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This seminar is dedicated to the memory of Professor Armin Delong (1925-2017)

Armin Delong was the pioneer and founder of electron microscopy in Czechoslovakia. He
built the first Czechoslovak electron microscope that was commercially available (1953) and
founded the Institute of Scientific Instruments in Brno (1957), dedicated to the development
of electron microscopy. His prototype of transmission electron microscope, BS242, won the
Golden Medal at the Brussels World EXPO in 1958. His latest major creation, a desktop low-
voltage TEM, came in the 2000’s and became a popular cost-effective solution for high-
contrast imaging of biological samples.

Armin Delong’s legacy can hardly be overestimated. During his 30-year-long tenure as the
director of the Institute of Scientific Instruments, extensive research was done on emission
electron microscopy, holographic imaging and very low energy electron microscopy, both in
the scanning and transmission mode. He oversaw the development of new prototypes of
electron optics devices that dominated the Eastern Bloc market for 40 years.

He brought up a new generation of electron microscopy researchers who continue to push the
boundaries of knowledge both in academia and the industry and it is due to his influence that
Brno is now a vibrant hub of electron microscopy technology. A laureate of several
prestigious awards, he has remained a kind and humble person.

Armin Delong, a fluent speaker of four languages, was born into a family of French
immigrants settled near Ostrava, in the heart of Czech heavy industry region. As a boy, he fell
in love with electronics and soon could construct a telephone or a simple radio — a rather
dangerous wartime hobby, as the region was occupied by Nazis.

In 1945 he went to study at the Technical University in Brno where he became an assistant to
Prof. Blaha, who then toyed with the idea of developing an electron microscope, as only a
handful of industrially developed states could manufacture it at the time. A small team of
students gathered around him who succeeded in producing the first working prototypes and in
1954, they founded the Laboratory of Electron Optics of the Czechoslovak Academy of
Sciences which later went on to become the Institute of Scientific Instruments.

Two years later, TESLA, a Brno-based electronics company owned by the communist state,
started producing the BS242, designed by A. Delong and his team. The BS242 aimed to be a
simple, easy-to-operate, cost-effective electron microscope with the accelerating voltage of
30-75 keV, a modest resolution of 2 nm and astigmatism correction. In the Eastern Bloc, it
became a sensation and about 1200 of these microscopes were sold. The Communist state
played with the idea of some modest monetary award to its creators for each sold device, but,
as Armin Delong recalled with a smile, “then they scrapped the idea, as that would make us
millionaires, and you can’t have millionaires in a workers’ state”.

Procuring all the necessary materials and components was difficult in a tightly controlled and
centrally directed Communist economy, and as A. Delong recalled, “We were always a bit

behind the world because of that. We had to resort to buying these things from people who
smuggled them from abroad, or we had them bought in Switzerland illicitly.”

Armin Delong also taught at the Brno University of Technology, became the vice-president of
the Czech Academy of Sciences and in the turbulent time after the fall of the Communist
regime, even became a minister for science and technological development for a while. He
disliked working in politics, however, and resigned after a few months.

After the downfall of the Communist regime, the TESLA company disintegrated and several
new, privately owned companies sprung up in its ashes. Each of them had Armin Delong’s
students in prominent positions, and one even chose his name as a badge of honor: Delong
Instruments. Even though the company was not owned by Armin Delong, he worked in it at
an emeritus position, helping more electron microscopy developments see the light of the day.

He was however a very modest man in private. Married to his high school sweetheart, he had
a daughter (a professor at the Brno Academy of Music) and a son (an architect). He loved
walking every day, and especially enjoyed the romantic nooks in the woods near Brno. He
was a genial presence among his students, who would keep him company at lunch every day.
He loved jokes and fun, and enjoyed going for a drink with his collaborators.

He was a regular participant at the Recent Trends seminar at Skalsky Dvur, mingling with
students and senior researchers alike, cup of wine in hand, exchanging humorous remarks and
serious scientific advice. This year’s Wednesday hike mimics closely the one in 2012 when he
last took part in the Recent Trends seminar.

Armin Delong, 1925-2017.
Planar optical device composed of light-scattering and light-absorbing building blocks.
ISI Brno, EBL and SEM team.
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The Institute of Scientific Instruments (ISI) was established in 1957 as an institution
providing instrumental equipment for other institutes of the Academy of Sciences, mainly in
the field of electron microscopy, nuclear magnetic resonance and coherent optics. Three
examples are shown in Figure 1. In the beginning the institute had only 83 employees,
including the workshop which produced the electronics and all mechanical parts of the
instruments. During the process of post-Communist transformation of the Academy of
Sciences, which began in 1989, the development of entire instruments and devices was
brought to a halt and scientific activities of our Institute focused on the methodology of
probing the physical properties of matter in the above-mentioned main fields. New
components of scientific instruments were developed that help push the limits of what had
previously been possible, continuing the long tradition of the Institute in these topics.

The history of electron microscopy at ISI is closely connected with prof. Armin Delong, its
long-time director (1961-1990), who is also the founding father of Electron Microscopy
research in Brno. During his tenure, many new electron optical devices were developed at the
ISI.

During the history of electron microscopy, the energy of electrons illuminating the sample
and also those bearing image information has ranged from units of electronvolts up to
millions of electronvolts. For a long time, energy as high as reasonably possible was preferred
because it offered superior resolution and suppression of some spurious effects. However, it
was later recognized that fast electrons interact too weakly with the solid and the information
they generate is averaged throughout too broad a region. The idea of slowing down the
electron beam just with negative potential on the sample appeared in the 1960s and led to the
development of Low Energy Electron Microscopes (LEEM) - dedicated, complicated and
expensive devices. The Institute of Scientific Instruments took interest in this technique too, at
the beginning of the 1970s [1].

The possibility of employing the same principle in the scanning electron microscope, in order
to get an instrument much more flexible and also much cheaper, had been examined several
times during the following three decades without much success. Then at the beginning of the
1990s, the ISI launched the Scanning LEEM (SLEEM) project without much fanfare [2-7]
and by 2006, all the major producers of electron microscopes introduced the SLEEM method
developed here into their products under various trade names (Beam Deceleration, Gentle
Beam, etc.).

A huge part of the work at ISI was done in the field of Charged Particle Optics theory and
software development [8-9]. A very popular type of detector was developed at the ISI in 1978,
when Autrata et al. introduced a very sensitive BSE scintillation detector using the original
YAG:Ce*" (yttrium aluminium garnet, Y3Als012 doped with Ce*") for the study of the
material contrast of samples with a high sensitivity [10]. The first environmental scanning
electron microscope (ESEM) in the Czech Republic (AQUASEM-I) was introduced at ISI in
1995.

Nowadays the Department of Electron Optics at the ISI concentrates on the development of
Time-of-Flight spectroscopy at low primary beam energies [11], creation of vortex beams in r
SEM [12], quantitative detection of secondary electrons [13], quantitative study of biological
specimens in transmitted mode at low energies [14], cryo techniques [15], etc. Significant
progress was done in the development of various types of ESEM detectors [16].

The mission of the ISI nowadays is the development of new diagnostics methods, novel
instrumental principles and advanced technologies on all levels, from macro scale to quantum
level. We aim for significant progress in understanding both inanimate and living nature and
on employing this knowledge in practice. The principal activities of the ISI concentrate
especially on multidisciplinary research and advanced engineering, combining the fields of
magnetic resonance spectroscopy and tomography, electron microscopy and microanalysis,
laser based spectroscopy, imaging, manipulation, and nanometrology, acquisition and
processing of biosignals and large data, electron and laser beam technologies.

Some bare numbers concerning the ISI (as of 2017) are as follows: 173 FTE (full time
equivalent) employees, 71 FTE researchers, 26 FTE PhD students, 76 papers with IF,
40 solved projects, 42 field patents or utility models, revenue from contractual research
reached the sum of 11 800 kCZK. [17].

Figure 1 Desktop electron microscope BS242, which obtained the Gold Medal at the Expo
58 World exhibition in Brussels (left). 30 MHz Nuclear Magnetic Resonance Spectrometer
from 1961 (middle). First Czechoslovak gas laser from October 1963 (right).
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RING CATHODE ELECTRON BEAM PROJECTION LITHOGRAPHY
W. K. Ang' and A. Khursheed'?"*
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Engineering Drive 3, Singapore 117583

Engineering Science Programme, National University of Singapore, 9 Engineering Drive 1,
Singapore 117575
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Recently, a new cold field emitter has been fabricated, which consists of a graphene-coated
ring-shaped cathode [1]. Preliminary experimental results show that it can produce high
emission currents at relatively low applied electric field strengths in high vacuum (HV)
conditions, as opposed to the usually required ultrahigh vacuum (UHV) conditions. This ring-
cathode emitter has the potential to serve as a promising high brightness electron source
suitable for electron lithography.

In this study, the novelty of writing a ring-shaped pattern directly from the cathode, as
opposed to using a point source in combination with a patterned aperture, will be examined.
Numerical simulations with direct ray tracing modelling are carried out to examine the ring
image characteristics of a ring cathode column as compared to that of a conventional point
source electron beam focusing column using an annular aperture. Figure 1 shows the
schematic layout of the simple test columns suitable for this aim, which consists of an
electron source, an appropriate aperture and a magnetic objective lens.

Simulation results show that a high resolution ring-shaped pattern can be obtained for the
ring-cathode column with a conventional hole-aperture. Aberration analysis reveals third-
order geometric aberrations in the in-plane direction for the projected ring patterns, which is
an order of magnitude better than that predicted for the point source emitter with an annular
aperture, which has second-order geometric aberrations. An image ring width resolution of
1.4 nm is predicted for emission from a 5 pm diameter ring-cathode with an edge-thickness of
3 nm, a ring beam voltage of 5 kV, a ring image radius of 0.4 pm, a final semi-angle of
2 mrad, and a working distance of 5 mm. In comparison, an ideal point source column using
the same magnetic objective lens is predicted to have a resolution of 14.3 nm, an order of
magnitude worse. Figure 2 shows the simulated ring widths versus final semi-angular spread
for both columns. These simulations were carried out through the use of Lorentz-2EM [2], a
boundary element software with an integrated fifth order Runge-Kutta time integration
technique for electron trajectory paths plotting. These kinds of simulation results point
towards the possible use of ring cathode emitters for ring pattern generation in electron beam
lithography where high spatial resolution is combined with high throughput.
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Figure 1 Schematic diagram for ring pattern writing. (a) Conventional point electron source
with an annular aperture. (b) Ring-shaped electron source with a conventional hole-aperture.
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Figure 2 Simulated focused ring widths as a function of the final semi-angular spreads.

This research is funded by National Research Foundation (NRF), Singapore Competitive
Research Programme (CRP) award # NRF-CRP13-2014-04 titled “Micro-fabricated Ring
Carbon Nanotube electron/ion sources”.
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OPTICAL BINDING OF POLYSTYRENE PARTICLES IN TRACTOR BEAM
J. Damkova'*, L. Chvatal', J. Oulehla’, J. Jezek!, O. Brzobohaty' and P. Zemének'
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*e-mail: jdamkova@isibrno.cz

The motion of a particle illuminated by a laser beam is usually driven by the photon flow due
to the radiation pressure and therefore for particle trapping, one has to employ gradient forces.
But in a tractor beam, objects are illuminated by the uniform light intensity and even so they
can be pulled against the beam propagation. There have been developed several techniques
how to create such a tractor beam. In our case, the tractor beam is created by two identical
Gaussian beams that interfere under the defined angle [1], see Figure la. It creates the
standing wave, where in the transversal plane the particle is trapped by means of the gradient
force, but in the total beam propagation direction, the particle manipulation is driven by the
non-conservative force. It is remarkable that this force can for the specific combinations of
parameters pull the micro-particle against the beam propagation. This kind of behavior is
because of the particle scattering where the majority of the incident photons is scattered in the
forward direction and, based on the principle of action and reaction, the transfer of
momentum leads to a backward movement of the object. The pushing and pulling force is
sensitive to the polarization of the laser beam, its incident angle and the particle size so this
technique can be used for example for sorting of objects of different sizes.

The acting on objects by the pushing / pulling force can be enhanced by particle self-
arrangement due to optical binding [2]. The field scattered by an object interferes with the
tractor-beam field and there are created suitable positions where the second particle can be
preferably trapped due to the optical gradient force. In this way these objects interact mutually
and organize themselves into various configurations.

We experimentally observed that under certain circumstances, the pulling force can be
significantly enhanced comparing to a single particle in the tractor beam [3]. We analysed
particle 3D trajectories utilizing the holographic video microscopy technique [4] during their
forward and backward movement while all the beam parameters remaining unchanged, and
we observed significant changes in their relative positions comparing those two directions of
their motion. Our experimental observations were supported by numerical calculations based
on the exact theory of multiple particle Mie scattering [5]. The theory perfectly agreed
together with the experimental data in the stable positions of the particle pair and in the
direction of the particle pair motion, see Figure 1b.

In addition to numerical calculations and experimental observations, we introduce an
intuitive picture of the mechanism of pulling and pushing of the pair of particles. Due to the
asymmetry in the system given by the angle of the tractor beam the particle pair is self-
propelled parallel or anti-parallel to the tractor-beam propagation depending only on the
internal configuration of the optically bound pair. Understanding the physical mechanism
opens new opportunities in a controllable light-driven self-organization, sorting and transport
of colloidal matter.
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Figure 1 a) Optical setup consisting of the tractor beam (bevel beam) and holographic video
microscopy (beam perpendicular to the sample plane). The colloidal solution with polystyrene
820 nm particles is between the cover glasses. The typical hologram of two optically bound
particles is shown under the objective lens. b) Numerically calculated stable positions of
optically bound particles in the tractor beam, one placed at the coordinate origin, the possible
positions of the second particle marked with arrowheads. The solid zigzag lines represent
experimentally obtained trajectories of optically bound particles.
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VERY LOW ENERGY ELECTRON TRANSMISSION SPECTROMICROSCOPY
B. Daniel”, T. Radli¢ka, J. Pitios, E. Mikmekova, I. Konvalina, L. Frank and I. Miillerova
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For more than 25 years, Scanning Low Energy Electron Microscopy (SLEEM) has been
developed at the Institute of Scientific Instruments (ISI), with several commercially available
SEMs adapted with a cathode lens for SLEEM use, as well as a dedicated self-built UHV
SLEEM setup [1].

For a better understanding of contrast formation at low energies, especially at very low
energies below 50 eV, where the local density of states plays an important role, more general
knowledge about the interaction of (very) low energy electrons with solids is required. This
will be achieved using a newly developed ultra-high vacuum (UHV SLEEM) setup which
includes several enhancements compared to other available machines. Data processing is
presented in [2], and processed data will be further used and tested with the Monte Carlo
simulation package BRUCE, which is being developed by Werner et al. at TU Vienna.

