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2.2.1. General Properties of Image Formation

Any electrostatic field with rotational symmetry has imaging properties.
Charged particles with equal energies, starting from points in the object
plane, are focused into points in the (Gaussian) image plane if their paths
are paraxial (that is, if they always run in a small distance from the axis
and always have a small inclination to it). Rays such as this lead to a stig-
matic (that is, a correct point-by-point) magnified or diminished image.

Magnification and position of the image depend on the energy of the
particles: There is energy dispersion; the image formation is disturbed by
chromatic aberration.

251
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Off-axis rays are not focused into the same point as paraxial rays. The
whole set of the intersection points of all adjacent rays starting from the
same object point form a caustic shell: The image is affected by geo-
metrical aberrations.

For focusing a beam with rotational symmetry, the area around the axis
is utilized. With increasing demands on the imaging quality, the radius of
the used lens area must be reduced. Imaging with high resolution (for exam-
ple, in the electron microscope) requires an aperture, so small, that the
diffraction at the edge of the diaphragm hole essentially influences the image
quality. For energy analyzing (velocity spectrometry) one takes advantage
of the strong chromatic aberration in the off-axis lens zones. Simultaneously,
the particles with equal energy can be focused into a line focus on the
caustic shell. Electrostatic lenses may also be used as filter lenses; with their
aid it is possible to select the high energetical part of a beam.

A. OPTICAL LENS DATA

From the geometry of the lens electrodes, in principle it is possible (a)
to determine the potential- and field-distribution in the lens and (b) from
these, to determine all possible electron paths. In many cases, however, for
the description of the paraxial lens data, it is sufficient to know only the
paths of two paraxial rays entering the lens in parallel to the axis from
the right hand side and the left hand side, respectively. Then the so-called
“cardinal points”’~which can be determined mostly by direct experiments
—totally describe the image formation. Therefore, we shall concern our-
selves foremost with these cardinal points. Without restriction we admit that
the particles have different energies in front of and behind the lens. Conse-
quently all equations are valid for immersion lenses too (see Section 2.2.2,B).

1. Cardinal Points

Particularly important for the description of the imaging conditions in
the case of field-free object and image spaces are the axis coordinates of
the following points:!

(a) The z coordinates zy, and zg., of the intersection points of the
entrance and exit asymptotes of rays entering the lens parallel to the axis
from the right- and left-hand side, respectively;

! In order to give f and f’ the same sign, the values for the axis coordinates on the
object and image side increase in the opposite direction (see Figs.). Always, when H, F,
and f cannot be strictly regarded as cardinal elements, they will be marked by asterisks.
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(b) The intersection points Zpy and zp., of the exit asymptotes of the
same rays mentioned in (a) with the axis of the lens;
(c) The coordinate differences zpy — Zpy = af * and zpry — Zgee = gf *

Applying these expressions to paraxial rays according to Fig. 1, we will
omit the asterisks and notate the coordinates of the principal planes as zy
and z;; ; the coordinates of the focal planes as zp and zp, ; and the o.oﬁo-
sponding focal lengths of the object and image side as f'and f”, respectively.
We call the whole of these data as (virtual) cardinal points (Glaser, 1952,

1956).

N > -
F2IN 4] f Zs g

<

e

Fic. 1. Construction of the virtual cardinal points by the aid oM the entrance and exit
asymptotes. zz and zp- are the axis coordinates of the virtual focal points £ and F' on the
object and image side, zg and zg¢ the axis coordinates of the corresponding principal

planes.

With the aid of these cardinal points, it is possible to determine in field-
free object and image spaces the corresponding image distance e’ and the
lateral magnification M’ (negative sign for inverted imaging!)

/

M’ H&w| (y = object size; y' = image size) ()
y
of the Gaussian image from the equation
S = e« —f B for any object distance e. 2)
e—f I y

The power K of a lens is defined by

K =4 + 1/(ff)V? (positive sign for £, f' > 0; negative sign for f, ' < 0).
3)

Between the focal lengths f; f and the kinetic energies W; W’ of the particles
in front of and behind the lens, the fundamental equation (Glaser, 1952,

see p. 150)
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7

7wy )@

\ W
with W; W' = kinetic energies, see (44); and
W, = rest energy mycy?

is valid. From this, we obtain for the nonrelativistic case (W; W' <K Wy):
! S\\ 1/2
(%)

o\ w

Hence the focal lengths f, /* differ only for immersion lenses; they are equal
for single lenses. For these the following relation holds:

K=1/f= 1/ (5)

Usually the object and the image screen are located outside the field, because,
otherwise, they would raise field deformations. Under these circumstances,
(2) is always applicable. For image formation by means of several stages,
however, the intermediate images may be located in the field of a subse-
quent lens.

In such cases, we can apply other cardinal points: the so-called osculatory
cardinal points (Glaser, 1952, 1956); the scope of these points is limited
however to a small interval of object displacements. Numerical information
about the osculatory cardinal points of electrostatic lenses are not pub-
lished.

2. Operating Ranges of a Lens

Except gauze lenses (Sections 2.2.2,A,3; 2.2.2,B,1), which raise particular
problems, weak lenses always have the properties of converging lenses, but
never those of diverging lenses. The principal planes coincide (*“thin len-
ses”). With increasing excitation the principal planes withdraw from each
other (“‘thick lenses”). Their position is always inverted, see Fig. 1. In
strong lenses the point of intersection of parallel incident rays can move
into the lens field, so as to produce a second or even a third crossover
by subsequent focusing (see Fig. 2). According to the number of existing
crossovers the operating ranges will be of first, second, or third order,
respectively. Negative focal lengths occur in the operating range of second-
order.

-
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FiG. 2. Particle trajectory and positions of the image side focal and principal points of
an electrostatic single lens according to Heise and Rang (1949). The electrical excitation
increases from Fig. 2a to Fig. 2d (a, b first operating range, ¢ second range, d third range).
The whole focal and principal point characteristic of this lens is given in Fig. 9, the power
characteristic in Fig. 20.

3. Paraxial Chromatic Aberration

Because of the chromatic lens aberration (see the beginning of this
chapter), an image aberration disk of radius 4, is formed in the Gaussian
image plane. Introducing the relative energy width A W/W of the particles
and the angle of incidence a, we can establish the following relation:

AW

%nb = A Cpy W A@v
¢, is called the chromatic aberration constant related to the image. The
radius of the image aberration disk corresponds to the interval e, in the

object plane
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%n& . Cep N—:\ o B:\
Ecp = M a M W aCy, 7% )

where M’ is the lateral magnification and
Con =a can/ M’ (®)

Cer s called the chromatic aberration constant related to the object. Both
constants depend on the object position (and thus on the magnification
too). Particles with high energy always intersect the axis at larger distances
behind the lens (see Fig. 3b) than those with low energy.

(@) Hiw) Hiw+aw)
N
N
y D N
PN [0
™ ~
—T—fw) A
bN‘ ]\§+b§\-
(8) day
b :E\&/E HW) , Az, —
y
! O_A ! wﬁﬁ" ~o
‘ TWedi) 3§l|ll%r.ﬁ
b)BN_..b/Nw ‘.\S\\IMﬁn:an e'(Ww+Aaw) —=

&Ss,sﬁ\

e(Ww)
Fig. 3. Chromatic aberration disk J, and chromatic focal point displacements

Azg, Azpr (a) for very strong diminution; and (b) for very strong magnification.

The chromatic aberration in the paraxial area may also be described by
the energy dependence of the coordinates of the focal and principal points.
With very strong diminution (M’ — 0) and with very strong magnification
(M’ — oo), very simple mathematical conditions emerge.

(a) M’— 0 The incident beam can be regarded as a beam of parallel
rays. As shown in Fig. 3a, ., is only given by the displacement of the cardi-
nal elements Az, and Af" of the image space. We find

_ Y . _ Y :
0.1(0) = TV AW) Azp, = 7OV + AWy (Af" + Azy) )

with ' (W + AW) = f/(W) + Af" .
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For Af ' < f' and for small angles of emersion a', Eq. (9) becomes

!

a

Az (10)

00) = gy * Az = Azpi eal0) =

Considering the Helmholtz-Lagrange formula

a

e

(In

p\

E\w H\m
)

and comparing (10) with (7), we shall get the required relation between
the chromatic aberration constant C{ and the chromatic aberration /Azg.
the rear focal point

 Azp (W WV

22Vl W )T >
M AW W (12)

QgAOv =

(b) M’ — oo Since the object distance e does not differ from f practi-
cally, the emerging beam may be interpreted as a beam of parallel rays.
Now the image distance e’ is so large that we can equate ¢’ — f' =~ ¢’ and
the displacement of the coordinates of the principal and focal points on
the image side will be of no importance. As shown in Fig. 3b, for the radius
of the chromatic-aberration disk, we may write

N_ \\
8,(c0) HMIJU_W,\K ~ 2 de = e :3

if Ay <y, de' <e'. e is regarded here as a function of e,f, and f".
In this manner we obtain with (1) and (2) the total differential of e':

/

%\HE\ H\w EN|\51 Ni n|§ T‘Js u§+u_\:
~— MAzpaje' = — M'Azg e'[f (14)
considering (1)- (4); (11) and
Ae = — Az, Af — Ae = Azg; Af' = Af (W,'|W,)¥? (15)
Substituting (14) into (13) and converting it to gg(co), we get

Sun(00) = — (Y[ IM' Azp = — aM' Azp;  egoc) = — adzy (16)

Comparing this result with (7), we find the required relation between the
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chromatic-aberration constant C,(c0) and the chromatic aberration Azp
of the focal point on the object side:

Caleo) = = an

c. Inversed Ray Tracing. In opposition to our former procedure the
rays now shall enter from-the right-hand side. In this case we must convert
all the symbols with primes into the symbols without primes. The symbols
of the corresponding chromatic-aberration disks will be indicated by the
letter u. With

, "\ 172
tw\b\n|aﬂﬁwv (18)
we obtain
05(0) = adz  e4(0)= —dz (19)
b(oo) = — a'MAzp 5 e4(c0) = — o Az (20)
Especially the combination of (19), (16), (17) leads to the result
en(00) = — 8%,(0) = Cp(o0) a - AWIW @D

Hence, the chromatic aberration constant for strong magnification can be
determined by using the inversed ray tracing with strong diminution. This
method is analogous to the method for determining the spherical aberra-
tion (see Section 2.2.1,A,5c).

4. General Information about Off-Axis Data

In discussing the data about the off-axis lens zones, again we confine
ourselves to field-free object and image spaces. It is sufficient to know
the entrance asymptotes and the corresponding exit asymptotes of each
ray. The entrance asymptote is characterized (see Fig. 4a) by its in-
tersection point p with the axis and by its slope tan « = y/(p — q); the
exit asymptote (see Fig. 4a) is characterized by its intersection point p’
with the axis and its slope tan ' = y'/(p’ — ¢'). The asymptotes of rays
incident parallel to the axis are characterized by their heights of incidence y
instead of by their slopes tan a (Hanszen, 1958b).

