Considering that the total error, can be taken 

to be 

fFffl 
gives 

&T ~ 1-7 

'a 

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 O as well as the radius of incidence 

r of the electron rays. These errors can be corrected for 

by introducing weak multipole lenses of variable strength 

and orientation. Normally, if the first order astigmatism 

is corrected, the higher order astigmatism is negligible 

compared to the spherical aberration. If the spherical aber­

ration is corrected, then it may be necessary to correct 

the second order astigmatism. 

Another source of errors which is important prac­

tically is the disturbances due 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. 



u 

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 Electrodes 

Electrode configurations which give the required 

field distributions at the gauze, 

were determined with the aid of a resistance network analogue. 

The network corresponds 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 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 ran/;e 0^ ri h for h less~than 9 meshes where h is the 

aperture radius and where, in order to minimize, the gauze 

hole error, rQ has been set equal to h/YlT. The parameter rQ 

is determined by the ratio of the ring electrode voltage to 

the gauze electrode voltage V /v . The parameter £ (r~)» where 
2 

E /r =£(r )V„, varies only slowly with r . See figure 1 . 
z o '  o ^ o ' R  o  

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 figure. The microscope was normally 

used at a magnification of 10^. The 4 micron wide bars of a 

7 - T 

The best configuration found is shown in figure 1 . 
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m 
gauze were used as a standard. An electron 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 C /f^ 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 

n -3 -z L>si ~ 7. 2 -70 -mm __ 
r 

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 0.1 micron 

in the image. In ordet to obtain information on the intensity 

distribution in the image, the profile across a slit was 

determined. The beam was driven across a thin slit at the 

screen position by means of one pair of the deflection coils 

below the condensor lenses and the electrons passing through 

the slit 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 

across 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 waa driven at 0.02 s/m, thus the magnification 

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 

The ob.iect distance S was 32 cm, the image distance I was 6 cm 

and the physical aperture of diameter a was a distance L equal 

2 cm above the center of the lenses. Thus 

at the oscilloscope screen was 0.013 micron/mm. The width 

For the test lens 

- J  - 4  
7. J. • 70 mm 

Thus 

J 
a. // CL 77?±cra77 

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 to be JO micron. The parameter which 

arises because the corrector is at.the center of the magnetic 

lens is given by 

where w is the distance over which the lens action of the 

magnetic lens can be considered to take place. Taking w to 

be equal to the pole piece separation gives 

Thus 

cf. — 0. 0 / J CL rr)L cro-n 
A 

where a is in millimeters. 

The spherical aberration of the system test lens 

plus corrector will be zero if 
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to ̂ ' W 

r. 
For q.n electron energy U of 70 kV 

/ / /J 

n - <?. s V / * o 
A ?o 

3 
m m 

The maximum diameter of the gauze hole aberration figure is 

minimized if 

ra =  > 4  =  -L- -A-
tp rr 

In terms of the physical aperture of diameter a this is 

ra — o. J  v  C L  

The corrector electrode voltages which correspond to these 
2 

values of the parameters E /r and r can be determined r zo' o o 
from the curves of figure 1 where Yn/7n and t(r ) are given K U O 
as a function of rQ. is given by 

a  { n )  
Apertures 2.1, 3.0, and 4.2 mm in diameter were used. 

Vn, Vn/v„, the centering of the corrector and the K K (j 
first and second order astigmators were adjusted to minimize 

the diameter of the aberration figure. The profiles of the 

images are shown in figure k . 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 0.75f 100, 
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and 1.25 ram in diameter are also shown in figure U . The 

diameter of the images, <S , 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) 

