Preface

I have the pleasure to introduce to you a collection of documents presenting the research activities of the
Institute of Scientific Instruments of the Academy of Sciences of the Czech Republic carried out in the period
1995 - 1999.

The Institute of Scientific Instruments was founded in 1957 as an institution to guarantee instrumentation for
the other institutes of the Academy of Sciences in a number of fields. At the beginning, there were 83 employees.
In 1989 their number increased to as many as 240. The transformation process, which was aimed at improving
the quality of the scientific work of the specialists of the institute and at dealing with top-quality projects only,
resulted in a decrease in the number of employees to the present 95 full jobs. Changes in the scientific structure
of the institute were made, and on their basis projects are proposed and dealt with by smaller teams. The teams
constitute laboratories and the laboratories constitute departments. There are three main research areas in the
institute: electron optics, nuclear magnetic resonance and coherent optics.

In the pre-transformation period, the activities of the institute were concentrated on the development of unique
devices that were not available on the market. Its present concept is based on theoretical research, methodology,
special technologies and instrument components of original design. The scientific activities of the above
mentioned fields of experimental physics include not only fundamental research but, to a high degree, also
applied research. The evidence is the extended co-operation with the industry. The institute supports particularly
projects based on some original idea, its experimental verification, materialisation and utilisation in industry.
In the recent period, the activity of about 25 scientific workers is focused on the research of diagnostic methods
for medicine and biology. The diagnostic method of identification of protein particles on a blood cell by means
of backscattered electrons, observation of water-containing biological specimens by environmental scanning
electron microscopy methods, spatially localised in vivo 'H and *'P NMR spectroscopy of biological tissues
(particularly human brain), inverse and optimisation methods directed toward biomedical diagnostics, a new
method for the diagnostics of the autonomic nervous system (ANS) which among others controls the adjustment
and dynamics of the blood system, and the method of optical micromanipulation of organic and inorganic
microobjects and sub-cellular structures inside living cells are examples of the new trend of the scientific
activities of the institute started in the past five years.

Traditionally, there is a very good co-operation of the institute with the universities in Brno. Several joint
laboratories, about twenty postgraduates each year, professors and associate professors from the range of
specialists of the institute, and about twenty diploma students and student-assistants create the backbone of this
collaboration.

The favourable image of the institute is due to its excellent and experienced staff, long-term personal policy
and up to date management. The institute has gained reputation of a significant research and application centre
concentrated on developing non-traditional diagnostic methods used in a number of fields. I thank all that shared
in achieving this. Although there are financial problems, problems with instrumentation, and with "escape” of
specialists of younger generation, I believe in the full bloom of the Institute of Scientific Instruments in the

future.

Professor Rudolf Autrata
Director of the Institute

Brno, 29th November 1999
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History

On November 16, 1956, the Presidium of the
Czechoslovak Academy of Sciences (CAS) adopted the
decision to establish the Institute of Scientific Instruments
(ISI) in Brno with effect from January 1, 1957. Its basis was
the Development Workshop of CAS that had existed since
July 1, 1953 and served as the instrumentation base for the
growing Academy of Sciences. On January 1, 1960, two
smaller institutions of CAS - the Laboratory of Electron
Optics (LEO) and the Laboratory of Industrial Electronics
(LIE) - joined ISI. In the same year the institute moved to
anew building where it has been residing since then. At the
very beginning of the 1960s, the scientific concept of the
institute was laid down so luckily that it outlasted for more
than three decades and has been valid, in a modified form,
to-date. It has comprised theoretical fundamentals,
methodology, and research and development of instrument
parts of three big branches of experimental physics -
electron microscopy, nuclear magnetic resonance and
quantum light generators.

From the beginning of its existence, the institute was, to
a certain degree, considered as a guarantor of
instrumentation for the Academy of Science in a number of
fields. The institute tried to play this role, though many tasks
connected with it were a load that consumed capacities at
the expense of the conceptual activity. A big portion of the
history of ISI is connected with Prof. Armin Delong who
had directed the institute for 29 years (1961-1990). Prof.
Delong with his nearest colleague, Prof. Vladimir Drahos,
who died twenty years ago, founded at the turn of the
1940s - 1950s Czechoslovak electron microscopy as
a scientific field, one of our most successful industrial
branches for many years.

A drastic reduction in the number of employees of ISI
during the so-called transformation was far from being
painless, nevertheless it happened in a nearly natural way.
In the range of activities of the specialists, from theoretical
foundations of experimental methods to the development
of prototypes of instruments, it was really possible to make
a certain partition line. The more theoretically oriented
specialists remained at ISI. As a result, the instrument parts
production capacity of the institute decreased to a level
exceeding only slightly the needs of its own laboratories but
the production of original scientific results significantly
increased, both relatively and absolutely.

At present, Prof. Rudolf Autrata is the director of the
institute, in his second function period. The institute is
organised into three scientific departments - nuclear
magnetic resonance, electron microscopy and coherent

optics - that are formed by 6 laboratories. In the individual
laboratories, teams and projects of related orientation are
joined. The departments are led by departmental councils
headed by leaders of the departments. The backbone of the
institute, where about one hundred physical workers are
employed, is formed by regular scientific workers
- 30 persons in number to an extent of 23.5 full jobs.
Further, 21 doctoral students to an extent of 10.1 full jobs
and 10 technically oriented graduates work in the institute.
The difference in the physical and converted numbers
follows from the effort to educate a maximum number of
doctoral students and on the basis of agreements with
universities to offer them part-time jobs on the one hand,
and on the other hand to make use of help of the retired
scientific workers. Collaboration with universities is
realised in terms of part-time work of significant
pedagogues at the institute.

At the institute, 20 projects supported by national grant
agencies and 5 projects supported by foreign agencies
(Copernicus, Kontakt, and others) are dealt with on average.
At present 16 partially supported joint projects with partners
from Japan, United Kingdom, The Netherlands, Canada,
Italy, Russia and others are in progress. From the point of
view of research financing, collaboration with companies,
e.g. those participating in the project ,Devices for
diagnostics and therapy of oncological diseases‘* supported
by the Ministry of Industry and Trade, and with companies
such as SKODA Plzeii, LIMTEK Blansko, Delft Particle
Optics Foundation and others is interesting. The list of
informal collaborations with foreign universities and
institutes from many countries in the world contains several
tens of items. ISI is the organiser of two international
conferences held every two years. The conference ,,Recent
Trends in Charged Particle Optics and Surface Physics
Instrumentation®, in which about thirty individually invited
significant scientists from Europe and extra-European
countries take part, becomes a tradition that attracts an
increasing number of interested participants. The Joint
Czech-Japanese seminars ,,Modelling and Simulation of
Non-Linear Systems* are held alternately in both countries
and are a very prestige event in which specialists not only
from the organising countries take part. Last year, the ISI
scientific workers held 62 lectures at international
conferences. Four scientific workers are members of
editorial boards of renowned journals. Since its foundation
in 1991, the Czechoslovak Society for Electron Microscopy
has been residing in the institute. Its present President is the
Deputy Director of the institute RNDr. Lud€k Frank, DrSc.
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The Society succeeded in gaining the organising of
the 12" European Congress on Electron Microscopy
in Brno.

There are very good relations between the ISI and Brno
universities. There are seven joint laboratories in the
building of the institute where the work on joint grant-
supported projects is carried out and where the student
courses take place. On average, over 20 ISI specialists act
as pedagogues at the universities. Of them, two are full
professors and three are associate professors. ISI signed
contracts on scientific education with a number of faculties
of Masaryk University and Technical University in Brno.

The Nuclear Magnetic Resonance Department was
founded at ISI by Dr. J. Dadok in 1960. At that time he
already was the author of the first spectrometer with
a frequency of 30 MHz. The industrial production of
spectrometers in TESLA Brno began in 1966. It was the
only production of that kind in the East-European countries
and lasted 25 years. The spectrometers were a very
successful export article. As early as 1968, a laboratory for
very low temperatures was built in the institute to enable
research and development of NMR superconducting
magnets and their cryostats. In the 1970s, the department
began to deal with Fourier pulse spectrometry. The most
significant achievements include a number of priorities in
the field of NMR experiment methodology. The specialists
attained also a great many original results in the fields of
design and generation of magnetic fields in general, data
processing and experiment control, spectrometer
electronics, etc. At present, the NMR department consists
of three laboratories.

The Laboratory of NMR Tomography and Localised
Spectroscopy led by Ing. Zenon Starcuk, DrSc. is engaged
in methodology oriented toward research and development
of new single-voxel and multi-voxel methods for spatially
localised in vivo 'H and *'P NMR spectroscopy. To measure
good quality '"H NMR spectra with a large information
content, methods to suppress with high efficiency very
strong water signals and methods to suppress undesirable
fat and macromolecule signals have been developed.
A package of software operating in Windows NT has been
developed which enables processing and presentation of
data obtained in different regimes of spatially localised
NMR measurements. For precise measurement of gradient
magnetic fields in MR systems a new adaptive digital filter
has been developed and implemented into digital signal
processors Motorola.

The Laboratory of NMR Electronics led by
doc. Ing. Miroslav Kasal, CSc. is concerned with the
development of novel methods of excitation signal
generation and NMR signal detection. The aim is to
qualitatively improve the existing parameters and to
eliminate instrument artefacts. The digital processing of
NMR signals allows attainment of a larger dynamic range
and suppression of translated signals by several orders,
which is important mainly for the measurement of proton
spectra of biological specimens with a high content of water.
Much attention is paid to the research of resonators for the

imaging and for localised 'H and *'P spectroscopy of
biological tissues, particularly of human brain (in
collaboration with IKEM Praha). A significant progress has
also been achieved in post-acquisition processing of NMR
signals. The laboratory co-operates with the University in
Pavia, Italy, and with other partners. The results obtained
by the specialists of the laboratory have found their use also
in other fields. A good example is a novel method used for
making diagnosis of the autonomous nervous system
developed in collaboration with the 1st Internal Clinic of
St. Anna Faculty Hospital in Brno. At present, the method
is being tested in clinical praxis and could mean a
breakthrough in the field of routine cardiological
examinations.

The Laboratory of Magnetic Fields and Cryogenics led
by Ing. Ale§ Srnka, CSc. focuses its effort on the
development and generalisation of design methods that
enable construction of magnetic systems that effectively
generate magnetic fields with defined proton configuration,
such as superconducting magnets for NMR, special
correction coils, windings with decreased input power,
decreased induction, etc. The laboratory is the only
workplace in the Czech Republic which designs and thanks
to the technological background of the institute also realises
for domestic and foreign institutions cryogenic devices
operating up to the temperature of supra-liquid helium.

The history of the Electron Microscopy Department at
ISI is the history of this field in the country. The Tesla
BS242 desktop transmission electron microscope was
completed at the time when only three countries in the
world were able to manufacture electron microscopes. This
microscope was awarded the gold medal of the World
Exhibition in Brussels in 1958. It keeps the lead as regards
the number of produced pieces of one type of microscope.
Its boom era lasted 15 years. Another milestone was the
development of the Tesla BS 600 electron lithograph. The
development was strictly enforced by the political
establishment of that time. It consumed enormous sums of
money that however were determined, for the most part, for
the partners in industry. Nevertheless, the device was fully
comparable with those developed in the laboratories in the
world and solved the problem of embargo put by the
western countries on advanced technologies. One of the
lithographs is now being very successfully used in ISI for
the preparation of diffraction and holographic elements.
From among the most significant achievements, let us
mention the unique instruments that were ahead of their
time (ultrahigh vacuum field emission microscope with
Auger spectroscopy, tunnel-emission electron microscope,
and interference electron microscope), investigation
techniques (Lorentz microscopy for the study of magnetic
materials, very low energy electron microscopy, etc.), and
numerous principles and approaches that were absolutely
original or began to appear (systematic dealing with the
problem of electron detection, introduction of single-crystal
scintillation detectors, methodology and software for
parameters computation and electron optical elements
simulation, electron-beam welding, etc.).
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The Electron Optics Department consists of two
laboratories. The Electron Microscopy Laboratory led by
RNDr. Petr Schauer, CSs. includes scientific teams that
concern themselves, with a high degree of independence,
with topical problems in this field. The Laboratory
of Special Technologies led by Ing. Jan Dupdk, CSc.
comprises teams engaged in the theoretical fundamentals
and in the development of electron beam based technologies
that are necessary for the construction of electron optical
devices operating in vacuum or ultra-high vacuum (electron
beam welding).

The Quantum Light Generators Department (Coherent
Optics) was established at ISI shortly after the discovery of
lasers, and Ing. FrantiSek Petrti, DrSc. was its leader up to
1991. In 1961, the first Czechoslovak gas laser operating
on the 1.15(m wavelength was put into opeartion The pulse
laser was put into operation in 1964 and on its basis the
drilling machine for diamonds was later developed. In the
same year, 1964, Meopta Prerov exhibited on the occasion
of the International Brno Trade Fair three types of lasers
developed at ISI. From 1967, the department was engaged
in precise measurement of geometrical quantities by using
interference methods and in the development of the
Czechoslovak laser length sub-standard. In 1981-1982,
a laser system for measurement in two coordinates with

a resolution of 40nm and a laser system for velocity
measurement were designed and constructed. The present
Coherent Optics Department consists of two laboratories.

The Laboratory of High Coherence Lasers led by
Ing. FrantiSek Petri, DrSc. is concerned with iodine-
stabilised He-Ne lasers, with an increase in accuracy of
interferometric systems, and with two-colour and absolute
interferometry. Gradually, more attention is paid to
semiconductor lasers operating on the 633nm wavelength.
A laser diode based iodine-stabilised system has been
constructed and compared with the world laser length
standard in BIPM in Paris and with standards of other
foreign laboratories.

The Laboratory for Nanotechnology led by
Mgr. Pavel Zemanek, Dr. is concerned with the use of
lasers for optical micromanipulation and microablation.
In the period of three years, they succeeded in
constructing a device that enables 3D manipulation of
organic and inorganic micro-objects and sub-cellular
structures inside living cells, in measuring strengths of
the pN order that act upon trapped objects, in fusing and
sorting living cells according to specific criteria, and in
doing controlled destructive operations inside living
cells.
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Deputy Director for Science
RNDr. Ludék Frank, DrSc.

Director
Prof. Ing. Rudolf Autrata, DrSc.

Scientific Council
Ing. Ales Gottvald, CSc.

ELECTRON OPTICS
Ing. llona Mdllerova, CSc.

NUCLEAR MAGNETIC RESONANCE
doc. Ing. Miroslav Kasal, CSc.

COHERENT OPTICS
Mgr. Pavel Zemanek, Dr.

Electron microscopy laboratory
RNDr. Petr Schauer, CSc.

Environmental scanning electron microscopy
prof. Ing. Rudolf Autrata, DrSc.

Detection of signal electrons in electron
microscopes
prof. Ing. Rudolf Autrata, DrSc.

Scintillation and cathodoluminescent
detection systems
RNDr. Petr Schauer, CSc.

Non-destructive methods of imaging using
low energy electrons
RNDr. Otakar Hutar, CSc.

Electron optical design
doc. RNDr. Bohumila Lencova, CSc.

Low energy electron microscopy
Ing. llona Millerova, CSc.

Low voltage transmission electron microscopy
prof. Ing. Armin Delong, DrSc.

Laboratory of special technologies
Ing. Jan Dupak, CSc.

Laboratory of NMR tomography
and localised spectroscopy
Ing. Zenon Star¢uk, DrSc.

NMR methodology
Ing. Zenon Starcuk, DrSc

Computer simulation, processing,
visualisation, and analysis of NMR data
Ing. Zenon Starcuk, jr., CSc

Gradient magnetic field generation
Ing. Karel Bartusek, DrSc.

Laboratory of NMR electronics
doc. Ing. Miroslav Kasal, CSc.

Electronics and signal processing
doc. Ing. Miroslav Kasal, CSc

Laboratory of magnetic fields
and cryogenics
Ing. Ale$ Srnka, CSc.

Laboratory of high coherence lasers
Ing. FrantiSek Petr(, DrSc.

Gas lasers and laser interferometry
Ing. FrantiSek Petr(i, DrSc.
Coherent semiconductor lasers
and their applications
Ing. Josef Lazar, Dr.

Laboratory for nanotechnology
Mgr. Pavel Zemanek, Dr.

New technologies
Ing. Jan Dupak, CSc.

Microlithographic technologies
Mgr. FrantiSek Matéjka

Magnetic fields and superconductivity
Ing. Ale$ Srnka, CSc.

Cryogenics
Ing. Pavel Hanzelka

Thin films and multilayer preparation
and characterisation
Ing. Jaroslav Sobota, CSc.

Inversion and optimization methodologies
Ing. Ale$ Gottvald, CSc.

Laser micro-manipulation techniques
Mgr. Pavel Zemanek, Dr.
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ELECTRON OPTICS

Electron microscopy laboratory

Environmental scanning electron microscopy

At the joint laboratory of ISI and the Institute of Electrical
and Electronic Technology of Brno University of
Technology, the team is concerned with the problems of
scanning electron microscopy whose main feature is
a relatively high pressure of gases in the microscope
specimen chamber. Physical processes of interaction
mechanisms at collisions of electrons with gas molecules,
ways of electron scatter in gaseous media, problems of
differential evacuation of a microscope, problems of
electron scatter in the dependence on the gas medium
pressure, etc., are studied. Special attention is paid to the

ways of detection of signal electrons and ions. Scintillation
methods, by using single crystal materials, ionisation
methods and the combined use of both methods are
investigated. Problems of suppression of the electrons
carrying the undesirable signal, problems of the attainment
of the maximum signal output, problems of cooling
a specimen and long term preservation of its wetness in the
space of the specimen chamber, etc., are dealt with.
Extraordinary attention is concentrated on the investigation
of wet biological specimens in their natural state.

Detection of signal electrons in electron microscopes

The team is concerned with the investigation of new
scintillation materials based on single crystals of dioxides
and with their use in detection systems of signal electrons,
particularly in scanning electron microscopes. Special
attention is paid to computer simulation of interaction
mechanisms between electrons and a solid, to light
propagation in light guides, and electron propagation in
electrostatic and magnetic fields. Simulation results are
compared with the experiment directed at the design of
systems for the detection of backscattered and secondary
electrons. The team is concentrated on the development of
methods of detection of electrons that are difficult to detect,

such as low energy backscattered electrons or electrons
propagated in a gas medium. Different modes of
information obtained by means of electrons with different
take-off angles and energies propagated in different media
are studied. The basic methodological conception is
connected with the detection systems that ensure attainment
of a high resolution image of the studied specimen, enable
separation of different types of detected electrons and
cathodoluminescent light, record different contrast
mechanisms, and make use of the variety of the physical
properties of signal electrons in scanning or transmission
electron microscopy.

Scintillation and cathodoluminescent detection systems

The team is concentrated on the study of electron
interaction in solids, cathodoluminescence, and on the
research of noise effects. The team activity includes the
Monte Carlo simulation of interaction processes and of
related optical effects. The results are used for the
construction of detection systems and/or screens for electron
microscopes. The essence of the current project is the
investigation of properties of single crystal imaging screens
(cerium activated single crystals of yttrium aluminium
garnet YAG:Ce), and their exploitation in transmission
electron microscopy. The project is motivated by the effort
to put into practice new imaging components with relatively

small dimensions and a high spatial resolution that will
enable gaining of high quality digital images of objects
investigated in the transmission electron microscope. The
goal of the project is to experimentally determine the spatial
resolution and detection efficiency of a single crystal
cathodoluminescence screen in the dependence on its
thickness. The results of the measurement are compared
with the values predicted by the theory and obtained by
a computer simulation. The results are used for the design
and construction of an imaging unit of the transmission
electron microscope.

Non-destructive methods of imaging using low energy electrons

The team concentrates on the study of the characteristics
and mechanisms of imaging in scanning electron
microscopy by using low energies of the primary electron
beam (~1 keV) and on the development of respective
detectors of signal electrons. Attention is focused on
applications especially in the diagnostics of microelectronic
structures and in the monitoring of production processes.

Characteristics of imaging by means of secondary and
backscattered electrons are studied and laws of material and
topographic contrast by using backscattered electron
detection and other attributes, such as edge overbrightening
and contamination, are investigated in detail. For this
purpose, two types of scintillation detectors of signal
electrons - annular and planar - have been developed that
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enable alternate imaging in either the backscattered electron
mode or in a combined secondary and backscattered
electron mode. To optimise the design, the mathematical
modelling of the electric fields and trajectories of signal
electrons is used. At present, the team is engaged in the
research of detection systems combined with retarders of
the primary electron beam - the cathode lens and EDOL

Electron optical design

The members of the group are engaged in the study of
electron optical elements and systems from both theoretical
and practical point of view, aiming at the improvement of
electron optical systems. We have at our disposal our own
powerful programs for the computation of electromagnetic
fields and their optical properties, with user interfaces
developed in cooperation with TU Delft, and programs from
University of Manchester, for mechanical design we use the
CAD system. Thanks to the specialisation of the team
members (e.g. particle optics, vacuum physics, fine
mechanics) it is possible to perform theoretical and

Low energy electron microscopy

The team deals with low and very low energy scanning
electron microscopy and its applications. Its activity
concentrates on methodology, instrument principles and
unique parts of instrumentation enabling one to achieve
high resolution imaging at electron energies down to units
of electronvolts. The main tasks are elaboration of methods
based on variable electron beam energy along the
microscope column and exploration of retarding optical
elements. Important problems are detection of signal

Low voltage transmission electron microscopy

The low voltage transmission electron microscope is
intended for the study of objects composed of atoms with
low atomic numbers, such as biological specimens. By
decreasing the accelerating voltage, the image contrast
increases many times but at the same time the attainable
resolution limit decreases, owing to the diffraction limit and
chromatic aberration of the objective lens. The obtained

Laboratory of special technologies

New technologies

The team is concerned with the development of
technologies and with the design and construction of
technological equipment representing the basis for the
building of electron optical devices operating in vacuum or
ultrahigh vacuum conditions. These technologies include
electron beam welding, vacuum brazing, pulse laser
welding, development and manufacture of vacuum electric

system. These systems can continually control the incident
energy of the primary electron beam in the range from
several electronvolts to several kiloelectronvolts. The
problems of the electrostatic charging of poorly conductive
surfaces of specimens in the dependence on the incident
energy of the primary electron beam and of the influence
of a strong electrostatic field are dealt with.

mechanical design up to the experimental realisation. At
present we are interested in the problems of Wien filter. This
interesting element has a practical application in the low
voltage scanning electron microscope, and it represents a
number of electron optical challenges not only from the
point of view of electron optics but also for the mechanical
design because of stringent requirements on the accuracy
of the combination of electrostatic and magnetic fields.
Additional activities are directed towards the improvement
of the computer methods of electron optical simulations.

electrons emitted at very low energies, resolution of the low
energy images, specimen preparation techniques and
vacuum problems. The main application fields are the study
of very clean and defined surfaces including those prepared
in-situ in ultrahigh vacuum, observation of real surfaces
under medium voltage conditions, observation of non-
conductive specimens and comparison of the low energy
image signals with electron-spectroscopical signals, e.g.
Auger electrons.

results are very promising. A number of technical problems
were solved due to which the repeated attempts to realise a
low voltage microscope failed in the past. The activities are
oriented toward correction of optical aberrations (aperture
and chromatic ones), alignment automation, astigmatism
correction, image computer focusing, and an increase in
electron to light image conversion efficiency.

feedthroughs, etc. A new method of joining metals with
brittle non-metal materials by brazing using ductile active
brazing solders and a method of electron beam welding of
metal materials with different physical properties have been
developed. A function model of a desktop electron beam
welding machine intended for welding instrument parts has
been realised.
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Microlithographic technologies

The group deals with the research in the field of
microlithographic technology using an e-beam lithograph.
Its activity concentrates on large-size microstructure
diffractive optical elements for laser-beam forming, sub-
micron diffractive holography structures for industrial
holography applications, and thin-film metallic and
dielectric structures on silicon substrates for biosensors and
conductive chemical sensors. This research necessarily

includes the dealing with the following problems: off-line
and on-line software enabling exposition of large-volume
data, proximity effect, dimension distortion of the deflection
field (caused by imperfection of the optical deflection
system and by temperature drift), and modelling and
simulation of generated structures that simplify the design
cycle and enable parameter optimisation.

