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SUMMARY

The practiczl realization of rotation-free magnetic electron
lenses has been an unsolved problem since the invention of the
electron microscope in the 1930's. Freliminary studies showed
that new forms of lens construction could conceivably lead to a
practical form of rotation-free lens. On the completion of
successful tests with an experimental rotation-free lens, it was
decided to construct an experimental electron microscope making
full use of the advantages of the new lenses. It consisted of a
miniature objective lens and two rotation~free projector doublets.
A new type of objective lens was designed in which only one
polepiece was used instead of the conventional double-polepieces.
Each of the projector doublets consisted of two single-pole lenses
‘mounted back to back and mounted outside the vacuum system. The
electron-optical properties of the new lenses have been found to
be quite éifferent from those of conventional lenses and offer
many advantages for electron microscopy. For example, rotation-
free selected-area diffraction patterns have been obtained for the
first time. In addition, a larger field of view than usual has
been achieved, making operation of the microscope more convenient
for the operator. The two projector doublets provide a wide range
of distortién—free maegnification and they are fairly insensitive
to lens tilt. The results obtained during this investigation
could also find an important application in the design of high

voltage electron microscopes.
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A Cross-sectional area of the conductor.
a wire diameter of a coil. Half-width of the magnetic field.
B Kasnetic flux density.
8 y

B Kagnetic flux density along the 2z axis.

Z
Bm Mayimum axizl flux density of a megnetic lens.
Bp Magnetic flux density in the parallel part of the air gap.
b Thickness of insulating material.
Cc Chromatic aberration coefficient.

C Redial distortion coefficient.

d

C Spherical aberration ccefficient.

S

C Spiral distortion coefficient.

sp

CQ ‘Coefficient of chromatic aberration due to rotations.
D Diameter of the bore of a magnetic lens.
D1 Inner dizmeter of the lens coil.
D2 Cuter dizmeter of the lens coil.
Dm Mean diemeter of the lens coil.
Dh Hydreulic diameter of the lens cooling passage.
d Densitv of the cocling fluid.

J g
~1Q

e Charge of electron (1.60219 x 10 Cle

fo Objective focal length.

f Proiector focal length of a sin le lens.

p <
Fn Projector focal length of a double lens.
B Power per unit volume in a coil

. .. 2.0

h Heat-transfer ccefficient (watts/cm™+ C).

I Current in a lens coil (amperes).
k Coefficient of thermal conductivity.
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Coefficient of thermal conductivity of the whole lens coil.

<,

Coefficient of thermal conductivity of the insulating material
of the coil winding.

Width of the rectangular field distribution. Projection distances.
Camera length.

Magnification.

Msgnification of a lens.

”

Rest mass of electron (9.7 x 107" gram).

Number of wire-layers along the width of the coil.

Total number of turns in a coil.

Total number of ampere~turns (A-t) in a coil.

Ampere-turns of the ceil at minimum fp‘

b

Nusselt's number.
AY

Input vower to a coil (watts).

B . 2
Fower per unit area (watts/cm ).

'Rate of flow of the cooling fluid.

k)

Resistance.

Radial displacement of the electron beam from the optical axisy 2Z.
Reynold's number.

¢idth of the polepiece gap of a lens.

Temperature (°c).

Average temperature.

Maximum temperature at the centre-line of the coil.

Temperature of the flat water-cooled surface of the coil.
Temperature of the cooling water.

Thickness of the water channel above the flat surface'of’fﬁe coils..
Object distance.

Imege distance. Velocity.

Voltage across a resistor. Lccelerating voltage of electrons.
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Eelativistically corrected zccelerating voltage,
V{1 + 0.978 1676v)

Vr = + 0/7 X °
Width of the coil.
Coordinate of axis of rotational symmetry.
Position of specimen in the field of the objective
Termperature coefficient of a winding.
e e - . 0
Resistivity of the coil at T C.
Current density.
Coefficient of viscosity of the cooling fluid.
Packing factor of the coil. Slectron wavelength.
Permeability in vacuum (4773(10“7H/m).
ingle of rotation.

Aingle of tilt of the lens.

lense.

ST units are used throughout except where otherwise stated.
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1. DHTRGUUCTICK

Certein electron- ical features and elements are common to
all tyges of electron microscopes, and to many other related
instruments such as electron-probe microanalysers and electron-

ffraction cameras. ‘ne such elerent is the eleciron lens. Both

the initisl concertion and the Tirst practical demonstration that &
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optical instruments, the electrcn lense megnetic. Magnetic
lenses are chiefly used in two ways, to form focused electron beams or

itorobes', namely a demmgnified imege of a distant electron source, or
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to form a highly rmagnifi
focal point of the lens. CUne of the most important electron- optical

instruments using magnetic lenses is the transmission electiron

microscope (Tzh).

1.1. Construction of the electron microscope.

4 typical transmission electron microscope may be regarded as a

close analogy of the optical-projection microscope. It consists

s electrons which are
then sccelerated t¥ rouéh 11 diffe ormally of 100 kKV.

Cne, two or someti s focus the electron beam

.

onto the specimen as shown scaematicalWy”in;figufe 1.1.1. In a

double condenserisystemd theffirst‘lens has high refractive power

and forms a highly demagrl 1ed image of the source; this is then

projected onto the specimen plane by the second cendenser. The




| A_ppvoximgte
Electron gun a Y E distance in cm
Anode prrz) ]!\‘ [ T
| “ ! |
' conderse et 411 |
ondenser lens |
N\ /7
) 8
2R
Condznser lens 2 - { B "i’
N 1 7 3
15

)
Condenser aperture —} "
|
|
I

i
Objective tens————74 ? I
Specimen plone————_—=7 3 .
1 Objective aperture " N
i !
! Astigmator n \'n _
Intermediote cperfure”
it 19
1
,I 1
[
451
Projector lens | ( } .
i A\ \/ 14
{
// \
/ \\ 15
v 4{ \
s / x _{\
| Projector lens 2 A—(\ /‘k 41
N4
" '
s I\ 26
N . Fluorescent screen / \
Cross-section through E.M.6 microscope. \
I - 100 kV electron gun 8 — viewing chamber and screen / I\ 3
2 - two stage condenser lens system 9 - vacuum valve to seal-off the column ) \ 10
3 - beam deflector stage from the camera Photographic plate iy
" 4 - specimen chamber 10 - plate camera

5 -~ objective lens 11 - specimen manipulator
6 - intermediate alignment stage 12 - high vacuum manifold Schematic arrangement of

7 — two-stage projector lens system E.M.6 column

Fig. 1.1.1 The AEI EM6 100kV transmission electron mic'roscope.




specimen is mounted on a copper grid about 3Jmm in dizmeter. The

specimen is introduced into the column through an airlock in the
syecimen stage.
he lenses below the specimen constitute the imaging system.

There are usually three of these, known as objective, intermediate

4iffraction vatterns. The objective lens produces a focused image of

the below the lens where the intermedizte
ape situated for selecting a specific area of

The wvrojector lenses vproduce the magnified image of

on a fluorescent screen cr & photographic plate.

OFf the lenses, the objective is by far the most important, as on

impose restrictions on the field of view over

]

The microscope shown in Figure 1.7.

transmission electron microscope. 1In the work cescribed in the next

Chaypters, this microscope was used for te ng. out the new type qf;f'
Qe‘tggt was garriedygét .
by the new ones wiiho@t
1 of

the microscope.
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1.2. The magrnetic electron lens

v

The function of a maznetic lens is based upon an important
physical principle. ~ current-carrying winding, symmetrical about the
R N, - . R C e . i
axis 4 & (Figure 1.2.1a), creates a field of magnetic induction, BZ,

The effect of this field on a beam of charged particles (e.g. electrons)

']

is comparable to that of a centred system on a beanm of light rays; the

o

induction field created by the coil constitutes a magnetic lens. In
order to obtain a more intensive or better localized field, the coil
may be surrounded by a magnetic circuit of ferromagnetic material

(4ppendix 1), Figure 1.2.1b. This is an electromagnetic lens and it

is usually referred to as a magnetic lens.

3

he magnetic lenses whose field is created by an energised coil

[

are divided into two categories. Thece are (a) the well known
conventional or double-polepiece lens and (v) the recently developed
snorkel or single-polepiece lens. A brief review of the properties

of these two lenses is given below.

pouble-pole mzgnetic lens

N

4 typical design of a conventional round magnetic lens is shown in
Figure 1.2.2. It consists of a large coil usually wound of insulated
copper wire, carrying a stabilised current, a ycke and two paralilel
polepieces of axizl symmetry mede of soft magnetic material. The
product NI of N turns and current I is known as the excitation. The
magnetic field is localized in the vicinity of the air gap of width
S between the two polepieces. The electrons travel through an axial
hole bored in the central core and in the polepieces.

When the bores oi the polepieces are of identical diameter D,
the lens is considered a symmetrical megnetic lens characterised by
its 8/D ratio. génce the theory of the symmetrical lens has been used

in the development of the new type of magnetic lenses (Chapter Three)

the relevant electron-optical properties of this form of lens will De
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considered in some detail. The double-pole magnetic lens becomes
asymmetrical lens when the bore diameters D,1 and D2, of the two

polepieces are not egual; and it is then defined by its geometrical

parameters, 3, Dq and D

&

. The asymmetrical form of a magnetic lens

P\)

is often used Tfor electreon microscope objective lenses (Liebmann,
1951) where the enlarged half of the lens accommodates the specimen
holder (Yanska and watanabe, 196€). Some of the important properties
of the asymmetrical double-pole lenses were discussed by Liegmann
(1955 4, BJ.

Symmetrical double-pole magnetic lenses (Figure 1.2.2) have their
maximunm axial flux density Bm, at the centre of the air gap. In order
to deduce the electron-optical properties of the lens, the esxial field
distribution Bz must be known. At the beginning of the cdevelopment
of electron optics, different mathematical "models' were proposed to

revresent the function B . The most frecuently used models are:

(a) the Glaser bell-shaped field (Figure 1.2.3za) which is
X ; . . - 2
represented by the ecuation bZ = BW/Eﬁ + (5/a) :2
1
where 2a is the width of the field between the points at

which B = Bm/2,

(b) the Crivet-Lenz field which is represented by the

ecuation B = B Sech (z/a), (Figure 1.2.3a).

(¢) the rectangular field (Figure 1.2.3b) where Bz = Bm
between abscissas 2 = 1/2 which limit the field. This
is epproximately true for a lens whose gap S is very

large compared with the bore D.

The rectangular field is simpler mathematically. It constitutes

to expressiocns vhich represent surprisingly

9]

a convenient model and lead

well the real properties of double-pole magnetic lenses (Fert and

Durandeau, 1967). Thus the properties of any symmetrical magnetic
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lens can be determined once ithe resl lens Iie
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rectanguler field of length L, (Figure 1.2.3CJ). lthysically this ideal

?ield is thot of a solenoid of length S and diameter 2/3D, (Figure

1.2.4a), (Durandezu and Fert, 1957), carrying the same number of

&

m

ampere-turns, NI, as the lens. Therefore, the diagonal, L, of the

solenocid is related to the real lens geometry by

This L is useful for lenses in which D is not small compared to S.
For the same number of ampere-turns, NI, the area LBm, unéer the

rectanpular field distribution of the ecguivalent sclenoid is the same as

G

1
L = = )i ceo e s e a2g
Bm BZ dz 1 2

Using

£
<

ampere's theorem one may write:

e
B dz = NI N
dz = A 3
-0

where,ﬂo is the permeability in vacuum (Ub = LTx 1077 E/m) .

Therefore, from Eguations 1.3.2 and 1.3.3,

Bm = }10 I“-:I/L o uo 00 1.254

where Bm is in Tesla and L in meters. The width 2a, of the real lens

distribution where BZ has fallen to hzlf the maximum height Bm is

related to L (Fert and Durandeau, 1967) by

2a = 0'97 I-’ 66 v e 1.205
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In the gap S between the volepieces at a great distance from the
lens axis, the magretic field Bp is parallel. In the absence of

saturatior of the magnetic material, Bp is given by

Bp = ,ao NI/S veee. 1.2.6

where Bp is in Tesla and S in metres. Liebmann and Grad (1651)

1.2.5), which shows that as 5/’;}3 the ratic Bm/Bp approaches unity.
This is clear from Equatiohs 1.2.4 and 1.2.6 where Bn/Bp = /L. The
ratio of the field half width, a, to the lens bore radius R, given by
Liebmenn and Grad (1S51), as a function of 3/D ratio is shown in
Figure 1.2.6. It shows that for values of 5/D 2;3, a/R approaches S/D
asymptotically; i.e. Za = 5. This is alsc cleaer from Eguation 1.2.5.
ures 1.2.5 and 1.2.6 will be used in Chapfer Seven toc check the
accuracy of the measured field distribution of the double-pole
objective lens.

The focal vroperties of z magnetic lens are defined in Figure
1.2.4b. These focal properties can be determined for any lens whose

field distribution is kuown by solving the paraxial ray equation:

)

d'r e 2
-—= B « =0 veces 1.2.7
th 2 v 4
Cd onm
o r
where r is the radial displacement of the electron beam from the lens

axis. A first azpproximetion to the focal properties can be obtained if -

BZ in Lguation 1.2.7 is substituted by the rectangular field ~= e w

distribution given in Equation 1.2.4. However, Durandeau and Fert
(1957) have shown that the minimum projector foczl length of all

symmetrical double-pole megnetic lenses is given by
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(£p) . = 0.5 (8% + 0.45D9)2 ceen. 1.2.8

this occurs, in general, at an excitation parameter, NIO/VrB::13.5,

where TIO is the number of ampere-turns reguired to reach the minimum

4

projector al length. Thus Figure 1.2.7 represents in a single

tive projector focal length of all symmetrical double-

£

"
48]
fd
4]

curve the
pole maznetic lenses; this is extremely useiul in estimeting fD for
any lens up to KNI = 1.3NIO, (Fert and Zurandeau, 1967). These
universal curves were used throughout the work in studying the
projective properties of the newly developed lenses. The rectangular
field distribution, is used in Chapter Three for cdetermining the focal
properties of a doublet projector lens by solving the paraxizl ray
equetion, (1.2.7).

The apparent simplicity in representing magnetic lenses in
universal curves hzs sometimes been cbtained at the price of obscuring
some important physicel limitations in actual lenses (Mulvey, 1967) .

For example, the flux density Bp in the parallel part of the air gap is

@

a primary design parameter since the saturation properties of the iron

prolepieces set a limit to the possible combinctions of lens geometry

+

and excitation. The flux density limitation determined the absolute
minimum focal length that can be obtained in practice. Mulvey and
Wallington (1969) have shown that the absolute minimum focal length

(fp) min is ocuite different from the relative minimum focal

(2bs)

length (fp/L) min and occurs at a much lower excitation. They have

shown that over a range from o<<S/D<:2 the choice of a parameter

1
L = (SZ + O.56D2)? leads to a simple expression for the absolute

minimum projector focal length of any lens, namely

(fp) = 06551-' e %o as 1.209

min (abs)

m(-)

occurring at an excitation KI /V =10 where NI, denotes the ampere-
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turns for absoclute minimum projector focal length. The absclute
projector focal length falls rapidly as the ratio S/D is increased

from 0.2 to 1 then levelling off so that very little gained by

making S/D greater than 2.

The single-pole magretic lens

}._.I
[$2]
[

In the double-pole magnetic lenses, it is necessary to distort the

parallel field between the twc polepieces by means of the bore in order

-

to produce a lens action. In the single-pole lens, which have been
recently sugsgested by lulvey, the second polepiece has been dispensed
with. Figure 1.2.8 shows the basic features of a single-pole

(snorkel) lens whose magnetic field is created by energising a

"pancake'' tyvpe coil. Calculations of Bassett and iHulvey (1969)

polepiece lens. The zbsence of a second polepiece has caused the axial
field distribution to be displaced from the coil (Figure 1.2.8a), and
may even be located entirely outside the lens structure (Figure 1.2.8b).
The iron cylinder which is introduced intoc the centre of the coil,
takes the form of a conical iron snout which protrudes from the main
lens structure. If a small hole is bored along the axis of the snout
(Figure 1.2.8¢c) the lens may be used as an objective in the traqsmission
electron microscope (TEM) and scanning transmission electron microscopé‘
(sTris), (Mulvey, 1974). 4 full account of the development of the
single~pole lens has been given by Mulvey and Newman (1973). -

The advantages of the single-pole magnetic lenses arise from their-
essentially different axial flux density distribution from those of
normal double~polepiece lenses. For this reason their electron-

optical properties cannot be predicted from the data of conventional
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lenses. The fact that the axisl field distribution seems to be
approximately exponential in shape led to the application of the
of the single-

29 of these lenses
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B, = Bm exp - [(ln 2)/%} z ceees 1.2.10

g

where az is the axial distance from the position of the meximum field

Br to where the field has fallen to Bm/2, Figure 1.2.9.
i3

The single-pole lens with no Dbore is well represented by the
exponentisl field. The presence of the bore will change the lens field

distribution slightly; in general there will be & pezk few millimetres

away from theypoleface surface. The field distributien measured from

(¢

this peak and further away from the lens structure undergoes a gentle

M

decrease and is nearly exponential with a long tail while that from

Q

the peak towards the snout undergoes a sudden steep drop.
Using the exponential "half-field", a good erproximation of the

X4

focal properties of the single-pole lenses has been determined, (Marai

and Fulvey, 1674, 1975). TFigure 1.3.10 shows the objective focal length

fo, the projector focal length f , the objective focal distance ZO,
P

the chrematic asberration coefficient CC and spherical aberration

coefficient CQ9 all normzlised in terms of a, as z function of the

N e

excitation parameter NI/Vr- where NI is the number of ampere-turns and

Vr the reletivistically corrected accelerating voltage. In the first
loop, the minimum projector focal length, (fp)min ecuals 1.16a and

1 5 .
occurs at L\‘I/Vr2 = 13. The minimum objective and projector focal

lengths are the same and occur at Z_ = 0, (NI/Vr‘ = 13%) corresponding
the specimen position at the surface of the snout. For greater
excitation than this, the objective focal length is constant as is

the chromatic and spherical aberrations which have remarkably low
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Fig. 1.2.9 The exponential field distribution.
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Fig. 1.2.10 Focal properties of the exponential fieldv

distribution.
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values; C_ (= 0.722) and C. ( = 0.36a). Other important properties
of single-pole lenses will be discussed in Chapter Five.

The important advantages of single-pole lenses have led to their
application as objective and preojector lenses in a scanning electron
microscope (Mulvey and Newman, 1973) and in a transmission electron

1

microscope (Juma and Fulvey, 1975) . Single-pole lenses have been used

in this work in building an entirely new imaging system for a 1CC kV
transmiss electron microscope.
1.3 kiniature magnetic lenses.

4 modern 100 kV transmissicn electron microscope, which contains

several lenses is

o
,5

ather large and heavy piece of equipment. The

o
:-"54
M

=

bulky size of enses causes the alignment problems due to any

v
ct
o}

imperfections in the magnetic circuit and other difficulties due

e

the height of the electron-optical column. PFProblems are also
encountered in probe-forming instruments in the location of detectors
for electrons and X-rays.

The main problem in msking smaller lenses, is that of removing

the heat produced to prevent the coil overheating.

at producing water-cooled, mini-lenses, which were in the form of an

e

ron-iree solenoid on a small-diameter conical former, was made by

- — \ N . ~ . .

ILe Pocle (1964) and have since been successfully applied in electron .
probe instruments. In such lenses current densities of some 8C0Q

amp/cm have been achieved in lenses of a few millimeters in-diamter;
- . . . . 2

while ordinary lenses operate at a current:-density.of some 20€ amp/cm
(Haine, 1961) and the mean diameter varies from some 8 cm for a 100

kV instrument to 50 cm for a high voltage instrument. The idea has

been further developed by Hulvey (1971;_ Mulvey and Newman, 1972,:1973
4 and B) in miniaturising electron magnetic lenses of double-pole and

single-pole designs used successfully’in 100 kV and high voltage
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electron microscopes. These considerable benefits are obtzined

largely at the cost of increased power input to the lens windings;

typically 250 watts compared with about 50 watts in an ordinary lens.

Typically, a four-fold increase in total power might well be expected

for a fifty-fold reduction in lens volume (lulvey and

However, with the advent of stabilised current supplie
state devices, the supplying of high vower to a srall
a problem as it would have been ten years ago.

"

In Chapter

Rewman, 1973).
s using solid-

coil is not such

Two some work on the miniaturisation of coil windings

is described. It was mainly concerned with coil design and heat-

transfer. The design of miniature coils needed better understanding

because in the present investigation new tvpes of mini

lenses were needed for a new experimental electron mic

Hecently, for instance, EHerrmann et al (1974), publish

J

0

miniaturised coils for electron lenses but it suffered

and experimental inaccuracies. However, it will be sh

obtained in super-~conductors can be obtained in a copp

water—-ccoled at a moderate water flow rate.

1.4 Imape rotation and its elimination

£ feature which distinguishes magnetic lenses from all other lenses:

is the rotation of the image plane with respect to the

Two that in 2z good ccil cdesign, current densities comp

ature magnetic

roscope.

ed some work on
from theoretical

own in Chapter

arable with that

er wire coil,

object plane.-

is is generally known, the angle © (in radians) through which an

electron trajectory is rotated in its passage through a lens field is

given by

S0

ceeee Tl
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where e/mo is the charpge-to-mass ratic of the electron. Since the

integral U(B d = M NI, it follows that the angle of rotation, €, is
z z o

rof

. . IR e A K y . ~ .
proportional to HI/Vp© irrespective of lens geometry, i.e.

e)*’ NI
& = A (m -

o ,
o Y
T
?\’I
1Q¢% ! aAds o 1. 4.2
or g = 0.1c63 — radians eeess T2
y <
T

The rotation of the image with respect to the vlane of the object
is undesireble in electron microscopy. Firstly, it mekes it difficult
to relate an imape detail to its counterpart in the object. This is
varticularly the case when a diffracticn pattern from a crystal is

.

superimposed on its image. Secondly, aberrations associated with this

rotation are added to the normal lens aberraticns of lipght optics

n principle ilmage rotation can be eliminzted by using two or more
magnetic lenses designed to have zero overall rotation; the so-

called . . ‘'rotation-free” lens. There is very little published
literature on both experimental and theoretical aspects of ''rotation-
free' magnetic electron lenses. The first attempt to eliminate image
rotation was that of Stabenow in 1935. His investigations were based
on energising two lenses of different number of turns so that the
ampere-turns in both were equal and opposite. Because of field.
interaction, he used a trial and error method to obtain a zero .
rotation thereby obtaining an inverted image as in the case éf_a glass
lens in light optics or the analogous electrostatic lens. K Stabenow's
work, which was limited to very weak excitations and long focal lengths,
did not lead to a practical rotation-free lens, but he envisaged that

such @ lens might be possible.



20

Later, Becker and wallraff (1S40), investipated the aberration
of a rotation-free magnetic lens which consisted of twe iron-free
ccils. They revorted that the sphericsl aberraticon of the rotation-
free lens was appreciably greater than that for a single lens of the
same focal length and they were difficult, if not impossible, to align.
On this basis,; Becker and wallraff were pessimistic about the
practical feasibility of such lenses.

The simplest form of rotation-free lenses are double lenses.
However, double lenses sometimes referred to as "doublets' are not
necessarily rotation-free. The two single lenses of the doublet can
be energised by one coil or two separately excited coils. Doublets
energised by two separate coils » have their coils coupled in
cooperation, where the currents pass in the same direction in both
coils, or in cprosition, where the direction of the current in one coil

is oprosite to that of the other ceil. Dcuble lenses operated in a

Pﬁ

free mode, where the two coils are coupled in opposition such
= w(ﬁl>2, are the most important type of doublets.

The first to revort the use of doublets in a microscope was Huska
(1934). His lens consisted to two air gaps excited by two separate
coils, separated by a brass plate. In this construction, the two
coils were connected in a cooperative mode of operation, energ rised
by one current supply. This lens could be used as & strong objgct}ve
or as a condenser lens. In his paper, Ruska did not mention the
rossibility of use of this lens in a rotation-free mode. Indeed,‘y;th
the brass plate separating the two coils, it ceruavply coqu not have
been used as & rotation~free lens due to the interaction of the;two
fields, but with slight modification it could have been converted to
a rotation-free doublet. 4 double projector was first used by_?rebus
(1942). This doublet and the objective lens constituted the imaging

systen of the microsccpe used by Prebus. The doublet was used for the
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purpose of increeasing the magnification of the microscope. However,

no information was published on the properties of this doublet or its

;
£
[

mode of operation.

It is desirzble in electron microscopy to be able to reduce the

ication to a value comparable with that of the optical microscore

in order to obtain a larger field of view. XAt low magnification,

serious distortion arnd loss of field of view was guite usual. In his

investigation on distortion corrections, Hillier (1S46) showed that
if en auxiliary lens is placed at the focal point of the final

projector lens of an electron microscope, image distortion could be

eliminated. Thus, he was the first to design a projector doublet
consisting of two ccuble-pole gaps in one unit, excited by cne coil;

the ampere-turns in the are thus in a perrmanently ccoperative mode;

istortion (Zection 1.5). Hence, correction in

o7

this increases spiral
this doublet was limited to radial distortion; moreover the correction
was valid at one chosen magnification only. An improved result was

obtained by the author (Juma, 1972) when a rotation-free lens was

operated, at its first maximum magnification, at weak excitation where

an image corrected for both radial and spiral distortions was projected.
Theoretical investigations related to double-pole rotation-free
lenses have also been reported. Kanaya (1958), Kanaya aﬁd Ishikawa
(1958), have suggested the use of a rotation-free projector ;gns in
order to eliminate the astigmatism caused by the misalignment of‘thev
electron lens elements. They referred to this kind of lens s?ruq?gfé

as the 'anastigmatic lens of three polepieces', but gave né ipformétioﬁ 
on the focal properties of such lenses. Iater, Der-3chvarts and

Rachkov (1965), suggested the use of rotation-free lenses in eliminating
the chromatic aberration of rotation (Section 1.5). However, their
calculations on the variation of the focal length with the excitation

1 .
parameter NI/V 2 included a number of variable geometrical parameters.
* r
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Bach specific lens geometry was represented by & separate curve rather
than representing all lenses by a 'universal' curve (Juma, 1572). The
importance of rotatiorn-free lenses in eliminating some of the
averrations that are common in single lenses is another advantage of

such lenses.

1.5 iberrations of magnetic lenses

The images produced by light and electron optical lenses are not
perfect reprccuctions of the object but suffer defects or aberrations.
The effect of each aberration is to distoxt the image of every point in
the object in a particular way, leading to an overall loss of quality
and resolution in the image.

Mechanically, all magnetic lenses suffer from astigmatic defects.
This is cdue as much to inhomogeneities of the polepiece iron as to
machining inaccuracies and to lack of symmetry in the coil winding
itself. In a single-pole lens, for example, the surface of the snout
should be extended beyond the surface of the flat coil to reduce the
effect oi asymmetries in the coil winding  sgince the snout can be made
more accurately than the winding.

The importance of a particular aberration depends on the function
of the magretic lens. For an objective lens, only the spherical and
the chromatic aberrations are important since the electron-cptical

limit of resolution is set by the combined effects of-eleciron wavelength

and the srherical aberration. FIor intermediate and projector magnetic

lenses, the radial (isotropic) and spiral (anisotropic) distortions are

the most important; they cause a shift of the image point_bdt'no,7

blurring.

Svherical aberration

The most important image defect in an objective lens is spherical

aberration, which causes each object point to appear in the image as a
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N

cisc. <This occurs because the power of the lens is greater for off-

axis rays. <The diameter, ds’ of the
imare mlzne is 2C X 3 Here X i
image piane is n . Here is t
object by the lens aperture, and C
s

aberration coefficient.

The variation of the spherical

a
the excitation parameter NI/VI_2 for
in Chepter Seven was determined from

aberration disc in the Gaussian
ne half-angle subtended at the

is known as the spherical

aberration coefficient, Cs’ with
the new objective lenses described

the axial field distribution data,

making use of a program written by Marai (1974). In this program the

coefficient Cg is calculated from the Scherzer's equation:

e [

o = (v

A 2 7/
“e 3, 5B - 3B nt gz
m V z Z 7z z

e s 000 10501

or/ or
ZO
where,
Zo = the position of the object plane,
Zi = the position of the image plane,
1 s . - . . .
BZ = the derivative of the flux density Bz with respect

to 2, and hZ represents a paraxial electron

trajectory that interse

P

7 = Ao with unit slope,

Chrometic aberration

These are of two types; one of

C‘ is particularly harmful for an ob

by the coefficient C,, is primarily a
FAS

projector lenses. Both aberrations

consequence of the fact that fluctua
to a2 spread in electrén energy and f
result in the superposition on the f

of different size with a consequernt

cts the optical axis at

i.e. Wz ) = 0, hq(Z ) = 1.
o] [}

which, defined by the céefficient ‘7
sective while the other, defined
ssociated with the infefmédiafeiand, 
produce blurring. These are a
tions in the lens focal leﬁgiﬁ;ﬁéﬁe
luctuations in lens excitatiod,
inal screen of a number of iméges

loss of image definition. with
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present-cay solid-state current supplies, the lens current can now be
stabilised to one or two parts in 106 at which level the contribution
of chromatic aberration by the power supplies is negligible. However,
chromatic aberration arising from energy loss of electrons in the
specimen remains a sericus problem for all except the very thinnest

specimens,

Ial
nd C

M, 1 . . ..
The chrometic aberration coefficients, CC v
1

can be calculated

W

from the fielad distribution of the lens. The coefficient of chromatic

change in magnification CM is given by

120
c 4 2
¥ T Ea vy B, GH dz eseee 1.5.2
or
- 0O

where,
G = G(Z) which revresents & ray incident from field-free space
cutside the projector lens at unit distance from the axis and

parallel to it where at the image plane Gi = M, the

H = H(Z) which represerts a ray incicdent from field free-
space in such a way thaet it would intersect the axis at the
object plane with unit slope; at the imai;e plane dHi/dZ is
the angular magnification which eguals 1/M. This
coefficient has not veen calculated for the newly developed

projector lenses because it has a negligible value.

The coefficient of chromatic aberration, Cc is an important -
property for the design of magnetic objective lenses. The values of

A s g e
C as a function of the excitation parameter NI/Vrd have been computed’
C

for the newly developed objective lenses described in Chapter Seven.
The comoutations were carried out by inserting the datz of the lens

field distribution into Marai's program (1974) which is based on



solving the ecuation

c T Env B h™ gz sesss 1.5.3

- . .
IThe results are compared with the well known data on double-pole

lenses as will be shown in Chapter Seven.

Rzdial distortion

adial distortion of the image in a weak lens is a conseguence of
the spherical aberration of the lenses which causes marginal rays to
encounter a focal length different from that for axial rays. The

variation in focal length with distance from the lens axis causes a

variation in megnification of the image with distance from the axis
and the image 1s therefore distorted.

In the schematic ray diagram of Figure 1.5.7, consider a ray

distance r from it,

1o
I
AV
4t
£
=
(=N
0
m
ot
Y

incident parallel to the opt
refracted by a magnetic projector lens whose bore radius is R, 1If

/R <K 1,

the image screen at a distance /9 from the axis. For a larger off-axis

o

he ray will pass through the paraxizl focus FO and intersect

distance, r, of the incident ray, it will pass through another focal
point which is shifted Irom jo’ and intersect the screen at a distance
(/9+l>f3) from the axis. It has been shown (Liebmann, 1952) that the

radizl distortion, (&p/p)rad is given by

2 : -
Qﬁ}g)rad = Cy (é—) v veees 1.5.4

where Cd is the redial distortion coefficient. ‘hen Cd is positive the

‘distortion is called ''pin-cushion gistortion'. This is shown in Figure
1.5.28 There, a broken line indicates the Gaussian imege (distortion-

1 T he 3 1
square-pattern, the s0lid line shows the stretched, actual

™

free) of

image. XIf, on the other hand, the outer parts of the image are on too
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Lens Screen

o o -

T

Fig. 1.5.1 Ray duagram illustrating the origin of the radial

distortion (APﬁo)rad.

rag

1
o

1.5.2 Radizl distortion: (a) pin-cushion, (b) barrel.




- 27 -

ma 11l o 3 Bl I3 : o s . .
small a circle, the distortion coefficient C, is negative and so czlled

[ERTN —rit e : oy, . . - o
carrel-cistortion" will occur. This is illustrated by Figure 1.5.2b,

(YA gy S o : e 2 . . . .
he Caussian image again being indicated by a broken line.

£
=

e radial distortion coefficient depends on the lens geometry

anc 1ts excitation. For dcuble-pole magnetic lenses, Cd has been

calculated by Liebmann (1952) for different 5/D ratio, which is shown
in a modified form in Figure 1.5.3. These curves will be used later %o
compare them with the radial distortion coefficient of the single-vole
lenses,

7

he data of the field distribution of the magnetic lens inserted

in Marai's computer program (1975) to determine Cd as a function of

.Y

NI/VTE. For any magnetic projector lens of bore radius R and focal

length fp, the coefficient C, is represented by the Scherzer's equation

a
+00
-2 2 2 "
-z
c, - )RQ+ € R m2ve 32*“531 -BB )G Haz ceees 1.5.5
& fp~ %6 mV </ or 2 2
0r —

L

which is used by MHarai in his computer program. The accuracy of the
computer program was checked by comparing the results with those of
Liebmann for double-pole lenses as will be shown in Chapter Seven.

It should be mentioned that in an electron microscope radial
distortion is usually corrected by compensating the barrel distortion
of the weak intermediate lens by the pin-cushion distortion ofrthe!
strong projector lens; thus the net radial distortion yill be;????};
(Baine and Page, 1956; Kynaston and Mulvey, 1963). The same prOCedure
was used with the rotation-free intermediate and projector lepses, as

shown in Chapter Eight, over a wide range of magnification,

Spiral distortion

. . . - X . 1 s o
The anisotropic distortion 1s often called rotational distortion

}

or spiral distortion. In this case, the angle of rotation €, is no

longer independent of the radial distance of the image point from the
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Fig. 1.5.3 Variation of the radial distortion coefficilent of
symmetrical double-polepiece lenses with excitation

for different S/D ratios.
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axis. 4T 1ncreases by a small zmount for an off-axis ray, giving rise

to spiral distortion, a2s shown in Figure 1.5.4. The broken lines
represent Gauvssian images while the so0lid lines show the distorted
images; these are spiral shaped from which the name is derived. “hen
the current through the lens is reversed, the direction of the field B

and the sense of the circulation of the electron is changed. A4As a

consequence the image of Fipgure 1.5.% changes into the ima

09

e of Figure

1.5.4b, the latter being the mirror image (a) by reflection in the awes.
Under the imaging conditions of the electron microsccpe projector

léns, as shown in Figure 1.5.1, it has been shown by Liebmann (1952)

that the spiral distortion (AFVP)SD is given by

=

shich is analogous to Equation 1.5.4. In fquation 1.5.6, Csp’ the

piral distortion coefficient, cepends on the lens geometry and the

O}

exoitatia&;lkfj represents the lateral displacement in the imege
rlane shown in Figure 1.5.4. In his investigations on double-pole
lenses, Liebmann (1952) found that the coefficient, C_ of a
microscope projector lens increases with increasing lens excitation
(this is in contrast to Cd) but decreases with increasing S$/D ratio.
Spiral distortion will be more vronounced than the radial distortion
if the lenses are operated near their minimum focal length; however
for decreasing excitation spiral distortion will decrease rapidly
compared with radial distortion. Radial distortion changes tune shape
and the area of an image element (Figure 1.5.2), whereas spiral
Gistortion changes its shape only, leaving its superficial area

constant, (Figure 1.5.4c).