Only in the paraxial area, the data of all rays in a beam emitted by a point

g
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source in any finite distance from the lens can be evaluated by the data of an
incident and an emerging ray both parallel to the axis (see Fig. 1). As to the
off-axis lens zones this is not possible. In order to know the lens properties
completely, it is indispensable to measure or calculate the entrance and exit
asymptotes for all possible rays. Moreover, on account of the chromatic

lens
(a)
reference plane

e 8T e

Fig. 4. Ray tracing in the off-axis lens zones.

errors, these measurements or calculations have to be done for particles of
different energies. Mostly, however, it is sufficient to determine only the
data of a beam that emerges from a fixed point source (necessarily not lo-
cated on the axis) and to evaluate from these the interesting geometrical
aberrations. The data derived in this manner are not confined to an approxi-
mate theory of aberrations.

a. Spherical Aberration. The intersection point with the axis p;" on the
image side and the angle of emersion a;, belonging to the rays originating
from an axis point with the fixed coordinate p, depend only on the specific
angle of incidence a; (and for parallel rays on the heights of incidence y;),
see Fig. 4b. If we take the axis point p to be an object point, then p;" is the
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corresponding image point, and, especially, for a —» 0, p;/ —p, it is the
corresponding (paraxial) Gaussian image point. Then

Ap) =4 pi’ — po (22)
is the spherical longitudinal aberration (see Fig. 25) and
%.&. =ds R_N:\ tan QF\ Ava

is the radius of the spherical-aberration disk. Both are defining quantities
for the spherical aberration. As we will learn from the next section, the
spherical aberration is closely connected with the distortion.

b. Distortion. We consider the points (2,0); (4, 50); --.; (q,¥) to be
point sources of very narrow beams, the chief rays of which are drawn in
Fig. 4b; two beams are exactly drawn up in Fig. 4c. Beams such as this
originate from each object point, if an object at a distance ¢ is illuminated
by a source of finite diameter 2 Ay located at a distance p.

The Gaussian image of (g, 0) will be located at (s', 0). Then, the image of
the plane (z — g, y) lying in the plane (z=1+¢,7) is distorted. The same
error, which is outstanding for the spherical aberration if an object point
at the distance p—acting as a pupil—is imaged in the Gaussian image
plane at the distance p’, produces a distortion in another plane at the
distance s', if the object is located at another distance g and if the entrance
pupil is located at the distance p.

c. Field Curvature, Coma, Off-Axis Astigmatism. Figure 4c shows how
to derive the field curvature (curvature of the “image surface,” marked by
4s;') and the coma (marked by o) from the hitherto drawn rays.

Rays originating from the same object point, which do not proceed in the
drawing plane, are not imaged in the same surface. The deviation of this
surface from the one drawn describes the off-axis astigmatism.

d. Summary. Except for the off-axis astigmatism, which is not only
determined by the rays proceeding in the plane of incidence, we can charac-
terize all geometrical aberrations according to Fig. 4a by the intersection
points and the slopes of the entrance and exit asymptotes of all rays in the
system. Hence it is, for example, sufficient to know the cardinal points and
the spherical aberrations in the form of Ap'(a) and d,(a) for the rays with
all possible axis intersections Pm s Pns Do, ... in order to determine distor-
tion, field curvature, and coma.
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5. Third-Order Aberrations

In the lens zones immediately annexed to the paraxial area (in the so-
called Seidel area), we are allowed to make further statements mvoﬁ the
geometrical aberrations, if we expand the deviation of the o.m,.mx_m image
points from the paraxial image points into a series and consider o.:_w the
first term. In this article we will do this only for the spherical aberration and
the distortion. But first, we will point out the relation between spherical
aberration and distortion that holds in this area.

a. Relations between the Spherical-Aberration Disk for Very High Dimi-
nution and the Distortion of a Shadow Image at a Large Distance. >.oooa§m
to Fig. 4b, we project the shadow image of an object located m.ﬁ the &mgaom q,
by a point source at the distance p — oo. The image screen will .mn_u:nmzq ,c.o
placed at a large distance s'. According to the particulars of Fig. 5, the exit

wmxmamanm plane

/h I.a I‘
,, o 4 .\DMuBNwi
NG
Y Nl al ra

! araxi

0, | oo A DROTEZ ’
! , AZie deal
[l L Sanst %

| AzZye SNV
,TN.l real off-axis ray X TB<
- - %ﬁ%

FI1G. 5. Spherical aberration disk J,(0) for strong diminution and the distortion 4Y/Y.

asymptote of a ray, entering parallely with a great height y .Om incidence
into an aberration-free lens, intersects the axis at the focal point F’ of the
image side with the slope tan «' = y/f’. The ray emerging from an imperfect
lens? differs from this ray by a longitudinal displacement Azg. and by a
variation Aa’ of the angle of emersion a'. This variation leads to a &mv_mon-
ment Af"* of the intersection point with the axis. Thus En. total displace-
ment of this point, that is, the longitudinal spherical aberration, amounts to

Ap' = Az + Af'* = Azpry. . (24)
2 As to the following notations, see Section 2.2.1,A,1. The asterisked quantities are de-

rived in the same manner as the cardinal points from the entrance and exit asymptotes
of an parallel incident beam, but they do not establish an imaging in the sense of Eq. (2).



262 K.-J. HANSZEN AND R. LAUER

The radius of the spherical aberration disk has the value
040) = Az tan o' 4 Af"* tan(a’ + Aa’) =~
Azgrye + Af'*) tan o' = dzpry - tan o', (25)

The second line of equation (25) holds as long as Aa’ < ', Similarly,
we can write for the distortion with reference to Fig. 5

AY  AYpw | AV Azppe + (5" — z) AF™*]S /
YT Y, + Y, ~ Y -tana’,  (26)
whereas Y, = — (8" — z;;, — f') tan o’. If (5" — z;.) > /7, the first term of

the numerator of Eq. (26) can be neglected with respect to the second one.
Then, we obtain for the distortion

AY|Yy ~ — Af'*[f". (27)

The image-aberration disk is characterized by the total longitudinal aberra-
tion Azp.4 according to (25), whereas, the distortion is marked mainly by a
part of the longitudinal aberration, namely, by Af'* = Azpy — Azjp.
This is to say, the size of the spherical-aberration disk is essentially given by
the displacement of the axis intersection Azp., whereas the distortion is
chiefly expressed by the variation Aa’ of the ray’s slope and therefore by
Af"*. From this we recognize the great difficulty in the exacs determination
of the spherical aberration from the distortion. Moreover, it is difficult to
fix zp., accurately. The published values, however, are mostly due to
such measurements.

b. The Spherical-Aberration Disk for Very Strong Magnification. For
M’ — oo the intersection of an incident paraxial ray with the axis (signed
by terms with the subscript 0) coincides with the first focal point. The
corresponding ray of emersion is nearly parallel to the axis. With the anal-
ogous approximations in reference to the image side, as made in 2.2.1,A,3b,
we can write for the radius of the image-aberration disk (see Fig. 6)

%AAOOV . B4t . Y1
Ae’ e'(ag) + Ae’ — “e'(ay) (28)

A ray emerging from a large distance y, parallel to the axis (represented in
Fig. 6 with sufficient approximation by the line —-—) may intersect the
axis on the object side in F*. We assume its distance from the focal point
to be Azpy. In spite of the impossibility in describing the imaging properties
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of the off-axial lens zones by the aid of the virtual cardinal points, we
el —— ) X
assume that between the rays FH*ED, and F*H*ED, there is an, at least,

osculatory dependence in accordance with the lens equation. Then, in the

H H*
. E
F— 4 X red off-axis ray
2NN
/ <
N
F/o00) % paraxial ra SN0,
I ; e’(otr) Ao\
s e'(e,)

FIG. 6. Spherical aberration disk d,(co) for strong magnification. (In order to get a clear
drawing the object distance e is equated with the focal length f))

same procedure and with the same restrictions as in 2.2.1,A,3b, we can

write analogously to (14)
Ae' = — M'Azpe'[f: (29)

Applying (28), we obtain in this manner for the radius of the aberration
disk
0y(00) = — yy M'Azpy[f = — aM'Azpy (30)

c. The Constants of Spherical Aberration. For the radius of the spherical-
aberration disk, the following expansion is valid:

S, = cyoB 4 +e- 31)

where ¢, is the spherical aberration constant related to the image. The radius
of the image-aberration disk corresponds to the interval on the object side:
3

o) c.a )
— O cee =g CaB e (32)
ST AT M af s

Here
C, = e M’ (33)

is the spherical-aberration constant, related to the object.

The values of these two aberration constants depend on the object position
and thus on the magnification. For strong diminution we obtain with (11),
(25), (31), and for very small a, the following connection between the
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aberration constant related to the object C,(0) and the longitudinal aberra-
tion Azg., the following relation:

. R—Nm:* W, \ 12
€0 = — 4 (%) (34)
Similarly, we obtain with (30) for strong magnification:
Cy(00) = — Azpy/a® (35)

As in Section 2.2.1,A,3c we can relate our considerations to the inversed
ray tracing again. Instead of (25) and (30) with (32), and (18), for very
small ¢, the following equations result:

84(0) =  adzpy © e(0) = %%ﬁ (36)
8M(00) = — a'M Azpry 3 £00) = — d Azpe (37)
C(00) = — Azprafa® (38)

Of special interest is the comparison between (30) and (36). Considering
(32), we have for very small a

mmAOOV = = %m:AOv - —a N_Nm,* = QuAOOva AwOV

Hence it is possible to determine the “‘spherical-aberration constant re-
lated to the object C,(co) for infinite magnification and object position on
the unprimed lens side” from the displacement of the axis intersection
Azpy belonging to this side. There are two different ways to determine
Azpy: either from 8,(c0) = e,(co)M' in the direct ray tracing with very
strong magnification, or from 8%(0) in the inversed ray tracing (that is,
incidence on the primed side) with very strong diminution.

On the same way we can derive from (25) and (37) two methods for
the determination of the spherical-aberration constant C,* (co) belonging
to the other lens side. For these we obtain

£/(00) = — 8,(0) = — a'Azpiy = C¥(c0)a (40)

The given relations that do not depend on alterations of the particles’
energies, are valid for immersion lenses too.