Thin films and multilayer preparation and characterisation

The group of thin films and multilayer preparation and
characterisation has been concerned with r.f. magnetron
sputtering of thin films for more than ten years. From the
beginning up to now we have been preparing thin films (e.g.
Al, Si ,Mo, Ti, Ni, Ag, C, ITO, Nb, W, TiN, SizNy, SiO,)
intended for use within projects treated at our Institute. In
1990 we started collaboration with the Department of
Multilayers at the Institute of Physics ASCR on the
characterisation and production of multilayer systems
consisting of a large number of double layers of nanometer
thickness for use in x-ray optics. In recent years the
collaboration with the HVM Plasma Ltd. in the field of
evaluation of film hardness and adhesion led to the study

of sputtered layers of carbon and carbon nitride. Mastering
these tasks at our laboratory helped create technological
background for prerequisites for the design and realisation
of nanostructured multilayers for tools. After establishing
contacts with the Surface Engineering and Tribology Group
of the Institute of Physics and Astronomy of the University
of Aarhus in 1994 practical experiments started at the end
of 1995 verifying the possibility of preparation of designed
nanostrucured multilayer systems. In 1998 we obtained the
Joint Project (101/98/0553) having as the main objective
the development of a new generation of the coatings for
tools with high adhesion, low wear and high performance.

NUCLEAR MAGNETIC RESONANCE

Laboratory of NMR tomography and localised spectroscopy

NMR methodology

Current research activities of the NMR methodology
group are concentrated on complex studies of problems of
spatially localised in vivo 'H and *' P NMR spectroscopy of
the brain. Different existing techniques for localised in vivo
NMR spectroscopy of the brain have been improved and
new techniques have been developed in order to make
quantification of the acquired in vivo NMR spectra more
accurate and simple and, as a result, to facilitate and widen
exploiting of these promising techniques in clinical
applications. In particular, these present research activities
aim to acquire the highest possible quality in vivo NMR
spectra of all available diagnostically important low

molecular weight metabolites. In addition to the proper
spatial localisation, this requires dealing with a number of
other partial, but nevertheless very difficult, problems such
as highly efficient water spectrally selective water
suppression, minimisation of contamination of the recorded
metabolite spectra by water and lipid signals generated
outside the volume of interest, suppression of different
origin distortions, efficient differentiation between low
molecular weight metabolites and macromolecules and
lipids, exploiting 2D and editing techniques in NMR spectra
interpretation, and magnetisation transfer effect on the
intensity of metabolite signals.

Computer simulation, processing, visualisation, and analysis of NMR data

The NMR experiment simulation activity is focused on
the development of mathematical models and simulation of
experiments with spatial and/or spectral localisation, i.e.
experiments applying frequency selective radiofrequency
(RF) pulses and/or magnetic field gradients. The developed
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software is used for the design and optimisation of selective
RF pulses and pulse sequences for localised in vivo
spectroscopy. It is used by the cooperating teams as a
development and verification tool for their research activity.
The primary task in the area of processing, visualisation,
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and analysis of NMR data was the establishment of
a universal and open software package for the processing
and visualisation of multidimensional NMR data on a PC,
with the emphasis on various kinds of 2- and 3-dimensional
imaging and spectroscopic imaging, with modules for input
NMR data conversion from various proprietary formats to
a unified representation used in processing and

Gradient magnetic field generation

The team is occupied with the generation of gradient
magnetic fields with minimum rise and decay times in the
working space for NMR spectroscopy and MR tomography.
The eddy current effects are eliminated by the preemphasis
compensation for the gradient systems with and without
active shielding. To set precisely the preemphasis constants,
the optimisation techniques and the precision measurement
of the time behaviour of the gradient field are used. For this
purpose, the new NMR method of the gradient magnetic
field measurement has been developed. It is based on the
selective excitation of the nuclei in the gradient field and
on the instantaneous frequency measurement of

Laboratory of NMR electronics

Electronics and signal processing

The team is concerned with the development of new
methods of excitation signals generation and NMR signals
detection in order to quantitatively improve the available
parameters and to eliminate instrument artefacts. The signal
generation based on the direct digital synthesis of signals
and digital modulation makes it possible to achieve
substantially more precise interactions of the excitation
radiofrequency magnetic field with nuclear spins. The
digital processing of NMR signals based on the methods of
redundant sampling and digital quadrature detection enables
achievement of an essentially broader dynamic range and
suppression of translated signals by several orders, which
is important for the measurement of proton spectra of
biological specimens with high contents of water. Much

visualisation, with the possibility of user-defined expansion
of the functionality of the package. The current work is
oriented towards integrability of this system into an
experimental environment and towards the development or
integration of special algorithms for data preprocessing and
analysis.

the NMR signal (FID) which is proportional to the
measured gradient. To increase the measured precision,
filtration techniques have been developed, namely the
adaptive and wavelet filtration techniques, which increase
the S/N ratio of the measured gradient and eliminate the
problems with the transient response of the used digital
filters. To compensate the preemphasis, a new gradient
system with digital generation was developed. It is based
on the digital filtration implemented on the digital signal
processor (DSP96002). A similar DSP system was used for
setting the homogeneity of the static magnetic field using
the matrix method.

attention is paid to the research of rf resonators for imaging
and localised 'H and *'P spectroscopy of biological tissues,
especially of the human brain (in collaboration with IKEM
Praha). Significant progress has been achieved also in the
post-acquisition NMR signal processing. The results are
used also in other fields, for example for the measurement
and processing of biosignals for the diagnostics of
cardiovascular diseases. In collaboration with the St. Anna
Faculty Hospital in Brno, a new method of non-invasive
measurement of baroreflex sensitivity has been developed
which uses controlled breathing for the excitation, and the
instantaneous complex value obtained by digital quadrature
detection and filtration is evaluated.

Laboratory of magnetic fields and cryogenics

Magnetic fields and superconductivity

The team is concerned with the development and
generalisation of design approaches enabling realisation of
magnetic systems that generate effectively magnetic fields
with the defined space configuration. These approaches are
used for designing magnetic systems for various physical
experiments, such as homogeneous magnetic fields for
NMR and MRI (excited by superconducting magnets),

special shim coils magnetic field, gradient coils for NMR
imaging, low power consumption windings etc. The team
is also engaged in the development of the measurement
methods for the magnetic field mapping and suitable
techniques for data acquisition. In the cryogenic field, the
calculation methods and analysis of low temperature
systems heat flows and optimisation of system parameters

11



Institute of Scientific Instruments AS CR, 1995-1999

are studied. The results of our study of material properties
at low temperatures and special technology techniques are
used for superconductivity and cryogenics applications. An
important part of our activity is the expertise work in the

Cryogenics

The main effort of the team is concentrated on the
optimisation of the helium cryogenic systems, especially
on the possibilities of reduction of the undesirable heat
flows. A set of numerical procedures for the calculation of
steady temperatures and heat flows in cryogenic systems
has been therefore created and is improved constantly.
A program KRYOM 3.3 based on the procedures enables
one to analyse and optimise usual cryogenic devices. Low
temperature material properties are studied by the team in
order to evaluate the intrinsic parameters of the investigated
cryogenic systems. As the heat radiation is a significant part
of the heat flows, the coefficients of the thermal emissivity
of materials are examined. The results achieved by the
calculation methods are verified experimentally and also by

Inversion and optimization methodologies

The team is engaged in the interdisciplinary study of
Inverse and Optimization Methodologies (IOM) in NMR
and related domains. A new synthesis and hidden links are
sought between generalized resonance phenomena and
several seemingly isolated areas: Bayesian Probability
Theory, Evolutionary Optimization, Inverse Methods,
Information Physics, Neoclassical and Quantum Physics of
Resonance, Electromagnetic Field Theory, Deconvolution
Spectroscopy, and Digital Signal Processing. An important
goal consists in shifting critical parameters of biomedical
NMR-experiments beyond their conventional stringent
limits. Original tools for the analysis of biomedical NMR-
signals and spectra under non-ideal or extreme conditions
are being developed. Pioneering some new paradigms of
optimal information processing for biomedical NMR is
supported by uncertainty analyses and comparative studies
with alternative techniques (Fourier-based quantifications,

area of cryogenics. We are the only laboratory in the Czech
Republic that is able to design and manufacture, for
domestic and foreign institutions, exacting cryogenic
equipment for temperatures down to 1.5 K.

comparison with the parameters measured on the designed
and realised devices. For example, cryostats of the
superconducting magnets supporting the development of
the NMR spectroscopy and tomography methods at our
institute and also special instruments designed and
manufactured for foreign institutions could be mentioned.
As ultrahigh vacuum technology is an essential discipline
applied in cryogenics, the problems of the vacuum
generation and its long term maintenance in cryogenic
devices are studied, too. The compatibility of the
technological and safety standards in the field of cryogenics
valid in the Czech Republic and in European countries is
investigated.

etc.). A unifying frame is investigated for the complex
resonance phenomena under convolutionary and noise
artifacts, involving some harmonic, pulse, chirp, stochastic,
wavelet, spin-echo and other excitations. Some more
fundamental possibilities emerge, too: (a) Bayesian
Quantum Theory, which avoids long-time paradoxes and
puzzles of standard "Copenhagen" interpretations; (b)
Bayesian Field Theory, which clarifies the role of
probability, uncertainty and prior information in many
problems of electromagnetics; and (c) Bayesian
Evolutionary Optimization, which elucidates surprising
links between the parameters of evolutionary processes on
an algorithmic, biological and brain-informatic level. The
team of IOM promotes a large spectrum of international
scientific activities especially with its partners in Japan and
Italy (workshops, conferences, editorial and lecturing
cooperations, etc.).

COHERENT OPTICS

Laboratory of high coherence lasers

Gas lasers and laser interferometry

The activities of the team are oriented toward the field of
high coherence gas lasers and their use in laser
interferometry. Laser length standards for the 633nm region
were designed and constructed. They satisfy all CIPM
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parameters for the laser standard. Periodically, comparison
of their parameters with those of BIPM standards are made
and the resulting data are registered in the list of length
standards for the respective field. A new design of cells and
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technology of filling them with ultra-pure iodine for laser
standards for wavelengths 532, 543 and 633nm have been
developed. In the region of shorter wavelengths, the single-
frequency mode of the laser operating on the 543nm
wavelength has been achieved and a hyperfine structure of
the absorption line of 127J2 has been recorded for this
region. A laser interference refractometer with an evacuated
cell has been designed and measurement accuracy of the
order of 10-8 has been achieved. At present, work on the

laser refractometer using optical resonators in connection
with tunable lasers is in progress. In collaboration with
NIST Gaithersburg, an absolute interferometry device that
uses a tunable semiconductor laser has been designed, and
measurement accuracy of the order of 10-6 has been
achieved. For gas lasers, laser interferometers and
refractometers, special systems of thin optical layers have
been designed.

Coherent semiconductor lasers and their applications

The team derives its conception from its research projects
and further perspectives and concerns itself with the design
of a primary standard of the optical frequency based on
a semiconductor laser with an external resonator. Its high
stability is derived from narrow spectral lines of molecular
iodine that are used for stabilisation. The project consists
of not only the design of the laser itself but also of the
development and optimisation of the methods of high-
resolution laser absorption spectroscopy including modern
techniques of digital signal processing. The research in this
field and the results achieved are fully comparable with
those of the leading world metrological laboratories

Laboratory for nanotechnology

Laser micro-manipulation techniques

The team deals with problems that are connected with the
employment of laser beam interaction with objects for
optical micro-manipulation. An experimental set-up
enabling optical trapping of micro-objects and nano-objects
by means of the optical fields has been built up here as the
only one in the Czech Republic. This system is used for our
own experimental activities, or for experiments on
biological objects that are co-ordinated by our external
colleagues. This set-up has been enriched by the possibility
of laser micro-ablation that is used for topology
modification of optically trapped objects, perforation of
inner and outer cell membranes and cell fusion. An original

contributing to the formulation of recommendations for the
primary length standardisation. The team is occupied with
the laser resonator design aiming at the attainment of
broadband fluent tuneability. The tuneable, high-coherence
laser as a source for high-resolution spectroscopy will be
a very promising tool for the spectroscopical analysis and
also for optical frequency standardisation. The team focuses
also on the development of new interferometric techniques
of length measurement, where the tuneable laser allows
"absolute" measurement, and in the future also surface
roughness measurement by means of several discrete
wavelengths.

method employing the gaussian standing wave and
objective with a low numerical aperture was suggested and
experimentally tested for the optical trapping. The system
is being gradually modified to enable generation and
independent positioning of several optical traps using
a computer. Precise position detection of optically trapped
objects can be employed for the measurement of forces in
the range from pN to nN. It is the only method enabling
estimation of forces comparable to intermolecular ones
acting on the neutral objects. Original methods for the
cooling and trapping of atoms using the gaussian standing
wave have been developed, too.

13
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INSTITUTE IN NUMBERS

Scientific capacity

University graduates Scientists
Year Persons Full jobs Persons Full jobs
1995 51.39 38.41 28.77 21.63
1996 52.71 38.68 26.51 20.64
1997 58.28 41.34 30.75 24.52
1998 59.46 42.61 30.51 24.23
1999* 62.07 42.19 31.59 24.09
* until December 1, 1999
Education statistics
PhD students PhD degrees Diploma Student
Year awarded students assistants
1995 20 1 17 17
1996 17 2 10 21
1997 16 1 17 15
1998 21 1 18 16
1999* 21 2 10 19
* until December 1, 1999
Publication statistics
Papers in Papers in Abstracts in
Year Monographs reviewed proceedings proceedings
journals
1995 1 18 40 9
1996 4 18 78 23
1997 4 29 50 33
1998 5 17 63 23
1999%* 2 17 46 25
* until December 1, 1999
Travelling to abroad
Conferences and congresses Work and study stays
Year Total Of these, Total Of these,
on invitation on invitation
1995 29 11 60 15
1996 32 4 43 18
1997 50 11 53 17
1998 29 12 21 14
1999%* 23 10 37 19

* until December 1, 1999
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Scientific activities and results

SCIENTIFIC EVENTS ORGANISED AND CO-ORGANISED
BY THE INSTITUTE

» 3 Japanese-Czech-Slovak Joint Seminar on Applied
Electromagnetics, Prague 1995. Institute of Scientific
Instruments (ISI) - co-organiser. .

2" Multinational Congress on Electron Microscopy, Stara
Lesnd 1995. Czechoslovak Society for Electron
Microscopy (CSEM) seating in ISI - co-organiser. .

* 4" Int. Workshop on Optimization and Inverse Problems
in electromagnetism, Brno, June 19-21, 1996.

* Recent Trends in Charged Particle Optics and Surface
Physics Instrumentation, 5" Seminar, Brno, June e
24-28, 1996. ISI - organiser, CSEM - co-organiser.

e PECO 12283 Project Meeting and Seminar, Brno, July
19-21, 1996. ISI - organiser.

¢ 3" Multinational Congress on Electron Microscopy,

Portoroz, Slovenia, September 1997, CSEM -
co-organiser.

Recent Trends in Charged Particle Optics and Surface
Physics Instrumentation, 6" Seminar, Skalsky Dvir, June
29 to July 3, 1998. ISI - organiser, CSEM - co-organiser.

3" Japan-Central Europe Joint Workshop on Modelling
and Simulation of Non-linear Engineering Systems and
Related Phenomena, Bratislava, September 27-30, 1998.
ISI - co-organiser.

12" European Congress on Electron Microscopy, Brno,
July 9-14, 2000. CSEM - organiser, ISI - organiser.

Recent Trends in Charged Particle Optics and Surface
Physics Instrumentation, 7" Seminar, Skalsky Dvtir, July
15-19, 2000. ISI - organiser, CSEM - co-organiser.

COLLABORATION WITH UNIVERSITIES

Joint laboratories and their activities

ESEM Physics Laboratory, Faculty of Electrical Engineering and Computer Science, Brno University of Technology

(FEECS BUT)

» Experimental activity oriented toward the study of wet
specimens.

Realisation of electronics for ionisation detectors.

ESEM Demonstration and Application Laboratory (FEECS BUT)

* Study of surfaces of non-conductive specimens and wet
biological tissues.

* Construction of new detector systems for the observation
of wet specimens in ESEM, and solution of the problem
connected with the automatic shifting of the detector
(supported by a grant and by Preciosa Crytur).

Laboratory for the study of detection systems (FEECS BUT)

* Development the detector of secondary electrons (SE)
and the detector of ionised particles. Comparison of the
results obtained using the detector of backscattered
electrons (BSE).

* Determination of the signal-to-noise ratio for the
scintillation paired detector at different pressures in the
specimen chamber, angular distribution of BSE in ESEM,
evaluation of trajectories of SE in the electrostatic field

Design of a complete system to cool a specimen in the
environmental scanning electron microscope and of a
system to fill water vapours into the specimen chamber.
Recording of images of untreated biological wet tissues
with a sufficient resolution.

for the ionisation detector, and the design of an electrode
system for the detection of SE.

Computer simulation of the operation of the ionisation
detector of SE, tests of use of the cathode lens to decrease
the energy of primary electron, and of the annular
detector of BSE, computer simulation of the detector of
EDOL type.
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DSP Laboratory (FEECS BUT)

Design and experimental verification of special digital
filters for the analysis of the gradient magnetic field
distorted NMR signal in the NMR microscope.

Creation of conditions for tuition and applications of
digital and signal processors (DSP) and methods of digital
signal processing.

Design of an optimum structure of digital filters for
DSP96002 their use for the analysis of the gradient
magnetic field distorted NMR signal.

Design of the NMR signal processing procedure used for
the elimination of amplitude and phase modulation of the
signal distorted by residual gradient fields.

Study and simulation of the change in the signal-to-noise
ratio at the application of the COBALD method to correct
spectra baselines. Design of the procedure of modification
of input data prior to their processing by the COBALD
method that permits spectrum baseline correction with
high dynamics of the NMR signal.

e Completion of the first version of the integrated

DSPlus96 environment that serves for the development
of new designs of the MR signal processing. Design of
the digital adaptive filter with DSP96002 for the
measurement of gradient fields and creation of the
program to realise wavelet transformation with the same
processor.

Use of the original coding technique of wavelet
coefficients made it possible to attain for MR images, for
which low compression ratios can be achieved in
comparison with classical images, a two times higher
compression ratio compared with currently available
images.

Experimental verification of the use of wavelet
transformation for MR image compression and
comparison of the results with those obtained by means
of the currently used techniques (e.g. JPEG).

Electron Microscopy and Special Technologies Laboratory (MU Brno)

Preparation of tips of defined types and structures for
purposes of tunnelling microscopy.

Determination of Avogadro constant by the sedimentation

method and by the analysis of Brownian motion.

* Study of materials by tunnelling microscopy.

Optoelectronics and Electron Lithography Laboratory (FEECS BUT)

Design and construction of the atomic force detector for
the material surface analysis by the Atomic Force
Microscope and solution of structure of cantilevers on
SizN4 membranes.

Measurement of thickness and profiles of plasma
deposited thin layers (TEDS) on silicon and on glass
substrates used for the determination of growth rates and
properties of layers.

» Realisation of a new data control system based on the PC

Pentium NMX and ADSP2181 signal processor.

» Development of exposition software to enable preparation

of large-area diffraction structures, which necessitates
processing of large volumes of data over 1GB, for laser
beam formation (focusing devices, beam splitters, etc.)
(Project "ELITO" supported by a GA CR grant).

¢ Solution of structures of conductive sensors.

Laboratory for the study of physical properties of polysilylene (FCH BUT)

Study of metastable states generated by ultraviolet
radiation and by the electron beam in poly(methyl
fenysilylene) in the frame of research in polymer
materials for photoelectrically active detectors (supported
by a grant and carried out in collaboration with
IMCH AS CR and FCH BUT).

Laboratory for Nanotechnologies (FME BUT)

Realisation and measurement of optical elements and
systems (rhombic and anamorphic prisms, circular and
elliptic windows, cell windows, etc.).

Design and realisation of a standing Gaussian wave based
optical trap for nanoparticles and microparticles.

Use of a gradient optical trap made it possible to three-
dimensionally catch fluorescent-labelled nanoparticles of
50 nm in diameter and visualise them by a unique method
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* Study of metastability of one-dimensional Si-polysilylenes

with regard to prospective luminescence properties. In
particular, the effect of purity and contaminants and the
effect of controlled desorption on photoluminiscence
metastability were studied.

that makes use of two-photon fluorescence excited by the
trapping beam.

Use of the original standing wave based optical trap for
three-dimensional trapping of polystyrene particles of 50
nm in diameter by using an objective with a smaller
numeric aperture that enables dark field visualisation of
particles.



Scientific activities and results

The most important outcomes of joint activities

* In collaboration with FEECS BUT (Institute of Electrical Prague, a small 2.6 T superconducting magnet has been

and Electronic Technology) and under the support of the
firm Preciosa, an environmental scanning electron
microscope has been built, the ESEM application
laboratory has been established, possibilities of x-ray
analysis of large specimens were studied, and
modification of detector systems as regards especially the
detection of secondary electrons for large specimens was
carried out.

In collaboration with FEECS BUT (Institute of
Telecommunications), optimal structures of digital filters
for DSP96002 and techniques for the processing of
signals distorted by residual gradient magnetic fields were
designed.

In collaboration with the College of Chemical
Technology in Prague, the evaporation rate of helium
from the cryomagnet of the NMR spectrometer was
decreased.

In collaboration with the Faculty of Mathematics and
Physics of Charles University Prague, an experimental
dilution refrigerator to cool radioactive metal specimens
to 10mK in the magnetic field 4T.

In collaboration with the Institute of Radio Electronics of
FEECS BUT, theoretical analysis and experimental
verification of the influence of the S/H circuit on the
frequency range of A/D converters was made (grant-
supported project).