The coefficient C__ is given by Scherzer's formula:
h ffi sp
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+50  _3/2

5 Jev. 2 1 2
— h ( 2 2 v 72 1 [
Cp= -3 2 J B G+ V ?B_a )az e 1.5.9

The computer vrogram of Mazrai (1975) computes CSp as a function of
the excitation parameter hi/Vrc From Equation 1.5.7 for any
megnetic leuns once its field distribution BZ is known. The values of
CSp for the newly developed single-pole lenses have been determined
from this program. This program was also checked (see Chapter Seven)
by comparing it with Liebmann's results (1952) for double-pole lenses.

)

It will be shown in Chapter rFour how the spiral distortion of

3,

megnetic lenses could be minimised by using rotation-free lenses. To

1 distortion in conventionzl commercial electron

e

minimise the spira

microscopes, the lenses of the imaging system are usually connected

go that the total value of the imege rotation is a minimum. In

o+
N
I
=
o)
D
9]

tage microscope (Figure 1.1.1), for instance, this occurs when
the second projector lens rotation @2 is in cprosite sense to objective

rotation & and first rrojector lens rotation @1 should be in the

1.6 HNew concepts

45 mentioned above the principal defects of electron microscores
may be characterised by large size, heavy veight, small field of view,
image rotation, alignment difficulty and complexity of design. ith
the electron microscope finding new uses in every field of science and
industry, the need for a simple and more reliable microscope has growmn
rapidly. In order to fill this need, new concepts have developed for
the use of rotation-free lenses which are described in the next chapters
and in the recent publications of the author. Because of the
inconvenient size of rotation-free lenses made from conventional lens
designs (Juzma, 1972), theoretical and experimental investigations showed

the possibility of using these lenses in miniaturised form {(Chapter



|
\H
N
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Three). Juma and Fulvey (1974, Arpendix IZj,reported the successful

performance of miniature rotation-free projector lenses of both double-

Vad

pole and single-pole types. <zZach of these rotation-free projectors

consisted of two identical magnetic lenses mounted beck to back with
the ampere-turns of one lens ecual and opposite to that of the other
i.e. (NI)

. —(Nl)a, so that the net rotation of the doublet is zero.

Recently, a new experimental miniature rotation-free imaging system of

simple design, has been described by Juma and Mulvey (1975). Further
results with a rotation-free electron microscope will be given in

Chaypter
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It has been shown in Chapter Cne that the miniaturisation of
magnetic electron lenses is important, and even essential for the
development of electron-optical instruments. Magnetic lenses can be
recduced in size if the current density in the energizing coil is
increased, The temperature of the windings can be controlled
conveniently if the coil is in direct contsct with the ccoling fluid.

fluids

Jor
9]

One of the most efficient and readily available cooling

(03]

water. The coils under investigation were flat ‘pan-czke' coils of

small width, cooled by flowing water over their surfaces. In the

bt

following calculaticns it is assumed that the heat genersted in the

energized coil is removed Irom the flat surfaces cnlv, and that it is

&

transferred in an axial directione.

The heat-transfer is an important factor limiting the use of
minizture coils in magretic electron lenses. The heat-transfer
coefficient, h, is defined as the amount of heat transferred from a
unit surface area for a unit degree rise of the coocled surface

temperature TS above that of the coolant, i.e.

cnsss 207171

" .t (_;ttq/ 2)
where ¢ = heat flux per unit area, lwails/Cm .

T = temperature of the fooling fluid (°cy.
A0 -

The flow rate of the cooling water plays an important role in the

transfer of heat generated in the coils. The movement of the fluid



particles over the surface of the coil can either be 'laminar! or

] 1 31 3 : . . - . o . o
turbulent' depending on the velocity. In laminer flow, the fluid

ing relative to one another without any moticn or exchange
taking place normal to the streamlines of the main Tlow. During
turbulent flow, this ordered flow is completely disrupted. This
disruption leads to a violent mixing of the particles in the flow,
which causes a transfer of momentum between different liquid layers in
a direction normal to the flow. Whether the flow will be laminar or
turbulent can be predicted by considering the dimensionless quantity

Re, the Reynold's number defined by the eguation

R = —— ceese 2.2

where d = density of the field,

<
£l

velocity of the field,

\i
1

coefficient of visceosity of the fluid,

)
i1

hydraulic diameter of the fluid pessage.

Provided Re<;~2000, the flow will be laminar. If Re:> L0CO, the flow
will be turbulent. In the range EOOOgé.ReéégﬂOOO, there exists a
transition region in which the degree of turbulence steadily increases

with R . The terms d and_)/ are temperature dependent, thus, for water
e

R = 180vD, veeee 2.7.3
n

1]

Chapman (1967) gives a comprehensive treatment of both laminar and
turbulent cases of forced convective heat transfer for plane surfaces
and for cylindrical pipes. He gives his results in terms of the
dimensionless quantities: Reynold's number (proportional to v) and

Nusselt's number (proportional to h). MNusselt's number is defined by
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the eguation

where k is the thermal conductivity of the fluid. The results of
# - , I I+ : P 5 )
Chapman, converted into relationships between h and v, and assuming

the properties of the fluid being constent, are given below:

Plane Surface Cylindrical Pipe
. - 0. .
laminar Flow h = const. ¥ 2 h = const. VO 2
. - 0.8 0.
Turbulent Flow h = const. ¥ h = const. ¥ 8

The reletionship between h and v for the water-cooled coils of

electron lenses has not been studied thoroughly, (Maclachlan, 1973)

particularly uncer the conditions of laminar flow. #£lthough there is a

3

ble advantage

=k

considersa or heat transfer in having the flow turbulent,

electron lenses beczuse of the danger that

ct
@]

this is not appropriate

the coil will be caused to vibrate mechanically. It is thereriore

necessary to remain within the laminar flow or at least the quasi-
turbulent region, and that Re = L0CO is the maximum acceptable in
electron optical instruments.

large electromagnets where vibration is not so important, the
coils are water—-cooled under turbulent flow, and. the relationship

between h and v is then given by (Montgomery, 1969),

8 p0-2

iy ceene 2.7.5

- .
b= 9 x10° (1+ 1.5 % 10 Tw)vo

where v is the average velocity of the water in cm/sec. Equation 2.1.5

. N R - o B
is also applicable to electiron lenses if they were cooled with

turbulent water flou.
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2.2 Yelocity of water and hydraulic diameter in miniature electron

lenses

£or thin pan-cake coils, which are cooled on both flat surfaces

(aald

nside the electron lens, an exvression for the effective hvdraulic
diameter of the water passage is required.

electron

4]
},.J
2
[¢]
ct
)
D

The weter velocity at any voint of its passage in
lens cen be determined from the cross-sectional area and the flow rate
(volume per unit time). Figure 2.2.7 shows that the velocity of water
changes Irom a waximum at k' (vq) to a minimum at COF (v?) and then
increases to another but lower maximum at CC* (VB)° sts a first
approximation one may assume that the velocity of water inside an

electron lens is the gverage value of the three velccities, i.e.

v = (v, + v. +

v ; 5 v33/3 rerermbering that only half the total value of

1
t

weter is flowing over each of the two flat surfaces of the coil. It

was found in practice that it is possible to write the relation as

n n .
(v )7 = () ceees 2,241
av av
n n n n . ; . o - -
Here (v >“v = (v + v+ VB)/E where 04 n £1. Ltouation 2.1.5 is
(=3

useful in calculating the heat-transfer coefficient.
ihen the cooling passage is not round, it is customary to cefine

an eguivalent "hydraulic diameter’ as follows:

LA
D - -——-’E cv s o0 21202
h Pw ,

. 2
where 4 = pessage cross-sectional area (em™)

E

wetted perimeter (cm).
W

I

This ecuivalent diameter can be easily verified, in the case of a
circular passage of radius r, to be

2
o - b r?) | o
h 2nr

and has been shown experimentally to give consistent values in standard
B i cCil < ES
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hydrzulic formulae when used with annular or rectangular pessages,

(Montgomery, 1969). In the case of thin pan-cake coils in an electron

lens, the cooling passage abecve the surface of the coil is a

rectanguler slit of width t, Figure 2.2.2. The cross-sectiocnal

o

rea
of the passage Ap = tf and the wetted perimeter P = 24+ t). Since
over most of the coil's surface t {( [, Pw = 2f{ substituting for A
and Pw in Bquation 2.2.2, the hydraulic diameter of the water passage

in a miniature electron lens will be given by
D = 2t 5 000 2.2-3

It can be seen that Dh is incderendent of the ccil geometry and is a
constant, depending only on the gap t above surface of the coil. In
practice, t is usually of the order of 1-2mm. Iguation 2.2.3 is very

useful in determining the hydraulic diameter for all miniature magnetic

lenses energized by thin flat coils.

2.3 Physical and geometrical parameters oI the coil

5

Consider the coil winding shown in Figure 2.2.%a. The coil of

v

width w, consists of K turns of a ccnductor whose cross-sectional area

is A and length L.
The total length L of a coil winding (Figure 2.2.1a2) is given by

the vroduct of the mean circumference and the number of turns, i.e.
L :ﬁDmI\J ¢ 630 @ 203;1

where D = (D1 + DZ)/Z | ceees 2432

When power is dissipated in the water-cooled coils, their average

temperature rises above that of the flowing water. A useful criterion

of internal temperature rise is the average temperature rise, cobtained

. . i - P s
from a measurement of the increase in total resistance of the winding.

e




WATER CHANNEL

COIL
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ig. 2.2.2 Cross-section of the water passage inside a

miniature lens.

A

Fig., 2.4.1 Variation of the ampere-turns NI of a wire coil with

the wire cross—-sectional area A for a given power

supply.
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ihe average temperature is defined as the uniform temperature to which
the entire ccil would have to be raised in order to have the same
increase in resistance as that measured under working conditions. The

e}

resistance R of the winding is given by
R = PL/A ceeee 2.5.53

where ¥ 1is the resistivity of the conductor. The resistance is

temperature dependent; i.e.

Rp = R (1487 ceree 2.3k
where
RT = resistance at temperature T°
RO = resistance at temperature o°
;? = temperature coefficient of the conductor (0,0041/00 for
copper) .

Hence Equation 2.3.% can be written as

-

By = -.r'PT D N/& ceses 2.3.5

The total power P required to establish a current I in the coil is

IZR, i.e.
T 2 A ~ ‘ /
P = TT FT Dm (l\i) /Nh es s e e C03~6

where 'PT is the resistivity of the conductor at temperature T‘andvDérf“'
is the mean dieameter of the coil. Equation 2.%.6 can be written in

terms of the current density, o = I/A as

—_ 3 e o0 e 2'.'.‘."
P = 77 fpo D, (D) 3.7

The coil winding consists of a metallic conductor surrounded by

an, insulating coating. The term "insulating' refers to both thermal

. g < 'F' [
and electrical properties. The packing factor, N » can be defined as
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the ratio of the current-carrying cross-sectional area (Ni) to the

total cross-sectional area o( , where o= (D2 - Dq)w/z s le€s
\ 2 NA ,
= S %6 oo .Z‘,Q
(D2 -Dw 23

Hence in terms of the packing factor, )\ s the total power is given by

D2
7P (i ® o, *
P = e D s eeoq 20309
WA 2 .
B—-' - 1
1
If DZ/D1 is large compared with unity
poo T (32 eee. 2.3.70

i.e. the power required for a given number of ampere-turns depends
inversely on the width but it is independent of the diameter of the
coil. If the ratio of outer to inner diameter becomes comparable with

unity, the power required for a given number of ampere-turns increases

rapidly. It is therefore desirsble that D2 should be large compared

The increase of the ratio (D2/D1) increases the surface area of
. TT e 25 - Gt
the coil 2§/ (D2 - D}) ). For the same total power and ampere-turns,
the mean temperature of the coil decreases as the surface area increases,

since the task of extracting heat from the surface becomes easier. :In

other words, the increase in the surface area will reduce the power g

dissipated per unit area. The power per unit area of the'coil surfaces

is given by

e = FPp g A% N ceees 2.3.11
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or
fp o @D
q = EGRNGD] sesen 2eds12
2 1
m - Sy . 158 2 2 .
The volume of the coil is given by n (D2 - D1 )W, hence the power
per unit volume, H can be written as
: 2 o
H o= g )\ ceees 2,313

Therefore, it can be seen from Zquation 2.3.711 that the power per unit

surface area of the coil faces is

nIE

e o oo 205.14

2.4 Matching of a lens winding to a given power supply

Consider the coil winding shown in Figure 2.2.%a. From Equations
2.3.6 and 2.3.8 the power that is dissipated in the coil can be written

as

® s 9o 99 201-{-'1

From 2.4.17, it follows that the excitation NI is not dependent on the

uwumber of turns and the cross-section of the wire, provided that there

‘are no restrictions on the voltage and current from the power supply.

Consider the case where the power supply has a maximum current

Imay which cannot be exceeded, and a limited output power Pmax' Since

from Bouation 2.4.1, (NI)2 = Eﬂk«/fﬁ'f& Dm), therefore

ma

Clearly, this will occur for an optimum number of turns Nopt given by

P

) 2 ( max A <

N = @ o ed e 2q4~

K opt> 2 ) TTfE D > 3.
max

o=

and since Nopt = hf&/Aopt from Equation 2.3.8, thus the corresponding

° M- : $T Ga el Sealios ' ;f;f*
(I, 0% = Pmaxkd/-ﬂ*fT D I ois BN 2.4..,_2‘:;
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optimum cross-sectional area of the conductor will be given by

2 -~
(A )% = /P 2 ko k
fopt TAef (T )% ceevs 2ok
- . 2 a
Eguation 2.4.4 shows that Aopt increases as q?,'P,r2 and D . Since
w2 . . . .
Aopt =7 @ opt where aopt is the optimum diameter of the round wire,

therefore, from Equation 2.4.4,

 (Asfe L )

max

a ® e o0 .L:'
Opt @ 2 05
The maximum ampere-turns from the optimum wire is given by Yguation
2.4.2, i.e.
1
P A 2
max 0< ~ 7
?; e s a0 cf.‘-‘r.6
Bouations 2.4.5 and 2.4.6 are imrortant in designing the appropriate
vire coil for a given power supply and a given space in the electron
Jens.
If the cross-section 4 of the conductor is not optimized, the
ampere-turns will fall. Thus if Aw(Aopt the current will be less than

I _, and if Aj>AO the current will be constant ( = Iméx) but the

max pt

voltage azcross the coil will be less than Vmai'

(1) &< Aot

From fguation 2.3.6, the current I in the-coil.is given by,
T = Vmax /['F% Dm.N 4 ..JQf‘af%

or

NI = V. &/Tifp D ) , ceees 2,48

where V is the maximum voltage of the power supply.. i.e. NI is
max »

directly proportional ﬁOFAe> £



A > ."\opt

In this cease I = Imax’ thus V = ImaxR' Substituting in

Eguation 2.3.5 for R, therefore,

V = ; A L
it PT D NI /A ceeel 2409
From Equation 2.3.8,

A%

o ) T, ceeee 2.4070

i.e. the maximum ampere-turns is inversely proportional to 4 The

.

results of the cases (i) and (ii) are shown graphically in Figure 2.4.1.
In designing a coil, therefore, to suit a given power supply, the

wire cross-section should be chosen to be Aopt or if there is a choice

between two available values of A, the higher should be chosen. It

should be ncted that the value of ?T was assumed constant. Its value

should be chosen which corresponds to the mean cperating temperature.

For a copper wire, this value will generally be in the region of

fgzz 2 x 10«6 ohm-cm corresponding to an average temperature of 60°C.

2.5 Maxwimum current density, ampere-turns and power in lens windings

Windings of copper tape are important in miniature lenses. Consider

the cross-section of a disc winding of inner and outer diameters D1 and

.D2 respectively, as shown in Figure 2.5.7a, b. The discs are of width

(a) sevarated by an insulating material of thermal conductivity

coefficient k. and thickness 2b (i.e. each disc is originally covered
in

by an insulating material of thickness b). -

Let an amount of heat P be generated in the discs whose end

surfaces only are cooled by water flow. If the conductivity of
insulation is much lower than that of the metal, the temperature

gradient across the metal can be neglected. Further, if the insulation

is-thin, as a first approximation a linear distribution of temperature
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Fig. 2.5.1 Cross-section of an insulated disc winding .
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can be assumed across the insulation, (Figure 2.5.2a). If the
temperature of the cooled.surfaces is held at a value TS, from symmetry
considerations the maximum temperature Tc will occur at the centre,
(Figure 2.5.2b). The radial heat-flow is neglected since the
temperature gradient is negligible. Therefore, even wire coils wound
as shown in Figure 2.5.7c can also be assumed to be a series of flat
discs in close contact. Hence it is important to consider the

temperature distribution along the width. From symmetry, only one

half of the coil need be considered.

Current density in a wire coil of even number of lavers

Consider the coil shown in Figure 2.5.1b; c. It consists of 2n
layers along the width w, where n = 1, 2, 3 ¢e.ceeesees etc. This
pancake coil is water-cooled on the twe flat end surfaces; hence the
power per unit surface area, o is given by:

p
) 2@ (Dg - Dfﬂ

q

Therefore, the power per unit area per layer = g/n. Since the
temperature gradient along the metal is negligible, hence the heat

transmitted per unit area per layer is:

(T, -« T.)
K 1 2

in (Thickness of insulation)

Considering each layer from the centre of the width to the cooled

surface at the steady state temperature one has

Lo 8@y o o _,3@y n _p _zay
Te-T =1 (k. s T2 T3 = 2h (k- s 3 Ty=3y Qk- )
in in
T - T = g (2b
ieee T 4 -T = (n-1) - (k. )
in

where Tn = Te, the temperature of the cooling surface. By addition

one obtains
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It can be seen that when n = 1 (i.e. a two-layer arrangement) there is

no temperature drop across the coil.

1

Thus a coil consisting of two

wires thick should behave exactly as a single-layer coil as far as

thermal conductivity is concerned.

It is found from the viire data that

the ratio of the insulation thickness to conductor diameter normally

decreases with increasing wire diameter (Appendix III, Figure B),

therefore, the above result suggests that in designing a coil the

thickest possible wire should be used, arranged in double thickness,

each pair being separated by a water channel.

the heat~transfer coefficient,

S W

o/h

and from EZguations 2.5.7 and 2.5.2

But

where the resistivity  of the discs is assumed to be constant.

Hence

T -T
c W

A

q [%— (n-1) =+
in

—2
(a + 2v)

2n{a + 2b)

neésg

——

h

- ]

From the definition of

s v e @ 2.5.2

If 2n = n, where n_ is an even number, 2, 4, 6 ...... etc., then

<



from Appendix III

2b

where m is a constant,

n
_£F
> i

T -T =

= m[g
hence
2 mfa e 11
¢ a 2, G-+ 5 | ceeee 2.5.3

- T ) %

T 2(T
c W
mfPnln - 2)(Q:y2 Pn_ a
i CJ/ _ e e + [S] 2,_1{’
° wire qkin h seeee Se0e

Eguation 2.5.4 gives an expression for the current density in a

wire coil of even number of layers. It can be seen that when n, = 2

the first term in the denominator is zerc and the system behaves

exactly like a tape. It is important to note that the first term in

the denominator of Equation 2.5.4 is only present due to the presence
In the

of the insulation between the.layers except ‘that when n, = 2.

case of tape windings the first term,in the denominator is alwaysVZero*”

since the tape reprecents one . laver of =011d,metal along the w1dth

[“ifb Jh}

tape

Equation 2.5.5 shows that Cf;a eO< ,

Hence if a tape of

divided into two halyeé-éa6h<of*width W/E*Withf?niiﬁsuiafiﬁﬂ_;‘HVQgi

tnem, the same current aen51tv‘w1ll’b‘ fbfained at the same maximum

temperature. It;can'also,bez"”/ ed/that the two—laver coil should
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show a linear relationship between the average rise in the temperature

of the ccil above that of water and the input power, from which the

amount of heat per unit area per degree is egual to the heat-transfer

coefficient.

Current density in a wire coil of odd number of lavers

Suppose that the water-cooled coil under consideration has an
odd number of layers along its width w (Figure 2.5.%a). If the number
of layers is (2n + 1) where n = 0, 1, 2, 3 .v... etc., this means that
there are n layers on each side of the central layer; hence half the
heat generated in the central layver will be transferred to the n-lavers

on either side. The heat generated per unit area per unit layer is

/}
or o/(n + E)'

=i
o]

the steady state the temperature of the central layer is TC and that

of the cooling surface is TS; therefore .

o m T =%ﬂ'<‘£“9'] f}z
- in
T, - T, = [Tn—i}i'] é—iﬁ 2401)
T, - T =
; Tn;1 - Ts S

By addition one obtains

o 3 G e q i .‘, .
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zence from Eguaticns 2.5.2 and 2.5.6
“ - )
. R <b n n 1
c W q %x(nf%)k [ 2 (=) + 2 J + 1
in h
Since the width
w = (2n+1) (a2+2b), therefore,
2 4
g = ¢ alned)
also Zb = m; hence,
o -
" . e 1 m\é n nj 1 ‘2
T - T = aln+= T = (n- v = -
c w = e aloa) i(n+é)k. L 5 (0=1) 2 1 Th
in
If 2n+1 = ng where ng is an odd number e.g. Ty 34y 5 toeeeo €tCay
2 2 T
P ~ an nfa (n -1) 1
o o e o o T, 5.5.0
_.C v — 2 i{,k. P n h 3 e e e o _je
. in o
l.€0
-
i Z(TcuTw) B
6’ :{P 3/2 ( 1)2 CICE A IR 20598-
ma n - n a
o I
Ly, h
in

when the coil is of a single-layer wire i.e. n = 1, Zouation 2.5.8

is similar to EZquation 2.5.5, showing that.the tape, single and double- o

layer wire coils behave exactly the same under the same working

conditions. When (TC—TW) is meximum, the current density given

Equations 2.5.4% and 2.5.8 is also maximum.

it
insulation at the centre of the width of an even number of
no effect. at all.s As an example, thé'heéf“in‘theESFlaﬂ .;_

through one layer

“
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]
N

centre ol the width; similerly in the four la yer coil the heat will pass
through one layer of insulation of thickness 2b on either side of the

centre of the width since the central insulating layer has no effect in

= J

-

+ o ot Ay s A oy 2 ~ .
neat generation and it maintains the terperature of the surrounding
layers. slsc the single and double-layer coil have the same thermal
behavicur.

Maximum arpere-turns in coil windings

The empere-turns that can be obtained from a coil winding can be

determined from the current density,q (=I/4) and ﬁ,&:}uKDE—D1)/2§k Thus

v 000 2.509

Eguation 2.5.9 aprlies to both tape and wire coils. 7For a wire coil,
Eguation 2.5.9 can be written in terms of the wire diameter, a, and the

number oif layers, n, across the width w, [:n(a+mjaix;

1
J1

t

D )
(RI) . = n)\(a+m§é) ( - )ﬁ“’ ceeee 2.5.70

For a specific coil geometry, the ampere-turns is a maximum when the
current density is & maximum. For a tape winding where ¢ is given by

Equation 2.5.6, the ampere-turns can be written as

ChA( ,r 3 —1‘
(1) = e (R 121}w'4 ceees 2.5.11

tape

=

i.e. the maximum ampere-turns from a tape coil increase with the sguare

root of its width.

VMaximum power in coil windings

The power density is a maxirum when the current density in &

windings is also a maximum. This can be seen from Eguation ¢

> P
H = :
( >ma)§ PT"\ﬁlmax
Therefore, the maximum power dissipated in'a céi1‘ié£giV§hf5j5t
- P ME 02 —D)w}z' | vees 2.5.72

(P) Y:l ® 9 0 09 ° L4

nax
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he maximum input power in wire windings of even and odd number of

layers is respectively,

) ot 2 | e Tu '
(Pma}{} - 2 (D2 - 'U" ) m,g 1 EEEE] 2.5'15
even o (ne~2)+z -
in
- 7T T
) N £ - 2y c v -
(Pﬂlax) - 2 \Dz e Dq ) ‘ ) 2 000 e 2.5.11'}'
odd L mfza (n -%) 1
LK, 2=~ T3y
in Yo -

In the case of a tape winding both Egquations 2.5.13 and 2.5.14 give

the same expression

r = f_f D 2 2 M —
(Pmax), =5 (uz - D1 ) (Tc - Lw) h veees 2.5.15
tape

Equation 2.5.15 is an illustration of the definition of the heat-

- -
o cps . . 7l 2 2
transfer coefficient since the expression 3 (D2 - D1 ) represents the

total surface area of the coil, It also shows that the power required
in a tape winding is independent of its width w, if w is small; it is

a function of the water-cooled surface area. If the surface area is
increased the temperature of the coil will decrease sincé more heat will

be extracted, hence more power can be dissipated in the coil to raise

it to the maximum permissible temperature.. However, it should be. .

mentioned that Equations 2.5.13, 2:5.,4 agd¢2,§,15ighqwjthét{thgj‘iﬁer

in any winding is independent of the conductor resistivity

2.6 Experiments on wire and tape coils

e N

The theoretical ideas develcoped in the previous sections need to

)
©]
iy
G

i
jo}
}.J
0
(9]

be verified experimentally, particularly the validit
When power is dissipated in the coil, the average temperature

&



will rise above that of the cooling water. This average temperature
can be measured from the change in coil's resistance. In the steady
state, i.e. when the power per unit area is constant, the mechanism
of heat transfer from the surface of a multi-layer wire ccil is
similar to that of a single-laver coil. Hence the terverature of the
first layer which is in contact with water is the same as that of the
single-layer coil operating under the same conditions. Due to the
temperature difference between the centre of the coil and its cooled
flat surfaces, the heat may be assumed to be flowing axially towards
the cooled surfaces. In order to test these assumptions single and
multi-layer wire coils were designed and tested under the conditions

likely to bve experienced in an electron lens.

Single~layer wire coils

Two single~layer wire coils, & and B, of different wire
diameter were designed. Coil A consisted of an insulated copper wire
of 248.¥.G. with DZ/quB; this ratio of D2/D1 was chosen because it
is commonly used in miniature water-cooled electron lenses. Insulated
wire was used to eliminate current leakage through the water. The
thickness of the insulation was 0.0025 cm (0.001 in) which is small
compared with the diameter of the copper; hence it was assumed that
the temperature of the surface was very nearly the same as that of
the copper. A4All the water-cooled coils under investigation vere
mounted in a "Perspex’ box, (Figure 2.6.1). The cooling water was
passed over the exposed surfaces of the windings through a 1mm gap
between the inside surface of the box and the coil. The “Pgrspex”
box enables the windings to be observed continuously and also ensures
that the mein heat transfer takes place between the windings and the
water and not through the container. The thermal conductivity of

- o) . . .
the "Perspex' is 2 x 10 5 watt/cm C, which is very low compared with

that of metals.
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Fig. 2.6.1 Experimental

"Perspex' box.
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The electrical characteristics of coil £ are shown in Figures

r ~
o ' coo s . i
2.6.2 and 2.6.3 at different water velocities showing the deviation

from a linear reletionship of voltage and current. It should be

noted that at the maximum current available (24 amps.) the power was
imited to 100 watts. The rise in the temperature of the ccil wes

about EOOC for a flow of C.5 litres/minute and 150C for a flow of

3.5 litres/minute. At this power, the maximurm ampere-~turns cbtained

was about 600A-t. and current density of 10% amp/cmz. This current
density is about the same as that obtained by Prior (1567) from
superconducting materials. At 3.5 litres/minute, the temperature
rise was ¢ifficult to measure due to fluctuations in water pressure.
These experimental results can be checked agzinst the equation

P :71{21,0* D (ND), if NI is 6COA-t, (24 amp x 25 turns),

Dm: 3.2cm, & = 104 amp/cm2 and {>T = 1.7 % 10_6 ohm.cm;

P = 103% watts, which is consistent with the experimentally measgred
value.

Due to experimental errcrs estimated at about 4% an error of
I 10° in the coil's average temperature is to be expected over the
available power range. Since nc more power was readily available,
it proved more convenient to.construct a second single-layer coil B.
The wire of coil B wes 32 S5.w.G. i.e. half the diameter of that of
coil 4.

The cheracteristic of coil B are shown in Figures 2.6.4 and

2.6.5. These curves were extrapolated in order to determine the

lo)
current density and the ampere-turns at 120°C. It can be seen that

at a coil temperature of 1ZOOC, 1250 A-t can be obtained at 3.5
o L 2
litres/minute water flow and a current density of 4.2 x 10 amp/cm™.

Gensity is about the same as that obtained by lLaverick

Py

This curren

(1967) using @ superconducting wire (NbZr) of nearly the same

3 » m 3
dismeter (0.0254 cm) carrying a current of 20 amperes. This
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Fig. 2.6.2 Variation of voltage and current in a water~cooled
single ~layer wire coil 24 S.W.G. {Coil A).
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Fiz. 2.6.3 Variation of resistance with current in the

water-cooled single-layer wire coil 2L S.W.G.

(Coil A).
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Fiz, 2.6.5 Variation of the resistance with the current in

the water-cooled single-layer wire coil of

32 S.W.G. (Coil B).

Fig, 2.6.4 Variation of the voltage with the current in ths
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\hn

}
s s &4, 2 .
interesiing result alsc means that 2 x 10 A-t/cm” is obtainable from
- .' - - V‘Y‘ - . -~ o~ .
water-ccoled copper wire coil similar to that from a superconducting
. e ~ \ - . . .
coil (Czasa, et al, 1S66) which has the same Dﬂ/D1 ratio and wire
s

diameter.
It should be ncted that at the rate of flow of 0.5 litre/minute,
boiling of the ccoling water took vlace when the average temperature

I Y . . . .
of the coil was 120°C at an input power of 4EC watts (corresponding

+h

to a current of 15 amps (i.e. NI = 750 a4-t). 4s a theoreticel check,
the power P calculated from ecuation P :77%% D o (NI), where

'P120 = 2, x 10—6 ohm.cm,0” = 25.5 x 10° amps/cm2 and D = 3.2cm;

is equal to 460 watts which is only 5% less than the experimentally
measured value. At this rate of flow large vapour bubbles were
accunulated. Because of these bubbles the heat transfer through the
water was poor and hence certain regions of the coil under the
bubbles were very hot while otkers were at a lower terperature. The
insulation was damaged in the hot regions.

With the water flowing at 2 litres/minute vapour bubbles were
formed at a power input of 80C watts. These vapour bubbles were
relatively smell. 4Lt higher rates of flow, bubbles were absent and
hence the coil was not dameged. It is therefore essential to ensure
a minimum rate of flow of water for a given vower.

Figure 2.6.6 shows the variation of the temperature rise of
coil B with input power at different rates of water flow. The curves
are essentially straight lines bearing in mind that the experimental
points at low powers are unreliable since the errcr here is high.
From the slope of the curve, it was found that the amount of power

. . 20
per wnit area per degree centigrade is C.46 watt/cm”. C at
3,5 litres/minute. This relatively high value of heat-transfer

coefficient was obtained although the water is flowing in the quasi-

laminar region.
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Fig. 2.6.6 Variation of the average temperature rise with the

input power of a water-cooled single-~layer wire coil

of 32 S.W.G.
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coil B is considered to be formed of =2 cylindricel wire of

length L and radius R, the surface area is 277RL. Coil A has a
length 1L/2 and radius 2R cempared with that of coil B; hence its
surface area is also 2/7RL. Since these two ccils have the same
surface arez, water passage and water temperature, the heat-transfer
coefficients of both coils at the same water velocity would be
expected to be indentical.

It can be zssumed to a good approximation that the average

temperature of a single-layer coil is nearly the same as that of the

coil's surface. Therefore, it can be concluded from Figure 2.6.6 that

[of)

the difference between the temperature of the coil's surface, TS and
the input terperature of the water, Tu is propertionzl to the input

power P, i.e.

T - T ' oo 000 ® 01
(LS _2) o P 2.6

when the water flow & i1s constant.

v

. . . . o) -
the power input, © in coil B at 120°C (rlgures 2.6.5 and

o]
)

My

2.6.6) is plotted against the flow rate ¢, a straight line on a
logarithmic scale will be obtained as shown in Figure 2.6.7. From

the slope, this figure shows that

o>

P = constant Q eeees 24642

when the temperature is constant. Since Pxh and {«v,

.Y

h = constant v2 veeee 2.6.3

Therefore, in such electron lenses, the cooling is similar to that of

laminar flow on plane surfaces. Heat transfer varies only slowly

with water velocity and thus no special precautions are needed to
ensure a uniform velocity distribution across the coil face.

Touation 2.6.3% shows that the heat transfer coefficient is not
b A - - @ -
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Fig. 2.6.7 Variation of power in single-layer coil (B) with

water~flow rate.
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Fig. 2.6.8 Variation of heat-transfer coefficient with the -
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strongiy de
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laminar. In fact to double h, the

increased four times.

water is zbout S0 cm/sec, wnen the

calculated by the method described

of flow can also be checked from

encent on water velocity provided the flow remains guasi-
i

value of v would have to be
velocity, v, of the cooling

flow rate is 3.5 litres/minute as
previcusly.

the Reynolds number,

)

nydraulic diameter, D, = 2t

Ry = vaD. /) o The °t where t = lmm, i.e.

o

- . . . ! . \ o
O.2cm. The v150081ty“0 = 0.01 poise (gm/cm.sec) at 20°C and

o
i

[at?

d = 1 gn/cec. Therefore, for a 90 cm/sec water velocity, Re = 1800

1

which shows that the water flow is within the laminar or quasi-

leminar flow range, and not in the turbulent range.

Since it is easier to measure the rate of flow, © (ml/sec), it
is better to write Zquations 2.6.2 and 2.6.3 in the form
A

h = constant Q¢ ceees 2.0,
The constant can be determined from the slope of the curve of h vs. @
(Figure 2.6.8). Therefore, the heat-transfer coefficient for the pan-
cake coils of the miniature electron lenses cooled by a water flow at
room temperature through a 1mm gap is given by

2
h = 0.06Q° seeas 2.6.5

where Q is in ml/sec. ZEquation 2.6.5 has been found very useful in
determining the heat-transfer coefficient for the miniature lenses
which will be described in the next chapters.