A schematic overview of the new instrument is given in Figure 1 a). The UHV setup with a
base pressure of 10" mbar consists of a low voltage SEM with up to 5 keV primary beam
energy developed by Delong Instruments, a home-built specimen stage including a
manipulator with high voltage biased specimen stage, and several electron detectors. The
latter consist not only of common SLEEM detectors, namely a disc-shaped YAG scintillator
with a 300 pm central bore for BSE detection, and a PIN diode for detection electrons
transmitted through very thin specimens like graphene, transition metal dichalcogenides or
ultra-thin metal films, but also of several new detectors which have been added to this system.
The electron optical column is extended by magnetic prisms, which allow separation of
reflected electrons on the beam axis from the incident electron beam (top part of Figure 1 a).
This is especially important, since with decreasing landing energies and thus immersion ratios
of the cathode lens, an increasing fraction of the secondary electrons is accelerated thorough
the central bore of the BSE detector and thus cannot be detected without such an on- and near-
axis detection system (see Figure 1 b). There is a scintillator available for integral detection of
those electrons, as well as a segmented semiconductor detector that allows a rough separation
of SE and BSE, where the trajectories are split up by the magnetic field.

For transmitted electrons there is developing a Timepix 2D pixel-detector implemented,
which allows measurement of angular distribution. The second enhancement of TE detection
is a time-of-flight (ToF) spectrometer for energy analysis of transmitted electrons. This
enables the possibility of EELS measurements known from common high energy TEMs, and
analysis of SE spectra. From information gathered by the new detectors, improvements on
knowledge of inelastic mean free path (IMFP) at very low energies is expected, as well as
enhancement of previous results of graphene electron reflectivity and transmissivity [3,4]
(Figure 1 c).
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Results from this new setup and the above mentioned cooperation with TU Vienna are
expected to yield an improved understanding of electron — specimen interaction in general,
with focus on IMFP and a further goal of progressing on the road towards SEM single image
tomography by angle and energy analysis of reflected electrons.
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Figure 1 a) Schematic drawing of the SLEEM — ToF system, b) Signal electron trajectories in
SLEEM [5], ¢) electron reflectivity of supported graphene [4]
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OPTIMIZATION OF THE EDGE REGION OF A QUADRUPOLE MASS
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The limited space leads to the formation of edge regions in the analyzer of the quadrupole
mass filter. The electric potential distribution differs from the ideal quadratic one within these
regions. The introduction of charged particles into the volume of the mass analyzer is usually
carried out through the input diaphragm, located at some distance from the end surfaces of the
electrodes. The region of the edge field thus formed has a negative effect on the parameters of
the ion flux introduced into the analyzer. These ions move in a field whose equipotential lines
are bent in the direction of the planar diaphragm at the inlet (Fig.1a). Such a field increases
ion velocities in directions perpendicular to the axis of the mass analyzer. This leads to the
settling of stable ions on the electrodes and a decrease in the transmittance of the mass
spectrometer. It is known that the negative influence of the input region can be reduced by
selecting the shape of the input diaphragm. This work is devoted to the choice of the design of
the input diaphragm, which makes it possible to obtain a transmittance of the mass filter
higher than in the case of “undistorted” fields.

We simulated the motion of charged particles through a quadrupole mass filter in order to
determine the optimal design of the input diaphragm. It is obtained that the largest
transmission capacity is provided by the use of an input diaphragm with two parallel
rectangular projections entering the interior of the electrode system by an amount on the order
of the characteristic field size. In this case, near the input diaphragm, an electric field is
formed, which focuses the charged particles (Fig. 1b). The use of such a construction
increases the transmittance of a quadrupole mass analyzer. In the case when a pulsed RF
voltage is applied to the electrodes, the intensity of the mass peak increases by a factor of 1.5
with a resolution of 0.5, equal to 150, by a factor of 2 with a resolution of about 180 and by a
factor of 3 or more with a resolution of more than 300. This increase in intensity is not
accompanied by a significant change in the resolution of the device (Fig. 2). This indicates
that the increase in the number of ions able to fly through the mass analyzer is due to stable
ions, initial flight conditions which previously did not allow them to overcome the sensor
area.

Thus, the proposed shape of the input diaphragm of the quadrupole mass filter makes it
possible to significantly increase the intensity of the mass peak at a high resolution of the
mass spectrometer. Such a design allows to achieve an increase in the analytic characteristics
of the device to a greater extent than the proposed and used earlier designs of the input
diaphragm.
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ELECTRON BEAM WELDING AT ISI BRNO
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Republic
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In vacuum technology, and especially in UHV, we often encounter the necessity of joining
parts of various metals in combination with the demand for perfect vacuum tightness,
cleanness of joints and minimum deformations. Electron beam welding [1, 2] belongs to the
best technologies capable of fulfilling such requirements.

The principle of electron beam welding is based on the transfer of the kinetic energy of the
incident accelerated electrons to the welded material in the form of heat. The temperature in
the spot rises with the beam power density. At power densities as high as 10* - 10° W/mm?,
the melted material at the center of the focal point evaporates. This produces a vapor capillary
surrounded by melted material that allows the beam to penetrate deeper and melt more
material. The speed of the penetration can be much higher than the heat transfer by
conduction into the surrounding material. This results in narrow melted area and typical knife-
like profile of the weld (Figure 1). Thanks to this effect the thermal deformations of welded
pieces are highly reduced to almost none. Small heat affected zone also allows welding near
heat sensitive parts like sensors, ceramic feed-throughs (Figure 2) and brazed joints.

By electron beam welding, wide range of materials can be welded, from alloy and stainless
steels, copper, aluminum and nickel alloys to refractory metals (tungsten, molybdenum). It is
also possible to weld dissimilar metals even with very different properties. For example,
combinations like Al-Cu, Al-Ti, stainless steel-tungsten or molybdenum and others can be
joined, even though other welding methods lead to fragile welds.

As the electron beam is easy to control, either by focusing or by deflection, it is possible to
guide the beam’s energy to a specific spot on the work-piece with ease. Using computer
control, the welding can be performed even with very complex trajectory. The beam can also
“jump” very quickly among several points and weld at several places at the same time (multi-
beam welding) thus reducing thermal stress further.

gt - ‘4
Figure 1 Weld of alloy and stainless steel, 6 mm Figure 2 Feedthroughs welded into
deep. flange, diameter cca 10 cm.
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Figure 3 Welded flanges to ceramic Figure 4 Electron beam welder MBW-60/2
insulator, DN 200. developed at ISI Brno.

Disadvantage of the technology is the need for vacuum, which puts limitation on the size of
the welded components. It also increases the cost of the equipment. However, the vacuum
remelting in the weld zone produces high quality welds with high strength. It also allows
welding of reactive metals (e.g. titanium, zirconium or tantalum) as vacuum serves better than
shielding gas.

The beginnings of the electron beam welding at Institute of Scientific Instruments Brmo are
closely connected to development in vacuum and cryogenic technologies [3]. We are already
the third generation of researchers in the field of electron beam welding at ISI. Some of the
recent tasks were parts of electron microscopes like feedthroughs, membrane bellows,
insulators (Figure 3) and other precise parts. Other fields of research like high strength welds
of dissimilar metals (steels, inconel, nimonic, niobium, titanium, etc.) are connected to
automotive, aerospace, power production and other branches of industry but also for other
research organizations.

At the moment we have two devices at our disposal. The first one is an older ES-2U that has
been recently upgraded with a new vacuum system. The working chamber is about 50 cm in
diameter. Together with three manipulators it allows us to weld bigger pieces in various
positions. The new electronics is also planned to give us the possibilities of advanced welding
techniques like the second welder has.

The second welder is modernized desktop electron beam welder MEBW-60/2 (Figure 4, [4]).
Its small working chamber (about 20 cm diameter) allows very short pumping times (about
2-3 minutes). However, despise is small dimensions, it is still very versatile, as the e-gun can be
mounted in several configurations and thus allows welding of different types of welds. Sets of
various extenders also give us the possibility of welding bigger or longer pieces than that would
normally fit into the chamber (Figure 5).

The new improved electronics is completely digitized and allows easy control from computer.
The power source allows operation up to 60 kV. The beam power is up to 2 kW (33 mA at
60 kV or 40 mA at 50 kV). This allows us to weld up to 15 mm of stainless steel. On the other
hand, with precise control of the beam power and the welding spot we can do very precise
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welding (tenths of millimeter), e.g. tiny pieces, membranes, thin wall tubes, and foils
(Figure 6).

The control software allows image acquisition (SEM/TV mode), arbitrary shaped welding
(welding over trajectory), micro-engraving techniques and other functions. The electron beam
welder is also capable of drilling small holes (tenths of millimeter) into metal foils. It is also
possible to drill holes or cuts up to several mm in diameter into quartz glass or ceramics [5].
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MULTI-REFLECTION TIME-OF-FLIGHT ION TRAP WITH ISOCHRONOUS
DRIFT

D. Grinfeld*, C. Hock, H. Stewart, A. Makarov

Thermo Fisher Scientific, Hanna-Kunath Str. 11, DE-28199, Bremen, Germany
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Time-of-flight mass spectrometry (ToF MS) employs separation of ions by mass-to-charge
ratios during their motion in an electrostatic field from an ion source to a time-resolving
impingement detector. The fundamental property of electrostatic fields is that the charged
particles share the same paths but have mass-dependent times of flight, so that the detector's
response represents the mass spectrum of a pulsed ion bunch. The mass resolving power of a
ToF MS instrument is T /28T where T is the flight time (for a specific mass-to-charge ratio)
and 4T is its dispersion. This formula suggests two ways to improve the mass resolving power:
(1) increasing the total flight length and (ii) compensation of ToF aberrations giving rise to
dispersion. Reflectron-type mass analyzers [1] exploit both of these opportunities — the ion
mirror doubles the flight length and simultaneously compensates the chromatic ToF errors. To
further improve mass resolving power, ToF MS instruments may be adapted for a multi-folded
ion path [2]. It was proposed [3] to use a pair of opposing parallel elongated electrostatic mirrors
to make the ions oscillate between them in an isochronous potential well ¢(z) and
simultaneously drift freely in the elongation direction y. An ion bunch injected with an angular
spread Ipin < U < Ipax K 1 expands quickly, however, and irreversibly overlaps after just a
few reflections. This problem was addressed in [4-6] with incorporating drift-dependent field
perturbations §¢(z,y), which, however, tend to break the isochronism and make the time of
flight ¥-dependent. In this research we theoretically consider the drift control schemes with two
requirements: (1) spatial re-bunching of the ion trajectories and (2) ToF isochronicity for the
ion trajectories with different injection angles.

Assume @,(0) = 8¢ (z,0) = 0 and the acceleration voltage U, defines the ion's full energy
when oscillating between two mirrors. The initial kinetic energy of the drift is eU, sin? 9. The
following integral defines the action for an ion of mass m, charge e, and energy ¢,, that makes
a full z-oscillation at a drift location y:

J(e,y) = VBm f Je —eg(zy)dz = Jo(e,) + M (e, y)

where ], is the action is the unperturbed field and A/ is the first order perturbation:

Z2 22 §¢(z,y)dz
Joe) =B | e = epe@dz , 8)(e,y) = —ame | Ll
Z1 Z1 &2~ e‘Po(Z)
The integrals are calculated between the two turning points z; ,(&,). As the potential ¢, is
assumed isochronous, the unperturbed period Ty = J§(&,) constant at least in a range of energies
containing eU,. The derivative AT (g,,y) = 0AJ/0¢, defines the period’s perturbation.

The action is an adiabatic integral of motion whose differential Tode, + J;, dy = 0 on the
trajectories. Keeping the energy conservation de, = —de, in mind, where &, = my?/2 is the
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kinetic energy’s drift component, we arrive at the drift equation de, /dy = —eV, ®(y). The
function ®(y) = —AJ(eU,, y)/eT, represents the effective drift potential. We shall assume that
there is a drift turning point y;, (9) defined by the equation ®(yp) = eU, sin? 9, where the drift
is reversed and the spatial spread is reduced on the return path in analogy with the energy
focusing in a reflectron. The perturbation §¢(z,y) can be engineered to make ®(y)
isochronous, in which the return time

T, yp@® U el
Tp (M) = —Of — 0 dy, W,=T, [-—
Wo Jo Uy sin2 9 — @(y) 2m

will be confined in the interval (K, + 0.5)T, where K, is a number of oscillations after which
the ion bunch should be re-focused without overlapping with adjacent ones. The parameter W,
is the effective distance between the mirrors. The side effect of the potential perturbation
8¢(z,y) consists in the y-dependent period deviation AT (y) = dAJ(g,, y)/d¢,, which makes
the full time of flight function of the injection angle:

VUo M)
Uysin2d — d(y) 0¢;

)
@) =T~ Kol = 3 |
0J0

Therefore, the field perturbation should be also optimized to give a plateau to 7(9).

Fig. 1 shows two methods to generate an effective drift potential with (A) an electrically biased
'stripe’, @1 < Uy, or (B) a slight mirror non-parallelism with effective inter-mirror distance
w(y) < W,. It may be shown that these two methods result in the period errors with opposite
signs, i.e. AT(y) = £T,®(y)/2U, where plus comes in variant A and minus in variant B. A
combination of the two methods allows optimization of a system with two non-parallel ion
mirrors and a specially shaped stripe to make the multitude of reflections practically
isochronous within a 40% range of injection angles. The numerical results (Fig. 2, normalized)
may be used to confine a many meters long ion flight length in a table-size high-resolution mass
spectrometer.
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Figure 1. Variant of drift control. Figure 2. Optimized isochronous system with
A: an electrically biased stripe, ion mirrors converging at a small angle and a
B: non parallel mirrors. ‘stripe” with a specific shape and bias.
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To optimize the design of a system of electrostatic lenses can be quite challenging. Especially
when many lens electrodes are involved, the number of design parameters, such as electrode
thickness, radius, gaps between electrodes and voltage, increases rapidly. Therefore, it would
be really helpful when optimization routines can be used. There have been some attempts to
develop optimization programs, such as Szilagy et al. [1] and Adriaanse et al. [2], but they used
to be not very accurate. In the meantime, computers have become much more powerful, making
it attractive to revisit the problem. In this work we apply a Genetic Algorithm [3] for the
optimization, and MATLAB was chosen for coding. We started out to calculate the axial
potential using the so-called Second Order Electrode Method (SOEM) [2]. In this method, for
rotationally symmetrical systems, the solution of the Laplace equation is approximated by
omitting terms above third order:

@(r,z) ~ 9(0,2) —r29"(r,2) /4

By applying a cubic spline approximation, the potential can be calculated all along the optical
axis by solving a linear equation of a; @;_1 + b; ¢; + ¢; ;4,1 = d;, where the coefficients ai,
bi, ci and diare only dependent on the geometry of the lenses and their potentials. This way the
axial potential can be calculated very fast (~0.1 sec). Ray tracing is done using a Runge-Kutta
approximation [4] and the spherical and chromatic aberrations are calculated from aberration
integrals [5]. The optimization, for instance, minimizes an objective function, such as the probe
size of a focused beam of charged particles, and constraints can be added, such as the position
of the focus plane and maximum allowable fields between electrodes.

To evaluate this approach we compared, for a three-electrode design (see Figure 1), the
calculated axial potential with the potential calculated using the electron optics design package
EOD [6] as well as the potential calculated with COMSOL [7]. The result is shown in Figure 2.
At first sight, the potentials compare quite well, but when the first and second derivatives are
plotted (Figure 3) the differences become clear. These will influence the aberrations and thus
the probe size of the focused beam, i.e. the objective function. Although EOD and COMSOL
clearly give a more reliable axial potential than SOEM, the latter is much faster.