Together with the Faculty St. Anna Hospital of Masaryk
University, original methodology of diagnostics of
cardiovascular diseases, based on the evaluation of the
instantaneous phase shift between the systolic blood
pressure and pulse intervals, was designed. The method
of evaluation of the instantaneous baroflex sensitivity
(BRS) was experimentally verified. New information is
provided by its dissipation which according to the so far
obtained measurement results (for 20 healthy persons, 40
patients suffering from cardiovascular diseases) is of
essentially higher diagnostic significance than the
classical BRS obtained by evaluation in the time or
frequency domain.

In collaboration with the Faculty Hospital of Masaryk
University in Bohunice, evaluation of a contrast substance
was made by direct measurement of relaxation times T1
and T2 of extirpated organs. A good correlation of the
results of this original method with those obtained by MR
tomography measurement was found.

On the basis of long-term collaboration with the Faculty
of Mathematics and Physics of Charles University

developed for economy NMR measurements of solids at
helium temperatures. The specialists of the institute gave
consultations when cryogenics laboratories were built at
the faculty.

In collaboration with the Faculty of Mechanical
Engineering of BUT, problems of vacuum-tight welds of
aluminium with stainless steel were solved (grant-
supported project).

In collaboration with the Institute of Biomedical
Engineering of FEECS BUT, problems of identification
of distortion functions of NMR signals were solved.

In collaboration with the Faculty of Mechanical
Engineering of BUT and the Faculty of Science of
Masaryk University, problems connected with creation
of welds of metals with different physical properties were
solved (grant-supported project).

In collaboration with the Institute of Radio Electronics of
FEECS BUT, the method for jitter measurement based on
the evaluation of the frequency dependence of the output
noise of an A/D converter was designed and
experimentally verified (joint grant-supported project).

In collaboration with the Medical Faculty of Masaryk
University, a focused laser beam was successfully used
for 3D manipulation of sub-cell structures (mitochondria
and vacuoles), without any mechanical damage of the test
living cell (grant-supported project).

In collaboration with the Institute of Telecommunications
of FEECS BUT, the wavelet filtration of the MR signal,
e.g. localised spectrum of the rat brain, was
experimentally verified. The use of this filtration is
restricted by the low signal-to-noise ratio (<5).

In collaboration with the Institute of Telecommunications
of FEECS BUT, a new adaptive digital filtration method
of the FIR type for the filtration of noise in the FID signal
for the determination of an instantaneous frequency was
designed. The adaptive method significantly decreases
the error, compared with the original filtration method of
the FIR type with a fixed limit frequency.

The arrangement of the laboratory for measurement of
concentrations of light aerial ions of both polarities for
laboratory measurements at the Institute of Electrical and
Electronic Technology of FEECS BUT and on open-air
sites for purposes of the building industry was designed
and experimentally verified.
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COOPERATION WITH INSTITUTES OF ASCR, SPECIALISED
INSTITUTIONS, AND INDUSTRY

Preciosa. a.s.. Turnov

Our institute (ISI) is the co-investigator in the project
"Single Crystal Based Devices for Oncology" supported by
a grant of the Ministry of Industry and Business of the
Czech Republic, and the co-investigator in the project
"Health" supported by a grant of the same Ministry. The
objective is the use of single crystal materials in scanning
electron microscopy.

Tescan, s.r.o., Brno

The collaboration is oriented toward solution of problems
connected with electronics of the environmental scanning
electron microscope. The outcome of the collaboration is
the completion of the electronic control of the microscope
installed in the ESEM application centre in ISI.

Delong Instruments, s.r.0., Brno
The subject of collaboration is the construction of a low-

voltage transmission electron microscope and the study of
its experimental possibilities.

IKEM Praha

Development of methods to increase sensitivity of in vivo
NMR spectroscopy and tomography. A double-resonance
('H and *'P) head system has been developed. Its clinical
testing is being prepared.

Institute of Physics of Materials, ASCR

Study of detection of electrons in Philips scanning
electron microscopes and modification of the original
scintillation detector by using a single-crystal scintillator.

Skoda Plzefi

Development of a high-pressure feedthrough for the
primary circuit of the nuclear reactor, and of vacuum
connectors for nuclear devices.

IBS Velka Bite§

Collaboration on solution of technological problems
arising at manufacture of expansion turbines and low-
pressure compressors.

Czech Holography, s.r.o., Husinec-ReZ
Joint project: Electron beam shaping of thin structures of

polymer substances into surface image microstructures
suitable for the basic and applied research of optically active
structures and for industrial applications of holography.

Grants awarded by Ministries

* "MR-lymphography using specific paramagnetic contrast
agents". Grant no. [Z3027 awarded by the Ministry of
Health of the Czech Republic
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Toma. a.s.. Zlin
Observation of industrial specimens and of the eyeball
surface.

Institute for further education of specialists in health
service, Brno

Study of surfaces of tooth cavities treated using a laser
drill.

Lachema, a.s., Brno
Study of the influence of drugs on changes of the eye
lens.

Research Institute for Wool, Brno
Study of surfaces of textile fibres aimed at determining
technology influence.

Synthesia, Pardubice
Study of surfaces of substrates for printed board
technology aimed at increasing copper foil adhesion.

Institute of Nuclear Research in ReZ
Technology of welding containers that contain specimens
of materials to be irradiated.

Vakuum Praha

Collaboration on the construction of the electron welding
machine (company supported project).
HVM s.r.o.. Praha

Deposition of hard coatings.

Krej¢i Engineering, TiSnov
Thin-layer gas detectors.

Uniplet Tiebic, a.s.

Coating of pole-pieces of knitting machines EDIS.
Limtek Blansko

Laminated laser optics, and laser stability calibration.
DI Brno. Tesla Elmi

Partial modernisation and solution of some problems of
NMR spectrometers.

Cryometal Ri¢any
Thermally technical evaluations of dewar vessels.

» "Devices for diagnostics and therapy of oncological
diseases". Grant no. PP-Z1/27/98 awarded by the
Ministry of Industry and Business.



Scientific activities and results

Significant research projects on the basis of contracts

"Evaluation of the excited signal of blood pressure for
diagnostics of autonomous nervous system", Grant
n0.4624 awarded by the Ministry of Health, St. Anna
Faculty Hospital.

"Electron beam welding", Vakuum Praha.

"Electron beam shaping of thin structures of polymer
substances into surface image microstructures suitable for
the basic and applied research of optically active
structures and for industrial applications of holography",
Czech Holography s.r.o.

"Conductivity sensors", Krej¢i Engineering

"Control and data system for the electron lithograph",
ELTEK s.r.o.

"Development of systems for localised spectroscopy and
tomography of brain", IKEM, Prague

"Measurement and processing of biological signals EKG,
EEG and BP", St. Anna Faculty Hospital.

"Technology of the electron system for the integrated
detector of secondary and backscattered electrons in the
AQUASEM microscope", Preciosa-Crytur s.r.0.

"Modifications of software and of the electron-optical part
of the environmental microscope", Tescan s.r.0.

"Improvement of electron-optical parameters of the low-
voltage transmission electron microscope”, Delong
Instruments s.r.o.

COOPERATION WITH FOREIGN INSTITUTIONS

International grants and projects, agreements on collaboration

Novel heterostructure devices and materials assessment
for communication and information technologies, PECO
12283, CEC ESPRIT/MEL, 1994-8, University of York,
ITP Budapest, STU Bratislava, Institute of Scientific
Instruments (IS]).

New course in advanced materials technology at the
Technical University Brno, JEP 2559 PEGAS, CEC,
1995-6.

Laser stabilization for multi-color interferometric
measurement, Joint US-CZ project no. 92065, NIST
Gaithersburg, ISI, 1993-6.

Critical Assessment of Computational Methods in
Charged Particle Optics, Collaborative Grant for a Joint
Project UK/CZ (Royal Society), University of
Manchester, UK, 1996-7.

Agreement on cooperation, University of Pavia, Italy,
since 1990.

Agreement on scientific cooperation, Inst. Vac. Technol.
Warsaw, Poland, since 1995.

Agreement on cooperation, TU Delft, The Netherlands,
since 1989.

Agreement on cooperation, University of York, UK, since
1998.

Contract on cooperation with SUJV Dubna, Russia,
experiments with oriented nuclei.

Development of new high efficiency methods of localised
MR spectroscopy, grant of Ministry of Health of the
Slovak Republic, no. 95-03-02, Derer Hospital in
Bratislava, 1995-7.

* Optimisation of the helium necks closures systems of a

NMR cryostat, agreement on scientific cooperation,
SITEV Srl., Italy, since 1996.

Primary standard of electric resistance, agreement on
cooperation, Institute of Electrical Engineering of the
Slovak Academy of Sciences in Bratislava, since 1996.

Electron  microscopy  with  slow  electrons
(Elektronenmikroskopie mit langsamen Elektronen), joint
project, TU Clausthal (DFG Bonn), Germany, 1994-6.

High resolution SEM of semiconductor superlatices, joint
project, LAMEL Bologna (CNR), Italy, 1995-7.

Optimisation of a membrane performance in terms of a
reduced heat loss, temperature uniformity and mechanical
stability, joint project, LAMEL Bologna (CNR), Italy,
1995-7.

Compact low energy electron microscope for surface
imaging, cooperation with Arizona State University,
USA, 1996.

Controlled reactive RF/DC magnetron sputtering of hard
coating materials, cooperation with University of Aarhus,
Denmark, since 1996.

Multicrystal X-ray diffraction from high energy
implanted silicon and reflection from multi-layered
materials, joint project, LAMEL Bologna (CNR), Italy,
1995-7.

Very low energy scanning electron microscopy, joint
project with Shimadzu Research Laboratory, Manchester,
and with University of York, UK, since 1998.
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Advanced instruments and methodology for NMR
spectroscopy and tomography, agreement on joint project
with INFM, University of Pavia, Italy, 1998-2000, grant
of the Czech Ministry of Education, Youth and Sport,
n0.30/66, in the framework of the programme of
cooperation between the Czech Republic and Italy, 1999-
2000.

KONTAKT program, grant of the Czech Ministry of
Education, Youth and Sport, no. ME 181, cooperation
with Japan, Japan-Czech-Slovak Joint Seminars on
Applied Electromagnetics., 1998-2000.

KONTAKT program, grant of the Czech Ministry of
Education, Youth and Sport, no. ME 066, cooperation
with DFG, Germany, 1997-8

KONTAKT program, grant of the Czech Ministry of

Informal cooperation with foreign laboratories

Cooperation with PTB Braunschweig, Germany -
Frequency stabilisation of laser diods in the visible
spectral region. Attention is focused on computer
controlled precise thermostatisation of the external
resonator of a laser system. Preparation of quartz cells
filled with superpure iodine.

Cooperation with the Danish Institute of Fundamental
Metrology. Preparation of quartz cells filled with
superpure iodine.

Cooperation with ZPA Pecky, Slovak Republic, on new
trends in regulation of power units and automation design.

Cooperation with "Cryo Anlagebau GmbH" Willnsdorf,
Germany - order for manufacturing of polystyrene vessels
for LN2.

Cooperation with CERN on research and development of
special devices, equipment and technologies for the
experimental complex COMPASS.

Cooperation with Bruker-Franzen Analytik GmbH,
Bremen, Germany.

Cooperation with Max-Planck Institute of Cognitive
Neuroscience, Leipzig, Germany.

Cooperation with Universitit Wien, Institut fiir

Medizinische Physik, Austria
Cooperation with Universitit Wien, AKH, Austria
Absolute interferometry - cooperation with NIST, USA.

Cooperation with the Institute of Electronic Engineering
of the Slovak Academy of Sciences on Nb/Si Josephson
transitions.

Cooperation with the University of Nagoya, Japan (Prof.
Hibino) in the field of cathodoluminescent properties of
single crystal screens for TEM with electron energy 100
keV to 1 MeV.

Low voltage detection of signal electrons, cooperation
with JEOL Ltd., Japan.
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Education, Youth and Sport, no. OK 165, support of the
project PECO 12283, 1996-8.

Agreement on cooperation on the development of
software for imaging, research in the field of
instrumentation and NMR methodology with Institute for
Biodiagnostics (NRC), Winnipeg, Canada.

CERN, agreement on cooperation on the research and
development of special devices, equipment and
technologies for the experimental complex COMPASS.

CRYODATA, Louisville, USA, agreement on the
promotion of software KRYOM 3.3.

Delft Particle Optics Foundation and TU Delft, The
Netherlands, agreement on the promotion of software for
electron optics.

High-resolution detection of signal electrons, cooperation
with Hitachi Div. Instrum, Japan.

Cooperation with TU Clausthal, Germany, and Arizona
State University in the field of scanning electron
microscopy with very slow electrons.

Detection of biological objects marked by colloidal gold,
cooperation with EMBL, Heidelberg, Germany.

Long-term cooperation on the multicolour laser
refractometer, PTB Braunschweig, Germany.

Ion source of plasma type, cooperation with University
in Lublin, Poland.

Frequency stabilisation of laser diodes in the visible
spectral region, PTB Braunschweig, Germany.

Preparation of quartz cells filled with superfine iodine,
Danish Institute of Metrology.

Organisation of ISEM Symposium, 1999, and OIPEM
workshop, 2000, cooperation with the Department of
Electrical Engineering, University of Pavia, Italy.

Distance elements for the NMR cryostat, SITEV
Frosinone, Italy.

Cooperation with University of Minnesota, USA.

Analysis of tests and dynamic range of ADC, cooperation
with Analog Devices, work group IMEKO TC-4, project
EUPAS.

Comparison of numerical evaluations of 2D electrostatic
rotationally symmetrical systems by using three different
methods of potential evaluation, University of
Manchester, Great Britain, in connection with the joint
grant of the royal Society 1996-7.

Cooperation with the Laboratory of surface physics,
Latvian Academy of Sciences, since 1998.



Scientific activities and results

The most important scientific results achieved in the frame of international cooperation

Design and construction of a compact LEEM (Arizona
State University, USA)

First images of wave optical (diffraction) contrast in a
scanning electron microscope (TU Clausthal, Germany)

High-resolution high-efficiency single-crystal screens
(University of Nagoya, Japan)

Optimised design of a BSE detection system to provide
high resolution in the microscope with wide pole pieces
(Hitachi Ltd., Japan).

Two-wave refractometer for the evaluation of the absolute
value of the refraction index of air (PTB Braunschweig,
Germany.

Comparison measurements of iodine-stabilised lasers
(IFTAR, Romania).

Design of a new atomic trap created by a standing
Gaussian wave, its optimisation, and simulation of
behaviour of Cs atoms (University of Oxford, Great
Britain).

Helium cryostat with evacuation of helium vapours with
temperatures of up to 1,5 K (Institute of Electrical
Engineering of the Slovak Republic, Bratislava).

Controlled reactive deposition of hard coatings, and solid
lubricants (University of Aarhus, Denmark).
High-efficiency high-resolution single-crystal screens in
TEM in the range of energies from 100 keV to 1 MeV
(University of Nagoya, Japan).

Single crystal based SE and BSE detection systems
(JEOL Ltd., Japan).

High-resolution detection of signal electrons (Hitachi,
Div. Instruments, Japan).

Imaging of surfaces of biological tissues by means of low
energy backscattered electrons (Beiersdorf GmbH,
Germany)

Comparison of numerical evaluations of 2D electrostatic
rotationally symmetric systems by three different methods
of potential evaluation (University of Manchester, Great
Britain).

Attainment of original experimental results in imaging of
multilayer structures by slow electrons (in the framework
of a Copernicus project).

Precise measurements of yields of backscattered and
secondary electrons on clean surfaces of a number of
elements at low energies (University of York, Great
Britain).

Frequency stabilisation of laser diodes in the visible
spectral region, participation in the international
measurement of stabilised semiconductor lasers on the
633 nm wavelength (BIPM Paris, France).

Deposition and characterisation of multilayers and
nanostructured coatings (University of Aarhus,
Danemark).

Realisation of an improved television system of an
electron image converter for the high-voltage
transmission electron microscope (University of Nagoya,
Japan).

Measurement and evaluation of the decay time of single
crystal YAP scintillators at very high signal amplification
(JEOL Ltd., Japan).

Development of a miniature scanning ultrahigh vacuum
microscope with a field emission gun operating in the
electron energy range from 1 eV to 10 keV (University
of York, Great Britain).
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Runstuk, and Jitka Kanova
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tomography
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phase modulation
Miroslav Kasal, Josef Halamek, Vlastimil Vondra,
Vladimir Husek, Milan Samek, and Radek Vaclavik

Resonators for in vivo MR spectroscopy and
tomography
Miroslav Kasal, Milan Samek, Josef Halamek,
Vladimir Husek, Vlastimil Vondra,
and David Bélohrad
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purity correcting magnetic fields
Pavel Konzbul, Ale§ Srnka, Karel Svéda
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The tuneable source of coherent radiation based on
laser diode

Josef Lazar, Ondrej Cip, Petr Jedlicka,

and FrantiSek Petri

The computer-controlled stabilised He-Ne laser —
primary standard of length
Josef Lazar, Ondrej Cip, and FrantiSek Petra

Computations of electron optical elements
Bohumila Lencova

Electron-beam lithograph - new exposition software
FrantiSek Matéjka

Sub-micron diffractive holographic structures
FrantiSek Matéjka

First observation of a diffraction contrast in the
scanning electron microscope
Ilona Miillerové and Lud€k Frank

Very low energy electron microscopy combined with
surface chemical microanalysis
Ilona Miillerové and Ludék Frank

Laser interferometer with 0.3 nm resolution
FrantiSek Petrti, Ondfej Cip, Josef Lazar
and Pavel Pokorny

Laser refractometer
FrantiSek Petrti, Ondfej Cip, Josef Lazar
and Pavel Pokorny

Interference Multilayers for Lasers and
Interferometry
Pavel Pokorny

Single crystal imaging screens
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Jaroslav Sobota and Jaroslav BouSek

Broadband and narrowband decoupling using
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Zenon Starcuk, jr., Zenon Staruk, and Karel Bartu$ek

Frequency selective RF pulses for NMR spectroscopy
and imaging

Zenon Starcuk, Zenon Starcuk,jr., Karel BartuSek,

and Jaroslav Horky
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time in vivo proton NMR spectra of the brain
Zenon StarCuk, Zenon Starcuk,jr., Karel BartuSek,
and Jaroslav Horky

Measurement of in vivo proton MR spectra of pure
metabolites or macromolecules in the brain using a
very short echo time STEAM sequence
Zenon Starcuk, Zenon Starcuk, jr., Karel Bartusek,
and Jaroslav Horky

WIN-MRI: Open software system for processing,
analysis and visualization of multidimensional NMR
data

Jana StarCukové and Zenon StarCuk, jr.

NMR experiment simulator for the development of
spatially and/or spectrally selective techniques
Zenon StarCuk, jr. and Zenon Starcuk

Absolute Distance Interferometry
Alois Stejskal

Frequency Stabilization of a Gre-Ne Laser
Alois Stejskal

Direct digital synthesis and study of error signals
Vlastimil Vondra, Miroslav Kasal, and Josef Halamek

The use of the standing wave for manipulation of
microobjects and nanoobjects
Pavel Zemanek, Alexandr Jonas, and Libor Srdmek

The use of lasers for non-contact interventions in the
microspace

Pavel Zemanek, Alexandr Jonas, Libor Sramek,

Jan Jezek, and Petr Jakl

Atomic trap formed by counter-propagating Gaussian

beams
Pavel Zemanek
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Compact Ultra-High Vacuum Low Energy Electron Microscope

Pavel Adamec and Bohumila Lencova

The work on the project of the Low Energy Electron
Microscope (LEEM) is a continuation of former long-term
cooperation with Professor E. Bauer of TU Clausthal,
Germany, now at Department of Physics and Astronomy,
Arizona State University, USA. It was a part of the
PhD Thesis of P. Adamec, defended in April 1997.

In the LEEM, the almost parallel beam of primary
electrons illuminating the sample is just before impinging
on the sample slowed down to 0-200 eV. Electrons with
such a low energy can be reflected from the sample surface,
and so we can either make an image of the surface or we
can observe low-energy electron diffraction (LEED) pattern,
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Fig.1. The view of the assembled microscope.
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which provides information about the crystallographic
structure of the surface. For the study of surfaces we must
guarantee very high vacuum in the specimen region. The
microscope designed and realized in this project differs
from previous LEEM designs in that respect that it is not a
complicated and expensive special instrument, but it was
designed as an attachment to an UHV apparatus.
Consequently it is very compact and light (just 20 kg), so
that it does not limit other functions of the apparatus. This
has been achieved by using just a small angle of 20°
between illuminating and imaging beams in the beam
separator, made by a homogeneous magnetic field, and by

Fig.1. Schematic arrangement of the electron
optical system of the microscope.

using electrostatic optics that can be easily operated in an
UHYV system. The use of electrostatic optics does not bring
significantly worse resolution power of the microscope,
which is determined mostly by the electrostatic field
strength in front of the sample: on the contrary, the use of
electrostatic optics allows the unique design of the
separator. The sample itself must be held at the earth
potential, and so the electron optical elements must be held
at a high voltage, and the whole microscope is placed on
a single UHV flange with six-inch diameter. Electron
optical system of the microscope has been computed with
the help of programs developed in our institute, and the
separator design was performed with participation of
M. Yavor of TANIN, Russian Academy of Sciences. All
components of the microscope have been designed and
fabricated, and the whole equipment was assembled and
tested in USA. It was possible to demonstrate proper
functioning of the whole microscope including the
observation of diffraction patterns, and the image resolution
was, as a consequence of a number of experimental
limitations, just three times worse than the theoretical value.



Recent results

Detection of signal electrons in scanning electron microscopy

Rudolf Autrata, Petr Schauer, Otakar Hutaf, Jifi Runstuk, and Jitka Kanova

A beam of primary electrons incident on a studied
specimen is a source of signal electrons that are emitted
from different depths of their penetration into a specimen
and have different energies. Secondary electrons (SEs) with
an energy of 3 - 50 eV which are emitted from a specimen
depth of about 10 nm are one of the most important types
of signal electrons. SEs are therefore the source of
topographic information about the structural character of
the specimen. Backscattered electrons (BSEs) with an
energy of about 80 - 90% of the primary beam energy which
are emitted from a specimen depth of about one hundred
nanometers, in the dependence of the atomic number of the
specimen, are another important type of signal electrons.
And this nearly linear dependence of the number of BSEs
(expressed by the backscattering coefficient) on the atomic
number of the studied specimen creates the diagnostic
possibility of studying material distribution of the specimen.
Elements with a high atomic number produce a higher BSE
signal than those with a low atomic number. This contrast
is called material contrast (Z-contrast).

SE detection has become a routine method that has been
successfully mastered by employing the scintillation-
photomultiplier detector according to Everhart-Thornley
(ET). In the scope of the above-mentioned project, some
new modifications of the ET detector were made, such as
the introduction of a conical single crystal scintillator of
yttrium aluminium garnet (YAG) and the introduction of
additional electrodes (Fig.1). The SE detector efficiency
was improved 2.7times.