Trajectories with greater angle of incidence intersect the axis always in
.mro;an distances behind the lens than trajectories with smaller angle of
incidence (Exception: gauze lenses, see 2.2.2,A,3).
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d. The Constant for Distortion. For the distortion we can give the fol-

lowing expansion:

Ay 2
Y, =cga®+ .- (41)

From this, in the special case of (27) we have for the distortion constant ¢,

Af'*
Cqg — — wﬂ.\.\ﬁd . A\_.Nv
Measured values for this constant, will be given in 2.2.2,A,2d.

6. Experimental Methods

Fortunately, we are able to rely on extensive direct experimental material
for the data of electrostatic lenses. We will consult these measurements as
much as possible and comment on the performed comparison between
theory and experiment in suitable passages herein. Next, we will give a
short outline of the experimental measuring methods in use. More details
about measuring arrangements may be drawn from the original literature.

a. General Methods. As mentioned in 2.2.1,A,4, the most general method
of measuring the lens data is based on determining all correlated couples of
entrance and exit asymptotes in a beam. In the further description we use
the notations of Fig. 4a,b. The source of the beam is placed at the distance p
in front of the lens. (We are mostly interested in p — oo; see 2.2.1,A,5a,¢).
The most exact method in determining the functions tan o' (tan a) and
p'(tan a), which fix the required asymptotes, is demonstrated in Fig. 7. In the
planes with the axis coordinates ¢ and ¢’ we successively displace a dia-
phragm with a fine hole along the coordinates y and y', respectively, and regis-
ter each shadow image of the hole on a photographic plate, the translation
of which in x direction is coupled linearly with the diaphragm movement
(see Hanszen, 1964a;c). The curves, plotted in this way, give information
about Y(y) and Y(»'), their mutual correlation gives the wanted connections
directly (see Figs. 23-26). Measurements such as these enable us to evaluate,
particularly, the paraxial and the Seidel data.

b. Determination of the Cardinal Points. The former method is also
suitable for determining the positions of the principal and focal points,
because the coordinate zg- of the focus on the image side can be found from
an incident parallel beam (p — c0) by zp, = p'(y — 0), and similarly the
corresponding focal length /7, by
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‘=1lim -2 ; with o =d
f i ana with a' = a'(y) (43)
In order to determine the positions of the principal and focal points on the
object side, we have to use the inversed ray tracing (in the case of symmetri-
cal single lenses, we need of course with /= f' and z;; = z;, only one
measuring procedure).

beam

F1G. 7. Measurement of the rays’ exit asymptotes by coupling the movement of a fine
roﬂ.n m_ozm the y coordinate with the translation in x direction of a photographic plate
which registrates the shadow image of the hole (Hanszen, 1964a). ,

If our intention is to determine only the paraxial lens data, it is sufficient
for us to use a more simple arrangement in which the shadow magnifications
of two small objects (such as thin wires) are measured; the first of them is
placed before the lens and the second behind it in the distances ¢ and g’
respectively (Klemperer and Wright, 1939; Spangenberg and Field, _ﬁww
Heise and Rang, 1949; Liebmann, 1949; Everitt and Hanszen, 1956 m%zoa,
1960; Fink and Kessler, 1963; Hamisch and Oldenburg, 1964). u

For asymmetrical lenses, two measuring procedures are required again.
In this case there is no need to place the source at a large distance from the
lens. As shown by Everitt and Hanszen (1956), simply, the lens must be
Ea.:aa around the intersection point of the reference plane and the optical
axis between the two measurements. In doing this, the electrodes of immer-
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sion lenses must keep their original potentials. Very simple equations
result if ¢ = ¢’ and p = s’ are chosen.

c. Determination of Distortion and Spherical Aberration. In order to
determine the distortion by the above shadow method, we have to introduce
extended objects into a practically parallel incident beam in front of the
lens [with advantages: nets (Heise, 1949; Jacob and Schah, 1953); rows of
teeth (Hanszen, 1958b); rows of holes, movable edge (Liebmann, 1949)].
The shadow image of these objects at very large distances s’ behind the
lens delivers the information (41) about the distortion. With the general
method 2.2.1,A,6a, the relative distortion for large s' can be read off im-
mediately from the deviation of the registrated curves from a straight line.

By employing the exact formula (24) to (26), (39), (40), the data for the
spherical-aberration disk (and thus for the longitudinal spherical aberration)
can be determined in the same way from the distortion (considerations con-
cerning the exactness of this method are pointed out in Section 2.2.1,A,5a).
Particularly, the spherical aberration constant for strong magnification
C,(c0) can be determined by the inversed ray tracing. But the accuracy
of these measured values is not high at all. It must be emphasized that this
method allows us to measure C,(co) for a (virtual) object position in the
lens field too. But this case is hardly of any practical advantage since for
objects in the lens field the osculatory cardinal elements are decisive in-
stead of the virtual ones.

In the direct methods of determining the spherical-aberration constant
for strong magnification, the exit asymptote is measured in direct dependence
on the angle of incidence using the normal ray tracing. According to
Seeliger (1948), Shipley (1952), and Septier (1960), a fine hole, placed at the
intersection point of the axis with the first focal plane, is irradiated under
various inclinations a. Thus, the spherical aberration constant C(co) can
be calculated from the positions of the corresponding exit asymptotes. This
method is only valid if the focal points are located out of the lens field.

Mahl and Recknagel (1944) employed as “electron pencils” the diffrac-
tion intensities emitted into discrete glancing angles by a microcrystalline
object, positioned on the axis. With this method, the spherical aberration
can be determined from the distortion of the Debye-Scherrer-diagram in
the focal plane of the image side.

B. SIMILARITY LAWS

For nonrelativistic velocities of the particles, the properties of an electro-
static lens are only determined by the mutual ratio R of the electrode-
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potentials referred to the particles’ rest potential U,, but not by the
absolute values of the electrode potentials. Under these circumstances,
particularly the particles’ trajectories are independent of the ratio: particle
charge to particle mass. Hence, we shall introduce in the following passages
a suitable voltage ratio R as an electric parameter. We shall call the depen-
dences of the optical quantities on R, the “characteristics”; for example,
K(R) = L/[ff'(R)]V* will be called the lens power characteristic, and so on.
For relativistic velocities, however, the trajectories of the particles depend
on the ratio of kinetic energy to rest energy. Then, the trajectories are not
only functions of the voltage ratio, but also of the absolute values of the
individual voltages. Data for a special lens are given in 2.2.2,A,2b.

In lenses with similar geometry, operating at the same ratio R, all particles
describe similar paths. In this case, we are able to give the geometrical lens
data, in a reduced scale; that is, the required data will be divided by a signi-
ficant length (for example, electrode distance, bore diameter or focal-
length). Since in the relativistic range, only particles with the same ratio
of kinetic energy to rest energy describe similar paths, the reduced geo-
metrical lens data are functions of this ratio.

C. CONFRONTATION OF ELECTROSTATIC AND MAGNETIC LENSES

1. Consequences Taken from the Ray Equations

In electrostatic lenses the trajectories of particles with nonrelativistic velo-
cities and with the same ratio of kinetic energy to electric charge, that is,
particles which have passed the same accelerating voltage, are independent
of the particles’ mass. In magnetic fields, however, under the same condi-
tions the particle trajectories depend on the particles’ mass: Heavy particles
in particular are less focused than light ones. On that account, electrostatic
lenses are favored to focus heavy particles (ions).

2. Consequences Taken from the Equation of Motion

Whereas the kinetic energy
W= e, — U) (44)

(where e is the charge of the particles, U, the equilibrium rest potential of the
particles, and U the electrostatic potential at the considered point) of a par-
ticle does not alter along the whole path in the field of a magnetic lens, in
the electrostatic lens field considerable energy alterations are possible. By an
opposing field of sufficient strength the particles may even be reflected in-
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stead of being transmitted. In a beam with particles of equal energy this
is done in the off-axis lens zones by a lower. opposing electrode potential
than in the paraxial zone. This effect is relevant for the action of the grid
in electron guns as “‘iris diaphragm.” In beams with particles of different
energies, the particles with the lower energy likewise are reflected by a _oéon
opposing potential. In this case, the lens has filtering properties (see Section
2.2.2,A,5d).

If the particles endure energy alterations only in the lens field (then their
energy is the same on both lens sides, and object and image space have the
same electrostatic potential), we call these lenses “‘single-lenses.” For these
we must substitute W = W' in all equations. Especially the two focal lengths
f and f' are equal, see Eq. (4). If the electrostatic potentials in the object
and image space are different, we have accelerating or decelerating lenses.
For both, we use the notion “immersion lenses.”” In the following section
the data of single and immersion lenses are referred to separately.

3. Consequences of the Object Position

[n order to aveoid deformations of the imaging field, the objects are not
allowed, particularly for strong magnifications, to immerse into the imaging
field of electrostatic lenses. With the exception of ferromagnetic materials,
however, the objects are generally allowed to immerse into the imaging field
of magnetic lenses. This leads to the following consequences:

a. Applicability of the Virtual Cardinal Points to Electrostatic and Magne-
tic Lenses. The virtual cardinal points, the applicability of which is con-
fined to field-free object and image spaces, are of main importance for
electrostatic lenses, but of secondary importance for magnetic lenses. Since
the virtual cardinal points can be easily derived from the course of the
asymptotes by experiments, the experimental methods for determining the
lens data—in opposition to the analytical methods—are more relevant for
electrostatic than for magnetic lenses.

b. Applicability of Electrostatic and Magnetic Lenses as Microscope
Objectives. As pointed out in 2.2.2,A,5a, on account of the demand for
field-free object position and the requirement of high-voltage Hoo::oﬂom.u\
(2.2.3,A,B), only a minimum focal length about 6 mm of electrostatic
objective lenses can be reached, whereas magnetic lenses with focal lengths
2 mm or less are commonly in use. Moreover, it is not possible to reduce
the spherical aberration of the objective, which is decisive for En Rmo_Ss.m
power of transmission microscopes, to its minimum value in electrostatic
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objectives. Therefore these lenses are not adequate for high-resolution mi-
croscopes (particulars are reported in 2.2.2,A,2c and 2.2.2,A,5a).

4. Consequences Taken from Designing

From the examples of Section 2.2.3,C, it follows, that electrostatic lenses
mostly can be more simply manufactured than magnetic lenses. On that
account, for more simple experiments in laboratories the electrostatic lenses
are often favored above magnetic lenses. But their limited high-tension rigidi-
ty is a great disadvantage. It is unpromising to operate high-voltage lenses
with short focal lengths by much more than 60 kV.

2.2.2. Data of Particular Lenses

In most cases electrostatic lenses are realized by a sequence of coaxially
arranged tubes or diaphragms on different electrostatic potentials. Compli-
cated geometries only exceptionally occur. If one or several lens electrodes
are equipped with gauzes, which must be crossed by the beam, we call these
lenses gauze-lenses. We shall deal with them in connection with the belong-
ing diaphragm and tube lenses.

