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ABSTRACT

More than 900 combinations of electrodes of various shapes were built and evaluated for their efficiency as projector filter
lenses in a low-voltage electron microscope. Some of them are presented in detail. Filter lenses having either 2 or 3 crossovers
and possessing a wide image angle and low distortion can be built.

1. Introduction

N is well known, a considerable proportion of the

electrons passing through a specimen examined
in an electron microscope are scattered inelastically.
Since the mean scattering angle is small, a large
number of these electrons pass through the objective
aperture. Inelastic scattering effects are deleterious
to the image quality because the reduction in energy
of the scattered electrons produces focusing proper-
ties different from those of the unscattered and of
the elastically scattered components of the beam.
An improvement in image quality can be expected
if the inelastically scattered electrons are prevented
from reaching the image. This removal can be ac-
complished by an electron energy filter, as first pro-
posed by Boersch (1947).

Previous workers have investigated several types
of energy filters. Boersch (1953, 1959), Beaufils
(1959) and Catalina (1959) formed an intermedi-
ate image on a grid electrode, which had a potential
low enough to reflect the inelastically scattered
electrons. Méllenstedt and Rang (1951), Boersch
(1953), Schiekel (1952), Lippert (1955), Hahn
(1959, 1961), Bykhofskaya and Der-Shvarts (1959),
and Der-Shvarts and Belen’kiy (1962) also worked
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on filter lenses. These lenses have been unipotential
with a central electrode at a sufficiently low potential
to trap all, or almost all, inelastically scattered, and
therefore slower, electrons. Mollenstedt (1947),
Castaing and Henry (1962), as well as Watanabe
and Uyeda (1962), have used spectrometers oper-
ated in such a way that only electrons with the desired
energy can pass through the exit of the spectrometer
and form an image.

Due to its simplicity, the filter lens has received
more attention than other types of electron filters.
The main disadvantage of the filter lens has been
the smallness of the image angle. One of the objects
of the present study was to find a filter lens possess-
ing an angular field wide enough for the lens to be
used as a projector. As will be seen, such lenses
differ considerably from the conventional unipo-
tential lenses. The components, although sometimes
strangely shaped, are always axially symmetric.

2. Experimental Procedures

A low-voltage microscope column, details of
which have been published previously (Wilska,
1964), was modified for the experiments, most of
which were carried out at a beam potential of 6.5
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kV. The use of low-beam voltage made it possible
to build a versatile and easily operable device in
which the number and the shape of the electrodes
could be changed almost at will with little fear of dis-
charge or breakdown of insulation. Figure 1 shows
the large number of components used in this investi-
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Figure 2 shows the parts needed for the assembly
of one of the combinations; this is shown in detail
later (Fig. 9). Figure 3 shows the same combina-
tion fully packed, and in Figure 4, the assemblage
has been inserted into the upper part of the micro-
scope column,

Fig. I. Components used for the experimental filter lenses.

gation. A plexiglass cylinder, 140 mm long and of
an inner diameter of 46 mm, could be filled with
metal clectrodes and plexiglass spacers in any de-
sired sequence. Through 95 holes in the cylinder,
each electrode could be connected with any of the
9 channels of an auxiliary voltage source by using
specially made small plugs which were held in con-
tact with the electrodes by means of rubber bands.

As in conventional unipotential lenses, the outer
electrodes of our filter lenses were held at the poten-
tial of the anode which is the same as that of the
main column. The potentials of the inner electrodes
use the cathode potential as a reference, but can be
individually and continuously varied within the
range of == 500 volts. It was very important to use
the potential at the middle point of the filament as
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Fig. 2. Filter lens components (see Fig. 9).

a reference and not that at the Wehnelt cylinder,
with its automatic and thus varying bias. The filter
lens projected the image on the fluorescent screen,
located about 100 mm from the exit electrode. The
distance between the objective and the filter lens
was approximately 190 mm.

In order to obtain better information on magni-
fication, distortion, and image sharpness of the filter
lens, a 100-mesh grid was placed in front of the

Fig. 3. The previous filter lens combination, fully packed.

entrance clectrode. The image of the test object
superposed by the grid image was viewed with the
naked eye, with a magnifier, and also magnified up
to 50x with an optical microscope.

If the potentials of all the inner electrodes were
above the cathode potential, there was always some
sort of image visible on the screen. However, the
passage of the beam could be stopped completely
by lowering the potential of one of the electrodes
enough to bring the saddle point down to the poten-
tial of the cathode. In the case of multi-electrode
combinations, the field of each electrode is consid-
crably influenced by the fields of neighboring elec-
trodes. If the lowest saddle point of the whole sys-
tem is only a few volts above the cathode potential,
a filter effect is obtained.

