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Review on PhD Thesis 

“Tolerances and Misalignment Aberrations for Electron Optical Elements and Systems”  by Mr. 

Ondřej Shánĕl 

Content of dissertation: 

The subject of this thesis is in the field of electron microscopy, specifically on the mechanical 

accuracies that are required in order to manufacture an optimally performing objective lens for the 

scanning transmission electron microscope. The objective lens is the final probe forming lens in the 

microscope. It has a strong magnetic field which focuses the beam to a probe of about 1 Ångstrom 

size on the specimen. This magnetic field is shaped by a yoke with pole pieces of (typically) cobalt-

iron. Any deviation of perfect rotation symmetry of these pole pieces, such as ellipticity or tilt or 

shift, will lead to a deviation of the perfect rotation symmetry of the magnetic field. These deviations 

create aberrations in the focused beam such as two-fold astigmatism, coma, three-fold astigmatism, 

star aberration, and etcetera. Part of these aberrations can be compensated by the stigmators and 

deflectors which are located near the objective lens. However, the finite strengths of these 

stigmators and deflectors set upper limits on the mechanical deviations that can be allowed for the 

pole pieces of the objective lens. 

This thesis investigates how the required stigmator strengths depend on the various mechanical 

imperfections in the objective lens. Knowledge of these dependences is desired in order to be able to 

specify mechanical tolerances which are at the optimal balance between mechanical feasibility and 

stigmator strength. The thesis focuses on a particular type of objective lenses, namely the type in 

which the poles are magnetically (partly) saturated. Saturation is common in objective lenses with 

high magnetic fields; such high fields are beneficial because, generally, they lead to shorter focal 

distance and therefore to less aberrations. The techniques for analysing the effect of mechanical 

imperfections are in principle known and have been used for electrostatic lenses and for unsaturated 

magnetic lenses, but they had not yet been applied to the more complex case of saturated magnetic 

lenses.  

This investigation has two parts: The first part is a theoretical study using numerical simulations of 

the effect of mechanical imperfections. The second part is a practical study which checks the relation 

between the actual measured mechanical imperfections and the actual measured astigmatism of 26 

objective lenses. 

The theoretical study uses an existing software package (EOD, developed at Brno University) to 

numerically calculate the magnetic fields of the objective lens and of the deflectors and stigmators 

near the objective lens. Recently, a tolerancing extension of EOD became available that enables the 

calculation of the deviations of the magnetic field due to mechanical imperfections of the various 

regions of the objective pole. These fields and field deviations are used in numerical calculations of 

the trajectories of the electrons through the stigmators, deflectors and objective lens, in order to find 

the precise shape of the probe. Iteratively, the strengths of the stigmators and deflectors are tuned 

to minimize the probe size. The study does this systematically for the various possible mechanical 

imperfections of the pole pieces. This study is the first time that this extension of EOD is applied to a 

practical problem on such a large scale. 
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The practical part of the thesis investigates the performance of 26 objective pole pieces. These pole 

pieces have mechanical imperfections which are representive for the typical range of mechanical 

imperfections encountered in practical manufacturing. The mechanical unroundnesses have been 

measured for all pole pieces. Next, the pole pieces have been mounted in the electron microscope to 

measure their two-fold astigmatism. The mechanical unroundness is compared with the two-fold 

astigmatism.  

It is shown that the experimental two-fold astigmatism is well consistent with the theoretical 

astigmatism as calculated with the formulas derived in the theoretical part of the thesis. 

 

Opponency review 

Up-to-dateness of dissertation topic: The analysis of the effects of mechanical imperfections in 

saturated magnetic lenses has not done before, but it is certainly relevant for the manufacturing and 

design of present-day TEM and STEM microscopes. The up-to-dateness of the topic is also illustrated 

by the fact that the tolerancing software used in this thesis became available only recently. 

Whether the above dissertation has met the stated objective: The thesis has clearly met the objective 

of investigating the influence of mechanical imperfections of the various regions of the objective 

pole. Formulas are derived for the influence of unroundness in various areas. The validity of these 

formulas is supported by the experimental results of the thesis. The results can be directly used for 

optimizing specifications of future objective poles for ‘conventional’ high-end microscopes which are 

designed for 1.0…1.5Å resolution. 

However, it would be a pity if this work would not be followed by additional work that analyses to 

what extend imperfections generate higher order aberrations such as three-fold aberrations or 

mismatch between optical axes of the probe forming part and image forming part of the objective 

lens system. Such aberrations and mismatches are relevant for the highest-end microscopes with 

aberration-correctors which are designed for 0.5Å…1.0Å resolution. 

The procedure applied to problem solving and the results of dissertation stating the specific 

contribution of the PhD student:  The student has applied a recently developed software module for 

tolerancing imperfections to the case of saturated magnetic lenses. He evaluated and interpreted the 

numerical results, in order to summarize them in to a few easily applicable formulas. He measured 

(or, probably, directed the measurement of) the mechanical shape of 26 pole pieces and the optical 

performance of these pole pieces. He analysed whether the derived formulas give results consistent 

with the experimental optical results. 

The importance for practice or development of the respective scientific discipline:  Present state-of-

the-art ways for specifying tolerances of magnetic objective lenses are based on analytical estimates 

and on experience with previous microscope performances. The formulas and insights derived in this 

thesis add solidly based method to this, and are therefore very worthwhile. I do not know of any 

previous study or publication in which the effect of mechanical imperfections of (magnetic) objective 

lenses has been calculated as thoroughly as in this work. Neither do I know of any study or 

publication in which mechanical imperfections of such lenses have been compared to actual optical 

performance.  
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The formal arrangement of dissertation and its linguistic level:  The structure and arrangement of the 

dissertation is logical and correct. The thesis is well readable, and it is free of ambiguous or unclear 

formulations. The few typing errors are forgiven. 

Recommendation for award the PhD academic degree:  Provided the defense of the thesis will be 

successful, I recommend awarding Mr. Ondřej Shánĕl the degree “PhD”. 
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