A. SINGLE LENSES

Single lenses may be realized by three-diaphragm or three-tube systems,
whose external electrodes have the same potential U, as the field-free ex-
ternal spaces. We call the potential of the intermediate electrode U;.

According to the performance of Section 2.2.1,B, the electrical excitation
will be designated by the characteristic voltage ratio

Q& - m\o
Ry = U, =0, (45)

Mostly, the potential of the intermediate electrode has such a sign that
the particles are decelerated in the field between entrance and intermediate
electrode. Then the operating voltage ratio is Ry << 1. In this case, the po-
tential of the intermediate electrode can be drawn from the high~tension
generator, which supplies the accelerating voltage. Owing to the low energy
of the particles near the intermediate electrode, lenses operating at a voltage
ratio smaller than 1 by the amount x have considerably stronger power
than lenses operating at a voltage ratio greater than 1 by the amount x.
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Moreover, for the realization of voltage ratios R; > 1, an additional high-
voltage supply is needed.

1. An Ilustrative Model of the Single Lens

With voltage-ratios R, << 1, the potential distribution around the in-
termediate electrode of an electrostatic single lens acts as converging lens;
the potential distributions around the external electrodes act as diverging
lenses. With R, > 1, the conditions are just opposite. For details see
2.2.2,B,2. But always the converging parts of the potential field are pre-
dominant; thus the whole lens always acts as a converging lens. For
qualitative considerations the diverging part can be thoroughly neglected.

Real diverging lenses can be realized only by suppressing the converging
part of the potential distribution. This can be done for R; < 1 by replacing
the intermediate aperture electrode by a conducting, but transparent foil
(for practical purposes represented by fine gauzes). Since all parts of the
potential distribution for R > 1 act inversed, the lens with the above gauze
electrode operates at this voltage ratio as a converging lens. All other lenses
in the first operating range are always converging lenses (see Section 2.2.1,
A,2), irrespective of R, $ 1 (thatis, U; $ U,). Both focal lengths of these
lenses are equal. In the operating ranges of higher order the lens power may
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FiG. 8. Entire course of the focal and principal-point coordinates of a lens system
consisting of two equal weak converging lenses @ and 6 with the fixed mutual distance d
in dependence of the lens power 1/f, = 1/f, belonging to each lens (Hanszen, 1958a).
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increase in such a degree that several successive focusings occur (see Fig. 2).
An illustrative model for the influence of the increasing electrical excitation
on the cardinal points in the first and second operating range represents ¢
system of two thin “equivalent lenses” @ and b, placed at the fixaed mu-
tual distance d, whose lens powers 1/f, and 1/f, increase in a constant
ratio (Hanszen, 1958a; Felici, 1959; there are given further mathematical
evaluations). Symmetrical single lenses, that is, lenses whose intermediate
electrode lies in a symmetry plane, may be represented tv two “equiv-
alent lenses” with equal lens powers 1/f, = 1/f; thusly (see Fig. 8; compare
a real characteristic of cardinal points, for example, Fig. 9).

jo]
4

06 %v
4 2

«—— Distance from the mid
plone of the lens — &

FiG. 9. Entire course of the focal and principal point coordinates (focal and principal
point characteristics) of the lens shown in Fig. 2 in dependence of the voltage ratio Ry for
the first and second operating range, according to Heise and Rang (1949) (U; = potential
of the intermediate electrode, U, = potential of the outer electrodes, U, = rest poten-
tial of the particles, z = axis coordinate). The voltage ratios which refer to the
trajectories a and b of Fig. 2 are marked on the ordinate scale. The cardinal points on the
object side and the cardinal point on the image side lie symmetrically to the midplane of
the lens. The power characteristic of this lens is represented in Fig. 20.

2. Three-Diaphragm Single Lenses

As to three-diaphragm single lenses, extensive theoretical calculations
have been done (Regenstreif, 1951 ; Glaser and Schiske, 1954, 1955; Kanaya
et al., 1966). The ray tracing in these lenses also has been investigated with
the aid of analogical systems (electrolytic trough, resistor network, and so
on). But there exist such a lot of direct measurements that we exclusively
can relate on these in the following sections. Comparison with the other
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methods may be drawn from Lippert and Pohlit (1954), Archard (1956),
and Vine (1960).

a. Characteristics of Lens Power. Focal Points and Principal Points. The
following geometrical parameters influence the cardinal points decisively:

(a) The distances a and a' between the intermediate and the external
electrodes;

(b) The thickness ¢ of the intermediate electrode;

(¢) The diameter b (and possibly the geometrical shape) of the aperture
in the intermediate electrode.

The dependence of the cardinal points on the voltage R, << 1 is demon-
strated for various lenses in Figs. 9-16. Special interest requires the general
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Fic. 10. Focal and principal point characteristics of the drawn asymmetrical lens
(Everitt and Hanszen, 1956).

behavior of the lens power characteristics 1/f(R,,). With increasing electric
excitation, that is, with decreasing voltage ratio downward from R, =1,
we find in the Figs. 11 to 16 the first operating range with 1/f > 0, which
is followed by the second operating range with 1/f << 0. For some lenses
even operating ranges of higher order with alternating sign of the lens power
have been observed. Between each two consecutive operating ranges there
is a telescopic operating point with 1/f = 0. Figures 11-13 (similar as Fig. 9)
refer on symmetrical single lenses. They show the influence of several geo-
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metrical shape parameters. The lenses with the first maximum of the lens

power at Ry = 0 are particularly interesting. The geometrical data of these
lenses may be taken from Fig. 14.
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FiG. 11. Power characteristics of symmetrical single lenses. Parameter is the bore
diameter 4 of the intermediate electrode (Heise and Rang, 1949).

Asymmetrical single lenses are expediently discussed in connection with
symmetrical single lenses; their properties can be derived from the proper-
ties of the latter by varying a single parameter (for example, the ratio of the
electrode distances a'/a) under maintenance of the first telescopic operating
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point (Everitt and Hanszen, 1956). Both focal lengths of asymmetrical %n.m_o
lenses are equal too. Figures 15 and 16 show moGn lens power characteristics.
The power maximum of the asymmetrical lens 1s wnmorma m_waﬂ at the mMB.m
voltage ratio as the maximum of the oo:mwvw:a_:m mv\BBwHﬂ_wm_ lens an _M
somewhat higher than the latter. The position of the ?._:osom_ Emzom 0

these lenses is no longer symmetrical with respect to the :.:m::oa_ma elec-
trode (see Fig. 10). The “midplane of the lens” appears displaced towards
the side with the higher potential gradient.
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F1G. 12. Power characteristics of symmetrical single lenses. Parameter is the thickness d
of the intermediate electrode (Heise and Rang, 1949).
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FiG. 13. Power characteristics of symmetrical single lenses (a) with a narrow bore in a

thick 582%6&.&8 electrode and (b) with a wide bore in a thin intermediate electrode.
Parameter is the electrode distance a (Heise and Rang, 1949).
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b. Cardinal Points of Unipotential Lenses. Very simple relations result,
if the potential of intermediate electrode is equal to the rest potential
of the particles, for in this case Ry has the constant value 0 for all ac-
celerating voltages U, — U,. Therefore, the cardinal points of these
Jenses, for particles with nonrelativistic velocities, do not depend on the
amount of the accelerating voltage. We call these lenses unipotential lenses.
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F1G. 14. Lens power of symmetrical single lenses with the first power maximum at
R, = 0 (that is, operating as unipotential lens). The R,; interval in which the power
decreases by 109 is plotted with dotted lines (Lippert and Pohlit, 1952); b is the bore
diameter; d the thickness of the intermediate electrode; and a the distance of the electrodes.
The lens length / = 2a + d of all treated lenses amounts to 20 mm.

The manner in which the lens power K = 1/f of symmetrical unipotential
lenses depends on the geometrical data is shown in Fig. 17; the manner in
which the focal point coordinates zy depend on the same data is given in
Fig. 18. The solid curves refer to the first, the dotted curves to the second
operating range. The comparison of both figures leads to the following
statement: For distances > 0.5/ between the focal points and the midplane
of the lens (that is, focal points beyond the lens field) and for a fixed
position of the focal points, the focal length—and the positions of the prin-
cipal planes too—are nearly independent of the geometrical data b/ and
d/I of the intermediate electrode. It is easy to understand that this behavior
occurs in the first operating range in as much as the principal planes are
located close to the midplane and the conditions of weak lenses exist. As
calculated by Laplume (1947), in the relativistic range the focal length of
unipotential lenses first increases approximately 8% with increasing beam
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energy until a maximum is reached for electrons with the _Q:o:.o o:mnmw.%
1 MeV. With still higher energies, the focal length am.on.wmmnm again and with
energies of 5 MeV it falls even below the :osaﬁmasm:.o value of the moﬁmm_
length; for still higher energies a finite boundary value is Rmowoa. The a.a-
tance of the- principal planes from the midplane changes in the opposite
sense as the focal length. Their displacements however are, by far, smaller.

¢. Chromatic Aberration of Single Lenses. The particles within a beam
have a finite energy width AW = e AU, because of their different .32
energies. Since U, is connected with R, according to (45), the oma._:m_
points for particles with different energies of incidence can be amﬁo.aBan
from the given information about the lens characteristics, respecting the

validity of
AR, = AWIW (1 — Ry) (46)
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FiG. 17. Dependence of the relative lens power //f and of the relative H.,og_ _n:mﬁ:.\\m
of symmetrical unipotential lenses (/ = 2a + d = lens _m:mﬁv on the ﬁo_.m:é mmoBo.ﬂ:nm
lens data (see Figs. 12 to 14) according to Lippert and Pohlit :o.mmv (b is the bore a_mBM.
ter of the intermediate electrode; d the thickness of the intermediate electrode; m:aaa the
distance of the electrodes). Solid curves == 15t operating range; ao:wg curves = .m: ovm.
rating range. The straight line 4,B; marks the first lens moéoﬁ. maximum; the line \“w 2
marks the second power maximum. Both maxima are characterized by focal length achro-

matism. Curves with the parameter value //f = 0 (that is f// == & co) mark the tele-

scopic operating points.
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and particularly for unipotential lenses with R, =0 of
AR, = AW/IW 47)

Since the chromatic-aberration constants are determined by the chromatic
displacements Az, and Az, of the focal points [compare, (12), (17)], the
constants of chromatic aberration can be evaluated directly from the focal
point characteristics (for example, Figs. 9 and 10). In this manner, the
“chromatic-aberration constant related to the object for strong magnifica-
tion” C,,(co) for single lenses (that is, for W — W') can be expressed by
the equation
Azg Azp

Caloo) = iy = g (L= R (48)

and particularly for unipotential lenses by

A
Cop(c0) = R_lww (49)

With this we directly learn from Fig. 10, that the chromatic aberration of
asymmetrical single lenses is unequal on both lens sides.