From Douations 2.6.1 and 2.6.2 an empirical relationship can be

derived relating P, & and (TS-TW) applicable to all water-cooled

pan-cake coils for miniature electron lenses since the heat-transfer

mechenism is identical in tape, single and multilayer wire coils,

P oL(T -T ) Q
s W
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)

From the curves shown in Figure

no

Ve . ~
.£.6, the constant of

proportionality was determined; thus

(m y ) & 0.6 P - -
4 - L — e “0 o es C.6./
S 24 C)?

where P is in watts and 4 in ml/sec. kguation 2.6.7 gives values of
5% accuracy and it dces not depend on the surface
area of the coil. Hence, the temperature difference between the
cooled surface and the cooling water can now be easily determined
since P and ¢ are the only variables and these are easily measured
experimentally.

The temperature in any part of the coil should not exceed 200°C
above water terperature (15°C) otherwise the insulating materials
will deteriorate. If coil &, shown in Figures 2.6.2 and 2.6.3%, is
cooled by a 3.5 litres/minute water flow through a Imm gap arcund it,

o o s . ~ 2 o .
~trensfer coefficient will be 0.46 watts/cm™, C. If coils

s
oy
0]
¥
jny
®
o
o

L or B are operated under these working ccnditions, a power of more

. c o Lt Qo ,
than 2 k¥ would be needed to raise their temperatures 150  &above that
of water. In this case coil 4 will give more than 2000 i~-t <t a

-
current density of about 3.5 x 10 amp/cm” and coil B will give just

o e SO LPIEm

less than 1500 &-t at a current density of 5 x 10 amp/cm . These
figures show that a current density within the range of super-
conductors can be achieved from water-cooled single-layer coils. It
can be seern from the above figures that the coil with the smaller wire
diameter operated at 30# greater current density than the other, for
the same power dissipation and temperature, but produced 3C% fewer
ampere-turns. This illustrates that it is advantageous to use a
relatively large wire diameter although it will require a power gupply
of high current ocutput. The abtove results are clear from Equation

2.5.11 vhere the raetio of the ampere-turns of the two coils is equal




- 65 -

to the ratio of the square root of their widths; i.e.
a
J 1T — X . 2 v . _ ,
(TI)A/(RL)B = (WA/UB) . Since W, = 2 wg, therefore the ampere-
turns of coil & is 4Gk higher than that of coil B which agrees

within the experimental errors with that determined practically.

Tave Coils

Consider a copper tape covered on both sides by a thin (9 um)

across its flat surfaces, through a 1mm gap. Figure 2.6.10 shows
the measured variation of the average temperature rise akove water
temperature with the input power. The curve is straight line; from
its slope it is found that the amcunt of heat per unit area per
degree rise in temperature (i.e. heat-transfer coefficient) is

- 2.0 . . . - .
0.33 watts/cm” . C which is in zood agreement with that for the single-

. . | N 2 o ., .
layer wire coil (h = 0.3 watt/cm . C) operated under the same
conditions. Since the tape width is relatively small, the average
temperature, T"v is nearly the same as that of the surface TS. For
[=N
. . . o
a power of 80C watts, Lquation 2.6.7 gives a value of 83 for
. . cy s o . .

(TS-T ) while experimentally, it is 80 C showing the validity of

i :
this eguation.

The thermal conductivity of a2 tape coil in the direction of
heat flow through the tape is that of the conductor. In calculating
the area of conductor the packing facter must be taken into account,
The insulation between layers has a conductivity smaller than that of
the conductor by a factor of ’103 and so radial heat flow can be
neglected. Typically the packing factor of the tape coils is 75%.

. . .. o - ‘s 3.86 watt / .O‘C
The thermal conductivity cI copper is D. watts/cm. C.

To illustrate a typical temperature distribution across the.

width of a tape coil, consider the copper tape coil whose
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Fig. 2.6.10 Variation of the average temperature rise with the

input power of a water-cooled copper tape coil.
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7 3

characteristics are given in Fipure 2.6.10. The power required to
. PN « SR .

ralse the average temperature o the coil to 200 C above water is

12000 watts (Fisure 2.6.10). Therefore, the resistance at this

temperature is 2.7 ohms; hence

A

I 27 amperes

o7 = 10700 amp/cm2

P =3 x 1070 o

Zt(;——' > X onm.cn

It hes been shown that the power density B :Téfzk where )\ = 0.75;

therefore, H = 258 watts/cmB. £1so it has been shown in Appendix IV

that
52
i m IR I
J.c o -Ls = 81,.’ 60 oo 2.\.}.8
e

where the width w is Smm and kc is the ccefficient of thermal

oo R . . : o o \
concuctivity of the coil, i.e. TC - Ts = 2 C. This srows that the

and its cooled

(0]

temperature difference between the centre of the tagp
surface is negligible. The difference between the average temperature

of the coil and that of the cooling surface is given in Appendix IV

by
m 2 m m ~ £
L - T :_.z(i - 4 ) R C.O.9
av s 3 "¢ s
o . . .
ices T =T = 1.3Cat 1.5mm from the centre of the tape's width.

. \ o] . o .
Since T is taken as 215°C, thus TS = 213.7°C. This surface
v
temperature shows that the flowing water would be expected to boil.

Alternatively, the surface tempersture can be calculated from

the equation T - T = g/h since the values of g; h and T at
4 s W W

Toy = Ty = 200°C are known from Figure 2.6.10; i.e.
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Fig. 2.6.11 Temperature distribution across the width of the

copper tape coil in Figure 2.6.10.
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g = 66 watts/cm
h = 0.3 watt/cme.oc
o
To= 15%
o nrO
hence LS = 215°C

which is in a very good agreement with the above result.

The temperature distributiorn across the width of the tape is

shown clearly in Figure 2.6.711. If the velocity of water is increased,

the heat-transfer coefficient will increase and hence more input power

will be recuired to raise the average temperature of the coil to say
200°C above water. In this case the temperature difference between

the cenire and the surface of the tare will still be negligible but

more current density and ampere-~turns will be obtained.

From Zguation 2.6.8 it can be seen that the maximum temperature
can be reduced by a Tactor of four if the coil of width w is replaced
by two coils, each of width w/2, using the same power density and
with the water flowing between the coils. If the power density is
increased, the two cocils can produce more ampere-turns than the one
coil of width w when the two are at the same meximum temperature as
the one coil.

Consider the theoretical expressions for the current censity
(Equation 2.5.5) and the ampere-turns (Equation 2.5.11) of a tape
coil derived from the disc model. The maximum current density and
ampere-turns from the tape coil as a function of the width céoled
under the same conditions as that in Figure 2.6.10, are shown in
Figures 2.6.12 and 2.6.13. It can be seen that as the coil~width"
increazses the ampere~turns increase also while the current den$i y§-”‘

decreases. These figures show also very good agreement between the

theory and experiment.
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Fig. 2.6.12 Variation of the maximum current density in a tape

coil with coil width at constant maximum temperature..




[}
<

alels!
-

4200

- 71 -

i
7| Maximum cmpere-iurns,
! NI
i
B NI:8~6><‘:03 wvz o«—Experimental point from Figure 2.6-10
- 7-T=2007C
; c W
DZ—D‘:Bc'n
A ) =75%
: -6
i F:3X7O ohm.cm
J " h=0.33 watt /el °C
3
/
L/
| 4
!
i
”I T T T T T T T T T
0 3.5 1

Width of tape (cm)

Fig. 2.6.13% Variation of the maximum ampere-turnsin a tape coil

with coil width at constant maximum temperature.




wire Coils

wire coils heving two, four and eight leyers were wound with

-~

2k, 3.%.G. wire with the same outer znd inner diameters as the single-

0

layer ancd the tape coils. The characteristics of these coils are
shown in Tigures 2.6.14, 2.6.15, 2.6.16. The width of the eight-lz

coll is Smm which is the same as that of the tape. The coils were

cooled under the same cooling conditions s the single-layer coil;

therefore, at a weter flow of 3.5 litres/minute, the heat-transfer
.. . 2 o - ..
coefficient was 0.46 watt/cm”. C. From these characteristic curves,

results were deduced for the meximur: current density and ampere-turns

and compared with the theoretical values which are celculated from the
disc model (Equations 2.5.4 and 2.5.10). For the same power
dissipated in the double-laver coil and the single-layer coil 4, the
double~layer coil gives more ampere-turns at a lower current density

than the single-laver coll & when the maximum temperature is the same

in both cecils since they behave thermally the same; this is
explained by the difference in the width. Figure 2.6.17 shows good

agreement between theory anc experiment for the varistion of the

maximum current density in a wire coil with the number of layers

along the width. The disc model therefore seems an adecuste

description of coil behaviour. It can be seen that the current

density decreases repidly as the number of layers increase. It
should be mentioned that for the 24 5.w.G. wire the two terms in the
denominator of Xouation 2.5.4 are nearly equal when the number of

layers is eight. Below eight, the second term, which represents the

equivalent tape, is the effective one, while above eight the first -

term becomes dominant. Hence, there is no considerable advanﬁggg in

havine & coil of more than eight layers along its width, as can be
. NN - o
seen clearly in Figure 2.6.78.

The coils were wound on a brass ring mounted between two brass
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Fig. 2.6.14 Variation of the voltage with the current in ths

water-cooled double-layer wire colil of 24 S.W.G.
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Fig. 2.6.16 Variation of the average temperature rise with

input power of water-cooled eight-layer wire coil

of 24 S.W.G.
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formers. During the winding of the wire on the brass ring, it was

painted with 'sraldite' to avoid air voids. 1In the theoretical

>

calculations given in Figures 2.6.17 and 2.6.18 the effective
coefficient of thermal conductivity of the 'aralaite' and the
insulating enamel was taken from manufacturer's data as

3 x 10—3 watt/cm.oC. This is an aprroximate value only ané since the
wires are cylindrical, air spaces were almost certainly present between
the layers this will tend to decrease the thermel conductivity of the

o “'1\

7~ - .
C ). This uncertainty about the

whole coil (k. == 107" watt.on™ .
air

value of kin is the main reascn for the slight deviation between theory
and experiment. This method of coil winding differs from thet
described by Kroon (1968) and applied to electron lenses by Maclachlan
(1973) where the coil consisted of sub-coils wound on a former between
cooling discs.

The overall thermal conductivity coefficient, RC of the multi-
layer coil.(r1>2) can be derived from the disc model. It has been

shown (Appendix V) that for & wire coil with an even numker of layers

n
N e
- °o % 00 @ ® 01
(k) Kin o wi(a2) 2.6.10
even e
and that for an odd number of layers
2
%
(k ) = k.n 2 e s e o0 2'60,]1
¢ oda (=N -

These two eguations show that, for the same wire gauge, the three and
four layer wire coils (five and six, etc.) have nearly the same thermal
conductivity coefficient; hence it is important to use an even number
of layers along the width.

Figure 2.6.19 summarizes the important parameters of wires as a
function of wire diaﬁeter. This figure is useful in practical lens

- R .. .
design in determining the number of layers along a specific width, the
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Fig. 2.6.17 Variation of the maximum current density in a

water~cooled jﬂfSﬁﬁ@iWire coil with the number of
layers across its width at constant maximum

temperature.
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Fig. 2.6.18 Variation of the maximum ampere~turns in a

water-cooled 24 S.W.G. wire coil with the number of

layers along its width at constant maximum

. temperature.
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percentage of insulation and the thermal conductivity. This figure

shows that to ensure high thermal conductivity, as big a wire diameter

as possible should be used.
To illustrate the temperature distribution across the width of a
wire coil, consicer the S5mm wide, eight-layer enzmelled-coprer wire

coil (Figure 2.6.16). This figure shows that for multi-layer coils,

the rise in the average temperature above that of water is a linear
function of the input power as shown in Appendix IV. The coil is

cooled by a water flow (Tw= 15°C) of 2 litres/minute through a lmm

gap (Dh= 2mm). The heat-transfer coefficient calculated from
Equation 2.6.5 is 0.34 watt/cn.®C. The power required to raise the
average temperature of the coil 1SOOC above water is 700 watts. Since
the surface area of the flat faces of the coil is 35 cma,

g = 20 watt/cmz. Hence, the surface temperature is TS: ?QOC as

calculated from Zguation 2.1.1. A4lso since (T - T )= g(T - T ) where
* av s 3 ¢ s

Tav:1650C$ the maximum temperature Tczziooc at the mid plane of the

width is just on the limit of the insulation. However, this
| calculation is slightly pessimistic since it neglects the cooling over
‘ the curved edge of the coil. Figure 2.6.20 shows the parabolic
temperature distributicn across a wire coil 5mm wide. The temperature
difference (156OC) between the centre and the cooled surface is very
high compared with that of a comparable tape 2°C. The average
temperature of the coil is less than that of the tape shown in
Figure 2.6.11 when the maximum temperat&re T, is the same for both;
The power input to the tape was 20C0 watts.

An alterative method of finding the temperature differenge

between the centre and the cooled surface is to determine the thermal

conductivity of the whole coil. The accuracy of this method depends on
the accuracy of the thermal conductivity of the insulation which

accounts for about 10% of the coil width. It is the poor thermal
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Fig. 2.6.20 Temperature distribution across the width of the

copper wire coil shown in Figure 2.6.16.
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conductivity of the electrical insulation that allows the build up of

high temperature gradients along the width; this th

3 rmal conductivity

is smaller than that of the conductor by a factor 107 and the
temperature drop across the insulation is about 100 times greater than
that across the conductor. The 1atterrcan therefore be neglected. The
coefficient of thermal conductivity of the insulation is of the order
=5

107 watt ver cm per OC., kc is therefeore of the order 10~2 watt/cm.oC.

2.7 Comparison between a tape and wire coil

The ezmpere-turns efficiency of a coil is defired as the number of
ampere~turns NI gained per unit volume V. It can be seen from
Eguations 2.3%.7 and 2.3.13 that the ampere~turns per unit volume of a

coil is given by

‘ NI) = A
=y 2 tenee 2.7
k v D 2.7

B

.
E

quation 2.7.7 shows that for two identical tape and wire windings
having the same current density, the ampere~turns per unit volume of a
tape coil is more than that of a wire coil by the ratic of their
packing factors. Also Eguation 2.7.71 shows that coils of small mean
diameter have better ampere-~turns efficiency. This shows that the

Le Poole's mini-lens of a long solenoid has higher ampere-turns
efficiency than other types of lens windings.

)

Figure 2.7.1 shows the variation of ampere-turns with input power

=]

for a tape and wire coils cooled under the same conditions. The

percentage difference in the packing factors of the two coils is

. . . \ I\t - m
equivalent to that in their volumes, i.e. QKV)tape = \kv)wire. Thus

Figure 2.7.1 shows a good comparison between a tape and wire coil which: 
are identiczl in all aspects. The figure shows that for a constant
+the arpere~turns of a tape coil is always more then that of a

POWET,

wire and at a lower average temperature. Also for the same number of
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Fig. 2.7.1 Comparison between a tape coil and an identical wire

coil cooled under the same conditions.
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ampere~turns the tape coil requires aluays less power than the wire.
4t high power input the deviztion between the tuwo curves increases

where the ampere-turns of the wire ccil becomes approximzstely constant

with the increase of power due to the heating-up of the wire. Therefore,

ct

he ampere-turns efficiency of a tape coil is always higher than that of
an identical wire coil.

However, tape écils were not used in the miniature electron lenses
described here becsuse of the difficulty at present in obtaining
supplies of suitable tape. It is fournd more convenient tc use wire

coils since they are easier to wind and insulate.

2.8 Conclusions

(2) In ministure water-cooled lenses the heat-transfer ccefficient is

ju}
(o]
pr
6]
ct
H
Q
3
3
Tt
g
[N

ependent on flow rate, provided the water flow is
laminar or gquasi-laminar. Under these conditions there is very

little denger of mechanical vibration caused by the water flow.

{(b) In well designed coils, current densities normally associated with
superconducting region can be obtained from water-cooled copper

vire ccils.

(¢) In designing a wire coil it is important to have an even number of
layers across its width; this number should preferably not exceed
eight. Single and double-layer wire coils behave thermally
exactly as a tape coil. Therefore, to gain a large number/of
ampere-turns at a small power dissipation it is preferable to-use
a series of double-layer coils sepérateé from-each other bywwater

channels.

(d) & tape coil is always more efficient than the identical wire coil

when operated under the same cooling conditionse.
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3. DCUBLE-FCLE KCPATICN-FRER

The basic principles of double-role electron rmagnetic lenses have
been discussed briefly in Chapter Orne. Since most commercial
microscopes use double-pole lenses, it is relevant to consider the

le-pole rotation-free lenses. These consist of two

(;r'

properties of dou
double-pole lenses mounted in close proximity to each other and arranged
so that the ampere-turns of one oppose the ampere-turns of the other.

Hence the rotation procduced by each field will be equal and opposite,

9
=
i3
o
®
ot
oy
@
o)
02
}.. 1

te of rotation, © depends directly on the strength of the
using power of each of the two lenses on the other

hand depends on B~ and hence is independent on the direction of

N

rotation. The focal properties of a double-lens system having

)
/

’ i > are therefore the same as that with (NI)

PansS
-
N
AY
I
1
o~
-

1

The principal parameters of a2 magnetic lens are: magnification,

]

focal length, principal planes and the angle of rotation. The

magnification and the focal length of a double-lens projective system

3,1 Fapnification of a rotation-free projector lens

1 and L2

Consider the two rectangular field distributions, L
(Figure 3.1.1) of two double-pole lenses of different geometries and
different excitaticns. In Figure 3.1.1,,? represents the distance

L
: o b ae o : /? 1 1 2
between the centre lines of the two fields, i.e. :‘2 5T S .

The two fields represent the double-lens system. This double-systen

z=sumed to be used as a final projector lens in a microscope. It

is shown in (appendix ¥I) that by solving the paraxlml ray equatlom

r kzr = O for the trajectory of a parallel electron beam
R
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Fig. 3.1.1 Ray path of a2 parallel electron beam entering two
displaced rectangular fields which form the

double-lens system.
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Fig, 3.1.2 Variation of the magnification of a rotation-free

lens with the excitation function, O.

THECRETICAL CURVE

X EXPERIMENTAL POINTS

0 2 4L 6 8 1 12 1 16 1B 20 22 2
ae .
Fig. 3.1.3 The ratio of the first two maximum magnificatlogs

Ma/Ml_as a function of the j{'/{' ratio.
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entering the first field and projecting an ima

vhotographic plate, the magnification M of this double lens

n
g
0
o+
m
3
e
9]

given by:

I
o
o)
0
o
e
o)
0]
®
|
EEN

2, 5in 8, Cos €_-6 .L, Sin 6, 8in 6 —

N
=y
Ny

= =172
L
1 92 L1
2 9, Sin ©, Cos 6.+0. Cos 6, Si - §' 6 6. 54 Sin 3
1‘\~§? in @, Cos 2—&_}32 oS @1 Sin @2 ﬁ 61e2 Sin @1 in @2 evas Dola’l
] - T
pod L1L2

A

e
Py

. where 6 = 0,186 NI/V

Bquation 3.1.1 shows that when the two lenses are not excited, i.e.

~

NI = O, the magnification is unity as expected. The magnification is

is excited,

4
O
3
!..J
*LA
d
[e]
3
D
’_...l
o
=
n

incdeverident of the sign of 6 as expected. I

which is the same expression as that of a single projector lens.

®
Y

s

Zince the megnetic field is a function of the lens excitation, the

+wo fields can be made equal and opposite by having the ampere-turns of

both lernses egual and oprosite, i.e. (NI)W = .-(EEI)9 or 6, = -6, = 6.

Phis double gap system can thus produce an image on the screen free

from rotation. The magnification given by

€ Sin & Cos & - 2 Sin @ -
1 L1

c .4 Ly 5552
L

2, . vl
) ! r(l + u ) © 8in © Cos @ - e f 5in© 0 | eeces 30142 -
3 L, ' 1 o
12 = .

- .
“1L2

If the two conventional lenses are identical, i.e. L1 = L2 =iy 83

2 : o . P S L
where L = J & + 0.4532, the magnification M given in Zquation 3.1.2
shex =

can be written as

AS]
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;{ 3] G Q )
e 20 /£ , ~ ~ o~ - —
F = Cos 26 - \E + J T Lin 2 € T“g'*f” (f Sin @) svees Helo

where in thie case ¥ L, It should be noted that if the two fields

[
A
¢

are brought side by side such that F' = O, kgquation 3.1.3 beccmes

M

It
(@]
e}
9]
N
D]
{

¥ 3

which is the expression expected for a single lens with a field width

HE) 0

of 2L. 1If the second lens is placed near the screen, so that §' = O,
Ly

Zguation 3.1.3 becomes
M=Cos 26 -2 S5in 2 ©

by & single lens. If high

L)
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1

magnification is required, the second lens must be placed away from the

taired when

&

[e]

]
[ n
n

first lens and the screen. The raximum magniiicatio

N

the second lens is midwey between the screen and the first lens i.e.

Figure 3.7.2 shows the general shape of the curve given by Zouation
%.7.3. It should be noted that from unit magnificatiocn at 4 to the
first minimum at B, the tern Cos 26 is the dominent one while the rest
are negligible. From B, the (e Sin 20) term becomes effective and it
is always higher than the term gt ﬁ”(@ Sin ©)°., a4t C the first
mgximunm megnification M1 is obtained; and due to the effect of the

2

Sin”6 term, then the absolute value of E1 can approximately be wiritien

as

T A -~

P .
The Sin“0 term increeses considera

magnification until it becomes the dominant

point &, the second maximum megnification M2 is obtgined gh?rg‘

%'Mf‘g ~4 8 (e sin o)? . 3015
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two maxima M. and is given by

25 C2fr (e sin 00)° 7]

=t i veees 3.1.6
(@f + 4"y | Le' sin 2o B
LA + s >t { ot Ja VT 2 T 1 [ASN o) 1-\\
The term {28'(&" 5in €7)°/1L6 5in 26 | depends on the lens

2

geometry and is therefor

o

¢ a constant for a specific lens arrangement.

couation 2.1.6 shows that, for a given lens system, the ratiO%MZ\is
1

approximately independent of the lens-to-screen distance f” when the

- . 1. . ; s
field seperation { is small compared with Zﬂ”. Figure 3.71.3 shous

that tﬁel% l ratio is incependent of {" when 9“'{ ;;,6 for the same

lens systenm.

3.2 Focal length of a double-pole rotation-free vrciector lens
The focal length of a double-gap projector lens can be derived

from the paraxial ray ecuaticn. Considering

ceees 34247

lens is independent of the field direction. For a double~-gap rotation-

free lens, where @1 = -@2 = ©, the focal length becomes

Fxj

ions 3.2.1 and 3.2.2 show also what is exp ected elQCtr0n~

optically that when NI = O in both gaps the refractive power of the

i F = o0, Considering the case when both
iee. F f2)

£

thole system 18 2€r0,

g =Tee seguaidem N
--[3 + 7 \ & sinze -+ (0 sin 0?2 | veenn 32202
= L " _}:‘; ’ 2 -’—’1 2 e . ,L. ’

Equation 3.2.71 shows that the projector focal length of the double-gap
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fars are 1centical, i.e. L1 = LE = L, the projector focal length of
this rotation-free lens is
. ’ e =]
- 9 .. v 2
F o= - E.E Sin 20 - AE (@ 5in €) ,! I PR

Kormalising the focal length in terms of the gap width L, Zguation

N
[
=

F“\ -1
( f;): ¥ - ceoses B

3 . - ~ { . - s )
where the relative projector focal length (F /L) is plotted as a
function of the excitation parameter NI/Vv

6. - \ - NP .
A ratio. it can be seen that for hL/VrE increasing from zerc to say
-

<

15, two minimum values of I appear; one is negative, giving rise to

[N

t

by

e Tirst maximum magnification M, at C in Figure 3.7.2 and the other
is positive and small where the second maximum magnification M, at &
is obtained.

. X T s oA - . o .

should be noted that f ‘L = i.e. Y/L = Egquation

It should b ted that for {/L = 0 (i.e. X/L = 1), Equat
3.2.4 reduces to that for a single projector lens of gep width 2L;
and Figure 3.2.71 shows that the first minimum velue of FD/L is one, at
q . = =
. . - ; . s 7 . . - .

an excitation KI/V_* = 5.3. As the ratio of J/L increzses, the value

of the first minimum (FP/L) increases linearly (Figure 3.2.2), while

the second minipum (¥ /L) decreases, Figure 3.2.3. The excitation
+ el

1

paremeter ﬁI/Vr? required for minimum (FP/L), decreases as the rati
of ,?/L increases, Figure 3.2.4%, and as .fyL;?6, (Fp/L)min in both

v 75
loop becomes nearly independent of NIb/Vrf,

Figure 3.2.2 shows that the first minimum projector focal length
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Fig. 3.2.1 Variation of the normalised projectof focél léngth:

‘ - 1. ,
FP/L with the excitation parameter NI/V? for

different ratio of {/L at the first two loops.
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the focal length

f of the first lens is also ecual to the projector focal length of
the rotation-~free lens, (b) the second lens is located at the foca

point of the first lens and (¢) the image is inverted and at its first

i

meximum megnification. This imare is expected to be distortion-free

according to Hillier's thecry which was discussed in Chapter Cne.

in light optics, the general equation which represents two thin

)
. . . 5 . 4
lenses in air of focal lengths f1 and f2 separated by a distance A

A

g T Iif

Y

+l
! £

where ¥ dis the foczl length of the combined system. In electron

considered as thin lenses. If the lenses are identical with

(NI), = -(HI)_ thus f

- =f,=f ., But f :.X at the first maximum
1 2 1 2 P P

o . , . 7 . . X
magnification; hence by putting ‘4 for f1 and f2 in the above

. N =7 . .
ecvation, the combined focal length ¥ :,/, as predicted in the

previcus theory. Therefore, in the first loop, the projector focal
length F_ of the rotation-Iree lens can be determined by using the
Y
. v u - 204 j -
above ecuation and conditions. ence F, = fp /(afD ~-A ) applies up

§ . e . )
to the value of fD = &/2 where FD will be infinite i.e. the bean

leaves the last lens parallel to the optical axis as can be seen by

the ray diagram shown in Figure 3.2.6.

it bigh excitetions, the term Sin 20 in Equation 3.2.4 is,sma;l_j

.2 - .
compared with the $in"6 term; hence the equation can be reduced

to
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Fig. 3.2.6 Ray path of a parallel elector beam passing through
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Fig. 3.2.5 Ray path of the electron beam when the rotation-free

lens is at its first minimum projector focal length.
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focal length (telescopic ray path).
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the fields of a rotetion-free lens at an infinite = =




Foo= , ceeee 3.2.5

L.
and f = u-ii-~ hence
o, Sin € * T

Since the projector focal length of the two double-pole lenses is given
1

» = T s ec oo /77«,2-:6

This applies only at high excitations near the second minimum focal

length. Hence, Zquation 3.7.5 can be written as

?
"
\N
L3
n
L
~3

2 A 7 i‘ - v e e 29

hat ¥, is approximately ecuazl to the product of

the two geps. 1f the two pgaps are identical in

geometry and excitation, i.e. T = f = fp

Pq Fo
O - B 8
(*p)min = (ID min cesse HaleD
ﬁ‘
and
(1) ceeen 3.2.9

max = Q”/(Fp}

min

Equations 3.2.8 and 3.2.9 are very useful in calculating the minimum

focal length and maximum magrification of a rotation-free lens whose

Universal curves of the rotation-free projector 1ense5wforpthe;fj

iy

first two loops are shown in Figure 3.2.7. The figure shows the =

L
[CRE=RVAR

]

ive focal length (Fp/L>/(F;/L)min as a function of the relative

ceitation NI/NIO’ where NIO is the excitation reguired to cbtain the

0]

minimum projector focal length, at a given accelerating voltage.
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Fig. %.2.7 Universal curves of the first two loops

double-~pole rotation-free lenses which have §/14>3~
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m -4 J - 1 2

These curves include all conventional double-gap lenses whose XL
ratic is greater than unity. In fact there is no acdvantage in having

. o N —-—

a rotation-free lens whose X/L ratio is one. In practice, such a
lens will suffer from field interaction; it can also be difficult to
construct. Hence, from a practical point of view, the ratio X/L will

renerally be greater than cne.
g

3

h

[

abie 5.1 shows the computed results of the minimum values of
(FP/L) at the first six loops and their corresponding excitation

parameter NI /V 2. It can be seen that for a specific ratio of {/L

|

the values of Fp/L)m n decrease with the increase of NIO/Vr'. Loops
i

P

o]

i
1, 3 and 5 i.e. when (FP/L) is

a
H -
with the increase of Q/L ratio while NJ.O/Vr2 decreases. Loop 6

. N e . .
egative show tnat(r /L) . increases
i®) min

Do . . .. ,
shows that when JX/L 2L, (F/L)m.n will occur at the same excitation
i

3
parameter NIO/VT2 = 43,
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Loop 1 2 3 b 5 6
(%P)min -1.1 0,415 -0.253% | 0.1612 -C.M12 1 0.1156
{1
L 4
NIO/VTZ 5. 3,2 21.h 29.8 38.2 LE,6
/ (F /L) . 1-2.051{ 0.19 ~1.085 | 0.0386 -1.031 0.01526
j > P min
NIO/VTE 3.8 12 18.2 27.2 34,6 Lz, 4
(B . |3.03 |0.1184 -2.056 | 0,025k -2.05 0.00783
_ Tr min
[ 3
L 1
NIO/Vr2 3.2 1.6 17.6 26.8 34,2 43,2
(F) . h.03 |0.0855 -3,032 | 0,0139%4 -3.07 0.00526
=D min
(9 L i . .
L A
Nzo/vr2 2.8 1.k 17.4 26.7 34 Lz
(F) . [5.02210.668 “baph L 0.0105 b4 0. 00k
g "“L“p min
A5
- 1
RISV Z |2k pi2 17.2 | 26.6 3l 43
= a - Iy} - 193 -
(%?)min 6.016 | 0.05475 5.02 0.008476 7.369 0.00317
a2
MO/Vr2 2.2 f1.2 17.2 26.6 33.8 43
Table 3.1

Computed values of (Fp/L>min and their corresponding excitation

1 . o
paremeter NI /V ? for the first six loops at different ratios of y/L.
o r
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5.5 Thickness of the central pole of a rotation-free lens

The two lenses forming the double-pole projector doublet are
separated by an iron plate which is common to both lenses. Since the
flux of both passes through it, it is important to choose its

thickness correctly in order to zvoigd magnetic saturation. Figure

fot
[

on o

»

5.3.71 shows a simple construct a doublet. For simplicity let
all bores and gaps be identical and the flux density B’o in the gaps
be uniform. If this double lens is operated so that (NI)1 = +(NI)2,
the flux from one gap will oppose the flux from the other in the
central plate regionj therefore, there will be no problem of
saturation. If the double gar lens isgoperated in the rotation-free
mede, the two fields in the gaps oprose each other and the flux in the
central plate will be doubled as shown by the dotted lines in Figure

My oo S 5 s 5 H : ™i 2
3.3.7. The flux £ in each gap out to a distance, D' is T7(D'/2)° Bp.
Neglecting the leakage flux, the total flux entering the central

. Y] . -~ $ o} 2 ™ 4+
plate out to D' is 277(D'/2)“Bp. Thus the flux passes through a

cylinder of diameter D' and height d which gives a flux density B' in

the central plate of

2

22 B/ (T @)

w
0
V3 Lw)

i.e. the plate flux density at D' is D'B/2d. Bp in gauss is given by

LT NI
P = 90° 5

where NI is the ampere-turns in each gap and S in centimetres. Hence

the plate flux density B' at D1 is

' m D NI
B- = = “ =
¥ a4 S

lon]
i

v _m (/) nI ceeee 32341
or 5

. a ° (s/D)
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Fig. 3.%.1 The polepieces of two identical lenses with equal

and opposite flux densities..




1

Lguation 3.3.7 gives the flux density in the common pole in terms
of the lens geometry. If the maximum permissible flux dgensity in the

central plate is (B')max corresponding to the maximum ampere-turns in

i

each gap (NI s the plete thickness d in centimetres is given by

max

- NID

‘ (D'/D) ( max -

d > 0063 5/1-) @ (B'\) ® % 60 e BOBOC
max

where B' is in geuss. ZEquation 3.3.2 is very useful in the design of
double-pole rotation-free projector lenses. If the two lenses are
designed to operate at an accelerating voltage of 100 kV, (NI)max will
be about 45C04.t, also taking the maximum permissible (B')max as

i

15000 gauss (1.5T) and the minimum value of (D'/D) being 2, hence

3.8
a 2 (5/D)

Thus the minimum value of ¢ for a lens of 5/D = 1 is 3.8mm, a

conveniently small value.

'n experimental double-~pcle miniature rotation-free lens

'y

3ok

3ince many commercial electron microscopes employ double-pole
lenses although not in the rotation-free mode, and usually operate
at an accelerating voltage of 100 kV, a 100 kV, miniature, double- -

pole, rotation-free projector lens was constructed and tested. -

Lens design

The miniature rotation-free lens consisted of twovidentigalg

lenses. Figure 3.k.1 shows a cross-section of theiﬁwo légS%s mounte
in close proximity to each other and their Win@ingéi§§ﬁ§ég§§
series opposition so that the composite lens is free from image'
rotation. ZXach miniature lens has two pole-pieces of gap width

S = 3mm and diameter D = 2mm, (/D = 1.5). The calculated minimum

111

projector focal length of each lens is 1.8mm, The distance,~47,
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Flg. 5.4.1 Cross-section of a 100kV miniature rotation-free

lens. Scale: full-size.

Fig. 3.4.2 100kV miniature rotation-free projector lens.




A

tetween the centre-~lires of the two geps is 20mm. The effective focal

Iy

length of this rcotation~free lens is 0.17mm as calculeted from the

sguation 3.2.0. w~ince the width of the rectanculasr field in ezch £21

is L = 3.35mm, the ratic of g/L 5 6, which gives (¥ /L)Vi“ = C.05

. ad
as given by Figure 3.2.1. TFigure 3.4.2 shows a photograph of the lens,
whose height is 4Cuom and dizmeter of 50mm; the lensgth of the match

is excited by two coils which provide sufficient

ion for operation up to an accelerating voltage of 1CCkV. The

~

acdvantage of two coils is the reduction in temperature as was shown in

T

wo. lach coil is wound with 24 S.#.G. (0.56mm diameter)

insulated copper wire and hzs an inner diazmeter hﬁ = 1

2imm and ocuter

dismeter U, = 3dmm, (D )1 = 32,17}« The ccil has eight layers of wire
< fad -
along its Smn width. The number of turns in each coil is 121 turns;g

this makes the total number of turns in each gav equal to 302 turns;

O
™
s
[w2
0N
-
e
-
O
=
=3
0
[aH]
o+

sere-turns. The resistance of each ¢

number of

j3V]

On . . . , . R
17°C and hence the total resistance of the coil of the rotation-free

lens is L.4 ohms. A1l the coils are in direct contact with the
cooling water which flows through a channel of one millimeter height
all around the coils.

