Towards Automatic Control of Scanning Transmission
Electron Microscopes

Arturo Tejada, Saartje W. van der Hoeven, Arnold J. den Dekked Paul M. J. Van den Hof

Abstract— Scanning transmission electron microscopes are More importantly, a systematic use of control theory con-
the tools of choice for material science research, since the cepts is also lacking. Control loops are only used locally in
provide information on the internal structure of a wide range of the microscope’s main components (e.g., the electromiagnet

specimens. These sophisticated machines are operated matiy | H th . tl is treated
by skilled technicians, who execute complex and repetitive enses). However, the microscope at large is treated as an

procedures, such as measuring nano-particles, using majnl interconnection of ‘open-loop’ components, each of which
visual feedback. Hence, there is a need for new global contro is improved individually. Algorithms for global procedwre

strategies to automate these procedures. These strategié®w-  (j.e. procedures that coordinate several STEM components)
ever, must be based on a firm understanding of the microscopes such as maintaining image quality, automatically finding an

from the system theoretical perspective. To the best of our ina feat fint ti . ¢ fi
knowledge, such perspective is lacking in the literature. Mus, measuring features or interest in specimens, or automating

it is provided here through a new modeling framework that repetitive tasks are not available. Unfortunately, thege-a
facilitates the future development of global control straggies. rithms cannot be developed without a firm understanding of

The paper also aims to introduce scanning transmission eléen  the STEMs from a system theoretical perspective. To the
microscopy as an important and untapped area of application  pest of our knowledge, this perspective is not present in the
for control engineers. . . ’
literature. This, perhaps, may have been caused by the fact
|. INTRODUCTION that the control community, with a few exceptions [6], has

Scanning transmission electron microscopes, denot8§! been made aware of this area of application.

STEMs, are the tools of choice for material science researchtThC:JS’. this fpaper alrl?? to prr](_)vrlldg such plerspdecltlved by
since they can reveal information about the internal stmect Introducing a framework from which dynamical models ade-

of a wide range of specimens, with high magnification. The uate for the analysis and control of STEMs can be derived.

images are derived from the diffraction patterns generbged his framework provides insight into the identificationkas

the scattering of an electron beam by a specimen. Acquirirggindb clontrol sérateg.|es_needed for Igutoma:mg (thO mg_ortz;m(‘;
and interpreting these images, however, is not a trividl.tas obal procedures. mIcroscope alighment and coordinate

Since the STEMs combine the best features of the tW]%osition control. Moreover, through this presentatiorg th
per also aims to introduce STEMs as an important and

basic types of electron microscopes (the scanning and tR o .
P pes ( g tapped area of application for control engineers. These

transmission electron microscopes), there is a large amout )
: . ; Ideas were developed in the framework of the CONDOR
of (microscope) settings and physical parameters that mu r%ject, which is managed by the Embedded Systems In-

be taken into account while acquiring images. Moreover, Sugt'tt - q ks to t f the traditional
cessful STEM operation requires knowledge of the physic 'Il'lél\e/l @“f““' est.n I)'tatlt] Seexs 1o .ra?s ormt € traﬂl 'QE?
of the beam-specimen interaction (different specimenislyie t'ts t.rom quaitative |mag|r:gt |n|s ruments into fiexible
different diffraction patterns), a clear understandingttod quantitative nano-measurement t0o1s. ) .

. ) : : . The rest of the paper is organized as follows: Section
behavior of the particular microscope taking the imaged, ar] . e ) .

. . L : | summarizes the STEM principle of operation. Section
experience fine-tuning it. Hence, electron microscope -opey,

. . L . . Il describes the aforesaid global procedures: microscope
ators are highly trained individuals, who invariably ogera _ . . "
) . ! . . : alignment and coordinated position control. The new STEM
the microscopes manually, using direct visual interpietat

of the images produced by the microscope. Evidently, thlrgodelmg framework is introduced in Section IV, which

o . ; : X . also identifies the main challenges for automation. Finally

makes it impossible to attain consistent image quality s&ro . . .

. Section V contains our conclusions.
different operators [1].

