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SUMMARY 

The present investigation is concerned with the im- 
provement of the image viewing and recording system of 
the transmission electron microscope, by means of a wide- 
angle projector lens of low distortion.: A critical in- 
vestigation of a previously proposed system for the 
correction of distortion by means of conventional magnetic 
lenses has been carried out; this showed that such lenses 
are not capable of providing a distortion free image with 
a projection semi-angle greater than about 10°. MTheoret- 
ical and experimental investigation has shown that with 
projection semi-angles in the region of 30°, third order 
aberration theory is inadequate and can even be misleading. 
It was therefore desirable to calculate the actual axially 
symmetric trajectories of the electrons forming the pro- 
jected image. Special attention was therefore paid to 
the development of a computer program for calculating the 
electron trajectory in a system of magnetic lenses with 
the aid of the general ray equation. Such a calculation 
allows one to determine the appearance of the final image 
directly without recourse to aberration theory. This 
direct image simulation has been achieved by using the 
output of the general ray program to print out the image 
of a square mesh grid on an x-y plotter. This enables a 
direct comparison to be made between the calculated and 
observed images. An experimental wide-angle lens has 
been constructed by computer-aided design, using the above 
principle. Essentially distortion-free images have been 
obtained over a semi-projection angle of 30°. It is 
believed that this represents an ultimate limit for a 
twin-lens design of this type. The projection lens system 
can find immediate application in TEMs with transmission 
fluorescent screens and also in high voltage electron 
mircoscopes. 
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CHAPTER 1 

INTRODUCTION 

1.1 THE ELECTRON MICROSCOPE 

In recent years, the electron microscope with its 

wide variety of electron optical techniques and acces- 

sories has reached a high level of performance. It is 

an indispensible research instrument in the most diverse 

branches of biology, medicine andmaterial sciences. The 

most common element of all types of electron microscopes 

is the magnetic electron lens. Recent developments in 

improving the performance of the electron microscope has 

included illuminating systems, vacuum technique, image 

handling, processing and photographic recording of the 

image. A further improvement is the use of the image 

intensifier to reveal the image on the transmission 

fluorescent screen or on a TV monitor. This can be useful 

for observing the image in a non-darkened room with a 

sufficient brightness of the image. However, some of 

these developments have raised imaging problems that can- 

not be solved by minor modifications to classical designs. 

In particular, attention should be paid to improving the 

projection system and the viewing arrangements. 
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1.2 VIEWING ARRANGEMENTS IN THE TEM 
  

An ideal projection system should produce a mag- 

nified and distortion-free image of the object. This 

image can be viewed on a fluorescent screen, from which a 

selected field of view can be recorded. This can either 

be done by direct exposure on a photographic plate or on 

a TV monitor, or even by video recording so that dynamic 

experiments can be performed and recorded; the resulting 

data can then be extracted at leisure. Because of rad- 

iation damage, the electron beam flux at the specimen can- 

not be increased beyond a certain minimum value and hence 

the required detail should be established by the minimum 

number of electrons. Unfortunately, the stray a.c. mag- 

netic field in the viewing chamber may prevent this since 

the length of the viewing chamber is large (typically of 

the order of 50cm). This sensitivity to stray magnetic 

fields decreases with the square of the projection length. 

Such a reduction is also useful in reducing the effects of 

mechanical vibrations, since it reduces the total height 

of the column. However, the final projection lens gives 

rise to spiral distortion (see section 1.7) which, unlike 

vadial distortion, is surprisingly difficult to correct 

(Marai and Mulvey, 1977). A distortion-free projection 

system would enable an appreciable reduction to be made in 

the projection length and hence a considerable improve- 

ment to be made in instrumental performance. 

In normal operation most operators prefer to tilt 

the viewing screen at a convenient angle so that the 
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screenis&tright angles to the direction of vision. This, 

however, will lead to keystone distortion. The term 

keystone is used by analogy to the keystone at the top of 

an arch, locking other stones into position. This dist— 

ortion not only alters the magnification but also the 

shape of the image projected onto the tilted screen. 

1.3 THE ELECTRON OPTICAL COLUMN 
  

The main constructional features of electron OpeEt cal 

columns are basically similar, although slight differences 

arise between different instruments. Because different 

fields of research make different demands on the instru- 

ment, emphasis on certain features, according to its use- 

fulness to the users, is likely to be found. However, the 

pricesof commercial instruments vary considerably ac- 

cording to the precise facilities required and the re- 

solving power specified. 

Although much effort has been directed towards 

higher resolution, the full operational advantages of 

high resolution microscopy cannot be realized in practice 

unless more attention is paid to the projection system, 

the viewing arrangements and the image recording facili- 

ties. Before considering the design of the viewing ar- 

rangements in TEM it may, be wsetul: to jook criticonily at 

some commercial microscopes. 

Figure 1.1 shows the cross-section of the Zeiss 

EM10 high resolution transmission electron microscope. 
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Figure 1.1: Cross section of the Zeiss EM10 high 
resolution transmission electron micro- 

scope. 
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It is a typical example of the design of a high perfor- 

mance electron microscope; incorporating two cameras, two 

fluorescent screens, as well as the possibility of fitéeing 

extra analytical accessories, such as a TV monitor or a 

spectrometer. 

In this instrument the objective lens produces an 

intermediate image which is further magnified by the 

double projector lens system, the final image being formed 

on the fluorescent screen. It can be recorded on either 

a photographic plate or by a 35mm camera which can be 

fitted in the most desirable position, i.e. between the 

final projector lens and the fluorescent screen. This 

position is desirable since finer image details can be 

recorded on photographic plates than can be 

seen on the fluorescent screen because of the inferior 

resolution of the screen compared with that of the photo- 

graphic plate. Placing the camera in this position has 

the advantage of fitting some accessories, such as hee 

image intensifier or spectrometer, permanently and with- 

out interfering with photography. 

The present investigation is also relevant to a TEM 

fitted with a transmission fluorescent screen. A typical 

example is found in those instruments with a short and 

inverted column like the AEI Corinth 275 TEM, shown in 

Figure 1.2, or the JEOL Superscope 30 KV TEM, with a 

tilted column, Figure 1.3. 
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Figure 1.2: Cross section of the AETI Corinth 275 
transmission electron microscope with 
a_transmission fluorescent screen. 
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1.4 THE CORINTH VIEWING SYSTEM 
  

The Corinth electron microscope (Figure 1.2) has an 

inverted column; a 60 KV electron gun is located at the 

base of the column and the screen is at desk level. The 

electron column has five lenses, a double condenser lens, 

an objective lens and two projector lenses. All the 

lenses are magnetic and water cooled. The image is pro- 

jected onto a comparatively large transmission viewing 

screen, 165mm square (i.e. 6.5 inches square) which is not 

obstructed by the electron optical column and whose centre 

is 7.5mm above the optical axis of the microscope. The 

square transmission screen is inclined at 30° to the 

horizontal for convenience in viewing. « “Thats, Nowever , 

introduces keystone distortion (16%). Although most 

commercial microscopes produce about 14% when their re- 

flection screen is tilted, it is more noticable in-atrans- 

mission fluorescent screen, i.e. external photography 

should be avoided. A tilted screen will mask appreciable 

spiral distortion because of the presence of keystone 

distortion. Of course, this will not affect the images 

taken On an internal camera mounted at right angles to the 

lens axis. 

Figure 1.4 is a schematic diagram of the viewing 

arrangement of the Corinth microscope. The distance L. 

between the point at which the electrons cross the optical 

axis, after the final projector lens and the screen (i.e. 

the projection distance), is 29lmm. The distortion at the 

edge of the screen amounts to some 15% (see Figure 1.4). 

The Corinth microscope is fitted with a 70mm roll film 
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camera. 

The film is located 249mm from the back focal 

point of the final projector lens according to the man- 

ufacturer's data. This gives a semi-projection angle 

of 8°. The spiral distortion at the edge of the 70mm 

film is 4% . The 70mm film camera can be replaced 

by the larger 82.55mm (3% inch) plates. The pro- 

jection semi-angle is then increased to 9.4? leading to 

a maximum image distortion of about 5.5% at the corner 

of the plate. 

Placing the photographic film or plate in the most 

desirable position together with the short projection distance 

and the wide field of view makes the Corinth microscope's 

viewing arrangement unique. However, the amount of 

distortion present is excessive. This is inevitable 

with conventional double-polepiece lenses. 

1.5 THE JEOL SUPERSCOPE 30 KV TEM 

Unlike the Corinth microscope, the JEOL Super- 

scope's column has its axis inclined at an angle of 

56° fo the horizontal. (as shown in Figure 1.3). In 

this way, the screen need not be tilted like the 

Corinth's screen but still offers the same convenience 

to the operator. It has only two lenses: an objective 

and a projector, but no condenser lens. The viewing 

chamber of this microscope is the chief item of interest 

in the present investigation, since the image is pro- 

jected onto a largetransmission fluorescent screen. The 
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photographic film camera is fitted in the optimum pos- 

ition inside the column, i.e. between the projector lens and 

the fluorescent screen, but the size of the photographic 

film is only 25mm x 25mm, too small. for serious electron 

microscopy. 

The viewing chamber of the JEOL Superscope is 

illustrated in Figure 1.5. The large transmission- 

fluorescent screen of 104mm in diameter, 200mm away 

from the final projector is quite impressive. It gives 

a projection semi-angle of 14°. Nevertheless, the 

amount of distortion present near the edge of the screen 

is excessive (7%). Fitting the photographic film 

camera in its optimum position inside the column re- 

duces the projection length to 76mm. This arrangement 

gives a projection semi-angle of about 6.4°. Whis, Ot 

course, reduces the maximum image distortion to the 

acceptable values of 2% spiral and 1% radial distortion. 

However, it limits the field of view to a projection 

semi-angle of 7g Limiting the field of view that can 

be photographed to reduce the image distortion in the 

micrograph is the usual method adgpted by almost every 

commercial microscope manufacturer. 

The JEOL Superscope 30 KV TEM has been adapted 

in the present investigation because of its availability 

in the department and its good viewing arrangement, i.e. 

short projection length, large transmission fluorescent 

screen perpendicular to and centrred on the optical axis 

and free from keystone distortion. 
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Pigure 1. 5: 

Screen 

The viewing chamber of the JEOL Superscope 
fitted with an internal camera and a trane— 
mission fluorescent screen. The maximum projection semi-angle of the camera is 7°. 
The projection angle of the viewing screen 
ie 34>. 

  
Figure 1.6: Appearance of the image (external photo- 

graphy) on the fluorescent screen of the 
‘Superscope' showing considerable distortion 
(7%) on the edge of the screen. 
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1.6 MAGNETIC LENSES 

Magnetic lenses generally produce a magnetic field 

by an energized coil surrounded by an iron circuit. 

These lenses are either conventional lenses which in 

turn could be symmetrical (Figure 1.7a) or of asymmet- 

rical polepiece shape (Figure 1.7b) or single polepiece 

lenses (Figure 1.7c). The magnetic field distribution 

will differ from one type of lens to another depending 

on the position of the coil and the shape of the iron 

circuit. At the beginning of the development of 

electron optics, different mathematical models were 

proposed to represent the field distribution as a 

function of the axial distance Z. An example of this 

would be the rectangular field model, where B, = By £or 
Z 

“S/o <2 is S/> and zero for other values. This is a 

purely mathematical model to simplify the field cal- 

culations. 