The thickness of the central plate is 6mm, (See Xouation 3.2.2).
Since the outer diameter D' of each pole-piece is 10mm with a bore D
of 2mn, hence, D'/D=5. Assuming thét the ampere-turns in each gap is
45004-t and the maximum permissible flux dénéityvin the central plate
is 1.5 tesla, the minimum thickness d of the*platelshould be bmm. In
practice, the maximum permissible flux density céh be higher than
1.5 T and the ampere~turns required are less than 45005 thus the -
vaelue of the plate thickness is on the safe side. & hole of Smm in

. R ~ e s 3 i 1 he
diameter was drilled in the central plate in order to allow for the
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Fig. 3.L.3%3 The miniature rotation-free projector lens mounted
on the optical bench of the 'Intercol! electron

microscope.

Fig. 3.4.4 The imaging system of the ABI-EM6 microscope where

the lens Pz will be replaced by the rotation~free

lens.
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water circulation from the upper lens to the bottom one. The effect

of this small hole on the msgnetic circuit is negligible.

Lens stage

he rotation-free projector lens was tested on two electron-
optical benches. £ primary test was performed on the 30kV 'Intercol’
type electron optical bench using the electron gun only, (Figure
3.44.3), which illuminates & specimen placed close to the first gap.

The screen was mounted on top of a round iron tube 150mm long. The

lens successfully projected rotation~free images at 30kV with the

[N

ratio of the tvo maximum megnificetions being 900:9 i.e. Mz/quioo.

This experimental result is shown in Figure 3.71.3 for the ratio of
The most important test of the lens was that performed in the
100KV-:M6 type electron microscope. The imeging system of this

T

igure 3.4.4., The rotation-free lens was

v

microscope is shown in ¥
designed to replace the final projector lens (PZ) of the microscope.
First, a special stage was designed, (Figure 3.4.5) to occupy
the space formerly occupied by the second projector lens. It
consisted of tweo iron discs separated by four iron pillars suppor§igg
the whole electron-optical column. The front righthand-side piliar
was designed to be removable (Figure 3.4.6) in order to have a»la?ge;(

space for inserting the lens between the tuwo iron discse. The*ﬁygce;*.

between the lens and the two iron discs was filled by tyd{braésif

discs as shown in Figures 3.4.5 and 3.4,6. The lens bou1d b@»a;ignga

by the four pillars, Figure Z.4.7. The lens cooling system of ‘the

original final projector was used without modification. 4n external
current supply capable of delivering up to 10 amperes was provided to

energize the windings of the miniature lenses.
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Fig. 3.4.5 Cross-section of the stage which replaced the finaf

projector lens of the EM6 microscope.

Fig. 3.4.6 The miniature rotation-free lens and its special

stage replacing the final projector of the EM6

microscope.



Fig. 3.4.7 The EM6 electron microscope with the miniature

rotation-free final projector lens.




rocal yproverties of the miniature rotation-free lens

The important lens properties to be measured are magnification,

focal length and image rotation. Careful experiments showed that the

image rotation had been entirely cancelled. The magnification was
measured at 75kV by illuminating a copper grid placed in the position
of the selected-area aperture of the microscope, all other lenses

i pa

were switched off in order to provide an essentially parallel be

(D

anm.
Figure 3.4.8 shows the magnification characteristics of the rotation-
free lens as crlculated for the EM6 microscope imase throw ({"=380mm)

using a ''rectangular-field™ model. The corresponding experimental

results are in very good agreement; the top magnification is more than

The magnification curve of Figure 3.4.8 is plotted apainst the
excitation parameter mI/V ¢ where NI is the number of arpere-turns in

each lens oi the unit and Vr is the relativistically corrected

accelerating voltage. At the first maximum (20%), the radial and

spiral distortion is completely corrected and the imapge agpears

4 . " . o
2
ES

inverted as shown in micrograph A of

= “igure %.4.8, as predicted

&

theoretically. One other important property which is shown clearly

in microgzraph 4 is the large field of view. The micrograph shows an

ares of dismeter 720 amm, completely distortion-free and at a very low

magnificetion which is not obtazinable in conventional lenses.

At high megnifications, the distortion characteristics are
determined by the distortion coefficient of the last lens in the chain
and in this respect the unit does not giffer from a convéntional lens.
This is illustrated by the micrographs B, C and D of Figure 2,4.8 in

which the complete freedom from lens rotation of the erect image may

be observed. Below a megnification of 150X, the distortion becomes
intolerably large. However, since the ratio of the tvo maximuam

magnifications is more than 100:1 Figure 3.4.8 shows that a high
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Fig. 3.4.8 Variation of the magnification of the miniature

\
rotation~free lens with excitation parameter NI/V? .

The micrographs show the absence of image rotation.
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Fig. 3.4.9 The rise in voltage witb time when a current of ten

amperes is passed through the coils of the miniature

rotation~free lens.




range of magnification can be cbtained with negligible distortion.
This value of M_/¥, is shown in ¥igure 3.7.3% for ti ati
1 k1S shown in ¥igure 2.7.3% for the ratio
v/ o oy N o .
4 /X' = 17. The maximum magniiication of this lens is more than ten

times higher than that of the origiral final projector lens of the
EM6 microscope while its volume is twenty times sraller. On the
other hand it consumes ten times more power. In practice a balance
must be sought between these conflicting factors in a particular

designe.

if the lens is cperated
ten amperes which means that
LOOO&-t. Firure 3.4.9 shows

at 1CCkV it will recuire a current of
the number of ampere-turns will be about

that at a current of 10 amperes, the mean

. . . . . Q ~ - ~
temperature rise in the coils is about 100 C, a perfectly safe value.

The heating-up time constent of the wirdings is of the order of ore
e . . . . . s . 2

minute. “The current density under these conditions is %CCCO amp/cn

at a water flow of 1 litre/minute and a total power conumption of 550

watts. Ghe mean temverature and hence the power required can be

reduced ii the two lenses are cooled separately. with the arrangement

adopted

of the upper two, which is the main rezson why the twvo lenses are not
connected in perallel, since the ampere-turns in both lenses will not be
equal,

The focal length of the

3,4,10 as a function of the excitation parameter NI/V

good agreement between theory and experiment.

abvout 2Cmm.
is ten times
projector

practical

lens of the microscope.

rotation-free lens is shown in ¥Figure

1

<=

r

It shows

The first minimum

M

:

he effective focal length of the lens

less than that of the original

Hence it is possible to design a

lens unit which has a very short focal length vhen it is
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Fig. 3.4.10 Variation of the projector focal length of the
miniature frotation-free lens with the excitation
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z
parameter NI/Vr .




overated in the second loop of the curve and a lonz focal length

.
B
o
)

o

It is often cdesirable to have a double-pole rotation-fre

1

projector lens with an effective focal length comparable with those
used in commercial micrcscopes i.e. of the order 1-2mm. This is now

~

feasible following the successful use of water-cooled flat helical

t=h

coils and rctation-free lenses. The dimensions of such lenses should

be large so that the square of the focal length of each of the two
gaps is of the order of the gaps's centre-~lines separation. ¥or

example, let the required rotation-free lens consist of two identical

double-pole lenses of 5/D = 1.5, If the bvore dismeter D is 1Cmm, the

. o o . . - " o P
gap width 5 of each lens will be 15mm. Hence L :j 3% + 0.56D° = 16.8mm

f = 0355L = 9’2an, ioe.

ol 2 . o msma s . e e 7
< = B5mm~s To zvoid any kind of field interaction, the distance A

between the centres of the two gaps should be greater than L. Let

w? =3L=50mm. <Therefore, the effective projector focal length of this
- ~ 2,7 .
rotation~free lens will be FP:IP /¢ =1.7mm which is ¢f the same order

as that of the final projector lens of the LIM6 microscope. The value
can be reduced Ifurther if,lyis increased; it becomes Tmm vhen
) .

fzz85mm, The size of the lens will be smaller than conventional ones
with the practical advantage of having large bores, giving rotation-
free images. rurthermore this lens will have a distortion-free image
at a very low megnification since F§= 4?is large in this case.
However, if the 2mm bore and the two 3mm gaps of the experimentally
tested rotation-free unit are scaled up three times, 1.e. S:9mmréﬁd
D=6bmm, the projector focal length, fp of each of the two lenées wiil‘
become 5.5mm and the effective fecal length, ¥ of the new ro*atlon-

P

rotation-free

’TS
&

2 /'\ . 3.
free lens will be (5.5)7/20=%1.5mm. Thus, the
unit can elso be designed for a focal length comparable with that of a

conventional lens, but with a wide bore, typically with a diemeter/
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Tfocal length ratio of four to ocne.
The focal length can be vzried to any desired value by changing
the dimensions and the ratio of 8 and D. In particulsr, for a lens

of a specific focal length end pgeometry, its focal length can be
The ray trajectories of a parallel beam distant r above the

calculated by assuming thaet the two fields have a rectangular-field
distribution. The maximum value of the magnetic flux density was
calculated for the 4COOA.T. required at an accelerating voltage of

100KV, ieee B =1.44 Tesla which is less than the saturation limit of
? o)

the iron. Figure 3.4.11shows the ray trajectories of the electron

2

beam at Gifferent excitations; the first maximum magnification cccurs

ol

at NI/Vr between & and 3 as it waes confirmed experimentally. The

IRy

2l

ification occurs at NI/V between 11 and 12 where

second maximum o

-

the beam emerges with a maximum slope and positive r, i.e. erect

image.

3.5 Conclusion

s
&
ot
’.J
o

ee

=4
.
b
W
9]
o

1 shown, both theoretically and experimentslly, th
is possible to construct double-pole miniature rotation-free lenses.
The size of the lenses is very small compared with conventional ones
and thev have very useful focal properties which are not met in single~

7

gap lenses. Miniature rotation-free lenses of large bores and gaps can
designed for use as intermediate lenses. It is therefore possible -

e g ¥ €

to consiruct a rotation-free projecticn system which is small in size

but with lenses still having the same basic design features of

conventional lenses.
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Fig. %.4.11 Ray trajectories for a parallel beam of electrons

entering the fields of the miniature rotation-free

. 12 \
lens, drawn for different values of NI/VQL as shown

in small squares for each corresponding ray.
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L, 5INGLE-PCLE ROTATION-FREE LINSLS

AN ~ -
xel) lenses are & new type of magnetic lens.

Like 2ll magnetic lenses, they suffer from spiral (rotational)

Q;

ortion. OUne method of reducing spiral distertion is to have a

double lens system which has (EI}1 = -(NI)
[

{ 4 double snorkel lens unit has been designed. Its focal
properties as a decuble and single lens have been studied practically

and theoretically. The focal length of a srorkel lens is a function

of a number of factors such as the outer and inner diameters of the

coil and the geometry of the snout.

Ik ,1 Foczl lenzth and magnification of a single projector lens

Suppose an object is illuminated by an electron beam from a source

at a distance u from the projector lens, Figure 4.1.1. The lens

projects an image of the object on the screen which is at a distance L

from the lens. it is shown in (Appendix VII) that the projector focal

length is given by

p = T 5L+ reeee 1T
app ©

where So is the distance between the source and the object and Mapp

is the apparent magnification of the lens which is equal to the size
of the image on the screen divided by the size of the object. Mapp is
called the apparent magnification because it is not the actﬁalv

magnification of the lens since the object is enlarged by the

illuminating beam before being projected by the lens. The actu31 

pagnification I of the projector lens and its focal length are

related by the following equation (Lppendix VII),
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Screen

Projector
Object &M
l
\\\\\\\\&\\\\\\ Optical Axis
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Fig. 4.1.1 Single magnetic lens projecting an image on the

screen of an object illuminated by an electron

source,
Screen
% H
oy { L —_—
Lenst Lens 2

Fig. 4.2.1 Double lens unit consisting of two identical lenses

projecting an image on the screen.

Screen

Opticcl Axis

{ NP L
!

Fig. 4.2.2 Trajectory of paraxial electrons through a double-

3
i
t
I
I

lens unit excited to give the first maximunm

magnification where the projector focal length of
each of the two lenses is equal to separation of

their principal planes.
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£

i = T e Lo1.2

P g (M+1) + L .t
since fu = M S . If the object is illuminated by an electron bean

oo fo Ao

travelling parallel to the optical axis, M will egual the actual

. . L

D 144‘1 6002 1’1’.1.5

Lguations &4.1.1, 4.1.2 and 4.1.3 are very useful in calculating the

projector focal length of any single lens from the magnification.

k.2 ¥oczl length and marsnification of a double projector lens

w
B

Consider the double projector lens unit shown in Figure 4.2.1.

identical in geometry and ampere-turns, and

{1
o
Q
O
3
9]
)._J
[6)]
o
1433
@]
e
oF
S
}_-.J
0]
=
n
[0]
]
‘.J

assumed tc be thin lenses such that their principal planes are
separated by a distance,g . The unit refracts an electron beam from
a source &t a distance u from the first lens. 'The beam is incident
on a screen at a distance L from the second lens. It is shown in

Appendix VII that the magnification M of this double projector lens

is given by

L 174 p L

1’ _ 1 +/‘ — "‘“‘“L — 4 /{ + ZL} e m—— TR )'4‘02-31
u fp fa
P

However, if the electron beam is illuminating an object at a distance
S from the source as that shown in Figure 4.1.1, the actual
o

magnification, ¥ of the double lens is related to the apparent
) T
magnification M by the equation M = K L =2
gniz P Papp | app® 0
If the electron beam is parallel to the optical axis i.e. u.is

infinite, Bquation 4.2.7 becomes

M = 1 - igig& + 4&% ceees Ho2.2
£ f

p b
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Lcuation “.c.c gives the following informeaticn

(1)

(ii)

(iv)
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1

I

T oy, _ . - . - + T
If the lenses are not excited, i.e. (EI)1 = - (N¢)2 =0, f
is infinite and hence M = 1 which is exactly what is expected

electren-coptically.

1 is differentiated with respect to f for maximum or minimum,

. C o . . L cXL - - .
a maximum magnification is obtained when fp :if§§i' Since 2L is

[

usually large compsred with ,? s I approximately equals /f and
P

N - ~ -L .
hence M =— —~, These expressions for f and M mean that:
max  § N P max

(a) the second lens is approximately in the back focal plane

It

o}

P

e Tirst; hence it corrects the aberrations of the
first and the combined focal length of the syestem is
also f N

(b) from the negative sign of the magnification, the image is
inverted (Fipure 4.2.2) and

(c) this first magnification is independent of the lens bore

or geometry, it only depends on the distance of separation

dhen fp is minimum, a second maximum magnification of the double

lens is obtained and approximately given by

o AL
max £ 2
Y

ceves 2.3

which is the product of the maximum magnification of each
individual lens.

There are two values of fp for every value of If given by

- ({+21) = J(z§+2L)2 - BFL(1-M)
p 2(1-1) _ e
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when ML 1, fp becomes

£ =
P 2
Since L is usually very large compared withlf , hence
o Jren) T o
I ——
P 2
such that (f >(-"-¥f L (Figure L4.2.3) and (fp)?ﬁ?/a (Figure L.2,4).

o]

In fact (fp>2 is slightly less than /2, but when it is exactly

f?z the magnification is (-1) and an inverted image is

obtained Figure &4.2.5

The information given in Sections 4.1 and 4.2 applies to all

&

kinds of geometries of magnetic lenses.

L,3 in exyerimental single-pole rotation-free lens

4 minizture double-snorkel lens was designed to operate at 30KV,
Its design is very simple as shown in Fipures 4.3.7 and 4.3.2. It

of the single~pole type mounted back to back

]

consists oi tvo lense
and made of soft iron except the upper and lower lids and the water

pipes which are made of brass. The whole unit is 50mm in diameter and

25mm thick and has a hole of 4mm in diameter bored through the snouts

which are 1Smm apart. =Zach half of the lens is excited by a single

coil of a 2b SuG (0.56mm diameter) copper wire. The coil has an

outer diameter of 37mm and 12mm inner diameter; its width is Smm

which has an even number (eight) of wire layers along it. Xach coil
. . O : .

has 175 turns ané resistance of 1 ohm at 15°C and are connected in

series in order to produce the same number of ampere turns. The

cooling water which flows in trhe inlet pipe is divided into two as it

enters the lens; so when & litre/minute of water flow in the. pipes,

each coil is cooled by a flow of 1 litre/minute through a 1mm channel

) I i . - \ Sy s
all around each coil. The ampere-turns required from each coil is
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Flg. L.2.3 Ray path of a parallel electron beam entering a

double lens unit when the projector focal length of

each lens is approximately 2L.

Screen

Optical Axis |_ .. L .._,: //
2 ! T

—— L ”

‘ Fig. 4.2.4 Ray path of a parallel electron beam entering a
double lens unit when the projector focal length of

each lens is slightly less than_fya.

Screen i

— e
\ Optical Axis

Fig. 4.2.5 Telescopic ray path of a parallel electron bean
entering a double lens ﬁnit when the projector focal

length of each lens is Y/Z.




2 18mmZimm 25mm

4

v

Brass Lid

Fig. 4.3.1 Cross-section of the miniature 30KV double-snorkel

lens. Scale: full-size.

Fig. 4.%.2 One side of the miniature 30kV double~snorkel lens

with its brass 1lid.
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2500 A-t in order to operate the lens at 30 kV. For such an

~

excitetion (I = 14 amps), the whole lens consumes & total power of

[}

EOWY 1t 3 ~ ~ PN [e 3
500 watts and the average temverature of each coil is 1CO°C at a

"
1

litre/minute.,
A magnetic test was carried out by exciting one half of the
double lens. The axizl magnetic field was measured by a small hall-

probe detector. The maximum flux density was at a distance of Z2.5mm

from the snout' urface. At this position the magnetic saturation

S gn

<]

test (B-H) curve) has shown no sign of saturation at the 2500 A-t

and the maximum magnetic flux at this excitation is 0.3T (3000 gauss)

L. L4 Focsl properties of the single snorkel lens

The minimum projector focal length of any lens can be determined
from its field distribution. By means of the Hall-probe, the field

distribution of the single snorkel lens was measured at.2500 ampere-

£3
i L

1d at a distance of

[0}

turns, risure 4.4.1. 4s the probe measures the
1mm from its tip and since its diameter is greater then the bpm of the
bore, the field distribution could only be measured up to a distance
of 1mm from the snout. Figure 4.4.1 shows that as the probe is moved
away to the right of the smout, initially, the magnetic field
increases sharply and approximately linearly until it reaches the

2

maximum. £5 th

@

probe is moved further away, the field starts
decreasing until it becomes exponential as shown by the straight line
in Figure L 4,2, The exponential part of the curve can be used to .
determine the minimum projector focal length. #s shéwn in
Figure &.4.2, (fp)min:h.Smm. 4in approximate value of (fp)min
obtained by finding the distance between the positions of the peak
and ite half value for which Figure 4.4.2 shows a value of Smm. The

gshape of the field distribution curve shown in Figure 4.4.1 is

characteristic of all single-pole lenses with a bore in their snout.
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Fig. L.4.1 Experimentally determined axial flux density
distribution in the single snorkel lens of the 30kV

double lens.
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Fig. L4.4.2 The exponential part of the axial flux density
distribution, in the single snorkel lens, shown in

Figure L.4.1.




he field to the left hand side o the snout surface drops steeply an

Q.

was assumed to be linear (Figure 4.4.1) and terminztes with a small

|

tail such that the area under the curve agrees to within 1C. with that
calculated irom the excitation ALNI,
o)
The variaticn of the vprojector focal lensth with the excitation

A

“ipure L.4.3., It shows good egreement

—

e}
Y
3
4]
b
o]
]
:
~.
s
'_J
cj\
4]
o
Q
3
).J
]
+

ngle lens.

1

between the computed ard the measured fcocal length or the s

electron~optical bench

b4

on tihe Interco
in a similar way to the test that was done on the 100 kV double lens
shown in Figure 3.4,3. The focal length was determined from

Equation 4.1.1 by reasuring the magnification when the lens nearest to

the screen was excited. TFigure 4.4.3 shows that the measured minimum

a
focal length is &.5mm at NI /V 2 = 14,5, This focal length is of the

“order of the snout's bore but it occurs at a higher excitation than

ig
that recuired for double-pcle lenses.

W“hen the experimental results are normalised in terms of the
parameter fn/(fp)rip as a function of NI/EIO, the focal proverties

conform approximately to the "universal' curves (Figure 1.2.7) as

shown in Figure 4.4.4, which were calculated for double-pole lenses

o~

of differen A good check of any experimental resulis is

i - . AY
the value of f is nearly twice (£ ) . ;
or P p min

this can be seen very clearly in Figures 4.4.3 and L.4.h4.

4,5 Focal properties of the double~snorkel lens

. . . . +
double lens can be excited in two medes 1.e. (RI)1= - (NJ%.
In both modes, the lens will have the same focal length at a given

3

excitation. The projector focal length of this doublet was

*d

(&

calculated by messuring the magnification of the prejected images in
the Intercol electron optical bench at 30 kV.

Figure 4,5.1 shows the focal length as a function of the
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Fig. L4.4.3 The computed and experigentally measured projector
focal length of single snorkel lens as a function of

1.
the excitation parameter NI/V?.

T T 1
0 0.5 10 15
NI/NI,

Fig. L.L4.4 The focal properties of the single-pole lens conform
approximately to the “uﬁiversal curves' calculated

for the double-pole lens.



101

(ox}
!

1 i
e 0O

NI/ Ve

i
Eas
1

Projector Focal Length, mm
LS

{
o
1

LN
N
1

~16 -

.._20_

-2/ -

_.28.;

Oy efmsmmens

Fig. 4.5.1 The focal length of the 30kV miniature rotation-free
snorkel lens as a function of the excitation

;
parameter NI/VE.
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a
excitation parameter WI/V < he first minimum focael length
r 3
=) 2
(F ) . at KI/V 2 = 5 is 20mm which is of the same order as ti
p’min 1 & SN 5 is 20mm which is of the same orcer as the

separaticn of the snouts. st this focal length a distortion-free

inverted imape was obtained since the second lens is in the back focal

ot

plane of the first and the focal length of each of the two lenses is

also 2Cmm. The second minimum focal length (¥ ) . . is imm at
P min 2
.

NI/VTZ = 14.5. Hence the minimum focal length of a double snorkel

lens can be approximately determined from the eguation

] - 32
(¥ ) o>~ (£ .
D min 2 v min I "
- S 5o o0 e <¢5¢l
where (f J . is the minimum projector focal length of each of the two

p min
ienses and 5 is the distance between the faces of the two snouts. The

A

Yuniversal’l

focal wmroperties of this lens conform aprroximately to the

1. -

irure 3.2.7 which were calculated for double-pole,

bt

curves plotted in
rotation~-iree lenses.

The marnification characteristic curve of this lens is similar to
that of the double-pole rotation-free lens shown in Figure 34,8, The
ratic of the two meximum magnification T'EZ/M1 is independent of the

projection distance L if it is large compared with the snouts

it depends on the geometry of the lenses and hence on

geparation S

3

ccal 1le

=4y

their

-

gth. 1t was found that ME/M1 for this lens is 20.
The ratio ME/MW for a rotation-free lens can hence be approximately

written as

Ei% ‘\ o (r}))min L eieieis -v"'L,'». C*'.:Z‘i.’ .
M (F ) . DR
1 pnmin 2

where (¥ ) . is approximately equal to the snouts separation S.

p'min 1

The lens was also tested in the 451 EM6 electron micreoscope at

50 kV by fitting it into the diffraction stage immediately below the

rosiector lens. The lens was filed off the edges as can

normzl second proj
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be seen in Fipure 4.3.2 in order to push it through the circular holes
of the diffraction stage. It was coocled by the same water cocling
system of the microscope. & copper grid was placed in the selected
area aperture of the microscope and a series of images with a complete
freedom from rotation (Figure 4.5.2) was projected by the lens. It
should be roted that micrograph (i) (Figure 4.5.2) which is the first

and also a distortion-free image, has the

]
)
e
=
}_)
1=
Fl
O
,m
o
;_I
@)
3

maximum of

3

very large Tield of view of 1.5mm in diameter. This

b

eld of view
twice that obtained from the double-pole rotation-free lens which has
nalf the bore dismeter of the double snorkel lens. Hence this large

bore lens has the advantage of increasing the field of view which is

usually smell in conventional microscopes.

1:  is doubled, a rotation-free lens will be

b1y
o

obtzined of an Smm bore and an effective focal length of 2mm, capable

ing voltege of 1C0 kV. The 2mm projector

Y]
=
(:\\
[
o
o
}..J
o
r
m
o
j—.l
'

of worling ax
length is of the szme order as commonly used in the final
projecter lenses in commercial microscopes, but such lenses usually
nave very small bores. The large-bore snorkel lens also hes the

advantage of a larger angle of projection compared with that of

3

e
[
(0]

his large eangle of prol ecbvcn

conventional lenses. ©The advantage o

&

(o]
i)

lies in the fzct that the total length of microscope can be reduced

by reducing the projection distance between the final lens a
screens

4.6 TImege distortion in the experiment al single-pole 1

The distortion of magnetic lenses, inﬁparticular

distortion, was discussed in Chapter One wiph.a ;v;er
known distortion coefficients of ‘the double~p01e lenses{\
fficients of 51ng76~pole' lenses has not.

and spiral distortion coel: 1its o ) x: ;f

previously been investigated experimentally. The importance of tnese



Fig. 4.5,2

A series of rotation-free

micrographs projected by

the double snorkel lens in

the EM6 microscope at 505V
at a projection distance L
of 300mm.

Micrograph (A): first

maximum, inverted and

distortion~free image of a

1.5mm diameter field of
view, at NI/VE: 5 M= 15%,
Fp:rZOmm‘

Micrograph (B): erect
image (obtained after the
second minimum
magnification) at
NI/VE=11.6, M=100K,

F = %nnm,
D 3

Micrograph (C): NI= 2800A.%
where the lens starts to
saturate and the coll
temperature becomes high,
The field of view is still
large. NI/Vé::12.4,

M=150%, F = 2m.

(C)
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lenses maxe it necessary to obtain experimental evidence concernin
their distoertion coefficients.

The 30 kV snorkel lens was used to find the distortion
coefficients for a single lens and to investigate the distortion of
a double one. It was mounted on the Intercol electron optical bench to
project an imege of a copper grid which was used for the measurement oI

distortion at different excitations.

Distortion in the single snorkel lens

One hzlf of the double snorkel lens was used. The single-pole
lens nearest to the screen was excited i.e. the lens whose pole was

facing the screen., The imaging process was similar to that of the

G

iy

diagram shown in Figure 4.1.1. The whole bore of the lens was
illuminseted in order that trhe radisl displacement, r of the eleciron
beam freom the optical axis ecuals to the radius k of the lens bore,
i.e. v/ = 1. The magnified lens bore filled the screen with the
projected image of the copper grid.

it gifferent excitations, the radial and spiral distortions of
the projected imeges were measured across its magnified bore. Due to
the fact trat the ray incident parallel to the optical axis &t a
distarce r frem it, will pass through the paraxiszl focus oniy if
r/R <1, the magnified centre square on the screen was assumed to be

on-free since its side length, 2r is very much less than the

]\‘

distorti
lens diameter, 2R. The rays of a radially undistorted image should
intersect the image screen at a distance f} from the axis whereas the

distorted ones intersect at the distance (P,+£§?). Since the inc d nt

<t

ray was not exactly parallel to the axis, the meas sured distortion was

corrected; this correction was only

the radial distortion (£>?/f}) {: C. (r/«) i& and the spiral

(87 G)Sp E: Csp(r/R) 3 will equal Cy and C__

important at low excitations.

(oA
|—l
4]
d.
!
b
ct
1=
O
=
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respectively since the measurements were taken along the ne

bore dizmeter.

coefficients of the snorkel lens as a function of the excitation

compared with those computed, using Marai's progran
\ ~ 4 . ~ -~ - . . . s .

(1975}, from the date of the field distribution. It can be seen that

reasured values of the spiral distortion coefficient

jo N
O]
3
jon

the compute

CSp are in good agreement within experimental error. The spiral

tion coefficient Csv was computed by Liebmann (1952) for four
s

[e)
@]
»
ok
o
4

double-pole lenses £/D = 0.2, C.6, 1 and 2 at different excitations.,

The results were exzressed in relative units, by plotting (” /C )

sp’

> e}
as a function of (KI/MI )%, C is the value of the spirsl distortion

o sp .
o
R - (o e N C . . .

coefficient for khi/hIo) = 1, where RIO is the ampere-turns recuired
to reach the minimum projector focal length at a constant accelerating
voltage. Migure 4.,6.2 shows that one single curve is obtained which

along the same straight line whose slope is 1.3. Therefore,

206

C o NI )
e = ey s o000 o .\.1_",{
C TN NI 4.6

o}

)1'3 teer. 146,13
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Considering the radial distortion coef fficient, Cd of the single-

pole lens in rigure 4,6.1, it can be seen that it varies with the

2
excitaticn parameter I‘-\‘I/VrZ in the same way as for double-pole lenses,
erly constant, then reaches a maximun

For a weak lens, Cd remaing ne

after which it drops away feirly steeply and changes sign, l.€.

 noushi - ; ges to ! “ gistorti Figure 4.6.1
Ypincushion” distortion changes to ''barrel' distortion. [Figure 6
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7 —~————— Computed Results
® % Experimental Resulls For Gy
Cd- 0.5 A ° o Experimental Results For Csp
Csp
0.4 A
0.3 4
0-2 H
0-1 A
, i
0 - T T
~-0.1 4

Fig. 4.6.1 Computed and measured radial and spiral distortion

coefficients of the Lmm bore single-pole lens,.
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104
N -— Liebmann's Curve
CSP/C&Q«— © o Experimenial Results
o
13
014
0.014
0.001 T T TTTTT T T T T YUY —T"=1" T
0.001 0-01 04 1 10
(NI/ NI
Fig. 4.6.2 Measured relative spiral distortion coefficiént

(csp/cspo) as function of (-NI/NI:O)‘2 of the Lmm bore

single~pole lens compared with that of Liebmann's

curve (1952) for the double~pole lenses of

27/5/1)7, 0.2.



ulty in measuring

Eowever, near

Figure 4.6.1 shows good agreement belween the experimental and
computed results of C.. It can be seer that spiral distortion is more
pronounced than the radial distortion when the lens is operating near
its minimum focal length.

i#lthough the computed and the experimental results of Cd and bso
are not in cuantitative agreement, the general features of the
distortion of this single-pcle lens can be comrared with that of th

well xnown double-pole lenses. ¥igure 4.6.3 shows that the radial

distortion coefficient of this %mm bore snorkel lens is

n
®
L2
ot
‘..l
<
o
}.J
D
o)
ot
I
o]

very low radial

uivalent to that

of a double-vole lens whose S/D = 3 which has very low rotaticnal
istortion, less than that for 5/D = 2. Hence this snorkel lens
appears to have some of the advantages of two known double-pole piece
lenses of particularly good performance.
" .. . f ﬁ% . . . ) .
The distortion ( {) in an electron micrograph vrcduced by the
final projector lens of an electron microscope depends cn the

projecticn distance L, between the phtograrhic plate and the

projector lens. It is shown in fppendix VIIT that

¢

-

ST veees LBl
) (%) .

hVEY

N

L
i
mk}v

R = radius of the photographic plate.
R = radius of the lens bore.
¢ = distortion coefficient (Cd or Csp)'

f = projector focal length.
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Cq-
————— Double~ Pole Lenses
Csp T - H L‘k‘_—
~—— —— Single - Pole Lens Of 4mm Dia. Bore ':2 B
0.6

Fig. 4.6.3% Computed radial and splral distortion coefficlents

of the Lmm bore single-~pole lens compared with

~ those of double-pole lenses.

3 -

mm fplmin v Csp,
2 :

N
1
) ¥ Y
0 1 2 3
' S/D
- 3 1
Fig. L.6.4 Variation of the parame?er (fp)min Cq and <fp)mincsp

, .
at NI /VZ with the S/D ratio of 4mm bore double-pole
o r

lenses. The cross on each curve represents the

e~ Adine value of the Lmm bore single-pole lens.
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For a constant distortion (£>Q/(>),

4
T > , .,
LeCces s ceves 6.3
. a1
~ ¥ Al 3 N 5 o 2 . T
i.e. L cepends only on the product of C¢ and f since R and R are
I D °

censtants. ror double-pole lenses, the minimum projector focal lencth

is approximately given by

¥
iy J

:\p

() . 22 0.5 (s° +0451))

min

A
: ~ 1 ¥s/m)2 4+ cuus |° b
1s€o (fp) . e’ X {(bjD> “"l‘ O.Lfs:} 6000 L},.é. ¥

The projection distance L of the Lmm bore snorkel lens can be
compared with that of double-pole lenses of different S/D ratios where

D = Lmm also. For egual and constant values of redial and spiral

1 1

o . e s ~ S - 4 5]
distortions, Firure 4.6.4 shows (£ ) . C% and (f ) . C°
" p min d »'min s

%ianc C 5 are the radial and sviral distortion coefficients at the
excitation I‘QIO/Vr2 required for the minimum vrojector focal length.
It can be seen that as far as the spiral distortion is concerned, the
projection distance at the maximum magnification is maximum when the
double-pole lens has 5/D=1.5, and alsq the lenses of =/D=0.2 and
5/D=% are both identical and similar to the 4mm bore snorkel lens. At
maximum megnification, as far as radial distortion is concerned, the
projection distance decreases initially slowly with 1;?5/Ej70 an§ then
steeply with the increase of 5/Dy  the snorkel lens lies below,thé>
turning point. However, Figure 4.6.4 shows that the microscopes built

of double-pole lenses should have the final projector lens with

n

typical of all deouble-pole megnetic.

S/D >1,5. Figure 4.6.4b i
lenses with bigger or smaller bores, the lenses with bigger bores ‘will

require longer projection distance and vice-versa.



of the projection distarnce
(i.e T C%) with the excita 1y
i £ with the excitation paremeter J*/Jr at a constant and ecual

spiral distortion, the projection distance increases with the increase

4
of the excitation parameter NI/V_¢ sharply from zerc to a plateau where

3 ] 3 . s T A . b o B .
and ¥ C? shown in Fizure &4.6.5 is the same for all magnetic
lenses. Lt can be seen that the projection distarce in a microscope
should be a compromise between the two curves, and a good projector

lens is that wiich has a shorter projection distance.