To improve the accuracy, we investigated the possibility to integrate COMSOL in our
optimization routine. This way the potential calculation and the objective function calculation
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is more accurate, but the optimization becomes more time consuming. We looked into ways to
improve on the calculation time. As a compromise, we first do a rough optimization using the
SOEM approach, resulting in a few approximately optimized systems. Then, using the
parameters of the systems found, a new set of systems was defined using a small range of values
around these parameters. Then the more accurate, but somewhat slower, COMSOL-based
optimization was applied to this set of systems. We have tested our method on three-electrode
systems. We succeeded to very accurately optimize these systems within a few hours, with the
electrode radii and gaps and voltages as free parameters, and the focus position as a constraint.
We are working to expand our work for a larger number of electrodes. We will present the
optimization method and some initial results at the conference.
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Hydrogels can be characterized as elastic hydrophilic polymer chains connected in network
which are able to swell notably when exposed to aqueous media by absorbing considerable
amounts of water. Besides being a constituent of living organisms, nowadays, there are
various fields hydrated polymers (e.g. polyvinyl alcohol, collagen, and starch) can be utilized
— in both biological and non-biological form. Classic examples of such applications are
human health and cosmetics (contact lenses, wound healing dressings and artificial
replacement tissues — skin, arterial grafts, cornea and spinal disc replacement), pharmacy
(drug delivery systems), bioengineering, food industry, agriculture etc. [1]. Also, hydrogels
can reversibly change their shape when being exposed to a temperature change.

The aim of this study is to examine and describe the ultrastructure of a selected hydrogel,
namely hyaluronic acid (Fig 1) and agarose (Fig 2). Hyaluronic acid or hyaluronan is a linear
polymer, composed of a repeating disaccharide that can be found in many living structures
(e.g. extracellular matrix, synovial fluids and vitreous humour), where it has a structural
function, as well as functions in cell proliferation, migration and differentiation. Hyaluronic
acid can be employed in medical applications because of its viscosity, elasticity
biocompatibility and biodegradability, and for it is able to pervade some particular tissues —
e.g. in ophthalmological surgery (cataract), joint disease therapy (arthritis) and wound
healing. Agarose is a hydrophilic polysaccharide with gelling properties in solution that can
be obtained by extraction from marine red algae [1]. The agarose hydrogel is of high elasticity
and comprises a thick rigid network of agarose chains with incorporated large water pores.
This polymer is similar to living tissue and extracellular matrix fluid, and for ability to
penetrate to it is used for biophysical phenomena. Agarose gels can be employed in food
sciences, pharmacology (drug delivery systems), tissue engineering, genetics etc.

Here we presented structural concentration dependant differences which were evaluated by
means of cryo-SEM imaging [2]. Moreover, several types of low temperature sample
preparation protocols were compared. Especially, the effect of various freeze-etching times
was investigated [3]. In addition, besides the ultrastructural characterization by cryo-SEM the
chemical analysis of selected samples was performed by Raman spectroscopy. Raman
spectroscopy is an optical method enabling chemical analysis of a microscopic sample by
laser beam [4]. Fast and reliable monitoring and identification of chemical additives specific
for selected hydrogels is performed by a library of spectra in the so-called fingerprint area.
This is a spectral region unique to each chemical component of hydrogels. Our experimental
results can contribute to the widening of knowledge about the influence of hydrogel
composition on its structure. The comparison of selected techniques can be recognized as
suitable for the structural and chemical analysis applicable to other hydrogel systems as well.
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Figure 1 HA hydrogel mixed with 50mM septonex. Red arrows mark the beam damage, blue
arrows the charging effect.

T ode | WD v x v
pA | 1.00 SE_| 10000 x | 4.4 mm 1 3 1,00k SE 7 mm

Figure 2 Agarose hydrogel concentrations a) 0.5 %, b) 1.0 %, ¢) 2.0 % and d) 4.0 %
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Commonly used monochromators are energy filters. The majority of the particles with
undesired energies is removed. Thus the output current diminishes with increasing degree of
monochromatization. Monochromators in the original meaning of the word that would affect
the energy of the particles by an energy selective acceleration can only be realized by use of
dynamic fields.

Dynamic field applications without exception involve a condition between the phase of the
dynamic field and the entrance point of time of the particle into the field. If this condition is
fulfilled, the dynamic field application works exactly. Unfortunately the width of the time
interval where the condition is fulfilled is mathematically zero. Thus up to now dynamic field
applications in charged particle optics limit themselves to a small time interval around the
periodically recurring point of optimum phase where the condition is fulfilled to a good
approximation. For that purpose bunches are formed around the optimum phase point.
Unfortunately bunch forming suffers from Liouville’s theorem: The product of the bunch
length and the energy spread within it is a constant.

In this work a concept is presented that circumvents this dilemma. A circularly polarized
standing wave deflects the charged particle beam to a rotating orbital feeding the particles into
a propagating wave that rotates within a toroidal wave guide (see figure 1). The circular
deflection supplies a time coding. The entrance point of time of any particle is locked to its
azimuthal position. Provided that the deflecting field and the rotating propagating wave
(denoted by working field in the following) are synchronized correctly the optimum phase
condition is fulfilled exactly and constantly. Time uncertainty vanishes within the limits of
technical & practical implementing of the concept. The working field may be cascaded. It can
be used for a large variety of applications such as monochromatizing, spread inversion (and
not covered by this talk: time focusing, accelerating, pulse forming, spread amplification, and
aberration correction). In the end the spiral orbital may be focused to an inverse circular
deflector that undoes the action of the first circular deflector and thus leads the particles back
to the original axis (see Figure 2.).

A monochromator based on circular deflection was demonstrated to work by computer
simulation assuming theoretically ideal TE10 mode microwaves as dynamic fields. The
energy spread vanishes within the limits of technical & practical implementing of the concept
without any loss of current. The working field acts like a cool thermodynamic reservoir
absorbing heat from the electrons.

In this talk I focus on some details of circular deflection. Furthermore a simplified type of the
circular deflection based monochromator for probe forming applications is proposed. In this
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special case it is possible to economize on the undoing circular deflector by combining the
crossing (of the deflected axis with the original axis) with an image of the electron source.
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Figure 1 Five snapshots of an animated schematic drawing illustrating the principle of a
typical circular deflection application. The circular deflector wave is a circularly polarized
standing wave within a cubic resonator. The electric field vector (shown by the lower group
of arrows) rotates, always pointing perpendicularly to the direction of motion of the electrons
(which is in this figure assumed to point upwards). The working field is represented by the
upper group of arrows. It is a propagating wave that is rotating within a toroidal resonator (not
shown).

[ [ 1
L | |
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Figure 2 Schematic drawing (cross sectional view) of a simplified monochromator design
based on circular deflection. Note that in difference to figure 1 the electrons are assumed to
move from left to right. They are deflected by the circular deflector CD, focused by some lens
like element L, monochromatized by the working field inside the toroidal resonator M,
focused again and deflected by an ‘undoing’ circular deflector in the end.
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Over a period of around 20 years, approximately between 1970 to 1990, a wide variety of
Secondary Electron (SE) energy spectrometer designs were integrated into the Scanning
Electron Microscope (SEM) for the purpose of Integrated Circuit Electron Beam Testing
Circuits [1,2]. These SE energy spectrometers enabled SEMs to quantitatively monitor
changes in surface potential, and they were combined with different types of objective lenses,
conventional magnetic ones, the retarding field type, and the magnetic immersion type.
However, demand for Electron Beam Test equipment sharply fell after Integrated Circuits
started to have ground cover planes, and now days, the use of SE energy spectrometers with
SEMs is rare.

At present, SEM manufacturer’s do not make SE energy spectrometer attachment accessories
available, and it is up to individual researchers to make them for themselves. However, recent
research shows that there is a need to use SE energy spectrometers with SEMs for material
science applications. Figure 1 shows a band-pass second-order electrostatic toroidal SE
energy spectrometer attachment system for SEMs [3], and Fig. 2 presents experimental SE
energy spectral signals captured from it on a test specimen having p-doped stripes in a n-
doped silicon substrate, which was etched and then allowed to grow a 15 nm native oxide
layer under controlled conditions. The results demonstrate how the SE energy spectral signal
changes shape according the dopant regions and the presence of the native oxide layer. These
results point towards the development of a new possible method for mapping material science
properties on the nano-scale in the SEM.

This talk will review different types of SE energy spectrometer designs, highlighting those
that are most suitable to operate as SEM attachments, and it will also give some examples of
the kinds of contrast mechanisms that can be monitored by them.
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Figure 1: A second-order toroidal SE energy spectrometer inside a SEM
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Figure 2: Experimental results on a p-doped stripe in a n-doped silicon substrate test
specimen in the presence of a 15 nm native oxide layer
(a) SEM image (b) At the stripe edge (point A) (c) At the stripe centre (point B)
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The W5014 (O/W=2.8) nanowires are metallic oxides with specific resistivity of 25 uQcm and
diameters bellow 100 nm [1]. They were synthesized by iodine transport method using nickel
as a growth promoter and WO3 as source of tungsten and oxygen. The field emission
characteristics of single nanowires [2] and the films composed of these nanowires have been
reported [3]. The emitting current densities up to 6.4 mA/cm? have been obtained at relatively
low average electric field of about 3 V/um. The samples were allowed to emit for more than
100 hours without showing significant decays of the emitting current and without substantial
current oscillations. Here, we present field emission properties of single WsO14 nanowires
exposed to two ranges of average electric fields (0.7-0.85 V/um and up to 37-39 V/um.

.

Figure 1 Scanning electron microscopy of the WsO14 nanowires (insets A-F). Bonded wire is
illustrated in an inset G; a single nanowire is bonded on a tungsten tip.

Work function was measured on a single nanowire by Kelvin probe using non-contact atomic
force microscopy. Decrease of the work function at the longitudinal terminations of the
nanowires and along surface corrugations was observed. Contact atomic force microscopy
using conductive tip has shown higher specific conductance at these sites, which could
represent the emission sites. The work function values of the WsO14 nanowires were found
lower (4.29-4.34 ¢V) than for a W1sO49 nanowires (4.55 eV) or for pure tungsten (4.47 eV).
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Field emission properties of bonded WsO14 nanowires (Fig. 1) have been evaluated both in
STM mode and in a triode configuration [4] using extracting electrode as it is illustrated in
Fig. 2.
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Figure 2 (left) Measurement set-up based on original Miiller’s field emission microscope- the
triode configuration; (right) the STM (diode) configuration intended for imaging tests.

The results of a two various samples in the STM mode yielded I-V characteristics and a
Fowler-Nordheim plot proving a presence of the quantum tunnelling (Fig. 3). Measurements
in the triode mode have been additionally used for determination of the field enhancement
factor and long-time stability of the beam.
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Figure 3 Field emission measurements of WsO14 nanowires in the STM mode (from the left):
1) I-V characteristics, 2) Fowler-Nordheim plot and 3) the STM image of HOPG sample
obtained by the nanowire at the voltage =1 V and current = 0.1 nA.
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The high stability and good current homogeneity in the spot of the e-beam writer is crucial to
the exposure quality, particularly in the case of large-area structures when gray-scale
lithography is used. Even though the deflection field distortion is calibrated regularly and
beam focus and beam astigmatism is dynamically corrected over the entire deflection field
[1], [2], we can observe disturbances in the exposed relief.

Recently, we presented a method that makes use of e—beam exposure imperfection by
introducing marginally visible high—frequency diffraction gratings of variable pitch that fill in
separate orthogonal exposure fields [3]. The actually presented approach follows up our
research on aperiodic arrangements of optical primitives [4], especially on the phyllotactic—
like arrangement of sub—micron relief optical elements. This approach is extended from the
diffraction element arrangement to the higher level of exposure fields arrangements.

The benchmarking DOVID (Diffractive Optically Variable Image Device), presented here as
an example (Figure 1), makes use of the aperiodic arrangement at three different hierarchical
levels. First, at the visual level, it consists of small visible planar objects (referenced hereafter
as seeds), that are considered to be separated exposure fields (there is a movement of the
patterning system stage between exposures of two adjacent seeds). This imposes an
interesting task of the exposure field sequencing, as discussed below. Second, at the
microscopic level, the aperiodic arrangement is used to determine two complementary areas
filled in with a different diffractive patterns. Third, at the sub—micron level, the phyllotactic
arrangement of diffractive elements is filling selected areas of the benchmarking image device
(Figure 2).

The seeds in the arrangement are ordered along a primary spiral (cf. the coordinates model in
[51, [6]); this is, by the way, the ordering used by the Nature. However, plants grow up slowly
into this arrangement within an appropriate time span. The use of this sequencing while trying
to mimic the final state of the arrangement seems to be quite inefficient. The summary path
(which is related to the length of the primary spiral) linking all the seeds, depends not only on
the number of seeds but also on the diameter of the arrangement. Schematically, this is
illustrated in Figure 3 (left), denoted as 1D sequencing (as the ordering depends just on one
independent variable, the primary angle in this case). One can imagine several approaches to
decrease the discussed path that would make it possibly to be related only to the number of
seeds. Actually, we are studying various approaches and we are trying to evaluate their
tradeoff attributes. Here, we propose just one of them: a simple sequencing along the
secondary (or derived) spirals that are visible in the arrangements of a medium size
(approximately in the order of 10e2—10e4). This type of sequencing is denoted as a 2D
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sequencing, because the order of seeds goes along the first selected spiral from a selected
secondary spiral set, then continuing along the second spiral of the mentioned set and so on,
until all the seeds are ordered. Schematically, this 2D sequencing approach (with
oversampling ration of 8:1) is depicted in the Figure 3 (right). In this simple example
arrangement of 90 seeds, the full path is 18.2¢ and 4.0c in the case of 1D and 2D sequencing
algorithm, respectively (c being the scale parameter of the aperiodic arrangement).
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LEEM is a well established method for the imaging of surfaces of materials using the impact
of very slow electrons (down to zero energy - mirror microscopy). On the other hand,
scanning electron microscopy has not consistently solved the detection of electrons in the
mirror mode, i.e. in the incident energy range of 3 to 0 eV. In contrast to LEEM, which forms
an integral image of the specimen surface and projects it onto an image screen, the scanning
method relies on the detection of signals from individual pixels of the specimen. Since mirror
microscopy can be realized only when using immersion lenses (either electrostatic, or
combined with magnetic immersion), the detector has to capture the fast electrons with
energies in principle of the same value as of the primary beam. Such “signal” electron beam
moves back through the optical system very close to its optical axis and standard rotationally
symmetric electron optics is in principle not able to provide their detection, and signal
electrons return towards the source. The higher magnification is used, the more signal
electrons are lost.