The development of the electron lens design does 

not consist in the determination of the field dist- 

ribution alone, but also on its electron optical prop- 

erties, which are of great importance. Since the 

optical properties depend mainly on the magnetic field 

distribution and its derivative, the direction of the 

incident electron beam is important in the case of an 

asymmetrical field. The single polepiece lens is a 

typical example of an asymmetrical field. Here the 

bore diameter controls the steepness of the rapidly 

rising part of the field; decreasing the bore diameter 
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Figure 1.7: Schematic diagram showing various types of 
magnetic lenses; 
a - Double polepiece symmetrical lens 
b - Double polepiece asymmetrical lens 
c ~ Single polepiece lens 
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makes the field rise more steeply (Juma and Mulvey, 

1979). This asymmetrical characteristic gives the pos- 

sibility of using the single polepiece lens in two 

different modes of operation. The first arises when the 

polepiece of the lens is facing the incoming electron 

beam (preferred direction for the projector lens) and 

the second when the polepiece is facing the screen (non- 

preferred direction). It has been shown (Marai and 

Mulvey, 1976) that the lens has a lower distortion 

coefficient by a factor of about 2.5 when used in the 

preferred direction than when it is used in the non- 

preferred direction. This fact can be turned to advant- 

age in the correction of distortion in the electron 

microscope as can be seen in chapter four. 

1.7 ABERRATION OF MAGNETIC PROJECTOR LENSES 
  

Ideally the image produced by a magnetic projector 

electron lens should be perfectly formed if the electrons 

follow Gaussian trajectories. The paraxial ray 

equation applied to the Gaussian trajectories is given 

by: 

2 
Gar 

az 8V Zz 

where Yo is the relativistic accelerating voltage, Bo 

is the axial flux density and n = e/m is the charge to 

. Mass ratio of the electron . In general, the electrons 

do not follow Gaussian trajectories. The departure of 

the electrons from the Gaussian trajectories is called 
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the aberration. It is usually defined in the Gaussian 

image plane. 

Since a projector lens operates at a very small 

angular aperture of the ray pencils, it therefore con- 

tributes virtually no spherical aberration to the image. 

This means that the sharpness of the image will not be 

affected by the spherical aberration of the projector 

lens. However, image distortion will inevitably arise. 

Distortion causes a deviation in the image of an object 

from its Gaussian position. The displacement of an 

image point may be in the radial direction (radial dis- 

tortion) and/or the circumferential direction (spiral 

distortion). Radial distortion takes place if the lens 

refractive power does not vary linearly with the height 

of the incoming rays. Spiral distortion takes place if 

the angle of rotation, a characteristic of magnetic 

lenses, is dependent on the radial height of the in- 

coming rays from the axis. 

Figure 1.8 illustrates radial image displacement, 

i.e. either towards or away from the centre of the 

image (radial Giccereinal os along a clrcular anc ether 

anticlockwise or clockwise, according to the direction 

Of the Current in the lens coil (spiral distortion). 

The deviation Ap, in Figure 1.8 of an image point 

from the corresponding Gaussian image of radius p, rep- 

resents the amount of distortion present in the image. 

Generally, one refers to relative distortion Ap/p in 
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measuring the distortion aberration in any electron 

microscope image. In general, Ap/p varies with the 

square of the height r of the incoming rays. 

      
  

Y x 

= Pincushion -Ap 

Ye +A 
Nate 

“OP 
LY/ Barrel a 

BD 

X x 

a): Radial distortion b) Spiral digtortion 

Figure 1.8: The Gaussian image point (Xo,Yo) and the 
image displacement (distortion) according 
with (a) radial and (b) spiral distortion. 

  

  

1.7.1 RADIAL DISTORTION 
  

In radial distortion, the image of each object 

point is shifted radially from the Gaussian image point 

as shown in Figure 1.9. In this figure, a ray of height 

r entering a lens of bore radius R, ideally reaches the 

screen at height p if the lens has no aberration. 

Indeed, the radial aberration shifts the ray by a 

distance Ao from the Gaussian image point. L here shows 

the projection distance from the focal point of the lens 

to the screen. 
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Figure 1.9: Ray diagram illustrating geometrical 
relations in the final projection lens; rx, 
fp, L, ap are the height of the incoming 
ray, the projector focal length, the pro- 
jection length and the projection semi- 
angle, respectively. 

The radial displacement Ap from the Gaussian image 

point is given by the following equation: 

3 
Mov = Ni Deg xr Gln 

where r is the height of the incoming ray from the axis 

(Figure 1.8), M the lens magnification and D,. the 
d 

radial distortion coefficient. 

The general appearance of a projected image of a 

rectangular grid suffering from radial (barrel (a) and 

pincushion (b)) distortion is shown in Figure 1.10. 

Radial distortion may change from 'pincushion' 
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distortion to 'barrel' distortion by suitably changing 

the excitation of the lens. This fact suggests for 

every lens there is a certain excitation value (near its 

minimum focal length) for which radial distortion 

vanishes (see Figure 4.9). 

   
(a) * Bafrel distortion (b) Pincushion distortion 

Figure 1.10: The effect of radial distortion on the 
appearance of an image of a rectangular 
mesh grid. Negative Ap causes barrel 
distortion and positive Ap causes pin- 

cushion distortion. 

437.2. SPIRAL: DISTORTION 
  

In a magnetic lens, the magnetic field B(Z,r) is 

a function of both the axial distance (Z) and the radial 

height r. So the rotation of the image @ will vary with 

the radial height accordingly. In other words, the 

rotation of the image is expressed by: 

oe ¢ + 29 (1 .3] 
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where R i is the Gaussian image rotation and 66 the 

spiral distortion. This actually shifts the Gaussian 

image (X 5 7¥) of Figure 1.8b by a distance Ap, measured 

along a circular arc of radius p. Generally, this 

displacement increases with the cube of the radial 

height r, as given by 

where Dsp is the coefficient of spiral distortion. 

  
  

    

      

                            

    
  

          
                        

                    

anticlockwise clockwise 

Figure 1.11: The effect of spiral distortion on the 
  

image of a rectangular mesh grid. 
  

Note - On reversing the current of the 
  

lens, the direction of distortion is 

also reversed. 
  

(1,4) 

The effect of spiral distortion on the image of a 

square grid: is shown in Pigure i.i1. In this figure it 

is shown that reversing the current of the lens changes 

the sign of the image rotation and so does the spiral 

distortion. Consequently, this may give the impression 

that spiral distortion could easily be corrected by 

compensating the distortion of the final projector lens 
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by using an intermediate lens with spiral distortion in 

the opposite direction. This, however, is found sur- 

prisingly difficult to achieve in practice (Marai and 

Mulvey, 1977).as explained in Section 1.8. 

1.7.3 THE DISTORTION QUALITY FACTOR 

The geometry of Figure 1.9 gives the relation 

L 0 z=. E (Lo) 
p 

where L is the projection length, . nS the pror 

jector focal length and p is the off-axis distance for 

the projected image on the screen. Hence, the height 

of the incident ray r will be 

(Ca) 

substituting the value of r and the value of the mag- 

nification M, where M = £ in equation (1.2), gives an 

image distortion ns as 

ee ee eee, (1.7) 
Prd 

where a, 1S. tee: H
o
 

From Figure 1.9, tan A = 

projection semi-angle. Hence: 

Ao 
ns = D ite tan” a (1.8) 
Pog rd “p P 

Marai and Mulvey, 1977, introduced the expression 

“quality factor (Q)" with of to stand for the product 
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(gg This dimensionless quantity actually gives 

a good guide to the performance of the lens. Moreover, 

it reveals that the amount of distortion present ina 

magnetic lens cannot be measured by the distortion co- 

efficient D only. For example , the image distortion 

Ap 
7 does not necessarily tend to zero when the coefficient 

D approaches zero, Since the focal length f. tend to 
me 

infinity. Similarly, 

Ap where (SO isp is given by 

Ao 2, 2 
ele a D ff lie psp ne at 

and oe as well is similarly used for the product 

2 
uP > ps 

P 

Note - Mae and Qed are dimensionless. This shows that 

scaling a lens does scale the focal length accordingly 

but will not change image distortion Ap/p. This can 

also be seen by considering the scaling laws for mag- 

netic lenses described in Appendix A. 

1.8 PREVIOUS ATTEMPTS AT CORRECTING DISTORTION IN EM 
  

The design of the projector lens and viewing 

system is largely limited by the difficulty of reducing 

the radial and spiral distortion in the final projector 

to the generally agreed tolerable limits of 1% radial 

and 2% spiral distortion in the micrograph. Most com- 

mercial microscopes achieve these limits by restricting 
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the semi-projection angle (o,,) of the beam projected 

onto the fluorescent screen to about O.1 radian (s:27) 

and by operating the projector lens at its minimum 

focal length to eliminate radial distortion and where 

minimum spiral distortion occurs (Liebmann, 1952). 

This actually leads to bulky viewing chambers. 

If the distortion of the projector lens could be 

corrected, new possibilities would be opened for the 

design of the viewing system. Thus, Hillier (1946) 

showed that radial image distortion could be eliminated 

by placing an auxiliary lens of suitable strength at 

the back focal point of the final projector lens. 

Unfortunately, the auxiliary lens was wasteful in that 

it contributed nothing to the instrumental magnification. 

In addition, a single coil was employed to energize the 

two lenses which meant that, although radial distortion 

was eliminated, spiral distortion was increased since 

image rotation was additive. Moreover, the projection 

semi-angle was of the order of s. 

In 1963, Kynaston and Mulvey proposed the system 

shown in Figure 1.12 for correcting radial distortion 

at low magnification. They suggested that the inter- 

mediate lens can be set to produce an intermedaate image with 

barrel distortion which will tend to cancel the pin- 

cushion distortion produced by the final projector lens. 

This method has the advantage that it does not depend 

critically on the focal length or the design of the 

lenses used. However, it did not solve the problem of 
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achieving large projection semi-angles because of the 

difficulties in correcting spiral distortion. 

Ist proj 

| . Objective QZ I Zz 2nd pro} 

Al eae oo ae eile, | 

| 
| 

| | 

J 

| | 
| | 

Image 

Figure 1.12: Correction of radial distortion (Kynaston 
and Mulvey, 1963) showing the ray path 
through the system. 
  

An improvement to the Hillier (1946) two-lens 

projection system was carried out by Juma and Mulvey 

(1974, 1975, 1978). Here, the coil of each of the mag- 

netic lenses of the doublet was energized with the same 

current but passing in opposite directions so to elimi- 

nate image rotation, Figure 1:13. 

In this twin-lens system, radial distortion was 

eliminated but spiral distortion correction could not 

be achieved completely, besides the restriction of the 

projection semi-angle (o.,, = . because of the small- 

ness of the lens bores (2mm diameter). An improvement 

of 50% correction could be reached as the two lenses 

moved closer to each other (Marai, 1977). 
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Figure 1.13: Schematic ray path corresponding to the 
rotation-free lens doublet (Juma and 
Mulvey, 1978). 