Lxperience in electron microscopy tends to suggest that in an

electron micrograph the acceptable spiral distortion (&0/€) can be
sp
twice the acceptable radial cistortion (&€/Q) pa P typical radius,
BAR L !
R of the image on the photographic plate in commercial microscopes

is about SCmm. The Ymm bore snorkel lens has (£ ) . €7 =1 and

= 2, Figure 4.6.4. Hence, the projection distance for 1%
rtion is 250mm (AR/ Q)SP will be 4.) and that Tor Z
spiral distortion is 35Cmm (Z>€/§))rad will be C.5%). Therefore an
averame projection distance of 300mm will give lower radial ~

. s s s . 3 . ~ e\
distortion (0.7) and higher but acceptable spiral distortion (2:8%);

however, this spiral distortion will be slightly reduced by the other

frny)

lenses in the microscope which have an oppesing current sense. lhe

300mm projection Gistance is less than that in commercial microscopes
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——— S/D=2 {D=4mm!}

Snorkel Lens (D= me)ig‘fﬁ.\\ﬂ__

| 0 5 10 15
. NIV YV

ki
Fig. 4.6.5 Variation of fp02 parameters with the excitation

D :
parameter NI/VZ for the 4um bore single-pole lens
compared with that for a 4mm bore double-pole lens

whose S/D =2. The snout of the snorkel lens faces

the screen.




which is usually of the order of 35Cmm as in the Azl Lib6 microscope.

the 4mm bore single snorkel lens at the

[¢]

20Cmnm projection distance is about 70X. Therefore, this srorkel lens

n

is merginally better than double-role lenses as far as distortion i

concerned,

B

The variation of distortion with excitaticn of a double-pole

rotation-free lens was discussed briefly in Chapter Three. The

W]
=
jo8

distortion of the present docuble-snorkel lens is more complicated

will now be studied in more detail.

Y

TS
3

lenses, when weal gative (barrel)
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distortion when they are used to demagnify an existing image from

At thie first minipum mapnification of a pair of lenses the
iistortion changes over from - %0 to + o6 since fl”?o, hence
lens excitation is increased, positive (pin-
cushion) distortion begins to appear. The above variations in rediel

single and double lenses. However, the
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distortion in the double lenses decreases faster than the single lens

and at lower excitations, which takes place in the first loop of the

1

as a function of excitation. The distertion of the 30 kV double
sporkel lens wes measured experimentally along the lens bore; i.e.
the first lens whose megnificstion is m, illuminated the whole bore .

()

which is nearest to the screen such. that (r/R) of
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nals 1/m1 and that of the second lens is one. The
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values of the radial and spiral distortion are highly exagger rated
5 1 - 4
since the measurements were talken across the whole lens bore and at

& very short projection distance (60mm).
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— Radial Distortion (0/;)

Magnificatiorr—,
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(NI)=-INT),

(N1, S

4 Ls 1)

Distoriion

- 20 1

Fig. 4.6.6 Variation of the radial distortion, spiral distortioa

and magnification of the 30kV double snorkel lens,

with the excitation parameter NI/VE.
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\ [N . . . -~ N . -
() The racial distortion of a rotation-free lens is

distortion varies steeply with the increase of excitation.
(¢} Between the first minimum ang the first maximum, the second

minimum and the second maximum megnifications, the radial

cistortion is eapvroximately inversely proportional to the
(d) At the first maximum magnification there is always a

arrel distortion of the first
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lens is egual in magnitude te the pin-cushion distorticn
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(e) Hear the second magnilfication there is alweys a series of

of very low distortion.

n

—
5
N

econd loop of the magnifacticn characteristic curve,

the distortion of the lens nearest tec the screen was found

3

tion from - o€ to +00 2zt the two minimum
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(g) The chang
mzgnifications can be very useful aid to focussing when
imaging the diffraction pattern at the back focazl plane of the

objective lens since on Tocus the pattern will be distortion-

free.

(h) The presence of barrel and pin-cushion distortion at different

excitations can be corrected if another double~lens unit is used

.

as & second projector and operated so as to cancel the distortion

to the first.

Fipure 4.6.6 shows the variation of spiral distortion with




excitation of & double lens used in both modes, (NI)1 = - (HIBEQ
“he spiral cistortion in the rotation-free mode is clearly less then

in the rotational mode. The sriral distortion curve of the final
lens lies between the two curves. The spiral distoriion curves of
double lenses show the following:

\ . ~ . . - P
(a2} Double lenses consisting of two identical lenses operating with

(NI)1 = - NI>2 do not eliminate spiral distortion but reduce it

the electron beam from the optical axis is r in the first lens,

ct

to the lens nearest to
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the =creen, as expected. Therefcore, if two double-lens units
are used as projectors in one system, it is important that the

vcitation of the second lens is opposed to that of the first in

order to reduce the spiral distortion.

(¢) when a cdouble-lens unit is opverating with (NI), = + (NI)?, it

<.

increases the suiral distortion by the same amount that the
I

rotation-free lens reduces it below that of a single lens.

4,7 Conclusion

i 7

-l

'he experimental investigations on the 3C kV single and double
snorkel lens revealed very useful properties in this kind of lens.
Tt thercfore seemed feasible to construct a scaled up vergion of this
lens capable of working at 100 kV can be used in a new projector

systen.
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5. LIECERCN-CrT1iCal, FROFX

DOUBLE AND SINGLE-FPCL: LIENSES

5.7 zffect of lens tilt on imame displacement

If an object CO' is viewed through a glass lens as shown in
Figure 5.1.1 and the lens is tilted about the optical axis through
an angleg,the image 00" experiences no displacement. Figure 5.7.1
shows that with the new axis at O'C'" the arrow head remains in the

henomena c¢an easily be verified exverimentally.
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larnetic electron lenses have the property of rotating the image
. 2

plane by an amount € = 0,186 I\‘I/Vr2 radians. Hence if the experiment

is repeated with a magretic lens the arrow head will be displaced from

its position at O by an angle © to a position ¥ as shown in

igure 5.1.2. The coordinates of F measured from the origin at O are

S = Cp and @ = €/2 inh polar coordinates. Hence from the geometry

~ [ B
S =2 riSin ¢/2. Tigure 5.1.71 shows that r, = vE where v is the
image distance from the lens and £ in radians. Therefore, the shift

S of the image by a magnetic electron lens can be written as
! o
s = EE.vSing—é') ceees 52100

Equation 5.1.1 shows that at constant excitation (i.e. © = constant),
the image shift is proportiocnal to the angle of tilt.

in experimental verification of Eguation 5.71.7 was performed.

I)

100 kV ministure projector lens shown in Figures 5.1.3 and 5.1.4

s been placed in the diffra ctlon stame under ‘the

whose /D = 1.5 1

{;)

final projector lens of the AEIL EM6 microscope. 1t was supported by
two brass flanges, and tilted about the axis of the water pipes.

[

The lens was cooled by the same cooling system of the microscope.
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W

Fig. 5.1.1 Image displacement is zero when a glass lens is

tilted about the optical axis.

Object Plare

O s e
7

Py

i

e,

£

0

Fig.5.1.2 The displacement of an image formed by a magnetic

electron lens from the object plane.




Lid (iron or brass)

S=3mm
D=2mm

Water pipes (brass)

<~——L47mm dia. =

Fig. 5.1.3 Cross~section of the 100kV miniature projector lens. -

full-size.

Fig.5.1.4 100kV miniature projector lens with interchangable

lid. The 1id on the right is of iron and that on the

left is of brass.




- 145 -~

Figure 5.1.5 shows the variation of the shift & with the
1

excitation parameter NI/VT§ for two values of the tilt angle .
wWithin the experimental errors in measuring the shift S and the angle
of tilt it can be seen that there is good agreement between theory
and experiment. It was also observed experimentally that for a
constant lens, Current I, the shift S was proportional to the tilt
angle. Hence Zguation 5.1.71 has been verified. However, it should be
mentioned that at a constant tilt angle the image sweeps around the
screen in a clockwise or anti-clockwise direction, depending on the
direction of the current in the coils, as the excitation is increased.

The miniature projector lens used for investigating the image shift

.€. the lens was of a double-pole type. ¥«hen the

[

had an iron 1id,
iron lid was replaced by‘a brass one, i.e. convering the lens from a
double to a single pole lens, there was no change in the image shift
at the same angle of tilt, since the image shift depends on

excitation.

Lguation 5.1.7 shows that if there is an equal shift of an
opposing sign by another magnetic lens, the net shift can be
eliminated. The rotation-free snorkel lens described in Chaypter Four
was placed in the diffraction stage below the final projector of the
EM6 microscope. This lens was also tilted about the axis of the
water pipes. The two single-pole lenses were excited in the
rotation-free condition i.e. (NI)1 = —(NI)Z. Initially, the rotation-

free lens demagnifies the image from unity to a minimum. In this

i
2
2

region where NI/V is between zero and 2, the image shift was too

T
small to be detected as the angle of tilt was varied from zero to
about 90 which is the maximum angle that the double lens can be tilted
without losing the image. In the region of the first loop,; where an

inverted, rotation-free image is obtained, it was found that the shift

was zero when the magnification was unity, at NI/Vr% = 2.5, at all



S — Theoretical Curve
fon) X, A Experknenhﬂ Points
E= A
4L0-
£=3
30-
204 %
104
0 2 A 6 8 10 14

12
NI/ZVV,

Fig 5.1.5 Image shift produced by titling a magnetic electron
lens through an angle £, as a function of the

.
excitation parameter NI/V?.
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angles o

¢

tilt. Xeeping the tilt angle constant, it wes found thzt by
increasing the lens excitation, the image shift increases in a

direction normzl to the axis of the pipes about which the lens was

tilted The image was still on the screen although the lens was at
1
its first mawimum magnification at NI/V_“ = 5 and the angle of tilt

.0 N . ) . , .
was about 3 (C.05 rad). It should be mentioned, however, that in

. o . L . .
practice, 53 1is a highly exaggerated angle of tilt.

The above results can be explained by reference to Figure 5.1.6.

Y

Since the two snorkel lenses are working at equal but opposite

excitations, the image rotated by the first lens through an angle €

gl
with respect to the object plane will be brought back to the original
plane of the object by the second lens. However, the second lens

regnifies the image of the first lens m, times; this causes the

<
image wmove in a straight line normal to the axis of rotation and away

fyrom it with increase of lens excitation. The condition of no shifi

satisfied when m., = 1. This condition

2

n
O
¥y
b
fo
<4

at all engles of tilt 1
was verified experimentally. w~ince the focal length of each of the

two snorkel len

o0

es at NI/V_* = 2.5 is about 100mm as given by the
£

computed results shown in Figure 4.4.3, the magnification ., of the

1

second lens is unity on the screen which is 200mm away. The long

1s atisfies the condition

W
o]
4]

focal length of each of the ifwo lenses
1

of unit magnificetion of the rotation-free lens at NI/Vr? = 2.5
where the lens has shown exverimentaslly no imege shift at all possible
tilt angles.

Hence a tilted rotation-free lens has the property of
eliminating the imege shift at unit magnification. This property
makes the rotation-free lenses have a useful application as an
intermediete lens in transmission electron microscopes. Also‘since
the beam shifts in a straight line with excitation when the lens is

tilted, this mekes it easy to find the beam during the alignment




Image of the first lens
shifted from the object

rlane.

Image brought back to the
object plane by the
second lens and

magnified by mZX,
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Fig. 5.1.6 Imaging processes by a tilted double-lens which has

(Nl)l-:~(NI)2.
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procec gures.

5.2 Imaping yroverties of a double and single-vole lens

# comparison of the imaging properties of double and single-pole

el
lenses can be made by considering the 1CC kV mirniature projector lens

shown in Figures 5.1.3 and 5.1.4. This lens can be readily converted
from a double-pole lens to a sirngle-pole lens merely by replacing the
iron 1lid by & brass one. This changes the focal properties
appreciably. Figure 5.2.71 shows the change in the projector focal
length when the lens is converted from a double-pole (iron 1lid) to a

single-pole type (brass 1id). The thoeretical curve of the double-

pole lens was determined from the universal curves for conventional

~~

lenses (Figure 1.2.7) and it agrees with the experimental results;

its minimum focal length is 1.&mm at NIO/Vr? = 13. The minimum focal

s

length of the single-pole lens is 5.7mm at NIO/Vr = 13.6 which is

three time

(")

cs higher than that for the double-pole lens. This
experinental velue of the focal length is in good agreement with
thet calculated from the field distribution where the half-width, a,
of the exponential field is 4.7mm which gives a minimum projector
foczl length of 5.4mm. Hence if a double-pole lens is converted to

a single~pole lens by simply removing one cf its pole-pieces, the

minimum focal length will increase and cccur at a higher excitation.
This miniature single-pole lens was tested in the ZM6 microscope
as the final projector lens (the original second projector lens was

switched off) at 75 kV in two positions: (&) with the snout's'
surface facing the incident beam and (B) with the snout's surface
facing away from the incident beam and towards the fluorescent
screen. This was done in order to record the imaging properties of

the lens in both ceses for a constant projection distance between

snout znd screen (or photographic plate) (300mm). The lens
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Fig. 5.2.1 Variation of the projector focal length fp of a

100 kV miniature projector lens as a double and as

1
a single-pole lens with excitation parameter NI/V;.




ector focal length at 2

Figure 5.2.2 shows two micrographs teken in this way at

A
PN Al A3 93 I . g s - . 4 . s . . .
hi/Jr = &.b. The micrographs are identical within the limits of
rmeasurement. Both have ecual radial distortions (sbout . and ecual

spiral distortions (about %:)}. Hence, up to this evcitation the lens
ar properties in both modes of cperaticn. The contribution
of the intermedizte lens to the distortion of the image on the
photographic plate is 2.8% radial distortion (Cd = 0.45) and C.%:
spiral distortion (Cbp = 0.05), which shows that the effect of its
distortion especially of spiral distortion is small whether the
excitations of the intermediate and the final projector are

-

cocoperative or gpposing. Therefore, the spiral distortion in the

¥

istortion of the firnal

4y
o
‘l_.l
1
i3
ok
1y
[¢)
fot

due chiefly to the spiral ¢
single-pole projector lens.

it excitation parameter NI Vr— = 14, the projector focal length
of the single-pole lens is émm as shown in Figure 5.2.71 and its
magnification on the photographic plate is 5OA. Figure 5.2.3 showsd

two micrographs taken when the miniature progector lens vias

18 35

operating under the above condi twons, Keenﬂny t%e ey01tet10ns of the

M6 intermediate and objectivéiIénsegiunaltered andféqdal'tq¢th05&~v

at Fipure 5.2.2. It can be seen that the gieﬁld of the micrzégfa

taken with the snout facing the séreenrls llmltea bg tre bore‘oiV
lens. This is best explained by re;errhﬁg to'rlgufe 5.2 # whlch
shows the ray path through the lens structure at fp = bmm. ‘Filling
the whole bore when entering the lens field, the beam leaves ‘the lens
structure at O.45mm from the optical axis and strikes the-

-

photog aphic plate at a radius of L5,5mm i.e. the calculated diameter .

2]

(5]

Cx)

1mm. DBxperimentally, this diameter is 94mms which

|
[}
Nej

of the ime

2

agrees within Zb with the calculated value. When the lens is
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Fig. 5.2.2 Micrograpns of a line grating magnified 3600X when

the second projector lens in the EM6 microscope is

a miniature single-pole lens whose excitation

parameter NI/V%:8~4. Direction of the electron beam
r

through the lens indicated on the figure.



(a)

-

(B)

7

Fig. 5.2.3 Micrograph of a line grating magnified 5500X when

the second projector lens in the EM6 microscope is

A :
of a single-pole type at NI/V l4, Notice that th

spiral distortion is sensitive to the direction of .

the electron beam through the lens.




inverted, so that the srout now faces the incident beam, calculations
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phic plate at a
dismeter ecusl to the diagonal of the photograpnic plate as shown in
. N - . — .
microgreph (4), FTigure 5.2.3. The image plane of the micrograph (&)

is rotated relative to that of micropraph (B); this is beczuse the

%]

rotzticn of the final lens changes from a clockwise direction to
anti-clockwise one when the lens is inverted mechanically and the
connections of the coil to the power supply are left unaltered. The

o] - . . .
60" angle of rotation observed between the two micrographs 1is what

is expected theoretically. onsider the distortions of the two

radial distortion (about %:) on about 5Cmm radius. However, it can
be seen that micrograph (B) which is talken with the snout surface
facing the screen, has appreciably higher spiral distortion than
micrograph (&) with the snout facing the incident beam. This can be
seen clearly in Figure 5.2.5 in which the micrographs of Figure 5.2.3
have been reproduced in the same orientation and with an identical
field of view. The rotational distortion in micrograph (B) with the
snout facing the screen is €& which is twice that in (£).

o

ion from Figures 5.2.2 and 5.2.3% are plotted

The measured distort
in Figure 5.2.6 for the two directions of the lens snout. These show
conclusively that the distorticn of the single-pole lens whose snout
is facing thé incident beam is considerably less than that whose
snout is facing the screen. This interesting result was confirmed
later by Marai (1575) who computed the radial and spiral distortion
coefficients Zor the two directions of the lens from the data of the
field distribution. Unfortunately, the complete field distribution
of the experimental lens could not be measured due to the small bore
of the lens; the accessible nearest point to the snout was Smm away.

However, the data of one lens of the 3CkV doublet was used to check
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Fig. 5.2.4 Ray path of the electron beam in the experimental
single-pole lens of 6mm focal length for bea_\ms

traversing the field in opposite directions.
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(a)

\ i//}///,///
111,

(B)
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Fig. 5.2.5 Electron micrographs showing the spiral distortion
in (A) is less than that in (B) under the same

imaging conditions and field of view.
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the preszence of « c¢irference in

he two ways of
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operation. Figure 5.2.7 shows that the computed results of C. and

d
Csp for the lens with the snout facing the screen is higher than that
if the lens is reversed. The change in racial distortion in

appear in Figure 5.2.6. The change in spiral distortion on the other
hand is large and therefore easy to measure experimentally. Hence

projector lenses should be operated with their snouts

facing the incident electron beam in order to obtain full acdvantage

of their superior optical properties.

5.3 The effect of the bore diameter of a single-pole lens on its

focal vproverties

m

It wes shown in Chepter Four that it is possible to hav
miniature single-pole lenses with large bores and relatively short
focal lencths. Iipure 5.3.71 shows a photograph of a single-pole
minieture lens used for testing these properties with the attachments
for changing its geometry. It is 50mm in diameter and 29mm high, and
has & brass 1id around its snout. The lens is excited by three coils

5

(wound with 24 5...G. insulated copper wire); D,=22mm and Dgzaﬂmm.

ai!

The total number of turns in the lens was 3571 and the tectal resistance

ol

o, . . s . Vs
was 2.6 ohms at 17°C. The basic snout had a 15mm diameter bore, but

cylindrical iron

m

the bore diemeter could be changed by inserting
plug. This iron cylinder had a length equal to that of the lens and

an outer diameter fitting closely into the 15mm bore of the snout and

it is bored through its axis. Figure 5.3.71 shows three iron plugs,

which have the following bores: (a) zero bore, (b) Smm bore diameter

end (¢) 10mm bore diameter. Hence only one parameter was changed in

)

the lens geometry and that was the bore diameter.

The lens was first tested for magnetic saturation by measuring

=3

the meximum axial magnetic flux density at different ampere-turns by
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Fig. 5.2.6 Variztion of distortion of the experimental

1
single~pole lens with excitation parameter NI/VE

for the two ways of operation.
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Fig. 5.2.7 Computed radial and spiral distortion coefficients

L
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:

of the Lmm bore single-pole lens when the elsciron

beam enters the field in two opposite direction.
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means of a Hall-probe. It was found that the 1755 (I = 5 amp)

ampere-turns were enough to procduce saturation in the lens with the

largest bore (15mm). .ith smzller bores the lens required more
ampere~turns in order to show signs of saturation. Therefore, the
fielcd distributions for cifferent lens bores were all measured at an
excitation of 1755 ampere-turns.

Fisure 5.3%3.2 shows the cross-section of the lerns and the axiel
field distributions (B curves) for different lens bores. It should
be mentioned that the areas under the curves are all equal and agree

p-J
very closely with that calculated from the expressionjinz = y%NI.

This provides a check on theceglibration of the Hall-probe gaussmeter.

-4y

act that

the

,..1
4]

importance for the imeging properties of the lens

"

for decreasing values of the bore diameter the maximum value BE
1

increases, leading to a greater refracting power and thus shorter

-

lenses with tores is usually o©

s

the order of 2 to 5mm zsway from the
snout's structure. %he value of Bm deperds on the reometry of the
snout ﬁhicn in this exveriment was a flat ernded cylinder., However,
the mevirum field will be higher if the snout is made conical. The

lecrezses steeply between the peak and the lens bore itself;

However, except for the BZ curve of the zero bore, all curves have

s

he same flux density of 0.C75 Tesla (750 gauss) at the snout face.

W

Inside tre lens bore there is saturation pesk in the case of a 15mm
bore, and oz the flat iron surface there is another peak due to the
flux leakage inside the bore at all bore diameters. It can be seen

that at distance 20mm and more away from the snout the flux density

becomes independent of the bore dismeter. In the case of a zerc bore
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Fig. 5.3.2 Flux density distributions of the experimental

single-pole lens with different bores. The

saturation effect is shown inside the lens structure

along the bore.
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lens the field could be measured only up to & distance of Mmm from
the snout; the peak value was estimated to be 1700 gazuss; however
the field started to vary exponentially st a distance of Smm from the

snout which is typical for snorkel lenses with bores also.

4
¥
[

1eld andé meximum flux density for

determined from Figure 5.3.2 and plotted
in Fisures 5.3.3 and 5.3.4 as a function of the diameter D of the bore
in the snout. it can be seen that the half-width, a, is not very
sensitive to bore size for it increases slowly and becomes constant
if the bore dismeter is further increased. The value of the maximunm

Tield B decresses steadily with the increase of the bore size until

W)
W
I
[

it becomes nezrlv independent of its diameter. These resul

the curves for 211 bore sizes pass through the same point on the snout

and hence thev cannot have a meximum of less than that value (750

The date of the curves shown in Figure 5.3.2 were_used to compute

the focal length. Figure 5.3.5 shows the variation of the projector
1

focal length with excitation parameter NI/Vr? for different bore
cizes. It shows that the change in the bore size from zero to Smm in
dismeter has no effect on the excitation recuired to reach the
minimum focal length. The minimum fecal length lens of Smm bore is
only Si higher than that with no bore, a very small difference.
Hence, unlike a double pole lens a siﬁgle-pole lens can have its bore
incressed with a negligible effect on its focal properties. Thus,
the lens bore is doubled (i.e. 10mm dizmeter bore), its miniﬁum foca
length increases by less than 103 this requires 77 more excitation,
but tois is still very small. when the lens bore is increased to

15mm diameter, its minimun focal increase about 20i. and requires T4k

more excitation. This demonstrates a substantial increase in bore
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Fig, 5.3.3 Variation of the half-width of the magnetic field

with the bore diameter of a single-pole lens.
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Fig. 5.3.4 Variation of the maximum fiux density of the
magnetic field with the bore diameter of a single~-

pole lens.
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Fig. 5.3.5 Variation of the DrOJector focal length, fp of a

81ngle~pole lens, with excitation parameter NI/VZ

for different bore diameters.
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aiameter cause

n

. only small increases in the minimun projector focal
length. These results are to be expected from the small changes in
the half width shown in Fipure 5.3.3 since the half width, a
minimum projector feocal length are closely related.

If such changes were made in the bore of a double-pole lens,

keeping the gep width S constant, the percentage change in the focal

((
l
el

ot

lengtn would be very much higher than that in a single-pole lens;
e.g. if the bore D of a lens with &/D = 1 is doubled, sc thet /D
becomes 0.5, the focal length will increase by about 4Ci:e  This shous
that single-pole lenses are much less sensitive to change in diameter

than double-pole lenses. This fact can be exploited in the cdesign

of wide bore projector lenses.

If an iron ring is placed on the brass lid of the lens, the
meximum megnetic field on the axis will be higher than tha ‘ithout
it. Hence a new lens structure cen be investigated by censidering

same outer diameter as the lens (5Cmm) was placed on top of the brass
1id. The srout surface was extended (by means of a small iron
cylinder) Smm in order to mazke it level with the iron ring. The

D and D' respectively

shown in Fipure 5.3.1. To retain the original bore of the lens, the
snout extension was located by the brass plug also shown in

Figure 5.3.1. The inner diameter, U’ of the iron ring was varied in
order to chenge the ratio of D/DY,  Using the same ampere-turns
(1755 4-t) as before, it was found that the smaller the DY/D' ratio,
the higher the peak of the axial flux density distribution, whichever
snout was used. For a given bore it was found that the peak was

(a) higher and (b) closer to the snout with an iron ring on the brass

1id than without it. For a specific bore, the half-width a,
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Fig. 5.3.6 Cross-section of the miniature lens of variable bore

diameter with an iron ring placed on its brass 1id.
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Fig. 5.3.7 Characteristics of the experimental snbrkel lens of

the construction shown in Figure 5.3.6 with no bore.
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increzses with the increase of the v'/D' ratio. However,

measurerients with the zero bore lens had shown t

This kind of lens has a shorter focal lenpgth than that without

iron plates. However, a snorkel lens of this construction requires

Tt has been found that (a) the rotation-free lens has importent
electron-optical properties which are useful in alignment, (bJ) the

tion eccording to
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direction in which the electron beam traverses the field, and
(¢) single-pole lenses can be designed to have considerably large

bores without an eppreciable change in focal length.
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6. A MINISTURS ROT.DIUN-FREE FROJECTION SYSTEN

It was concluded in Chapters Four and Five that it should be
possible to construct single-pole projector lenses with big bores.
Such lenses have relatively long fecal length, but this can be
reduced to the same crder of magnitude as that of conventional lenses
by making use of double lenses. The effective focal length of a
double lens unit depends on its gecmetry. DMzking use of these
principles a miniature 100 kV projection system was designed
consisting of two identical doublets; these consisted of miniature
rotation-free projector lenses with a large bore mounted on a
specizlly designed stage. The projector doublets were designed to
be identicel since it was found (Chapter Five) thet the single-pole
lenses are not sensitive to their bore size. OUne lens was an
intermediate projector and the other a final projector. Both lenses

were mounted cutside the vacuum system which made alignment easy.

6.1 Desien of the 100 kV rotation-free sinmletpole lens

The design of the miniature rotation~free\pr‘dector ns was

based upon the successful,performance;pf*the/}ckv doublét_desdribé‘_

Y

Chapter Four. Elﬂure 6.1, 1/sh0ﬁs tne cross-sec 1on OI the Wron

circuit of the 100KV rota tﬂon~Free vno;

was conveniently machined from afsolldiiron’b?r;f AT§£Qtogfa
dismantled lens with its coils and”ﬁr&éé:lids'isfshowﬁ”iﬁfﬁgvuie;ﬁ\ﬂ;:_
Unfortunately, an error was made during the machining of the lenses,
resulting in the vacuum "O" rings being machined in the lens poles

instead of in the non-ferromagnetic lids. Fortunately it turned out

that this type of lens is not sensitive to machining errors of this

type.
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Fig. 6.1.1 Cross-section of the miniature 100kV double snorkel

lens, Scale: full-size.

Fig. 6.1.2 The miniature 100kxV double snorkel lens.




he lens design is very simple ané easy to construct. Its outer
diameter is 6hmm. The cross-section of the central polepiece was

stepped to allow for magnetic leakage flux. Ideally a conical

4

istance between the flat surfaces of the two snouts is 31mm and the

overall height of the lens is 3Smm.

1t

Zzch lens of the doublet had two wire windings connected in
series. The two coils had the ssme outer diameter (52mm) but the

inner diameters were 16 and 24mm to suit the steps in the iron circuit.
An external current supply capable of delivering up to 25 amps at

60 volts was provicded to energize the windings of the double lens,

the wire size being chosen to match the ocutput of the povier supply. To
operate at 100V, each lens element of the doublet needs an excitation
of L800A-t. The appropriate wire size was 21 S.«.G. (0.8mm diameter)
insulated copper wire as determined from the eguations given in Chapter
Two. The thickness of each coil was S5mm with six layers of wire acrocss
the width. The coil of I.D. 2bkmm had 85 turns and that of I.D. 16mm

had 115 turns. The total number of turns of the two coils was 200

.0 ohm at 17 °C. Hence the whole double lens with

t-dy
®)
&

with & resistance o
the four ccils connected in series had a resistance of 1.6 chms at
1’700° Tre coils were cooled by direct contact with the water fl {Qiﬁg
through the 1mm high channelé around the ccils as shown in Figure 6 1 Te
The cooling water entered the upper half of the lens and thenk
proceeded to the lower nalf via a3 hole Smm in diameter in the central

plate as shown in figure ©.71.7.

6.2 Hagnetic tests

Sinpgle snorkel lens

4 magnetic test on a single lens was first performed by energizing
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one lens of the doublet unit. The flux density was wmeasured by means

of a rall-probe gaussmeter. The test for magnetic saturaticn has

shown that: (a) the maximum flux density was 3mm away from the snout's
surfece, i.e. its positiorn was on the surface of the brass 1lid
{(b) from the measurement of the maximum flux density it was found that
in spite of the unfortunate vpresence of the '"O" ring on the srnout, no
saturaticn was observed in the single lens below 50CC A-t, which is
more than sufficient for a 100V accelerating voliage, (c¢) the maximum
flux density on the axis was 0.42T; this is well below the values
usually associzted with conventional projector lenses with their small
bores and gsps, thus the Smm thick central plate of the double lens
would not be expected to saturate at all in the rotation-free mode, eand
(8) the single lens consumed & maximum power, © of O.6Ks at a water
flow of 1 litre/minute and current density, ¢ of 5000 nmp/cmz, when
the average ternerature of the coils was 8000; this is well below

the maximum safe operating temperature of the insulation. The

measured maximum power consumed in both coils agrees within S with
that calculated from the equation F :ﬁfﬁrbm (NI) as discussed in
Chapter Twoe

The exial field distribution of a single snorkel lens excited at
46504~ is skown in Figure 6.2.1. It can be seen that at a distance

of 3bmm from the snout there is another small peak inside the lens bore

which is due to the leskage flux in the second unexcited half of the

o

double lens. The small peak appeared at this distance because the

-

4

second snout is 31mm away from the first and the peak of the flux
density is always 3mm away from any of the two snouts, thus they add
up to 3bmm. This small peak in the second lens is a linear function
of the excitation in the first lens, and at maximum excitation, its

maximum value is only 50 gauss.

The shape of the field distribution is similar to those obtained .
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from other srnorxel lenses, and can be used to compute the variation

-

of tne focal lengtk with the excitation parameter HI/V_¢., However,
T

an approximate value of the minimum focal length can be obtained from

/e ~ -~ . . . .. P . . R
Viigure 6.2.2). The experimental points which apart from those in the

vicinity of the snout, lie on the straight line in Figure 6.2.2 show

the approximate exponential nature of the main field distribution.
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exponential field extrapolates (Bm = 6000 gauss)

H

(£) 1.15 x 6.1

1

7mm

The half value of the peak (380C gauss) of the actuzl field corresponds
to a half-width of 7mm. This suggests that the minimum focal length

s wide bore snorkel lens iz of the same order as the diameter of the

o
oy

lens bore.

sretic flux of a speci
different snrout geometries are shown in hese flux
plots were kindly calculated by Munro of the IBM Research lLaboratory

By

at Yorktown Feights, U.S.4i. by means of the finite element method.

<

Diagrams (a) and (v) of Figure 6.2.3 show two different outer diameters
of the cylindrical pole but the lens bore is constant. These two
diagrams shdw that decreasing the outside diameter of the snout
concentrates the field on it, thus the peak of the flux density in
diagrem (b) is higher than that in (a); therefore the focal length of

(b) will be shorter than that of (a). The surface of the snout in

s well within the body of the lens., If the snout

e

diagrams (a) and (b)

3 4+

is extended as shown in diagrem (c) the flux density in the snout

will be higher than that in (a). Therefore, the focal length of the

lens in diagram (c¢) will be shorter than that in (a}. +hen the leuns
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6.2.3 Computed magnetic flux
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vore of (¢) is increased five times as shown in diagram (&), the flux
changes only slightly and saturation is likely to take place inside

-
\

the lens. Thus there will be small increase in the focal

v

this result was proved in Section 5.3. The cross-section of the lens

a single lens of the 100kV doublet
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igure 6.1.1; therefore, the flux distribution of the
new projector lens is similar to that shown in disgram {cle

-

Double snorkel lens

3,

The two lenses of the doublet unit with equal ampere-turns can be

excited in two ways. The first is when their excitations are in
cooperative mode i.e. (NI)T: + (NI)Z, end the second is when their
excitations are opposing each other i.e. (NI)1 = (N )A. Figure 6.2.4
shows the field distribution of the double lens in both modes of
excitation. Experiments show that (a2) the peak in the opposing mode
is 5% less then that in cooperative mode, (b) the field distribution
away from the lens structure is the same in both methods of excitation,
(¢) the two peaks of the field of s double lens are separated by 37mm,
(d) as predicted, there is no sign of saturation inside the lens
structure even at the maximum opposing excitation of 50004i-t because
the maximum flux density is below the saturation limit of the iron,

(e) in the cooperative mode of excitation, the two parts of the

distribution are on the same side of the axis, i.e. the total area

il

under the curve j\de 2,ﬁb NI where NI is the ampere-turns in one
lens of the doublet; in the opposing mode of excitation J\Edz = O,

(£) for this particular lens, the half-width of each of the two parts
of the Field distribution is neearly the same at both modes of
excitation; thus the focal properties are identical, (g) at the centre
of the lens axis, i.e. at 15.5mm from each snout, the flux density

changes sign as it passes this point at opposing excitation.

It was shown in Figure 6.2.71 that if cne lens of the doublet is
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excited, there will be a leckage flux near the snout of the unexcited
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lens. Thus, i are excited with equal ampere-turns
there will be a leakage flux from one lens to the other. In the
oprosing excitation mode, this leakage flux in one lens will have an
opposing sense to the flux in that lens and thus will reduce the peak
of the field in that lens. In the cooperative rmode of excitation this

leakzpe flux will add to the fiux in that lens. This explains the

wmnge in the values of the field distribution

[}

round the peak at both
modes of excitation.

The effective focal length of this doublet can easily be

estimated., Since the minimum focal length of each single lens is of

&

5

the order of the bore dismeter and the surfaces of the snouts are 3mm
apart, the minimum focal length of the double snorkel lens would be

expected to be of the order of 2mm as calculated from Zquation 4.5.7.

The distortion produced by the projecter lens is an important
parameter in deciding the final projection distance in an electron
microscope. Thus the data of the field distribution of the single lens

. 3

(Figure 6.2.1) were used to compute the distertion

H

2dial and spira
coefficients as a function of the excitation parameter ﬁI/Vr together
with the corresponding projector fccal length.