Because Az, /AR,; does not vanish anywhere, the chromatic aberration
does not vanish at any operating point too. According to Fig. 3, we can
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F1G. 18. Dependence of the relative focal point coordinates zx// on the geometrical
lens data (Lippert and Pohlit, 1952). Notations as in Fig. 17; the origin of the coordinate
system is located in the lens center.
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see that the displacements Azz and Azp, of the focal points are the sum
of the displacement of the principal points Az, and Az and Em.m:ﬂ
ation of the focal lengths Af and Af’, respectively. The latter vanish a
the maximum of the lens power (at this points we have \.cm&.\w:mS achro
matism). For this reason, the chromatic error ammn:o.m its H.EE.BE: val
ue near this point—or, strictly speaking, at an ovmnm.::m point just beloy
the power maximum. The flatter the maximum, the @amn the range aroun
the maximum with low chromatic aberration (see Fig. 14). Another ovno
matic error is the chromatic error of magnification. It depends essentiall
on the position of the exit pupil (Wendt, 1940; Hanszen and _lmc.oﬁ _wmmu
If the pupil is located at the second focal plane, for strong Bmm:_.mo.m:onm
this error is given by Af/f, that is, by the lens power wrm_.moﬂo.a,_w:o. Th
chromatic error of magnification vanishes for an appropriate position ﬁ.um th
pupil. For initially decelerating lenses, the ratio C 1 (o0)/f decreases if th
electrical excitation decreases and runs to 2 for Ry — 1. For Ry > 1 (tha
is, for initially accelerating lenses) Cp,(c0)/f further drops (see Glaser, 1956,

The chromatic-aberration constant of unipotential Ho:mo.m .5 dependenc
on their geometrical data is demonstrated in Fig. 19. The minimum value o
this aberration constant amounts to about three times the length of th

O i el S
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F1G. 19. The ratio of the chromatic aberration constant Qz%oo.v of symmetrical csﬁ_%ﬁ
tential lenses to the lens length / in dependence of En.mmoaoﬁ:om_ lens avwm:mooounmﬁ_h
to Lippert and Pohlit (1953). 4zp is the focal point displacement; AW/W the re
energy shift; the other notations are as in Fig. 17.
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lenses. For a lens with minimum aberration, the dislocation of the focal
point amounts therefore to 3% of the lens length, if the energy shift of the

particles amounts to 19. At the telescopic operating point, the ratio of

focal-point displacement to energy shifting becomes infinite. In weak lenses
(that is, first operating range and focal points beyond the lens field) that
have the same focal-point position, the chromatic aberration of the focal
point is nearly independent of the lens geometries. Relativistic effects scarce-
ly influence the chromatic aberration (Laplume, 1947).

d. Distortion. According to (27) and to Fig. 5, the distortion A Y/Y,ata
large distance behind the lens depends only on Af*/f, at which Af*=f*— 1
and f* is equal to the focal length f for a’—~0 or y—0. Figure 20 demon-

Fi1G. 20. Characteristic of the function 1/f*(Ry,) for the lens represented at the top of

Fig. 2 (Heise, 1949). The principal point characteristic of this lens is shown in Fig. 9,

y is the height of incidence. For ¥ =0, the characteristic is identical with the lens power
characteristic.

strates the dependence of 1/f* on the angle of incidence a or on the height
of incidence y; the 1/f* characteristic can be obtained in the first approxi-
mation by displacing the lens power characteristic (compare Figs. 11-16)
towards increasing values of R, . These displacements are very small and
augment with increasing a or p. (The lens focuses “stronger” in the off-axis
zones.) From this we recognize that within the direct vicinity of the power
maximum, 1/f* remains equal to the lens power 1 /f for finite but small a or
». Hence the distortion vanishes at this point. (An example for application:
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the distortion-free projective lens, see mmoaow N.N.Nu?mgu Huow operating
points with more positive values of Ry, o:ﬂ:o:..m:mcma distortion OOoEM
and with more negative R,; , barrel-shaped distortion ,ooo:aww for the secon
operating range the corresponding wﬂ.mﬁoamsa are valid.

As to the distortion of asymmetrical lenses, see 2.2.2,A,2f. o

Numerical values for the distortion constant Ca = L\ Ifa'® (see
Eq. (42)] of unipotential lenses may be drawn ﬁaoa.m_m..mﬁ. m_:om.:go rep-
resented curves can be approximated mostly by m:.m_mrﬁ ::wm, the _WSMH:M:
depends essentially on the ratio: thickness 9,.:5 58::358 electro or AM
its bore diameter. We have to note that the distortion of Enmw. lenses (t M
is, focal points beyond the lens field, cf. Figs. 17 and 18), which have the
same zp and f, severely depends on the lens geometry.

08

J

a7 0 s

06 7

Wi
v/
0S z
/
04, \\\

/ ]

dft

, \W
03 7 \\\\,\
Q2 / 7 \ \\wm
, / -7
01 e
,ﬁ | | L,

04 02 03 04 Q5 06 Q7

bl ——=

FiG. 21. The distortion of unipotential lenses in aouo:am:o.m of .:6 mm"oﬂoﬁ:cwaﬂwmﬂ
according to Lippert and Pohlit (1953). Zoﬂm:o:\m are as in Fig. : mamm_.ﬂ”é ien
cg = AY]Yya® AY]Y, is the relative &mﬂoao:.w a H.ro angle of oquﬂo:,%o&mﬁoazo:
of ¢, indicates cushion-shaped distortion, negative sign of ¢, barrel-shape .

e. Spherical Aberration. Mostly the values for m@rmlom_ m_u.olm:ozﬁmnm
reported in the form Cy(c0)/f. [C,(co) is the spherical-aberration cons M:
related to the object for strong magnification (compare N.m‘r?m.oz. Ma
the lens, known from the diagrams 2, 9, 20, Heise (1949) determined the
minimum value C,(co)/f = 16 at the maximum of the lens power Qw,n
= Rumax)- 1f the excitation of this lens is amoﬁmmoa Qw.: > R ax) c_H:
the rm_m.ﬁm_ﬁac% power is reached, C,(co)/f raises to its double value.



to the “length / of the lens” in dependence of the
in Fig. 17 (Lippert and Pohlit, 1953).
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If the lens excitation is increased (R << Rymay) until the half-maximum
power is reached, C,(co)/f raises to its 30-fold value.

As it was pointed out in Section 2.2.1,A,5¢, the spherical aberration is
completely determined by Az, , consequently, not by Af* alone. A graph-
ical representation of the Zprx Characteristic, from which the spherical
aberration could be drawn in a similar manner like the distortion from Fig.
20, is not known. The spherical aberration has always the same sign,
whereas the distortion is able to assume positive or negative sign (see Fig.
21). Rays, emerging from the object in greater angles, intersect the axis
always at smaller distances behind the lens than the paraxial ones.

According to a rough rule, Cy(c0)/f has the order of 10 for initially decel-
erating single lenses, the focal points of which lie beyond the field.

Initially accelerating lenses have lower spherical aberrations. The spheri-
cal-aberration constants of unipotential lenses can be drawn from Fig. 22,
which shows, in comparison with Fig. 19, that the spherical-aberration minij-
mum nearly coincides with the minimum of the chromatic aberration
and appears at operating points with voltage ratios something more posi-
tive than R ...

The spherical aberration of weak lenses (focal points beyond the lens field;
compare Fig. 22 with Figs. 17 and 18) with the same focal point position de-
pends only slightly on the lens geometry, and the spherical aberration of

08—
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F1G. 22. Ratio of the “spherical-aberration constant Cy(o0) for strong magnification”

geometrical lens data. Notations are as
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weak lenses with the same focal length amn.n:aw but momﬁoo_v\.o.z ﬁ.:m lens geo-
metry. According to Laplume (1947) the _:m.:m:oo. of a.m_mcsm:o effects on
the spherical aberration of unipotential lenses is but inferior. H,uwa strong mag-
nification, asymmetrical lenses have mBmzmﬁ.oq larger mc.rmq._on: mdm:mzﬂozm
than the corresponding symmetrical lenses, if H.:o beam 50&2 on the lens
side with the higher or lower potential mBa_o.:r respectively AIm:mMoP
1958b); compare to this, Section 2.2.2,A,2f and Fig. 26 .Ammm ?Qrmwﬂ_wﬁﬁ Nm\w\.
liger, 1948). Septier (1959, 1960) utilized an asymmetrical lens with Cy(co
— 2 behind the ion source of a linear accelerator for ?oﬁo.:m. .
Whereas it is mostly sufficient to know the relative mvroﬁom_-mcm:mco:
constant, the knowledge of the absolute value of the mnrm:oﬁ-mcoﬁmcoﬁw
constant is necessary for the determination of the m_moqo:-Banowoo?o.m
resolving power. The smallest distance ¢, which can be resolved 3.\ transmis-
sion microscopes, depends on the wavelength 4 o.w the electrons in the Bv\(m
and on the spherical-aberration constant according to :.6 wncm:w:umm Z_
~ (C,(c0)A%)V4. Since, for electrostatic lenses used as oEoo:émVﬁmw oﬂnﬂm
point always has to be located out of the lens mm_a .Ammw 2.2.2,A, mvm o
spherical-aberration constant of usual electrostatic objectives @%BME_.:H
unipotential lenses) has the large value of Cy(c0) = 60 BB. (see _ mM _ma@u
1948). Only by very asymmetrical shaping of the _:8_,3@9\&@&@ m.MraM:w“
Seeliger 1948 succeeded in reducing C(c0) to Num mm. 00:6%8 ,M_ i :,m_
the spherical-aberration constants of the objectives currently :mw
high-resolution magnetic microscopes amount to only 4 mm or less.

f. Trajectories in the Off-Axis Lens Zones. Figure 23 mﬁ.:mm., in ,Wr_o:m
manner the slope of the exit asymptotes of a :mwlv\ cmﬂm:o._ _:oao.:w. mmwm_
depends on the angle of incidence (or o:.:gm :o._mz of _:oam:oof\ _mﬂ.ﬁw
shows the dependence of the axis intersection point on the same parame
Under these circumstances /Ap’ = Az . From the course of Em ﬂmvﬂo
sented curves for tan ¢ — 0 or y — 0, we can determine the omﬁ_w_m me”
ments (see Section 2.2.1,A,6b), and for small a or y the mo.oBoﬁ:om a "
rations of the Seidel area (see Section 2.2.1,A,6c). The main advantage N
these diagrams is to give the aberrations up .8 the outermost lens zones.
without being tied to an approximate aberration theory. S