BSE detection is, because of the importance of these
signal electrons, under continuous study. There are several
types of BSE detectors, such as semiconductor detectors,
channel detectors and detectors with plastic scintillators.
All these detectors do not however fulfil requirements that
are the prerequisite for the achievement of a high image
resolution. In the course of the project duration, attention
was therefore focused on the study of detectors based on
single crystal scintillators of dioxides activated by trivalent
cerium. These scintillators possess outstanding properties
from the viewpoint of efficiency of light generation,
lifetime, radiation resistance, temperature and chemical

resistance, and their easy shaping. If a scintillator, e.g.
a YAG one, is connected in an optically optimised way to
a light guide that guides the generated photons toward the
photocathode of the photoelectric multiplier, then the
signal-to-noise ratio of this system (Fig.2) is much higher
than that provided by other detection methods. The
coefficient of the detection quantum efficiency reaches
a value of 0.8 at a BSE energy of 12 keV.

Although this detector is intended for the recording of
material contrast by using high take-off angle BSEs, also
topographic contrast can be recorded if the scintillator - light
guide part is split into two halves and signals from both
halves are subtracted. Another possibility of topographic
contrast recording is the detection of low take-off angle
BSE:s. For this purpose, the so-called annular BSE detector
was designed in which the YAG scintillator has a shape of
aring onto which BSEs with a take-off angle of 0 - 20° are
incident. Topographic contrast is a result of detection of
those BSEs that have lost a smaller portion of their initial
energy during their penetration through the specimen. By
changing the position of the specimen or the YAG ring
along the vertical axis, the take-off angle of BSEs and
consequently also the contrast can be changed.

As the YAG BSE detector shows a decreased sensitivity
to low-energy BSEs (0.5 - 1.5 keV), BSEs are accelerated
in the electrostatic field produced by the electrode on the
scintillator supplied with a voltage of +3 to +5 kV. Because
not only BSEs but also SEs are accelerated, a retardation
grid supplied with a negative voltage of -100 V is positioned
under the electrode on the scintillator. It deflects SEs off the
scintillator and in this way a pure BSE image for BSE
energies of 200 eV to 1.5 keV, without any influence of SEs,
is obtained.

The above-described detectors possess a high
signal-to-noise ratio that is a prerequisite for the attainment
of a high image resolution. Fig.3 is an image of a broken
blood cell. Protein particles on its surface are labelled with
colloidal gold with a grain size of 1 - 5 nm. The high
resolution of particles and high contrast enable
determination of the number of particles on the defined area,
which is used for the diagnostics of the state of an organism.
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Environmental scanning electron microscopy for the study of wet specimens

Rudolf Autrata, Josef Jirak, Jifi Spinka, Jifi RunStuk, Martin Klva¢, and Vladimir Romanovsky

Environmental scanning electron microscopy (ESEM)
deals with problems connected with observation of water-
containing specimens at pressures of 300 to 2000 Pa in the
specimen chamber. The ESEM operation is made possible
by separating the microscope column containing electron
optics from the space of the specimen chamber by using
pressure-limiting apertures and a system for differential
pumping of the individual pressure regions. One such
possibility is the introduction of a differential chamber fitted
closely to the pole-piece. The chamber is pumped
separately, and two apertures separate it from the specimen
chamber and the microscope column, respectively (Fig.1).
The height of the differential chamber must be as low as
possible so that it does not limit the working distance and
decrease the image resolution. Within the scope of the
above-mentioned project, a scanning electron microscope
named AQUASEM was realised which enables observation
of wet specimens at a pressure higher than that of saturated
water vapours (609 Pa at a temperature of 0°C). The
problems of gas flow between the regions with different
pressures were solved, the scatter of primary electrons in
pressure environment was studied and detectors for the
detection of signal electrons in ESEM were designed. There
are three principles of the detection of signal electrons in
ESEM: the scintillation-photomultiplier principle, the
principle of multiplication of electrons and holes in the
p-n junction of a semiconductor after the impact of signal
electrons, and the principle of ionisation current due to the
ionisation by collision of molecules of the gaseous medium
around the specimen with signal electrons, primarily
secondary electrons (SEs). Within the scope of the project,
a detection system of original design has been realised in
which scintillation and ionisation methods of detection are
integrated and which enables separation of vacuum from
the pressure region of the specimen chamber. The detection
system is based on the single crystal of yttrium aluminium
garnet (YAG), split in two optically independent parts for
the recording of the BSE signals A + B or A — B. It is
provided with an aperture (C1) to separate the pressure

in the differential chamber from that in the specimen
chamber (Fig.1). From the side of impact of BSEs, a system
of circular thin-layer electrodes is deposited on the single
crystal. It is used for the ionisation method of detection of
secondary electrons by means of electrons and ions
generated by the collision mechanism in the pressure
environment of the specimen chamber. The ionisation by
collision is produced not only by SEs but partially also by
BSEs. The principle consists in that in the electric field
produced by the electrode system, which is held on
a potential of the order of hundreds of electronvolts,
an avalanche increase in the number of electrons occurs in
the gas, and they are then detected by the electrode system.
Using an appropriate arrangement of the circular electrodes,
it is possible to achieve suppression of the BSE contribution
in the total signal. The process of the ionisation by collision
can be optimised by adjusting the detector - specimen
distance, pressure in the specimen chamber and potential
supplied to the electrodes. The aim is to detect a maximum
of SEs in preference to BSEs.

The objective of our project based on the microscope
AQUASEM (Fig.2) is the study of primarily biological soft
tissues with a high content of water. For this purpose, the
microscope has been equipped with a device for freezing
specimens to a temperature of —23°C and for filling the
specimen chamber with water vapour. In this way, the
dehydration of specimens at higher pressures in the
specimen chamber was slowed down. Fig.3 below shows
the wall of a human stomach. The specimen contains as
many as 80% of water and was taken using the ionisation
method of detection. The ionisation detector (detects
primarily SEs) records topographical contrast, the
scintillation detector (detects primarily BSEs) records
material contrast in the dependence on the atomic number
of the specimen. Because of not too different mean atomic
numbers of biological specimens (they contain primarily
atoms of C, H, and O), material contrast is much less
distinct than topographic contrast.
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Fig.2. ESEM - AQUASEM
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Recent results

Adaptive and Wavelet filtration for NMR

Karel BartuSek, Zden€k Dokoupil, and Radomir Svoboda

Noise and transient properties of current digital filters are
ones of the limiting parameters when dynamic properties
of gradient magnetic fields generated in systems for MR
tomography and MR localised spectroscopy are measured.
The NMR technique for the measurement of time and
spatial characteristics of magnetic field gradients is based
on a high accuracy measurement of an instantaneous
frequency of a FID signal. The derivation of an
instantaneous phase of a complex FID signal and an
increase in its amplitude due to relaxation properties of
nuclei cause a steep rise of the noise amplitude in the course
of nuclear decay of the measured specimen. To increase the
precision of the measured gradient, it is necessary to use an
efficient filtration technique. Filtration may not increase the
fault of the measured gradient, either for the beginning of
the time characteristic (which leads to inaccurate
determination of short time constants) or for long times
(a long time constant fault occurs).

When the classic filtration of a FID signal with an
exponentially variable instantaneous frequency is made
using a filter of the FIR type, a high distortion of the first
points of the signal takes place. This is due to the shape of
the filter impulse characteristic. The distortion can be
decreased by the signal time inversion technique developed
at ISI. The principle of this technique is to split the output
signal of the filter into two parts in time corresponding to
the filter group delay. The time-inverted first part of the
output signal is added to the second part. This way, the
amplitude modulation of the beginning of the filtered signal
is significantly decreased but the faults of its instantaneous
frequency will be considerably high.

The use of a digital FIR filter with a constant bandwidth
cannot significantly increase the signal-to-noise ratio
(SNR). For this reason, an adaptive filter was designed and
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tested for which the width of the transmission band changes
in time according to the character of the input signal. Prior
to the beginning of the filtration, constants and limiting
frequencies of low-pass FIR filters designed using the
algorithm REMEZ are stored. According to the
instantaneous frequency of the signal at the immediate
output of the filter, filter constants for the next filtered stage
are chosen. If an adaptive filter is used, a measurement error
of the instantaneous frequency of the FID signal can be
decreased to a level <10 Hz (i.e. <0.3%). The distortion of
the beginning of the instantaneous frequency characteristic
must be removed by other techniques, e.g. the time
inversion technique.

Both disadvantages of the FIR filter can be eliminated by
filtration making use of wavelet transformation (WT). The
input signal is transformed by WT. After choosing suitable
wavelet coefficients (deletion of coefficients smaller than
the chosen limit), reverse WT was carried out and an output
signal was obtained. The filter making use of WT decreases
the fault at the end of the measured time characteristic to a
value <500 Hz, and at the beginning of the time
characteristic no additional distortion occurs. By additional
sliding window averaging, the measurement fault of the
time characteristic of the instantaneous frequency can be
decreased to a level <10 Hz.

Time characteristics of the instantaneous frequency
determined from the complex FID signal by using different
types of filtration are presented in the figure below. It is
evident from the figure that filtration made using the classic
FIR filter does not significantly improve the SNR. The most
advantageous type of filtration is the wavelet filter
cascading and sliding window averaging for which the
measurement error is less than 10 Hz.

FIR filtration

Instantaneous frequency [Hz]
o
(=]
o

0 500
sample [-]

1000

wavelet and moving

2000 average filtration

2000

1000

Instantaneous frequency [Hz]

0

0 500
sample [-]

1000

Fig.1. Time characteristics of the instantaneous frequency determined from the complex FID signal.
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Generation of magnetic field gradients for NMR tomography

Karel BartuSek, Zdenék Dokoupil, and Radomir Svoboda

One of the main problems of MR tomography and
localised MR spectroscopy is the generation of magnetic
field pulse gradients, with a good homogeneity and minimal
rise and decay times, to the level of inhomogeneity of the
basic magnetic field. A fast decrease in the magnetic field
gradient is hindered by induced eddy currents in conductive
materials placed in the vicinity of gradient coils. To
decrease the influence of eddy currents, an active shielding
of gradient coils and preemphasis compensation can be
used. An active shielding is an additional coil positioned
outside a gradient coil that produces such a compensating
magnetic field that in the place of conductive materials
decreases the amplitude of the generated magnetic field or
eliminates it. A disadvantage of the active shielding is that
the working space diminishes by more than 30%.
Preemphasis compensation using a precisely defined excess
of current flowing through the gradient coil eliminates the
eddy currents effect, and the gradient field rise (decay) will
be maximally fast. A disadvantage of this technique is a
high demand on the accuracy of determination of
preemphasis constants.

A precise analytical description of induced eddy currents
is complicated and corresponds to an only one
constructional arrangement of a magnet. A rough analysis
of generated gradient magnetic fields suggests the necessity
of using complex preemphasis compensation, i.e. any
gradient direction and all cross-couplings among the
individual gradients must be compensated. To set
preemphasis compensation, NMR methods for precise
measurement of gradient decay time characteristics have

PULS SEQUENCE

been developed at ISI, which serve for the determination of
preemphasis constants.

The technique called "Instantaneous frequency method"
is based on selective excitation of a thin layer in a spherical
whole-volume sample positioned off the electric centre of
the gradient system. Nuclear excitation takes place in the
gradient field and the NMR signal is recorded after the end
of the gradient pulse in the presence of the residual gradient
field. By evaluating the instantaneous frequency of the
NMR signal we obtain the gradient field decay time
characteristic. Approximation of a multiexponential
characteristic can be used for the determination of
compensation constants for a digital preemphasis filter. The
pulse sequence used is shown in the figure. Noise along the
whole measuring path significantly decreases the
measurement accuracy. To increase the accuracy, the
measurement is made in two steps. First, the adaptive
setting of preemphasis constants is carried out in several
separate measurements. Then, the found constants are
further optimised using a model where noise is eliminated
and higher-order optimisation techniques are used.

Using the above-described method, the time
characteristics of the decrease in the gradient magnetic field
were measured with an accuracy of 5%10*. The figure
shows the time characteristic of the gradient Gx without and
with optimally set preemphasis compensation. Using a
special pulse sequence, it was verified that the gradient field
decreased to the level of inhomogeneity in 10 ms. The
experimental verification was made on the 200 MHz
home-built NMR system adapted for microscopy.
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Fig.1. Test pulse sequence and measured time characteristic of Gx gradient without and
with optimally set preemphasis compensation.
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Recent results

Method for the scale linearization of the laser interferometer

Ondiej Cip and Frantisek Petr

Laser interferometers are increasingly used for the most
precise measurement of lengths and other geometrical
quantities, such as travel straightness and perpendicularity,
for the measurement of oscillations, and for similar
applications. The measurement of lengths using a laser
interferometer may be traced to the SI base unit for length
- the meter. The resolving power of the interferometer is
high, owing to the short wavelength of light of the lasers
commonly used (usually 633 nm) and owing to the
subsequent electronic division of the interference fringe
spacing into fractions.

Difficulties with the scale linearity occur when
subdividing a fringe with high resolution in the nanometer
region. The single-frequency interferometer uses detection
technique based on the fringe division where are two output
signals in quadrature (with phase difference 1/2). The
amplitude ratio of signals represents tangent of an actual
phase between the measurement and reference beam of the
interferometer. If the interferometer is not possible be
adjusted properly, the phase error can arise as a consequence
of the interference of two spherical wavefronts whose axes
of propagation are not identical (either parallel-shifted or at
an angle). In such case the relation between the amplitude
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ratio of quadrature signals and tangent of the actual phase
is nonlinear and the measurement by the interferometer has
an error because the course of quadrature signals has
elliptical distortion. The error can be eliminated by
specialized mathematical method which fulfils the
expectation of the minimum influence of the fringe
distortion caused by a phase difference from 172 between
two quadrature signals and the amplitude difference of
signals.

The method is based on the real-time measurement of
parameters of the detected interferometer fringe and an
optimal approximation of the quadrature signals course by
a conic section in Cartesian plane. The obtained parameters
are transformed from the analytical form to the parameter
form of the equation of the conic section and an inversion
function is established. The final calculation is based on the
inversion function. The method has been verified by an
experimental measurement on the 4-path Michelson's
interferometer with the total resolution A/2048 using the
Soleil-Babinet compensator. The reproduced measurements
with an error less than 0.3nm are available now. Example
of linearized scale of the interferometer by the method is
shown in Fig.1.

B) scale error

— linearized scale
*|— nonlinearized scale

200
¢ [°]

0 100 300

Fig.1. Example of the scale linearization of laser interferometer. A) course of quadrature signals of an distorted
interference fringe. B) course of linearized and nonlinearized scale of interferometer vs. true phase between two

interference laser beams.
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Miniaturized low voltage TEM

Armin Delong and Karel Hladil

The contemporary transmission electron microscope
(TEM) is a very powerful instrument that enables one to
observe structures of solids with very high resolution, and
in the case of crystals even their atomic structure. The
resolution depends, in principle, on the wavelength of the
moving electron - the higher the energy (given by the
accelerating voltage) the better the resolution. On the other
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Fig.1. Dependence of resolution and contrast of TEM on

Contrast

hand, the contrast of the image decreases with increasing
accelerating voltage (Fig.1). Especially biological objects,
composed of elements with low atomic numbers, are
imaged with an insufficient contrast influencing also the
resolution. This is the reason for the existence of the low
voltage TEM (LVTEM).

accelerating voltage. The resolution (d = 0.43 (CN°)Y) is given
for lenses with the same coefficient C; = 1 mm. The dependence

of contrast holds for a carbon foil 20 nm thick.

LVTEM is composed of two microscopes, a small
electron microscope with magnification of maximum 250
times with a single YAG fluorescent screen and a standard
high quality commercially available light microscope with
magnification as many as 400 times. This design has several
advantages from different points of view:

* The projection system composed of a single crystal
fluorescent screen and a light microscope has high light
transport efficiency, compared with the direct observation
of the fluorescent screen. A 10 000 times less amount of
light comes into the entrance pupil of a naked eye,
compared with the objective lens with the numerical
aperture NA=1.

* This design is feasible when energy of 5 keV is used.
At this energy, the scattering of electrons in the YAG
screen is relatively low, compared with electrons with
higher energy (e.g. 20 keV).

* The light microscope can be attached by means of a CCD
camera to a PC for image recording and processing and
for TEM alignment, astigmatism correction and automatic
image focusing.
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The original idea to use an ergonomical design of
a modern light microscope for LVTEM can be realised
using the miniaturised electron optical column only. This
requirement was fulfilled via electron lenses with
permanent magnets of new construction, which enable one
to reach low aberration coefficients. An electron source with
the Schottky emission cathode with high brightness was
necessary not only for good image observation, but also for
using the instruments in a scanning mode.

The theoretical resolution can be improved in the future
several times using some of different methods of aberration
correction.

The microscope is easy to transport and the demand for
the installation place is very modest. The need to use
a specimen as thin as possible can be fulfilled practically
for all specimen preparation techniques.

LV TEM is also interesting from the point of view of
a low price and low working expenses.



Recent results

Desktop E-beam Welding Machine

Jan Dupék, Petr Kapounek, Eduard Kunc, Miroslav Horacek, Jaroslav Lahoda, Ivan VI¢ek, Mojmir Sirny,

and Martin Zobac

The desktop e-beam welding machine is intended for
welding parts usually made of special materials used in
instrumentation. The outstanding features of the realised
functional model are its high productivity, easy operation
and the possibility of its adapting for different welding
processes.

The vacuum working chamber is a horizontal-axis
cylinder of 230 mm in inner diameter, and 200 mm long.
Its lateral area is provided with holes intended for the
connection of an electron gun, manipulator and extension
tubes to enable welding of extremely long parts. In the front
hinged cover is a sight glass that allows observation of the
welding process. A pumping system is connected to the rear
cover of the chamber. It consists of a turbomolecular and
a rotary air pump and enables one to reach the working
vacuum in the chamber in about two minutes and a half.
One Pirani and one Pening vacuum gauge are used to
measure the vacuum and to control the automatics of the
pumping process.

The electron gun is constructed so that it is not necessary
to use another auxiliary pump to evacuate the cathode

space. This enables its easy mounting into various positions
on the working chamber. As the electron source, a field
emission gun is used which together with the control
electrode creates an easily replaceable unit. The
electron-optical part of the gun consists of centring coils,
an electromagnetic lens and a deflection system that
enables +35° deflecting of the beam along axes x and y. The
electron gun is supplied from a high voltage supply of
0 - 60 kV with an output power of 2 kW.

The manipulator used allows rotary and rectilinear motion
of the weld. The position of the electron gun, manipulator
and extension tubes can be changed so that the machine can
be adapted for a great many requirements. To carry out the
most usual rotary lateral welds, the manipulator is
positioned in the bottom hole of the chamber and the
electron gun is in the horizontal position. For front welds,
the electron gun is shifted to the perpendicular position
opposite the manipulator. Edge welds can be realised by
deflecting the electron gun.

Elektronové délo

31



Institute of Scientific Instruments AS CR, 1995-1999

Welding of metals with considerably different properties

Jan Dupék, Pavel Skoda, and Petr Kapounek

The new electron beam welding technology makes it
possible to produce vacuum-tight and mechanically resistant
joints of materials with considerably different metallurgical
properties, e. g. Ti-Al. When the classical melting
technology is used for welding these materials (both are in
liquid state and their mixing occurs), fragile intermetallic
compounds arise in most cases, and owing to their small
strength, the produced joints are of no practical importance.
Therefore we apply the heating method which ensures that
only the lower-melting-point material is melted and in it the
higher-melting-point material is partially dissolved, so that
a solid solution without any fragile phases is produced at

Atom-% Al

the interface. The pre-requisites for the creation of a good-
quality joint are the existence of the area of partial solid
solubility in the phase diagram and a sufficiently large
difference between the melting temperature of both
materials. We used the described method for making welds
such as Al-Cu, Al-Ni, Al-Ag, Al-Ti, and stainless steel with
aluminium, copper, molybdenum and niobium. Main
attention was paid to the welding of aluminium with
titanium, because this technology was used when a nitrogen
cryostat with required minimum values of evaporation was
designed.
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Fig.1. The phase diagram for Ti-Al
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Recent results

Noncharging scanning electron microscopy of non-conductive specimens

Ludék Frank, Martin Zadrazil and Ilona Miillerova

In the scanning electron microscope (SEM) the specimen
is bombarded by a focused beam of primary electrons and
the emitted secondary and backscattered electrons are
detected to form the image signals. The total charge balance
is generally not in equilibrium - the numbers of incoming
and outgoing charges are unequal and some charge is
dissipated within the specimen. The specimen current can
be used as an additional image signal for conductors but in
insulators the dissipated charge remains concentrated near
the impact point and forms a local electric field. This field
influences the trajectories of both primary and signal
electrons and consequently destroys the image, and it can
even endanger sensitive parts of the instrument. Thus,
non-conductive specimens have to be made conductive
before microscopying, which is made by a suitable coating
or staining. This operation complicates the specimen
preparation and alters the specimen appearance and
properties so that it is highly desirable to avoid it.

One possibility is to carefully measure the energy value
at which the total electron yield amounts to one, i.e. when
the numbers of incoming and outgoing electrons are equal.
As a rule, such an energy value does exist for a great
majority of materials and biological specimens. This idea
has been elaborated into a novel method of the SEM
observation of non-conductors. The prerequisite was the
adaptation of SEM to the version with low energy
microscopy by means of the cathode lens. It decelerates the
primary beam to an arbitrarily low energy without
sacrificing the image resolution, and a minimum
realignment is necessary when the energy is changed. The
electron yield curves cross the unity level, and the surface
charge changes its sign, at a critical energy somewhere
between 1 and 8 keV. An important property is that during
the build-up process of the surface charge the critical
electron energy adjusts automatically by the surface
potential which increases up to a charge balance when the
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further charging stops. This means that effectively a certain
movement along the electron yield curve occurs and the
yield varies. The principle of the novel method consists in
the measurement of the total electron signal in time, and in
the search for an energy at which the signal change is
minimum. Even for a single electron energy value, the
measurement has to be made in many points not illuminated
before because the critical energy depends on both the local
specimen composition and surface relief inclination. This
brings some average values for the viewfield as it was
verified on a broad spectrum of specimens of various types.
The accuracy of the critical energy measurement was found
to be approximately + 50 eV that is a value similar to the
critical energy spread due to, e.g., variations in the local
surface inclination on a fibrous specimen. If the spread
caused by the composition heterogeneity does not exceed
some fuzzy limit of about 100 to 200 eV, the image can be
taken at an optimum energy so that it exhibits no traces of
charging.