Figure 6.3.7 shows the variation of the radial distortion, Cd and
the syirazl distortion Csn with excitation for the two opposite

BN
directions of the snout. With the snout facing the screen, the Cd
curve shows that as @I/Vr“~—5 0, Cd = 0.17 and goes to a maximum
a1
value of 0.21 at NI/V_% = 9; after this maximum Cd decreases steeply
1

to zero at NI/VrE = 15.3 whereupon it changes sign. The Csn increases
with increase of excitation. There is good agreement between the

computed results and those measured experimentally. The variation of

Cd and C  with excitation when the snout of the single-pole lens
Sp
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Fig. 6.3.1 Radial and spiral distortion coefficients of the 8mm
bore single-snorkel lens as a function of excitation

1
parameter NI/VE, for the two modes of operation.
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faces the screen is similar to that of docuble-pole lenses (see

e

Figure 4.6.3). FHowever, the variation of C, and C is entirely

a sp

different from conventiocnal lenses when the snout faces the incident

team as shown in Fipure 6.3%.1. The Cd curve shows that Cd is also
0

0.17 but Cjy decreases continuously and slowly with increase of

excitation while C increases very slowly with the excitation. The

distorticn of the lens in this way of operation is much thus lower

than those with the snout facing the screen as was shown exxerimentally
in Section 5.2. It was difficult to measure the distortion of the lens
whose snout was facing the incident beam because of the long axial
. L 3
extension of the bore (Figure 6.1.1) which limited the field view of
the image. DBoth experiment and the computation suggest that the two
outs of a snorkel projector doublet should both face the incident

-

beam in order to have images of very low distortion. However, such a

(X)

design is more complicated than the one chosen for study as shown in

En)

Figure 6.1.71, which is very easy to construct.

It is shown in ippendix VIII that the projection distence of a

Y

. 3 ™ « . . . Ai\
where C is either Cd or Cs“' For a specific distortion (~%r) and
P

radius, R, of the image on the photographic plate, the distan ce. L is
fd

proportional to fDCdQ Figure 6.3.2 shows the variation of fp Cd and
1 ) 3
£ CS; with excitation parameter h'/V “ when the snout is facing the

screen. 1t can be seen that 1 Cd decreases steeply with excitation.

Since in an electron micrograph, the acceptable spiral distortion

(%%L) can be twice the acceptable radial dlstortlon (£¥i) the
c_ %

<

) . SD .
point where the two curves of f C., and f_ (—§~) meet gives the

rad?

b

el
o))

projection distance which satisfies this condition for a §pecific lens.
cC = 1
SDy ¢ =

Figure 6.3.2 shows that ( S ) (‘Q )r a when fp (*EE) fp(Cd)‘:B

1
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Fig. 6.3.2 Varigtion of the parameters fpcg and fpc;p of the

8mm bore single-snorkel lens with excitation
. _
parameter NI/VE when its snout is facing the screen.

The projection distance L is proportional to the

1
parameter pra.
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Thus R_ = R = bmm &

¢
o 1% the
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nd b Q rad

projection distance L will be 375mm before reaching the minimum

projector focal length. However, it can be seen that near the minimum

focal length at about WI/V,.° = 15, £ where for

. s .. . 3 O .

1% radial distortion L will be 15Cmm [;(—é%? = V%%
sp

[_ ¢ rad =

the redizl and spiral

spiral distortion L will be 450mm Therefore at

4

the average projection dists

stortions will be 0.25% and 4 respectively. These results show
radial distortion is negligible compared with the spiral

13.3 where (“é?)
sta

distortion. = 2

ad

distortion-at the 3COmm projection distance is only 1.5% which suggests

that the lens can be successfully used at an excitation just below that

1

required for minimum focal length. However if the final projector lens

is of the rotation-free type similer to that shown in Figure 6.1.17, the

stortion at maximum magnificetion will be reduced without an

appreciable increase in the radial distortion

6.4 The miniature projection stage
The short focal length of the double snorkel lens and the shorter
projection distance it requires for a given distortion suggested the

design of an improved projection stege for the M6 electron microscopes

The origiral projector and intermediate lenses in the microscope were

therefore removed and replaced by an experimental projecticn stage

which consisted of two identical rotation-free single-pole projector

lenses as shown in Figures 6.1.1 and 6.1.2.

Figure 6.4,1 is a cross-sectional diagram of the projection stage
which fitted onto the existing viewing chamber of the EM6 electron

microscope. The brass and the
four iron pillars described in

electron optical column placed

identiczl rotation-free lenses

iron discs were separated by the same
these support the whole
on tep of the brass disc. The two

were placed over the brass tube (outer
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Fig. 6.4.1 Cross~section of the miniature projection stage which

fits onto the flange of the EM6 viewing chamber.
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Fig. 6.4.2 Components of the miniature rotation~free projection
system. From left to right, final projector doublet

P brass cup for P, with the brass vacuum tube,

27 2

brass holder for P the intermediate projector

l’

doublet Pl°



diameter = H,4mm
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Smm) and the final projector
lens rests on the base of the brass cup. The brass cup was inserted

1 v

through the iron disc inside the viewing chamber with a projection
distance of the final projector doublet of 20Cmm, as calculated in
Section 6.3. The intermediate lens was mounted on a special brass
holder which allowed the intermediate lens to be moved in a vertical
direction with respect to the final projector. Figure 6.4.2 shouws a
photograph of the two lenses, the brass cup and the intermediate lens
holder. This heclder was fixed to the brass cup as shown in Figure
6.4.3, It should be mentioned that the pumping of the projector system

.

;ook place through the brass tube whose two ends were inserted through
two "OY rings, one in the upper brass disc and the other in the base
of the brass cup. Thus the two lenses are outside the vacuum. They
are water-cooled by the same cooling system of the original projector
lenses without modification. All the attachments of the miniature
projection stage were made of a non-magnetic material (brass) in order
that the magnetic field of the srnorkel lens should not be distorted.

This projection stage reduced the length of the whole optical
column by a distance eqgual to the height of the intermediate lens
(96mm), eguivalent to a 13% reduction. This modification was carried
out in such a way that the microscocpe could be restored immediately
to its original form if necessary. For instance, (a) the pumping tube
in the back of the electron optical column was shortened by S6mm but
it could be restored to its original height by inserting the flange
shown in Figure 6.4.4, (b) the two control rods of the specimen-shift
control whose original lengths were 364mm each were replaced by two
brass rods of length 268mm, i.e. S6mm or 26% shorter,

4 cross-section of the imaging system and a general view of the
modified M6 electron microscope are shown in Figures 6.4.5 and 6.4.6.

Two external current supplies capable of delivering up to 25 amperes



Fig. 6.4.% Rotation~free intermediate projector lens in the

miniature projection stage. The final rotation-free
projector lens is hidden by the viewing chamber

(see Figure 6.4.5).
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pipe for shortening the electron optical column of
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roscope with the miniature projection system.

6.4.6 The EME electron microscope with the miniature
projection system. Notice the size of the projection

system compared with the other components of the

microscope.
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were provided to energize the windings of the two projector doublets.,

6.5 Properties of the imaging system

3

'he microscope shown in Figure 6.4.5 has an imaging system whose

$-

components have different properties from these found in commercial

microsScopes.

Field of view of the objective lens

ahen the two projector lenses in the criginal EM6 microscope were
switched off, the limiting aperture for the image formed by the
objective lens alone was the 1.5mm dismeter bore of the final
projector lens PE; this bore was situated half way between the

objective lens and the phdiographic plate. In the imaging system shown

in Figure 6.4.5, where the origina

-
L

objective lens was used, the
limiting aperture for the image formed by the objective lens alone was
the end of the 5Smm dizmeter brass tube, which was also situated half-
way between the chjective lens and the photographic plate. The field
of view of the two systems can be compared by considering Figure 6.5.7.
In the original XM6 electron microscope, Figure 6.5.%a, the maximum
diameter, Xaof a specimen which can contribute rays to the image with

the objective lens alone on the photographic plate via the 1.5mm

diameter bore of the final projector is given by

Xa = Bfo/'?OO = OQOOL”BfO EICR I 6.501

where fo is the objective focal length. with the miniature projection
stage, Figure 6.5.1b, the corresponding maximum diameter Xb of a
specimen which can contribute rays to the image on.the photegraphic
plate formed by the objective lens alone via the 5S5mm diameter of the

brass tube is given by

N
FiS

b = 1Of0/600 = 0.017fo cesse 0.5.2
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Fig. 6.5.1 Field of view in EMO electron microscope,
(a) original microscope, (b) with the miniature
projection stage. For foﬁ Lmm, the {ield of view in

(a) is 174n and 634m in (b).

Fig. 6.5.2 Electron micrograph of an aluminium specimen on a
60sm pitch copper grid taken with the original
objective lens of the EM6 microscope showing the
large field of view with the miniature projection -

stage.




Zouations €.5.7 and €.5.2 show that the ratio of the two fields of
view }ib/}{a:[a%° The meximum value of X is 150 ym when f_ = 35mm at
NI/Vr§ = 3.2 and its minimum valuve is 17 um when fo = 4mm at

RI Vr2 = 12.5. Therefore, the minimum value of X is about 67mams
this is shown clearly in Figure 6.5.2 where an image of a specimen of
an area more than 6Cum in diameter is formed by the objective lens
alone, magnified 150 X, The maximum magrification of the objective
lens on the vhotographic plate was reduced from 175 X in the original
EM6 microscope to 150 X with the miniature projection stage, i.e gz

reduction; on the other hand, the field of view was increased by a

factor of four to velues not usually obtazined in commercial microscopes.

Properties of the &mm bore single snorkel lens

o
o]
ct
@]
o]
th
O
Q

al length of a single snorkel lens was measured
by exciting only one lens of the doublet shown in Figure €.4.5.
Heasurements were taken for the electron beam entering the lens field
with the srout either facing away from the screen or towarcs it; the
results were similar. Figure 6.5.3 shows the projector focal length,
fp which was computed from the field distribution is in good agreement
with the experimental results, as a function of the excitation
perameter NI/V %. The measured minimum projector focal length of the
3 .
single lens was Smm at NIO/Vr2 = 14.5, equal in value to the bore
iameter. This measured focal length is 4% less than the computed
value. The curve of relative projector focal length fp/(fp)min of
this single-pole lens as a function of the relative excitation NI/NIO
conforms approximately to the "universal’ curve calculated for double~
polepiece lenses, and is similar to that obtained for the 30kV single=~
pole lens shown in Figure 4.4.4. The focal length of the 100kV single~
pole lens is just less than twice that of the 30kV (Figure 4.4.3) lens

because of slight differences in the design which are mainly in the

outer diameter of the lenses and the geometry of the snouts.
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A

The minimum focal length of this lens occurs at NI/‘\/r‘7 = 14,5

the computed coefficient of spiral distortion CS at this excitation,
Po

igure 6.3.1. Experimentally, it was found that

€3]

is 0.3%2 as shown in

Csp is 0.3, which agrees within the limits of experimental error.

Therefore, at maximum magnification (minimum focal length), the 100KV

single-pole lens produces 3% spiral distortion on photograprhic plate
of radius 50mm placed at a distance of 3COmm from the lens.

14

Properties of the 1COkV double snorkel lens

The projector focal length of the 100kV rotation-free lens was
measured experimentally. Figure 6.5.4 shows the measured focal length,
% m
F as a function of the excitation parameter NI/Vr2- The first minimum

P
1
focal length is 34mm at NI/V_Z. As determined from the 20kV single-

r

pole lens, this first minimum focal length is of the order of the axial
distance between the faces of the snouts. In practice, the first
minimum focal length is always slightly larger than this separation
and shorter than the separation of the peaks. At this focal length an
image can be obtained where the distortion is completely corrected;
At this excitation, the computed focal length of each of the two
single lenses are also 34mm i.e. the double and single lenses have
equal focal lengths.

The effective focal length of this double lens is 2mm at

a
NI/Vr2 = 14.5. 4%t this focal length, the final rotation~free projector
lens can magnify 15C X in this projection system. 4 projector focal
length of 2mm is of the same order of magnitude as that commonly used
in the final projector lenses in commercial electron microscopes, but
such lenses usually have very small bores, e.g. the original projector
lens P2 of the EM6 microscope has a focal length of 1.7mm but its bore
is only 1.5mm in diameter. The ratio of the volume of the original

projector lens to that of the miniature rotation-free doublet one is

15:1. The ratio of the power consumed in the miniasture lens doublet
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to that in the original projector lens is about 20:1. The
significance of this reduced volume is its usefulness in high vcltage
electron microscopy.

Figure 6.5.5 shows a series of rotation-free images of a copper

.
L

(=N

grid placed in the intermediate aperture projected by the intermediate

T

lens only. These images which are limited by the hore of the brass

>

~

tube are superimposed on that of the objective lens. The doublet is

rotation-free at all excitations.

6.6 Conclusion

A& miniature rotation-free projection system, with two identical
100kV double snorkel lenses of short focal length, low distortion and
large bore, was successfully constructed and tested. This projection
system reduced the height of the r¥6 electron microscope and greatly
increased its field of view., The miniature projection system should
ve useful in high vacuum electiron-cptical columns and high voltage

electron microscopes.
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Fig. 6.5.5 Electron micrographs of a copper grid projected by
the double intermediate lens at 75kV showing no

image rotation at different excitations. Notice the

large field of view and very low distortion.
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7. THE MIRIATURE OBJECTIVE LENS

The size and the position of the original objective lens of the
EM6 electron microscope imposed restrictions on the miniature
projection system described in Chapter Six. W&hen the rotation-free
intermediate projector lens focused the diffraction pattern form in
the back focal plane of the objective lens, because the distance
between the back focal plane of the objective lens and the intermedizte
projector doublet is larger than that between the latter and the final
projector doublet (Figure 6.4.5), the diffraction pattern was
demagnified about four times by the intermediate lens. The maximum
magnification of the finel rotation-free projector lens was 150 X on
the photographic plate. The maximum magnification of the diffraction
pattern was thus less than 40 times on the photographic plate. The
size of this diffraction pattern was more than 4 times smaller than
that obtained from the originzl lenses of the EM6 electron microscope.
Moreover, the presence of the iron stage for the intermediate aperture,
situated between the objective lens and the intermediate projector
doublet (Figures 6.4.% and 6.4.5), distorted the leakage flux of the
upper lens of the doublet. A1l these difficulties suggested the need
for a miniature objective lens to replace the conventional original
lens.

A miniature objective lens was therefore designed and constructéd.
Besides the considerable‘advantage its small siie, the lens could be
used either as a single or as a double-pole objective lens. The
~ double-pole lens had the ratio of S/D = 1 since it is known (Liebmenn,
19513 Brookes et al, 1668) that such a lens has a low spherical.and ,

chromatic aberration.
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f the exwerimental objective lens

~J]
o
-
>
M
&)
-
g
(@]

The angle of the upper truncated conical polepiece taper was chosen to
be 55° since high flux densities were required, (Mulvey, 1953). The
lens bore diameter and the geometry of the upper surface around the
bore were designed to house the normal EM6 specimen holder which enters
the lens field by means of a top entry specimen.chamber.

The 1id of the lens is interchangeable. Wwhen made of iron, the
lens becomes a double-pole objective lens with a gap width, S of Emm
and a 6mm bore dismeter D, (8/D = 1). If the iron 1lid is replaced by
a non-magnetic material (e.g. brass), the lens becomes a single-pole
objective lens. Figure 7.1.2 shows a photograph of the lens with its
two wire coils and the interchangeable lids. The lens lid and the
upper polepiece are separated by a vacuum-tight brass cylinder of
‘height slightly less than 6mm with a bore of bmm diameter along its
axis.

The iron 1lid has a round polepiece extending Tmm from its irmer
surface with & 12mm outer diameter. The 6mm bore diameter of this
polepiece has sharp corners of good mechanical precision in order to
avoid astigmatism. The outer diameter of this pélepiece is equal to
that of the flat surfacé of the gp?e?ygégical polepiece.

The lens was excited bygéwé,coilsﬁﬁ;The coils were'aésigned‘to.i
produce 5500A-t from anvexternai;cupfeﬁ§ su§p1yvcapable of‘delivéfiﬁg
up to 25 Amps at 60 volts. The appfopriéte wire size chosen to maf%h
the output of the power supply was 20 S5.W.G. (about Tmm diameter)
insulated copper wire. The two coils had the same outer diameter
(86mm) the bmm thickness containing four wire layers. The upper coil,
(Figure 7.1.1) of I.D. = 26mm to suit the geometry of the conical

polepiece, had 126 turns and a resistance of 0,65 ohm at 20°C. The
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Fig. 7.1.1 Cross~section of the miniature objective lens.

Fig. 7.1.2 Components of the experimental miniature objective

lens with its interchaengable brass and iron lids.
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lower coil of I.D. 16mm had 135 turns and a resistance of C.67 onm at
20°%c. The total number of turns of the two coils was thus 2671 with a
resistance of 1.32 ohms at 20°C.

The energised coils were cooled by flowing water, entering and
leaving the lens through two brass pipes. The cooling water passed
through the channels around the coils which are shown in Figure 7.1.7.
Due to the large surface area of the coils and the small number of
layers along its width, the heat-transfer was very efficient so that
the temperature rise of the coils was very low even at low water flow.
For example, at a water flow of 1 litre/minute at 1OOC, the temperature

rise in the coils was only 25°C at 5500A-t.

7.2 Magnetic properties of the lens

The magnetic properties of the lens were tested magnetically as a
single and double-pole objective lens by means of Hall-probe gaussmeter.
The saturation curve is shown in Figure 7,2.1; where the maximum
magnetic flux density, B, along the axis of the lens, is plotted as a
function of the excitation, NI. In the case of the double-pole
objective lens, Bm is the flux density at the centre of the lens,

i.e. 3mm away from each pole; while in the single-pole (snorkel)
objective lens, Bm is the flux density at a distance of 2.5mm from the
flat surface of the truncated conical pole.

The double-pole lens showed some signs of saturation at
excitations higher than 4000A-t, as shown by deviations from linearity
in Figure 7.2.1. To investigate the saturated objective lens, ité
magnetic field distribution along its axis was measured at 52204-t
and compared with the unsaturated lens at half the above excitation as
shown in Figure 7.2.2. It can be seen that the saturation takes place
in the area around the bore, which is tapered to house the specimen

holder, due to the small amount of iron. When a thin iron disc was
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-

placed on the top surface of the lens the saturation pea

ot
e

disappeared.
Hence this lens needs an upper surface of at least 1mm thicker for
linear operation at high excitations. However, this saturation peak
is very small compared with the maximum flux density at the centre of

its presence (Figure 7.2.2) reduced the meximum flux

[o7)

the lens an
density at the centre of the lens by only 7.

The field distribution of the unsaturated objective lens is showm
in Figures 7.2.2 and 7.2.3. It can be seen that there is practically
no magnetic field outside from the lens surfaces, i.e. the boundaries
of the magnetic field distribution are confined within the lens
structure along its 20mm long axis., The accuracy of the measgrements
was checked by measuring the area under the curve; the agreement was
within & with that calculzted from \(de :,U;o NI, Liebmann and Grad
(1951) have shown that for a lens of 8/D = 1, the ratio of the maximum
Tlux density Bm along the lens axis and the magnetic flux density, Bp

in parallel part of air gap, S of the lens (Figure 1.2.5) is 0.834;

i.€s 3 = 0.834
1Y
» 477 NI
where Bp = =353 (gauss)

S is in centimetres. At 2670&-t, the calculated value of BD is 5481
gauss; therefore the calculated value of Bm is 4571 gaués.
Experimentally, the value of Bm was found to be 4500 gauss which is
only & less than that calculated. For a lens of S/D = 1, the ratio
of the half-width, 2 of the field distribution and the radius R of the

lens bore (Figure 1.2.6) is 1.15; i.e.

= 1.15

ool o

where R = 3mm; thus the calculated a = 3.45mm and 2® = 6.%mm which
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is the distance between the points where the field decreases to
0.5B . coxperimentally, it was found that 2a = 7om which is again of

2 accuracy. It should also be mentioned that Durandezu and Fert

(1957) have shown that 2a = 0_97\1 52 + 0.1551)2 when the excitation
NI <§ 10005 where S is in millimetres. The calculated value of 2a
from the above eguation is 7mm for the lens whose S = D = 6mm which
agrees with the experimental value. Therefore, there is & very good
agreement between the calculated and the experimentally measured
parameters of the magnetic field .distribution,

The maximum magnetic flux density of the single-pole cbjective
lens increases linearly with the excitation with no sign of saturation
as shown in Figure 7.2.17. The maximum magnetic flux density of the
single-pole objective lens is three times smaller than that of the
double~-pole lens; thus the focal length of the single-pole lens will
be longer than that of the double-pole lens. However, the absence of
saturation fields and the small amount of iron used in the lens iron
circuit are two useful advantages. The magnetic field distribution of
the single-pole objective lens is shown in Figure 7.2.3 compared with
that of the double~pole lens; the areas under both curves are nearly
equal as expected. The field distribution curve of the single-pole
objective lens reaches its peak at a point 2.5mm from the pole. It
exhibits a sudden drop on the right-hand-side of the peak i.e. near
and inside the pole structure and a gentle descent on the left-hand-
side of the peak. Since this lens is to be used with its snout facing
the screen, the field on right-hand-side of the pezk i.e. on the source
side might have an important effect in reducing the source image on the
specimen. The half-width of the field of the single-pole lens measured
from the peak of the experimental field is 12mm as shown in Figure
7+2+3, which is of the order of magnitude of the minimum projector

focal length, (fp)min‘



ot

7.5 Computed electron coptical properties of the miniature cbjective

The data of the two field distribution curves shown in Figure 7.2.3
were used to compute the focal properties of the double and single-pole
objective lens. The objective lens aberrations of greatest importance
in well-centred electron optical systems of perfect rotational symmetry
are spherical aberration and chromatic aberraticn. These two
aberraticns were computed for the miniature cbjective lens both as a

double and single~pole lens from the data of the magnetic field

distributicn.

Double-pole obiective lens

The properties of symmetrical dcuble-pole lenses are well known,
The miniature objective lens has its S/D ratio equal to unity, hence
the comparison between the computed and those well-known properties is
a good check for the ccmputer program.
igure 7.5.7 shows the veriation of computed obrjective focal
length, fo and the projector focal length, fp of the miniature lens
with the excitation parameter NI/Vr%. It can be seen that there is a
s00d agreement between the computgd results and those given by
Liebmann and Grad (1951) and Kamminga et al (1968/9) for 5/D = 1
where D = bmme

Liebmann and Grad (1951) have shown that the shortest focal

length which can be obtained by any symmetrical lens when used as a

projector lens is (fp)m’

in = 0.59D. Therefore, for the miniature

objective lens, its minimum projector focal lerngth is 3.54mm at
KI/Vr% = 12.6. This value of fp is & less than that calculated from
'equation (fp)min = 0.5(82 + 0.45D2)%. The projector focal length
goes to infinity at about NI/Vr% = 22 and there is a succession of
similar lcops for higher excitations.

For weak and moderately strong excitations, the projector
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focal length, fh and the objective focal length, fo are identical as
F .

shown in Figure 7.3.1. A lens is considered weak when the focal

-
i

length is inversely proportional tc the excitation parameter NI/VT7‘
it
This occurs for NI/Vrdféié. iritially, the objective focal length,
decreacses steeply and then at a slower rate with increasing excitation.
it high excitations, where NI/V&:?BO, f, is nearly constant (1.6mm),
i.e. independent of excitation.
Figure 7.3%.2 shows the objective foczl distance, ZO of the

double~pole objective lens as a function of the excitation parameter
i

il

I\"I/Vr . Iin symmetrical double-pole lenses, Zo represents the distance
between the centre of the lens at S/2 and the object from which the
electrons are scattered. The computed results of Zo are in very good
agreement with those determined by Liebmann and Grad (1951) and

Kamminga et al (1968/9) for this specific lens geometry. The focal

. 1
distance ZO jecreazses with an increase in NI/Vr§ but at an increasingly

SRY

slower rate the higher NI/Vr§ as shown in Figure 7.3.2. Vhen NI/Vr%
is about 22, Z_ passes through the origin i.e. the parallel electron
beam crosses the centre of the lens.

The variation of the spherical aberration coefficient, CS and

the chrometic aberration coefficient, Ceo of the double-pole objective

ol

lens with the excitation parameter NI/Vr are shown in Figure 7.3.3.

b

it can be seen that C

s alls steeply from quite high values at low

a
excitations to a value as low as 0.7mm at }\}I/Vr2 = 40, The Cc curve
shows that CcfliOe?f. The computed results of CS and Cc are in very
good agreement with those determined by Liebmann and Grad (1951) and
Kamminga et al (1968/9). It should be mentioned, however, that it is
not possible to design a lens having the minimum possible values of
both spherical and chromatic aberrations, (Brookes, et al 1968).
"
Kl

! !

Figure 7.3.4 shows the spherical aberration parameter CsBm/vr

q
as a function of the excitation parameter NI/V“§ for the miniature
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objective lens. The computed results agree within zbout 5% with those

given by Liebmann and Grad (1951) and Brookes et al (1968) for the

nof-

lens of $/D = 1. The spherical aberration parameter Can V = has a

6

r

-

minimum value of 4.9 x 10~

A
mIV™? at NI/Vr = 24, However, at the

1

z

4
excitation interval 40 4'NI/VY?7720, the parameter CSBm/Vr- changes

very slightly that it can be considered constant and equal to about

6

"
5 x 10 "mIV 2, For this miniature objective lens it is therefore

p
ssi ; C = "6V 2 i axim
pessible to write (bs)mln 5x 10V, /Bm m, where B is the maximum
flux density on the lens axis in Tesla and Vr is the relativistically
corrected accelerating voltage. Since the electron wavelength,
A ) -10 1y % . .

= 12.25 x 10 /Vr~m, the corresponding best resolving power,
obtained by substituting in the well known expression for resolving

2
power, d = 0O.43% CS“ A“g &s limited by spherical aberration and

diffraction, is given by

~ -9 {1 “1— 4
dmin“ﬁ‘4°2 x 10 /\Jer} m 2

™

quation 7.3.7 is useful in determining the resolving power of the
double~pole objective lens.

Figure 7.3.4 shows also the variation of the objective focal
length parameter foBm/Vr% with the excitation parameter NI/Vr%. It
can be seen that the computed results are in good agreement with those
of Liebmann and Grad (1951) for the lens of 5/D = 1. £t low

i .
excitations, the parameter f B /V ° decreases steeply with the

. . .. -6 -k
increase of excitation and reaches a minimum of 7.4 x 10 mlV ¢ at

2 1
NI/V ® = 12. The condition for minimum f_B /V Z corresponds roughly

(VY

"

to minimum chromatic aberration parameter CCBm/V but not to minimum

R
a

spherical aberration parameter CsBm/Vr2 (Mulvey and Wallington, 1969).
2

In fact, the minimum value of CcBm/Vra for the miniature objective

i

o !
lens is 5.6 x 10"6 mIV™2 gt NI/Vr§ = 14,

It can thus be concluded from the Figures 7.3.1 to 7.3.4 that



- 210 -
the agreement between the computed electron optical properties and
those well known for the lens of 5/D equal to unity, justifies the use
of this.computer program in determining the properties of any magnetic

lens from its magnetic field distribution.

Single~pole objective lens

The data of the magnetic field distribution curve of the single-
pole objective lens shown in Figure 7.2.3 were used to study the
electron optical properties of this lens by means of the same computer
program. LJue to the asymmetric nature of the field, the electron
optical properties of this lens were studied for the electron beam
entering the lens in the two possible directions i.e. when the
polepiece (snout) surface was facing the source side and alsc when the
lens was inverted with the pole surface facing the image side.

The projector and the objective focal lengths of the single-pole
objective lens are shown in Figure 7.3.5 as a function of the

i
excitation parameter NI/Vr2° The projector focal length, fp is the
same Tor both directions of the electron beam since it depends on the
slope of the emerging beam after traversing the whole field. £ has a
e
minimum value of 13mm at about NI/Vr% = 13, ‘hen the pole face is on
the image side, the objective foczl length, fo passes through z minimum

of 1%mm at NI/Vr2 = 1th4, which is a high value for an objective lens.

Sy

when the snout faces the source side, the objective focal length
decreases steeply to low excitations and steadily at high excitations
where it decreases from Smm at NI/Vr% = 22 to 3mm at NI/Vr% = 38, It
can be seen in Figure 7.3.5 that when the snout faces the source side,
the objective focal length of the lens is always shorter than that
when the snout faces the image side at all excitations. Therefore, to
obtain a single-pole cbjective lens of short focal length, it is
important to use this lens with its snout facing the source side.

The variation of the focal distance, Z0 of the single-pole
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objective lens with the excitation parameter NI/V is shown in
J I

Figure 7.3.6. The focal distance ZO, is the distance between the srnout's

surface (taken as the origin) and the specimen position. It can be seen

that when the sncut is on the source side, ZO is always positive even

7

at high excitations. when the snout is on the image side, Z increases
from negative values at low excitations i.e. the objective focal point
is inside the lens bore and then passes through the origin (i.e. the
specimen on the surface of the snout) at about NI/Vr% = 13 where fn is
also minimum (Figure 7.3.5). At about NI/VT% = 21 the two curves meet
where Z0 is about 8mm. Figure 7.3%.6 shows that the rate of increase of
ZO with excitation when the snout faces the image side is higher than
its rate of decrease when the snout faces the source side. Thus when the
snout faces the image side, the lens provides plenty of space for
specimen manipulation and incorporation of various attachments.

Figure 7.3.7 shows the spherical aberration coefficient, CS of
the single~pole objective lens as a function of the excitation
parameter NI/VT% for the two modes of operation. At low excitations,
both curves decrease very steeply with increasing excitation and meet,
at NI/Vr% = 28 vhere C, is about 4mm, Before the two curves meet,
the value of CS of the objective lens whose snout is on the image side
is much lower than that when the snout is on the source side. At
excitations higher than that of the meeting point, the value of Cs
when the snout is on image side becomes slightly higher than that when
the snout is on the source side. VWhen the snout is on the ;ource side
the value of Cs decreases continucusly with the increase of excitation.
In the case of the snout being on the image side, CS goes through a
minimum of 3.7mm at NI/Vr% = 203 however, Figure 7.3.7 shows that Cs
can be considered constant at the excitation interval from about 14 to

about 40 where Cg is about bmm which is remarkably low considering

a .
the long focal length. At NI/V.® = 20, the value of C, with the lens
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snout on the image side is half that when the snout is on the source
side which is an advantage in operating the lens in this mode. At high
excitations such as NI/V = 40, the value of Cs with the snout on the
image side is double that when the snout is on the source side which is
not very useful since more power will be consumed and also the lens
iron wiil saturate.

or the two modes of cperation of the single-pole objective
the chromatic aberration coefficient C. is shown in Figure 7.%3.8 as a

1
function of the excitation parameter NI/Vr‘. At low excitations the

QY

two curves decrease steeply and meet at about NI/Vr = 13 where C. is
about 8mm. ‘When the snout is on the image side, CC goes through a
minimum of 7.9mm at NI/V_“ = 16; however, the change in'Cc from
excitation 14 to 20 is negligible which is very useful since the lens
is usually operated in this range of excitation. When the snout is on

the source side, C_, decreases continuously with excitation, but it is

c
initially higher than that for the snout on the image side until the
two curves meet after which Cc becomes much lower and goes down to
about Zmm at 1\21/“};;2L = 40 which nmeans again that more power is required
and the lens iron will saturate.

Therefore, when the single-pole objective lens has its snout
facing the source side, the curves of fos CS and CC show that in this
mode of operation the lens behaves like a conventional symmetrical
lens since the tail of the field distribution curve is not used in
imaging but as a pre-field condenser. In this case the values of fo,

Cs and Cc are low only at very high excitations which is a disadvantage.
On the other hand, when the pole surface faces the image side, the
exponential segment of the field distribution is the imaging part of

the curve, This mocde of operation has the advantage that fo, CS and

Cc have approximately their lowest values at nearly the same low

1
excitation parameter NI/VrZ of about 16.
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~lthough the objective lens with its snout surface facing the

image side has a relatively large focal length parameter (Figure 7.3.9)

1
but its sphericel aberration parameter C%B /Vr~2~ shown in Figure 7.3%.10

m’
is lower than that of the best double-pole objective lens. The minimum

3
6

3 o ~ 7 m‘ — hed A F 1
is 3.4 x 10 7 alVp. Thus (C) . = 3.4 x 107"V /B m,

2

v
A

lu f
value of CsBm/V
where B is the maximum value of the field distribution curve in Tesla.

The corresponding best resolving power, obtained by substituting in
% 2
.

the well known expression for resolving power, d = 0.43 Csz s 1s given

by

A

Z
~ -9 )
4 5.8 x 1077/(VB) m ceeen 7.

N
®
n

This equation determines the resolution of the single-pole cbjective

lens with its snout surface facing the image side.

-~
=

Rzdiel and spiral distortion coefficients of the experimental

objective lens

Liebmann (1952) calculated the radial, C4 and spiral, CSp
distortion ccefficients of symmetrical double-pole lenses with
different 5/D ratios. In order to check the accuracy of the computer
program (Marei, 1975), the data of the magnetic field of the double-
pole objective lens were used to compute Cq and Csp for comparison with
Liebmann's results. Figure 7.4.71 shows that for the spiral distortion
coefficient, CSp there is a very good agreement between the computed
and Liebmann's results. The results on the radial distortion coefficient,
Cd ;how some discrepancy mainly around the maximum at moderate
excitations of about NI/Vr? = 10. KHowever, at high excitations, where
lenses are usually operated, the agreement between the computed Cd and
that of Liebmann is very good. It has been shown by Liebmann (1552)
that, at low excitations, the radialldistortion coefficient Cd is

related to the spherical aberraztion coefficient CS by the expression
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C = .t{CS/f'3 R 7.1‘!'«’1

where K is the radius of the lens bore. It was found that by
substituting the ccemputed values of Cy and T (at low excitations
f = f ) of the double-pole lens (Figures 7.3.1 and 7.3.3), there was

very gocd agreement with the computed Cg» The computed values of Cd

r in Chapter Four.

el

and CSp have been alsc verified experimentall
Therefore, it can be concluded from the theoretical and experimental

evidence that the computed results of Cd and qu of any magnetic lens

from the data of its field distribution are of very good accuracy.