Of particular interest is the knowledge ow, that lens zone s.;:o Nﬂﬁow
parallel incident rays at a given distance behind Em lens (that 1s 4@ a o
details about the caustic). If we are concerned with an ovmmﬁ\m:o:mn a
at the far distance s’ behind the lens, in this plane the coordinate Y; 0 w Mww
with the incident height y; is only determined by the amvosﬁwm:om\o
emersion angle a;' on y; (see Fig. 4b). This holds because Apy L5’
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Frc. 23. m_OUo. tan &' of the exit ray, emerging from an electrostatical single lens (similar
to Po‘ lens of Fig. 16) in dependence of the slope tan « of the incident ray, or the height
of incidence y, for different voltage ratios R;; (Hanszen, 1964a).
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FIG. 24. Axis intersection points p’ of the same lens as shown in Fig. 23 for two different

voltage ratios. Notations as

in Fig. 23.
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Fi1G. 25. Confrontation of the slope tan ' of the exit rays emerging from symmetrical
and asymmetrical single lenses. The beam enters the lens nearly parallely to the axis
from the left-hand side. Notations are as in Fig. 23 (Hanszen, 1958b).
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FiG. 26. Confrontation of the longitudinal spherical aberration of the symmetrical
and asymmetrical single lenses shown in Fig. 25. Notations are as in Fig. 23 (Hanszen,

1958b).
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Therefore, the intersection of the caustic with the observation plane
(this means, Y, to be independent of a; or y;) is determined by the maxima
of the curves shown in Fig. 23. Hence, the focusing lens zone can immediate-
ly be determined from this figure. The dependence of the curve tan a'(y)
on the voltage ratio supplies information about the “‘chromatic aberration
of the distortion,” since in accordance to (46) the R,; dependence can be
converted into a W dependence. This aberration causes the energy dispersion
of energy analyzers. Details about focusing and analyzing properties of
electrostatic lenses are given in 2.2.2,A,5¢.

The data of the rays in the off-axis zones of asymmetrical single lenses
can be drawn from Figs. 25 and 26. According to the direction of the parallel
incident beam, the longitudinal spherical aberration is larger or smaller
than the aberration of the corresponding symmetrical lenses, the higher
potential gradient being located at the entrance or exit side of the lens,
respectively. For small a or y, the course of the curves shown in Fig. 26
gives according to (38) and (40) the “spherical aberration constant for
strong magnification’ in the inversed ray tracing. (These measurements are,
however, of low accuracy.)

For small a or y, the course of the curve shown in Fig. 25 determines the
focal length of the lens [see (43)]. Since both focal lengths of asymmetrical
single lenses are equal, the curves belonging to both lens positions must
have the same slope at the origin of the coordinate system. Because of the
result given in Fig. 16, however, this slope is larger than that of the curve
belonging to the corresponding symmetrical lens. This slope and further
details about the trajectories in the external zones of the symmetrical lens
can be drawn from Fig. 23,

3. Gauze Lenses as Single Lenses

The general properties of these lenses have already been reported in
Section 2.2.2,A,1. Of particular interest are the voltage ratios Ry > 1 (the
incident particles are initially accelerated) at which the gauze lenses work
as converging lenses. According to Fig. 27, the lens power 1/f equals to
0 for R, = 1 and increases linearly with (R; — 1). For this reason, with
R, somewhat above I, the lens power is considerably stronger than the
power of an ordinary three-diaphragm lens, the power of which increases
proportional to (R, — 1)%. Hence gauze lenses may always be utilized
where particles with very high energies have to be focused by the aid of
limited lens voltages (for example, in linear accelerators for ions. For data
on gauze lenses as accelerating lenses see Section 2.2.2,B,1).
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FiG. 27. Lens-power characteristic of a gauze lens compared to the characteristic of
the corresponding three-diaphragm single lens with very thin o_moﬁoamm and for an initially
accelerating field between entrance and intermediate electrode (Ry > 1) (Bernard,

1953a).

The geometrical aberration of gauze lenses are smaller than the aberrations
of the corresponding three diaphragm lenses. According to Bernard Com.wy
the spherical aberration of diverging gauze lenses can even get negative
values. Also the other aberrations of these lenses are so small that they
appear suited for the imaging of extended object fields (Verster, 1963).

Mostly electroplated gauzes are utilized as gauze electrodes. At present
they can be manufactured with a minimum lattice constant of 12.5um

(and with a transparency of about 70%,). Each mesh of the gauze rm.m a .éomw
diverging effect in converging lenses and a weak converging effect in diverg-
ing lenses. These effects limit the resolving power of the gauze lenses more
than the spherical aberration. The smallest resolved distance is somewhat
smaller than the grating constant of the used gauze (Bernard, 1953b).

4. Three-Tube Lenses

Three tube lenses are scarcely used for imaging purposes but frequently
for the collecting of beams with high divergence. These lenses mostly con-
sist of three coaxial tubes of equal diameter with short mutual &mﬁm:o.o
apart. Even tubes with diameters up to some decimeters are in use. Hr.o:
lens properties can be reduced from those of three diaphragm lenses with
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small electrode distances and large electrode thicknesses (for example,
from Fig. 17 with d/I- > 1). According to Liebmann (1949) the focal length
of unipotential lenses consisting of tubes with the diameter b = + ais
given by the rule of thumb,

S= b+ @ | (50)

where d is the length of the intermediate tube and a the distance between
two tubes.

Liebmann (1949) and Gobrecht (1941) reported further details about these
systems for the Gaussian and the Seidel area. Lens-power maxima occur
with these lenses too. For the spherical-aberration constant of unipotential
lenses it yields approximately:

Ci(o0)[f = 10(f/b)? (51)
5. Examples for the Application of Electrostatic Lenses

a. Electrostatic Lens as the Objective of a Microscope. Because a very
strong magnification is required in the microscope, the object must be
located close to the first focal point of the objective. Therefore, we are
allowed to use only lenses with focal points outside the field because the
object is not permitted to disturb the lens field. Since for objective lenses,
customary symmetrical unipotential lenses are in use, according to Fig. 22
In connection with Figs. 17 and 18, we have to reckon with spherical-
aberration constants C,(co) not remarkably below 10 lenses lengths. Since
for an operating point with minimum spherical aberration the focal point
is always located within the lens field, it is not possible to take any advantage
of this operating point for objective lenses. For the operating point with
minimum chromatic aberration, the same statement is valid. These are
serious disadvantages of the electrostatic objectives contrary to magnetic
objectives, since for the latter the object is generally allowed to dip into
the magnetic field. To assure a satisfactory breakdown rigidity (see Section
2.2.3,B), the electrodes have to be arranged with sufficient interspaces. This
requirement prohibits production by electrostatic lenses of focal lengths as
small as those produced by magnetic lenses. According to Seeliger (1948),
the focal lengths of the common electrostatic objectives are 6-7 mm.
Magnetic objectives however have focal lengths of 2 mm or less.

b. The Electrostatic Projective Lens. The image generated by the
objective lens acts as object for the projective lens. This image of course is
allowed to dip into the projective field. Therefore, this lens can be operated
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at its power maximum and it is possible to generate a distortion free image
see Section 2.2.2,A.2d. (Strictly speaking the osculatory cardinal points
are competent instead of the virtual ones for this imaging purpose.)

¢c. Electrostatic Lens as Energy Analyzer. In the energy m:.m_vﬁob the
particles of an parallel incident beam with finite energy EE.S <<_=.Um sepa-
rated according to their energies. Simultaneously, the cm::.w_om .é;: equal
energy will be focused in the recording plane. The separation 1s done by
the “chromatic dependence of the distortion” in the external zones of Em
lens. This dependence can be derived from the family of curves, aﬂm.és. in
Figs. 23 and 28, considering the fact, that the S_m:.é osﬁmx deviation
AW/W of the particles is coupled with the voltage ratio mooo.a_wm to (46).
The focusing is realized according to Mollenstedt and D_Q.:or (1955)
and Dietrich (1958) in the caustic ray tracing, that is, by applying the lens
zones, for which the curves of Fig. 23 have their maximum values. Unfortu-

shape of the spectra
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FiG. 28. Design of an energy spectrum W — W, + n AWjW Anp:m&m.ﬁ:: spectral ::.mmv
if two lens zones with different heights of incidence y, and y, are utilized (schematic)

nately, this condition is only fulfilled for one single energy, so that we have
exact focusing only for one single spectral line. These facts are demonstrated
in Fig. 28.

The slope, and especially the radius of curvature at the meo.Bm of the
curves are decisive for the admissible latitude of the lens zone which can be
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utilized and on that account also for the transmission of the spectrometer.
The rise between the maxima of two adjacent curves is decisive for the dis-
persion of the spectrometer. The run between the maxima of two adjacent
curves is decisive for the unsharpness of the spectral lines not exactly
focused; hence it determines the defocusing. The properties of each lens are
described by a family of curves like Figs. 23 and 28. The families belonging
to every possible lens approximately can be deduced from one another by
suitable linear but generally independent transformations of both coordinates
(see Lippert, 1955b). Lenses with thin intermediate electrodes generally
have stronger dispersion, but also larger defocusing than lenses with thick
intermediate electrodes.

To either side of an asymmetrical lens belongs a different diagram,
similar to Fig. 28. One diagram results from the other with sufficient accuracy
by transformation of both coordinates in an equal scale. [For example, proved
for the asymmetrical lens of Fig. 15 by Hanszen (1956) published only as
Congress report.] If the higher potential gradient lies on the exit side, the
dispersion—and the defocusing too—rises in an equal ratio above the values
belonging to the opposite ray tracing.

In order to be independent of voltage fluctuations, there are nearly
always unipotential lenses in use for energy analyzing. Moreover, lenses
with rotational symmetry are replaced by cylindrical lenses, for which the
above statements are also valid (Metherell and Whelan, 1966).

There is a lack of detailed experimental material about cylindrical lenses:
theoretical data are published by Archard (1954).

d. Filter Lenses. For filtering purposes we take advantage of the strong
retarding effects in electrostatic lenses (Mdllenstedt and Rang, 1951;
Boersch, 1954; Lippert, 1955a; Hahn, 1959, 1961, 1964): Filter lenses for the
electron miscroscopes are required to exclude all electrons with higher energy
losses than 6 eV from the beam and to focus the electrons with energy losses
of only some tenths of eV in order to form an image with the demanded reso-
lution. On one hand, because of the minimum chromatic- and spherical-
aberration values at the lens power’s maximum, filter lenses should be oper-
ated at this maximum in order to have good imaging properties for the
electrons without energy losses. On the other hand, to fulfill the filtering
condition, it is indispensable for the saddle potential to approach the ori-
ginal rest potential within 6 V. Unfortunately this does not happen in
the lenses at the first power maximum. Hence filter lenses give an exam-
ple for the practical importance of higher order operating ranges. Since it
is not possible for objectives to operate at a lens power’s maximum, only
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projectives or intermediate lenses may be used as filter lenses; according
to Section 2.2.2,A,5b and under the above conditions, simultaneously the
image is distortion free too. Filter lenses for microscopes generally have a
very thin intermediate electrode with a very small bore.