Integrating this expertise into automation algorithms is Il. STEM OPERATION
a challenging task. Several algorithms are available to au- This section is divided into two parts. The first one
tomate operations such as microscope alignment or astigescribes the STEM principle of operation, emphasizing onl
matism correction [2]-[5]. However, they are not accuratéhe main STEM components. The second part summarizes
enough and still require further manual adjustments [1]. Ithe physics of image formation, which is the basis for the
addition, most of these methods are based on qualitativeodeling framework introduced in Section IV.
image analysis. Quantitative analysis methods are lacking Principle of Operation

The authors are affiliated with the Delft Center for Systemd &ontrol STEMs were 'ntro_duced n 19_68 by A Crewe and C.OWOI‘k-
at the Delft University of Technology, The Netherlands. ers [7]. Based on Figure 1, their principle of operation can



be summarized as follows [8]: An electron source (usually a FEG El
field emission gun or FEG) generates an electron beam that
is focused by the joint action of a condenser lens and an a
objective lens (denoted CL and UOL) to form a demagnified point
image of the electron source (called probe) at a specimen. /
The electrons that go through the specimen and are scattered I
at high angles are subsequently ‘counted’ by a detector objective If
(HAADF in Figure 1), which generates an ‘intensity’ signal e il
proportional to the number of detected electrons. The final i

image is created by sweeping the probe over the specimen N N
in a raster pattern, by means of deflector coils, and plotting

XL -deflector

the electron intensity as a function of the probe’s position o N N
on a computer screen.
The electrons leave the FEG with enerfly= eU set by -
the FEG's accelerating voltagé (e is the electron charge), uoL - s‘
and travel in directions almost parallel to the optical diie specimen 2 Ky PODea

z-axis in Figure 1). They are then focused by electromagnetic holder

lenses, which are composed of coils enclosed by round Lot
symmetric soft iron pole pieces [9]. Each lens behavior
mimics that of an optical thin lens with adjustable focal
distance f(t). The later is measured with respect to an

specimen

diffraction
~“4—  pattern

(DP)

arbitrary fixed point in the lens structure and is adjusted by I C ,,,,,,,
varying the curreni,(¢) applied to the coil since [10],
2

I ARC] ®

f(t) U PL @D
wherex is a lens-dependent proportionality constant. \\‘\\‘

The objective lens pole piece is divided into two sections, \{\\

and is conceptually represented as two separate lenses: the X
upper objective lens (UOL) and the lower objective lens o ! o
(LOL). While the UOL focuses the probe on the speci- (ring)

men, the LOL collects the diffracted electrons and forms

a diffraction pattern (DP) on its back focal plane. The latte

is generally located a few millimeters beneath the lens. Pl
Thus, most STEMs use a combination of intermediate and

projection lenses (denoted IL and PL) to shift the DP to a

lower plane where detectors, such as the high angular annula or CCD
dark field detector (HAADF), are located. Alternatively,

these lenses can be set to project the DP on a computg. 1. Main STEM components. The central ray diagram ithtes the
screen using a CCD camera, or to project, with the aid dfhage formation process. The angles are greatly exaggeratepractice
an additional probe lens (PrL), an image of the probe, €Y span only a few miliradians.

Note that the objective lens is said to be ‘in focus’ wherFor instance, a raster pattern girh x 1um projected on a
its focal distance f(t), matches the distancg,.; between 10cm x 10cm screen yields a magnification tf®.
the lens’ fixed point and the specimen surface. The specimen )
has an average thickness of 5nm to 500nm [9] and is plac&d Image Formation Process
on a specimen holder (called goniometer) that lies betweenThe formal description of the STEM image formation
the UOL and the LOL. The goniometer is a mechanism thatrocess can be found in, for instance, [12]. Here, only a
permits the specimen translation in the three cartesian axeummary is offered. Images are time-varying, real-valued
(£1.5mm) and its rotation in the roll and yaw axes (up to(intensity) functionsI : R? x R — R, with action I :
+60°). Note, however, that probe’s — y position on the (r,t) — I(r,t) or I : (q,t) — I(g,t) depending on whether
specimen (with respect to the optical axis) is determined by denotes a real space image or a frequency space image,
the deflector coils (see Subsection IlI-B). wherer, ¢ € R?, andt € Rt denotes time. All images are
To conclude, note that in a STEM the image resolution iformed on anz — y plane perpendicular to the optical axis
determined by the ‘quality’ of the probe, which is influencedunder the following standard assumptions [10].
mainly by the properties of the FEG and the aberrations of Asumption 2.1:(a) The FEG is an ideal point source of
the objective lens [10]. Also note that the image magnifielectrons. (b) All lenses, except the objective lens, agalid
cation is determined by the size of the raster pattern [11{c) The specimen is thin.