One solution is to use a rotationally asymmetric imaging and detection system that provides
separate beam lines of primary and signal beams [1]. Any separation of these two beams
requires their deviation from the optical axis. Given that the energy of signal electrons is high
(close to the energy of the primary electrons) in the mirror microscopy mode, the deflection of
signal electrons without influencing the primary beam quality is not a simple problem. One of
possible solutions is to use a Wien filter, which does not change the trajectory of the primary
beam, but only of the signal beam. However, only relatively small deflection angles of the
signal beam are achievable for fast electrons. Larger deflection angles cause non-correctable
defects of the primary beam. Another solution is to use magnetic prisms, which are able to
compensate for any aberrations of the second order and also for energy dispersion in a
symmetrical arrangement [2]. In the asymmetric arrangement, we can reach sufficiently large
beam deflection angles (90°) having the energy dispersion on the order of units of
micrometers per volt. By proper combination of homogeneous magnetic fields, the beam
separator stigmatically transfers the primary beam back to the optical axis, while
simultaneously allowing the detection of either energy non dispersed or dispersed signal
electrons (for example of secondary or backscattered). Such a through-the-lens detector has
zero optical power in the primary beam direction. In the “standard” operation mode with
grounded specimen the through-the-lens detector can be (but does not have to be) switched
off. The primary beam then passes through the detector rectilinearly. Signal electrons can be
collected with any other standard detectors for SEM microscopy.

The first experiments verifying the correctness of the concept were made with the help of an
assembly consisting of an (Schottky) electron source equipped with a magnetic gun lens
followed by detector unit and electrostatic triode objective lens. The specimen is connected to
a variable high voltage supply floating on the cathode potential. This arrangement allows to
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compensate the instability of the main high voltage supply in such a way that the incident
energy remains well defined. Here we present the system with only electrostatic immersion
objective lens. Experiments with a combination of electrostatic-magnetic immersion lens are
under preparation. The results presented here are demonstrating the ability of the detector to
distinguish between BSE and SE electrons for landing energies as low as 0.5 eV. The integral
detector is mixing both signals and shows the mirror character of the image.

68 mm

Model of the detector. Experimental setup

Landing energy 30eV
7 ; - X4

50 um SE 50 pm BSE 50 pm SE + BSE
Landing energy 0.5eV

50 pm SE 50 pm BSE 50 pm SE + BSE

Micrographs demonstrating the energy selectivity of the detector. Even for landing energy
0.5 eV both SE and BSE electrons can be distinguished.
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The segmented semiconductor STEM detector in the Magellan 400 FEG SEM microscope
(https://www.fei.com/) is used to detect transmitted electrons (TEs) and allows observing
samples in four imaging modes. Two modes of objective lens, namely high resolution (HR)
and ultra-high resolution (UHR), differ by their resolution and by the presence or absence of
a magnetic field around the sample [1]. If the beam deceleration (BD) mode is chosen, then
an electrostatic field around the sample is added and two further microscope modes HR + BD
and UHR + BD, become available. Trajectories of TEs are studied with regard to their angular
and energy distribution in each mode in this work.

There is no magnetic field around the sample in the HR and HR + BD modes. The
electrostatic field between the sample and the STEM detector collimates TEs toward the
optical axis. We can detect signal electrons transmitted at large polar angles with respect to
the optical axis.

On the other hand, the sample is placed in a strong magnetic field in both UHR and UHR +
BD modes. The electrons have spiral trajectories because of the magnetic field and they can
cross the optical axis plane several times before they reach the detector. Thus the angular
distribution is not simply interpretable as in the case of the HR mode.

We focus on the capability of the STEM detector to collect signal electrons by its individual
segments (BF, DF1, DF2, DF3, DF4 and HAADF) depending on their energy, initial polar 6o
and azimuthal angles under which the electrons leave the plane of the sample. EOD [2]
simulations of the UHR mode, see Fig. 1, allow us to map the initial polar angle to radius in
the detection plane. This information is not directly accessible in the STEM measurement.
The simulations in Fig. 1 do not include the influence of the sample material, 6o ranges from
0° to 90° with a constant step 1°. If we want to compare the simulated results with the
experimental data, then it is desirable to model the energy and angular distribution of the
outgoing electrons for a given material.

Carbon based film of 20 nm thickness was imaged by the STEM detector in the above
mentioned four modes. The landing energy was always 4 keV. We used the stage bias -4 kV
in the BD mode (the primary beam energy of 8 keV). We collected images using each of the
six segments of the detector and measured the average brightness of a defined image area to
determine the signal intensity.

Monte Carlo simulations of electron propagation through thin foils of graphite were
performed in the program Geant4 [3]. The trajectories of the electrons in the magnetic and
electrostatic fields below the foil were traced using the software package EOD.
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The results of both simulations and experiments for the carbon based film are shown in Fig. 2.
The outcome of the simulation and the experiment is affected by many factors to a different
degree. A good comparison of the experiment and the simulation needs to consider e.g. the
sample purity, the actual sample thickness, simulation models used, detection parameters for
each detector segment, etc. Our simulated and experimental results are in good agreement for
all four microscope modes.
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Figure 1 EOD simulated radius » measured from the optical axis of the impact position of
TE in the STEM detector plane as a function of the initial polar angle @y, under which the
TEs leave the sample; UHR mode, energy of TEs E7¢ = 4000, 3000, 2000, 1000, 500, 100,
50,10 and 5 eV.
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Figure 2 Normalized signal from each segment; UHR mode.
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EELS in the electron microscope has progressed greatly in recent years. The best energy
resolution reached prior to 2013 was about 40 meV in a 30 msec exposure (full-width at half-
maximum of the zero loss peak (FWHM of ZLP) at 200 kV) and the ZLP “tail” intensity was
about 1/1000 of the ZLP maximum at an energy loss of 300 meV [1]. The introduction of the
Nion ground-potential monochromator in 2013 improved the energy resolution to 16 meV in a
55 msec exposure (at 60 kV) [2], and allowed the exploration of vibrational (phonon) signals
in the electron microscope to begin [3]. The introduction of the Nion EEL spectrometer in
2017 improved the resolution to 6 meV in a 100 msec exposure at 60 keV (Fig. 1), and
reduced the ZLP tail to the 1/1000 level at 40 meV loss [4].

Our design has:

a) Eliminated the deleterious effects of high tension (HT) instabilities, by putting the
monochromator (MC) at ground potential, a design in which HT instabilities displace the ZLP
incident on the energy-selecting slit, but do not change the energy selected by the slit.

b) Eliminated the effects of instabilities in the prism current, by connecting the three MC
prisms plus the spectrometer prism in series. The result is that instabilities in the prism current
do not affect the position of the spectrum on the EELS camera.

¢) Improved the stability of the HT by sensing the beam intensity falling on each half of the
MC’s energy-selecting slit, and using the difference signal for HT stabilization.

d) Improved the stability of the EELS by a careful design of its multipoles, avoiding schemes
that lead to substantial dipole-like instabilities that randomly displace the spectrum.

e) Decreased the sensitivity of the system to stray magnetic fields, by putting quadruple mu-
metal shielding around the monochromator and triple shielding around the EELS.

f) Decreased the sensitivity to mechanical vibrations, by strengthening the EELS with robust
anti-vibration bracing.

Another key ingredient is high-order aberration correction. As shown by Fig. 2, there are
small crossovers containing images of the electron source in many planes in the microscope,
including the MC slit, the sample, and the EELS. At each of these places, higher performance
(better energy or spatial resolution) becomes possible by minimizing the size of the image.
We minimize the size by performing 3™ order aberration correction in the monochromator,
and correcting all aberration up to 5 order in the probe corrector and the spectrometer.

Examples of recent applications include momentum-resolved vibrational spectroscopy that
provides similar information to neutron scattering and inelastic X-ray spectroscopy, but from
much smaller volumes [5], measuring the temperature of small sample areas by energy
gain/energy loss spectroscopy [6], and vibrational spectroscopy of water (Fig. 3) that also
detected isotopic substitution [7]. These and other examples will be presented in the talk.
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Garnet single crystals are widely used as scintillators in electron detectors. Cerium activated
lutetium aluminum garnet Cex:LusxAlsO12 (LuAG:Ce) is a promising example of such
material for these applications. This is mainly due to its high light yield (LY) of 25 kph/MeV,
short decay time of 60-80 ns, high atomic density (6.7 g/cm?), and high radiation stability
with no hygroscopicity. The cathodoluminescence (CL) performance can be improved by Ga
and Gd doping the garnet matrix. Proper admixture of these elements can increase the LY to
50-60 kph/MeV in addition to eliminating unwanted slower decay components. There was an
idea that further decay acceleration can be achieved by doping the garnet with monovalent
(Li") or divalent ions (Mg?", Ca"). This should increase the valency of some Ce** centres to
Ce*" which should better compete with electron traps, and thus accelerate the decay. Our
previous work proved the same decay trend [1], however, at a price of the LY. Such LY loss
may induce the idea, if the stable Ce*" centres are really participating in Ce*" emission.

To verify this idea, Mg-rich LuAG:Ce,Mg and LuGAGG:Ce,Mg single crystalline films were
prepared. They were grown by the liquid phase epitaxy from lead-free BaO-B203-BaF2 flux
on bulk single crystal LuAG substrates. As a result, thin films with thickness around 10 um
with different concentration of Mg were prepared. This preparation method was chosen
because the LuAG:Ce single crystals usually contain various unwanted structural defects
(mainly antisite defects). These defects can result in nonradiative recombination (losses of
LY) and in delayed luminescence decay (afterglow). It was shown previously [2] that the
concentration of these defects decreases with the decreasing temperature of the crystal
growth. Therefore, single crystalline epitaxial films were preferred to the bulk ones because
the growth temperature of the films is about a half (1000 °C) of the bulk ones (2000 °C). This
ensured the structural defects elimination.

Cathodoluminescence (CL) was selected as an optimal tool for the luminescence study.
E-beam ensures enough energy to excite over bandgap (contrary to photoluminescence) with
sufficiently low penetration depth (contrary to radioluminescence) to prevent the substrate
excitation. Moreover, CL is a native tool for the research of electron detectors. Specialized CL
apparatus located at our institute was used for this purpose [3].

Absorption properties (Fig. 1), CL spectra (Fig. 2) and CL decays (Fig. 3) were studied at the
presented specimens. The general trend of decreasing LY and accelerating decay to only units
of ns was observed. The explanation of these trends follows: Without Mg-doping, the decay is
relatively slow (50-80 ns decay time). Here, the CL is mainly caused by the radiative
recombination on Ce?’, trap states or slow energy transfer from trap states to Ce*" (delayed
recombination). Because Ce?" is an unstable configuration, firstly, the Ce** has to capture the
hole to form Ce*". Secondly, the free electron is captured, so the radiative recombination,
finally, can occur. Increasing concentration of Mg atoms induces more stable Ce*" centres that
are immediately prepared to capture free electrons, thus Ce*" centres better protect electrons
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to be captured by traps. This lowers the
negative effect (delayed recombination,
afterglow) of the traps. After all, hole is
captured by Ce’" to form a stable Ce*'
centre again. On the other side, the LY
generally decreases (Fig. 2) with
increasing Mg-content. This might be
caused by an oxygen vacancy formation or
O centre stabilization which might cause
nonradiative recombination centres.
However, this is still contentious.

Nevertheless, it was shown that
characteristic 5d-4f emission at Ce*" still
occurs, even at high concentrations of Mg
(>7000 ppm). This is a very important
result in comparison to optical absorption
spectra because these Mg-rich films don’t
show any of the two characteristic
absorption bands (Fig. 1) belonging to
4f-5d transfer at Ce*", so all of the Ce®*
centres are already converted into Ce*"
ions. In addition to still visible Ce*
emission, this means, that Ce*" ions must
play a significant role in Ce®* emission
mechanism.
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Secondary electron filtering in Scanning Electron Microscope (SEM) has been in use for over
a decade. This technique uncovers interesting contrasts in an otherwise ordinary SEM image
which can possibly be used for dopant concentration mapping [1] or for discerning the slight
molecular weight differences in apparently homogeneous organic materials [2]. Secondary
electron filtering of semiconductor samples seems very promising as it may shed light on the
mechanism of SEM image contrast between p-doped and n-doped semiconductors, possibly
allowing to determine dopant concentration from SEM image alone.

The first experiments using secondary electron filtering were conducted using a through-the-
lens detector (TLD) located inside the SEM column, which detects low-energy signal
electrons re-entering the column through the narrow nozzle of the last lens. A set of biased
electrodes (suction, push, mirror, and the sample itself) is used to draw the signal electrons
back inside the column and then bend their paths toward the off-axis detector. This allows the
respective voltage biases to be set in such a way that the resulting electrostatic field allows
only specific energy and angle ranges to be detected.

TLD filtering can be employed in a standard commercial SEM and has been used e.g. by [3]
and [4]. In our case, the Ultra-High Resolution SEM Magellan 400L from FEI was used to
conduct our first proof-of-concept experiments (Figure 1). Electron optical calculations were
made to determine the appropriate voltage biases of the TLD electrodes and the sample [5].
The sample was a custom-made silicon wafer with areas of differing, incremental dopant
concentration.

For some specific uses we however find the TLD to be a rather crude tool as it doesn’t allow
setting the width of the bandpass filter with a very fine step. Especially for semiconductor
applications the energy window has to be very narrow, set in steps of 0.1 eV instead of 1 eV
as available with TLD. This is why we decided to incorporate a standalone analyzer into our
UHR SEM instead and opted for an energy analyzer of the [6] design. The first experiment
with this type of analyzer was made on the same doped structure as previously and Figure 2
shows the first preliminary results which maps the signal dependence on the detected energy
of SE from heavily doped and substrate region of the semiconductor (N-type heavily doped
patterns of the dopant concentration 1x10'° cm™, made on an p-type Si substrate with dopant
concentration 1x10' ¢cm™). The measured SE signal from n-type is higher then signal from
p-type substrate for interval 0 — 1 eV. This experiment confirms that, the contrast strongly
depends on energy of detected secondary electrons. For better understanding of this
phenomenon further investigation with different dopant concentration and dopant types of
semiconductor is needed.
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Figure 1: N-type doped patterns of the dopant concentration 1x10' cm, made on an p-type
Si substrate (dopant concentration 1x10'> cm™)
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Figure 2: Secondary electron energy spectra from doped and substrate region of the sample
imaged in Figure 1.
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In electron optical systems used for imaging or patterning, a beam of electrons is focused onto
a probe whose smallest obtainable size is a good indication of the best resolution of the
system. More than 50 years of research and development have been devoted into improving
the resolution of these systems; making the electron probe as small as possible. Present day
instruments can easily provide sub nm probe size, but the probe current is only tens of Pico-
Amps. Such a small probe current restricts the throughput of these instruments remarkably.
Multi electron beam systems, in which not one but many electron beams are focused onto the
sample simultaneously, can enhance the throughput to a great extent. A Multi Beam Scanning
electron Microscope (MBSEM) based on the FEI Nova-Nano 200 SEM column was designed
and built in our research group at Delft University of Technology. It delivers 196 focused
beams onto a sample [1-3]. Figure 1 shows a schematic overview of the electron optical
configuration of the MBSEM. One of the essential components of this instrument is the multi
beam source unit (MBS) which replaces the standard single beam source unit of the Nova
Nano SEM. In the MBS, the emission cone of a high brightness Schottky source is split into
an array of focused beams by an aperture lens array (ALA). The MBS possesses unique
electron optical properties: the zero- strength macro lens and field curvature compensating
aperture lenses. The two macro electrodes (E-1 and E-2) in combination with the extractor
electrode (Ext.) and the aperture plate create a so called “zero-strength lens (ZSL)” (Fig. 2a).
The task of the ZSL is to create an electrostatic field on the aperture array which turns the
apertures into single-electrode micro-lenses without causing a macro-lens effect between the
electron source and ALA. Moreover, by careful manipulation of the shape of the field at the
aperture plate, which is actually done by adjusting the voltages of the E-1 and E-2, it is
possible to correct the field curvature, so the array of micro-beams focuses in a flat plane (Fig.
2b). The MBS with its, above mentioned, two unique electron optical properties was first
introduced by Kruit et al [5] and a detailed aberration calculation was presented by Zhang et
al [6]. Both Kruit and Zhang assumed that the “zero-strength” effect of the ZSL is guaranteed
if the design is set such that the angular deflection at the plane of the aperture array is zero.
However, in recent further theoretical investigations and simulations, it was found that this
assumption is incorrect. The macro ZSL is not a “thin” but a “thick” lens; even if the angular
deflection at the aperture array plane is zero, it’s axial spherical and chromatic aberrations
aren’t necessarily zero or even small. In fact, these aberration coefficients could be very large
leading to an unacceptable astigmatism and extra contributions to the field curvature in the
image plane of the array. Therefore, in the design of the zero strength lens, it is not the zero
deflection at the aperture plane that should be respected but its axial spherical and chromatic
aberration coefficients should be made as small as possible, close or even equal to zero! The
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latter is possible because in the design of the MBS, there is no central aperture in the ALA
plane: for the macro lens it can be considered a closed electrode. This leaves the possibility
for a charge on the optical axis of the ZSL and according to the Scherzer theorem; it should
then be possible to configure a lens with axial spherical and chromatic aberration coefficients
equal to zero or even negative. A comprehensive and detailed analysis and design of the MBS
will be presented.
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Radiofrequency (RF) Paul traps are valuable in the design and in the operation of highly stable
optical atomic clocks based on suitable trapped ions [1]. The traditional setup involves a single
ion in an RF trap irradiated with a laser beam. The frequency of the laser light is then fine-tuned
to match that of photons coming from an electronic transition in the atomic shell. The
achievable frequency stability is about 10! for laser-cooled ions. However, the stability can be
further improved by using heavy atoms (such as Thorium) and the more stable frequencies of
their nuclear transitions, and by setting up so-called Coulomb crystals, to improve the frequency
measurement statistics by increasing the number of reference atoms [2]. These techniques and
their combination could reach relative stabilities beyond 1020,