The method has been fully automated using a computer
controlled SEM where the signal measurements are made
in a preselected net of image points for a preselected set of
energy values adjusted by means of a computer controlled
high-voltage supply for specimen biasing. The acquired
signal vs. time curves are statistically processed and the
resulting quantity for each electron energy is the measure
of the total signal change during the charging-up process
(i.e. the charging-up curve). The examples below show the
charging-up curve for the surface of a textile specimen, the
micrograph (in the centre) taken at 1200 eV where the
curves cross the zero level, and the comparison image taken
at 1700 eV which demonstrates the charging-up
phenomena. The method is extremely suitable and
promising for microscopy of non-conductive materials and
biological specimens in general.
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Bayesian Evolutionary Quantifications for Biomedical NMR-Spectroscopy

Ales Gottvald, Roman Malczyk

A huge potential of NMR for biomedical diagnostics now
needs no advocacy. However, if the sensitivity, resolution,
time demands, costs, reproducibility, and other critical
attributes of biomedical NMR-experiments would be shifted
significantly, this methodology would be adopted for
routine clinical applications on a much wider scale. A
particular modality where the above limits are strongly
percepted is In Vivo NMR-spectroscopy. A central problem
consists in spectra quantifications. Minimizing the
uncertainty of quantifications requires all forms of
contextual knowledge ("prior information") which is
available to the spectroscopist. Conventional quantification
paradigms (e.g., based on Digital Fourier Transform, DFT)
often impose some stringent limitations and systematic
errors - especially for large deviations from ideal conditions.

Bayesian probabilistic methods offer a novel systematic
rationale for reducing the above limitations. To incorporate
a large class of important realworld artifacts to the
quantification scheme, we derived a generalized model of
NMR signals and spectra. The physical frame describes
complex interactions between the magnetic fields
inhomogeneity and instability, additive noise, amplitude and
phase modulations, initial and terminal truncations,
apodizations and linear filterings, etc. Methods for the
distortion function identification, providing some important
prior information, were developed and tested using both
synthetic and experimental data. A concept of generalized
NMR-spectroscopy has been elaborated as well. This
concept involves the classical (CW) and pulse (FT)
spectroscopies as two limit cases, and, as an intermediate
case, the rapid-scan "correlation" spectroscopy devised by
Dadok. For solving the associated inverse problems (the
model parameter quantifications subject to constraint
conditions), a biologically inspired Meta-Evolutionary
optimization was elaborated. This original concept mimics
a darwinistic evolution theory and brain information
processing. The amalgamation of the Bayesian and
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Evolutionary methodology is very flexible with respect to
various forms of prior knowledge (parametric models,
distorting functions, constraint conditions, noise
distributions, ...).

Computer programs for the similation, visualization and
quantification of the generalized NMR-signals and spectra
were implemented, and some comparative studies between
the Bayesian-Evolutionary and DFT-based quantifications
were elaborated. Our findings, still restricted to synthetic
and quasi-experimental data, show that the Bayesian-
Evolutionary quantifications are much less susceptible to
various data artifacts than their conventional DFT-based
counterparts - especially for large deviations from ideal
conditions. In other words, reducing the uncertainty of
initial parameter estimates, determined by some
conventional DFTbased scheme, is very likely. In a good
agreement with recent findings of several other authors
(e.g., Bretthorst et al.), some critical attributes of
NMR-experiments  (sensitivity, resolution, time
demands, ...) may often be shifted - sometimes even
dramatically. The Bayesian-Evolutionary quantification
may also be used for optimal spectra restorations
(deconvolution, denoising). As an illustration, a quasi-
experimental In Vivo phosphorus spectrum of human brain,
strongly distorted with an inhomogeneity and noise, was
optimally restored (see figures below). This restoration is
not exact, but only the most likely with respect to some
explicitly defined prior information. Moreover, a systematic
uncertainty analysis helps us to see neither "too much" nor
"too little" in our NMRdata. Also this "safety feature" is
unique and generally not available in most conventional
non-Bayesian quantification paradigms. As the diversity
and complexity of prior information in biomedical In Vivo
NMR spectroscopy is generally very large, the Bayesian
methodology actually opens a large program which is far
from its closure. More detailed investigations using clinical
experimental data are underway.

RECONSTRUCTED In Vivo *'P SPECTRUM (21/256/10)
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Recent results

Processing of the bandpass signal with a large dynamic range.

Josef Halamek, Miroslav Kasal, Vlastimil Vondra, Pavel Jurdk, Ivan Krej¢i, Vladimir Hasek, and Milan Samek

In NMR spectroscopy and tomography, relatively high
demands are put on signal processing. The signal is a
bandpass one, with a carrier frequency from 10 to 600 MHz,
the analyzed spectral width is from 100 Hz to 1 MHz, and
analyzed lines can be as narrow as 0.1 Hz. The analyzed
signals are mostly week, sometimes below the noise level,
and so accumulation must be used to increase the
signal-to-noise ratio. Moreover, often a strong, unwanted
signal (solvent or water in biological samples) is present in
the processed data. It can be as many as 100 dB above the
level of the analyzed signals. This strong signal cannot be
eliminated by analog filters and so the resulting sensitivity
was sometimes limited by a maximal dynamic range, above
all for analog NMR receivers. This problem was eliminated
using the digital receiver, i.e. oversampling and ZOOM FFT
on-line. In 1992 we tested oversampling and digital filtering
on-line (HSP43220) using analog quadrature detection,
since 1996 we have been using a full digital receiver based
on HSP50016. Besides the problems connected with the
design of the digital receiver we had to analyze a couple of
others, given by the application in NMR. For example:

a) Baseline distortions given by the filter transient
response. Some rules were set how to acquire data to
minimize baseline distortions. This rule was valid for analog
filters with a small steepneess of the frequency response.
When the steepneess was higher, some empirical constants
were used to correct amplitudes of the first points of
accumulated data. We determined the origin of this
distortion and the proper setting of measurement
parameters. Using this, the baseline distortions given by the
transient response of filters were eliminated for any filter,
Fig. 1. The theory was also expanded to a different type of
measurement in NMR tomography and so the
corresponding ghost signals were eliminated.

LA

a) b)

Fig.1. Baseline distortion given by filter transient
response. a) acquisition parameters as with analog
filters, b) elimination by proper setting of acquisition
parameters

b) Baseline distortions given by a different type of data.
The NMR time signal is complex, and two different types
of data, given by a different time shift between real and
imaginary samples, were used: the zero time sift (pure
complex data) and the time shift 0.5 of the sampling period
(Redfield-Kunc data). Both types of data have their
adherents, the baseline distortion is different, but the
theoretical explanation does not exist. We have found that
a different baseline distortion is given by different aliasing
of signals off the basic Nyquist band. When the complex
signal is sampled, the aliased signal can occur in two
positions, and the amplitude and phase depend on the time
shift between samples in the real and imaginary parts.

¢) Phase coherence of the digital receiver. In NMR, the
phase coherence between the transmitter and receiver must
be ensured. Using analog quadrature detection, the phase
coherency is preserved by the mixing frequency. In the case
of digital quadrature detection this signal is missing and the
resulting phase depends on the transmitter signal, sampling
frequency, and time schedule of the experiment. This is why
the manufacturers still use the mixed design — analog and
digital quadrature detection. We have achieved the phase
coherency using the synchronization signal from the pulse
generator that is responsible for the time schedule of the
experiment.

Some algorithms are applied as the postprocessing, for
example for the solvent suppression, Fig. 2. We have a close
cooperation with partners in Italy, Prof. Marco Villa and
Pacifico Cofrancesco, Unita INFM di Pavia. In the area of
standardization, our aim is to lay down the proper definition
of a maximal dynamic range, the ratio of the full-scale
signal power to noise power per Hz, and the introduction
of the dBFS/VHz unit. In NMR, the number of ADC bits is
still used as the unit.

"

c) d

Fig.2. Solvent suppression by postprocessing. a) input
spectrum, dispersion part with solvent signal, b) the same
spectrum with suppressed solvent
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Dynamic errors of ADC — measurement and analysis

Josef Halamek, Pavel Jurak, Miroslav Kasal, Milan Samek, and Vladimir Hasek

For a digital receiver the dynamic range and the
frequency bandwidth are mostly limited by ADC. So the
top-quality system design must go out from ADC’s
parameters. But parameters used by ADC manufacturers
are mostly too global, give together more error signals and
different error sources. That is why we are interested in the
analysis and measurement of ADC’s dynamic errors. Only
so we can achieve the best parameters of a NMR receiver.
Two different error signals were considered - noise and
spurious with harmonics. The latter was eliminated as much
as possible. Different sources of these error signals were
taken into account, such as the analog preamplifier, sample
and hold circuit, quantization and differential nonlinearity,
jitter, and coupling between the analog and the digital part.
The digital receiver is used for the measurement of ADC,
so the problems with a fast sampling, large data set,
sensitivity, input signal imperfections and measurement
automation are eliminated. On the basis of different tests,
we can pick out the following new methods:

Coupling between the analog and the digital part. We
have good experience with the measurement of the output
noise as a function of the sampling frequency when the
input signal is broadband noise of small amplitude
(1 or 2 LSB) with the dc level exactly at the center of the
input range. This input signal makes the ADC errors
irrelevant and ensures a maximum change in maximum
output bits at the same time. The output noise should
become independent of fs when the coupling between the

a)

analog and the digital part has been eliminated.

Signal distortion given by the sample and hold circuit.
S/H was for a long time the limiting part of the ADC. It was
the main source of noise and its transient response can be a
source of a spurious that cannot be eliminated by dither.
These error signals can be still dominant in ADC
undersampling applications, when the ADC is used for
frequency conversion. These error signals depend above all
upon the amplitude difference between subsequent samples,
and this difference depends on the ratio between the
sampling frequency and the carrier frequency. So with a
proper choice of fs we can minimize (optimal working point
of the digital receiver) or maximize this error signal
(ADC measurement), see Fig. 1.

Jitter measurement. Jitter is the time uncertainty that
limits the ADC frequency bandwidth; it is caused by ADC
itself and by the phase noise of the sampling frequency.
When jitter is random, the corresponding error signal is
noise, and from this additive noise jitter can be computed.
Standard measurements of jitter have a low sensitivity, do
not assume the influence of the ADC’s analog frequency
response, and the result depends on the noise floor of the
input signal. Our method is based on a theoretical model
that assumes the analog frequency response of ADC and
the noise floor of the input signal. The analysis of the
ADC’s output noise as a function of the input frequency or
amplitude gives us the accuracy level of jitter, Fig.2.

b)

Fig.1. Signal distortion given by the sample and hold circuit, the output signal from the digital receiver. a) carrier

frequency 66.25 MHz, b) carrier frequency 68.75 MHz.
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Fig. 2. The coincidence of the theoretical jitter model (full lines) with measurement (points). Two amplitudes of the
input signal (full scale — 6 dB and —12 dB) were used. The jitter values were 15.7 and 16.1 ps, respectively.
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Recent results

Methods of calculation of steady heat flows in cryogenic systems

Pavel Hanzelka, Josef Jelinek a Véra Musilova.

Consumption of cryoliquids, usually liquid helium and
nitrogen (LHe and LN>), is an important parameter of many
cryogenic devices, such as Dewar flasks, experimental
cryostats and also superconducting magnets for the nuclear
magnetic resonance (NMR) spectrometers and tomographs.
This consumption together with the cryoliquids refill
interval affects substantially the operational economy of the
mentioned devices. A significant saving of cryoliquids may
be achieved by minimising the heat that gets into the low
temperature internal parts from the outer surface with room
temperature. For illustration, the insulation properties of a
well designed NMR cryostat are three or four orders better
when compared with those of a standard thermos bottle.

Several techniques are simultaneously used for the heat
input reduction. The internal parts are placed in a high
vacuum space and so the heat exchange by the gas is
avoided. Heat radiation and heat conduction in the necks of
the vessels and internal supports become thus the most
significant heat flows. Therefore the internal parts are often
surrounded by thermal radiation shields that are cooled by
outgoing cryoliquid vapours, by an external refrigerator or
by an additional bath of another cryoliquid. When designing
such a complex system, its structural parameters are to be
optimised so that the minimal heat input is achieved and
also other conditions determined by the device utilisation
are fulfilled. The application of simple presumptions or
rough calculations leads usually to the necessity to modify
the device repeatedly after its realisation. The set of
algorithms for the calculation of the steady temperatures
and heat flows in cryogenic systems created in ISI Brno
makes the design of the low temperature devices easier and
more precise.

For the purpose of calculation, the analysed system is
divided into the parts with a constant temperature (vessel
with cryoliquid, radiation shields) and the parts with
temperature gradients (necks, supports). The goal of the
calculation is to find the heat equilibrium of all isothermal
parts. Owing to the complicated and nonlinear mutual
relations of the quantities describing the system, numerical
methods must be used. The algorithms of the heat flows
calculations consist of hierarchically assembled modules.

The output parameters of the modules on a lower level are

used as input parameters for the higher level modules. The

physical sense of the quantities calculated on individual

levels is checked continuously. The modular structure

enables one to create a program for the calculation of a

cryogenic system with a defined configuration. A program

KRYOM 3.3 was developed for the analysis of usual

cryogenic devices. The following operations can be carried

out by the program:

 Calculation of the heat flows and temperatures in the
necks and supports of the vessels with cryoliquids.

* Analysis of thermal processes in the Dewar flasks and
cryostats.

» Optimisation of a cryostat with one radiation shield.

This program is used at ISI and also at four foreign
institutions: Spectrospin Féllanden, Switzerland; IEE SAS
Bratislava, Slovakia; DeMaCo, Netherlands; Indian
Institute of Science, Bangalore, India.

The results of calculations achieved by the described
methods were verified experimentally and by comparison
with the parameters measured on the formerly built or
newly designed devices. Thanks to the calculation methods,
cryogenic systems with excellent parameters were built. The
programs are employed for the design of the cryostats of
the superconducting magnets to support the development
of the NMR spectroscopy and tomography methods at ISI,
and for designs made in co-operation with foreign
institutions. IST was invited to participate in the state grant
of the Slovak Republic aimed at the application of the
quantum Hall effect. An economical 1.5 K superfluid
helium cryostat was successfully designed and
manufactured.

The design of a cryostat of a 500 MHz NMR
spectrometer made for the Italian company ANSALDO is
another example of a successful application of the
programs. The cryogenic parameters of the cryostat,
manufactured by the SITEV company, are displayed in the
following table. The available parameters of the magnets
manufactured by Bruker and Oxford Instruments are
included too. When comparing, the lower working space of
the Bruker magnet should be taken into account.

ISI - SITEV - ANSALDO Bruker D 220/52 Oxford Instruments
Cryostat 500 MHz 500 MHz 500 MHz
Working space diameter [mm] 89 52 89
Outer shell diameter [mm] 800 750 -
Height [mm] 1910 1653 -
LHe consumption [l/day] 0.6 0.46 0.84
LN, consumption [I/day] 5.4 6.0 7.5
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The blood pressure and heart rate variability evaluation for cardiovascular diagnostics

Pavel Jurik, Josef Halamek, Miroslav Kasal, and Milan Samek

In collaboration with the 1st Internal Clinic of the Faculty
Hospital “Sv.Anna” in Brno (T.Kdra, M.Soucek, and
J.Sumbera) we have developed non-invasive cardiovascular
diagnostics which involved quantitative assessment of the
risk of an acute cardiovascular event like a sudden cardiac
death, arrhythmia, strokes and heart failure, diagnostics of
ischemic diseases, hypertension and transplanted heart
rejection. The diagnostics is based on the evaluation of
ECG, blood pressure (BP) and respiratory (RESP) signals.
The autonomic nervous system (ANS) control mechanism,
which participates in the maintenance of BP and heart rate
(RR) balance, is excited by precise control breathing at
0.1 Hz frequency. This frequency represents resonance
oscillation of the baroreflex system. Baroreflex is defined
as the relationship between the systolic BP (SBP) and heart
beat intervals variations.

In diagnostics we have used the previously developed
algorithm for the narrow band NMR signal processing. We
have established the new quantity - immediate value of
complex baroreflex sensitivity (BRS). The BRS is

XYt graph XYt graph

calculated by means of digital quadrature detection and
digital filtration. The time behaviour of the immediate
complex value of BRS much more better defines the mutual
relationship between the heart beat intervals (RR) and
systolic blood pressure (SBP). It partly eliminates the
non-stationary state, and the immediate phase carries
information about the mutual signal coherency.

The sensitivity and specificity of results (100 patients,
40 healthy volunteers) are essentially higher than the
standard methods including the invasive technique. Our
results have been partially verified abroad. In April 1999,
Prof. Coats’ team in London finished its study (31 patients,
18 healthy volunteers) which confirms the highest
reproducibility in the case of the 0.1 Hz control breathing
method.

The last measurement results reflect the eventual
influence between the middle beat frequency and the period
of the baroreflex feedback system (BFS). Documentation
of this dependence may help to do a more precise prognosis
of cardiovascular diseases.
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Fig.1. A) Healthy individuals: a very stable value of the phase shift (approx. -1.7 s) and a symmetrical XYT graph
represent very good characteristics of the BFS. B) Patient with essential hypertension: higher phase shift (-2.5 s) but
still good BF'S characteristics. C) Patient indicated for defibrillator implementation: total chaos in BFS - system
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Fig. 2. Deep breathing (A) and mild breathing (B) and their influence on SBP and RR intervals during one 5-minute
measurement of a healthy volunteer. It is evident that the precise respiration measurement is very important.
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Selective NMR excitation by digital amplitude and phase modulation

Miroslav Kasal, Josef Halamek, Vlastimil Vondra, Vladimir Husek, Milan Samek, and Radek Vaclavik

In MRI and MRS, shaped pulses are used for selective
excitation of nuclear spins. If a radio-frequency signal is
amplitude-modulated by the function sinc(T¢/T), we obtain
in the frequency domain about the carrier wy the band
Wy * TUT with a constant spectral output density. There are
no spectral components outside this band. The difficulty is
that for practical reasons and also for the attainment of a
short excitation interval the pulse length is limited. The
resulting spectral function is then rippled in the desired
band, and spectral components occur also outside this band.
Although the pulse length is the factor that limits the
attainment of a certain spectral profile, for different
applications new courses of the modulation envelope are
steadily looked for. Various non-symmetric functions or
combinations of amplitude modulation with frequency and
phase modulation (the so-called adiabatic pulses) are used

Most MR tomographs realise amplitude modulation in
the double-balanced circular diode modulator (DBM) with
a low output power. The resulting DSB signal is
additionally amplified to a desired output power in linear
high-performance amplifiers. The demands on linearity and
the dynamic range of amplitude modulation are very high.

A quadrature modulator (/&Q) is more universal. From
the viewpoint of excitation, its advantage is the possibility
of realising amplitude and phase modulation in one place
of the excitation signal generator. It also enables generation
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Fig. 1. Time characteristics of both components of
modulation function I(t) & Q(t) for the quadrature
modulator.

of non-symmetric spectral profiles in relation to the carrier
frequency.

On the basis of analyses and experiments, the /&Q
modulator is realised at a low output frequency of a direct
digital synthesiser. Although the resulting parameters of
modulation are in this case partially deteriorated by the
limited dynamic range of the following mixer, the attained
quality of excitation pulses is very good. Excellent results
have been achieved using the direct digital synthesiser
HARRIS HSP45116. The integrated digital matrix
multiplier enables realisation of a digital quadrature
modulator with two orthogonal outputs for the following
mixer. The 16-bit word length at all edges of the multiplier
enables theoretical attainment of modulation dynamics of
96 dB. The dynamic range is however restricted by 12-bit
D/A converters. The attained suppressions of the carrier and
the undesired 80 dB sideband are superior parameters.

An essential advantage of the quadrature modulator is that
no spectra mirroring around the carrier frequency takes
place (in Fig.2 zero corresponds to the carrier). The
spectrum of the output signal is a shifted spectrum of the
modulation function and is unambiguously determined by
this function. The modulator enables realisation of an
excitation signal with a non-symmetric spectral profile. The
modulation function must be in complex shape (Fig.1).
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Fig. 2. Spectral profile of excitation signal. a) for a pulse
length of 100 ms, b) for a pulse length of 200 ms.
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Resonators for in vivo MR spectroscopy and tomography

Miroslav Kasal, Milan Samek, Josef Halamek, Vladimir Huasek, Vlastimil Vondra, and David Bélohrad

In an NMR experiment, the magnitude of magnetic
induction of the rf field B; and the field homogeneity in the
entire sample space are decisive for nuclear excitation. The
rf magnetic field is produced by the coil of the resonant
circuit into which a signal of a transmitter with a
corresponding output power is fed. The active energy is
consumed in the loss resistance of this circuit. An essential
improvement can be achieved by circular polarisation of the
field. The excitation power can be then 3 dB lower and also
the field homogeneity is improved. Because the same
resonator is used for the NMR signal detection, also the
sensitivity is increased v2-times. Circular polarisation began
to be used in MRI systems where it can be realised thanks
to the available larger space. It is produced either by two
pairs of saddle coils that are perpendicular to each other and
are excited by 90° phase-shifted signals or by a system of
tuned conductors on a cylindrical surface with the
corresponding distribution of currents (birdcage coil). In the
latter case, a better B; field homogeneity can be achieved.

To do clinical spectroscopic studies of human brain, it is
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necessary to develop an efficient double-tuned resonator to
ensure acquisition of proton images and to enable
measurement of proton-decoupled P spectra. Compared
with single-resonance coils, the main advantage of the
double-tuned resonator is that all parts of the experiment
can be carried out in immediate succession, without
changing patient's position and without exchanging coils.
Moreover, the double-spin system will enable acquisition
of phosphorous spectra with a higher sensitivity at
simultaneous proton excitation (decoupling).

We have developed a double-tuned resonator of 'four-ring
birdcage' type that represents a new category of resonators
for the mentioned application. The resonator consists of one
inner and two outer sections and has the character of
a low-pass filter (LP). The three structures are of 'birdcage’
type with sinusoidal distribution of currents around the axis
of the resonator. The inductive coupling with the resonator
is designed so that it enables quadrature excitation of the
inner and outer sections and the attainment of circular
polarisation of the field at both frequencies.

L

n+1

Fig. 1. Substitute circuit of one segment of the 'birdcage - LP' resonator.

The double-nucleus four-ring resonator consists of three
single 'birdcage - LP' resonators (Fig. 1). It is a case of
a closed periodic structure with N elements (loops), where
N is an even integer. Each element of such a line has the
phase delay Ap(w) The total phase shift must be 2T,
1 <k < N/2. The resonance condition is then expressed by
the relation NAp(w) = 27tk. The number of resonances is
N/2. The sinusoidal standing wave of the lowest mode
(k=1) excites in transverse elements currents that produce
inside the cylindrical resonator a homogeneous field B,
oriented perpendicularly to the axis z. The field
homogeneity generated by higher modes is worse
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proportionally to k, up to k = N/2, when neighbouring
transverse elements are excited in antiphase.

The objective was to find a substitute circuit of the
resonator with concentrated parameters for the inner and
outer sections so that it corresponds with sufficient accuracy
to reality and can be used for resonator adjustment. From
the measured resonance values of the fundamental mode
(k = 1) and the fourth mode (k = 4) we calculated the
corresponding values of longitudinal and transverse
inductances. The check was made by calculation of
resonance frequencies of all modes, and again comparison
with the experiment was made.