  

  

Lambrakis et. al. (1977), took up the suggestion 

made by Mulvey (1976), of using two miniature single 

polepiece lenses for realizing an experimental wide- 

angle projection system. This system took into account 

some special features of the projector lens; namely 

that the distortion coefficients vary with change of 

conjugates. In general, the aberration of a lens is 

smaller for infinite conjugates (i.e. image or object 

distance equal to infinity) than for finite con- 

jugates. In other words, distortion coefficient increase 

as the conjugates become smaller. Furthermore, 

the corrector lens magnification affectsthe amount of 

correction that it can contribute to the final image. 

In addition, the influence of field asymmetry on the 

aberration of a single polepiece lens can be used to 

increase the correcting action. Figure 1.14 shows the 
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experimental arrangement for investigating the effect- 

iveness of this approach. 

The separation between the opposing polepieces 

was made adjustable by inserting a vacuum liner tube 

through the base of the correction lens so that the cor- 

rector could slide up and down without affecting the 

vacuum. A separation of 60mm was found suitable with 

  

the two lenses excited at NI/VWVr) oro¥ = 15.5 and 

NI/VWVe) ore = 34: 

Optical axis 

Vacuum liner \ 
  

  

  EN
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7. U7. Adjustable single 
ey pole corrector lens 

      

                      t,   = 

Single pole projector 
lens(98 mm @) 
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                Wide angle fluorescent 
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Figure 1.14: The arrangement for correcting spiral 
Gistortion. (Lambrakis et. al., 1977); using 
two single polepiece lenses. Projector 
excitation parameter NI//Vr = 15.5. 
Corrector excitation parameter = 34. 

  

  

  

  

An image of less than 3% spiral distortion was 
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produced at a projection semi-angle of 22°. The main 

drawback of this design is the necessity to adjust the 

separation of the lenses under vacuum. In addition, 

there is field cancellation by the opposing lens fields; 

this amounted to about 25% atasnout separation of 60mm. 

An 'Intercol' electron optical bench was used, forming 

a shadow image on the transmission fluorescent screen 

throughout the above investigation. 

Further tests were carried out using a 100 KV TEM 

(Elkamali and Mulvey, 1977). The viewing chamber of an 

EM6 electron microscope was reduced in length from 23.5 

to 14.9cm. The projection system was replaced by two 

single polepiece lenses as shown in Figure 1.15. 

Single polepiece 
corrector lens 

  

  Spacer 

        
Final projector lens 
(98mm ¢)         

  

  

    
Figure 1.15: Improved. projection system of Elkamali 

and Mulvey (1977) in an EM6 electron 

microscope. 
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The experimental result of Elkamali and Mulvey 

(1977), showed that the spacing between the cor- 

rector and the projector lens is critical. For example, 

a change in separation of +2mm changes the distortion 

by about 1% (Elkamali, 1981). An improved wide-angle 

(o.,, = 30°), projection system has been devised by 

Elkamali and Mulvey (1980a,b). This system actually 

makes use of a virtual image produced by the corrector 

lens. A light optical analogue consisting of three 

thin glass lenses has been used to represent the above 

system and the forming of the virtual image. Figure 

1.16 shows the actual system. 

The experimental result of Elkamali (1981) has 

shown that it is quite possible to obtain a satisfactory 

correction of radial and spiral distortion simultaneously 

with the system described in Figure 1.16. This system, 

in fact, operates in the first focal zone, at the high 

excitation end of this zone. However, the design's 

most serious disadvantage is the necessity for achieving 

good alignment, and in adjusting experimentally the 

position of the two lenses and the middle plate. More- 

Over, the field cancellation in the system was still 

too high, (around 207). 

In this investigation, therefore, a theoretical 

and experimental programme has been carried out on these lines 

construct a wide angle distortion-free projection 

system of integral construction for all forms of electron 

microscope but especially for high voltage microscopes 
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| Figure 1.16: Optical analysis of Elkamali and Mulvey(1980 a,b) 
system - 
Note.1) Virtual image Iy of variable magnification. 2) Large finite conjugates of the projector 

aberration. 
a) Spacing L is not critical since projector 

magnitication and hence spiral distorsion 
of the corrector can be adjusted to achieve 
correction, 
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whose viewing systems have been largely neglected. A 

special feature of the work was to develop a method 

for calculating the trajectories of off-axis electrons 

so as to be able to simulate the appearance of the 

final image directly without recourse to aberration 

theory... This is discussed in detail in Chapter Three. 

Such theoretical calculations were used to optimise 

the electron-optical design without extensive experi- 

mental work. 

Chapter Two contains a critical analysis of the 

two-lens gap correcting system previously proposed by 

Hillier (1946). His design was modified so as to allow 

a wide projection semi-angle (0, ~ 30°) to be obtained. 

However, it seems that this system is inherently in- 

capable of producing distortion free images at large 

projection semi-angles. 

The design of a suitable wide-angle projection 

system constructed by the use of the computer-aided 

design mentioned above, is described in Chapter Four. 

This pre-aligned lens system was evaluated on a readily 

available JEOL Superscope with an accelerating voltage 

of 3a KV. 

1.9 ELECTRON OPTICAL COMPUTATIONS 
  

Electron optical computation of the electron micro- 

scope magnetic lens is very important, since it is 

desirable to optimize an electron-optical system before 
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extensive experimental work commences. The relevant 

magnetic field distributions were calculated by bar 
Munro(1975) computer program or by the improved 
version (Nasr 1981). 

Once the lens field distribution is known, ay tracing 

can commence and focal properties and aberration co- 

efficients can be deduced. The computation of the 

general ray path is especially useful in wide-angle 

image correcting systems. Finally, the computer sim- 

ulation of the projected image in the electron micro- 

scope should be helpful in interpreting the experi- 

mentally observed image in the electron microscope. 

1.9.1 CALCULATION OF MAGNETIC FIELD DISTRIBUTION 
  

The improved vector potential program written 

by Nasr (1981) is to be preferre@é to that of 

Munro (1975) since the former requires a much 

smaller core store for a given accuracy it is suitable 

for use in a minicomputer (Nasr et. al.’,. 1981) ; This; 

indeed, speeds up She turn round time of calculations 

especially when the alternative main frame computer is 

unavailable. The vector potential distribution and 

the magnetic flux density distribution throughout the 

lens and its surrounding for both saturated and un- 

saturated rotationally symmetric magnetic lenses can 

be calculated using the above mentioned programs. 

To use either of the above programs, an accurate 
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diagram of the unit cross section of the lens is pre- 

pared. A suitable mesh distribution is then super- 

imposed in the z and r directions. It should be 

mentioned that the accuracy of the results is influ- 

enced by the chosen distribution of the meshes, and 

the location of the outer boundary where the vector 

potential is set to zero. Next the coordinates of the 

magnetic circuit are defined together with its perm- 

eability. Finally, the coordinates of the coil, and 

its current density are defined; these depend on the 

number of ampere turns present in the defined area of 

the coil. These two programs differ in the handling 

of iron saturation. Munro's (M13) program starts from 

the B-H curve of the iron while Nasr's (VPSAT) program 

uses the B-u curve, which seems to lead to more rapid 

convergence to the solution. 

1.9.2 CALCULATION OF THE FOCAL PROPERTIES AND DIS- 
  

TORTION QUALITY FACTORS IN MAGNETIC LENSES 

The design of an electron magnetic lens system 

does not end with the determination of its field dis- 

tribution. ~On the contrary, the focal properties. and 

aberration coefficient still have to be calculated, 

Since these coefficients should be kept within tol- 

erable limits, depending on the application in mind. 

The electron-optical properties of the magnetic lens. , 

such as projector focal length and distortion coef- 

Eicient D and Dsp for a single lens as a function of 
d 
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the lens excitation NI//V,. can be calculated using an 

available program (Marai, 1977). A recently developed 

program (Nasr, 1981), for computing the trajectories 

and aberration coefficients for either a single mag- 

netic lens or a system of magnetic lenses is superior 

for the present investigations. It was used exten- 

sively in designing the correcting systems described 

here because the aberration coefficient of the complete 

system can be found directly. 

12952 RAY. TRACING 

Accurate ray tracing is particularly important 

in designing the polepieces so as to permit the passage 

of electrons emerging from the lens at angles as large 

as so", The usual method based on the paraxial approx- 

imations (Marai, 1977) is satisfactory only when the 

trajectories are close to the electron optical axis. 

Nevertheless, the paraxial trajectory program was part- 

icularly useful during the initial stages of the design, 

since it gives useful preliminary guidance. It should 

perhaps be mentioned that, at high Gaussian semi-pro- 

jection angles, e.g. a paraxial trajectories deviate 

significantly from the real once. For such 

large angles, general ray calculations are needed, A 

program was therefore developed and will be discussed 

in detail in Chapter Three. This program is useful 

for calculating the trajectories of marginal rays. 

The method depends on the equations of force and 
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acceleration, namely: 

ey se 

and 

a = F/m (112) 

where v is the velocity of the electron and a is the 

acceleration. 

From these equations the accelerations Z and ¢ 

and the angular velocity 6 can be found. These three 

values can be expressed in terms of the vector potential 

and its z and r derivatives as described by Goddard 

and Klemperer (1944). Thus 

z= -(2)° ah 

Ere kee 

6 = -() = (1.13) 

The values of the vector potential and its der- 

ivatives can readily be found from Nasr's program 

(Nasr, 1981). A general ray program using the Milne 

formula (Milne, 1933) to obtain z, r and 60 was then 

developed. 

1.9.2.2 COMPUTED IMAGE SIMULATION 
  

A simulation of an image observed on the final 

viewing screen is useful for visualizing the appearance 

of the image. The expected performance of the lens 
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can then be studied without extensive experimental 

work. A previous program (Nasr, 1978) was based on 

the calculation of the coordinates of the displaced 

points suffering from distortion. The calculation 

assumes a knowledge of the object point co-ordinates, 

the radial extent of the image p at a projection 

distance L and the image quality factors Ord and QSp° 

The program calculates the co-ordinates of the dis- 

placed points of a square mesh grid for the given 

values of the quality factor Q. The image then is 

plotted using the above calculated co-ordinates. A 

simulated image produced in this way is shown in 

Figure. 1.17, 

The simulation, in fact, visualizes the effect 

of distortion on the final image. It also enables an 

assessment to be made of the amount of image distortion 

which can be tolerated in practice without being 

readily detected by eye. The results obtained, namely 

te On radatal ana 2s of spiral distortion, agree well 

with commonly accepted criteria. 