Fig. 1 shows the trap operated at the Institute of Scientific Instruments (ISI). It was obtained
through a cooperation with the Institute for Quantum Optics and Quantum Information of the
Austrian Academy of Sciences. It is a linear quadrupole RF trap. The ion confinement around
the z-axis is facilitated by an RF electric field generated by the gradrupole electrodes, the field
contribution from the axial endcap electrodes then stabilizes the ions along the z-axis. The
endcap electrodes have axial openings to allow a laser beam to pass through them.

We used Comsol Multiphysics to calculate the electric field in the trap shown in Fig. 1. The
geometry has several symmetry and antisymmetry planes, which allows to reduce the whole
simulated problem to 1/16 of the design by applying the Dirichlet and Neumann conditions on
the appropriate boundaries (besides the Dirichlet conditions at the electrode surfaces).
Furthemore, the field can be expressed as a superposition of two basis fields P,_(x,y, z) and
P,,(x,y,z) a computed for the following unit electrode potential assignments (Fig. 1b):
P,_:U,=-U,=1V,U.=0and P,,:U, = U, =1V, U, = 1V . These functions are scaled
to the actual electrode potentials, including the time-dependent part of the RF potentials. Fig. 2
shows the computed basis potential functions on the simulated section of the design.

During the experiment two circuit arrangements are used. In the first, non-symmetric RF wiring
there is a DC voltage between one pair of quadrupole electrodes and the two endcap electrodes,
in which the potential is expressed as —%UDC(P++ +P,. )+ %URF(PJrJr — P,_) coswgpt. In
the second, symmetric quadrupole wiring, the endcap electrodes are at a DC bias relative to a
common ground, and each pair of the quadrupole electrodes is driven at a RF voltage in the
counterphase relative to ground. This corresponds to Up(1 — Py,) + UgpP,_ cos wgpt. The
symmetric wiring, albeit electrically more complex, eliminates the RF micromotion on the z-
axis, which is more suitable for the experiments.

A FEM simulation of the electric potential produces its values in a mesh of points scattered in
the space. Then an accurate interpolation in the mesh is needed, especially in the region close
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to the z-axis, where the ions are confined. The situation resembles that in charged particle
optics, where accurate field evaluation is needed for reliable calculation of optical properties
and real particle trajectories. A suitable representation of the electric potential in the vicinity of
the z-axis is the sum of multipole components @, (r,z) = rmiR{Um(z,rz)eim‘p}, where the
two-dimensional functions ®,,,(r, z) can further be expanded into power series expansions in
the radial distance . The whole field is then expressed in terms of axial multipole functions
(depending on z) and their derivatives [3]. The analytic model of the potential then can be fitted
to the numerical FEM values to obtain the axial multipole functions [4]. The formula with the
known analytic function than serves as the interpolation function.

In order to determine values of the axial multipole functions at certain z-coordinates by fitting,
the FEM mesh points within a certain distance from the axis are arranged in a set of planes
perpendicular to the z-axis. This way the axial multipole functions are determined as their
values for a set of z-coordinates. To evaluate the values of the axial functions in an arbitrary z,
the spline interpolation is used.For the fitting of the axial multipole functions we used a series
expansion containing powers of the radial distance » up to 6. Within this approximation, P, _
consist only of the multipoles with m = 2 and 6, and P, , only of those for m = 0 and 4. An
example of a fit is in Fig. 3.

The multipole series expansion serves as the starting point for semi-analytic computations of
other important quantities of the trap in terms of the electrode voltages, the amplitude of the RF
potential and its frequency: the secular potential (describing the time-averaged action of the
confining field), eigenfrequencies of the secular ion motion, the conditions of confinement, the
amplitude of the micromotion, stability and adiabacity conditions, etc. [5]. That allows a
straightforward determination of the optimum operating conditions of the trap for a given ion.
We expect the multipole analysis will be advantageous in simulation of more complicated se-
ups, involving, for example, the Coulomb crystals.

(b)

Figure 1: A drawing of the complete trap assembly (a), and the schematic drawing showing
the quadrupole electrode pairs and the axial endcap electrodes (b).



54 Recent Trends 2018

A1l

1

0.9
08
0.7
06
05
0.4
03
02
01

0
V¥ -7.61x107°

1
1
0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1
o

]

A1l

A

y/mm

v

X/ mm

Il
i I 1 Yo
[ 1 2

3
z/mm

3
z/mm
Figure 2: Computed basis potential distributions on the simulated 1/16 of the trap geometry,
potential in the whole geometry can be obtained by mirroring the shown sections by the planes
of symmetry or antisymmetry (planes x = +y,x = 0,y = 0,z = 0).Column (a): basis function
P, _, column (b): basis function P, . On the rows there is the potential on the surface of the
simulated section, the equipotentials in the section z = 0 and in the section y = 0, respectively.

For example, the first-order stiffness factors of the secular trapping force on the z-axis can be
expressed for an ion with mass M and charge ¢ in the corresponding directions as ky ,, ,(x) =
q*Ugrfry,.(2)/4Mw?* 4+ qUpcgy 5 ,(2), where the functions f(z) and g(z) are expressed in
terms of the multipole axial functions p,,, For the symmetric RF driving they are f, = f, =
2p2 0.z =0,0, = 9y = Po2/%,9; = —Po2/2 . They are shown in Fig. 4. The requirement of
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a positive stiffness factors then leads to conditions for a basic trap stability in terms of the ion
parameters, the voltages Upc and Urr, and the RF frequency.
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Figure 3: Axial functions for the basis potential function P, _ , with p, ; being the quadrupole

axial function and pg o the dodecapole function, the next non-zero multipole component for that
basis function. The dashed curves are the standard deviations (note the scaling) and they
demonstrate the high accuracy of the FEM calculation and the fit of the analytic model.
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Enzymes are highly versatile and ubiquitous biological catalysts. They can greatly accelerate
large variety of reactions, while ensuring appropriate catalytic activity and high selectivity.
These properties make enzymes attractive biocatalysts for a wide range of industrial and
biomedical applications. Over the last two decades, directed evolution of enzymes has
transformed the field of protein engineering.

We have devised microfluidic systems for directed evolution of haloalkane dehalogenases in
emulsion droplets. In such a device, individual bacterial cells producing mutated variants of
the same enzyme are encapsulated in microdroplets and supplied with a substrate. The
conversion of a substrate by the enzyme produced by a single bacterium changes the pH in the
droplet which is signalized by pH dependent fluorescence probe, see Figure 1A. The droplets
with the highest enzymatic activity can be separated directly on the chip in a sorting junction
by dielectrophoresis and the resultant cell lineage can be used for enzyme production or for
further rounds of directed evolution. The developed platform is applicable for screening of
large libraries in directed evolution experiments requiring mutagenesis at multiple sites of a
protein structure.

In a system for evaluation of the enzyme kinetics of the dehalogenase reactions, we use
Raman microspectroscopy and surface enhanced Raman spectroscopy (SERS) in microfluidic
systems for detection of the reaction substrate and metabolites, see Figure 1B. The apparatus
used for sequential dilution of glycerol and haloalkane TCP (1,2,3-trichloropropane) consisted
of two microfluidic piston pumps with manual and computer controlled regime (via USB to
RS232 converter and LabView GUI). In the calibration experiments, the syringes were filled
with glycerol or TCP solutions or water respectively and the ratio of the pumping speeds was
used to dilute the solutions in a stepwise manner. The resultant solution was pumped into a
chamber with SERS substrate, or into a square glass capillary and measured by Raman
spectroscopy. We were able to measure glycerol and TCP concentrations at millimolar
concentrations. We used PCA (principal component analysis) for evaluation of the Raman
spectra. We aim to use the calibrated apparatus to gauge the rate of catalysis for individual
dehalogenase enzymes and enzyme mixtures in various reaction conditions. This is useful for
mapping the optimal reaction conditions.
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A FLUORESCENCE BASED OPTOFLUIDIC SYSTEM FOR DIRECTED EVOLUTION OF ENZYMES
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The SEM with various detector arrangements and analytical attachments represents an
irreplaceable tool in material research. One of the techniques available in most contemporary
microscopes is the scanning low energy electron microscopy (SLEEM) with biased specimen
[1], marketed as the beam deceleration mode, gentle beam and others. The SLEEM allows
controlling the information depth of the backscatter electron (BSE) imaging within a wide
range by altering the landing energy of electrons.

The BSE micrographs show, among others, crystallographic contrast distinguishing grains in
polycrystals. On non-deformed (relaxed) samples we get the image signal homogeneous
within a grain while with heavily deformed metal samples gradual signal variations appear
even inside grains [2,3] — see Fig. 1.

mode: non-deformed sample (a), deformed and air cooled (b), and deformed and quenched
(c) (reproduced from [3]).

Micrographs in Fig. 1 were taken at unloaded samples after their processing. Clearly visible
effects of deformation raise a question about possible correlation of appearance of the
SLEEM micrographs and the instant distribution of the material strain, i.e. about possibility of
observing the sample deformation in real time including possible quantification.

In order to perform pilot experiments of this kind we have adapted the miniaturized tensile
tester DEBEN Microtest for operation in the SLEEM mode with biased sample. The tester
offers various load capacity adjustable by interchangeable gearboxes and load cells; our
version has the load capacity of 300 N and travel of 10 mm in length. Original metallic
clamps have been replaced with insulating ones that would enable to bias the sample in the
kV range. The clamps (see Fig. 2) were fabricated from polyetheretherketone (PEEK),
acceptable as regards both electrical and mechanical parameters.

With the given load capacity of the tensile tester and necessity to secure a sufficiently large
planar equipotential surface of the sample, we were restricted to testing thin foils with cross-
section in low units of mm?. For the load capacity of 300 N and the cross-section of 1 mm?,
we get maximum stress of 300 MPa, which is sufficient for deformation of pure metals up to
destruction of the foil.

Material of choice was copper and samples were made as 10 mm wide strips of a 0.35 mm
thick foil, perforated with a 2 mm hole in the center. Sample was ground and polished upon
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standard metallographic recipes. Deformation was localized around the hole, which facilitated
preliminary adjustment of the field of view.

Fig. 2: The tensile tester with original clamps (left), insulating clamps made from the PEEK
(right).

Experiments were conducted in the TESCAN Vega SEM equipped with a conventional
thermo-emission gun, side mounted Everhart-Thornley detector (ETD) and a scintillator based
BSE detector coaxially placed below the objective pole-piece. In the SLEEM mode the
above-sample electric field prevents secondary electrons (SE) from impinging the ETD
detector so image series in SE and BSE signals had to be collected in separate cycles, i.e. with
different fields of view.

Fig. 4: Series of the SE micrographs with loads of 0, 65, 130, 195, and 260 N.

Both series in Figs. 3 and 4 reveal effects of deformation: at low loads the elastic deformation
is only slightly apparent while when plastic deformation commences, homogeneous
brightness of grains converts into a mixture of shades and the SE images reveal generation of
changes in surface topography.

Study is still in progress with future concentration on quantification of the deformation and
correlation with the structure appearance. Next experimental phase is planned in a device
enabling the BSE and SE images to be recorded within a single deformation cycle.

[1] L. Miillerova, L. Frank, Advances in Imaging and Electron Physics 128 (2003) 309-443.
[2] § Mikmekova et al., Key Engineering Materials 465 (2011) 338-341.
[3] S. Mikmekova et al., Applied Surface Science 275 (2013) 403-408.
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THERMAL DESORPTION SPECTROSCOPY IN PROTOTYPE FURNACE FOR
CHEMICAL VAPOR DEPOSITION

L. Pricha'”, B. Daniel', J. Pitios', E. Mikmekova'
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Cleaning of the sample surfaces is crucial for scanning electron microscopy [1], especially for
low energy electron microscopy or for the deposition of thin layers, such as graphene [2],
where surface has to be well prepared. In the best case, every unwanted particle should be
cleaned from the sample surface for best low energy electron microscopy observation or thin
film deposition. Unfortunately, the standard cleaning procedures can leave residues on the
sample surface [3]. This work is focused on thermal desorption spectroscopy (TDS). TDS is a
method of observing desorbed molecules from a sample surface during the increase of
temperature of the sample. The aim of this study was to determine optimum conditions:
temperature and time, to achieve clean surfaces in the shortest time.

Our prototype furnace combines the possibility of doing thermal desorption spectroscopy,
chemical vapor deposition and also annealing of the samples with a high temperature (up to
1100°C) in ambient atmosphere or in a vacuum. The system is able to reach a pressure of
10 Pa within minutes and a pressure of 10~ Pa within hours. There are two gauges connected
to the system to control the pressure change during the experiment, adjusted for more
different gasses. The low pressure in the furnace is crucial for the thermal desorption
spectroscopy and the CVD of graphene. The increase of temperature and the time for
annealing can be programmed through the digital panel on the furnace, which makes the
whole experiment much easier to handle and makes it possible to adjust the parameters during
the experiment.