Recent results

The generation, measurement and analysis of high purity correcting magnetic fields

Pavel Konzbul, Ale§ Srnka, Karel Svéda

A sufficiently homogeneous DC magnetic field is an
important prerequisite for a successful experimental work
in the field of nuclear magnetic resonance (NMR)
spectroscopy and magnetic resonance imaging (MRI). The
order of effective inhomogeneity should not be higher than
one part in some hundred millions of the nominal basic
field. To get these extremal values, some correction of the
basic magnet field is needed. Either some properly located
small ferromagnetic pieces (the passive corrections) or a
rather complicated system of current bearing windings (the
active corrections) is used for this purpose.The relevant
questions regarding the design methods and technologies
of the active correction systems are dealt with at our
laboratory. These systems are intended for homogenising
basic fields of the solenoidal NMR and MRI magnets. From
the theoretical point of view, an important achievement has
been the finding of the recursion formulae for different
types of current bearing elements. These formulae are used
for the evaluation of the coefficients of the spherical
functions by means of which Laplace’s fields can be
expressed. This knowledge opens the possibility of further
work by combining the analytical and the stochastic
methods for getting very pure correction fields. The most
important methods include:

* Analytical and graphical methods for the design of multi-
sectional systems that show a standard magnetic field
purity in a volume about 30% greater than shim systems
designed and constructed by classical methods;

* A method of the independent windings which combines
analytical approach with the optimisation Monte-Carlo

method. This method is suitable for coils producing

extremely pure correction magnetic fields.

* A modification of the inversion matrix method used
primarily for the Fast Field Cycling (FFC) magnet design.
Instead of using prescribed values of magnetic fields at
given positions, the derivatives in origin are used in the
modification. This design method can be adapted for the
axial correcting windings.

e The matrix design method enables one to lower the
needed electrical power consumption outstandingly and
simplifies the production and its costs.

Together with the work on the design methods, the
magnetic field space configuration measurement and the
analysis of the obtained data have been made. In principle,
the latter uses a field model described by a spherical
harmonic expansion, which is a solution of the Laplace’s
equation. This magnetic field mapping and the obtained
data processing are used both for the examination of the
correcting fields and for simulating the homogenisation, i.e.
finding the optimum currents in the individual correcting
shims (subsystems). This can be very useful especially for
shimming superconducting corrections. This application is
illustrated using two magnetic field maps of a
superconducting whole body MRI solenoid, before and after
the field correction. The reduction of the magnetic field
inhomogeneity for the tomograph magnet (RT bore 600
mm) is evident from the figures. The data of the magnetic
induction were measured on the surface of a hypothetical
cylinder of 300 mm in diameter and 350 mm high.

Fig.1. The map of the magnetic field of the tomograph
magnet (inhomogeneity 164 UT)

A
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Fig.1. The same magnetic field after shimming by the
correction coils type Z1 and Z2 (inhomogeneity 6 UT)
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The tuneable source of coherent radiation based on laser diode

Josef Lazar, Ondfej Cip, Petr Jedlicka, and FrantiSek Petrt

Semiconductor laser diodes become widespread in the
past several years. They are commonly used as transmitters
in optical communication systems, CD players, bar code
readers and many other commercial applications where high
coherence and mode purity are not demanded. There is a lot
of laser diodes available on the market from various
producers and for acceptable prices working on great
variety of wavelengths. The development of LD’s leads
from types emitting in infrared region of spectra toward
shorter wavelengths. During the last several years the red
light emitting diodes emerged and shorter wavelength ones
will surely follow.

Low price, small size and high output power of LD’s led
to the effort to use it also in applications where a narrow
linewidth, single-frequency regime and high frequency
stability is needed. Broad spectral characteristic of the active
media promises also broad tuneability and small size and
thus low capacity of the semiconductor junction allows
high-frequency modulation of the optical frequency and
power.

We concentrated our effort on applications putting high
demand on the optical frequency stability and coherence
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— the fundamental metrology. At present the unit of length
is defined through the vacuum speed of light and the
practical realisation of the length standard is the highly
stable laser with its wavelength and thus also its optical
frequency of the output radiation varies very little. There
are several stabilised laser systems (mostly based on
He-Ne laser) accepted by the international comission. They
represent only a few points on the scale of optical
frequencies. Their stability comparison is very complicated
or even impossible.

When we designed our laser system we used the
technique of single optical frequency selection developed
previously for dye lasers, some time ago the only lasers with
a broadband amplifying media. We assembled a laser
resonator with the grating as an optical selective element
transforming the wavelength to the angle displacement of
the beam. When a suitable geometry of the end-mirror
movement is selected it is possible to synchronise the tuning
of the grating reflection and resonator length the way the
laser wavelength is fluent, without mode hops.

The long-term stability of traditional standards is
achieved by a feedback regulation of the laser wavelength

He-Ne

APD

Figure 1. The experimental setup. APD: avalanche photodetector, F.-P.: scanning Fabry-Perot cavity, L: lens, FC:
fiber coupling, M: mirror, RM: removable mirror, PBS: polarizing beamsplitter, I/2: half-wave plate, l/4: quarter-wave
plate, FI: Faraday isolator, He-Ne: free-running He-Ne laser, ECL: extended-cavity diode laser, I2: 300 mm long

iodine cell, C: Peltier cooler.
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Recent results

which is derived from very narrow absorption spectral lines
of various gasses. We also applied this technique with some
modifications. The absorption medium we used iodine
vapour with a dense net of spectral lines in the visible region
of spectra. The effort of several metrological laboratories
(including our team) was to build a laser system close to the
633 nm wavelength of the common He-Ne laser which
serves as a present length standard. Covering of this
wavelength by the new semiconductor laser systém allowed
also direct stability comparison.

Our team participated on the first international
comparison of semiconductor lasers stabilised by means of

Figure 2. Arrangement on the optical table

absorption in iodine vapour under the supervision of the
International bureau of weights and measures, BIPM in
Paris, France, the metrological institute supervising the
primary standards of fundamental physical quantities. The
comparison clearly proved the long-term stability of optical
frequencies of the semiconductor laser systems to be on the
level of the present primary standard and more they allow
to cover much broader region of optical spectra by a dense
“scale” of stable frequencies.
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The computer-controlled stabilised He-Ne laser — primary standard of length

Josef Lazar, Ondfej Cip, and FrantiSek Petra

Introducing the new definition of meter derived from the
vacuum speed of light by the decision of the international
metrological commission CCDM in 1983 and specifying it
further in 1984 and 1992, the importance of lasers in
metrology grew significantly. The primary standard of
length is based on the helium-neon laser now featuring
many advantages. It is easily possible to achieve the single-
frequency regime, stable mode-structure, the output beam
is narrow and symmetrical and the laser itself is compact
and relatively simple. The wavelength of the laser varies
within the range given by the active media amplification
with the thermal dilatation of the resonator. The demands
on the stability of the wavelength and thus the optical
frequency of the primary standard are much higher.

The very precise optical frequencies are derived from the
narrow absorption lines of various gaseous absorbers. For
the 633 nm wavelength of the He-Ne laser, the iodine
vapour proved suitable. The two-atom molecules have
many so called hyperfine spectral lines with different
intensity generated by vibration-rotational splitting of
fundamental energetic transitions. The 633 nm wavelength
of the He-Ne laser coincides with one of the weaker groups
of hyperfine lines that is possible to detect on the noise

background only by placing the absorption cell into the laser
resonator. The energy density is there about two orders
higher than in the output beam. The absorption in iodine
vapour is weak enough not to raise the level of losses in the
resonator over the threshold when the laser oscillations stop.

The spectral lines detection is done by the technique
known as derivative spectroscopy where the line profile is
achieved by electronic derivation of the power profile of
the laser depending on the wavelength. Higher derivatives
lead to the suppression of the power curve background that
is not so steep and to amplification of narrow and sharp
spectral lines superimposed on it. The laser wavelength is
regulated by a feedback loop on the centre of one of the
absorption lines. Relative stability of the order of 10" can
be achieved. It is the primary standard so its calibration
according to any more accurate standard is impossible. Its
uncertainty is estimated only by comparison with other
lasers from other metrological laboratories. During such
comparisons the difference frequencies of two lasers locked
on different spectral lines are measured. Even when the
optical frequencies are very high (approx. 400 THz), its beat
signals are detectable by common electronic measuring
devices.

Our system (see fig.) was designed as a compact and
easily transportable one with user-friendly control by
a computer. Its monitor shows the spectral lines during the
laser tuning and helps find and lock the line. Detailed
system diagnostics is also available.

The laser standard is included into the international
metrological network and is regularily compared with the
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standards of other countries. It is used for calibration of
stabilised He-Ne lasers for interferometers designed for
position measurements for precise machining in industry or
for calibration of gauge blocks and mechanical
measurement tools in metrological centres.
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Computations of electron optical elements

Bohumila Lencova

For the design of electron lenses and deflectors we have
to calculate very accurately electrostatic or magnetic fields
that influence the motion of charged particles. Therefore we
must have at our disposal methods and programs for
accurate computation of potential distributions and for the
computation of trajectories in these fields. In such a way
we can determine the properties of rotationally symmetric
lenses as well as the properties of magnetic deflection
systems made of accurately wound magnetic coils or
electrostatic deflectors made on subdivided rotationally
symmetric surfaces. Since the early 1970’s the Finite
Element Method (FEM) has been used with success in
electron optics; this method is irreplaceable in particular for
the computation of magnetic electron lenses where the
magnetic materials saturate. All necessary elements we can
calculate with the help of programs, that were in the course
of time developed in the institute, and that are used in a
number of laboratories worldwide. Our programs run on
common personal computers. They are based on the first
order FEM that allows us to change the properties of
materials such as local permeability within a very small
region. We use a simple topology of the mesh made by
horizontal and vertical lines subdividing the region under
study into quadrilateral areas that define the geometry of
the problem. High computation accuracy can be obtained
by using a computational fine mesh with graded mesh step,
that is dense in the regions where the field changes, and by

using large meshes with up to 100000 mesh points. Even
for so dense meshes we have reasonably short computation
time in the order of minutes thanks to the use of
preconditioned conjugate gradient method for the solution
of large systems of linear equations. Successively we have
managed to improve the computation methods for all
required types of potential and boundary conditions. For
practical computations it is necessary to have such a user
interface that enables us to input the data interactively on a
graphical screen, to generate the fine mesh automatically,
and to display the results of the computations. Such
interface programs were made in cooperation with TU
Delft. Much attention was devoted to the evaluation of the
optical properties of the computed fields. The most frequent
approach is to evaluate the paraxial properties and the
aberrations. We have also participated in the development
of methods for very accurate tracing of electrons by solving
the equation of motion, required for such problems where
either the aberration theory is not applicable, or for the
design of detectors.

Example of a highly saturated objective lens for a 1 MeV
transmission electron microscope studied by Tsuno and
Honda. Our computations, published at the EUREM 1996
conference, provide correct distribution of axial flux density
B(z) three times faster than recently introduced second
order FEM.
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Fig.1. Comparison of computed axial flux density distribution for a highly saturated 1 MeV objective lens at 32000 A-
turns excitation (polepieces of the objective lens are shown as dashed lines).
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Electron-beam lithograph - new exposition software

FrantiSek Matéjka

In the last two years we have achieved a basic qualitative
update of the control & data system for the electronbeam
lithograph (EBL) BS 600. This work was carried out at the
EBL laboratory within the frame of the research project in
cooperation with the Department of Microelectronics,
Faculty of Electrical Engineering and Computer Science,
Technical University in Brno. In cooperation with the
ELTEK s.r.o. company, a new control system was
assembled which is based on IBM PC including a digital
signal processing board ADSP 2181. The new control
system contains also a videosignal adapter for processing
the signal from a back-emitted electron detector. The novel
solution of this adapter enables the read-in of video data
directly into the signal processor which simultaneously
controls the deflection and size of the shaped electron beam
while the lithograph works in a scanning electron
microscope (SEM) mode. The new control system also
directs instructions to a stage system (through the service
channel). The stage system sets and measures (laser
interferometers with a resolution of 40nm) the
X and Y coordinates of the support lithographic stage on
which an exposed substrate is held.

The new hardware design of the control & data system
created a new situation in dealing with the problem of the
user software interface. The basic feature is the flexibility
of the SW development according to user demands. The
new exposition program enables editing, simulation, and
exposition of the source code, i.e. files of an extended
** ASB format. System variables are set by **.SET files
with the same name as the ASB file. Both of them are
ASCII files, which allows simple and versatile editing and
viewing. The exposition program ASB EXPO is compatible
with the original ASBEST3 language. The new program
has four main features: subroutine calls can be directed
forwards as well as backwards, full mathematical support,
parametric programming, and recursion. The program

Fig.1. The central part of diffractive lens microstructure
in a negative electron resist (magnification 500)
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interpreter includes a set of user parameters that, together
with variable setting, branching, cycling, and subroutine
call, supports creation of versatile and complex program
modules. The new exposition program runs without any
compilation phase, and ASB instructions are interpreted
with direct links to the HW subsystem. Special macro-
instructions were developed to process both bitmap files
(B/W or colour) and interpretation of colours as distinct
subroutines according to the designed colour palette.
A hierarchical interpretation and library file links are
allowed. The total volume of exposition data is limited only
by an internal PC memory. One of the major advantages is
a possibility to control the exposition by a mathematical
equation. This equation can include several mathematical
functions whose argument can be also some mathematical
expression. In the program fixed waiting times are included
for a large deflection of the beam. Before the start of the
proper exposition, the EBL operator can enter correction
factors for geometric and metric deviations of the deflection
area. The program ASB EXPO is compiled to be run under
Windows 95 or Windows NT; dialog windows make it
user-friendly and easy in manipulation. Programming and
debugging were predominantly done by experts from the
ELTEK s.r.0. company.

We have achieved large and complex data expositions
using the new program. As an example we can mention
a large-size structure of the phase diffractive lens for
A=617nm, and f=8.4mm (the lens is composed of
12 000 zones). The exposure was controlled by the source
file that fully exploited the mathematical support of the
ASB interpreter. The source file has only 140 lines. The
figures below show the central part of the lens. On the right
is a simulated result from a simulation window of the
exposition program. On the left is a microscope image of
the same lens realised in the thin film of a negative electron
resist.
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Fig.2. Simulation of the central part of a diffractive lens
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Sub-micron diffractive holographic structures

FrantiSek Matéjka

Electron-beam lithography (EBL) became a well-known
widely used tool in the microelectronics field. It has been
used for generation of geometrical shapes with sub-micron
details. Assuming the resolution of the lithography to be in
the order of 107m, it can be also used for generation of some
diffractive microstructures that are able to process optical
waves using the diffraction effect. It is clear that the aim of
the diffractive optics (which is involved in the above field)
is generation of intentionally optically active structures. The
optical activity of the microstructure can be achieved in one
of the following ways:

* modulation of the material transmission resulting in
amplitude diffractive structures,

* modulation of the refraction index in the volume of
material resulting in volume (space) diffractive structures,

» modulation of a relief resulting in relief (phase) diffractive
structures.

Generation of these structures requires technology and
techniques that are able to process appropriate materials into
structures with sub-micron details.

Electron-beam lithography - that has been used at our
institute for several years - is one of the suitable techniques.
We welcomed the occasion for an evaluation of our EBL
facilities in this very exciting field. This was done in the
frame of cooperation with the Czech Holography s.r.o0.
company and the Department of Physical Electronics,
Faculty of Nuclear Science and Physical Engineering,
Czech Technical University in Prague.

Diffractive microelements become part of diffractive
optical elements (DOE), which are propre elements for the
transmission or reflection of the light beam. By the effect
of DOE, the light beam is focused into a required shape
(focusing elements, elements shaping the laser beam) or
into a required image (holograms). Image diffractive
structures (holograms) are realized often in a holographic

Fig.1. Relief of cross holographic grid (by AFM).

way, i.e. by interference of at least two light waves recorded
on a light sensitive resist. This traditional record of
diffractive structures can be replaced with a synthetic record
if a suitable recording system is used. An EBL might be
such a system because it works, in fact, as an image
generator. The synthetic holographic record allows some
special image information to be included in the graphical
holographic motif itself, which is impossible to achieve with
the traditional optical record. Normally, an EBL generates
geometric templates in the resist by filling the required
geometry using the shaped electron beam deflected over the
whole area. The dimensions of the shaped beam are variable
from 0.1 to 6.3 pm in both axes, which enables optimization
of the number of expositions over the given area.
Traditionally, the beam size of several micrometers is
suitable for the required geometry; hence the exposition
time is not critical. The generation of the diffractive
structure using the EBL represents a completely different
problem. The exposition must be done in such a way that
the resulting image is made of diffractive grids with
required parameters. Holograms observed in normal light
have the grid parameter (period) within the interval
0.5 - 1.4 pm. During such an exposition, the lithograph must
be working permanently with sub-micron beam dimensions.
Thus the exposition becomes a time-consuming process that
requires a long-term fault-free function of the system and
long-term parameter stability. The exposition is also very
challenging as the volume of data processed during the
exposition is concerned (it may require more than 1G of
basic instructions). A complex solution to these
problems - HW, SW, and technology update of the former
lithograph system BS 600 - enables generation of synthetic
holograms and generic phase diffractive structures within
our facilities. The photos below prove this.
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First observation of a diffraction contrast in the scanning electron microscope

Ilona Miillerova and Ludék Frank

In the scanning electron microscope (SEM), a focused
electron beam illuminates the specimen surface and the
image signal is generated by collection of backscattered
electrons and of secondary electrons, again emitted in the
backward direction with respect to the primaries. The
detection is of intensity character and the process is
a completely incoherent one because the path differences
and angles between the partial rays exceed by orders of
magnitude the coherence length. This is fully true for all
electron energies available in SEM, i.e. for the range of tens
and units of keV. The situation decisively changes if the
electron energy decreases to tens and units of eV. Then the
electron wavelength becomes comparable with interatomic
distances in a solid and the waves scattered from individual
atoms can interfere to produce a diffraction pattern even in
the backward direction. In addition to the diffraction on
crystals, other phenomena can be observed, like the
divided-amplitude interference on ultrathin films and
clusters or divided-waveform interference on surface atomic
steps. All these phenomena are known from the so-called
low energy electron microscope with a plane coherent
electron wave but they had not been obtained in a scanning
device yet.

SEM at so low energies is feasible only after adaptation
incorporating a suitable decelerating field element like the
cathode lens. The beam coherence in this configuration was
analysed and found sufficient for obtaining a diffraction
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Fig.1. Pb islands deposited onto the Si (100) surface. Series of micrographs taken with the specimen tilted to approx.
1.3° in the direction inclined 55° with respect to the horizontal line. Electron energies from the top left by rows: 6.5,
7.5, 10.5, 16, 18, 22, 29 and 34.5 eV, width of field of view 50 pm.
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pattern caused by amplitude summation of the partial waves
from within the illuminated spot of the order of 10°> nm®.
The first demonstration experiment was performed in
co-operation with Professor E. Bauer in Technical
University Clausthal-Zellerfeld, Germany, where a suitable
ultrahigh-vacuum (UHV) SEM was available. The
microscope was modified by using a bakeable UHV version
of the slow electron detector and a specimen stage enabling
one to bias the specimen up to tens of keV and to heat it
above 1200° C. As a specimen, the silicon single crystal
with (100) orientation was chosen which was in-situ,
i.e. directly in the specimen stage of the microscope, treated
to receive an atomically smooth reconstructed surface. After
that, single crystal Pb islands were prepared by slow
evaporation at an elevated temperature.

The result below demonstrates the diffraction contrast
between the Pb crystals of different orientations (triangular
(111) and square (100) islands) and even the contrast
between particles of the same orientation but mutually
rotated. The latter was obtained owing to a slight specimen
tilt by 1.3°, which removes the rotational symmetry of the
experiment. The images a-f were taken at 6.5, 7.5, 10.5, 16,
18,22, 29 and 34.5 eV. The analysis of the crystal intensities
in the dependence on the electron energy and impact angles
with respect to crystal axes produce data containing all
information about the surface crystallinity.
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Very low energy electron microscopy combined with surface chemical microanalysis

Ilona Miillerova and Lud€k Frank

Surface elemental composition and some additional
chemical information about the solid surface can be
obtained by various analytical methods employing electrons
and photons. Of them, very important is the analysis of
Auger electrons emitted from atoms after their ionisation
at deep electron levels, and bearing energies equal to
differences between the levels. As the information is hidden
in the exact energy value, it can be extracted only when the
electron avoids any subsequent collision, i.e. when it
originates within a few nanometers at the surface. Thus, the
analysis is extremely surface sensitive, which opens to it a
broad field of applications including problems connected
with corrosion, catalysis, wear and friction, segregation on
grain boundaries (studied on brittle fractures), or any other
tasks connected with the properties of very thin surface
films and layers. In case a focused electron beam excites
the Auger electrons, the emitted signal can be used for
imaging in which the surface chemistry can be mapped at
a high resolution. Nevertheless, the exciting beam
penetrates into depths exceeding by orders of magnitude
the depth under analysis so that the in-depth composition
is a source of very undesirable spurious contrasts in the
surface chemical mappings. In order to solve the described
problem, the authors started a common project with
Professor M.M. ElGomati in the University of York, UK.
The idea was to combine scanning Auger microscopy
(SAM) in one device with scanning low energy electron
microscopy (SLEEM). SLEEM at various energies can
examine the in-depth specimen properties and produce
information necessary to suppress the spurious contrast in
the SAM images.

The most frequently used SAM devices are based on the
cylindrical mirror analyser (CMA) in which the electron
energy is analysed by means of dispersion caused by the
energy dependence of electron trajectories inside
electrostatic fields between two cylinders. The primary
beam source is designed as a sophisticated miniature
electrostatic scanning electron microscope (SEM) column
fitted into the inner cylinder of the CMA. Critical factors
are tiny dimensions, very limited access to the column and
restrictions as regards any fields radiated from it. In the
project presented here, the demands were significantly
extended, owing to the SLEEM adaptation of the column.
This includes provisions for decelerating the primary
electrons down to an arbitrarily low landing energy in the
immediate vicinity above the specimen by using the
so-called cathode lens. Furthermore, a novel type of
detector was needed for very slow signal electrons
re-accelerated by the cathode lens and thus collimated
toward a narrow beam along the axis.

The cathode lens between the final column electrode and
the specimen holder was designed. The detector was solved

as the in-lens type fitted to inside the outer half of the final
column lens. The lens field was modified so that it, in
addition to the primary beam formation, decelerates the
accelerated signal electrons toward a special mirror
electrode with a suitable coating. The tertiary electrons
emitted from the mirror are once more, within the same
field, re-accelerated and detected by a channel-plate based
detector with the collector split into segments enabling one
to acquire also the azimuthal signal distribution.