It should perhaps be mentioned that such sim- 

ulation of an image suffering from distortion holds 

Only within the range of the validity of the third 

order theory. Hence, it is more convenient to use the 

general ray equation for determining the form of the 

final image directly and without recourse to the 

aberration theory. A new program for simulating the 

appearance of the final image of a square mesh grid 
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Figure 1.17: Simulated image with a maximum projection 
semi-angle of 280 showing the tolerable 
amount of distortion (2% spiral and 1% 
radial) is present at the image of a lens 
with distortion quality factor of Q = 
OO. 204; 

  

  

  

was therefore developed. The latter program uses the 

output of the general ray program to determine the co- 

ordinates of the displaced image points observed on 

the final viewing screen. This will be discussed in 

Chapter Three. 
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CHAPTER TWO 

MINIMIZATION OF RADIAL AND SPIRAL DISTORTION 
  

USING DOUBLE GAP LENSES 
  

2.1 GENERAL CONSIDERATIONS IN DESIGNING A DOUBLE GAP 

PROJECTOR LENS 

The minimization of distortion in the electron 

microscope may well be regarded as the central problem 

of designing a high quality projection system. This 

problem has been solved in the past by using a small 

(a, = 5°) projection semi-angle aperture leading to the 

necessity of a large projection distance to produce an 

image of the required size. Figure 2.1 illustrates the 

effect of using a small projection angle as indicated 

by the inner square (a, = 7 a typical figure -for 

commercial electron microscopes. Since electron lenses 

are analogous to optical lenses, principles of geomet- 

rical optics may be applied directly to electron optics. 

Since it is possible to minimize the distortion of an 

optical system by the appropriate combination of simple 

lenses, the method can also be used in electron optics. 

A method of correcting radial distortion in elect- 

ron optics was originally proposed and realised by 

Hillier (1946): In -Hiltier's arrangement, two lens gaps 

were energized in series by a single coil. Here the 

rays from the first lens pass through the centre of the 

second lens (as shown in Figure 2.2); its refractive 

ag



Pigune 2): 

pe Corrector 
en 

  
Complete image on the viewing screen of 
the JEOL Superscope obtained by external 
photography ({p = 140). The inner square 
shows the area photogravhed bv 
the internal camera (tp = 7°). 
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Corrected ray   Distorted ray 

Schematic diagram showing Hillier's arrange~ 
ment for correcting radial distortion. A 

corrector lens is placed in the back focal 

plane F of the projector. 
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power is thus zero. Nevertheless, the second lens 

serves a useful function in correcting radial distortion 

since marginal rays from the first lens will net, in 

general, pass through the paraxial focal POM. sollem 

rays will be bent back towards the lens axis in such a 

way that the radial distortion at the final screen is 

zero. However, energizing the two lens gaps in series 

meant that although the radial distortion was corrected, 

spiral distortion was increased. It is useful here to 

mention the fact that the spiral distortion coefficient 

changes sign if the polarity of the magnetic field is 

reversed by reversing, e.g. the lens current in the 

coil. Therefore, it is to be expected that the spiral 

distortion can be corrected by the combination of two 

lenses with opposite polarities, in other words, with 

zero combined excitation. Recently, a resurgence of 

interest has occured in this arrangement devised by 

Hillier (1946). This is mainly because Hillier's Single 

coil arrangement precluded the possibility of reversing 

the current in one of the lenses to make a compensation 

of the spiral distoration. The design of a “doublet" 

rotation-free system by JUMA and Mulvey (1978)is a 

recent reversion to the above idea. Some idea of the 

possibilities of this design for the correction of 

Spiral distortion can be gained from an approximate 

analysis based on the square-top field. 

So



2.2 THEORETICAL CALCULATION BASED ON SQUARE TOP FIELD 
  

MODEL 

The square-top magnetic field distribution is the 

simplest starting point for an analysis of the problem. 

The paraxial ray equation is readily solved for a ray 

passing through the square-top field. 

Consider the field distributions shown in Figure 

2.3. We may consider it as two identical field dist- 

ribution of length S/2 placed back to back. When re- 

versing the current in the second half of the field 

distribution (Figure 2.3), the electron trajectories 

are not affected. Hence, a mathematical approach can 

be adopted for the correction of spiral distortion in 

a rotation-free system. 

The trajectory of the electron is the solution of 

the paraxial ray equation 

ie © (255)   

e econ als eee 
8m 

If the initial ray height is es Wwabeh dinette dal: 

slope ror then 

  

1 
e = pcos. KE 4S sin KZ (222) 

Oo K 

P= re lviGos Ky =| kr Sin KZ (200) Oo Oo 

-  « Te) 9 
where KY = — and K = =, Z is ‘the axial distance, 

8m ve S 
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Projector Corrector 

        

  

Figure 2.3: Square top field model of the projection 
system with the refracting power of the 
second lens equal to zero. The dotted 
field shows the reversing of the second 
lens-gap current to compensate the image 
rotation of the first lens-gap to reduce 
the spiral distortion. 

  

  

0 is the total rotational angle in the additive 

mode which will be zero in the opposition mode and § is 

the field width of the two lenses. 

A ray of height 1 and slope O is assumed to pass 

through the projection field shown in Figure 2.3 passing 

through the centre of the second lens and hence 

Y ta x S) =_© 2 4) 

Since the refractive power of the second half of the 

field is zero, the final slope of the ray is not af- 

fected by the second half of the field. Hence 

aid = 2 (at S/2) (259) ae S) 

Applying the initial conditions and equation 2.4 

eo)



in equation 2.2 gives 

cos % KS = O and this leads to 6 = 2m/4 (2:56) 

Marai et. al. (1977) expressed the distortion of 

a square top field model of a single lens as 

S = 5+ sin 20 (2.7) 

where Dsp is the coefficient of spiral distortion as- 

suming the ray entering the field parallel to the axis 

of the lens. Substituting the value of 6 evaluated 

above in equation 2.7 gives 

Psp S = 4.12 

The focal length of a magnetic lens of a square 

top field model is given by 

oe : 
7. ‘sam. 0 

Using the same value of 6 evaluated in equation 2.6, 

gives 

= .S0 ia 

(
|
 h 

| 

The image quality factor (Marai and Mulvey, 1977) 

is given by 

i Q VOR oe 
sp 

Osp Iino. fOr the total fier, 

Since the image distortion “e is proportional 
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sts Li ae ¥ 
to: 0 os (i.e. Ap/p = Q de tan 0, ) then 

AMS = 1.25 tan, 

Remembering that the total field consists of two 

identical square top fields of width S/2 (i.e. each 

2 causing a rotation 6 = dpe Accordingly Da SS? f£On. the 

first square topfield can be calculated by substituting 

iS 2 
2 Ane eo C73) ; Hence .. (y) = ines)" + “es Sino (1/3) 

6928 

oe. p88 = 2.9905 

Remembering that the refracting power of the 

second lens is zero, then the focal length of the 

first square top field is the same as that of the total 

field, i.e. £/S for the first square top field = 0.5513. 

Thus Og fontor the first square top field = 0.842”and 

QO. aeor the second square top field = 0.410 fatep - 

Thus the spiral distortion produced in the image by 

the seconed (conector lens) is only half that produced by 

the projector lens. Reversing the current in the corrector 

(as indicated by the dotted part of the field distribution 

of figure 2.3) will therefore not correct the image distribution 

completly but only reduce it by a factor of two. 
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2.3 EXPERIMENTAL APPROACH TO THE MINIMIZATION OF 

DISTORTION 

The idea was to use two identical lenses. The 

centre of the second lens is positioned at the focal 

point of the first. The current in the second lens is 

ra 

      
     

magnetic screening plate 

non magnetic spacer 
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iron polepiece 

Figure 2.4: Cross-section of the rotation-free doublet. 

bore of screening plate 10mm.lens bore without 
  

polépieces 17mm. lens bore with polepieces 
  

14mm. 

paraxial trajectory without polepieces (solid 

line) for NI/Vr2 = 5.6 
paraxial trejectory with polepieces ( dashed line) 

  

  

  

for NI/Vp2 = 5.8 
opposed to the current in the first lens. Figure 2,4 
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illustrates the design of the doublet lens system. 

The bores of the doublet was made quite large to allow 

rays of wide angle to pass through. 

16 
  

The paraxial 
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Fagure 2.5% Cross section of the doublet showing the 
three main parts of the design besides 
the different replacable polepieces used. 
Note that the spacer is non magnetic 
Material (all dimensions are in mm). 

  

  

  

  

trajectory computation was used in the preparatory 
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design stage. The bore diameter ratio was 17:10:17 mm 

for dy: d, - d+ respectively. The lens was constructed 

in three parts; the body, the middle plate and the Aa 

as shown in Figure 2.5. An extra polepiece was made to 

allow the bore diameter to be changed thereby changing 

the shape of the resulting field distribution (Figure 

2.6). Each of the two coils has 250 turns of 24 SWG 

copper wire. The resistance of the coil was 2.82. 

The two lenses could be excited in two ways. The first 

is when both lenses are in the cooperative mode, i.e. 

NI, = NI,, where NI is the lens excitation. The second 

mode of operation is when their excitations are in 

QPPOsSPeE1ON 2406: NI, = “NI,. It was also used with 

unequal excitations. Figure 2.7 shows the field 

distribution in both modes of Operation as measured 

experimentally. 

The Gaussian trajectory passing through the twin 

lens system, shown in Figure 2.4, indicates that a 

ray height of 8.5mm will give a wide semi-angle 

(a, = 30°) when each lens is excited with NI/VV,. oe 

The corresponding focal length of the twin system is 

lémm. A polepiece was then inserted to make the bore 

Eatio d,:d,:d, equal to 14:10:14.4. This new arrange- 

ment, according to the Gaussian trajectories, results 

in a shorter focal length (12mm) as shown in Figure 

2.4. The system was tested in a JEOL Superscope. 

Figure 2.8 shows the electron optical column of the 

JEOL Superscope with the twin lens system in place. 
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14-10-17 XID (0) 

B (Tesla) 

17-10-17 DM (x) 
0-154 

14-10-14 ki (4) 

0-17 
10-10-17 hig (<)     

0:05 

FOS 

- =()4   
Figure 2.6: Axial field distribution of the doublet 

showing the effect of changing polepiece 
diameter. Each lens was excited with 
Bi ® 1620 A.t. 
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B (Tesla) 

02 

Cooperative mode 
(total field )      

  

oe ae     ‘Rotation free mode 

( total field ) 
  

Figure 2.7: Experimentally measured axial field dis- 
tribution of the doublet with each lens 
excited with NI = 1620 A.t. Here the two 
modes of operation are shown. 

The doublet is held in position by the water pipes 

through which the electrical connections to the coils 

are led. The outside diameter of the doublet was 96mm. 

The supporting plate shown in Figure 2.9 was used in- 

stead of the lid of the internal camera of the Super- 

Scope. Extensive experimental investigation showed 

that either radial or spiral distortion could be cor- 

rected. The system was tested as well with a replac- 

able polepiece of different diameter as indicated in 

Figure 2.6, where the field aLStribution. 1s shown. « En 

this case, a slight improvement was noticed in which 

tolerable distortion could be obtained within a semi- 

angle of about i However, this correcting system, 
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The doublet 
projection 
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Projection 
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Objective 
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Figure 2.8: The electron optical column of the JEOL 
Superscope with the doublet fitted in 
place of the internal camera. 
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in fact, does not justify the cost of the power used 

in energizing the corrector lens, since the second lens 

power is more or less wasted (i.e. it does not con- 

tribute to the total magnification). A well designed 

  

Figure 2.9: Photograph of the experimental doublet ca) 
projector lens showing the supporting 4 
plate and various interchangable pole- 
piecege) - 

  

  

Single polepiece lens could do as well as this, or 

maybe better, at the tolerable limit of 2% spiral 

distortion and 1% radial distortion. The same remarks 

also apply to the design of the asymmetrical triple 

polepiece lens produced by Tsuno et. al. (1980) and 

Tsuno and Harada (1981), who achieved a simultaneous 

ge i : : ° 
correction, but the projection semi-angle was only 7. 