Fig. 4. The same filter lens, inserted into the microscope
column.

However, in the majority of cases, multi-elec-
trode combinations are unsuitable as filters for a
number of reasons. Very often there is a bright spot
in the center of the image which can be so intense,
in the case of objects having very strong scattering,
that it outshines the rest of the image. This spot is
due to the inelastically scattered electrons for which
the lens is telescopic. Sometimes a two-crossover
peripheral image is combined with a three-crossover
image in the center area. Bad distortion, strong cur-
vature of the image, and overall haziness due to sec-
ondary electron multiplication in the system, are
also common. In some cases, when the image is
otherwise good, the overall field is too small, which
makes the lens unsuitable as a projector. In the
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opinion of the authors, the proper way to use a filter
lens is as a projector, because errors of filter lenses
are necessarily larger than those of conventional
lenses. For this reason, the filtered image does not
tolerate a high aftermagnification, such as would
be the case if the filter lens were used as an objec-
tive or as an intermediate lens. Furthermore, a small
field with a small central spot becomes a large field
with a large central spot.

The experimental series used in all a total of 990
different electrode combinations on a basis of trial
and error. After the first 200 trials, which produced
little reward, increasingly wider image angles were
obtained. Figure 5 shows an example of the situa-
tion at about the 500th trial. The image angle of
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Fig. 5. Filter lens combination D 191 of the experimental
series. Va = Vp = 6.5 kKV. Vy = =500 V. Vo = =2 V.
Image angle = ~ 29°. Magnification = ~ 250x.

about 34° is reasonably good, but the magnification
of the lens is about 350x, which is too high for ordi-
nary use. With an objective lens magnification of
100x, the total magnification would have been
35,000x, which is impractically high for scanning,
and often too high for photography also.

The lens shown in Figure 5 has two crossovers.
A three-crossover combination is shown in Figure
6. At the voltage values considered here, the central
spot is very small. In order to increase the image
angle further, the exit electrode was given the shape
of a sharp cone. This type of exit electrode is shown

Fig.6. Filter lens D 323. Vo, = Ve = 6.5 kV. Vi = 4275
V. Ve = —320 V. Vp = +340 V. Ve = -—l— 8 V. Image
angle = ~ 32°. Magnification = ~ 104x.

in Figure 7; it was used unchanged in all subsequent
lenses.

A combination consisting of a two-crossover
system preceded by a one-crossover lens is shown
in Figure 8. The first part of this three-crossover
combination apparently has improved the image,
mostly by making the central spot almost unnotice-
able.

Fig. 7. Filter lens D 529. V, = V4 = 6.5 kV. Vu = 4316
V. Ve = —110 V; cutoff = —120 V. Vi, = 429 V; cutoff
— +19 V. Vg = 4360 V. Vy = —123 V. Image angle =
~38°. Magnification = ~ 44x.

The three-crossover lenses appear to be superior
to those with only two crossovers both in freedom
from the central spot and in the image contrast.
However, since they consist of a large number of
parts, they are more difficult to make and to operate.
They also take more space in the microscope col-
umn and require a complicated monitoring system,
which has to be insulated for use at high voltage.
In our final experiments, therefore, we went back
to the two-crossover combinations.

The filter shown in Figure 9 was a very prom-
ising one. By making slight changes, this five-elec-



EXPERIMENTAL INVESTIGATIONS ON

F.l'g. 8. Filter lens D 587. Va=Vec= V(} = 6.5 kV. V}t =
+4V.Vy = 4366 V. Ve = 41 V;cutoff = =7 V. Ve =
—80 V. Image angle = ~ 34°. Magnification = ~ 92x.

trode lens was converted into a three-electrode one,
as shown in Figure 10. It has now been duplicated
in a compact form, and is serving as one projector
in a projector-revolver consisting of three different
lenses. Microphotographs made using this lens are
to be published in a later paper.
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Fig. 9. Filter lens D 589. Vs = Vi = 6.5 kV. Vi = 4415
V. Ve = 45 V; cutoff = —5 V. Vi, = 461 V. Image
angle = ~ 38°. Magnification = ~ 48x.

During the course of our experiments, it became
evident that the cavity in front of the last crossover
is largely responsible for the large image angles
obtained. It was later confirmed by computations
that the marginal rays make a deep bend inside the
cavity. The results of these computations will also
be published in a subsequent article.
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Fig. 10. Filter lens D 630. V4, = Ve = 4+6.5 kV. Vi =
+4 V; cutoffl = —6 V. Image angle = ~ 38°. Magnifica-
tion = ~ 53x.
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