The device, shown in the figure, has been designed as
fully UHV compatible and bakeable, manufactured and
verified in a separate SLEEM operation. Sophisticated pre-
alignment provisions are applied which make the operation
possible with only one stage of the octupole
deflection/stigmating/centering unit. The full column with
the built-in detector is 89 mm long and 44.6 mm in
diameter. The image resolution at mere 3 eV of electron
energy was measured to be worse by a factor of 1.85 only
with respect to 2000 eV electrons (while in a normal SEM
without the cathode lens, this factor amounts to 130). The
total detector efficiency, expressed as a portion of the
emitted electrons which causes a signal impulse, was
carefully analysed and found to be 35% for 10 eV and 26%
for 1 eV electrons. These values significantly exceed those
for other detector types. The novel SLEEM column has
been used for examination of various layered structures and
in the next period, in co-operation extended to Shimadzu
Research Laboratory, UK, it will be incorporated into an
already prepared CMA device.
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Laser refractometer

FrantiSek Petrii, Ondfej Cip, Josef Lazar and Pavel Pokorny

The laser refractometer for the measurement of the
refraction index of air is used mainly for laser
interferometers intended for length measurement. The
device determines the refraction index of air and thus in fact
also the laser light wavelength in the air. The length
measurement is then converted into the determination of the
number of wavelengths of laser light along the measured
path. The laser refractometer measures the refraction index
of air with the utmost accuracy. It uses the interference
principle and a cell that is being evacuated and filled and is
positioned in one path of the symmetric difference
interferometer.

The device consists of a single-frequency He-Ne laser L
with a precisely known vacuum wavelength, a difference
interferometer I with a built-in cell K that can be evacuated,
and a unit for the detection of interference signals D. A
computer performs the evaluation. The refraction index is
evaluated from the quotient of the optical paths in the cell
that is filled with air and then evacuated. The device uses a
new type of high-stability laser difference interferometer
with 0.3 nm resolution. To achieve the highest parameters
of the device, conditions for the limiting accuracy of the

refractometer were determined. The detection system
evaluates the number of fractions of the interference units
given by the difference in the optical paths for the evacuated
and air-filled states of the cell and sends the result into the
evaluation electronics. On the basis of the known
wavelength of light of the used laser, and of the number of
fractions of the interference units, the computer then
directly computes the refraction index of air. The high
accuracy of the device is further increased by averaging the
values in adjustable time, and the refraction index is directly
evaluated at the end of every measurement.

On the basis of international collaboration, comparison
measurements of our refractometer with those of
Physikalisch-Technische Bundesanstalt in Berlin und
Braunschweig /PTB/ were made. The measurement
accuracy of the order of 10® was verified by comparing it
with the most accurate values of the refraction index
evaluated indirectly by a modified Edlén_s formula. The
measurement reproducibility was of the order of 10°. The
device can be used for testing wavelengths of industrially
manufactured laser interferometers.

Fig.1. Laser refractometer composed of the laser L, interferometer 1, evacuated and filled cell K
and the detection unit D.
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Laser interferometer with 0.3 nm resolution

FrantiSek Petrii, Ondfej Cip, Josef Lazar and Pavel Pokorny

A number of applications in the field of nanotechnologies
and in metrology require measurement of lengths with
subnanometer resolution, high stability and good scale
linearity. This demand is best met by the laser difference
interferometer with a symmetric arrangement of light
beams. The realised difference interferometer consists of
reference and measuring branches. The path difference
between both branches is only measured, so that the
influence of the dead path toward the measured object is
eliminated. A high resolution and good scale linearity of the
interferometer itself are achieved by utilising a multiple pass
of light beams through the interferometer. A four-fold pass
of light beams through both the reference and measuring
paths of the interferometer is used in an arrangement that
is strictly symmetric with respect to the centre of both the
reference and measuring light beams. This way, the
measurement of shifts only in the direction of the axes of
the light beams is ensured. The result of the four-fold pass
of light beams through the interferometer is that the
interferometer shows not only a four times higher resolution
but also a four times higher scale linearity, compared to
a simple interferometer. A multiple pass of light beams

through the same optical elements of the interferometer puts
high demands on the elements from the viewpoint of
geometrical as well as polarisation optics. The design and
measurement of optical elements were made by J. Krsek,
Technical University of Brno. The design of polarisation
optics must prevent the mixing of multiple passes and must
ensure minimum phase shifts for different polarisations of
light beams. In this way, the scale non-linearity caused by
the mentioned effects is eliminated and only the
non-linearity due to the interference of two wavefronts with
different axes of light beam propagation persists. To
minimise the cause, the design of the interferometer is based
on plane reflecting mirrors that, when tilted, do not cause
any angular deflection of the interfering light beams. They
cause only a shift of the axes of the parallel light beams. For
plane wavefronts, no non-linearity occurs, and for spherical
wavefronts, the distortion is lower. In connection with an
electronic system, the resolution of the interferometer is 0.3
nm and, if no correction is made, the scale non-linearity is,
in the dependence on the setting, about 1 to 2 nm. The
stability of the basic device is about 0.5 nm.

il
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Interference Multilayers for Lasers and Interferometry

Pavel Pokorny

Optical interference coatings are used for desired forming
the spectral curves of reflectance and transmittance or
phases of the complex reflection or transmission coefficient.
Most common applications of thin films are narrowband or
achromatic antireflection coatings, non-absorbing mirrors,
neutral or one-wavelength beamsplitters, monochromatic
filters, additive or subtractive dichroic colour filters, cold
mirrors, heat filters. In cases, which require an oblique
incidence, the spectra become the function of light
polarization. Examples of such applications of thin films
are polarizers, depolarizers or various defined beam
splitters. The task of our laboratory is to design and produce
optical coatings for lasers and interferometry.

One of the most important sorts of elements is that of
mirrors forming the resonator of He-Ne lasers operating at
the 543 and 633 nm wavelengths. The required parameters
are: maximum reflectance and specified transmittance at
the functional wavelength, minimum reflectance at the
wavelengths corresponding to the undesired concurrent
quantum transitions, low absorption and light scattering,
mechanical, chemical and thermal resistance. Such a laser
mirror consists of 20-30 alternating layers with high and
low refractive indeces, respectively. The design of their
thickness is complicated especially by requirements
regarding suppression of reflection for concurrent
wavelengths. Demands on minimisation of the scattering
and absorption necessitate searching for corresponding layer
materials and technology of their deposition.

An example of the so called minus filter is the laser
goggles that protect eyes of people working with lasers.
Transmittance of the laser wavelength must be suppressed
(proportional to power of laser), but ability of sufficient
seeing must be retained.

Antireflection coatings are used to reduce unwanted
surface reflectance of optical components and to
transluminate them. Each type of glass, each wavelength,
polarization and angle of incidence of light needs some
other coating. The simplest case of one wavelength and
normal incidence requires a double-layer with their
thickness matched to the type of glass and wavelength. A
difficult case is simultaneous suppression of reflectance in
oblique incidence for both polarizations.

Thin film edge filters can serve in multi-colour
interferometry as beam separators. For example, the beam
from the green laser can be transmitted while that from the
red one is reflected. Problems can arise in oblique
incidence, when the position of the edge is dependent on
the polarization of light.

Polarizing beam splitters are used for simultaneously
polarizing 543 and 633 nm laser light for reflection and
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transmission. The extinction ratio of both polarizations
should be at least 500. An additional requirement is that the
reflected and the transmitted beam must form the right
angle. The refractive indices of both layer-forming materials
and glass must respect the technological possibilities. From
this it follows that it must be a cemented cube. It is possible
to choose from two compromises: a cube of perfect optical
glass BK7 with a coating containing unstable cryolith
layers, or worse heavy optical glass with a good quality
layers-technology TiO,/SiO,. Such a polarizer needs 10-15
layers. Attention should be paid to the optical effect of the
cement. Outer walls of the cube must be provided with
antireflection coatings for both wavelengths and for the
chosen type of glass.

On the contrary, some interferometers make use of non-
polarizing beam splitters, in which case both polarizing
components are required to show 50% reflectance and
transmittance for an angle of incidence of 45°, and phase
differences p-s are required to be zero for both reflection
and transmission. For a single wavelength, these conditions
can be fulfilled by using a simple alternating system, e.g.
15 quarter-wave layers of TiO,/ZrO,. For more
wavelengths, it is difficult to fulfil the phase condition. All
these systems are however very sensitive to usual
production deviations and it is therefore better to be content
with compromise depolarization that can be achieved using
for example a system of 6 quarter-wave layers TiO,/Al,O5.
The residual polarization of reflectance/transmittance
amounts to about 7%, the phases are ideally depolarized,
spectral dependence is weaker and deposition of such a
system is reproducible.

Another application of coatings is compensation of the
polarization effect of the cube-corner retro-reflector. Phase
differences that arise in the cube-corner at total reflections
on its three faces are usually undesirable in interferometry.
For total reflection, reflectance (100%) and transmittance
(0%) cannot be changed but the values of phases of the
reflection coefficient can be changed by deposition of a
suitable coating. So unwanted phase changes can be
compensated by using correcting dielectric multilayers
deposited on each face and matched to the type of glass and
angle of incidence. In the most often case of normal
incidence on the base of the cube-corner, the same coating
consisting of 2-5 layers is deposited on all faces. More
layers in the coating bring less spectral dependence. The
base of the cube-corner must be provided with an
antireflection coating.



Recent results

Single crystal imaging screens

Petr Schauer, Rudolf Autrata, Armin Delong, Ivan Vi¢ek, Otakar Hutat, Karel Hladil and Martin Klvac

In a transmission electron microscope (TEM), the image
is formed by free electrons transmitted through the
investigated specimen and guided by electron optics of the
microscope to the site where the image information is to be
visualised. For this purpose, an image screen is used which
is capable of converting the energy of signal electrons into
photons and offers the resulting image to the human eye or
to a recording device. This happens the same way as in TV.
The only essential difference is that in TEM the whole
image is produced on the screen simultaneously, while on
the TV screen the image is being gradually composed pixel
by pixel and line by line until the whole image is ready. The
screen is thus an indispensable cathodoluminescent element
that is to convert the electron-carried image information into
a useful form.

In TEM, no high demands are put on the true colour
reproduction of the image. It is however important that the
spectrum of the emitted light should be suitable both for the
direct observation with the human eye and for
photographing or recording by a CCD camera. An
important parameter of the TEM screens is the
cathodoluminescent efficiency because it determines to
a certain degree the signal-to-noise ratio, which is always
the measure of quality of the resulting image. In comparison
with TV screens, with the TEM screens the highest
demands are put on spatial resolution. The reason is that
current TV screens have diagonals usually longer than
37 cm so that the pixels are relatively large (larger than
approx. 0.4 mm). Images on TEM screens are much
smaller, and are not scanned so that the pixel size is at least
two orders smaller than that with TV screens. In miniature
TEMSs, where the image taken from the screen must be
considerably magnified, the image on the screen is required

to have even submicron pixel resolution. Such a small pixel
size is unattainable when classical powder screens are used
because their pixel size is limited by the powder grain size
(3-10 pm). Single crystal imaging screens have no such
resolution limitation. Moreover, they are optically
transparent and possess perfectly defined optical properties.
Besides, crystals can be modified with a high accuracy, even
very thin and small imaging screens can be made prepared
from them.

In Electron Microscopy Laboratory, a number of powder
and single crystal cathodoluminescent materials were
examined. For the use in TEM, the single crystal of cerium
activated Yttrium Aluminium Garnet — YAG:Ce (Fig.1)
seems to be the most advantageous. This single crystal was
developed at our laboratory in collaboration with Preciosa
Crytur for scintillation detectors of scanning electron
microscopes. It emits yellow-green light that is ideal for the
human eye and possesses an extremely high electron beam
resistance so that its lifetime is practically unlimited. The
project of the study of the spatial resolution of YAG:Ce
screens was started at our laboratory by measuring the
transfer function by means of the edge projection method
on the TEM Philips CM-12 microscope. The image of the
edge on the examined YAG:Ce screen was in the first stage
of the study, after processing by magnification optics,
recorded by the classical photographic technique. The
development of a digital processing method by using a CCD
camera is in progress. The measurement was accompanied
by Monte Carlo simulation (Fig.2) of the distribution of the
absorbed energy corrected for electron diffusion. The first
results of the study of single crystal YAG:Ce screens give
space resolution of 150, 18 and 8 lp/mm for electron beam
energies of 20, 60 and 100 keV, respectively.

Figure 1. YAG:Ce single crystal imaging
screen for TEM.

Material: YAG
Tilt: 0 deg
Trajectories: 100

Figure 2. Monte Carlo simulation of interactive volumes in the
YAG:Ce single crystal screens.
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Nanostructured multilayers

Jaroslav Sobota and Jaroslav BouSek

Nanostructured multilayers are the latest generation of
hard coatings for engineering applications that enable, by
using an optimal ratio of individual components, creation
of a stable structure with unique physical properties, and
particularly combination of properties conventionally
considered as excluding one another, such as high hardness
and high toughness. Besides standard titanium nitride films,
other carbide and nitride layers, such as chromium nitride,
titanium carbide and multicomponent coatings TiAIN and
TiCN are used at present, and in recent years also more
complex multilayer and gradient coatings appear. Mastering
deposition of these coatings has brought improvement in
wear and corrosion of the coated products. In spite of this,
it is clear that the possibilities of improving these coatings
were not completely exhausted. To achieve a significant
progress, we must change to nanocomposite coatings.

The idea of creating nanocomposite coatings as the next
generation of hard coatings for tools originated in the
nineties, in parallel at several laboratories. At our
laboratory, we utilised our experience acquired in
collaboration with the Institute of Physics ASCR on
preparation and characterisation of multilayered systems
with the bilayers thickness in the nanometer range
applicable in x-ray optics. In the field of evaluation of
microhardness and adhesion of DLC and CNj coatings we
collaborated with HVM Plasma L.t.d.. Managing these
technologies led to the idea to apply the knowledge
acquired in implementation of x-ray mirrors to the field of
coatings for tools. In 1994 we established contact with the
group of surface modification and tribology at the Institute
of Physics and Astronomy in Aarhus where the sputtering
system suitable for deposition of nanocomposite multilayers
was at the disposal. After its undemanding reconstruction
we began there the experiments, which in 1996 led to the
verification of the chance to realise the designed
nanostructured systems. At that time the first papers about
nanostructured multilayers from several other laboratories
(Wright Laboratory - Materials Directorate, Wright-
Patterson Air Force Base, Ohio USA; BIRL, Northwestern
University Illinois USA and Institute for Chemistry of
Inorganic Materials, Technical University Munich,
Germany) started to appear. In 1996 we managed to
establish contacts with these laboratories. In 1996-1997 the
investigator of the project worked on nanocomposite
coatings at the Tribology Laboratory in Aarhus University.
Since 1998 the project of nanostructured multilayers has
been dealt with also in ISI (see the figure). The entire
coating a few micrometers thick composed of hundreds up
to thousands of bilayers is deposited by magnetron
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sputtering during substrate rotation in front of carbon and
metal targets in a reactive atmosphere composed of
a mixture of argon and nitrogen.

These coatings are useful for a wide spectrum of machine
industry products, from cutting tools to bearings of
compressors and pumps. The purpose is not only to prolong
the lifetime of products but in many cases the ecological
aspects, such as elimination or limitation of cutting fluids,

10 nm

Fig.1. The cross-section of a multilayer (HREM) is
an example of a multilayer structure, where thin films
of metal nitride (marked with the arrow) and films

of carbon nitride (dark) alternate.

play an important role here. This is allowed by the use of
carbon containing nanocomposite coatings, when the
friction coefficient without lubrication is lower than typical
friction values for the system steel - high quality
lubricant - steel. Managing creation of these sophisticated
coatings in the industrial coating centres will be the
challenge for the first decade of next millennium.



Recent results

Broadband and narrowband decoupling using adiabatic spin-inversion RF pulses

Zenon StarCuk, jr., Zenon Starcuk, and Karel BartuSek

Decoupling is an invaluable tool in most modern NMR
experiments. Heteronuclear and homonuclear scalar
coupling lead to complicated multiplet structures and
extensive line broadening in NMR spectroscopy, unless they
are simplified by decoupling using a suitable
radiofrequency irradiation scheme. In addition, decoupling
improves the sensitivity by gathering all the intensity of
a multiplet into a singlet, and by generating a nuclear
Overhauser enhancement (NOE). As higher and higher
static magnetic fields are becoming available, the bandwidth
that must be covered by decoupling steadily increases. The
demands are particularly severe for inverse detection
methods, which have become ubiquitous in biomolecular
NMR and which require spins such as carbon-13 and
nitrogen-15 to be decoupled while the protons are observed.
Here an ultra-broadband decoupling uniformly efficient
across the entire range of chemical shifts of the irradiated
spins is required without undue radiofrequency heating of
the sample. The heating problem may become severe also
in relatively narrowband decoupling applications, such as
proton decoupling in in vivo phosphorus-31 NMR
spectroscopy. Until recently, various very sophisticated
sequences of composite inversion RF pulses exploiting
complex phase cycles and supercycles for reducing
unwanted effects due to imperfect inversion have been used
for broadband decoupling in high resolution NMR
spectroscopy.

On the basis of our experience with (a) the use of
frequency (phase) swept adiabatic pulses for the spin
inversion in various NMR experiments and (b) the
development of composite pulse sequences for broadband
decoupling we proposed new broadband decoupling
methods where spin inversion is achieved adiabatically with
either sech/tanh RF pulses (ESMRMB, Roma, 1993,
SMRM, New York, 1993, J. Magn. Reson., 1994) or
properly modified ,chirp“ RF pulses (ESMRMB,
Wien,1994). To the analysis of the proposed decoupling
adiabatic schemes, a theoretical approach designed for
composite pulse cycles by Waugh has been applied. We

found that the — until 1994 persisting — conviction that, in
comparison with conventional RF pulses, adiabatic pulses
require in general much more RF power and are, therefore,
not suitable for broadband decoupling was wrong. On the
contrary, we found RF power demands of properly designed
adiabatic pulse sequences substantially lower than those of
composite pulse sequences. Recent investigations have
shown that adiabatic pulse sequences can ensure
outstanding broadband decoupling even in future generation
of extremely high field NMR spectrometers operating, for
instance, at 1 GHz for protons.

Adiabatic decoupling benefits from the outstanding
inversion performance of adiabatic pulses providing a very
flat inverted region independently of the RF field
homogeneity and very sharp frequency cut-off between the
decoupled and the fully coupled spectral regions. All
decoupling power is concentrated in the decoupled
bandwidth. For this reason, adiabatic pulses can be
employed with advantage not only for ultra-broadband
decoupling but also for both heteronuclear and homonuclear
narrowband/selective decoupling. The lower limit of the
decoupled bandwidth is given by the magnitude of the
J-coupling constant (for instance, for J of 10 Hz, the
bandwidth of decoupling can be as narrow as 150-200 Hz).
The narrowband low RF power adiabatic decoupling can
be of importance not only for many high-resolution NMR
experiments in liquids but also for localised in vivo NMR
studies. Under certain conditions, cycling sidebands appear
in the decoupled spectra. Two methods were employed for
their suppression. First, the MLEV-16 supercycling and,
second, the "accordion" technique based on variation of the
repetition time of RF pulses in the decoupling sequence.

Thanks to its outstanding decoupling performance,
robustness, general applicability, and easy implementation
on the current generation of commercial instruments, the
adiabatic decoupling technique has been very fast
acknowledged as superior to all other means of broadband
decoupling and started to be widely employed.

< 1.0 [ ) S 10 b)
< - X 1500 Hz
= 05 F = 05 F
0
0 0
0,5
7 22000 0 2000 “ o 0.005 . 0.010

VIHz]

e

Figurel. (a) Typical inversion profile of sech/tanh RF pulse. (b) Mz trajectories generated by the sech/tanh RF pulse
at -1500, 0, and 1500 Hz offsets. (c) Magnetization trajectory generated on a unit sphere by the sech/tanh pulse.
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Frequency selective RF pulses for NMR spectroscopy and imaging

Zenon StarCuk, Zenon Starcuk,jr., Karel BartuSek, and Jaroslav Horky

At present, there are many experiments in high-resolution
NMR and, particularly, in spatially localized NMR
spectroscopy and NMR imaging that call for continuously
modulated radiofrequency RF pulses which perturb nuclear
spins over a well prescribed frequency range without
affecting magnetization elsewhere. The subject of frequency
selective spin manipulation has many facets. Search is
conducted for band-selective RF pulses differing, in
particular, in (a) modulation type (amplitude, amplitude and
phase, stochastic phase modulation), (b) flip angle (with
specific interest paid to 90° and 180° RF pulses), (c) main
effect provided (excitation, de-excitation, inversion,
refocusing, saturation). Because of their multipurpose
destination, frequency selective RF pulses should often
satisfy rather contradictory requirements. A treatment of the
frequency selective excitation is by no means a simple
matter, since it belongs to the class of inverse problems for
which an exact unique solution does not exist. Besides the
trial and error technique, many methods have been proposed
until now for developing frequency selective RF pulses,
using different kinds of calculation and optimization
techniques, such as the optimal control theory, conjugate-
gradient techniques, evolutionary methods, simulated
annealing, neural network schemes, inverse scattering
transform, Shinnar-Le Roux transform. Computer
optimization typically involves specifying and then
adjusting suitably chosen parameters describing a trial pulse
shape until the response achieves the given target profile.

The research work of the NMR methodological group in
the field of frequency selective excitation with the use of
continuous RF pulses followed very successful research
activities of this group in the design and applications of a
variety of composite RF pulses and their sophisticated
cycles and supercycles.

The first successful result achieved in the field of
frequency selective excitation using shaped RF pulses
consisted in the development of a new technique for

designing continuous analytically defined symmetric
amplitude-modulated 90° RF pulses for excitation and 180°
RF pulses for spin inversion and refocusing (echo
generation), all exhibiting outstanding frequency profiles.
Until now, only an imperceptible improvement of frequency
profiles has been achieved in the case of the originally
designed 180° RF pulses thanks to the application of
elaborated optimization techniques. On the basis of the
developed symmetric RF pulses, 90° and 180° asymmetric
pulses were designed with very good excitation
performance. Asymmetric RF pulses are important, in
particular, for NMR experiments where besides a good
frequency profile also a short duration of RF pulses is
required. This is, for instance, the case of the heteronuclear
broadband decoupling and slice selection in some
techniques for spatially localized NMR spectroscopy. The
designed 90° and 180° RF pulses (both symmetric and
asymmetric) can serve for the construction of RF pulses
with flip angles between 90° and 180°. On the basis of
asymmetric 90° and 180° very important composite
continuous RF pulses with a virtual phase focus either
following the end or preceding the start of the pulse can be
constructed. These pulses have been successfully applied,
for instance, in SPRES sequences recently developed in the
group of NMR methodology for in vivo spatially localized
NMR spectroscopy. Starting from symmetric 180° RF
pulses, antisymmetric RF pulses were designed having a
variety of applications in NMR spectroscopy (whole
antisymmetric pulse can be used for the double-band spin
inversion or echo generation, one half of this pulse can be
used with advantage in several NMR experiments for
selective coherence-transfer, double-quantum filtration etc.).

For highly selective saturation of the unwanted
magnetization, the use of the frequency (phase) swept RF
pulse was proposed and successfully applied in in vivo
proton NMR spectroscopy.
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Figure 1. Examples of the designed frequency selective RF pulses and their excitation profiles. (A) 180° RF pulse m8
and its inversion (Mz) and spin-echo (My) profile. (B) 180° RF pulse 32a and the generated double-band echo (My)
profile. (C) Delayed-focus RF pulse v12 and the generated pure My profile. Propre phase cycling was used to obtain

echo signals rid of unwanted spurious signals.