Figure 2.10 shows the experimental results. 

These photographs indicate that there is a limiting 

angle of projection for a single projector lens and 
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for the system as a whole. The other idea which will 

be discussed in the next chapter is the folding over 

of the 

double 

figure 

are in 

of the 

Oreilon 

off-axis rays and hence the appearance of a 

image as illustrated in Figure 2.10b. In this 

the rays appearing to fold back towards the axis 

fact projection images of the outer extremities 

cross-wires suffering from severe barrel dist- 

and spiral distortion. In Chapter Three the 

image of such a cross-wire has been simulated in a 

computer (Figure 3.12) showing more clearly the role 

Of the combined high order radial and spiral distortion. 

The appearance of such images indicated the need 

for a computer program to trace marginal rays directly. 
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Bagure 2) .diOs External photography of images on the 

transmission screen of the JEOL Superscope 
produced by the doublet lens (a) the 
second is excited only with NI//Vyr = 16.4 
showing the limiting projection angle of 
the lens besides the start of streaks ap- 
pearing. (b) A cross wire is used here, 
this image confirms the limiting pro- 
jection angle for the system of lenses 
as_well as_ folding over of the marginal 
rays towards the centre of the image. 
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CHAPTER THREE 

NUMERICAL RAY TRACING 
  

8... - INZRODUCTION 

In the study of the electron properties of mag- 

netic lenses, the tendency has been to use an ana- 

lytical treatment for third order aberrations based on 

the paraxial ray equation. The limitation in adopting 

such an approach is that beams of large semi-projection 

angle cannot be treated adequately. 

This chapter is concerned with the calculation 

of non-paraxial rays by means of the general ray 

equation. The calculation here is confined to the rays 

passing through a purely magnetic field of axial 

symmetry, although the method can be extended to ray 

tracing in electrostatic systems as well. 

S02) THE POUALION OF MOTION 

The total force F acting on an electron of charge 

q = -e travelling in a combination of an electro- 

static and magnetic field is given by 

F “es (fy = 8) 

where E is the electric field strength, v is the vel- 

ocity of the electron and B is the magnetic field 

strength. 
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The vector equation 3.1 can be resolved into 

three scalar equations in any orthogonal coordinate 

system. The path of the electron can then be cal- 

culated by integrating these scalar equations. 

Consider the special case of tracing the 

electron in a purely magnetic field. The equation of 

force will reduce to the form: 

a F 
Sal 

Since the acceleration ais given by 

a = F/m 

Then the equation of motion will be represented as 

= A) Wee) (3.4) 

. . . B (into the paper) 

x x Ce) VER 

x x x x x 

Figure 3.1: The force on an electron moving towards 
the right through a magnetic field per- 
pendicular to the plane of the paper is 
downward. 
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This shows that in a magnetic field, the electron 

is accelerated in a perpendicular direction both to the 

field vector and to its Velocity. So it is easier to 

understand the motion of the electron in a magnetic 

field by considering the two-dimensional motion in two 

separate planes. 

The convenient planes are: 

The ‘Equatorial’ plane: at right angles to the 

axis of axial symmetry, moving with the longitudinal 

Velocity v, of the electron. 
Z 

The 'Meridional' plane rotating with the electron 

about the axis of the system. 

In“ cylindrical coordinetes (r72;6), taking 

into account the axial symmetry of the field, the 

vector equation takes the simple form of the three 

ease equations as given by Goddard et. al. (Goddard 

and Klemperer, 1944). 

= ~(&)2 , dA 
i (7) A az 

oo Sees dA 
r= a) A ae (a3) 

fs. oes 
Me 

where Z is the acceleration in the z-axis direction, and 

A is the magnetic vector potential so that: 

3. Curl aA 
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In carrying out the calculations, the relevant 

magnetic vector potential A were evaluated by the VPSAT 

(Nasr,1981) program mentioned in chapter I. 

These values were stored in the computer and used as 

an input to the general ray calculations. 

3.3 GENERAL RAY CALCULATION 

The set of equations (3.3) are second order dif- 

ferential equations in which the first order derivat- 

ives z,&% do not appear. These may be integrated num- 

erically using the numerical integration formula due 

to Miline (1933)... 

Z moe Z — % + Pts 9 oo ae + 5% n+l n n-s “ n-2) 

ms oS At ‘ ‘3 ‘ Lo ee et i * he Ee ee + 35 ) 

(3.4) 

The values of zy ¥, etc. are taken from equation 

(3.3) which in turn needs the calculation of a and 

dA : 
az This was calculated making the assumption of the 

variation of the vector potential A over each quad- 

rilateral given by Nasr (1981). 

AGS st + gGZe+ hr +. ize teem) 

where f£, g, h, i are constant over each quadrilateral. 

Differentiating equation (3.5) with respect to Z gives 

the value of = and, with respect to r, gives on. 
dr 
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ae oS ix (3:16.) 

dA : 
es h + iZ (3.7) 

The values of f, g, h}) and. i were found by 

solving the four simultaneous equations produced by 

the substitution of the values of A, Z, and r at each 

node of the quadrilateral in equation (3.5). 

Three lattices were constructed accordingly, i.e. 

z, © and @ lattices. These were computed at each node 

of the defined mesh in the vector potential calculating 

program. 

Since the energy equation is given by: 

mvc = eV, (328) 

N
|
e
 

where y is the velocity of the electron corresponding 

to the relativistically corrected accelerating voltage 

V.. where: 
i 

6 Vw Vil is 101" 8) (3.9) 
sy 

Accordingly, the velocity of the electron will 

be 

assuming that the electron is moving initially in an 

axial plane s.. = 0). 

The initial velocity components Zo and ry can be 

1S



calculated if the electron is projected from a point 

on the axis with an inclination angle y, by using ZG = 

ycos y and Ey =v sin y. If the electron is assumed 

to be parallel to the axis, then Zo = v and ty = 0. 

The four initial values (Z 37 Zinn?! 2nW1 and 

Zz) needed in equation (3.4) are obtained by choosing 

a sufficiently small time interval t and applying the 

laws Of uniform motion: 

241 ee ZH ees As 

ep ee eee ge oe) 
n+l n n 2 n : 

Simdilarily:, ritl and rey can be found by using 

the laws of uniform motion applying the above equations 

of &@ by changing each: 2 into r. 

The electron can now be traced using a step by step 

method with the use of equation (3.4); results were 

tabulated at the end of each step. 

This method is sufficiently accurate since there is 

a ready means of estimating and controlling the accuracy. 

One of these checks is to calculate the energy, W, of 

the electron which should be constant in view of the 

energy equation given by: 

W= £° + 2° + r%6 (3.11) 

Thus, a direct measure of the accuracy of the path 

is available at each step. However, if the energy 

value at any step varies significantly, that would affect 

the end result. It is then advisable either to shorten 
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the time interval or to use a more accurate formula such 

as that given by Milne (1933). 

2 
ag te t. ve Bi oe oe 

ae) re a 4 Pak 8 76 (674, oi . Soe 

poe. 4 + Sea. 

G3.32)) 

42 of ony ge 

Cat = tS + oul “Sos + 7g (674, - 8r Hl ae l22r__> 

Os aac 67x 4) 

These formulas actually need six initial points to 

be evaluated as mentioned before by using equation (3.10). 

3394 RAY TRACING THROUGH A HOMOGENEOUS MAGNETIC FIELD 

The homogeneous magnetic field is defined as that 

inmswhich. Bz). = By where By is constant over a distance 

4 = S which limits the field (figure 3.2). 

Biz) 

  

    

  

  

O S 

Figure 3.2: The square top field of half width S and 

constant height Bo 
  

Although the homogeneous magnetic field can never 

exist in practice, it can be accepted as an approximation 

for a very long solenoid assuming an abrupt start and 

termination of the field at the entrance and exit of 

the coil, respectively. 
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As mentioned in the previous section the vector 

potential A has to be obtained first. Applying Stoke's 

equation: 

f, B.da = $ A.ds 13) 
ea — e 

where B = Curl A. This shows that, for a closed curve C 

that bounds a surface ”, the integral taken over the 

scalar product of B and the surface element da equals the 

line integral taken over the vector potential times the 

line elements ds which form the houndary enclosing the 

surface wt: Applying equation (3.13) over a disc of 

radius ry hence set area ig? set normal to the axial 

component of the flux density Bor the closed curve that 

bounds the disc has a line length of 27K. 

Since the magnetic field B, of the homogeneous 
Z 

field is constant, then: 

- : ane, Meat By o rdr 

hence the vector potential A is given by: 

Bor 
A= 

(3.14) 

The derivatives of the vector potential A with 

respect to 2° and ¥r take the. form: 

—- =O 
a dA 

e’ aZ 

Substituting the value of these derivaties in 

equation (3.4) for an electron inttially an van axial: 

plane gives: 
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These results were used by Hindy (1980) to trace 

the trajectory of an electron projected in a meridional 

plane from a point on the axis at distance d from a 

chosen point O at a different angle y to the axis. 

Figure 3.3 shows the tracing of a 100 kev electron 

travelling. through a magnetic field B= .02 Tesla. This 

was computed using a program written for the mini-computer 

PET. This program was developed to trace a ray through 

a known magnetic field (Hindy, I.K. 1980) with the aid 

of the mini-computer. Figure 3.4 demonstrates the 

tracing of the same electron in the equatorial plane. 

These calculations depend on the analysis of the 

square-top field distribution, hence it does not apply 

in practice for the practical field distribution of the 

wide angle projection system. A general program has 

therefore been developed which will be discussed in the 

next section. 

SoS COMPUTER PROGRAM TRAJ FOR TRACING A RAY 

THROUGH A MAGNETIC LENS 

A computer program TRAJ for numerical ray tracing 

based on the general equation of motion has recently been 

developed making use of both VPSAT program (Nasr, H. 1981) 

for getting the vector potential values and the basic 

program produced by Hindy (1980). A block diagram of 

this program (TRAJ) is shown in figure 3.5. 
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Pigure, 33% 

Figure 3, 4°: 

  

= 

  
Calculated electron trajectories in the 

meridional plane of a square top field 

beginning at 0. Initial energy is 100 kev. 