DP/ probe
image




These assumptions simplify the mathematical derivatiorimmages called Ronchigrams. These are obtained by shining a
without modifying the principles of image formation (seestatic probe through a large objective aperture and pirioggct
[10] for more details). Assumption 2.1(a) implies that allthe center of the diffraction pattern into a CCD camera. Thei
electrons in the beam come from the same point in space aimdensity, I,.,, is given by
have the same energy (henég,is a constant). Assumption , 9
2.1(b) implies that only the aberrations of the objectivesle Lro(g,t) = [®(q) * [P(g,t) exp(—j(g, ra)]I,
are important, which is the case in practice. This assumptiquhere P(q,¢t) = F{p(r,t)} and (-,-) denotes the inner
also implies that the crossover image after the CL is aproduct inR2. Finally, probe imagesl,,,, are important for
ideal point source (see Figure 1). Finally, Assumption@.1( coordinated position control. These images are obtained by

allows the specimen to be treated as a phase object [10]. projectings(r, ¢) onto a screen and are given by
The electrons emanating from the crossover are diffracted

by the objective aperture. Thus, the probe has finite width Lyr(r) = [p(r — ra, )], 4)

and an associated wave functigrir, ?), given by [8] The benefits of usind,, and I, in STEM control will

p(r,t) = F HA(q) exp(ix(q, 1)} (2) be evident after the following discussion.
In this equation,§ denotes the Fourier transform over I1l. STEM GLOBAL PROCEDURES
Jj = v/—1, and ¢ is the ‘spacial frequency’, which is  For typical applications, such as measuring the size and

determined by the electrons’ scattering angle and wavélengshape of catalyst particles [13], the two most important pro

[9]. A(g), the aperture function, models the effect of thecedures are microscope alignment and coordinated position
objective aperture. The latter minimizes the effect of thegntrol. These are described next.

objective lens aberrations by limiting the scattering angl ) )
of the electrons. This is modeled in the frequency plane bf- Microscope Alignment

an ideal low pass filter [9]. That is, Measuring particles or features in the nano-scale requires
highly magnified images, whose quality depend critically on
Alq) = {1’ |l < g (3) the microscope’s alignment. The latter involves alignihg t
0, lq|> ga, electron beam with the optical axis and, more importantly,

whereq, is a function of the radius of the objective apertureMinimizing the objective lens aberrations (i.e., its dévia

Finally, (g, ¢), the aberration function, models the objectivd©M @n ideal behavior). Assuming first order (linear) op-
lens aberrations and is described in detail in Section 111, ¢S, which are valid only for small angular deviations, the

Under Assumption 2.1(c), the effect of the specimeﬁ‘berraﬂons can be expres_sed solely as a p_hase shift in the
over the probe is to modulate the phasep6f, ¢) through frequency plane characterized by the functipfy,t) (see

a transmittance functiom(r) [8]. Thus, the wave of the (2)) given by [14]

electrons that exit the specimen is x(q,t) |A1(t)|\|q|? cos(2£q — ZA1(t)) N C1(t)\|q|?
2T 2
r,t) = o(r)p(r —rg,t),
v(r1) = olriplr —ra 1) A () N2g? cos(3 g — ZAs(t))
where r; denotes the displacement of the probe from the 3
optical axis imparted by the deflectors. The wave function IB2()[A?|q|3 cos(ZLq — £Ba(t))  Cs(t)\3|q|*
is then transformed into a diffraction pattern by the LOL + 3 + 4 , (9

gnd vaUired by a detector. Dark field imag_es, the MOFlhere A is the electrons wavelength, 1 &), As(¢t) and
important kind of images, are acquired by using the ”ngBQ(t) are complex time-varying coefficients -(| and /-

shaped HAADF detector in combination with probe scanningenote magnitude and phase), afd ) and Cs(¢) are real
and are given by [8] time-varying coefficients. The coefficients denote thetigda

Iy (r,t) = §HO(q)} * |p(r, 1))?, s_trength qf t.h_e main aberra_tions th_at cause image deforma-
tion and limit image resolution: astigmatism, defocusabxi
where comma, and spherical aberration [11], [13]. Astigmatism is
N - AT S A caused by the difference in the lens strength between two
Ola) = /D(Q)(D (q + 2) ¢ (q 2) 4, perpendicular axes (two-fold astigmatism,(#)) or between

three axes separated B§° (three-fold astigmatism, At)).
Defocus, denoted, (t) or Af(¢), is caused when the probe