0.75 

1  .00  

1 .25 

0.05 

0 . 1 1  

0 . 2 1  

J(/A) 
0.10 

0.14 

0.19 

and for the corrected lens 

a (mm) <f 

2 . 1  1 . 0  0 . 0 6  0 . 1 0  

3.0 2.9 0.12 0.15 

4 . 2  8 . 0  0 . 2 3  0 . 2 6  

where a is the diameter of the physical aperture,^ the 

calculated diameter of the minimum spherical.aberration 

figure,^ the calculated diameter of the minimum gauze 

hole aberration figure and </ the measured diameter of the 

minimum aberration figure. As the vacuum in the microscope 

was not very good, the image size at small apertures was 

limited by contamination. The calculated V^., and experimental 
ft 

V^, voltages were 
II 

a (mm) VhM V»(v) v*/v* 
R' G 

2.1 380 385 1.33 1.33 

3.0 390 400 1.29 1.27 

4.2 415 430 1 .22 1.19 

X 
For the two larger apertures the reproducibility of was 

about+5 volts and for the 2.1 mm aperture about ± 30 volts. 
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The reproducibility of 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 ram in diameter and 300 A thick were 

made in aluminum foil electrodes by anodic oxidation. Carbon 

was evaporated into the electrodes to make them conducting 

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 enough angles 

so that they did not come through the microscope. 
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Possible 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 

where h/l is the angular aperture of the lens and i is the 

Gaussian diameter of the image. The total diameter of the 

image can be taken to be 

d = l/i'+S1' 

where S is the diameter of the disc of confusion due to the 
aberrations of the lens. Normally, the limiting aberration 

is the spherical aberration, of which the minimum disc of 

confusion is 

{ C. ̂  

where 

no =  J  = t + W  

M being the magnification of the lens. 

In order to determine the aperture which gives the 

maximum current ih an image of total diameter d the current 
s 

is written as a function of the aberration . That is 

j-JU'-ijiij-% 

The solution to the maximizing equation 
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iJ 
cL 

IS 

/ = / d 4 
2 

Thus the radius of the optimum aperture for the total image 

size d is 
s 

* ' r nn 

The current into d is 
s 

ik"- £ 
76 { m C.J I* 7 t Jin 

Suppose that the spherical aberration is corrected 

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 

/. = - & t*. A 

In this case the optimum value of is 

-A_ — 
VT~ j 

Thus, 

l. . //' !'• /*. !'• A 
\/n Qz / \ 2 A 
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is the optimum aperture radius. The current into d^ is 

JA = )a1-Z £ 

7/ I v C / i A  /' 

where T is the transmission of the gauze. 

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

_ _ ,  T f J l  
 ̂ imCt J Z A 

or, for a given current and image size 

-L. -frfjl I7' 
^ / l AJ 

The ratio of the optimum aperture sizes is 

J*_k l  T ' *  
L imC^J * A 

For a given current and image distance, 

fL. = f-L- fmCsf3 A&- T7> 

• < ,  L ti~7t7 J. 

Here the ratio of the aperture sizes is 

As a numerical example let 

r -* -1 
—  /  0  m m  

7J 

m = r + f f -  ^  7  



Then 

and 

with 

and 

with 

oL ̂ _ 7 m tc t o n 
-a 

&  —  Z S  m  i  c f o / 7  

T= O.jt 

Jn = 7 m/n 

J.: 
4. - / 

U 
£_ = 4; 

— lY, S m m 

dA = S yU 

7, = <J o no m A 



MULTIPLE GAUZE LEWS 

Compensation of the Gauze Hole Error 

Each hole of a gauze lens of strength l/fe» which 

the central element is a single gauze, acts as an aperture 

lens of strength -l/f . The lens action of the holes gives 

an error in the focus of diameter 

where I is the image distance and A is the diameter of the 

gauze holes. However, if more than one gauze is used, the 

lens action of the gauze 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 tv/o parallel 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 principal lens action is, within the weak lens ap­

proximation used so far, free of spherical aberration. 

The strength of the two halves of the lens are 

_z_ =ij_ , _z_ = £1 
fi ^U-/rl /l fU-le 

where UgQ are the potentials of the outer electrodes. 

In terms of the potentials and the lens geometry the fields 

are 

-  ̂ 4  -  lL,o ,  ~  U'Lo J 

£^U l-LL 7 

oL 
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If f^ 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 

= -(£,-£>) , = -(Ex 

If the net impulse directed toward the axis of a hole is zero, 

the electrons will emerge perpendicular to the second gauze. 