This work is focused on the thermal desorption of selected gasses (mainly hydrocarbons —
CxHx) from the silicon surface, which was cleaned before the TDS measurement by the
standard procedure. In our case, the standard cleaning procedure of silicon wafers consisted of
ultrasound cleaning in acetone (CH3-CO-CH3), ethanol (CH3-CH2-OH) and deionized water
(H20). We have cleaned the samples separately with selected solution to get different spectra
for each measurement. To obtain a better overview we have measured the spectra also for the
samples cleaned with all three solutions and for different annealing temperatures (100°C,
200°C and 300°C). The resulting spectra clearly showed desorption of different gasses for
each of the cleaning procedure. The strongest signal came from the mass (m/e) 18, which is
the water molecule. Mass numbers 28, 29 and 43 are hydrocarbons mainly originated from
acetone and ethanol, and 17 is molecule OH, which is a fragment of ethanol.
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Figure 1 The TDS spectrum for mass numbers (m/e) 17, 18, 28, 29 and 43. The current
represents the concentration of the given molecules.

The results showed that the annealing of a silicon sample with temperatures of 100°C and
200°C is not efficient, since the signal of selected desorbed gasses is still dominant after
hitting the maximal temperature. However, the temperature growth to 300°C shows the
desorption spectrum peak placed at 277°C (Figure 1). After reaching this temperature the
signal from the spectrum decreased even though the temperature still increased to 300°C. This
indicates, that this temperature is high enough to dissociate the bonds of molecules attached to
the surface and the sample surface is free of the residues originated from the cleaning
procedure.

This work clearly shows the possibilities of our prototype furnace for annealing and the TDS
analyses. The results correspond with expected outcome, since the spectrum shows dissolved
molecules originated from acetone, ethanol and distilled water.
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DEVELOPMENT OF A COMPACT MASS SPECTROMETER FOR SPACE
APPLICATIONS
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In-situ compositional analysis of the surface and the atmosphere of a planetary object is vital to
understand the formation and evolution of solar systems, to find the evidence of the past or
present life on Mars and other planets, to investigate the origin of life on Earth, and to evaluate
the commercial and economic viability of the planetary materials. Recently, there has been an
enormous interest in in-situ resource utilization (ISRU) of the lunar surface materials especially
in terms of their commercial aspects [1]. The in-situ utilization of lunar materials allows us to
explore the Moon further, to create and start scientific/economic operations from the lunar
surface, and to export the lunar resources to the Earth [2]. As the assessment of the surface and
atmospheric composition is critical for all these technological and economic feasibility studies,
having a high sensitivity and larger mass range coverage mass spectrometer could be a suitable
analytical instrument to characterize/map the lunar resources by rover/orbiter missions.

In the last 7 decades, many space missions utilized mass spectrometers for chemical
composition and isotopic ratio analyses [3]. Amongst them, the magnetic sector based mass
spectrometers either provide high performance but complex ion optical systems with a serial
mass spectral acquisition or low performance but simple ion optical systems (based on
Mattauch-Herzog configuration) with a multi-collector acquisition system. Recently,
Luxembourg Institute of Science and Technology (LIST) has developed a high performance
compact magnetic sector mass spectrometer (with dimensions of ~ 72 x 27 x 17 cm® and a
weight of ~ 50 kg) for hydrology applications, which is capable of acquiring the wide range
mass spectra simultaneously with high mass resolution. Its design is based upon a double
focusing magnetic sector configuration, which consists of an electrostatic sector, a magnetic
shunt, and a permanent magnet. This instrument is flexible for a wide range of applications,
including the chemical composition identification and isotopic ratio measurement. As such, a
detailed study has been performed to investigate potential space applications for the mass
spectrometer, and to define the requirements and specifications that need to be adopted to the
mass spectrometer to make it space deployable instrument.

As an outcome of the study, a lunar rover mission is chosen as a notional target mission for
LIST’s mass spectrometer to investigate the surface and subsurface chemical and isotopic
compositions to evaluate the lunar ISRU. As such, based on the available data on lunar surface
materials from previous lunar missions (Apollo [4], Chandrayan-1 [5], and LCROSS [6]) and
on the mass spectrometers that contributed in various space missions, we have defined the
physical and performance specifications for LIST’s mass spectrometer according to the
requirements of a lunar ISRU mission (Table 1). Accordingly, the mass spectrometer is
designed to meet the requirements and specifications by scaling down its dimensions to fit into
a volume of 30 x 15 x 15 cm®and its weight to be less than 5 kg, with a mass range (Mmax/Mmin)
of about 35.
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A schematic overview of our development is shown in Figure 1, in which the ion trajectories
of 9 masses (from 2 to 70 amu) generated inside a dedicated electron impact ion source are
traced through the ion source column, the electrostatic sector, the magnetic sector to its focal
plane detector. The simulation was performed with SIMION simulation package [7].

Table 1: The physical performance and technical specifications of a mass spectrometer to be
used for Lunar ISRU mission.

Technical

Physical specifications Performance specifications . .
specifications

Mass range: 2-70 amu

Mass: <5 kg Mass resolution: 2000

Volume: 30 x 15 x 15 cm® | Sensitivity: 1E-3 to 2E-2 cts/mol/cm?3
Dynamic range: 1E+6 to 1E+9

Operation temperature
range: 243-313 K

Electron Impact
lon Source

Electrostatic Analyser

23cm

Figure 1. Schematic of the magnetic-sector mass spectrometer.
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Introduction

The low energy scanning electron microscope (SEM) which is currently at the Institute of
Scientific Instruments, suffers from low resolution and suboptimal detections systems. In the
cathode lens regime, signal electrons are accelerated by the electric field between the sample
and the objective lens, getting collimated. Those with low emission angles get through the
bore in the BSE detector into the objective lens and cannot be detected by the available
detectors now [1]. The information about the sample provided by these electrons is lost,
which limits our microscopy methods.

These two limitations are to be overcome with a new low-energy SEM, which was developed
at Delong Instruments. It consists of a field emission gun with the energy width of 0.8 eV, a
magnetic condenser lens, and an electrostatic triode objective lens. The acceleration voltage is
5 kV. The sample stage can be biased at up to -5 kV to provide low landing energy without
strong decrease of the resolution — the effect of the cathode lens [2]. A beam separator is
placed in front of the deflection system for the detection of the signal electrons that get to the
column. In a combination with standard detectors and cathode lens, it allows detecting all
kinds of signal electrons.
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Figure 1 Schematic drawing of the beam separator and the first-order properties of the separator computed for
the 2D field (dependency of the field on the x coordinate is neglected)

Beam separator

The separator was designed to be simple, yet effective, and compact in size. The requirements
for the system resolution were not as critical as in the case of high-resolution microscopes.
The system has only the first order correction, the second order aberrations are currently
uncorrected. The separator shown in Fig. 1, consists of four magnetic prisms of rectangular
shape. The prisms A, B, and C influence the primary beam. The outer ones have the same
length L = 12 mm, and the middle one has the length 2L. The last prism is placed next to
those three ones. The dipole field of the prism A deflects the beam from the axis, the prism B
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has the opposite excitation and it bends the axial trajectory back to the axis. The prism C with
the same excitation as the prism A deflects the axial trajectory such that it is again on the
optical axis behind the separator. The signal electrons coming from the sample are deflected
by the prism C in the opposite direction than the primary beam. Then they enter the prism D
and they are collected on the detector or they are directed to the energy and angular analyzer,
depending on the field orientation.

The presented system has the midsection symmetry [3], the dipole field has a focusing effect
only in the x-direction but the quadrupole field influences the trajectories in both x and y
components. The strength of the quadrupole field is given by the angle at which the axial
particle enters the fringing field region between the prisms A, B and C. If the derivative of
the magnetic field with respect to the x coordinate can be neglected, the focal length of the
quadrupoles is given by the curvature I" of the axial ray in the prisms and their length:

1 1 2I2L

fo  f, VI-T?Z’

The quadrupoles defocus in the x-direction and focuse in the y-direction. The focal length has
such a value that the quadrupole compensates the focusing effect of the prism. The ray x,
entering the separator with zero slope is locally symmetrical with respect to the plane of the
local antisymmetry of the dipole field, and the ray x. crossing the axis in the center of the
separator is antisymmetric with respect to the symmetry plane of the dipole field. That
eliminates dispersion. The separator acts as a drift region with the length 2L/v1 — I'2L2.

The stigmaticity of the system can be simply fulfilled when the ray entering with the zero
slope with respect to the separator is focused to the center of the separator (the system
behaves as a lens doublet in the y-direction). Then the focal lens of the quadrupoles equals
fx = —fy = Lo, where ¢ = asinTL is the central angle of the circular trajectory in the prisms.
The situation is show in the Fig. 1. The system with a parallel beam in front of the separator is
stigmatic with equal absolute values of magnification in x and y-directions.

Resolution of the system

The electron optical properties of the system was simulated using a general 3D calculation of
the field in combination with the differential algebraic method [4], which is more general than
the simplified basic description of the separator operation. We identified two main effects of
the separator influencing the resolution of the whole system. The first one is given by the
effect of the small size of the separator which makes the derivative of the magnetic field with
respect to the x coordinate relatively large in magnitude, which then alters the focal lens of
the quadrupole field components. The trajectory x, has not a symmetry which would results
in zero dispersion of the system. The second influence is due to the uncorrected second-order
aberration, mainly the axial comma and the three-fold astigmatism. These effects decrease the
resolution by a factor of about 2.
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Electron vortex beams (EVB) were theoretically predicted in 2007 [1] and first experimentally
created in 2010 [2,3]. Although they attracted attention of many researchers, their
investigation takes place almost solely in connection with transmission electron microscopes
(TEM). On the other hand, although scanning electron microscopes (SEM) may provide some
advantages for EVB applications, only little attention has been dedicated to them. Therefore,
the aim of this work is to create electron vortices in SEM at energies of several keV.

The first reproducible technique of EVB creation was a holographic reconstruction (HR)
using an amplitude diffraction mask [3], which is relatively simple and straightforward.
Moreover, HR produces a vortex beam of high purity of modes, which is very useful for
SEM, where the spot shape detection is nontrivial. However, it also suffers from a few
drawbacks. These are namely the requirement of a highly coherent primary beam, and a large
current loss (about 95%) due to the absorption in the mask and the distribution of the current
into multiple spots. Both limitations are the main problems in implementing this method in
SEM. Since the SEM operates at a rather low energy, the potential use of phase holographic
masks [5] is ruled out, while only the amplitude ones are applicable. Since such a diffraction
experiment is highly nonstandard in SEM, one may encounter configurations where the
optical aberrations become very strong. Therefore, one must set the system parameters
carefully. For lower energies, the chromatic aberration may become important not only for
imaging, but also for the coherence width determination, as can be shown by a direct
calculation [6].

Some modifications of the standard SEM FEI Magellan 400L were made to achieve the setup
shown in Figure 1. Namely an additional aperture strip with a set of vortex masks was put in
the column and the standard electron beam aperture was modified to enable the beam
separation (selection aperture - SA). The primary beam, after being diffracted by a vortex
mask, is deflected in such a way that the selected vortex is passing through the SA, while the
others are removed. The beam is then focused on a specimen by the objective lens. Using
scanning coils above the SA, this aperture can be visualized by the diffracted beam, as it is
shown at the brightness series in Figure 2. This may give a rough information about the beam
itself. The images of tin balls acquired by the entire beam are shown in Figure 3, where we
can see triple images separated by 1 pm, which should be sufficient for some applications,
even without the separation by the SA.

Recent Trends 2018 67

condenser holographic
lens vortex mask

@ selection

scanning
aperture

gun
- €] condenser system A

specimen

deflection final lens

Figure 1: Optical setup of EVB creation — hoiographic reconstruction in SEM Magellan
400L.

Figure 2: 1% and 2" column: brightness series of the selection aperture illuminated by a
diffracted beam. 3" column: modified aperture and its image by a diffracted beam. E =
5keV.

Figure 3: Images of tin balls acquired by the entire diffracted beam; primary energy of 5 keV.
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A link between peaks in secondary electron (SE) spectra and Electron Energy Loss Spectra
(EELS) was shown decades ago [1]. Also, materials properties (bulk modulus, band gap)
correlate with the bulk plasmon position in EELS, and local modulus maps in carbon fibres
have been presented [2]. If any features as result of plasmon decay into SE can be identified,
SE spectroscopy combined with hyperspectral imaging could transform the SEM into a tool
for mapping materials properties with ground-breaking potential for nanotechnology. To
become a reality, we first need to establish SE collection conditions spectra that represent a
material reliably. Second, we need to gain a better understanding of the processes involved in
the SE emission processes.

Experimental SE spectra collection (primary beam energy of 1 keV) described in [3] was used
on thin films (Ag & Cr) [4]. The Ag/Cr regions, identified by their width, are labelled in Fig.1
(a). A transition region, distinct due to its variation in grain structure is visible also in the BSE
image (inset in Fig. 1(b)). Ag/Cr grains are surrounded by a low-density material. The SE
spectrum covering all regions are shown in Fig. 1(a) as dashed line. In order to identify the
low density material and obtain spectra representative of the metals, we plasma cleaned the
specimen and collected the SE spectra of the same area (solid line, Fig. 1a). Peaks appearing
with reduced intensity after plasma cleaning (in-chamber, 5 min) should reflect the
contaminating material, while peaks with increased intensity should reflect the metals. Based
on published SE spectra for C [5], Ag(110/111/100) [6] and Cr(110) [7] we identify
contamination as C and attribute any fine structure to Ag and Cr (see labels in Fig. 1a). The
peak at 7.8 eV is not affected at all and might be an artefact of the ‘spectrometer’. The origin
of such artefacts will be discussed.