B 1, Rin < |3 < Rout is brought to focus above (overfocus) or below (underfocus)
D(q) = the specimen plane, i.eAf(t) = Z,.; — f(t). Axial coma,

B.(t), occurs when the incident beam is not exactly aligned

®(q) = F{o(r)}, and" denotes complex conjugate. with the optical axis. Finally, the spherical aberratioh{t),

The quality of a dark field image depends, among othds caused by the angular difference in the lens strength.
factors, on the microscope alignment. As will be shown Aligning the microscope requires to measure the aberra-
shortly, the latter can be controlled using a second type t¢ibn coefficients and to adjust the appropriate controls to

D(§3), G € R?, is the detector function given by

0, otherwise



by the controls of the goniometer, which is usually actuated
by a set of DC servo motors. The position of the probe is
determined by ther and y deflectors sets. The-deflector
set is shown in Figure 1. The top coil is excited with
a currenti,(t) and deflects the electron beam lby(t)
miliradians, wheree,(t) « i.(t) [9]. The bottom coil is
excited with a current-«,i,.(t) and deflects the beam back
by —a,e(t) miliradians. «, is a proportionality constant
chosen automatically by the microscope to ensure that the
minimize them. The current available aberration correxcto?®@Mm crosses the optical axis at the UOLS front focal plane
usually measure the coefficients by taking several dark fielFP in Figure 1). This makes it possible to focus the probe
images under different operating conditions (e.g. difiere ©0 the specimen and form the diffraction pattern at the
beam orientations), observing the pattern of the changes §PL's back focal plane [11]. For small deflection angles,
the images, and relating those changes to theoretical soddl€ net displacement of the probe in thelirection is then
of the aberrations [2]-[4]. These correctors, howeveymss d.(t) x €, (t). Similarly, the deflecuon_ln th@—dlrect|on_|s
that the aberration coefficients do not change while thé(f)  €(t). Thus, the total probe displacemeni(t), is
images are acquired, which may not always be the casdven by
Moreover, these correctors are user activated anc_i cannot be ra(t) = (raig(t), 7yiy (), (6)
used concurrently with normal microscope operations.

A potentially faster alignment procedure can be obtainedherer, andr, are proportionality constants arigl(t) is
from Ronchigrams [15], which show features that are diyectithe current applied to thg-deflector set.
related to the aberrations. Moreover, since these images ar Coordinating the control of the goniometer and the de-
formed by a stationary probe, they may be taken simultanflectors presents several challenges. The most severe is the
ously with dark field images. Figure 2 shows three simulateldck of an absolute frame of reference to measure both the
Ronchigrams of a thin amorphous specimen considerimgpsition of the specimen and the probe. Moreover, neither
(from left to right): only spherical aberration (SA), SA andposition can be measured directly. This is further compdida
underfocus, and SA with two-fold astigmatism. Note thaby the fact that the mechanical coupling between the spec-
different aberrations induce different shapes in the Rbnchimen holder and the deflectors is not perfectly rigid, which
grams. Unfortunately, measuring the aberrations is naatri introduces additional mechanical alignment errors betwee
because the low signal-to-noise ratio in the images preverthese two subsystems. Some of these challenges can be
direct feature extraction. This is further complicated hg t met by developing new detailed physical models and new
transmittance functions(r), when the object is not thin. Two methods for measuring physical variables in the microscope
other factors may also limit the use of Ronchigrams. Firstor instance, a probe image can be used to determine the
Ronchigrams are taken using large objective aperturesewhprobe position (see Section 1V). Alternatively, the modeli
dark field images are taken with small apertures. Henctgask can be simplified if visual servo control techniques
the objective apertures need to be switch ‘on the fly’ foare used for automatically finding and measuring particles.
concurrent operation. Second, Ronchigrams are usuakyntakThese techniques, however, require to place the specimen
over amorphous areas of the specimen. Fortunately, rec@ver markers of known size and shape, which may not always
progress has been made on microscope alignment usibg possible.
Ronchigrams of thin crystalline specimens [16]. This, and The new STEM modeling framework is presented next.
a careful mechanical design that minimizes the vibrations
induced by the switching the objective apertures, may lead
to concurrent alignment control schemes based on Ronchi-Two models are introduced here. The first one is suitable
grams. for automating the microscope alignment procedure. The sec
ond one addresses the coordinated position control problem

spherical aberration (SA), SA with defocus, SA with twoedf@stigmatism.