. * 

X£_ 
P, 

It is required that 

+ A D = o A p + A p 
/ 7\ 

 ̂ i~ JL p -1_ — * 
/A, ** fAl 

From 

5 . =  ' - / ?  4 ^  

7 P,~P,1 A 
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Thus 

That is 

?< 4 + d L  = O  />, Jt - I p.p. 
fax fi+Px /*< 

(E.-Ej)d +(J±+£jd + 

But, from 

zVuMl Ce,-£~jd CÊ EJ O L-O  
*U-, 

£,= u,-u. >' J 
si. 

^11, 

Ê  — U't.o 
~? 

JL = _£. 

S *U,o I ^LLk0 

the quantities 

S, cL - d. 
"U-, J 

£ 1  oL - o/-

HU-L I 

/ 1 J 

7 = a.» 
d 

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

gof that is, let the lens have unit magnification. Then 

am^m)Au,-u1)( i - 7 \+ 
* v I yul w,f 
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(}-U-x.-U1)(<i+ Ux-U,' 
mrwiL\f Turvr —ira. 

With 

r= y ^  ,  ̂  =  yw. 

This can be written 

X L JL 
' ^ <9 a +]±_ -]A Q. _Z_ 

j * 3 * 3 <y (r-s-sij1-

As g is small only the first two terms are kept. This gives 

a - ^ 

7—z( 7 y- + si = o 

To the lowest order in g the required solution is 

U-i — 7 y_ 

u, 
w* 

From 

CL — Ltt lj-10 — £. 

cU, ~̂ izr r 

Ejji_ — U-t - U-to — Q. 
L/UK ^ Ut " 

It follows that 

U, LLl i +̂ A 
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Thus the error of a spherical aberratibn 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, a new error is introduced, which is due to the sphe­

rical aberration of the two-hole lenses. 

Spherical Aberration of the Gauze Hole Lenses 

As the field between the gauzes is much greater than 

the fields outside the latter can be ignored in calculating 

the spherical aberration of the two-hole lenses. The sphe­

rical aberration coefficient is given by the integral 

C, = -r i f (E t )X cLx 
* A IL\ Cn 

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

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

right, E' is given by 
z 

E : =  Z  

Thus for the two-hole lens 

TT-R 

C< = J- *Ej- ' fj_ +JL I r 
a? U1M„ +(w)T 

A 3 

/CO 

- rr R 



and 

£/.JL. + JL)* l± -L 
l Uf LL^J 3 Id 

This gives 

Cj_ - ZS 7 

^ 9 TT R1 oL 
The mit.imum aberration figure is 

i. =JL ^ ^ m * 
x /« * " \ d J 

~ — l~\ A ~ i(4)* 

Residual Gauze Hole Brror 

The result that a uniform field at the gauze gives 

a lens free of spherical aberration depends on the assumption 

that the lens is weak and, in particular, on the assumption 

that the axial 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 

j/=^~ j -^-2— 
m ^ (-K '£) 



67 

Making use of the expansion of the potential in terms of the 

axial potential 

( ( r ^ l . ) =  ( j ) ( X )  - 7 +  

gives 

arid 

Thus 

E t - - c) 0 ~ r 0 
TT i 

// 

Vx(.r ~ Vxfr-r_£^ 
f  X 7 D  I  V  L L , ,  

l/=~I— /  Erfl+JL I oL 
/ lUj^ I V U„. 

f O __ SCn ) 

= 7 ( d x •/• r f Er cL% 
i U.,0J.L 

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

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

{I oL 2. — ^%p W 
r 

I/a v o *—/<? 
Thus 

-2. y~c/) LL10 A U-f 

r ^ xo T 

Z W 
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The error in the deflection is 

&l>,= r_ f Er d% = r3 /E^w 

= -L/^Ll IX-L r_J= — -L- T3 

-2 ' w Z llw 

Taking w to be the width at h;lf height of E_^ as measured 

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

vv ~ D 

where D is the diameter of the outer electrodes. Thus 

A // = X T ̂ 

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

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

the field at the gauzes to be 

I To 
This gives an additional deflection 

a // = - z r3 

X 
' o 

1 /  =  

Sr. I r. 

