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This final chapter describes several aspects of electron optics and its application to electon spec-

troscopy. An energy-filtering imaging system is presented in the first section. Such a system is

realized by incorporating an energy analyzer in a conventional electron microscope, but some crucial

optical conditions are required as compared with those in a spectrometer or microscope. Next theme
is the equivalence of the optical systems of TEM, SEM, and STEM, which is shown by the theorem

of reciprocity. The last section introduces several techniques of numerical calculation for the design

of electron optical systems.
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Sample
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Fig. 1: Ray diagram for an electron microscope with an energy filter. Intermidiate image I; is brought to the entrance

of the filter, and then the energy slit at the exit of the filter causes vignetting for the final image.
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Fig. 2: Ray diagram when one of intermediate diffraction planes is brought to the entrance of a filter. Energy
dispersion effect remains at the final image I3, so that the observed image will be stretched in the dispersion direction

when the beam has a certain energy width.

(a) Energy Filter

L1 L2 L3

Dispersion trajectory
d(z) (E=Ep+AE) Zero-dispersion

plane

=i

1st-order
trajectory Optically conjugate
(E=Ep) ptically conjug
(b) Energy Filter
L L2 L3

D1 1

Sample ! \

Energy slit

Fig. 3: (a) Dispersion effect of an eneregy filter vanishes at the plane where a dispersion trajectory crosses an optical
axis. This zero-dispersion plane has its opically conjugate plane at the center of a filter. (b) Energy dispersion effect

vanishes at a final image when one of intermediate images locates at the center of a filter.
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Energy Filter

Energy slit

Fig. 4: Effect of the aperture aberration of a filter on an energy-filtered image. Electrons with large angles at the

entrance of the filter are interrupted by the energy slit and they cannot contribute to the formation of the final image.
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Fig. 5: (a) Imaging of an incoherent object using a
lens with some off-axis aberrations. (b) Image of point
sources when referred back to the object plane. These

are called the point spread function, PSF.
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Fig. 8: SEM image by an electron probe whose current density distribution is blurred by coma.
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Fig. 9: (a) Ray diagram of TEM. A sample is illuminated coherently by a plane wave from a point source. (b) Ray
diagram of STEM, where a sample is illuminated by an electron probe. This diagram is the reciprocal of that of

TEM for each image point.
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Fig. 10: (a) Intensity distribution of an electron wave and its defocus series when double slits S1 and Sy are illuminated
coherently. On the plane near the slits, Fresnel fringes are formed around each hole. Interference fringes are seen
at the far side of those. (b) The region contributing to the intensity at image point O’ is enlarged with increasing
defolus value Af. Interference fringes can be seen only when this region contains both S; and Sz. This figure also

indicates the ray diagram for STEM when viewed in the reverse direction.
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Fig. 11: Example of numerical calculation using the charge simulation method. The closed circles on the electrodes

indicate control points where potential values are specified, and the open circles arranged beside the control points

are the cross sections of charged rings. The circles along the trajectrories show the steps of integration, which are

automatically controlled by the embedded Runge-Kutta scheme.
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Fig. 12: (a) Equipotential lines and electron trajectories near the electrodes of an einzel-type electrostatic lens. The

potential distribution is calculated by the charge simulation method. (b) Equipotential lines given by expansion

formula (7). Nearly the same trajetrories as those in (a) are obtained using this field.
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