IV. STEM MODELING FRAMEWORK

B. Coordinated Position Control

This procedure is important for applications where thé\: Microscope Alignment Model
size and shape of nano-particles must be measured [13].Consider the model in Figure 3. In this figure, the micro-
In such cases, a specimen is first divided into regionscope is seen as the interconnection of three subsystees: th
Then, each region is visually surveyed at low magnificatiooptics, the deflectors and the objective lens. At every time
to identify areas with high particle concentration. Thos¢he optics subsystem behaves as a linear system (over space)
areas are subsequently imaged at high magpnification and thith transfer functionP(q,t) £ P(q,t)exp(j2n{(q,74(t))).
particles are counted and measured. Note that a large numbemaps the input object functio®(q) = §{¢(r)} into an
of particles must be processed in order to reach a statigticaoutput wave functio (¢, ¢). Its output is ‘observed’ through
significant results, which motivates the need for autonmatioa nonlinear sensor (a CCD camera or a screen), which
The operator usually coordinates by hand the positiormroduces the observation ‘signdl.,(¢,t) (a Ronchigram).
of the specimen and the probe. The former is determina@(q,t) is parameterized by the aberration coefficients in (5).
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N A (1) by the magnetization/demagnetization of the objective
e T —————— lens pole pieces [17]. This nonlinear behavior is not yet wel
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Fig. 3. Model for Ronchigram-based microscope alignmenitroh The  CONDOR project. Likewise, the presence of eddy currents in
automation goal is to desigro. (t). the objective lens can also modify its dynamits,(t). Thus,
. . .. . . ._more detailed expressions are needed &@r and ho, ().
;hus, 'f3 fotrh simplicity only defocus is considered (as ""The second challenge is to perform feature extraction from
igure 3), then images that have low signal-to-noise ratios and large -inter
_ . 1 9 specimen variability. For instance, defocus can be estichat
P(g.t) = Alg) exp(52m{(q, ra(t)) + §Af(t)/\|q| D- from the radius of a Ronchigram’s central disc (a novel

The deflectors and objective lens subsystems determifithod proposed by our group). As shown in Figure 4, the
ra(t) and Af(t), respectively. Recall thatrq(t) = central disc radius can be estimated from the plot of the

Ka(in(t),iy(t)), where Ky = diag(rs,7,) (see (). Since Ronchigram’s rotational variance (which is a function of th
x ) by ) - 'y .

i.(t) andi,(t) are part of an inductive circuit (the deflectorPiXels’ radial distance) by finding the radius at which the

coils), their dynamics can be approximated by a lineayariance meets a prescribed threshold ‘th’. However, as thi

second-order model with impulse respohgét). This circuit  119ure also shows, this estimate is specimen dependent. To
is generally controlled by a local compensatoi(t), which ~ OVercome thl_s proplem, new analytical estimation methods
keepsra(t) constant during the alignment procedutef (¢) that are specimen-independent must be developed.

is set by the objective lens subsystem. It is zero when trlf Coordinated Position Control Model

current in the lens is such th#i{t) = Z,.;. Leti,.; denote ' ) ) o .

this current (obtained fron,..; via (1)) and note that small  AS shown in Figure 5, a similar approach is needed
changes in focus values aroui, ; are induced by a small for coordinated position control. Ip this case,_the main
changesAi, (t) of the lens current arouni.;. Thus, it can subsystems to consider are the optics, the specimen holder,

be shown that\ f(t) = K, A (t), where and the deflectors. To simplify the description, it will be
A —2U assumed that the microscope has been properly aligned, so
Ko = Fi”f no aberrations are present. It will also be assumed that the