Lenses with a narrow bore in a thick intermediate electrode are suitable
for filter lenses in beams with big cross section, if only less demands on fo-
cusing quality and energy resolution are wanted (Deichsel and Keck,
1960). Long-focus filter lenses (practically operating with telescopic ray
tracing) with large aperture can be realized by five-electrode systems
(Simpson and Marton, 1961; Kessler and Lindner, 1964). An interesting
filter lens with coupled electric and magnetic fields has been designed by
Brack (1962) and Hartl (1966).

e. Electron Mirror. With increasing retarding potential at the interme-
diate electrode, first the off-axis lens zones and finally the axis area exceed
the rest potential of the particles. Therefore, first the off-axis zones and
then by degrees the whole lens acts as a mirror for particles with equal
energy. The power of the mirror—like the power of lenses—has oscillatory
sign in dependence on the potential of the intermediate electrode. For very
strong reflecting potentials diverging mirrors result. Details and the descrip-
tion of specific systems can be drawn from Hottenroth (1937) and for two-
tube mirrors from Nicoll (1938).

B. IMMERSION LENSES

“Immersion lenses” is the collective name for accelerating and decelerat-
ing lenses. Mostly these lenses consist of two electrodes. As significant vol-
tage ratio we introduce the quantity

U — U,

Ry = =T, (52)
where U, is the rest potential of the particles, U the potential of the elec-
trode on the object side, and U’ the potential of the electrode on the image
side.

If the object and image spaces are field free, that is to say, if they have
uniform potentials U and U’, respectively, for the immersion lenses, we
can introduce cardinal elements again. For nonrelativistic particle velocities
the ratio of the focal lengths fand /” on the object and image side is given by

Jif == U — U/(U" = UpI"*; (53)
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the corresponding relation for the relativistic range can be easily deduced
from (4) and (44).

The foregoing statements hold particularly for two-diaphragm and two-
tube lenses, the properties of which shall be discussed in this article only
in reference to gauze immersion lenses; details about two-electrode lenses
will be described in Chapter 5.1 in connection with accelerators.

1. Gauze Immersion Lenses

Verster (1963) investigated two gauze immersion lenses, consisting of
two coaxial tubes of equal diameter arranged with short distance apart,
wherein the tube on the image side was equipped with a flat or convex gauze.
The results of these measurements are represented in Figs. 29 and 30. The
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FiG. 29. Confrontation of the lens power characteristics of two gauze immersion lenses
with the characteristic of the correspondent gauzeless two-tube immersion lens (according
to Verster, 1963).

lens power characteristics of these lenses can be compared in Fig. 29 with
the characteristic of a two-tube lens without gauze. Similarly as the gauze
single lens described in Section 2.2.2,A,3 and Fig. 27, the gauze immersion
lenses diverge the beam in the operating range with R; < 1 and collect
it with R; > 1. For R; = 1 their power increases proportional to (log R;):
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therefore, the absolute value of the power in this range greatly exceeds
the power of a lens without gauze, which rises proportional to (log Ry)®.
Thus, gauze immersion lenses can be utilized for the same purpose as gauze
single lenses (see Section 2.2.2,A,3).
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FiG. 30. Principal point characteristics of the lenses shown in Fig. 29 (Verster, 1963).

Figure 30 represents the principal point characteristics of both gauze
immersion lenses. Whereas the principal planes of normal immersion lenses
move toward z = co on the object side for R, — 1, the principal points
of gauze lenses remain at a finite distance.

Chromatic-aberration constant C,, focal lengths f, f’, and tube diameter
b are connected by the following equation:

Object on the side with the potential U: ... C, (c0)/f = Aff'/b?  (54)

Object on the side with the potential U': ... C,'(c0)/f" = A'ff' /6> (55)

Herein, the quantities A and A’ are nearly independent of R;, and scarcely
differ from one another. For accelerating lenses without gauzes and for not
too large R;, A~ A ~ 2.4; for both gauzes lenses, shown in Fig. 29,
under the same conditions, 4 =~ 4" =~ 1.9. About further geometrical
aberrations see Verster (1963). About the influence of the gauze meshes on
the image quality see 2.2.2,A,3.
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2. The Single Aperture

A small bore of the diameter 4 in a very thin diaphragm at the potential U
leads to an inhomogeneity in the electrical Jields in the halfspaces on both
sides of the diaphragm. The original fields may have the field strengths E
and £’ and may be directed perpendicularly to the diaphragm plane.
Then the inhomogeneity focuses a parallel beam of particles at the distance
Zpr4 on the image side (counting the axis coordinate in the beam direction!):

- \,A.AQ|QQV
T T ETE

(56)

where W = e(U, — U) is the energy of the particles, when passing the
diaphragm plane.

The single aperture acts as diverging lens, when the acceleration decreases
or the deceleration increases for particles moving from the field E into the
field E’; that is:

(a) for accelerating fields on both sides (£; E' < 0 for negative particles
and £; £’ > 0 for positive particles) with [E| > E"|;

(b) for decelerating fields on both sides (E; E' > 0 for negative particles
and E; £’ < 0 for positive particles) with |E| <<|E"|;

(c) for an accelerating field on the incidence side and decelerating field
on the exit side (E < 0; E' > 0 for negative particles and £ > 0; E' < 0
for positive particles) with arbitrary amounts of E; E'.

In all other cases the aperture acts as converging lens.

Particularities about the influence of the diaphragm thickness are publish-
ed by MacNaughton (1952), about the influence of the bore diameter by
Hoeft (1959).

If the fields have opposite directions in both halfspaces and the field on
the incidence side is a decelerating one, the saddle potential in the bore of
the diaphragm may assume such a height, that the particles no longer are
allowed to pass the aperture. If the decelerating field decreases, the potential
barrier opens for the beam in the manner of an iris. (Application: grid-
electrode in electron guns).

3. Immersion Objective Lens for Electron Microscopes

The immersion objective consists

(a) of an emitting plane cathode surface, whose potential can be iden-
tified, without a large error, with the rest potential U, of the particles;
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(b) of a single aperture at the potential U as grid electrode; and
(c) of a single aperture at the potential U’ as anode.

Consequently, the object is a part of the lens, and the lens properties de-
pend strongly on its position. Because the object space is not field free, it is
not possible to determine image position and magnification by means of
cardinal elements according to (2).

332? grid n:_QQo \.390” plone
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Fic. 31. Ray path of an elementary bundle in an immersion objective (schematic).

In most cases, we are allowed to assume the field just in front of the
cathode to be homogeneous and axially directed. The electrons emitted
from each element of the cathode into the angle 2a — =, in this case, are
bundled into a narrow elementary beam with a chief ray initially parallel
to the axis (see Fig. 31). The field, generated by grid electrode and anode,
focuses the elementary beam into the image element B. The tangent line to
the chief ray in the image point B intersects

(a) the axis at the point zg., and

(b) the tangent line to the chief ray in the object point, at the point
with the z coordinate z;., . With the quantities f'* and ¢’ (the meaning
of which can be seen on the figure) the magnification can be expressed by

M= — (¢ = ) (57)

Hence, image position and magnification are known, if z,;.4, zp and
the coordinate z of the image plane are known as a function of the geo-
metrical parameters (essentially electrode distances, thickness and bore
diameter of the grid electrode) and the voltage ratio. The manner in which
M’ and f'* depend on the geometrical data, if the image plane has a fixed
position at a large distance from the lens, is examined in great detail by
Septier (1954a). Beyond that, Soa (1959) published systematic investigations
for other image distances. The example, given in Fig. 32, permits to compare
the course of z;.x, zpx, zg with the course of the cardinal elements of
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single lenses (see for example, Fig. 9); but it must be emphasized that for

immersion lenses an object displacement (that is, a cathode displacement)
will involve an alteration of the whole characteristic. Soa (1959) proved the
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Fic. 32. Characteristic of an immersion objective. z is the image coordinate; zp+ the
axis intersection of the chief ray’s asymptote on the image side; and zy+* the axis coor-
dinate of the intersection point between the two asymptotes of the chief rays on the
object and image side (Soa, 1959).

quantity 1/f'* to pass a maximum value in dependence on the voltage ratio
Ry (see Fig. 33) as it is known for the lens power of single lenses. His
supposition that the imaging qualities of immersion objectives improve if
the operating point approaches to this maximum could be confirmed by
experiments. According to the published figures, especially the field curva-
ture and the off-axial astigmatism [more about these errors can be read in
Septier (1954a)] decrease when approaching to the maximum. But unfortu-
nately it is not possible to reach this maximum with strong magnifications
(that is, with large image distances). In order to raise 1/f'* toward its
maximum value, we are compelled to make the grid electrode thin, its
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FiG. 33. The 1/f'* characteristics of an immersion objective in dependence on the dis-
tance between cathode and grid electrode (Soa, 1959). The dotted line refers to image
positions zpz —» oo,

bore as large as possible and the distance between grid electrode and anode
small (with this compare Bas and Preuss, 1964).

But under these circumstances no extreme resolution power is attainable.
According to the geometric-optical consideration of Recknagel (1941);
[compare the synopsis given by Septier (1954b)], the minimum resolved point
distance (gained without applying an aperture stop) approximately amounts
to 2kT/eE independent of the specific field distribution. (kT is the half-
energy width of the emitted electrons and FE the field strength in front of
the cathode.) This expression, which still calls for a wave mechanical cor-
rection (Recknagel, 1943), in the most cases has been experimentally proved
to be sufficient for high field strengths. According to these results, the re-
solving power increases with the cathode field strength. The relatively low
resolution of the previously discussed lens therefore is caused by the weak
cathode field strength. While maintaining a fixed large image distance, the
field-strength cannot be raised by diminishing the distance between cathode
and grid, because the required variation of the grid potential counteracts this
raise. Only the bore diameters of the two diaphragms have influence on
the field strength. Satisfactory values of the field strengths and the possibility
to operate at the maximum of [/f'* only can be expected, according to
Soa (1959), for small image distances, that is, for weak magnifications.
According to the statements of Septier (1954a) the value for the cathode
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field strength (measured in kV/cm) of the classical immersion lenses has
the 0.5 to 0.8-fold numerical value of the accelerating voltage (measured in
kV). In order to realize higher field strengths at the cathode, Septier (1954a)
proposed (besides alterations of the electrode shapes) to separate the accel-
erating and the imaging field; that is, to annex a single lens to the accel-
erating field. In the experiments to this proposal, the aberrations of the
imaging field however surpassed the aberrations of the accelerating field.
Only in the last time, Illenberger (1964) succeeded in obtaining highly re-
solved and distortion free images by utilizing a single lens with an ex-
tremely small bore in a thin entrance electrode.