Thus by requiring 

A  /  -  A  J /  +  A  /  
/ ffJ> 0TO 
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i  _ z \r3=o 
fD I z 

which gives 

7 = 

N L  I D  
this error can be msde zero. The devintion from uniformity 

introduced in the field, 

£xo- Ejf>) =±hK 

S a £ Ji. T*" 
*- Xo * *- Xo A 

= ±J1 
zlD 

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

the hole lenses, of maximum range 

A / / = ± A £  A  -  ±  A  £  E ~ 0  A  
7- xU, i £x o  ^ U ,  

jt /I E- A — 7̂  11 A 

£  /  i I D  I  

This gives an error in the focus of diameter 

i = 2. I /A / /= J>L a 
JD 



This error arises, because, for the principal lens action 

to be spherical 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 adjusting 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 parallel 

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 displacement 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 paircf holes at a radius r from the lens axis 

/ 
a .  X L S  o f  S £ £ £ n  

£ 

d hole 

L x. 
. a x e s  o .  if jL T-St hole 

The linear displacement is then 

£ = re 
The deviation in the deflection in the plane of the displace 

ment £ is 

A 1/ f + 4" + f ~ £ V, 
i, 
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7  ~  E i  =  U ^  -  U ,  =  j _  f U l ~ ] )  

/ til ^LL, «d(Ut  J 
M, ' ' 

•zrw -ft* 
the deviation is 

The diameter of the aberration figure is 

= 2. I /A J// = 2 iVJTj^ £ma.* 



Summary and Numerical Example 

The use of more than one gauze to form the central 

element of a spherical aberration free electrostatic lens 

gives a reduction in the error due to the gauze 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 

' '/W 

cL i 

I 

The potentials which give the required principal lens action 

satisfy 

!0 — z o 
U ,  U l  

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,^<f and l/r are parameters of the 

lens geometry. See figure 5 

The fields at the gauzes are given by 

E, = LL,~ U,o /1 —ri 

^ 
and 

where 

!L 
u, 

7 • / • '  kji. 
i 
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For the spherical aberration of the lens to be zero it is re­

quired that 

7 - / 

r* ID 
2 

The parameters^ and l/r are functions of the lens geometry. 

Varying T and keeping the rest of the lens geometry fixed, 

meaaurenents on the resistance network give the following 

values: 

t/d -//d t 2̂ / 2 D /r 
' o 

0.62 0. 79 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 

lenses, 

L* = • -z./a ) a L* = 
9 ( »L J 

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

the field at the gauzes, 

i ^ * A. 

ID 
and the error due to a rotational misalignment of the pairs 

of gauze holes, 

~T /£ ' 
J OL 

Take as a numerical example a. lens with the follow­

ing values of the para.meters: 

1 
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I = 100 mm 

h = 4 mm 

D = 10 mm 

d = 5 mm 

A = 200 micron 

The requirement 

JL =. -L-
r/ ID 

is satisfied if 

T - /tj mm 

which gives 

/ - <9.1 TV rn 

Then the potential ratios are 

U, 7-7- M-
and J. 

= 7^ 

1 ~ 7 i~ J/*3 Z d- / — /. £ 

U, V 3 I 
The errors in the focus are 

1 -hi t 
z 

/ = / /A IA O.g a-
y ~  / — I  '  

j = j>_ -

ID 
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L = 1/JL _I be ~ J he 
V 3 d 

If dl̂  is to be less than 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 by shap­

ing the gauze. It should be possible to keeph* to within 

about 0,!? micron which would give a total error of about 

5 micron. 

A single gauze lens would require gauze holes of about J micron 

to achieve this. A normal lens of similar dimensions would 

have a spherical aberration error of about 100 micron. 
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