Hy

The field distribution data of the single-pole lens were also used
to compute its radiel and spiral distortion coefficients. Figure 7.4.2

nd C., with excitation for both modes of

09

shows the variation of Cd

operation. It can be seen that for both modes of operation Cd = 0 at
4
the same excitation parameter, NI/V_° = 14,5 which is lower than thet

for the double-pole lens. FHoever, Figure 7.4.2 shows the important
result that by converting the double-pole lens into a snorkel lens, the
radial and spiral distortion coefficients have fallen remarkably. For

instance, Cd in the double-pcle lens is about 0.3 and in the snorkel

o)
lens it is 0.075 which is four times smaller. with the surface of the

snout of the snorkel lens facing the image plane, the maximum value of

C, is only 0.085 which is of the order of magnitude of C while in

d g

fo}
the double-pole lens the maximum C; value is about O.4. The same
3

argument applies to CSp which, at Cy = 0, it is 0.85 for the double-
pole lens and 0.15 for the single-pole lens whose snout is facing the

image, i.e. more than five times smaller; t is alsoc 0.07 for the
snout facing the source which remarkably small. By substituting the
computed values of Cs and f of the snorkel lens (Figures 7.3.5 and

7.3.7) for both modes of operation st low excitation in Equation 7.4.1,

it was found that the calculated results of Cz were in very good
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agreement with the two computed curves.

7.5 Design of the obijective stage

-
o3
o)

rder to operate the miniature objective lens in the microscope,

a special stage was constructed, replacing the original objective lens

-
§

and the alignment stage of the EM6 microscope. Figure 7.5.1 shows a

]

(

cross-section of the iron cylinder stage whose outer diameter was
limited by the outer diameter of the EM6 column. Its height was chosen
such that the total magnification of the miniature double~-pole
objective lens and the two projector coublets will be comparable to
that of the original ENG imaging system. The original cbjective
aperture holder was mounted on this stage to the nearest rossible
distance from the bottom surface of the objective lens, Figure 7.5.2,
together with the original specimen-shift controls. However, each of
the two brass rods of the specimen-shift control was Turther shortened
by &0mm to become 190mm long which is SO¥ shorter than the original

rod of the EM6 microscope. Also the height of the pumping tube in the
back of the electron optical column was shortened by a further &O0mm by
the same procedure shown in Figure 6.4.4;  this enables oné to restore
the microscope to its original height without difficulty. The
objective stage was firmly fastened to the ministure projection stage.
with the objective lens mounted in its cylindrical stage (Figure 7.5.3),
the height of the miniature imaging system, measured from the top
surface of the objective lens to the screen, was about 44Omm, which

is equivalent to 30% reduction in the original height of the EM6

icroscope.

7.6 Performance of single and double-pole miniature objective lens

The miniature objective lens was tested alone in the electron
microscope at 75kV both as a double and single-pole lens. The snout

of the single-pole objective lens was set fecing the image side since
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Fig.7.5.2 The objective stage with the two

specimen-sihift controls and the

aperture holder mounted on it.
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Fig.7.5.3 The miniature objective lens
mounted on the iron cylindrical

stage.
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in this way the spherical aberration of the lens is very small.
wWith the distances below thé cbjective lens in the microscope

1

shown in Figure 7.6.7, the calculated field of view (XO) of the image

s}

formed by the objective lens on the photographic plate is given by

XO = 0.023 fo ceses 74647

where Xo is the maximum diameter of z specimen which contribute rays
toc the image and I, is the objective focal length. The limiting
aperture for the image is the bottom end of the Bm& inner diameter of
the brass tube in the projection system. Figure 7.6.2 shows focused
images of copper gridsvformed by the objective lens alone when used
as a double and a single-pole lens for two different specimen
positions, Zo measured from the centre of the gap for the double-pole
lens and from the surface of the snout for the single-pole lens. It
can be seen that there is good agreement between the measured and the
calculated field of view. It should be mentioned that the field of
view ol the imege formed by the double~pole objective lens alone in
this sytem is about four times greater than that of the EM6 microscope.
This field of view is an advantage which is not met in commercial
microscopes. with the snorkel objective the field of view is even
larger.

The single and the double-pole lenses were capable of operating
at 75kV where NI = 45004~t for the former ahd 52004~t for the latter.
Under these imaging conditions, the resolving powers of the lenses,
calculated from Egquations 7.3.1 and 7.%3.2 are C.Zénm for the double-
pole objective and 0.32nm for the single-pole lens. This means that
the resclution of the double-pole lens is only 20% better than that of
the snorkel lens, although the latter is not a purpose-built snorkel
objective lens. Therefore, high resolution can be obtained from a

snorkel lens of good design. The maximum power consumed by the
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cbjective lens was about O0.Ckw which is ten times the power consumed
by the original objective of the EMC microscope but its volume is

times speller.

The focel yproperties of the double-vole objective lens as a

o}

function of the excitation parameter ‘f{I/Vr are shown in Figure 7.6.3.

It can be seen that there is a good agreement between the computed and
the experimentally me red focal length and specimen position.
However, Figure 7.6.4 shows that there is slight descrepancy between
the computed and the measured values of £, and Z_; this could Ee
caused by any experimentel error in the measurewment of the field
distribution. 4t & distance ZO = Z.5mm from the surfece of the snout
of the single-pole lens, the specimen was situated in the vicinity of
the magnetic field and that the exponential segment of the field
distribution was forming the image. For this same distance relative

to the conical polepiece of the double-pole objective (i.e. Zo = O.5mm

from the lens centre) most of the first half of the field acted

]
9]
3]

pre~field condenser. ~Although the singlie-pole objective is not a
purpose~built objective lens it gives a better performance than the
double-pole one for a specific focal length. For instance, at a

2
distance of 6bmm below the surface of the polepiece (NI/Vr2 = 18),

(1)

single-pole objective has fj = 13mm, CC = 8mm and CS = 3.7mm. For the
same focal length, the double-pole lens has C_ §.12mm and Cs = 7/mm
at NI/\ % S5 *hese figures indicate that the single-pole
configuration is advantageous where it is required to have a large
specimen or great freedom of movement.

In the imeging procedure of the whole microscope the miniature
objective lens forms an image at the top end of the brass projection
tube (S5mm inner diameter) to be magnified by the intermediate

projector doublet. In this distance (100mm) the magnification of the

objective lens is 1OO/fO which is also equal to 5/2r, where r is the
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radial displacement of the electron beam from the axis of the
objective lens as the beam enters its magnetic field. Therefore, the

spiral distortions (Zguations 1.5.4 and 1.5.6) in the
i A -

jo

radial an
intermedizte image formed by the objective lens whose bore radius is

Jmm are given by

(&} = 7x107¢c, £° ceens 7.6.28
€ “raa d o
AE -
( (,) = 7x107 0 2 ° ceeee 7.6.2B
sp

n millimeters., Eguations 7.6.24 and 7.6.2B show that the

Je

where £ is-
o

redial and spiral distortions of the objective lens are very small;

e.g. when the focal length of the snorkel cbjective, fo = 16mm at

NI/V “ = 11, Figure 7.4.2 shows that Cy = 0.08 and Csp = 0.07, hence

s ,,ﬁ‘)} , ,
(é/ﬁ‘> = 0,14% and znd (fé§> = 0.,1%

C /ep

Similar remarksble low results are obtained for the double-pole
objective lens. Hence, the radial and spiral distortions of the

objective lens are negligible.

7.7 Conclusion

The miniature objective lens proved to be very successful. It
is convertible to a double or a single-pole lens. To the author's
knowledge, this experimental ministure objective lens is the first of

its kind to be used in a microscope under practical conditions.
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&, 4 MINIATURZ ROTATION-FREX IMAGING SYSTLM

The assembly of the

E

iniature objective lens, described in Chapter
Seven, with the two miniature rotation-free lenses, described in
Chapter Six, forms an entirely new rotation-free imaging system for a

transmissicn electron microscope.

—3

Co

The minjature imaging systen

The imeging system of the AEI ENME electron microscope was replaced
r the miniature rotation-free imaging svstem in order to evaluate the
syster under practical conditions of microscopy. Figure 8.1.71 shows
the practical realization of the design. Figure 8.17.12 shows, for
reference, the original imeaging system consisting of objective lens,
alignment section, intermediate and projector lens, viewing chamber,
screen and cesmera. rigure 8.7.7b shows the projecticn system replaced

by two identical 100kV single-pole rotation-free doublets each with an

effective fo

)\7

2l length of 2mm, mounted outside the vacuum system by
means of a brass tube passing through the Smm diameter lens bore. The
objective lens and alignment section are supported on four iron
pillars, allowing access to the projector doublets for alignment
purposes. Because of the favourable distortion coefficients and
magnification of the new lenses the column height was reduced by 135
Figure 8.1.1¢c shows the complete column with miniaturized objective
lens. The objective alignment section is not needed as both projectoer
lenses can be aligned independently onto the axis of the objective.
The objective lens is supported on a thick iron cylinder which
provides msgnetic screening and mechanical stability. The reduction

in column height, measured from specimen to fluorescent screen, is

about 3C% with the magnification of the miniature imaging system being
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Fig. 8.1.1 Stages of development in the miniaturized imaging

system of the EM6 electron microscope.




kept comparable to that of the original instrument (120,000 X)., The
importance of this reduction in the height of the electron optical
column lies in the fact that the sensitivity of the column to stray
magnetic fields falls with the sguare of the reduction in its height
and that mechanical rigidity improves as the ratio of column-height to
cdiameter is reduced; these two factors are especially relevant to
high voltage microscopy. In fact, the reduction in column height if
measured from specimen to the top of the viewing chamber is 50% where
the two rods of the specimen shift control were reduced in length from
%7cm to 1Sem, Figures 8.1.2 and 8.1.3.

A close~up view of the miniature imaging system is shown in
Figure 8.1.2. It shows the top entry specimen chamber placed on top
of the objective lens which is hidden inside the thick iron cylinder.
The second projector doublet is not shown because it is mounted on the
brass cup which is placed inside the viewing chamber. The objective
aperture was not placed in its correct position with respect to the
miniature double-pole objective lens because it is impossible to
insert it inside the structure of the water-ccoled lens; but in spite
of that it proved to be useful in improving the image contrast. The
nearest distance that the aperture can be placed was 8mm below the
bottom surface of the objective lens. However, this aperture position
proved to be more useful in improving the contrast when the lens was
converted into a single-pole objective lens of long focal length.

Also the aperture holder can be used as a simple side entry specimen
stage for a purpose-built single-pole objective lens.

4 general view of the electron microscope with the miniature
imaging system is shown in Figure 8.1.3. It is interesting to notice
the reduction in size of the projector doublet when compared with the
conventional double-condenser lens. The miniature objective lens and

the two projector doublets were ccoled by the original water-cooling
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Fig.8.1.2 The miniature rotation-~free imaging
systen. The final projector doublet

is hidden by the viewing chamber

(see Figure 8.1.1.C).
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1

system of the conventional objective, intermediate and projector
lenses. The water-flow rate of slightly more than 1 litre/minute in
each lens did not czuse any mechanical vibration of the column and was
completely adeguate to extract the heat from the energised coils. The
replacement of the original imaging system with the miniature one was
carried out in such a way that the original microscope could aways be
re-assembled easily.

The shzpe of the viewing chezmber was designed by the manufacturers

to suit the original performance of the microscope; it was found

ct+

however thet this shape distorted the magnetic flux of the bottom
miniature lens of the second projector doublet which was deeply
immersed in the viewing chamber. It was therefore found necessary to
screen the bottom lens from the iron of the viewing chamber. Figure
8.1.4 shows a cross-section of the screening iron cylinder that was
attached to the bottom of the brass cup where the second procjector
doublet was placed. The inner diameter of the cylinder did not limit
the field of view on the photographic plate. The effect of this iron
cylinder on the 8mm focal length of bottom single-pole lens was that
it reduced it by €% to 7.5mm as measured experimentally, due to the
presence of the iron disc (76.2mm diameter) on the top end of the
cylinder in front of the lens structure. This reduction in the focal
length cgpused also an eguivalent reducticn in the effective focal
length of the doublet; i.e. Fp = 1.88mm instead of 2rm. Hence the
maximun magnification of the final projector doublet became 160X on
the photographic plate.

Tdeally, the projection system should also be screened from
external fields; this is not usually done in commercial instruments.
The shorter projection distance needed with the new lenses makes the

column less sensitive to stray a.c. fields.

The miniature imaging system has the great merit of simplicity
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of operation compared with a four lens

9]

conventicnal projector system
since each doublet reguires only one current suppl&. Since the
projector doublets are under atmospheric pressure, they were easy to
align. For most experiments with the imaging system the electron
microscope was operated without the condenser lenses; a 20 ym
aperture in the concdenser sperture holder through which a parallel

veam of electrons from the filament was passed was used where necessary

to restrict the area of specimen illuminated.

§.2 Electron-optical properties of a two-stage rotation-free imaging

system

in objective lens and one projector doublet are considered to
constitute a two-stage, rotation-free imaging system. The two single
lenses of the projector doublet are assumed thin and identical with
equal projector focal lengths, f _ and separated by the distance between
their magnetic flux peaks, Figure 8.2.1. The magnification and
diffraction in such an imeging system are considered theoretically and

experimentally where the derived mathematical eguations are applicable

to both single-pole and double-pole lenses.

Magnification of a two-stage rotation~free imaging system

Considering the imaging ray path through the objective lens of

and the projector doublet, Figure §.2.1, it has been
& 3 £ $ i

focal length, fo

shown in Appendix IXA that the magnification, M of this system is

given by
M= g(* L4L,) - = (LI 42L.L+L,L_) Balels | 8.2.1
b=+ ( Lq+Lo+ 3 = F 1 2+2 1 3+ obs + > g toose Ooloe
0 P fp s

Equation 6.2.%1 shows thats
() when the projector doublet is not energised (Ip:O) i.es fp is
infinite, the magnification of the system is simply that of the

objective lens only given by (L1+L2+L3)/fo ;
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(b) when the magnification of the whole system is maximum, i.e. when

f has a small minimum value, the result of the term

v (L+L.+L.) 1
172 73 . - .
= - FT (L L +21,L3¢“2L )5 is very small compared
4
o} P o
2 o . . o s
with the term L11213/L £ s thus the maximum magnification of

the sysiem will be

which is simply the product of the meximum megnifications of the

three single lenses;

(c) if the megnification M is differentiated with respect to fé for

£

maximum and minimum, there will be a value for fp given by

f = 2L w/\L L +L L +2L 1 ) ceses 8.2.3
P 2T

at which the magnification will be maximum; i.e.

L (L,L +2L,IL37L L,)°
(11) = = (L +L.+L.) - coees B.2.4A
max 1 oL

2 73 QL,ELBL5

bl

when f_ in EZcuation 8.2.3 is substituted in Equation 8.2.71.

el

(Y

Usually L2 is very small compared with L_ and L3° Therefore, the
i

products L,L and L are small compared with BLQL in Eguation 8.2.3.

i 2 5 3

Hence the projector focal length f of each lens of the doublet is

ks

approximately LZ when the system is at its first maximum magnification.

In fact, fD is slightly smaller than LZ; however, this means that fp

is independent of Lq and L, . In Equation 8.2.44, the term

3

4 2 j s always greater than (L +L2+Lj)

therefore, the value of (M) max 1 1S always negative which means that
P

S - T \
kL1L2+2L1u /4L, L

5

the image is inverted. To a good approximation, the first maximum

magnification of a two-stage rotation-free imaging system can be
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written as,

" L.L
) ~e 1 ( 13 )
(I-)max 1 I f \ LA EEEE 802045
o] z

Equation 8.2.4B is simply the product of the magnifications of the

~
L

objective lens (lﬁ/fo) and first lens of the doublet (LB/LZ) since

f =21 in this case. The second lens of the doublet does not
contribute to the magnification of the system but it corrects the
distortion of the Tirst lens, since under this condition of focal
length it is situated in the back focal plane of the first. Thus the

first magnification will be distortion-free.

-~

Diffraction in a two-stage rotation-free imaging system

msy

The diffraction pattern from z crystalline specimen is formed at
the back focgl plane of the objective lens when the illumination on
the object is parallel. Fipure 8.2.2 shows the formation of the first
image and the diffraction pattern by the objective lens, neglecting
rotation due to the objective which acts equally on both image and
diffrgction pattern since they both experience the same field in the
objective lens. The image formed by the objective lens is inverted
relative to the object but the diffraction pattern in the back focal
plane of the objective lens is erect with respect to the obiect.
Subsequent lenses of the microscope produce equal numbers of inversions
of the first image and the diffraction pattern.

In a two-stage rotation-free imaging system, it can be shown
(Appendix IX B), that the projector doublet can project the diffraction
pattern in the back focal plane of the objective at two different
excitations. At diffraction, the two focal lengths of each lens cof

the doublet are given by
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7 , L. +L L. - 3y
(L L+2L, 5 L2L>> J(L L+2L, 3+L L)< 4L,‘L2L5(L,‘+L2+L5/

p diff 5 (1 .
2\ 1‘L2+u3)
veeee 8.2.5

The first diffraction pattern is obtained at a weak excitation where

(fp)diﬂ is long i.e. the two terms in the numerator of Equation 8.2.5
A

are added, and the second diffraction pattern is projected when

(fp)d;fg is short at a higher excitation where the numerator will be
RN R X
the difference between the two terms. IEguation 8.2.5 shows that
(fp)d4pf depends on the projection distance L3 which will have an

24

effect on the focusing of the diffraction pattern. However this same
equation can also be derived from Eguation 8.2.1 when the magnification,
M = 0 at diffraction.

It can also be shown (Appendix IX B) that a diffraction spot in
the back focal plane of the objective lens will be magnified on the

screen {or photographic plate) by an amount given by

(L+2L.) L.L
(I“l>diff = ’I - ""(_CZ ) z“’ -+ “_C—% R 802-6
p diff (ip) diff

Since there are two different values for (f ) £y given by

Equation €.2.5, the two diffraction patterns will be of different

magnifications as shown in Equation &.2.6. It can be seen that

L1

Squation 8 .6 is independent of the objective focal length; hence the
magnification of the diffraction pattern is independent of the specimen
position. This means that at the same current in the projector doublet,
diffraction patterns will be obtainedeith different specimen holders.

§ vhen the projector doublet is weakly excited, fp will be long; thus,

the term LZLB/fg in Equation 8.2.6 will be very small, and the term
(L f2L )/f will be the dominant one which gives a negative value for

the magnification. This negative value means that the first projected
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Fig. 8.2.3 Projection of the diffraction pattern forﬁed at the
- back focal plane of the objective lens in a two-
stage rotation-free imaging system,
(a) inverted first diffraction at weak projector
doublet and
(b) erect second diffraction at strong projector
doublet. The magnification in (b) is higher

than that in {(a).
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diffraction pattern is inverted as shown by the rayv diagram in
Figure 8.2.3a. The second diffraction pattern will be projected when

1

the lens is stronger and of shorter

+

ocal length, where in this case

- " T T ,\2 .y \ 3 . 4 £ 41

the term L. L_/f% will be the dominant one and hence the value of the
2

diffraction magnification will be positive. This means that the

second projected diffraction patiern will be erect as shown by the

ray déiagram in Figure 8.2.3b.

Performance of a two-stape rotation-free imaging system

Consider the cbjective lens and the first projector doublet
(Figures G.1.%¢c, 8.1.2). These two lenses constitute a rotation-free

imaging system with the parameters an L1 and L3 shown in Figure 8.2.1
are 100mm, 37mm and 400mm respectively; i.e. the height of this
imaging system is 537mm measured from the specimen to the photographic
plate. With the double-pole objective lens, the imeging system had
the magnification characteristics for two different ocbjective focal

o

lengths, (i.e. two different specimen positions) as shown in
Figure 8.2.4 when the excitation of the projector doublet was varied

16 at 75kV.

1

from zero to NI/Vr%
The experiment has verified the theoretically predicted results
on diffraction. &s the excitation of the projector doublet was
increased from zero, two diffrsction pattern are obtained at
a
NI/Vr2 = 3 and 7.5 for both objective focal lengths, showing that the
diffraction excitation is independent of the objective focal length.
The first diffraction, Figure 8.2.5a, was inverted and the second was
erect; this was verified by imaging a copper grid with an arrow,
placed in the objective aperture. The projector focal lengths of each
lens of the doublet at diffraction as calculated from Equation 8.2.5

—

are 167mm for a weak lens and 16.5mm

=4

or a strong lens. These two

values are in very goocd agreement with the experimentally measured

Y

1
focal lengths at NI/Vré = 3 and 7.5 shown in Figure 6.5.3. It can be
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Fig. 8.2.5 Two enlarged diffraction patterns of a molybdenum
trioxide crystal, in a two-stage rotation-~free

imaging system.

Fig. 8.2.6 Fig. 8.2.7
Enlarged first maximunm .Enlarged second maximum magnifica-
magnification in a two- tion in a two-stage rotation~free
stage rotation-free imaging systen. fo:'7mm,
imaging systen. fO; 7mm, (NI/VE)prOj;/lq.E, M- 2500%,
(NI/‘JE)pmj: 5, M= 170%, field of view =1Qum.

field of view =150um.
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seen that the Tirst diffraction focal length is ten times higher than

that of the second. As a weak doublet, its effective focal length at

m . . ) - . . . 1 1 1
diffraction is 92mm as calculated from the ecuations o= + pe and
1 > B . . p U
F SF - T As a strong doublet, its effective focal length at

p p £

1Y

diffraction is ©8mm. The magrnification of the first and second
diffraction patterns as calculated from Zquation 8.2.6 are 4 X and 5.7X
respectively, i.e. the ratio of the second tc that of the first is
1.43. Experimentally, the ratio of the second magnification to that of
the first is 1.5, Figure 8.2.5, which agrees within 5% accuracy with
theory. 4 similar ratio of magnifications at the same excitations was
obtained when the double-pole objective lens was converted to a single-
pole one of 16mm focal length showing that this ratio is independent of
the objective focal 1engthm The diffraction pattern is focused when it
is free from any distortion where the bwarrel distortion of one lens is
corrected by the pin-cushion distortion of the other.

Figure 6.2.4 shows two megnification lcops which are in good
agregment with that calculated from Equation 8.2.1 for two objective
focal lengths. It can be seen that the projector doublet excitations
at which the two maximum magnifications occur are independent of the
objective focal length. The projector focal length of each unit of
the doublet at which the first meximum mzgnification occurs is 32mm as
calculated from Equation 8.2.3 and verified experimentally. This value
of focal length is of the order of magnitude of the separation (31mm)
of the snouts and that of the peaks (37mm). The image at the first
maximum megnification is distortion-~-free and of large field of view
(Figure 8.7.6) although. limited by the projection brass tube, it is
also inverted with respect to the image formed by the objective lens
and since the cbjective image is itself inverted with respect to the

object plane, the image at first magnification is erect with respect
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to the object plane. The second maximum magnification is shown in
Tigure 8.2.7 where the highly magnified image is inverted relative to
the obiect plene and with a small field of view. The ratio of the two
maximum magnpifications is 15:1 at different objective focal lengths
which gives a wide range of magnifications of images with very low
distortion. It shouid be mentioned that the projector-doublet forms

images with barrel distortion in the range of excitations between zero

H

and that near the first diffraction pattern. Between the first

}

(¢

diffraction pattern and the first maximum magnification, the images
suffer from pin-cushion distortion which then changes to barrel

tortion for excitations between the first maximum and second

Q.
N
4]

diffraction pattern. From the second diffracticn pattern to the
second maximum magnification there was pin-cushicn distortion which
decreased with increase of excitation. The distortion of the doublet
can therefore be corrected by an opposing distortion from another
doublet as will be shown later.

The results shown in Figure 8.2.4 verify the theory on the
magnification and diffraction in a two-stage rotation-free imaging
system. Therefore, the projector doublet and the objective lens form
a microscope of three single lenses which produces rotation-free
images and diffraction patterns.

When the objective lens and the second projector doublet,

Figure 8.1.1c, were used to form a two-stage rotation-free imaging
system, the second maximum magnification was about 7000X at a 2.8mm
focal length of the objective lens. However, because the projector
doublet was nearly halfway between the objective lens and the

photographic plate {L1=270mm and L,=300mm), the calculated

magnification of the first and second diffraction patterns are 1.14X

and 1.18% respectively, which were difficult to photograph in

practice., At diffraction, the calculated projector focal lengths of
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eachh unit of the doublet are 28L4mm at weak excitations and 17.4mm at
higher excitations. The two maximum megnifications and the two
diffraction patterns ocurred at the same excitations as those shown in

Figure 6.2.4,

8.% Electron-optical properties of a three-stage rotation-free
+ x

imaging systen

A three-stage rotation-free imaging system consists of an objective

lens and two projector doublets (Figure 8.3%.1). It can be shown
(4ppendix X) that the total image magnification of this system is given

by

M 1{§L +Ls+L 4;J}+L )1 th (L. +L4 5) + L, (L 4+ L +L**L51

5
Pq
i T. ’ \‘“'1{ 4?‘ -L‘ ’4-
%}giﬁé(ingﬂsgm,% §4L (L+L, Ly+ L) + L (L+L, LBﬂ
: i L 5L - L.L,L.
';2\ L, Lo(Ly L2+L5)& - \/2L11314 + 20T Ly + 2LLy Ly + blyLoLg +
U (L, L. L L el Lyl L+ L L1 L )
2u2u3L5+L2L3L4 L LD +L.L A;é% 1 . 1Ty iq plglot kol L) |
p1 P, P4

(L L5y Lr2D, LD, Lot Lo Lol L jX*— LL,L:L,Le eene 837

£ c2.:2

P2 N

This expression for the megnification is applicable to all kinds of
magnetic lenses which constitute a three-stage rotaticn-free imaging
system. Eguation §.3.1 shows that when the projector doublets are not
excited, the magnification of the system will be simply that of the
objective lens only, given by (L +L +L3+L4+L5//fo. When the

projector doublets are at their minimum focal lengths the maximum

magnification of the system is approximately given by
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Fig. 8.3.1 Principal planes of the elements of

rotation~free imaging system.

a three-stage
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which is the product of the magnifications of all units.
In the rotation-free imaging system shown in Figures 8.71.7c and

QJ.

8.1.2, the two projector doublets are identical, hence, L2 = Ll+ :,Q

and (f ) . = (f_ ) . . Therefore, the maximum mggnification of this
P, min P, min
1 2 o L
system is approximately L L_LFQ’/f (f ) . . In the usual operation
175757 o p° min
of the microsccpe, the objective lens and the final projector doublet
wvere excited to give maximum magnification of a two stage system. The
magnification of the whole three-~stage system was varied by varying the
excitation of the intermediate doublet. Figure 8.3.2 shows the
magnification characteristics of the three-stage rotation-free imaging
system for a 2.8mm focal length of the double~pole objective lems. It
can be seen that the second maximum megnification (115000X) is
comparable to that of the original imaging system of the EM6 microscope
and it is in & very good agreement with that calculated from
Equation &.3.17. The ratio of the two maximum magnifications is 2421
where the first meximum distortion-free image nhas a useful low value

of magnification of about S000X. The system has shown rotation-free

images at all excitations (Figure 8.3.3) with good alignment

Similar to the two-stage system, the three-stage rotation-free
imaging system produced two diffraction patterns at different
excitations of the intermediate doublet. The first and second

. . . . !
diffraction patternotcurred when the excitation parameter NI/Vr§ of
the intermediate doublet was equal to 3 and 7.8 respectively,
Figure 8.3.2, the final projector doublet being at its maximum

magnification. These two diffraction excitations are higher than

ot

hose in a two-stage system: however. The first inverted
< b
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Diffraction Pattern
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Fig. 8.3.2 Variation of the magnification of the three-stage
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rotation-free system with the éxcitatiOn;@f'the first

projector doublet. The second projector doublet is

held zt its meximun magnification’(fo-:f248mm&w




Fig. 8.3%.3 Superimposed "zoom'" rotation-free images of

molybdenum trioxide crystal.

Fig. 8.5%.4 Superimposed images of a molybdenum trioxide crystal

showing the good alignment of the imaging systen.



diffracticn pattern is of higher magnification than the second erect
pattern, Figure 8.3.5, which is in contrast to that of a two-stage
system. The sense of direction of the two diffraction patterns was
verified exrerimentally by imaging a copper grid incorporating an
arrow pattern and mounted in the objective aperture. The final

projector doublet produces an erect image of 160X magnification when

el

it is operated at its minimum focal length. At the first diffraction

o

pattern, the projector focal length of each lens of the intermediate
doublet is 68mm and the effective focal length of the doublet is 45mm.

Therefore, the intermediate projector doublet demagnifies the

o8

iffraction pattern in the back focal plane of the objective lens by

about 0.6X. Therefore, the total magnification of the first

|-+
(W R

diffraction pattern by this imaging system is about 100X. At the
second diffraction pattern, the focal length of each lens of the
intermediate doublet is 1hmm and the effective focal length of the
whole doublet is 25mm. Hence the second diffraction pattern is
demagnified by the intermediate doublet by about 0.3X and the maximum
magnification of the second diffraction by the whole system is about
50X. It can be concluded therefore, that at a constant excitation of
the final projector doublet, the first diffraction pattern produced
by this imaging system is always twice the size of the second
diffraction pattery; this is shown clearly in Figure 8.3.5. The ray
diagram of the imaging of the two diffraction patterns is illustrated
in Figure 8.3.6, showing the magnification and the sense of direction
relative to the back focal plane of the objective lens.

Consider the imaging procedure of the three-stage rotation-free
system, The objective lens image is always inverted relative to the
object plane. At maximum magnification of the whole system, the
intermediate projector deublet produces a magnified image of the

objective lens image with its sense of direction being kept the same,



(b)

Fig. 8.3.5 The two high resolution diffraction patterns in a

three-stage rotation-free imaging system;

(a) first diffraction pattern (inverted) for weak
excitation of the intermediate doublet, (b) second
diffraction pattern (erect) for strong éxcitation of

the intermediate doublet.
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(a) Week intermediate projector doublet
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(b) Strong intermediate projector doublet

Fig. 8.3.6 Ray diagram in the diffraction mode ir a three-stage

rotation~free imaging systen.

The magnification of

the inverted diffrection pattern in (a) is higher

than the erect pettern in (b).



doublet does the same to the image of the intermediate projector
doublet. Therefore, the final image is always inverted relative to
the plane of the object when the projector doublets are operated in
the second loop of their magnification curves. Hence, to relate an
object to the correct orientation of its crystazllographic planes, the
first inverted diffraction pattern should be superimposed on the image
of the specimen. However, the second diffraction pattern will give
the correct orientations of the crystallographic planes although they
are inverted. In commercial microscopes without exception, this
procedure cannot be carried out, without careful calibration of the
image rotation (Figure 8.3.7). If the excitations of the two lenses
of the intermediate projector doublet are in the cooperation mode
i.e. (NI)? = + QFI>2 as shown in the diffraction pattern of

Figure 8.3.8 an image rotation of about 3° occurs as expected

theoretically. Figure 3.3.9 shows the first selected area micrograph

]

f its kind, as far as the author is aware, in which in a magnetic

aad

ens system the rotation-free diffraction pattern of a molybdenum

trioxide crystal is superimposed.on its image in the correct

7,
o

orientation of the crystallographic planes of the object. This imaging

a

{

system has the advantage of directly relating points in the image plane
with their counterparts in the object plane, irrespective of the
magnification.

Since each of the two projector doublets can be operated in two
loops with two different kinds of radial distortions, a distortion in
one deublet can be corrected by an opposing distortion in the other.

In addition, each doublet producés a distortionafree‘image at its
first maximum megnification, Figure 8.3.10, Therefore, a wide range

of distortion-free images at low magnification and large field of view

can be obtained by varying the excitations of both doublets. An
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‘Fig. 8.3%.7 Typical micrograph produced by a commercial electron

microscope of a MoO3 crystal diffraction pattern
superimposed on the image of the crystal,

(Hirsch et al 1965).

Fig. 8.3.8 Diffraction pattern of a MOO3 crystal superimposed
on the imge of the crystal when the excitations of
the two lenses of the intermediate doublet are in

cooperation, (Nl)l:;+v(NI)2, at diffraction.
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1.5,

R

Rotation~free single crystal difiracticn

ot

at

o]

ern cf a molybdenum trioxide crystal
(54m wide) superimposed on the image of
the crystal with the correct orientation

of the crystallographic planes.



(a) Two-stage rotation~free imaging
system with the intermediate
projector doublet at its
first maximum magnification.

M= 310X, field of view= 84um.

(b) Two-stage rotation-free imaging
system with the final projector
doublet at its first maeximum
magnification. M =.430X,

field of view—90pn.

(c) Three~stage rotation-~free imaging
system with the two projector
doublets at their first

maximum magnifications. M= 333X,

field of view=120um.
Fig. 8.3.10 Distortion-free micrographs by the projector .
doublets at their first maximum magnification

for a constant objective focal length; fO: 2.8mm,
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example of this is shown in Figure 0.3.11. The magnification of the
distortion-free images is in the range obtained from light microscopes

which is a great advantage for the cperator.

8.4 Non-conventional three-stage rotation-free imaging system

If the iron 1id of the objective lens is replaced by a non-
ferromagnetic meterial, the lens is converted to a single-pole objective
lens. The single-pole objective lens and the two single-pole
rotation~free projectors constitute an entirely non-conventional
imaging system. The overall magnification of thé imaging system.is
lower due to the long focal length of the single-pole objective lens
but this can be compensated for in the projector system. The change in
the overall magnification is equal to the ratio of the two different
focal lengths of the double and single-pole objective lenses. For
example, for the same specimen holder where ZO = 2.5mm for the single-
pole objective and O.5mm for the double-pcle objective lens, fo is
12.5mm for the former and 2.8mm for the latter (Figure 7.6.2).
“herefore, the ratioc of the magnification with the double-pole
objective lens to that with the single-pole one is 4.4y i.e. the
magnification of the non-conventional system for this specimen position
is 26,000X which has been verified experimentally.

An imaging system consisting of single-pole lenses is ﬁhekfirst
of its kind to be tested under practical conditions. Figuré,8.4.1
shows electron micrographs obtained from this imeging system at 75kV
showing the high performance of such lenses. Although the objective
was not a purpose-built single-pole objective lens it does, however,
indicate the practical advantages in using such lens.

4 wide range of distortion~free images at low magnificatiohnand
large field of view can be obtained from this system. Figure 8.4.2
shows a series of micrographs when the lenses ére at distortion-free

positions. Cther distortion-free images can be obtained when the two
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(2) <N1/V§>P; 2.4 (pin-cushion)
2

\

Yy o oz MU
(NI/Vr)Pi“ 3.9 (barrel)
fO: 2.8mm, M=150%

field of view =130mm

(b) (NI/Vf)PZ: 6.6 (barrel)

(NI/VZ)_= 5 (pin-cushion)
r Pl
fd:-a,gmm, M =333%

field of view=125unm

(¢) (NI/V®)_= 8.1 (pin-cushion)
. T P2

1
(NI/V;>P£: 3.8 (barrel)

fO::E.Bmm, M — 400X

field of view —l25um

«BNAR.
JNENEN.
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(d) Same excitation as (c)

fO::7mm, M=z 114X

Fig. 8.3.11 Correction of distortion in the three-stage

rotation~free imaging systen.