In Fig. 1b we present SE spectra from the Ag, Cr and interface region (after plasma cleaning).
We find the best agreement (increased SE emission at the very low energy range) attributable
to Ag(110/100). This contradicts the Monte Carlo (MC) data in [4], probably due to oxidation,
or because the model does not account for crystal orientation. Orientation matters - the dashed
spectrum in Fig.1(b) was obtained from the transition region and exhibits high intensity
around 11.8 eV consistent with Ag(111). This feature is absent in the SE spectrum of the
transition region before plasma cleaning, which instead has strong features above 13.1 eV that
could stem from Cr or Ag(100) [7,8]. This change could have occurred if the SE spectra were
collected from slightly different areas, as SE emission in the transition region strongly varies
with location (see Fig.1a). To establish the origin of these effects and discrepancies between
MC model and experiment requires further experiments and modelling taking account of
crystal orientation effects.
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That the molecular orientation (MO) is reflected in SE and was shown in [9]. Such effects can
be included in the MC model [10] to some degree via suitable electron affinity, band gap and
plasmon loss peak values. Fig.2(a) demonstrates that some of the observed MO effects on the
peak appearance/ position can be explained in this way. Figure 2(b) demonstrates that the
higher energy range, is expected to contain a weak signature of the sigma+pi plasmon peak,
but further systematic modelling and experiments are needed to confirm this. Given all of the
above we believe that further studies as outline above are necessary and justified in order to
transform the SEM into a local materials properties test lab.
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Figure 1 Experimental SE spectra collected from Ag/Cr as described in text.
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Figure 2 MC Modelled SE spectra of P3HT, see text for details.
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PROSPECTS AND RESULTS OF ATOMIC-RESOLUTION LOW-VOLTAGE TEM
H. Rose and U. Kaiser
Ulm University, Group of Electron Microscopy of Materials Science, Germany

The ultimate goal of low-voltage atomic-resolution analytical electron microscopy is the
acquisition of quantitative data about the atomic structure, the chemical composition, and the
local electronic states of thin electron-beam-sensitive objects including organic molecules. In
order to prevent or reduce radiation damage, the microscope must operate at accelerating
voltages below the knock-on threshold which is in the range between 20 kV and 80 kV for
most radiation-sensitive objects. In order to obtain atomic resolution at such low voltages, it is
mandatory to correct the spherical aberration of the objective lens and to either reduce the
chromatic aberration by means of a monochromator or to eliminate it by Cc correction.
Correction of Cc and Cs has been achieved by means of the novel corrector which is the
principal component of the Sub-Angstroem Low-Voltage Electron (SALVE) microscope
operating at electron energies in the range between 80 and 20 keV. The application of such
low voltages increases the contrast and avoids (a) knock-on damage even in the case of low-Z
materials and (b) prevents an appreciable reduction of resolution at lower electron energies.
We will demonstrate this behaviour by showing that sub-A resolution is achieved down to
40 keV in a wide field of view of 4000x4000 pixels. A resolution of 1.3A at 20 keV has been
obtained making the tool predestined for in-situ studies of dynamic effects in low-
dimensional materials at the atomic level. The correction of both spherical and chromatic
aberration allows the use of most elastically and inelastic scattered electrons for image
formation without loss of beam intensity resulting from monochromation. In combination
with an imaging energy filter it is possible to form atomic-resolution EFTEM images using
plasmon-loss or core-energy-loss electrons. The correction of spherical and chromatic
aberrations opens up new opportunities for analytic imaging because inelastic scattered
electrons within large energy windows are almost equally well focused at the image plane.
Without chromatic correction the inelastic scattered electrons would be defocused according
to their energy loss resulting in a strong loss of contrast and resolution.

Experimental results of the SALVE microscope will be presented which show that the
interaction of the incident electrons with low-dimensional materials often results in changes
of the atomic structure due to ionisation effects, which either prevent the imaging of the
pristine state of the material or can be utilized for manipulating the structure on the atomic
scale. Especially non-conducting materials suffer from ionization effects, which usually
increase at lower voltages. Sophisticated sample preparation methods are then needed to
reduce these effects. Promising means are the production of clean surfaces and sandwiching
the radiation-sensitive material between two single sheets of graphene. First results show the
feasibility of these object-protecting procedures.

The information limit of 90 pm at 40 kV corresponds to a maximum usable aperture angle of
67 mrad. Between 40 kV and 80 kV, sub-Angstroem resolution has been obtained. At 30 kV,
the stability and resolution of the complete system (microscope and corrector) is more than
sufficient to resolve single atoms in raw TEM images. At the current lowest-possible voltage
of 20 kV the SALVE microscopes provides a resolution better than 0.14 nm which enables
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near-atomic or even atomic imaging. This is a huge step forward towards materials analysis
on delicate, beam-sensitive objects; the SALVE microscope now combines simultaneously
the desired resolution with the use of beam energies below the knock-on threshold. Images of
free-standing monolayers of graphene and MoS: taken at 30 kV show a strongly improved
single-atom contrast in good agreement with simulations, as shown in Fig.l. In the raw
experimental images (1s exposure time, 2048 x 2048 pixels frame size) the accumulated
electron doses are 2.5:10° ¢ /nm? for graphene and 3:10° ¢ /nm? for MoSa, respectively.
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Fig. 1: Experimental and calculated Cc/Cs-corrected 30 kV HRTEM images of graphene (A)
and MoS2 (B). The resolution is determined from the diffractograms (Al and B1) of the
experimental raw images of graphene (A2) and MoS2 (B2) in bright-atom contrast (field of
view 40 nm x 40 nm). The magnified raw images (A3 and B3) identify the atomic structure.
The averaged experimental images (A4 and B4) yield a strong improvement of the signal-to-
noise and are in good agreement with the simulated images (AS and BS5) shown in the
corresponding line profiles (A6 and B6). The size of the scale bars in A5 and BS is 0.5 nm.

The SALVE microscope has recorded for the first time an image of an edge configuration in
graphene shown in Fig. 2 by using a voltage of 30 kV. Because the edge configuration has a
much lower knock-on threshold than graphene it cannot be imaged at appreciably higher
voltages such as 80 kV. The superior performance of the SALVE microscope compared to
present spherically corrected TEMs is documented in Fig. 3.

Fig. 2: Image of an edge of Fig. 3: High-resolution TEM) images of C60 molecules

graphene recorded with the (fullerenes) embedded in single-walled carbon
SALVE microscope at an nanotubes, (left): image recorded in the Cs-corrected
acceleration voltage of 30 kV. Titan at 80 kV, (right): image obtained Cs/Cc-corrected

SALVE III TEM at 30 kV with an electron dose of
10% e/nm?> (J. Biskupek).
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GRAPHENE-BASED CATHODE COLD FIELD EMISSION SOURCES FOR
ELECTRON MICROSCOPY AND LITHOGRAPHY

X. Shao!, W.K. Ang' and A. Khursheed"?"

"Department of Electrical and Computer Engineering, National University of Singapore, 4
Engineering Drive 3, Singapore 117583

’Engineering Science Programme, National University of Singapore, 9 Engineering Drive 1,
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*e-mail: eleka@nus.edu.sg

Over the past decades, the extensive research work carried out on carbon-based cathodes for
cold field emission, such as Carbon Nanotubes (CNTs), has not as yet, led to new viable
electron sources for electron microscopy/lithography. Their most successful layout has
typically been in the form of dots arrays for large area field emission applications. Nano size
emitter single point cathodes have proven to have even more severe problems than
conventional single-crystal tungsten cathodes: unmanageably stringent UHV requirements,
relatively large current stabilities, and rapid emission decay. These difficulties have prevented
the widespread use of cold field emission electron sources for electron microscopy and
lithography applications.

This paper reports a cold field emission electron source which overcomes these problems
based upon using a graphene-coated nickel (Graphene-Ni) wire point-cathode in the sub-
micron to micron size [1]. Figure la shows a typical scanning electron microscope (SEM)
image of the Graphene-Ni field emitter. Preliminary results, as shown in Figure 1b, show that
graphene coated on a Ni sharpened tip dramatically lowers the work function of graphene (by
over a factor of 4), enabling it to both provide stable field emission at cathode-tip electric field
strengths as low as 0.5 V nm™!, an order of magnitude lower than conventional single crystal
tungsten point cathodes. This makes it possible to both operate the cathode in high vacuum
(HV) conditions (4x10°® Torr) and use relatively large cathode-tip sizes (micron sizes), over
three time larger than conventional single crystal tungsten tip sizes, sizes that are comparable
to the Schottky field emitter tip. Plotted in Figure 1c is the reduced brightness versus energy
spread for three different emitters, shown alongside the state-of-the-art tungsten cold field
emitter and Schottky emitter. The estimated reduced brightness, as well as their measured
energy spread, are comparable to conventional single crystal tungsten cathode cold field
emission sources.

Another development is that a micron sized smooth-edged graphene ring-cathode without any
observable collapses [2] has been successfully fabricated, as shown in Figure 2a. By leaving a
thin layer of chemically adsorbed Ni nanoparticles (Figure 2b) by additional Ga* ion beam
irradiation, the ring source is found to have a low work function of 2.77 eV and is more
resistant to damages caused by ion back-bombardment in the HV conditions. Figure 2c
presents the current (/) passing through the anode aperture as a function of applied voltage ()
curves, recorded from the individual graphene ring-cathode (blue rectangle) and GR-Ni
emitter (orange pentagon). The turn-on voltage from the GR-Ni ring-cathode emitter with one
order of magnitude thicker emission edges is about 60% higher than of that from the graphene
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ring-cathode emitter. However, the overall emission current from the GR-Ni ring-cathode
emitter is approximately one order of magnitude lower. Ring-cathode electron sources can be
used in focused beam columns to image ring patterns on a sample directly, without the need to
employ a projection mask or a scanning unit. Numerical simulation with direct ray tracing
modelling is carried out to study the ring image characteristics of a ring-cathode focusing
column as compared to that of a conventional point source electron beam focusing column
using an annular aperture, and this will be given in a separate paper by W.K. Ang and A.
Khursheed.
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Figure 1 (a) SEM image of a Graphene-Ni field emitter. (b) The angular current density-
voltage trace from the Ni tip with a tip radius of 700 nm before coating with graphene
(orange), and after coating with graphene (violet). (¢) Reduced brightness versus energy
spread and state-of-the-art electron sources.
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Figure 2 (a) SEM image of concentric graphene ring-cathode field emitter (at low
magnification). (b) SEM image of the graphene ring decorated with Ni nanoparticles (GR-Ni
emitter). (c) Field emission characteristics of the graphene ring-cathode and GR-Ni ring-
cathode.
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THICKNESS DETERMINATION OF A CATHODOLUMINESCENCE ACTIVE
NANOPARTICLES BY MEANS OF QUANTITATIVE STEM IMAGING
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Labeling of specimens by nanoscale probes is common approach of complex biological
systems exploration. Namely gold nanoparticles immuno-staining is well established method
in electron microscopy. However, if more than two label sizes are used, the differentiation of
individual nanoparticles becomes difficult.

This can be overcome by cathodoluminescence (CL) active particles — nanophosphors where
labels recognition is done by wavelength of emitted light. This gives a great opportunity to
use advanced multi probe labeling within one sample.

There is a huge variety of nanophosphors: green fluorescent protein, quantum dots, ZnO
nanoparticles, organic molecules, rare earth-doped nanophosphors etc. [1] Therefore, in order
to choose best type of nanophosphors for a given task, it is important to measure particles
size/thickness, as the CL intensity is proportional to the probe volume.

We present a new method for investigation of the individual nanophosphor particles by the
combination of STEM in the bright field and the CL imaging. Data were captured at the SEM
Magellan (FEI) equipped by the retractable STEM 3 detector and the CL detector MonoCL4
Plus (Gatan). The sample is cooled down to -145°C by the cryo stage (Leica Microsystems).

Cooling down brings three advantages: It eliminates carbon contamination of the sample
caused by imperfect vacuum; the CL signal yield is increased at cryo temperatures and drift of
the sample caused by a primary electron beam is reduced. All together it brings superior and
more repeatable results in comparison with room temperature imaging.

The STEM images (captured in field free mode of the microscope) were calibrated via the
full-beam and the blank-beam images. In this step, images of the detector at the lowest
possible magnification (in our case 50x) are captured. Irradiated area of an active STEM
detector segment is detected and a mean signal response of the detector is calculated.
Background is determined as the mean value of all pixels in the image, where electron beam
is blanked. The results of calibration process are used for following data normalization and
mass/thickness determination.

Such normalized data (ranging from 0 to 1) are compared with a Monte Carlo simulation of
the sample calculated in the electron trajectory simulation software CASINO [2]. All
procedures were programed in Matlab (Mathworks) according to the methods described in
Krzyzanek et al. [3].
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The YAG:Ce nanoparticles (density 4.5 g/cm?®) for the imaging were localized on carbon
(9 nm thick) coated TEM grids. The bright-field STEM image (Fig. 1a) shows a cluster of the
particles with sizes in range from 30 to 60 nm. The thickness of the particles was unknown as
well as their size in the z-direction. The map of calculated thicknesses (Fig. 1c) indicates areas
with one, two and/or three layers arrangement. Very similar layout can be clearly seen at the
CL image, where the bright areas correspond with thick areas of the sample.

Resulting sample thickness/CL activity ratio (Fig. 2) of the YAG:Ce nanoparticles shows
linear dependence between these quantities. We assume, that slope of this ratio is sample
dependent and many types of the CL active compounds can be characterized by this unique
method. Moreover, such knowledge can be used for selection of suitable CL active probes
(optimal sizes and compositions) for a practical labeling of biological systems.

Figure 1 The YAG:Ce nanoparticles on thin carbon covered lacely carbon grid. (a) The bright
field STEM image. (b) The CL image (acceleration voltage: 30 kV, probe current: 6.3 pA,
pixel time: 100 ms, panchromatic mode). (c) The thickness map created by the quantitative
imaging (colorbar in nm). Bar 200 nm.
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Figure 2 The thickness / CL activity ratio of the YAG:Ce nanoparticles. The CL intensity is
normalised to the maximum number of counts captured in the image. The thickness is relative
to the sample. The area of thicknesses lower than zero is related to the carbon support film.

Acknowledgement:

The research was supported by the Czech Science Foundation (project 17-15451S), Ministry
of Education, Youth and Sports of the Czech Republic (project LO1212). The research
infrastructure was funded by Ministry of Education, Youth and Sports of the Czech Republic
and European Commission (project CZ.1.05/2.1.00/01.0017) and by the Czech Academy of
Sciences (project RVO:68081731).

References:

[1] Furukawa T., Niioka H., Ichimiya M. et al. Optics Express 21(22) (2013), p. 25655-25663.
[2] Demers H., Poirier-Demers N., Réal Couture A. et al. Scanning 33(3) (2011), p. 135-146.
[3] Krzyzanek V. et al. Journal of Structural Biology 165 (2009), p. 78-87.

Recent Trends 2018

77




78 Recent Trends 2018

ORBITAL MOTION FROM OPTICAL SPIN: THE EXTRAORDINARY
MOMENTUM OF CIRCULARLY POLARIZED LIGHT BEAMS
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The momentum of light, and the radiation pressure forces to which it gives rise, are usually
thought to act parallel to the direction of propagation. However, recent work has indicated the

existence of a spin, § = i Im[E* X E], dependent component to the momentum, p¥ = ;V )

and an associated spin force, FSP™* o pS, that arise in inhomogeneous light fields [1]. Spin S is
given by ellipticity of the polarization of light and spin force tend to act in transverse directions.
Experimental observation of this force is experimentally challenging. Spin momentum requires
field inhomogeneities which inevitably generate other forms of optical forces, including
gradient forces. Measuring its effects, relatively subtle spin forces must be reliably
distinguished from other, stronger forces. This was achieved in a recent experiment in which
the deflection of a nano-cantilever, immersed in a circularly polarized evanescent field was
measured [2]. Other experiments involve analysis of motion of particles in liquid, subject to
appropriate light fields [3].

In contrast, our experiments are striking and unequivocal. Ultimately, we observe the violent
ejection of a probe particle from an optical trap, as a direct consequence of transverse spin
momentum. We trap a silica microsphere (1,54 um diam.) in counter-propagating Gaussian
beam trap, in vacuum (Fig. 1a). This symmetric geometry nullifies the axial scattering forces
associated with each beam and emphasizes transverse components, when they are present.