Four electrons are shown with inclination 

angle y = 2°,59,7% and 10% to the exits 
respectively. (Hindy, I.k. 1961) 

u a 

Oo 
10 © 

  
Corresponding electron trajectories in the 

equatorial plane for the 100 kev electrons 

shown in figure 3.3. 
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Calculate the value of Z, ry; @ 
at each mesh point 

! 
//, input Vi ror zscreen, TINT, a 

Calculate the initial values of 
Look, 24; oR OF theselectron 
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Figure 3.5: Block diagram of the general ray program TRAJ. 
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36 PREPARATION OF DATA 

The data of the TRAJ program consists of the axial 

co-ordinates of the major mesh lines, the radial 

co-ordinate of the major mesh lines, the magnetic circuit 

specification, coil current specifications and some 

initial conditions needed in the programs. These 

initial conditions are the relativistically corrected 

accelerating voltage, CV kis and the height of the ray at 

1 10 5. 2 50 55" 0 70 
  

  
“LL, 

ee 
i Se eee ee Poo pres 

fo a 100 ve~ 
Po | 

  

  

re 5 2 68D V, : 

—bL — +s           
  

  os | —
 

  
32 | 0 
“100 = -40 -34 -30 30 34 40 100 mn 

Figure 3.6: The test lens used by Goddard et. al. 
  

C946) The Won shield has an inner and 
  

outer radius of 58 and 75 mm respectively. 
  

Shield thickness 4 mm. The main meshes 
  

employed in the present computation are 
inserted. 
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the start of the boundary of the mesh (ro), i.e. cae the 

start of the magnetic field. The screen distance from 

the lens is needed as well (zscreen), besides the time 

interval chosen for each step of the calculation (TINT) . 

Finally, the point from which the calculation start, Zo 

As an example of such data used as an input to the 

program to show its performance and uses, the data of a 

test lens shown in figure 3.6 which was previously 

published by Goddard and Klemperer (1944) is shown in 

figure 307. 

ey APPLICATION OF THE PROGRAM TO RAY TRACING IN 
  

ELECTRON LENSES 

The computer program TRAJ was applied to the tracing 

of pencils of rays in a single magnetic lens and also in 

a system of magnetic lenses. As a check on the program 

it was used to re-calculate the tracing of the rays 

travelling in the test lens mentioned in section 3.6. 

The axial components of flux density B(%,r) against 

the axial Z - coordinate along lines parallel to the 

axis and at various distances from it,were computed as 

shown in figure 3.8. 

These were calculated using the VPSAT program from 

which the value of the vector potential was recorded in 

a file in the computer to be used as an input to the TRAJ 

program. The trajectory tracing was carried out for 

seven 500 ev electrons passing through the field of 
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Figure 3.7: Typical data of the test lens of figure 
3.6 used in the TRAJ program. Current 
density in the coil is 21.568. A.t/Cm2, 
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figure 3.8. As discussed before, initially and finally 

the trajectories were assumed to be linear. The path of 

these electrons in the meridional plane is shown in 

  

  

  

          

  
  

figure 3.9%. 

B( Tesla ) 

Os B(z,r) for r= 47125 mm 

B(z,r) for r= 25-375 mm 

01 

y } —B(z,r) for r=0 (axial field) 

005 

-100 -50 0 50 100 
Z (mm) 

Figure’ 3.8: Yariation of flux density Ble. rr) wit axial 
Z—- coordinates for three values of r, 
NamelviecG. = O; 2a a and 47,1 mm. 

(NI/VV_. = 9,8). 
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Ray tracing through the meridional plane 

for ray initially parallel to the axis 
NT//V_ = 9.8. Accelerating voltage is 

900 volt. Note the breakdown of the third 
order theory for off-axis rays e.g. electron 
of ray height 50 mm is bent strongly towards 

  

the axis, 

While in Figure 3.10 the corresponding paths in the 

equatorial plane is drawn for the electrons of rays height 

10 mm and 20 mm. The radial distortion was calculated 

from figure 3.9 using the assumption that 
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10   
Figure 3.10: Trajectories of electrons of ray height 

10 mm and 20 mm initially parallel to the 
axis through the equatorial plane. 
NI/YV_ 249.6. 

for a comparatively small ray height distortion is 

absent since the electrons then follow the gaussian 

trajectory. Accordingly, the gaussian image height 

PG can be evaluated by: 

gl ry 

P1 
Pen ee (cr); (3. 15) 

Hence, the percentage radial distrotion present for 

anys point (2) can be found as: 

ae Gt 
ot x OO (3)516) Ao/o) , = 

Using equations 3.15 and 3.16 the radial distortion 

was calculated for the set of electrons mentioned in 

figure 3.9. ~The variation of the radial distortion 

Ao/o) 4 against the square of the initial height is 

shown in figure 3,11. 
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Figure 3.11: Variation of the radial distortion Ap/py 
with ré. 
  

A simulation of the image of a cross wire can 

readily be produced since the computer output gives both 

the values of the image height op and the rotational 

angle © for ditferen& points on the cross wire, Figure 

3.12 shows the simulated distorted image produced by the 

Goddard test lens. This image explains the origin of the 

distortion in an image of the cross-wire shown previously 

In bagure (622i). 
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Image according to 
bia order aberration 

\      

     

  

   

\ Onset of higher 
order aberrations 

Streaking of the 
image a projection semi angle 

o ( radian } = -25 

eo Gaussian image of cross-wire 

Figure 3.12: A) Gaussion image of a cross-wire and the . 

: computer:isimulated image actually by. 

the Goddard test lens (NI/Vr?= 9.8). 

B) Image according to 3rd order aberration 

then, 

  

C) Actual image calculated by the general 

ray equation, indicating the appearance 

of image ™ streaking " caused by higher 

order aberration. 
 



3.8 THE SIMULATION PROGRAM 'IMAGE' 
  

A computer program 'IMAGE' was written to simulate 

the image. This helps to visualize the appearance of the 

actual image of a square mesh grid object produced at 

the screen of the electron microscope. The program was 

based on the known object coordinate points. These 

points are generated in the subroutine described in 

Appendix B. Because of axial symmetry only eighth of the 

total object points are needed to represent the whole 

set. These are then used as an input ray height$for the 

"TRAJ' program. The image coordinate points were 

computed accordingly. Using the plotting facilities in 

the ICL main frame computer, the image was simulated from 

the computed image coordinate points. 
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CHAPTER FOUR 

DESIGN OF A WIDE-ANGLE PROJECTION SYSTEM 

4.1 GENERAL DESIGN CONSIDERATIONS 
  

In designing a wide-angle projection SYStem ac is 

useful: £o Start with a Simple model field distribution, 

disregarding the position of the polepieces. Such a 

model field distribution can be used for initial 

calculations of the design such as to simulate the 

trajectories of the two projector lenses. Besides that, 

one can use to advantage the asymmetrical behaviour 

of the single polepiece lens; mainly because there 

are two possible beam orientations for the single pole- 

piece lens. This polepiece either faces the incoming 

rays or the fluorescent screen. The lens has higher 

aberration when the beam of electrons enters the 

field from the steep part of the field, i.e. the pole- 

piece facing the screen. This will cause the lens to 

exhibit a large Q value. Large amount of image dis- 

tortion in the corrector lens, is useful for correcting 

the distortion produced by the final projector lens. 

The final projector lens is another single polepiece lens 

with its polepiece facing the beam. Thisisa favourable 

Orientation leading to a low projector distortion: - For 

example, Elkamali et. al. (1977) found that at a 

projection semi-angle ie of . the double polepiece 

lens shows 2% of Spiral distortion, while 1.33 dis- 

tortion is found in the single polepiece lens. 

According to the above considerations a model 
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field distribution can be chosen, whereby the trajectories 

are calculated at the selected excitation. From these 

trajectories the polepieces shape has been modified 

to allow the passage of the rays through the polepiece 

structure. The outline design of the wide-angle 

projector system, suggested by the author (1979) depend- 

ing on the previous method, is shown in rigurce. 4,1, 

On the basis of the above discussion and because 

the necessary computer programs were available, such 

as the field distribution program, the aberration 

programs and the general ray program, a suitable design 

was developed. Figure 4.2 illustrates the integral 

magnetic circuit of the design. In this figure, the 

main meshes needed for the computation of the magnetic 

field are shown. Three important points arise in the 

design of a wide-angle projection unit. The first. is: that 

the small bore projector lens produces a smoothly 

rising magnetic field. The second requirement is a wide bore 

corrector lens to allow a large beam of the incoming 

ray to pass through. This bore should not be larger 

than strictly necessary, so as to eliminate higher order 

aberrations from the image. A practical compromise for 

the size of this bore together with a suitable aperture 

is important here. Finally, the reduction of magnetic 

field cancellation between the two opposing fields must 

be considered. This is achieved in practice by using 

an intermediate iron plate. The position of this plate 

is determined by the fact that ideally it should not 

affect the desirable field distribution of the projector 
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Correc tor CoLl 

NI/vV,. = 14,75 

      

  

  

  

Projector coil 

NE/YY¥ = §.43   LZ
 

= 

Figure 4.1: Outline design for a wide-angle 

projector system. 
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Whose distation aberrations should be kept to the 

absolute minimum. The field distribution of the 

conector lens on the other hand,not so critical since 

its spiral distortion aberration must in any case be 

large.Moreover in the present correction system the 

spiral distortion of this lens can be varied over wide 

limits it needed by smilarly adjusting the lens excitation 
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Figure 4.2: The finalized design of the wide-angle 
integral unit. The mesh distribution 
used in the computation of the field 
distribution is shown in the Upper part 
of the diagram. 
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In any compromise between the desirable electron optical 

property of the single-polepiece lenses and the need to 

avoid field cancellations, between the corrector and the 

projector, the performance of the corrector should be 

sacrificedrather than that of the projector, i.e. the 

iron middle plate should be placed near to the corrector 

lens. The important aspect of the screening action of 

the middle plate is that it should preserve the desirable 

shape of the magnetic field distribution of the projector 

lens which thereby retains its very low spiral distortion. 

The design of the correcting system was aimed at 

overcoming the difficulties encountered by previous 

workers in simultaneously correcting radial and spiral 

distortion. In particular, it was desirable to remove 

the alignment problem of two separate lenses by using 

an integral unit constructed with pre-aligned polepieces. 

4.2 THE EXPERIMENTAL INTEGRAL UNIT 

The wide angle experimental distortion-free 

integrated lens unit is shown in Figure 4.3. The 

corrector polepiece bore is relatively large, 6 mm in 

diameter, and the distance from the polepiece face to 

the middle plate was 10 mm. The bore of the middle 

plate was 10 mm diameter and the distance between the 

middle plate to the projector polepiece face was 29.5 mm. 

The iron magnetic circuit consists of three main 

parts; the body and two lids (i.e. the polepieces). 