The electrostatic imaging field of this immersion objective also can be
replaced by a magnetic lens.

It is possible, to improve the resolution of all immersion objectives about
3 to 4 times by using an aperture stop. Instructive micrographs for the in-
fluence of the aperture stop are shown by Bayh (1958).

For theoretical investigation of the immersion objective see Hahn (1958).

4. The Electron Gun as Immersion Lens®

In electron guns too, the electrons emitted from the cathode, must be
accelerated and focused. But contrary to the purpose to be fulfilled with
immersion objectives, electron guns are not intended to image the cathode
surface, but instead to transfer as many electrons as possible through a pupil
cross section (crossover) as small as possible, located at the fixed distance
zpry (see Fig. 31).

Generally, the cathode surface is curved. In the simplest case of rotational
symmetry the cathode has the shape of a spherical cap. Such a system has
strong geometrical aberrations. The chief rays of the elementary bundles,
starting from all elements of the cathode surface, intersect by no means at
one single point, but they form an intricate caustic (Hanszen, 1962) whose
shape can be exactly determined by the aid of the shadow method (Hanszen,
1964a). In this way, complicated intensity distributions over the beam cross
section, especially in the so-called “hollow beams,” are surveyed easily.
In the course of these investigations it could be shown (Hanszen, 1964b,¢),
that even at the normal operating point of electron guns, a unitary crossover
may not be present. The conditions for a point-focus or a cone-focus at a
large distance from the cathode can be determined also by this shadow
method. A special contribution in this book, see Chapter 2.1, is dedicated
to the specific properties of electron guns.

3 Compare also the recent publications of Lauer and Hanszen (1966) and Lauer (1967).
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C. ELECTROSTATIC STIGMATORS (CORRECTION OF AXIAL ASTIGMATISM)

Because of the mechanical tolerances, the shape of all electrostatic lenses
departs, more or less, from an exact rotational symmetry; axial astigmatism
results from this. External disturbances (such as electrical charges on the
glass windows and insulators, the magnetic-earth field, contaminations on
the electrodes, and so on) act in a similar manner. As far as the astigmatism
originates from the single parts of the lens, it is possible to compensate the
astigmatism components of the different lens parts by turning them around
the axis against each other (see for example, Hahn, 1954).

Over and above this, it is possible to compensate the residual astigmatism
—it is nearly always binary—by a cylindrical lens, that is, a so-called stig-
mator. In the simplest case, it can be realized by a single lens with a slot-
shaped aperture in the intermediate electrode. This lens has to be located
at an appropriate place of the ray path, and its strength has to be adjusted
by varying the potential of the intermediate electrode.

A quadrupole lens serves for the same purposes. Since an azimuthal me-
chanical turning of the stigmator lens under vacuum conditions cannot
easily be realized, an electrical turning is often preferred. To enable this,
according to Rang (1949), two quadrupole lenses, which are composed of a
system with “octopole-like” geometry, are used. By proper regulation of the
excitation of both quadrupoles, it is even possible to choose direction and
amount of the compensating astigmatism independent from one another.

2.2.3. Practical Aspects for the Construction of Electrostatic Lenses

A. MECHANICAL TOLERANCES, SHIELDING OF STRAY FIELDs, HIGHEST
ADMITTED VOLTAGES

During the construction of electron lenses, exact rotational symmetry
of all field influencing components must be observed. For example, in elec-
tron microscopes the noncircularity of each electrode bore and the deviation
of their centers from a concentric position should be less than 1/100 mm.
The lens chamber should be made of soft iron in order to shield external
—vparticularly alternating—magnetic fields. For extraordinary cases, an
additional “Mu-Metal” shielding may be used. Good materials for the insu-
lator between high-voltage supply line and lens-chamber are nonporous
ceramics or synthetics like “acryl-glass™ and “epoxy-resin,” which can be
worked easily on a lathe. Size and shape of the insulator are guided by the
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applied voltage (see Figs. 36, 37). Mostly, the point of the question is to obtain
strong lens powers. Therefore, we need a very high field strength between
the lens electrodes. For this reason the designing of the electrode system
including the insulators between the electrodes is closely referred to the
problem of breakdown rigidity. Particular details in the design of these
lens elements are given in the following chapter in connection with the
discussion of the breakdown rigidity. As known by experience, it is possible
to maintain the following field strength between the lens electrodes:

approx. 100 kV/em without greater difficulty;
approx. 150 kV/em with careful design of the components;

approx. 200 kV/ecm only with best design and meticulous cleanness.

These facts will be illustrated by an example: The focal lengths, needed
in the electron microscopy, are smaller than 1 cm. According to the
statements of 2.2.2,A,5a and Figs. 17, 18, the realization of the foregoing
objective focal length requires an electrode distance smaller than the focal
length itself. For this reason, and with the fore-mentioned breakdown field
strengths, we can hardly maintain higher voltages than 60 kV between
the lens electrodes. For the same reason, it is not possible to design electro-
static lenses with focal lengths remarkably below 1 ¢cm for particle energies
higher than 60 keV.

B. BREAKDOWN RIGIDITY OF THE SYSTEM “‘LENS-ELECTRODES AND
INSULATOR”

Just before reaching the breakdown-voltage, the so-called “microdis-
charges” occur (Arnal, 1955). They are induced by cascades of positive
and negative ions and electrons that release each other by impact from
the contamination layers on the electrodes (Boersch et al., 1961; 1966;
Arnal and Bouvier, 1965). They are extinguished if the voltage is lessened by
approximately 1 kV; (facility: resistance in the feed line). If a protective re-
sistance of 50 M2 is used, the voltage dip endures only 10-* sec. But even
then, the microdischarges disturb the operation of electron-optical apparatus
severely (see Boersch et al., 1961). Some causes for microdischarges and
some methods on how to avoid them are discussed in the following sections.

When the discharge current increases, electrode material is evaporated
and sparkovers with complete voltage breakdowns occur. The evaporation
of electrode material can be reduced with the aid of the above-mentioned
protective resistance; for in that case, the charge transported by one spark
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is only determined by the capacitance of the lens system which, for this
reason, should be as small as possible (Rabinowitz, 1965).

1. Microdischarges between Two Electrodes

Microdischarges are released by electrons which are emitted from very
small protrusions on the negative electrode by field emission (Chatterton,
1966). Provided that the electrodes are covered with a thin insulating layer
of hydrocarbons (such as oil from vacuum pumps), field emissions occurs
already at a field strength of 10* V/cm, independent of the cathode material,
if the contamination layer is polarized by the impinging of positive ions
(“Malter-Effect”, see for example, von Ardenne, 1956; Boersch et al., 1964).
The way, in which the released discharges run off, however, depends on
the anode material and the quantity of adsorbed hydrogen (Arnal, 1955).
The rush of the microdischarge current leads to sudden evaporation of the
cathode protrusions and thus to sparkover formation (Davies and Biondi,
1966).

A convenient anode material is stainless steel; for laboratory experi-
ments duralumin often suffices (Golz, 1940). The breakdown rigidity
is raised by rounding off the edges and polishing the surfaces of electrodes.
Moreover, it is advantageous to confine the area of highest field strength
to these parts of the field which are important in leading the beam. Curved
electrode surfaces are of advantage (Miller, 1966). The electrodes have to
be cleaned by polishing; in critical cases the hydrocarbons must be cracked
by heating or by glow-discharge at a pressure of 10! to I Torr. Residual
emissions centers may be destroyed by arbitrary produced flashes with
limited current. The breakdown rigidity is raised by a very small leak in
the vacuum chamber near the critical electrodes (Schumacher, 1966).
As shown by Arnal (1955), the geometry of the electrodes should be design-
ed in such a way that flashes are not allowed to strike the insulator and to

form contamination layers on its surface.

2. Microdischarges on the Insulator Surface

As is known from experience, the junction between negative metal and
dielectric is a source of electrons and therefore a starting point of flashovers.
The electron emission increases with the permittivity of the insulator ma-
terial, and is nearly independent of the electrode materials (Kofoid, 1960a).
Further details are reported in Grivet's textbook (1958). The electron
emission can be suppressed by reducing the field strength at the junction.



304 K.-J. HANSZEN AND R. LAUER

This can be done by suitable geometrical design (see Fig. 34) and by using
an insulator material with low permittivity (Kofoid, 1960b).

Beyond this, a positive charge on the insulator surface, caused by second-
ary emission of electrons, must be avoided. According to Boersch er al.
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F1G. 34. Design of the junction between  the insulator and the positive metal cham-
insulator and negative electrode. The elec-  ber of an electron lens (Gribi et al., 1959).
tron emission is suppressed by lowering  The concavity in the chamber wall reduces
the field strength at this place. This can  the field strength. By this shaping and the
be done by “electrostatic shielding” of the  insulators’ bulge, it is avoided that the
junction and by rounding off the electrode  electrons are stripped off from the nega-

edges (Kofoid, 1960b). tively charged insulator.

(1963), by choosing a proper angle between insulator surface and field
direction, it is principally possible to gain an uncharged or only negatively
charged insulator surface near the junction. If such an angle cannot be
realized, the distance between negative electrode and point of impact of the
electrons on the insulator should be so large that a sufficiently high-po-

FiG. 36. Electron single lens for the electron-optical bench designed by Boersch (1951);
see also Boersch (1940) and Mahl (1940). A is the lens chamber, consisting of iron or
aluminium; B the high-voltage insulator, consisting, for example, of hard rubber (ebo-
nite); and C the insulator for the high-voltage supply line, consisting of acrylglass.
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tential difference occurs. Then, the electrons striking the insulator have
energies high enough so that the secondary emission factor falls below 1.
Under these circumstances, the insulator surface is only enabled to keep
negative charge or none. Thus, the noxious field strength between insula-
tor and cathode is diminished. A negative charge of the insulator raises
however the potential difference near the positive electrode and may possi-
bly lead to a stripping off of electrons from the insulator’s surface. This
effect can also be avoided by suitable geometrical design of the insulator
and the positive electrode, see Fig. 35.

C. EXAMPLES FOR DESIGN

Figure 36 represents a single lens, designed for laboratory devices;
Fig. 37 shows an objective-lens, which especially is flashproof and which is
used in commercial electron microscopes. Further proposals for designing
may be taken out of the tabular compilation by von Ardenne (1964).
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F1G. 37. Objective lens of a 70-kV microscope (Gribi et al., 1959). B is the insulator,
consisting of a mixture of epoxy-resin and quartz. (For less demanding purposes an
epoxy-resin and talcum mixture is sufficient). All junctions metal-to-insulator are located
at places with low field strength. According to the junction insulator B to lens chamber
A compare to Fig. 34.
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