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The spatial resolution of electron microscopes has been limited by spherical aberration (Cs)
and chromatic aberration (Cc), which have inevitably positive values when a round
electromagnetic lens is used. Therefore utilization of multipole fields has been proposed to
correct these aberrations. However, to date, no generic formalism has been established to
describe the aberrations originating from the combination of multipoles. The purpose of this
study is to derive such generic formalism of aberrations, and to develop a new Cs and Cc
correction methods.

Firstly in this study, the aberrations of different orders and symmetries are classified
according to the multipole expansions of an electromagnetic potential. Combination
aberrations, which are introduced when two or more aberration sources are placed with an
optical distance, are also expressed in a generic manner. All these formalisms enables to
design aberration correctors.

Based on the above established theory of combination aberrations, an asymmetric Cs corrector
was designed which consists of two long hexapole fields with a different length and strength.
This corrector was mounted on a 300 kV (scanning) transmission electron microscope, which
showed C;s corrected optics and achieved spatial resolution of 0.05 nm.

The combination formula also suggests a possibility to create a concave lens by using long
quadrupole fields. This finding lead to design a C¢ corrector with quadrupole electric field
superposed to the magnetic quadrupole in order to generate large negative Cc. The
performance test on a 30 kV TEM showed that original C¢ value of 0.6mm is perfectly
corrected.

Image simulation of aberration corrected electron microscopes has also been performed. To
do so, a transmission cross coefficient including all the aberrations was derived to evaluate
the partial coherence. Since the inclusion of all the aberrations largely increases the
computational load, graphics processing unit (GPU) has been introduced in the developed
image calculation program. In the most effective case, the calculation of the transmission

cross coefficient was 500 times faster than that with the conventional central processing unit.
In conclusion, generic formalism of aberration correction using combination aberrations of
multipoles have been established and applied to the development of practical Cs and Cc
correctors. This achievement can be a guideline for higher order aberration correctors in the
future.
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