Figure 4.4 illustrates the construction of the lens 

system. It is made from "0" quality mild steel, with 
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Figure 4.3: Scale drawing of the integral wide-angle 
projection unit. 
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Figure 4.4: Cross-sectional drawings showing the three 
main parts of the iron circuit of the 
experimental correcting system. Note All 
dimensions are in mm. 
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an overall diameter of 7.4 cm and an axial lengthof 

9.0 cm. It is essential in this case to make sure that 

the three bores were made concentric. The area of the 

corrector coil in this design was 4.665 cm? while 

that of the projector was 2.75 om? . Hand winding of 

the coil on a perspex former (Figure 4.5) was used. The 

wire gauge used was 24 SWG, giving 340 turns for the 

corrector and 270 turns. for the projector. The coils 

were water cooled by circulating tap water around the 

coils. The resistance of the corrector coil was 1.942 

and that of the projector coil ‘was 1.69. 
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Figure 4.5: Coil formers for winding the lens of the 

smte@dreai correcting unit. 
  

ane axial flux density distribution for the 

projector lens with the corrector lens switched off, 

the corrector lens with the projector coil switched off, 

and the two lenses excited in the subtraction mode was 

measured experimentally. The measured field distri- 

butions are shown in Figure 4.6. The measurement was 

Carried out using a Bell Model 120 Hall probe Gaussmeter. 

The experimental set-up is shown in Figure 4.7. 
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B( Tesla) 

0-3 

Zmm 

50 60 70 

  

-0-14 : 

-0-274   
Figure 4.6: Axial field distribution of the integral 

correcting unit 

(a) Corrector lens excitation 3060 A-t. 
Projector excitation zero.Ce) 
  

(b) Projector lens excitation 2134 A.t. 
Corrector excitation ZELO fy) 

(c) Projector excitation 2134, corrector 
excitation 3060 A-t --@-) 
  

Note. The total loss of lens excitation 
due to field cancellation is less 
than 63%. 
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Figure 4.7: Hall probe Gaussmeter arrangement for 

measuring the axial field distribution 
of the integral lens unit. 
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Figure 4.8: Variation of the peak magnetic flux density 
of projector and corrector as a function of 
their respective coil currents. 
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The variation of the peak value with increasing 

excitation NI/VV_. (i.e. by increasing the current) 

was measured for both the corrector and for the 

projector. Figure 4.8 indicates that the lenses and 

in this case operated in the unsaturated region. 

The focal properties and distortion factors of 

the projector lens, shown in Figure 4.9, and that of 

the corrector, shown in Figure 4.10, were calculated 
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so 5} la. 
40L 4 

30+ 3} 

20k 2 

ae 

04 0 

101 -1 

205 ar 

-30+ 3 

40-44 

-50} -51/Ssp       
Figure 4.9: Electron optical properties of the projector 

lens of the wide-angle projection system 
(corrector lens switched off). Projector 
focal length fp radial Qrd and spiral Qsp 
distortion quaiity factors as a function of 
the projector excitation parameter 
(NI/VV_) aie 

ie puOd 
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at different excitation parameters NI/VV_. The 

experimental field distribution was employed in these 

calculations. The minimum focal length of the projector 

was 0.92 cm at an excitation parameter of (NI/VV = 13) + 

while the minimum focal length of the corrector was 

O.59 cm at an excitation parameter of NI/VV_ 73h 3). 3 Haaom 
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Figure 4.10: Electron Optical properties of the corrector 

lens of the wide-angle projection system 
(projector lens switched off). Projector 
focal length fp radial Ord and Spiral Qsp 
distortion quality factors as a function 
of the corrector excitation parameter 

(NI/YV_) 
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Pagure 4: 11 : 
  
  

Variation of the distortion quality factor 
with excitation parameter of the corrector 
lens for different excitation parameters of 
the projector lens. 
Note the condition of simultaneous correction 
of radial and spiral distortion in accordance 
with third order aberration theory. 
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the Gistortion- quality factor curve it is clear that 

the radial’ distortion quality factor of the projector 

and that of the corrector vanish at excitation para- 

meter of NI/VV, = 14 and 13.5, respectively. 

Radial and spiral distortion quality factors, of 

the system with both lenses energized,as a function of 

the corrector excitation at three different projector 

excitation’ (11, 12 and 13)as shown in Figure 4.11. 

These results showed that operating the lens with 

the corrector at an excitation parameter NI/VV_. = 17S 

and the projector at excitation parameter NI/VV, = 22 

in the subtraction mode, gives an image with an angle 

of *p > 30 for a ray height of r = 3mm. Moréover, 

third order aberration calculations show that both 

radial and spiral distortions can indeed be corrected 

simultaneously. However, these calculations cannot be 

expected to apply accurately to off-axis rays. This is 

where the need arises to find the real trajectories of 

the electron passing through such a field without relying 

on third order aberration theory. The general ray program 

(TRAJ) was therefore, applied to find the trajectories 

of different incident rays passing through the field of 

the integral lens unit operated in the region specified 

above. Figure 4.12 illustrates the resulting electron 

trajectories; this shows that for incident beam of 
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Piguire: 4 25 

of the lens 
Figure’ 4.13% 

  
  

Computed general ray trajectories with the 
polepiece configuration of the wide-angle 
projector unit. NIi//V_ of the corrector = 
17.8 and NI/vV_. Of projector = 12.2. 

Note the failure of correction for 

marginal rays R > 1 mm, for example 
i= 2m: 

4mm Aperture 
position to 
eliminate 
unwanted 

“8mm marginal rays. 

5 om 

Formation of 
streaks in the 

4mm image. 

4: elm 2mm 

xis   
The simulation of the above rays as will 
be seen at the screen. 

Note the sudden appearance of large radial 
distortion after ray height lmm which 
causes streaks in the image. 
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radius R = 1mm (ap = 30°) radial Gdistortion is virtually 

absent. Similarly the image rotation calculations 

(Figure %.13) show that spiral distortion is virtually 

absent. However, for ray heightR = 2 mm, the traject- 

ories show that the correction no longer holds. Here 

the idea of introducing an aperture to limit the height 

of the incident rays was considered, since Figure 4.14 

confirms the idea of the breakdown of correction for 

such off-axis rays. This figure shows a corrected 

image in the middle of the fluorescent screen surrounded 

by streaks arising from incident electrons of considerable 

radial height. 

  
Figure 4.14: A preliminary experimental image of a square 

mesh grid taken with the wide-angle 
projector system (external photography) 
showing residual distortion as well as 
radial streaks resulting from off-axis 
rays indicating the breakdown of third 
order aberration theory. 
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4.3 EXPERIMENTAL ARRANGEMENT 
  

The experimental arrangement of the integrated lens 

unit mounted in the viewing chamber of an existing JEOL- 

Superscope instead of the internal photographic plate 

camera is shown in Figure 4.15. The JEOL-Superscope was 

used for evaluating the performance of the projection 

unit. The integrated system was inserted by removing 

the transmission screen, and placing the lens unit into 

the position shown in Figure 4.15. This set-up reduced 

the projection distance from 20 cm to 6.6 omy), SO) Eniat. a 

projection semi-angle of more than 30° was available. 
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Figure 4.15: The experimental integral wide-angle 
projection system fitted in the viewing 
chambers of the JEOL-Superscope. 
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This image on the screen was photographed by external 

photography as shown in Figure 4.16. The external 

camera was placed 29 cm away from the screen. 

Transmission 

Fluorescent Screen 

         

   

  

Specimen Prajpater 
rod 

\ ‘ 

Electron Gun ‘ Objective 

Projection System 

Figure 4.16: Experimental arrangement for 
external photography of the transmission 
screen. 

An aperture of 2 mm diameter was used at the entrance 

of the lens unit shown in Fig. 4.15 to restrict the height 

of the incoming electrons and so get rid of the unwanted 

radial streaks mentioned before. 

4.4 EXPERIMENTAL RESULTS 
  

Guided by the previous calculation, the corrector 

was operated at excitation parameter NI/VV = 17.8, l.e. 

at the’end of the first focal zone to produce the large 

amount of spiral distortion needed to compensate the 

spiral distortion produced by the projector lens. This 

excitation produces a virtual image with a considerable 

amount of unwanted barrel distortion besides the needed 

spiral distortion. The projector lens was operated at an 
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excitation parameter NI/VV, = 12.2 which is just below 

the point of minimum focal length. Here,: reducing the 

excitation of the projector lens below the excitation 

level for zero radial distortion produces an appropriate 

amount of pin-cushion distortion to compensate the un- 

wanted barrel distortion. Figure 4.17a shows the wide- 

angle image obtained in the modified 'Superscope' compared 

to the image (Figure 4.17b) obtained in the original 

unmodified 'Superscope'. The latter shows the size 

comparison of the image obtained by internal photography, 

(the inner square) with 1.5% distortion at a semi-angle 

ap = 6.4°; the black cross wires show the image seen 

on the fluorescent screen. Here the distortion present 

is 7% at a semi-angle of 14°. The outer circle is an 

extrapolation to the image that would be observed for 

a semi-angle of 28°. The distortion caLeotared in “thas 

case amount to 30%. Figure 4.18 shows some typical 

wide-angle distortion-free images formed by the cor- 

recting system. The specimens were (a) biological in 

which a rat pancreas is shown (b) an Aluminium (AL)- 

alloy on:a carbon film and {c) a replica of a worn 

surface. The inner circle here corresponds to the size 

of the image in the standard microscopes. 
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Pagure 34.17 

(b) 

A comparison of two images taken by the 
‘Superscope’ externally. 

(a) A_distortion-free wide-angel (ap=28°) 
projection image taken with the wide angle 
projection system fitted in. 

(b) Without the projection system, the 
inner circle is the image taken to the 
screen externally the outer circle is 
the extrapolation of the image to the 
same angle as in (a), and dotted square 
showing the size of the image photographed 
antexnally. 
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Pagure 4. 18s 

  
te] 

Typical wide-angle (ap ~ 80°) projection 
images. Projection distance is 68.2 mm 
(external photography) . 

(a) Biological specimen (pancreas of a rat. 
(>) Al-Alloy on a Carpom fiim. 
(c) Replica of a ‘worn surface the inner 

circle shows the size of the image in 
a_ standard microscope. 
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CHAPTER FIVE 

CONCLUSION AND DISCUSSION 
  

In the present investigation, it has been shown 

that, in the design of the wide-angle projection systems, 

third order aberration theory, which is based on paraxial 

rays, gives only a first approximation to the image 

distortion. In particular, it does not predict the 

sudden onset of the higher order aberrations which cause 

radial streaks to appear in the image. The general ray 

equation has proved a more satisfactory approach for 

the determination of the actual trajectories, thereby 

simulating directly the appearance of the image on the 

viewing screen. 

It should be mentioned that the present design 

for wide-angle projection unit avoids alignment problems 

associated with separate projector lenses; in addition 

field cancellation has been reduced to 6% in such a 

system. The bore of the final projector lens acts as 

a differential pumping aperture which maintains a good 

vacuum in the electron-optical column. Such a wide- 

angle projection system could find an immediate appli- 

cation in a TEM with a transmission fluorescent screen 

Such as the JEOL 'Superscope' in which the lens has 

been tested and also with the AEI Corinth electron 

microscope. The new arrangement would allow standard 

Size photographic plates to be located in the optimum 

position for minimum exposure. 
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Although the lens unit in this investigation has 

been tested at an accelerating voltage of 30 kv, Lecan 

be operated at accelerating voltages up to 220kV with- 

out iron saturation occuring by suitably increasing 

the excitation. For operating at higher voltages the 

lens dimensions and coil excitation can be scaled by a 

Suitable factor. Scaling the dimensions of a lens and 

its excitation by a factor n does not affect the flux 

density in the iron circuit nor does it affect the cor- 

rection of distortion. However, the magnification will 

be reduced by the same factor n. For example, if the 

scaling factor n is taken 2.7 the lens can be operated 

at accelerating voltages up to 1 million y at a reduced 

magnification of about 13. 