(a) (b)
Micrograph of crossed grating at Molybdenum trioxide
500X megnification. crystal of 10pm width on

2 carbon film.

(c) (a)
High resolution diffraction Selected~area diffraction of the
pattern of an aluminium crystal in (b) where the spots are

specimen. normal to the crystal edges.

Fig. 8.4.1 Micrographs showing the performance of a three-stage

non~conventional rotation-=free imaging system.
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(a) Two-stage non-conventional (b) Two-stage non-conventional

rotation~free imaging rotation-free imaging systenm

system with the intermediate with the final projector
doublet at its first.maximum doublet at its first maximun
magnification., M =52X, magnification. M. 73X,

field of view =480umn. ield of view =50Cum.
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(c) Three-stage non-conventional rotation-free imaging system
with the two projector doublets at their first maximum

magnification. M=55Xm field of view =800un.

Fig. 8.4.2 Distortion-free micrographs formed by non-
conventional imaging system with the doublets are at

their first maximum megnification, fd:l6mm,
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h er and wh

projector doublets correct the distortion of each oth
different focal length, similar to those shown

)
as a

snorkel objective h

in Figure 8.3.11.
three-stage rotation-fre
a selected

electron microscope in imaging

an
pattern is equivalent to the physical distance through

3

ii

fraction pattern would have to fall in field-free space to
diffraction

which the dif
In the analysis of the
basic

achieve the same magnification.
given by the following

B

patterns the camera-length, L is

diffraction Fformula
cvees 8.5.1

L = Rd/)\

where,
distance between the central undiffracted spot and

the

Y
H

ppropriate diffraction spot or ring,

the
lattice spacing,

the
electron wavelength.

d
A = the
determine an experimental value for the camera-length of the

To
three-stage rctation-free imeging system, the non-conventional systen
Figure 8.5.1 shows

was used with an objective focal length of 17mm.
pattern at maximum megnification of an aluminium

n

the first diffractio
The radius of the first ring is Wlmm for the (111) plane
10" ‘mm and an electron wavelength of

specimen,
with a d-spacing of 2.338 x
0.056 x 10~7mm, Hence from Zguation 8.5.1,
170Cmm

L =
by another method, the camera-length of the

4
o

To verify this resul

electron microscope is given by
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Fig. 8.5.1 Selected-area diffraction pattern of aluminium at
maximum magnification in a non-conventional three-

stage rotation-free imaging systen.

Fig. 8.5.2 Selected~area diffraction pattern of MOO3 crystal
superimposed on the image of the crystal., The
excitation parameter of the final projector doublet
is NI/VE-:10.8 in imeging the crystal and 12.3 in
imaging the pattern to obtain variable camera-length
at diffraction. Notice the absence of the pattern

relative to the crystal.
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T = TYTocal length of the objective lens
& J $

M = the total magnification of the vrojection system of the

(&)

j3b]

electron microscope at any one particular setting.

MacS

\t difirscticn, it was shown that V 2 100X for this miniature system;

hence, for a 16mm objective focal length,
L 22 16C0mm

which agrees with the previous result within €% accuracy.
Therefore, the camera-~length of the three-stage rotation-free

imaging system can be written as

L = ‘E s 6% o @ L] »
£ M 8.5.3
A."§ “C,

where M _ and M_  are the magnifications of the intermediate projector

Py

P4
and final projector doublets respectively. sSince, in this system,
there are two magnifications at which the image can be viewed for
selected area diffraction, therefore its two camera-lengths are WOOfo
at weak excitation and 50f at strong excitation of the intermediate
projector doublet. Therefore, for a particular setting of the
objective lens and the final projector doublet, this miniature
imaging system has two camera-lengths of ratioc 2:1. The two camera
lengths are particularly useful if a side entry specimen chamber is
used with the snorkel objective becsuse in this case the objective
lens will only have one focal length unlike those with a top entry
specimen chamber. 1In commercial microscopes the valves of the
camera~length vary between 250mm and 2500mm depending upon the

instrument being used. However, ke

*u

ing the progecyor doublet at a

constant meximum magnification this miniature imaging system has a

range of cemera-lengths from 140mm for a 2.8mm focal length of the
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double~pole objective lens at seccond diffraction to 1700mm with the
snorkel objective without changing the basics of the instrument. This
range of camera-lengths covers the camera-lengths of a large number of
commercial microscopes. JIn many commercial electron microscopes, the
camera~length is varied by varying the excitation of the final
projector lens. If this procedure is followed in the miniature system,

a very wide ranpge of camera-lensths will be obtained (Figure 8.5.2)

N

with the advantege of the absence of diffraction rotation.

¢

8.6 Conclusion
The miniature three-stage rotation~free imaging system for a
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hHas been successfully operated with
double and single~pole objective lenses. This experimental system

has shown

n

everal desirable properties which are not yet available

in commercial electron microscopes,
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An entirely new type of imaging system has been develcped and
tried out in a 100 kV transmission electron microscope by replacing
the conventional imaging system while retaining a comparable
magnification to that of the original instrument (120,000X).

f';"\‘

Thi

16)]

imaging system consisted of miniature lenses with single
rather than double polepieces. A miniature objective lens has been
devised which can be used both as a double-pole or a single~pole
objective lens. The low syherical aberration of the single-pole
objective in spite of its comparatively long focal length indicate
that the single-pcle configuration could be advantageous vwhere it is
required to have a large specimen and great freedom of movement,
together with good resolving power. A purpose-built single-pole
objective lens can have a much shorter focsl length and aberrations
than that of the experimental lens described here.

The projection system consisted of two identical miniature

i
rotation-free projector lenses with an 8mm bore diasmeter. Each
projector doublet consisted of two single-pole lenses mounted back to
back, an extremely simple construction; with no megnetic joints.

1 o J

Because of the wide bore, the projector doublets were mounted cutside

the vacuum system. The large bore has the following advantages:

(i) It provides a large field of view, making alignment easier,

especially as the lenses are mounted outside the vacuum.

[

(ii) It is easy to clean if it contaminates.
(iii) It improves the pumping system.
(iv) It can easily be baked for ultra high vacuum work.

(v) JMechanical stability is improved since the lenses do not

have to support the weight of the column above.



he miniature lenses of the new imaging system were cocled by the
same water-cooling system of the original microscope. The lenses were
reduced in size by miniaturising the energised coils. The investigation
into these coils showed that current densities in the superconducting
region can be obtained. The coils themselves should contain an even
nurmber of wire layers across their (small) width, with a large surface
area. Vibration of the lenses due to the flowing water will not take
place if guasi laminer flow rates of cooling water are used; this is
guite suificient to remove the heat.

The new rotation-free imaging system with single-pole lenses is

an innovation with the following advantages:

(a) ~rRotation-free imeges are available at all excitations and
megnifications, thus an orientation in the image can be
related to its counterpart in the object.

(b) At two different camera lengths it procduced rotation-free
selected-area diffraction patterns which can be
superimposed on the image to give the correct orientation
of the crystallographic planes of the crystal.

(¢) It is very simple in désign and operation.

(a)

o

T

Jery large magnification can be produced in a comparatively

o

short electron-optical column. The reduction in the height
oi the electron-optical column has the advantage of
improving the screening of the column from external fields
and also reducing the effect of mechanical vibrations.

(e) Single-pole projector lenses can have lower radial distortion
than double-pole lenses, and single-pole objective lenses

can have lower spherical aberration.
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(f) A side-entry specimen holder can be used with the snorkel

objective lens in the space available underneath it where
coocling, heating and tilting of the specimen can be carriead
out withcut disturbing the system. The specimen can be
immersed in the field away from the lens bore so that
troublesome effects caused by inhomogenities in the iron
polepiece will be reduced.

(g) The single-pole rotation-free projector lenses can be
designed to have large bores (of the order of lecm) with an
effective focal length of one or two millimetres.

(n) SBingle-pole rotation-free projector lenses have larger

mechanical tolerances. Alignment defects such as tilt are

not so important as in conventional lenses since they are
not very sensitive tc this error.

(i) This type of system can be scaled up for operation at a
million volts. The resulting size of the imaging column
will be similar to that of a present day 100 kV commercial

microscope.






LPPENDIY I

The magnetic material for the electron lenses

The ideal lens material would be very spft ferromagnetic mgtal
having a very large specific magnetic moment. The former would
gnsure good low excitation properties while the latter would allow
very high flux densities to be reached before saturation set in.
These two requirements are in general incompatible. Mumetal has a
maximum permeability of 80,000 but = saturation flux density of
about 0.8T. Cobalt iron has a saturation flux density of 2.47,
tut a maximum permeability of only 3,000,

Commercial soft iron was used for the experimental lenses.

Two kinds of materiazl were available with specifications as shown

below,
"O" Quality Dynamo Steel Remco Non-Magnetic Iron
Imperial Steel Works 39 Lombard St.
P.0O. Box 38 London EC3V 9BU
Sheffield 9,
Iron 99.266% 99.834%
Silicon 0.47% 0.10%
Manganese 0.16% -
Sulphur 0.003% 0.01%
Phosphurus 0.011% 0. 005%
Chrome 0.03%% 0.005%
Nickel - 0. 005%
Copper - 0.01%
Tin - 0.001%
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APPENDIX IV

Temperature distribution along the width of the weater-cooled

coils

Due to the power dissipation and the cooling of the
surfaces of the coil, the temperatures is different at different
points across the width. In order to determine the temperature
distribution along the width of all kinds of coils (i.e. tapes
and wire), there-are several simplifying assumptions tc be made.
Firstly, that the coil is homogeneocus with a particular fixed
thermal conductivity. Secondly, that the heat flow is in one
direction towards a cooled surface of the coil. Thirdly, that
the resistivity or power density (H::/%hrz) is independent of
temperature. In pracfice, the third assumption is only valid if
the temperature difference between the centre of the coil and
its cooling surface is small. But in any case the value of/o
can be chosen as that at the average temperature.

Consider a cross-section of a coil of width w, and thermal

conductivity coefficient ke Let T, be the temperature of

oil”’
the cooled surface, Tc be the maximum temperature at the
centre of the coil, T be the temperature at a distance x from
the centre. At the steady state TC and TS are constants. The
differential equation which applies to the steady-state

temperature distribution in a coil winding is Poisson's

equation:




2 .
VoT=- H/kcoil

where T is the temperature at any point in the winding, H is
the rate with which heat is generated per unit volume per unit

time, and kc is the heat conducted per unit area per unit

oil
time per unit temperature gradient. The symbolv2 denotes the

Laplacian differential operator. 1In cartesian co-ordinates,

Egquation 1 would read

2 2 2
Yr, 952, % __m

3x% 3 y2 322 Kooil

Since the heat flow is only in one direction, thus

3°1_  § 5
3 x2 kcoil

Integrating this equation,

T X
J;d(gg):-—jg ax 0 e
I ) coil
dT . _ _Hx (since T = constant).
dx 7 k..
coil

Integrating this last equation

T X
ar _ _ Hx

J; = jﬂ & dx
[

o coil
i.e.
T - TC.. Hx2
2kcoil
Therefore,
T::Tc _ sz ch o . 4
2k . :
coil

The average temperature T , is found from
(wi2)

: T dx

av =

w
(3) 4

(T, - T :,_%_ (T, - 1) cerieeceea D



It was shown that the power per unit area q is given by
Q9 —g ¥
i3

Also q = h (T - T))

Therefore
- 2 ‘7... \
H = 2h (T Tw)/w .......... 6
when x =w/2, it can be seen from Equation 4 that
TS - TC - HWZ ....... 7
§kcoil

2
H“‘8ﬂcoil (TC 18)/W teeeeeees 72

Hence from Equations 5, 6 and 7

T . 2Te Wh+6key y _ _T wh
avu 3 (,‘Nh + L{.k.c‘;‘-l ) 3 (V\]h + Lfk ) oooooo ° 8

Ccofg
which 1s independent of the cooled surface temperature,
From Equation 5 it can be deduced that

Tav :““2“""‘ <TC - TS) +TS

3 Y

Since

and

Tav—TVJ:qLV'! + l 00000000009
6k
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The terms in the square bracket are constants for a
certain coil; hence the rise of the average temperature of any

coil above that of water is directly proportional to the input

It can also be deduced from Equation 9 that the amount of
povwer ver unit area per average rise in the coil's teumperature
varies with the number of layers as shown in the above figure.

g

ince it is known that

Uz

=

= 2M4/(D, ~ D)) -

-7 NI 2 A

ALy
b =Dy 2 A Koot

7 ¢ o6 2 e o 2 lo

Zquation 10 is independent of the width w; and it shows that
the maximum temperature highly depends oa the coil's diameter.

The maximum temperature decreases with the increases of the

value -1 o - hould be large i r
value (D2 Dl). Thus (D2 Dl) should be large in order to

educe the maxinmum temperature at the centre of the-width of

the coil for the same ampvere-turns.



APPENDIX V

Thermal conductivity of a wire coil

It was shown in Appendix IV that

c s coil
where
H=2q/w
therefore
TC - TS :q\é\’/l{-kcoil ----- . 1

For a wire coil of an even number of layers,

T, - T -q (2b) (ne-Z)/hkin -

and for that of an odd number of layers
2
TC_.TS;;q (2b) (no-l) /Lmokin cesees I
where kin is the coefficient of thermal conductivity of the

insulating material. Hence, from Equations 1, 2 and 3,

(5. 51) wven = Kip LW/2D(a - 2) | oenein b

coil‘even ™

and

N S T
(kcoil)odd,i%jl[now/Zb(no l), cecened
(d

)
It was shown in Appendix III that 2b=m a“where m is a constant

and (a) is the wire diameter, therefore,

(k ) [w/maz(ne—»E)} cecesedh

. = k.
coil’even in

and

‘a 2
(kcoil)odd::kin [now/ma (no—-l) ] "'f'°°7

From the disc model A::a/(a4-2b)::na/w; therefore,
substituting for w and 2b in Equations 4 and 5 and writing kC
for k one obtains

coil
(k) kin@e/(l—,\) (n - 2)] ceenn...8

c'even —

and

2 2
() g =Ky 12/ (1= A) (a =12 ] iiiiiis
A1l these equations are only applicable to multi-layer wire

coils, where n;>3.



APPENDIX VI
Yognification and focal length of a double-pole rotation-free
crojector lens
il - I 2 2 . .
The paraxial ray equation d r +X r =0 1is a linear
2
dz
differentizl equation of the second order. The general
solution of this equation is given by
r-A Cos kz + B Sin k=z B 1
wagre
r = displacement of the rey from the optical axis
4 and B =constants
k.:ﬁQNI ( e )%
L SIIIV‘-
The refractive power is given by the derivative of Eguation 1
dr . _ Ak Sin kz +Bk Cos kz ........ 2
dz
Screen
! 13 .
H ' 1 1
¥ 1 — —— —_— 1
‘\L-.-_, Q_‘K —_‘} ' f_*
I T RIRI I
opreaLaxsl | IR | |
/= | = Z=l+l-Ly l Z=l+L+L, RT
I 0 2 2 PR
; |
' |




To determine the ray trajectory through two successive
magnetic fields, consider the two different rectangular field
distribution shown in the figure. If a parallel electron
beam enters field I, the boundary conditions are

r-r and dr _ 0 at z=0
O r————— e,
dz

By substituting these conditions in Equations 1 and 2 one gets

A, -1
=70

1
Blz()
Therefore the ray trajectory in field I is

r=r, Cos klz ches e e
and 1'= =T kl Sin klz ......... L
The ray emerges at Z':Ll where
l«,r Cos le1 5
H - 1 i _—
r, = roky Sin gLy = !tana{‘ ........ . 6

After emerging from the first field, the ray traverses a
distance f~ + (L1+AL2) along the optical axis and then enters
the second field. The boundary conditions in field II at

/ + (Ll - Lz) are

2

and r'._. r!

=% =2

By substituting these conditions in Equationsl and 2 one gets

r =4, Cos k [f (L, -L)},,_B sin k, [(f (L, -L)}...?

2

and
¥ — 1 — -
r} = -Ajk, Sin k, [a+(Ll LB)J';_Baka Cos k [f+(Ll LZ)] ...8
2

The constants AZ and B2 are determined by solying Equations 7

and 8



¥
_T3 Cos

: k2
Therefore,

-~ — 3
r:rECos kz[z / L1+L2]+r2
5= <

Cos ka [

and

r'_.r'
-T2

N

2

K - hand ' kS } B bl L ® ¢ o & o @
K, [A(Ll LZ)J r3 Sin k, +(Ll 2)] 9
k

K, [{ (L, - L], r, Sin X, J, (B =B -0
+¢__...._.......,...,__ et
2 B 2
the ray trajectory in field II is
AN _ _
Sin k1 2 f Ij‘+L2 eeall

k 2z

Z - [— Ll.+L2

5y - r2k2 Sin xa[-z
2 2

s L1+L2] .12

2 2

It can be seen from the figure that

r3 [Cos

—

3

2

1]
ry= :!tana(!
R
ry=-r kl Sin lel R
\tan%%:(l‘l - rg)/(/- Ly - L )
2 2
i.e. =Ty - (i7- Ei - Eé ) rokl Sin lel S I 13
2 2
Substituting for ry in Equation 5 one gets
r,=r_  Cos kl - (f-—l, - L, ) r kl Sin lel .15
2 2
At z = L L, , r=r, ; thus from Equations 11 and 12
+ 1+ 2 5
2 2
o ¥
rs_,r2 Cos kzLa-rfg Sin kZLZ B X
2
' 1 ?
and r3:=r Cos kZLZ r2k2 Sin k2L2 ......... 17
Substituting for r, and ré in Equations 16 and 17,

lel Cos k L - ([—-11 - L ) k Sin lel Cos k2L2 -

2 2

k
1 Sin k Ll Sin kZLZ:] Ceceeceseal8



r

C

¥ - 3 < T, } 1
3 ro [kl Sin klll Cos k2L2<+§2

ik (f -

-— i 1
El Eé) Sin %
2 2

L., Si

171

If the image is projected on a scree

L
2

L
2

point 2z the beam will be

R S N =

displacement R from the optical axisg,

tan Bz |ry = (R v/ ("

08 lel Sin kZL

2
n kzLa

cccccccc

7
n at a distance gfrom the

on the screen at a radial

Hence

1
i.e. R;:r3 - [ré i{ csoscacsosel
Substituting Equations 18 and 19 for r5 and ré in Equation 20,
Rzr iﬁCos lel Cos k L (i ZL «-L ) ky Sin lel Cos kZL -
2 2
I
k) Sin kL) Sin kL, -/ [kl Sin kL, Cos kL, +
k>
1 - 3 -] - 1
k, Cos lel Sin KaLa ka (,g El Em) Sin le Sin k, éj
2 2
veoese el
Since kL = #NI e ?; @ , where € the angle of rotation,

7
the magnification M= R/rO and [::lf~

M= Cos 8, Cos ©6

1 Sin ©, Cos ©

> -1 & 1

—

1

61 Sin 61 Cos 62+

/"[.___

Ly

2

Lz

Cos @l

The refractive nower of the whole system is r! ;rO/F

2

Sin ©

Ly

5=

L,

> therefore,
5=
L

9L,
oL,

-

Sin 91 Sin ©

2

1 Sin 9?]

.o-....-.22

[l

i
- 8,0, fsln )

LiLs

2

D

where Fp is the projector focal length of the double leuns

system. Therefore, from Equation 19, Fp is given by -1
H
F - - 3 - * )
p= El Sin @l Cos 62_}22 Cos 61 Sin 82 6182£‘31n 61 Sin G%}
Ly Lo ILp

c e e 23

* o 2 ° e



APPENDIX VII

Magnification and focal length of single and double projector

lenses

(a) Single projector lens

Suppose an object of size p is illuminated by a source at
a sistance SO and its image is projected on the screen by a

lens of focal length fp. From the geometry of the above figure

X - _u
jo] S
© Screen
Projector
Object . T
l ,
I
Source v
P u —_—
P
i.e. x/q -~ _u
p/q S

where q/x is the real magnification M of the projector lens

and q/p is the apparent magnification Mapp‘ Therefore,

Mapp/M ::u/SO

or Mu =M S ce e s s es e e e .ol
app o

From the lens equation li'; — 1 where v will be
u v

]

- The magnification M is given from the geometry by

M - L ~-v;
v

thus v — L
M +1




Therefore
uf - L
u - 7 M+ 1
hence
f_—_—,' Lu ) 50080 c0es0 e e 2
Mu+u+L
or
I = Lu _ cecrsrssenneld

M S +L-+ u
app "o



(b) Double projector lens

Considering this figure,

Z:X+y+T3
r=4-x-y ol ceeeo (1)
Screen
A
. . o <
€4
P P — - ‘f/
/ — N
/iﬁb// s \If 2
I,‘/%&{‘_,& r, ry
/ l v
< u e J oAe— L —>
O<3:: Z/{u'i*j*!-L)
i.e. Z-:Cﬂ(u~%f+L) ......... (ii)
Also X, = rl/u s eceeenas (iidi)
X‘::KZ(L"“'() .q...no.o...(iV)
Yy = 0(311 G s ceecos e s oo (V)
i.e,
rp= X (uvdt L) - K (L) —Wn L eeen (Vi)

Since the magnification M:;rB/rl, hence it is important to

have O(l,o(zand KS in terms of ry.
g - I' f @ O 0 ¢ 0 6 9 0 @ 2 0 3 0 % s ° vii
X = 1/ p (vii)

0<1 "p(a:(ra - rl)//Q

i.e. (rl/u> - (rl/fp) ::(ra - rl)/«()



r r 1 -1 1

2-"1 (= = %)
1 - u fp,e

r,_r e (viii)

e="1 0y % )

b
545 r, Ty l_g‘ﬁ —,ﬂ ] e . (ix)
:-f-r—:"i-:—- u f
p P °

Substituting for o(l, A, and 0(3 in Equations (iii), (vii) and

(ix) in Equation (vi),

r5::£l (u + ﬁ+ L) - il (L +ﬂ ) - ilE (l.g«% -‘g )

u f f P
P Y
il.e.
Toyee T 1+Q+l,~IJ -f -1 -{5 ,QL
3=71 -tz T2 TL T2 :
u u fp fD fp fu f
- r p
The magnification M;;rs/rl ; hence
Mol el -1 (Jrpon+ e o e ()
u fp u ,fg

M is the total magnification of the doublet.



APPENDIX VIITI

Projection distance and distortion of the final projector lens

in an electron microscope

Consider the projector lens of focal length fp and

radial and spiral distortion coefficient Cd and CSD

respectively. Let L be the distance between the photographic
plate of radius Rp and the projector lens of bore radius R.

The radial distortion ( é;fi

e )rad is given by
Equation 1.5.5
< — 2
( &) =¢, ()
Q rad d 5

U
ﬁL. r ﬂ\\%g ~ J

e

T

{fffé
N

Projector
lens P.P

The radial displacement r of the electron beam from the lens
axis is given by
r R R
T W I/E
P
where M is the magnification of the lens.

Therefore,

LS 2
( _’(—; )I‘ad;: Cd ( Rgfg )
R4 L
or L% C.R? ¢2
= 1Y b

2 o8y T
R ( ¢ )rad



1

AL -2 3
L_( RP/R ) (—5 ) o fp c3

Similarly, for spiral distortion
L8 \-F %

L=( R_/R = f C
( p/ ) ¢ Y )sp p sp

These two equations show that for a specific system, L is

.
. z £ 1
proportional to fp Cd and S Cép'



APPENDIX IX

Magnification and diffraction in a two-stage rotation-free

imaging system

(A) Magnification of objective and one rotation-free projector

lens

fo £ f
P P
ki
M"’Mf
/ X
o> - i
\\\NZ
r r !
) <, 1 2 'rB
& Ll >l L2 S L5 —

X r
X - TYItTs

i - ;
Li+L21L3

¥y = 9%L3
Hence r3trﬂﬂ(Ll+-L2+-L3) ~08SL24-L5) - QELB S |
5(1::r1/fp -
But rl:rbﬂll e
fence 4 Xy ceeelll3
27 f

j8)

£



I
- i
o3 =
D
_ e 5
Ko =Ky Ty -7,
>

Substituting fOFﬁXé andzgl in Equation 5

- - "%
fp Ll L2
rlLlLa - rlprEZ:rlprl - raprl
Hence
r2: I‘l (prl+ prZ - LlLa ) oo-ooc06
f L
p 1

Substitute Equation 6 in Equation 4 and for rl::aqu

O(. : {)(i(fPLl'*' f_DLa bl LlLa) oc.ooocoo?
2 fpl

Substituting Equations 3 and 7 in 1

£3= X (Iy+ L+ Lg) ~xLy (Ly+Lg) - Mils (£ L+ £ Ly - LL,)

172
f f 2
p P
ry= D(,i (L1«~ L2+L3) »% (L L,+ 2L1L3+ LZLB) L1L2L5 ceee...8
p £

b

a(firo/fo and the magnification, M;:rS/ro; hence from

Equation 8 one obtains

173 17273
fl
% b P

M_ 1 i(Ll+-L2ﬁ-L3) -1 (LlLé*-ZL L +—L2L3)4—L L,L ceeeeas9
f



(B) Diffraction vpattern in a rotation-free microscope

consisting of an objective lens and one rotation-free

lens

On the photographic plate

I‘B:I‘d"c‘b -a--oo.o~al
A = AD - BD Ceeeeeaeaa 2
To find AD
AD
X = IFTET
)
LI+ u2+ L3
Hence
AD=(L,+ L,+L;) X 3 -1 D
l 2 3 l ® © & 3 9 & 0 v o ) / /
Back focal plane of - [ —1C

objective lens 2 //”“‘::£~53—--—-~___v,_*____

) & r r —p AT
I‘d - ] 1 2 rd \LB
(Plane of Diffraction)
— Ll 3 LZ > L3 N
£ f
P.P.
- XL
To find BD . BC =X3z-3

BD=BC+CD
Ch = 0(2 (L+ LB)
Hence

BD:L50(5+(L2+L3)D(2 ......... A

Substituting Equations 3 and 4 in 2
A = - - “
,»(L1+L2+L3)0(1 (Lp+ 100, = Loy vonnnninl5

Substituting Equation 5 in Equation 1

rB:rd+(Ll+L2+ L3)0(1 - (L2+L3)0<2 - 1,50(3 B =

To find p(a andCK3 in terms of&(l



9<2:;r1/f_i (rd+—LlO(i) ........ 7
f
KX3=T/T - T+ (X - %5 o
£

(rd+lfxl)12

T

g?dj.LlCKl)‘%LZ(Xi ~

T

&B,rd*(Ll""La)Kl - (rd+ Llo(l) L2 ........... 8

-

o
i

b4
Substituting Equations 7 2nd 8 in Equation 6 and simplifying
ry= rd+ﬂ(Ll+-L2+-L5)0(l - (LEQ'LB) (rg+Lyxy) -
bl

L5[ rof (Lt L) £ - v L, LlLZO\]J
fZL

- (L, I 3) ry = Lrg  Tolg rd.r(Llﬁ—La%-LB)a(l -~
N f fz

Ll(La«%—LB)g(l _ (Ly+L )LBO( L L2L3V(

f P
ry [1 - (Lp+ly)- Iy “X 4
f =
oy E(Ll%' Lyt Lg) = Ly(Lyt Lg) Ly (Li+ L) L1L2L3]
£ £ £z

If rdt—o i.e. the central spot of the diffraction pattern,

hence r5 0 if the term ozﬁ< in Equation 10 is zero; therefore,

(L Lo+ L) - %L%(Ll—a— L)+ Ly (Lot ) [ LTl O
£

2 ) _
or (L1+L2+L3)f - [(Ll+ LZ)L3+ (L2+ L5)Lﬂ f+LlL2L3_-O

Solving Equation 11 for f:

(g1 ¢e™ E (Ly+ L) Lg (L L)L, [(,(Llsr L)Ly + (Lt L )L§2~
sty ) (it B Fociye 10



(f>._»_{v_ v [ _ 2 _
diff (lez% 2L1L3+ L2L3> ~ (L1L2+ 2L1L3+ L2L§)

Vs
4L Lo (g Ty L] /2 (Lt A Ig) e 12
When the condition in Equation 12 is fullfilled, a diffraction

spot of raduis r

4 will be megnified by an amount (rs/rd) given

by
(M)diff:.rB/rd::Sll- (L2+-2L3)+L2L3 i ....... 13
f:&

T
b p




APPENDIX X

Magnification in three-stage rotation-free imaging system of an
electron microscope
A A
/
Rotation-free Rotation-free - d
intermediate projector P 4
lens lens ~ — .
F, £\ (f. 10 — |

1 1 2 2 - — %
L~ / — !

/ / o -
"(3‘0{7, 4«.{/ “QL{‘/ °<L{-(“('vﬁ<l—ﬂl1) b

Vﬁy/;§f¥:ﬁ =Sl —_
Pr=g Rt <5 — ! X
B’(m ; & D") - XZ—A{; a
)( ; x V‘XZ *«\‘\z rx‘
fog = ry r, r3 rq 3 é

ry |
o o e —
%~f5%_—~Ll -—M~L2 L5' L4 L5
v 1 S 2
Obj. Lens Intermediat Proj. Lens
Lens

Image Plane
Considering the trajectory of an electron beanm through the

whole systemn,

A 1= d+ca b+a+r5
L .
1+ L2+ L3+ LL{.* L5

N 0'.0.0‘.’01

i
|
S [

—

r
—~9

f
o

From Equation 1
houit + hd - ad had © 006000000
Xg = a&(Lla-L2+ L3+ Lbr L5) d=-¢c~b ~a 2

& = d _ 5 Ceeerieranans 3
< 4 4 T
L% L+ L,¥ Lo -5y

XB:L-‘-LC-*’ :ra oncoo-ooooal}
37 Ly ot

[



r

oLy = b =2

Lqﬁ*L5 f»2
0<5::._§__~; ____I,‘}i .............

L

5 2.
o] =2~ "1

Lo

;. r,~ r

- oo 9{51 §L 2
)
Q(br" (@(l"" O(é“‘ 0(5 ) = ré; rLP
I

To find d:-

oooooooooooo

From Equation 1 rl:-Llexi, hence Equation 3 becones

O(grlel - i
b 4
1 Lék L3 Lqﬁ’LS
. L, o
i.e d - ; 1 (L2+ L54‘L44*L5)
1
Te find ci=
: -y
oy o= T2
-2
R oS T B ool
f L, L
1 2 2
L, (4L
or r,c ‘XILE 11 2'*‘L10<1
f
1
— L. L
ra‘--dl(La— 1 2“&”1—!1 ) s e o 3
f

oooooooooo

oooooooo

Substituting Equation 8 in Equation 4

¢ KL (L,+ 1,

L.L
172
L3+—L4+L5 fl

————————

Iy

co X1 (L.+T.- "1¥2 )y +1 + 1
T T 22 s Dy,
1 1
To find b:-
(0(1"' 9(2“‘ GI\B) LB: 1‘5- ra

>

) ooooo ¢ @ @



Substituting for5{2,§(5 in Equations 3 and 4 and for r, in

Equation 8,
B VRN STV SR - L (Ly+ L~ Ll
rB"E{l 1f1 1 (L + L, 2)]3#( =
1 ) 1
ie. ro= o€ i[l-—l‘l—l(L+L 2):\L+L4~L-L1L2J(
I, £ Iy
............ 10
L.L
Hence of, 0(1 1—1-1(L+L-— 2)L+L+L~1a
A i fy
T 11
From Equation 5
'b'-
= (L + L),
i.e. R
b= (L +1.) % 3f1- L1 -1 (L+L—L1LZ)]L+L+L—-L1L2
LA U S A
2 1 1 1 1
............. 12

To find a:~
From Equation 6

awl &K =1 ¥

5757 by 2

2
rl+ must be found
. r,- T
Xy (o= - dy) = N
4
o), Ly, ~ K Ly + KL it =4 sLy,= T3 T,
T

k= T3m XL Ly = &L, - oL,

Substituting for r3 in Equation 10 andg(a in Equation 11,0{3 in

Equations 4 and 8,9(2 in Equation 3 then



=

o S _L.L,y _L.,L,
r4:0<11;}' ?; %_(Ll+ L, % 2) | Lyv I+ I, % af
1 05 1 1
Xl M- B o1 (ne - Bty pane - NP G+
5 T 7 1 2 < A R T R 2 T
2 1 5 1 1
%y 4~C<1L1L4 - ol (L L~ M1l2 )
y £y Iy
rqz:xﬁ<iL§~ Pals - Tty oo fals v Mfobsip +n, - Mile - Doy
fl fl Il fl~ 11 12
LyLgly, | LIl (Dol LnLL.L, Lol _ LL LI,
£ 5 L, 45 £, P I, 5
I, - LTy, _ IqL, _ LZLai_LlLZLq;f
2,
fy y £y fy
P =) Lot Lo Lot L, = 2Pl o Lpls LD, 2L, LiL
S F 7 7 7 T
1 fy 1 1 o
.
2L, L,L, 4 LLoL,  LoLoLy  LiLoLy _ LI Lol LL (141
~ Z 2 .
1, £ 1 Iy ) 171, I
- Ishy oy Bolshy f
1L,

or rbj:p‘{l ?P %

Hence a— E’_?_O(l iP}

I
r5:f>(1(Ll+ L2+ L5+L4+ L5)— d -¢c =b - a
o | | Ly i | -
__di(LI+ Lot Lat L4+.L5) % 1 (L4 L34~L4%—L5)
1
L.+ L, _ L,L _
xﬁ:% 2 %f) (L4 L+ L)
1 i
Xy Pt sy (g - Zals - Tolsr Ialols, g - Tala) gty }P}
V=7 3 T T £z 172 % 1.
2 1 1 1 1 2
but o, = ‘o
177

0

Total magnification My _ T5 | hence

r
o}



N

L Lo+ L+ L L.) -1 L - 2L, L 2L, L
1
: L) -
"'I‘ELS"”LZLL-,“‘“LZLB""%; (L1L2L34—L L. LL{’}’ L1L2 5)
1

- L L.L «+ + 2 + 2 + 2 -
L(Lglq‘*lq‘*LL L.L L.L L.L_+L

: ply ¥ 2halgt 2L Lg+ 2Ly Lo+ L) L) +
2

475

[

1 (Ll L 5+L2L4 5'\’.1;31:41:5) + f];f (ZLlL3

4+ L2L3L4+ L
2 172

,.&,o
1ty

H)

4L, L 3L5+2L L3 5+—27112L5+-2L1L4L5 L2L4L5)

2 4 c 127475

L (?1 oLl 2Ly LTl + oL, T, T
51, fy

Ly Lol Lok 2L Ly L4L5+-L2L5L4L5>.¥ Ly L LsL Ls’j& 13
£, £ f
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