A series of distinct regimes of motion are observed, depending on polarization of the light and
optical power P for given ambient pressure of 4 mbar. First, we consider small optical power,
thus small displacements. For small displacements of a microsphere from the center of the trap,
the trap can be quantified by stiffness coefficient, K = kP, which is directly proportional to the
optical power. In the overdamped regime, we see Brownian motion which complies with the
equipartition theorem. The elastic and thermal energies of the trap can be equated,

%kBT = %K (x?) = ;kP(xz) so that the position variance is inversely proportional to the

power, P(x?) = const.. Precisely the same behaviour is seen in the under-damped regime,
when we use linear polarization (LP) (Fig. 1d). However, this equipartition theorem does not
remain valid for circularly polarized beams (CP). Subtle deviations from equilibrium position,
due to Brownian motion, allow the particle to accumulate momentum in azimuthal direction,
dramatically altering the dynamics and giving rise to substantial departures from equilibrium
behavior and from equipartition.

If the optical power is increased further, the particle begins to execute sustained deterministic
orbits about the beam axis. As the bead orbits, azimuthal spin forces are balanced by viscous
drag, gradient forces act as centripetal forces (Fig. 1b). Since the ratio of azimuthal and radial
force is approximately constant with optical power, the orbit radius increases monotonically
with optical power (Fig. le), and the frequency of the orbit is approximately independent of
optical power. Ultimately, increases in optical power result in these orbits destabilizing before
the particle is completely ejected.
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This system acts both as a powerful demonstration of spin momentum and spin forces, and as
a test bed for elementary non-equilibrium thermodynamics.
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Figure 1 a) Experimental setup. b) Section of Gaussian trapping beams showing forces acting
on probe particle. Spin momentum p* is perpendicular to propagation direction. In CP beams
two regimes of motion are observed: I — biased Brownian motion (lighter line in picture ¢)) and
II — deterministic orbiting (darker line in picture c)) d) Validity of equipartition for linearly
polarized and circularly polarized optical trap. €) Mean orbit radius as a function of trapping
power P.
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GRAZING INCIDENCE INTERFEROMETER FOR FORM MEASUREMENT OF
HOLLOW CYLINDERS
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Optical metrology of cylindrical specimens represents an interesting task in scientific and
industrial practice. The most precise measurement methods use principles of laser
interferometry where the phase difference between the reference wave and the object wave
reflected from the tested surface is detected. The form measurement of hollow cylindrical
tubes can be advantageously realized by an object wave with conical wavefronts generated by
an axicon lens or an equivalent diffractive optical element. An axicon characterized by large
apex angle forms a conical wave that fulfills the conditions of the grazing incidence, which
results in suppression of the speckle noise. The previous experimental setups [1-4] were
relatively complex since they involved a pair of mutually reversed axicons or a pair of
diffractive optical elements that transform the object wave from planar to conical and vice
versa.

In this paper we describe a new grazing incidence interferometer for the form measurement of
hollow cylindrical tubes with the desired accuracy in the micrometer range [5]. It is based on
a simple and robust optical setup where the reference and object waves correspond to the
central and peripheral parts, respectively, of the conical wave generated by a single axicon
(see Fig. 1). The imperfection of the axicon tip resulting in an additional unwanted nearly-
spherical wave propagating through the optical setup is eliminated by a telescope formed by
two lenses and a spatial filter. The interference between the reference wave and the object
wave reflected from the inner surface of the cylindrical tube is detected by a CCD camera as
an annular interferogram that is characterized by a closed-fringe pattern with a circular carrier
(see Fig. 1). The interference phase is computationally demodulated using the spatial
synchronous detection method. In addition, the correction of misalignment aberrations is done
by an iterative computational procedure. As a final result we calculate the surface shape
deviation of the tested tube from an ideal cylinder. The interferometer was experimentally
tested for the specimens of the glass and stainless steel tubes with inner diameter of 9 mm and
lengths from 220 mm to 600 mm. The tube deformations such as ellipticity or longitudinal
bend were detected (see Fig. 2). The achieved combined measurement uncertainty of
4.4 micrometers was primarily given by the wavefront quality of the used conical wave.
Further reduction of the measurement uncertainty is possible by the calibration of the
interferometer using an optical etalon.
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Current research of life shows a great desire to study the mechanics of biological processes
directly within the complexity of living organisms. However, majority of practical techniques
used nowadays for tissue visualization can only reach depths of a few tens of micrometres as
the issue obscures deep imaging due to the random light scattering. Several imaging
techniques deal with this problems from different angels, such as optical coherence
tomography, light sheet microscopy or structured light illumination A different and promising
strategy to overcome the turbid nature of scattering tissues is to employ multimode optical
fibers (MMF) as minimally invasive light guides or endoscopes to provide optical access
inside [1,2]. Although the theoretical description of light propagation through such fibers has
been developed a long time ago it is frequently considered inadequate to describe real MMF.
The inherent randomization of light propagating through MMFs is typically attributed to
undetectable deviations from the ideal fiber structure. It is a commonly believed that this
additional chaos is unpredictable and that its influence grows with the length of the fiber.
Despite this, light transport through MMFs remains deterministic and can be characterized by
a transmission matrix (TM) which connects the intensity and phase patterns on the fiber input
and output facets. Once the TM is known it can be used to create focus in any desired 3D
coordinates beyond the distal fiber facet, see figure 1, and perform e.g. fluorescence based
laser scanning microscopy [3] or optical trapping [4].

Figure 1 (a) Light passing through the MMF creates a speckled pattern upon leaving the
output fiber facet. (b) Properly designed and shaped (by spatial light modulator) input light
creates a single focused spot close to the output fiber facet.

Therefore, a calibration step of measuring TM is needed in order to achieve any imaging
technique. This is done by projecting a convenient pattern of the fiber input facet (co called
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input mode) by a spatial light modulator and by measuring the output patterns. In order to
recover both intensity and phase maps, i.e. the whole complex TM, a phase shifting
interferometry is used. l.e. the TM is obtained by using the interference of light passing
through fiber with a coherent reference beam externally guided to a CCD camera. Therefore,
a complex optical pathways are required together with the compensation of mechanical drift
between the signal and the reference optical pathways. These limitations can be lifted by
using an internal reference signal (propagating through MMF) in a form of an arbitrarily
chosen input mode. However, the output signal of such internal reference takes a shape of a
random speckle pattern at the detector. Inherently, places of low light intensity (blind spots)
are present and in such a spot the phase shifting interferometry fails to return reasonable
information. Here we present a method that combines several TM measurements obtained for
different internal references. The distribution of blind spots is unique for each internal
reference and therefore combining multiple TMs while eliminating affected TM data leads to
comparable performance as if measurements are obtained with the external reference, see
Figure 2.

Figure 2 Intensity of all the output MMF modes obtained by calibration with internal
references. Left, Center: Intensity patterns obtained using a single reference mode, for two
different reference modes. Right: Intensity pattern obtained using 5 reference modes.

Obtaining the transmission matrix using internal references of multimode optical fiber offers
considerable advantages in simplifying the experimental setup of the endoscope. It is however
required to use multiple reference modes of the fiber in order to suppress the blind spots
caused by the specked patterns of fiber output. This may significantly increase the time
needed for the calibration procedure. However, with the use of fast spatial light modulator
based on MEMS technology this experimental delay becomes insignificant.

The research was supported by European Structural and Investment Funds Project
“Holographic endoscopy for in vivo applications” (No. CZ. 02.1.01/0.0/0.0/15_003/0000476)
and MEYS CR (LO1212); its infrastructure by MEYS CR and EC (CZ.1.05/2.1.00/01.0017)
and by CAS (RVO:68081731).
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LOCKING IN ON LARGE VOLUME LIGHT-SHEET MICROSCOPY
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Fluorescence light-sheet microscopy is increasingly adopted by developmental biologists to
study how cells divide and differentiate to form organs and even entire organisms. The light-
sheet microscope differs from a conventional microscope in that the specimen is illuminated
by a plane of light orthogonal to the detection axis, thus keeping the out-of-focus areas dark
while minimizing any potentially detrimental exposure of the sample. The light-sheet
microscope has been found to be the ideal instrument for long-term and non-invasive studies
of intact, and therefore three-dimensional, fluorescent samples.

sample ‘ [

cylindrical lens /
or

galvanometer + lens

cubic phase plate
to create
Airy light-sheet

b

Figure 1 a. The conventional light-sheet fluorescence microscope. A laser (green) is focused
into the focal plane of the sample by a cylindrical lens. The emitted fluorescence (red) is
collected by the objective and reimaged onto the camera (CAM). b. The Airy light sheet
microscope introduces a cubic phase mask in the illumination path to form a propagation-
invariant Airy light sheet. The asymmetry of its profile enables high-resolution image
reconstruction over a ten-fold larger field-of-view.

While the light-sheet microscope is able to rapidly image larger specimen such as the
developing zebrafish, this comes with a trade-off between resolution and field-of-view.
Diffraction prevents the conventional light-sheet, created by focusing a Gaussian beam in one
dimension, to a thin plane throughout the entire width of the sample (Figure 1a). High axial
resolution can only be obtained near the beam waist, while other regions suffer from reduced
axial resolution and increased out-of-focus blur. Solutions such as two-photon excitation and
blocking of the out-of-focus light by a confocal slit require a significant increase in sample
exposure. This overturns one of the key advantages of the light-sheet microscope. We
demonstrate how the asymmetric beam profile of the Airy beam can overcome the trade-off
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between axial resolution and field-of-view without having to sacrifice the scarce fluorescence
signal and without relying on the high, often photo-bleaching and damaging, peak-powers that
are associated with two-photon excitation. The Airy light-sheet method enables sub-cellular

resolution throughout a ten-fold larger volume [1].
1
4
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Figure 2 Exploiting reversible photo-switching in light-sheet microscopy. Microspheres
labeled with the reversible photo-switchable protein rsEGFP within a highly fluorescent
medium. a. Conventional light-sheet image. b. The fluorescence intensity fluctuations, in lock-
step with the laser, at the pixel indicated by the cross-hair in the left panel. c. Photoswitching-
enabled contrast enhancement of the light-sheet image. Reprinted with permission from [3].
Copyright 2017 American Chemical Society.
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A larger imaging volume also brings new challenges to the fore. The natural inhomogeneity of
biological specimen leads to optical aberrations and scattering that quickly become significant
when imaging through multiple layers of cells. Conventional light-sheet microscopy is thus
mostly useful with quasi-transparent specimen such as the zebrafish (Danio rerio); however,
biological samples are more often than not turbid or opaque to light. Moreover, indigenous
auto-fluorescence of many biological tissues may severely reduce contrast and hamper the
correct interpretation of the light-sheet microscopy images.

We demonstrate how a high resolution light-sheet can be formed within turbid samples by in
situ correction of the wavefront to achieve high axial resolution even in turbid samples [2]. We
further show (Figure 2), how the state of photo-switchable fluorophores can be controlled to
single-out the structures of interest from the auto-fluorescence background [3]. This enables
high contrast and resolution, even under the adverse conditions of turbid, highly auto-
fluorescent, samples.
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LOW-ENERGY ELECTRONS TIME-OF-FLIGHT SPECTROMETER
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The inelastic mean free path (IMFP) is a key parameter of electron transport in a solid. With
the rise of so-called meta-materials, materials of specific shape, such as 2D crystals, or
materials with tailored functionality for next-generation electronic devices, the investigation
of the IMFP is still topical and of high importance [1]. This is true especially at low energies,
landing energy of electrons below 100 eV, that are hard to study using well established
techniques of electron spectroscopy.

The time-of-flight (TOF) spectrometer developed at the ISI CAS [2, 3] is a scanning
transmission electron microscope that can also operate in a TOF mode with the landing
energy below 300 eV.

The TOF operation mode in a nutshell is: For each pixel on the sample, equidistant electron
pulses are emitted towards the pixel position. Pixels are switched periodically (switch time
denoted as fpx, recorded). An electron pulse emitted from the electron gun (Zpuise, recorded)
travels to the sample. Transmitted electrons leave the sample (firansmit, not recorded) and travel
through a drift-tube, finally hitting the detector (fdetect, recorded). The nature of the recorded
events is specified by the number of channel from which the event is received by the detector.
Because the primary electrons are decelerated very close to the sample, the propagation time
above the sample fofiset = firansmit - fpuise Will be very small when compared to the TOF,
propagation time below the sample #ror = fdetect - fransmit. The time the electrons spend in the
thin sample can be neglected.

The input for the data processing and the processing can be separated into two types — the
setting of the voltages at different components and the recorded times fpuise and Zdetect.

Processing started

Step 1:
Produce the TOF Step 2:
histogram Collecting the data
(TOF, hit-count) over selected pixels
for each pixel
) Input:
. ‘;":“’a“r‘y) A List of selected pixels
collectionof palex it not oAl
(channel no., timestamy iSto lis=iall vpiXé|S

Figure 1 TOF data processing work-flow.

Input:
- Any other preexisting
data/measurements
- Predictive formulae
TPP-2M and/or G1

Input:
Conversion table
(TOF, energy)
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Step 3:
Convert the TOF Step 4: Step 5:
histogram Extract the IMFP from [Compare IMFP values|
(TOF, hit-count) >| obtained energy loss - TOF measurements
to energy histogram spectra - Ab initio simulations|

(Energy, hit-count)

The processing work-flow is depicted in Fig. 1 and the plan is that it should consist of five
steps. The first three are written in-house in Python, unless explicitly mentioned otherwise.
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1. Obtain a TOF time histogram from the raw data, pixel-by-pixel. This is done by processing
files corresponding to different pixels in parallel. Consider a pair of emission (fuise) and
detection (Zdetect) €vents. Because fransmit is not measured, we need to estimate fofiset in order to
calculate fror. The value of foffset is estimated from measurements without the sample with
predicted fror subtracted from the difference tdetect - fpuise. The processing scripts treat foffset as a
configurable input. Hence the TOF is #ToF = fdetect - fpulse - foffset.

2. Sum up the data to a cumulative TOF histogram corresponding to selected pixels. The
individual pixels to be selected from the collected data can be determined from the sample
image obtained in the “standard” electron microscope mode; this allows to select a region
with a high quality of the sample and/or with another properties of interest.

3. Convert to an energy histogram. This requires theoretical modeling of electron trajectories
in the electrostatic field produced by voltages set on relevant components of the TOF
spectrometer. The modeling is performed using combined forces of EOD [4], Matlab and C-
code. The modeling tool provided by T. Radlicka (EOD and Matlab) and M. Oral (C-code,
tracing library) accepts different energies and different angles to generate a set of trajectories
for the transmitted electrons. In reality, the modeling is used to determine optimal values of
the voltage at individual components of the TOF spectrometer prior the measurement.
Optimal means that a reasonable compromise between the maximal achievable signal/noise
ratio (maximum trajectories of transmitted electrons end at the detector) and the minimum
angular dispersion in energy is achieved (the TOF spectrometer does not directly record
angular dependence of the trajectories).

4. Extract the physical information, namely the IMFP. This part is in preparation and it will
use theoretical models described in [5, 6].

5. Perform ab initio simulations and compare predicted and measured IMFP. The plan is to
use free simulation codes Quantum-Espresso [7] or Abinit [8] and Yambo [9] and perform the
calculations using resources of MetaCentrum and/or CERIT-SC [10].

This five-step processing will allow us to measure the IMFP at low energies for thin samples.

Acknowledgement: Co-funded by the project No. TE01020118 supported by TACR.
Computational resources were provided by the CESNET LM2015042 and the CERIT
Scientific Cloud LM2015085, provided under the programme "Projects of Large Research,
Development, and Innovations Infrastructures".
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