specimen can only be displaced in the- y plane and, as a
Note that Ai (t) is also part of an inductive electrical first approximation, that all the dynamics are linear.
circuit and possesses linear second-order dynamigst). Recall that the specimen is mounted on a goniometer
Usually, this circuit is also locally controlled. Howevén, which is actuated by DC servo motors. The dynamics of the
order to automate the microscope alignment procedure, ttgeniometer and the motora, (), are controlled by a com-
local controller must be replaced by a global ong(t). pensatorg,(t), that uses local displacement measurements,
This global controller acts on an error signal generateg,(¢). Note, however, that the goniometer and the motors
by comparing the reference defocus valugf,..;, to an are mounted on opposite ends of the rod-shaped specimen
estimate of the actual defocud f(¢). This estimate is in holder [11], which is not perfectly rigid (its mechanical
turn generated by a feature extraction (FE) algorithm thatynamics are represented hy(¢)). Thus, the true position
processes the Ronchigram image. Finally, note that thesoptiof the specimen;,, (¢), may differ fromr,(¢). Moreover, the
subsystem and the deflectors and objective lens subsystespecimen may also be subject to perturbatieps:)), such
are interconnected through the invertible map: R?> —  as vibrations or thermal fluctuations. A similar situatian i
R? x R with actionK (i, i, Ai) = (Ka(isz,iy), Ko(Ail)).  true for the position of the probe, which is specified as a
There are two main challenges in applying the schendisplacement from the center of the optical axis. The frame
described above and designiag(t). The first one is related of reference for this axis is chosen arbitrarily. It can becpd
to the validity of K, and ho (t). Ko is defined for a atthe tip of the FEG, as shown in Figure 1, or at the center of
particular value ofi,.; and is only valid for small excur- the objective lens, which is more customary. Unfortunately
sions of this current. For large excursion of the referenceny of these frames of reference can be displaced by me-
current, hysteresis is induced in the current-focus egoati chanical vibrations during the microscope’s operation: Fo



specimen holder mechanical

V. CONCLUSIONS

This paper introduced scanning transmission electron mi-
croscopy as a new application area for control engineering.
STEMs are rather complex machines that present many
interesting theoretical and applied control problems. Two
of these problems, microscope alignment and coordinated
position control, were described in detail and two new
models were introduced to analyze them. The steps needed to
complete these models were also outlined. Several of them,
e.g. the F.E. algorithms, have been recently completeg (the
will be reported separately) and will be validated in thernea

o4+ o O A, ()
O ¢, (1) P b, (1) T 1 () | h, (t)
T, (t)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, deflectors +
Ta., + i, (t) !
" K, c,(t hy(t) —» K
g 00 e 0 o DX s 7 +>5
7, (t)
optics
,f:i(t) [[17(7‘ ----------------
Supervisor |« FE. (= A

Fig. 5. Model for coordinated position control. The autoioratgoal is to
design an appropriate supervisor.

instance, displacing the specimen can induce small virati b
that are transmitted through the microscope’s column to t
FEG, the objective lens, or the CCD camera, effective:bg
displacing the position of the spot. Even if the mechanical
coupling of these subsystems (modeled by (¢)) were [1]
perfectly rigid, the presence of,(¢f) would perturb the
probe’s position. 2]
Thus, bothr,(t) and r4(t) must be measured directly.
A new method to measure the latter is to estimate it fro
probe images. Note from (4) that if the microscope is alread
aligned and the probe is centered at the optical axis, thien [94]

3 (27qalr)]?
Lpn(r) = |p(r,t)|* = [qum

3]

(5]

vr € R?, where J(-) is the Bessel function (type 1, order
1) andg, is the aperture function radius (see (3)). Note that(®!
this image isfixed (it does not depend on(r)), circularly
symmetric, and centered at the optical axis. Moreover, wheiv]
the probe is displaced by;(t), this image is merely shifted
by r4(t) without distortions. Thus, the optical subsystem cang;
be modeled as a mag that assigns to each probe position
rq4(t) = 7 an image{l,.(r — 7),¥r € R%}. Moreover, [
rq(t) can be estimated by comparing the current spot image
to {I,.(r),¥r € R?} using appropriate feature extraction[10]
algorithms. This estimatei,(t), together with other sensor 1]
signals, can then be fed into a supervisory algorithm t[)
automatically coordinate the deflectors and the speciméte]
holder (viary, ., (t) andr,, . (t)). Designing this supervisor
is central to solving the coordinated position control peof.
Finally, note that two main challenges must be addressed
to successfully solve the coordinated position controbpro (14]
lem. The first challenge is to identify the mechanical impuls
responsesh,.(t) and h,,(t), and to understand the nature
of the perturbations:,(¢). The second challenge is to add(!®]
instruments to the STEMs capable of measuring directly the
position of the specimen and other physical variables. iBhis [16]
needed in order to design an efficient supervisory algorithm
To this end, it is also important to develop FE algorithms, 7
capable of estimating,(t) from probe images even when
strong objective lens aberrations are present.

[13]

future through physical experiments.
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