The employment of the wide-angle distortion-free 

integrated unit is not, of course, restricted to trans- 

mission electron microscope with transmission fluorescent 

screen. The viewing chamber of TEM needs to be re- 

designed when the correction unit is used. 

Wide-angle correcting system can also be useful 

in scanning transmission microscopes. In modern scan- 

ning transmission electron microscope a large amount of 

information from the specimen under investigation is 

expected to be provided simultaneously by the use of 

different kinds of detectors and techniques. Craven 

et. al. (1980) has discussed the importance of the use 

of post-specimen lens systems in STEM to allow the de- 

sired range of angular distribution of the scattering 
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angle of the electrons leaving the specimen to reach 

the appropriate detectors. The range of the angular 

distribution needed is important in matching the angular 

distribution of electrons entering the electron detect- 

ors and the electron spectrometer. The analysis of the 

performance of the post-specimen lens system produced 

by Craven and Buggy (1981) and Craven, Buggy and Ferrier 

(1981) showed that one of the important parameters to 

be considered is the distortion introduced by the post- 

specimen lens system into the scattering distribution. 

We can therefore recommend the employment of the inte- 

grated wide-angle correcting system to provide an 

terfacing projector lenses to ensure that the angular 

cone of rays leaving the specimen is matched to the 

optimum angle for the detector used. 

To summarise, therefore, the use of wide-angle 

projector lenses will enable the viewing system of TEM 

and STEM to be optimised without sacrificing operational 

convenience since standard size roll film or plates can 

now be put into the optimum position. Large distortion- 

free viewing screens can be employed, enabling large 

objects to be viewed at comparatively high magnification. 

Similary the size of high voltage microscopes can be 

substantially reduced and their viewing systems designed 

in a more rational way than hitherto. 
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APPENDIX A 

THE SCALING OF A MAGNETIC LENS AND ITS 

EFFECT ON DISTORTION 
  

If the dimension and excitation of a magnetic lens 

are scaled by a factor n the magnetic field strength at 

the corresponding points of the original and scaled 

model are identical. This is true even if magnetic 

saturation is present, providing that the B-H properties 

Of the acon Circuit are the Same: in) both: lenses. 

If we wish to retain the same excitation parameter 

NI//YV, in both lenses, the accelerating voltage is 

2 Vr, = n° Vy, 
2 

where Vry is the relativistically corrected accelerating 

voltage of the original lens and Vr5 is that to be 

applied to the scaled lens. 

The focal properties of the scaled lens can be 

predicted from these of the original lens, since the 

focal properties depend mainly on the excitation para- 

meter NI/VV,. For example, the focal length is scaled 

up by the same factor n, while the magnification is 

reduced by the factor n. 

It should be mentioned here that image distortion 

will not be affected by such a scaling operation. The 

image distortion Ap/p, which is a dimensionless quantity 
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is given by: 

40 _ pp y? 

p 

where D, the distortion coefficient has dimension Of 

(L “) and r the ray height has the dimension (L). 

Thus the image distortion of the scaled lens will 

be 

p/p = (5) (nx) 

ll 0 KR
 

Therefore the image distortion is not affected by 

scaling the lens. 
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APPENDIX B 

SUBROUTINE FOR CALCULATING THE OBJECT POINTS OF 

THE SQUARE MESH 

Because of symmetry in the case of a square mesh, 

% Of the points can represent the points overall.Figure 

B.1 indicates that the points in the shaded triangle 

give the information needed to calculate the other points. 

Those object points Ro(i) have been calculated using the 

subroutine shown in Figure B2. 

  
Olc\ ler 1 19 20 10 

  

  

  

  

D = 

a
 

  

  

  

  

                          
Figure Bl: Square mesh representing the object points 

to be calculated where Ro(i) is the object 
ray height entering the field. 6 is the 
rotational angle of the point. 
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The subroutine for calculating the mesh Figure B2: 
pointsof the object. 
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APPENDIX C 

Wide-angle projector system for TEM 

(A paper published by the Institute of Physics for EMAG 

'81, Cambridge 1981). 

Wide-angle projector systems for the TEM 

S.M.AL-Hilly and T.Mulvey ‘Ihe Department of Physics, The University of 
Aston in Birmingham, Birmingham B4 7ET England. 

In spite of the high resolving power now available in commercial electron 
microscopes, the electron optical design of the projector lens and viewing 
system has not changed significantly over the last forty years. This is 
largely due to the difficulty of reducing the radial and spiral distortion 
in the final projector to the tolerable limits of 1% radial and 2% of spiral 
distortion in the micrograph. This is invariably achieved by BestraGting 
the semi-projection angle (ct) of the beam projected onto the fluorescent 
screen to about 0.1 radian (5.7°). Fora photographic image of LOOmm 
Giameter, a minimum projection distance of 50cm is thus required between 
lens and photographic plate. This leads to bulky and inconvenient viewing 
chambers, especially in high voltage electron microscopes. Recently an 
experimental wide-angle projection system devised by Lambrakis et al (1977) 
has been modified for use in high voltage microscopes (El Kamali and Mulvey 
1980) and essentially distortion-free images have been obtained at a proj- 
ection semi-angle of 30°. Subsequent analysis of this system (El Kamali 
1981) has shown that at such large projection angles, third order aberration 
theory, although a useful preliminary guide, cannot predict with sufficient 
accuracy the projected images actually observed on the microscope screen. 
This, therefore, makes it difficult to optimise the electron optical system 
without extensive experimental work. Recent advances in the calculation of 
magnetic fields (Nasr 1981) by the finite element method has made it 
convenient to use the general ray equation, and hence to determine the 
form of the final image directly and without recourse to aberration theory 

(Al-Hilly 1982)Since a wide-angle projector lens could find an immediate 
application in a TEM with transmission fluorescent screen, it was thought 
useful to employ computer-aided design in the construction of a wide-angle 
projector unit that could be readily inserted into an existing JEOL "Super- 
scope" in place of the normal internal camera (a,=6.4°) as illustrated in 
Figure 1. Because of the short projection distance (68.2mm) of the new 
lens unit an image with a projection semi-angle ope 30° could easily be 
produced on the transmission fluorescent screen and photographed externally. 

Figure 2 shows the construction of the lens unit in more detail. A nearly 
parallel beam of electrons from the objective lens enters the first 
(corrector) lens which is an asymmetrical lens strongly excited 
(NI/Vy2 = 17.8) beyond its minimum focal length but still in the first 
focal zone. The excitation and hence image rotation is in the opposite 
sense to that of the projector. The corrector lens produces a magnific- 
ation of just over three with considerable spiral distortion (=40%). This 
distorted image is projected onto the viewing screen by the projector lens 
so that the distortion produced by the projector lens is annulled. This 
arrangement is electron-optically favourable since the beam from the 

a 0305-2346/82/0061-0103$01.50 © 1982 The Institute of Physics 
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Transmission 

Fluorescent Screen 

  

      
   

    

Specimen Projector 

rod : 

Electron Gun é Objective 

External 

Camera 

Wide-Angle 

Projection System 

Vics 

Fig.l. Cross-section of JEOL "Superscope" with transmission fluorescent 

screen. The internal camera (a, = 6.4°) has been removed and a wide-angle 

(Op = 28°) projector lens unit inserted in its place. Image diameter 70mm 

on fluorescent screen (M = 35). Photography by external camera. 

  

——— 99 na —————__—____. 

Fig.2. Cross-section of the wide-angle projector unit, showing axial field 

distribution and Gaussian trajectory of the extreme ray (ap = 28°) .Length 

of unit 90mm. Excitation of 3060A-t in the corrector and -2134 A-t in 
the projector at an accelerating voltage of 30KV. Average loss of ampere—- 

turns due to field cancellation 6%. Entrance aperture 2mm dia. Effective 

focal length 2.2mm, projection distance 68.2mm. 
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Fig.3. Computed general trajectories for the wide-angle projector unit 

with excitations adjusted for negligible radial and spiral distortion 

NI/V,'2 = 17.8 (corrector) and NI/V,? = 12.2 (projector) . 
Note that failure of correction occurs , for example, if R = 2mm. 

corrector lans enters the final projector lens at nearly parallel incidence 

(See Figure 2) which minimises the spiral distortion produced by this lens. 

The projector lens is of the single pole-piece type which has appreciably 

lower distortion than that of a conventional lens. It also has the useful 

property that its spiral distortion is insensitive to excitation in the 

region of minimum focal length. This is a critical feature of the present 

design since the virtual image produced by the corrector produces consider- 

able unwanted barrel distortion in addition to the wanted spiral distortion. 

This means that although spiral distortion will be corrected, a considerable 

amount of barrel distortion will appear in the final image. Fortunately 

this can be readily compensated by reducing the excitation of the project- 

or lens (Kynaston and Mulvey 1973) so as to produce an appropriate amount 

of pin-cushion distortion. 

Third order aberration calculations carried out with the field distribution 

shown in Figure 2 (Nasr et al 1981, Al-Hilly 1982) show that the spiral 

and radial distortion can indeed be corrected simultaneously. However, 

such calculations give no indication of the maximum projection angle for 

which the calculation remains valid, or indeed the optimum polepiece con- 

figuration. This is illustrated in Figure 3 which shows the electron 

trajectories in the lens unit as calculated from the general ray equation. 

For an incident beam of radius R = Imm (ap = 30°) radial distortion is 

virtually absent. Similarly the image rotation calculations show that the 

spiral distortion is likewise absent. However, for a ray height R=2mm the 

trajectory shows thac the correction no longer holds. In fact, it is 

necessary to provide an entrance aperture to restrict the entry of these 

rays, otherwise they will appear as radial streaks in the image. It can 

also be seen that the correct shaping of the projector polepiece is import- 

ant and that further small improvements are possible. This can readily be 
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Fig.4. Wide-angle (Op = 30°) projection images. Projection distance 68.2mm. 

(a) Specimen grid (b) Rat pancreas 

Diameter of image at standard projection distance (50cm) 58cm. 

carried out by further computer-aided design calculations. Figure 4 shows 

some wide-angle images obtained in the modified “Superscope". It should 

perhaps be mentioned that at the standard projection distance of 50cm 

these images would be 58cm in diameter. 

The lens unit described here has been tested at an accelerating voltage of 

30kV. However, since the axial flux density in the lens unit is low (see 

Fig.2) it can be operated at accelerating voltages up to 220kV by suitably 

increasing the excitation. It should also be remembered that scaling 

its dimensions and excitations by a factor n leaves the distortion-free 

properties unchanged but reduces the magnification by a factor n. For an 

accelerating voltage of one million, for example, the appropriate factor 

n is’2.7 giving a magnification of about 13. 

This investigation shows that it is now feasible to construct wide-angle 

projector lenses for the TEM that will allow standard size photographic 

plates to be located in the optimum position for minimum exposure 

techniques as well as providing a large distortion-free image for viewing. 
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