56



Recent results

Suppression of unwanted coherences in short echo time in vivo proton NMR spectra of the brain

Zenon StarCuk, Zenon Starcuk,jr., Karel Bartu$ek, and Jaroslav Horky

Proton magnetic resonance spectroscopy (‘H MRS) offers
unique possibilities for noninvasive studies of biochemistry
in the brain in vivo. A growing body of evidence suggests
that 'H MRS may become an important tool for the clinical
evaluation of almost all major brain pathologies. Accurate
and reliable quantification of metabolite resonances in MR
spectra is one of the basic prerequisites for successful
application of proton MRS in clinics. Acquisition of
metabolite spectra free of any type of contamination is of
crucial importance for their reliable quantification. In single
voxel spatially localized MR spectroscopy, water and
subcutaneous lipids occurring in the exterior of the volume
of interest (VOI) are considered an almost exclusive source
of contaminating signals. Due to magnetic field
inhomogeneities and local magnetic susceptibility effects
at interfaces air/tissue, both water and lipid resonances can
span over a very large region of chemical shifts embracing
practically the whole range of metabolite resonances. The
amplitudes of contaminating (not suppressed) signals can
often exceed considerably (even by several orders) those of
metabolites. In real experiments, efficient outer volume
suppression (OVS) is commonly very complicated owing
to a non ideal behavior of experimental conditions.
Therefore, usually as many of available approaches as
possible (dephasing of unwanted magnetizations by spoiling
gradients, properly designed phase cycling schemes,
saturation of unwanted regions, propre choice of the slice
ordering, use of spectroscopic acquisition mode, and,
especially efficient suppression of the magnetization in all
regions providing contaminating signals) have to be used
simultaneously to maximize the OVS effect. However, even
in this case, complete elimination of all contaminating
signals remains a difficult task. Another problem which
must be solved in in vivo proton MRS is the suppression of
the water signal occurring at water nominal frequency.
Many techniques for suppression of the dominating water
signal in proton MRS have been designed until now. In
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short echo time (TE) proton MRS almost exclusively
sequences comprising chemical shift selective RF pulses
with narrow bandwidth followed by gradient dephasing are
used for water suppression.

In IST AS CR, the problem of highly effective suppression
of unwanted coherences in the short echo time proton MRS
of the brain has been dealt with in a very complex manner
and during solution several priorities have been achieved.
All the above mentioned means have been exploited for the
suppression purposes. Two types of sequences have been
designed for CHESS water suppression. The first type
utilizes for water suppression 6-7 CHESS asymmetric
purely amplitude modulated RF pulses with properly chosen
flip angles and interpulse delays containing spoiling
gradients. The second type exploits for CHESS WS
hyperbolic secant 180° RF pulses with optimized offsets
and interpulse delays. Both these WS schemes are very
robust and insensitive to the RF field and T,
inhomogeneities. For OVS original techniques based on
saturation or inversion of suppressed regions using
frequency swept 90° and 180° RF pulses, respectively, have
been developed. All schemes were designed to make it
possible to utilize spectroscopic acquisition mode for
increasing their localization capability. To improve the
localization performance of the employed VOI selecting
sequences (STEAM, SPRES, PRESS), slice selective RF
pulses have been developed which completely avoid the
out-of-band excitation. It has been found that this last
improvement can have a crucial effect on the elimination
of contaminating signals until now often ascribed to some
unspecified metabolites.The designed schemes have been
verified on several animal and human commercial MR
systems at MR Centers at Bratislava, Minneapolis, and
Vienna. At all employed magnetic field strengths (3 - 9.4T),
spectra with an outstanding purity have been obtained. This
is documented in Fig.l containing the MR spectrum
acquired at 9.4T from the rat brain at Minneapolis.

Fig.1. In vivo proton NMR spectrum of
the rat brain measured by an ultra short
echo time (TE=1ms) STEAM localization
sequence equipped with (a) slice selective
of outstanding localization performance,
(b) water suppression scheme based on
the use of seven asymmetric amplitude
modulate CHESS RF pulses, (c) outer
volume suppression based on the use of
hyperbolic secant RF pulses. The
spectrum was measured

at 9.4 T on the Varian (INOVA) MR
scanner in the Center MRR, University
of Minnesota, Minneapolis.
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Measurement of in vivo proton MR spectra of pure metabolites or macromolecules
in the brain using a very short echo time STEAM sequence

Zenon StarCuk, Zenon Starcuk, jr., Karel BartuSek, and Jaroslav Horky

Proton NMR spectroscopy of the brain can noninvasively
provide very useful information about almost all important
cerebral metabolites. Some of these metabolites, such as
N-acetylaspartate, total creatine, cholines, and lactate
possess relatively long T, relaxation times and, therefore,
can be measured with a quite good efficiency at long
echo-times (usually 135 or 270 ms). However, measurement
of metabolites exhibiting short T, relaxation times and/or
strong homonuclear coupling behavior (glutamine,
glutamate, myoinositol, glucose, GABA) must be
performed at very short echo times (even less than 10 ms)
to achieve the required accuracy and reliability of the
measurement. Acquisition of very short TE in vivo proton
MR spectra of good quality has become feasible only quite
recently thanks to some methodological developments and
the availability of high performance actively shielded
gradient systems with very fast rise times and substantially
reduced eddy current effects. However, despite the
methodological and technological progress, ultra short
TE proton MR spectroscopy of the brain still remains
a difficult issue. Serious problems in short TE proton MRS
are bound with the necessity to suppress unwanted very
strong signals of water and lipids. Water suppression in the
volume of interest (VOI), which is the region providing the
required metabolite spectrum, is most commonly performed
with various chemical shift selective (CHESS) schemes.
Much more difficulties are bound with suppression of water
and lipid signals originating in regions outside the VOI.
These signals can span over the whole chemical shift range
of metabolites of interest and, if not eliminated, can fully
prevent from the evaluation of the recorded metabolite
spectra. All means available must be used to avoid this
contamination problem.

At very short echo times, simultaneously with long T,
relaxation time metabolites also coherences of
macromolecules (proteins), possessing short T, relaxation
times (about 20 ms), are detected with a fairly good
efficiency. Macromolecule resonances underlie inherently
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those of metabolites in both animal and human brain. Quite
recently, it has been found that macromolecule resonances
can be exploited as a new source of valuable information
about a variety of brain diseases. Therefore, much attention
is nowadays devoted to the development of techniques
enabling one to measure separately proton MR spectra of
low molecular metabolites and macromolecules. Mainly,
differences in relaxation times of metabolites and
macromolecules are employed to their differentiation.
Separate measurement of metabolite and macromolecule
spectra imposes increased demands on approaches
employed for suppression of unwanted resonances.

In ISI AS CR developments have been performed leading
to the design of complex measuring schemes capable to
record separately ultra short echo-time proton MR spectra
of the brain in vivo of low molecular weight metabolites and
macromolecules. For the differentiation, differences in T,
relaxation times of metabolites and macromolecules have
been exploited. The timings of the developed measuring
sequences were designed with the aim to reduce markedly
the unwanted effects of inhomogeneities of metabolite and
macromolecule T, relaxation times on their detection as
well as suppression efficiencies. For measuring, the
stimulated echo based localization sequence (STEAM)
equipped with new RF pulses exhibiting outstanding
excitation profiles, and new schemes for chemical shift
selective water suppression and outer volume suppression
have been employed. The developed schemes have been
tested in MR Centers in Bratislava, Minneapolis and Vienna
on animal and human MR scanners operating at 4.7T, 4T
and 9.4T, and 3T, respectively. In all cases outstanding
proton MR spectra of the brain have been obtained using
echo times in the range 1-4 ms. Figure 1 shows pure
metabolite and macromolecule spectra of the rat brain
recorded with TE=2ms in Minneapolis on a 9.4T MR
scanner. These ultra short TE spectra do not exhibit any
contamination from unwanted resonances.

Fig.1. In vivo proton MR spectra
acquired at 9.4 T on a Varian (INOVA)
scanner using TE=2ms STEAM
sequences equipped with asymmetric
slice selective RF pulses. (A) Pure low
molecular metabolite spectrum acquired
with the acquisition time (AQT) of 16
min. (B) Pure macromolecule spectrum
acquired at 25 min. In both cases VOI =
0.065 ml.



Recent results

WIN-MRI: Open software system for processing, analysis and visualization

of multidimensional NMR data

Jana StarCukové and Zenon Starcuk, jr.

In the past decade, NMR imagers have become
widespread and the problem of incompatibility of data
formats used by different spectrometer types has become
very obvious. It results from the increasing number of NMR
sites equipped by more spectrometers or willing to
exchange data with others. At the same time, many
progressive methods require specific data processing. The
existence of proprietary formats and of software tied to
them and to the operating systems preferred by the
manufacturers (UNIX, Solaris, Windows) is an obstacle for
data processing standardization, data exchange and
scientific collaboration, it creates a monopolistic market
with problematic and expensive software, it enforces
customer loyalty. The support by manufacturers is limited
by their commercial interests, by their years-long awaiting
of markets that are to be created by the development teams
of their customers. These either accept the manufacturer’s
platform, or reduce the cost of the development and of
migration to another system by creating single-purpose
software in some multiplatform environment (e.g., IDL),
which, as a rule, necessitates frequent data transfers and
conversions, often error-prone. The resulting applications
tend to be bound to one specific experiment, often the
author’s presence, they do not use the computer power
effectively and therefore they require extremely powerful
computers, and their transfer into clinical praxis is difficult.
The price of new method development increases.

For the reasons stated above, there appeared an idea at
the Institute for Biodiagnostics, National Research Council
of Canada (J. K. Saunders, P. Kozlowski) to develop a new,
open, Windows-based, vendor-independent software system
for multidimensional NMR data processing, visualization
including experimentally dependent relations between
various data sets, and their analysis. The program has been
developed in cooperation with UPT AV CR and the German
company Bruker Daltonik GmbH (H. Thiele,
A. Germanus). This company also became its commercial
distributor. At the present time the program is used in
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several research institutes and universities worldwide.

WIN-MRI is a software package for processing, display,
and analysis of various types of multidimensional data
(up to 10 dimensions) obtained in NMR imaging or
spectroscopic imaging experiments. For example,
WIN-MRI handles 2D and 3D images, 2D spectra,
spectroscopic imaging data, multi-slice and/or multi-echo
images, time series of such experiments. The system is open
— its functionality can be expanded by building new
functions in dynamically linked libraries (DLL), which are
automatically linked with WIN-MRI. At the same time
anew menu item is inserted into the program menu, based
on a simple text file. The program is distributed with several
DLLs for loading data from most major NMR equipment
manufacturers. Data transfers to/from other applications are
handled in a standard way (transfer of bitmaps, metafiles,
texts via clipboard).

Besides visualisation of NMR-specific relations in data
(e.g., spectroscopic-image pixel position or spectrum
origination with respect to a pilot image), WIN-MRI
implements most usual operations on images (intensity
manipulation, zooming, symmetry operations). At the same
time, any number of images can be displayed, the images
can be overlaid, their zooming can be changed, 3D data can
be viewed in a rotatable cube. Data can be reconstructed
(it is possible to restrict the Fourier transform to some
directions only, correct DC offset, perform windowing,
interpolate, eliminate frequency-dependent phase error),
phase corrected, resampled, images can be linearly
combined. For the analysis WIN-MRI offers a possibility
to define regions of interest in images, their statistical
evaluation, geometric measurements, calculation of
relaxation times 7; and T,, calculation of diffusion
coefficients etc.

The present work on WIN-NMR is oriented to its
integrability in an experimental environment (creation of
communication paths to other applications by means of
DDE and sockets, and macro interpretation).

Examples: spectroscopic imaging with a pilot image (left), 3D imaging (right).
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NMR experiment simulator for the development of spatially and/or spectrally selective techniques

Zenon StarCuk, jr. and Zenon Starcuk

One of the areas in which NMR has demonstrated its
ability to produce relevant information is biomedicine. For
diagnostics and for the research of metabolism of healthy
and diseased tissues in vivo a large number of experimental
techniques have been developed in the past decade,
including 2-D and 3-D imaging (MRI), localised 1-D and
2-D spectroscopy (MRS), and spectroscopic imaging
(MRSI). Many methods (esp. MRI) have already migrated
from research into clinical praxis, others (MRS, fast
imaging techniques) are still a subject of R&D. The
development of a technique for a particular application aims
at obtaining valuable information in the shortest time
possible, while meeting the requirements for method
robustness, energy dissipation etc. The development of new
methods and technology is the basis for the growth of the
quality of measured and analyzed data, broader
applicability, and economic acceptability in clinical use.

Most biomedically useful techniques require spatial
localization and in many in vivo and in vitro methods
spectral selection is needed. Spectral selectivity is based on
excitation with frequency selective RF pulses. Spatial
localization is achieved by a gradient base- or RF-field in
combination with frequency or amplitude selective RF
pulses (spatial selection) or with acquisition in more
dimensions (position encoding). To achieve the desired
function, several shaped RF and gradient pulses are often
needed in one sequence, accompanied by phase cycling. No
analytical solution is available for the calculation of the spin
behaviour in such a general excitation. For the design of
pulse sequences, simulation solution of Bloch (or Liouville)
equation is a suitable method. Unlike high-resolution
spectroscopy, most present biomedical applications can be
handled with the classical vector model of the quantum
system, but on the other hand more emphasis must be put
on robustness, i.e., the sensitivity to the disagreement of

Fig.1. Control panel.

A new Matlab-based simulator version supports pulse
sequences with general calculations, with concurrent actions
(shaped RF and gradient pulses). It supports calculation of
integral signals, more independent variables — incl. pulse
sequence parameters, it displays 1-D and 2-D dependences.
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reality and the physical model used in method design.

Simulation is an important tool in method development
which allows one to observe general relations which cannot
be easily determined experimentally because they are
invariably linked to the instrument (inhomogeneity of
magnetic fields) or to the internal properties of the measured
subject, e.g., to the dispersion of spin parameters (relaxation
times). One can also observe the evolution of quantities that
are forming factors (coherence-transfer, CT-, profiles of
selective pulses) or potential sources (macroscopically
dephased CT pathways, other than 1-quantum coherences)
of the signal in future evolution, but which are not directly
detectable and only describe some internal order in the spin
system, without external manifestation. Because of the large
number of factors affecting the experimental result,
simulation is valuable by its ability to isolate individual
effects and to reliably isolate magnetization components
with different histories of coherence-level transitions.

For these purposes we developed program Romag (PC-
DOS, co-authors Sklenéf, Pacek and Kessler). It is not an
ideal duplicate of a spectrometer, but rather an analytical
tool showing the evolution of a given physical model.
Romag is able to simulate the evolution of magnetization
of noninteracting nuclei with spin 2, or of two weakly
coupled nuclei in decoupling. The model includes the
chemical shift, spatial position, gradients, relaxation times
T, and T, , and local RF field strength. Their values can be
set independently and any of them may be used as an
independent variable. Pulse sequences are defined
interactively or in text files. Romag supports construction
and import/export of shaped RF pulses. The calculated
magnetization or CT profiles can be presented graphically
and exported to other applications. The program has been
extensively verified experimentally.

= s a E =

Fig.2. Result example (3-pulse excitation for MRS).

Clear separation of infrastructure, pulse sequences, and the
simulation core modeling the spin system opens the way to
creating special models and to automatic parameter
optimization.



Recent results

Absolute Distance Interferometry

Alois Stejskal

Absolute Distance Interferometry (ADI) could be
a somewhat misleading name. It is a measurement method
for finding the distance between two objects, equipped with
appropriate optical elements (corner cube, beamsplitter,
etc.), with a precision comparable to that of standard
interferometric measurements but without the need to pass
smoothly from one point to another with the corner cube.
This can be accomplished through the use of semiconductor
lasers which can be tuned in wavelength by an amount
many orders of magnitude greater than can a gas laser.
Diode lasers can be tuned in wavelength by about 0.1% to
1% of the central wavelength. However, the tuning must be
smooth and continuous so that it is possible to follow the
response at the output of the interferometer.

There are two basic approaches to this problem:

(1) Tune the laser between two precisely defined
frequencies given by atomic absorption lines.

(2) Apply a second interferometer as a reference; the
unknown distance being measured is calculated by
multiplying the known length of the reference
interferometer by the ratio of the number of pulses obtained
in the interferometer that measures the unknown path to the
number of pulses in the reference interferometer. We are
using the second method, because it automatically
compensates for the effect of changing atmospheric
parameters on the wavelength of the laser. Of course, it is
necessary to place the reference interferometer in a position
where atmospheric conditions are similar to conditions in
the measurement path.

Often the term “synthetic wavelength” is used in absolute

interferometry. The synthetic wavelength A is defined by

1/)\S = 1/)\f-1/)\1 = A)\/)\lz
with AN =A¢-A;. Here A; and A; are the wavelengths at the
end and beginning of the measurement and A\ is small so
Af=A;. The smooth tuning range of the laser is very small,
about 107 of the wavelength. Therefore A;=1000A and the
basic resolution of ADI is about 1000 times worse than
a standard interferometer. Careful electronic processing is
required to obtain a resolution on the order of nanometers.

Heterodyne techniques rather than DC fringe processing
are needed to achieve sufficient dependability. A second
frequency for heterodyne processing was obtained from an
AOM at 80 MHz. A generator working at a frequency close
to the AOM and a DBM (double balanced mixer) were used
to mix-down the 80 MHz AOM frequency into a region
more suitable for processing. Unlike the somewhat similar
Zygo system, here the spatial separation of the beams is
maintained. The problem of polarization mixing is thus
avoided, which is important because any such small
parasitic effects are several orders of magnitude more
disturbing here than in classical interferometry.

After several tens of seconds of averaging, distances of
a few meters can be measured with an accuracy comparable
to that achieved with classical interferometry.

ADI is most important in applications where it is not
practical or even impossible to pass a corner cube between
two points as is required in classical interferometry. Unlike
some ADI methods, the method described here does not
require any previous information about the value of the
measured distance.
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Frequency Stabilization of a Gre-Ne Laser

Alois Stejskal

Contrary to the He-Ne laser, which generates a
wavelength 632.8 nm, where several methods for frequency
stabilization achieve acceptable results, in the case of
stabilization of green lasers (543 nm) the variety of methods
is not so wide, because of the very low gain of the active
medium. One method of frequency stabilization is to apply
so-called nonlinear dispersion, which causes the difference
frequency between modes being generated to vary when the
position of the modes under the gain curve is changed. The
new method applied here is to generate three modes and
look at the difference in the two beat frequencies between
pairs of adjacent modes. Most Gre-Ne lasers generate three
modes. The beat frequency between adjacent modes is
given by the length of the resonator and is on the order of
hundreds of megahertz. These frequencies are too high for
convenient processing, but the difference between two beats
is in the kilohertz region and easily processed.

First studies of this method were made not with a green
laser but with a red one, UPT-TK450, which generates three
longitudinal modes. The variation of beat frequency as the
resonator length is tuned is a smooth curve expressed by a
function y=exp[sin(x)]. This function has clear local
extremes that can be used for frequency stabilization at a
maximum or minimum point. The curve is unambiguously
related to the gain curve of the active medium and it is not
necessary to use any additional frequency reference for
stabilization.
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The resonator length is swept periodically and the sweep
signal simultaneously switches the direction of counting of
a reversible counter. The counter output is sent to a DAC
to generate an analog control signal which is further
amplified and drives a PZT, creating the basis for a servo
system that keeps the laser frequency at the one of the
extreme points of the laser tuning curve.

In spite of the fact that the so far only beat frequency of
signals has been mentioned, in fact the reversible (up-down)
counter is never reset (unlike the case where frequencies
are measured). The counter indicates the total number of
pulses with the direction of counting periodically changed
synchronously with the direction of sweeping. By this
natural, compact, and simple manner there is an ideal
numerical integrator in the servo loop. There is a minimum
of weak points and no information is lost.

The commercially available green laser used here did not
have as smooth a tuning curve as would be ideal. A laser
designed explicitly for frequency stabilization would
simplify the problem.

The green laser has been applied for multicolor
interferometry of gage blocks, where it substantially
simplifies the determination of the order of interference and
determining the real distance being measured.



Recent results

Direct digital synthesis and study of error signals

Vlastimil Vondra, Miroslav Kasal, and Josef Haldmek

Direct Digital Synthesis (DDS) is a method in which the
generated signal parameters are affected by digital circuits
and a digital-to-analogue converter and by the properties of
an external system clock source. The basic principle is as
follows: each digital synthesiser contains a phase increment
register, phase accumulator and look-up-table. In each
system clock cycle the value stored in the phase shift
register is added to the value in the phase accumulator. The
output value of the phase accumulator inputs into the look-
up-table (conversion of phase into a value of a cosine or
sine function). The output of the look-up-table is connected
to a digital-to-analogue converter (DAC), which converts
digital information to a value of an analogue quantity,
usually electrical voltage. The main advantages of the DDS
systems are a high frequency resolution, perfect quadrature
of output signals, continuous phase change during step
frequency change, and high frequency stability influenced
only by the external system clock source. The whole DDS
system is controlled by the interface of the host processor.
Thanks to the mentioned properties the DDS system is ideal
for the generation of the signals in nuclear magnetic
resonance spectroscopy and tomography (NMR), where we
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successfully apply these circuits. There are many
manufacturers of the DDS systems. Their products differ in
the possibilities of the phase and amplitude modulation,
maximum available frequency of the system clock, and
numbers of bits in the individual parts of the synthesiser.
The quality of the desired generated signal can be
influenced by an arbitrary part of the whole DDS system,
including the properties of DAC. Unwanted signal
components (error signals) have different origins and
properties in comparison with the classical analogue
synthesiser. NMR is very sensitive to the properties of the
used signal and therefore we had to analyse parasitic signals
generated by the DDS system and to find the critical part(s).
On the basis of the results we wanted to draw the conclusion
regarding the proper solution of the DDS based system for
the NMR applications. Our analyses were made with regard
to the number of bits of the DDS system buses and registers
and to the DAC properties (number of bits, static and
dynamic properties). Each block was described
mathematically and on the basis of this description we
developed the numerical model of the whole DDS system.
The properties of the numerical model of each part were
very precisely compared with the
real-world measurement to obtain a
good model (especially for the DAC
properties). In our application where
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the whole digital synthesiser is
1 DAC. The dynamic properties of
DAC have the major influence on
1 the quality of the generated
, spectrum.

The outcomes of this research are
the understanding of the influence
of each part of the DDS system on
the generated error signal, the
design of the numerical model of
the general DDS system, and the
finding of the criteria for the
selection of components for our
synthesisers with DDS systems.
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The use of the standing wave for manipulation of microobjects and nanoobjects

Pavel Zemanek, Alexandr Jonas, and Libor Sramek

The classical (single beam) method of manipulation of
microobjects and nanoobjects requires the beam to be
focused down to the diameter of the size of the used
wavelength. This can be achieved using a high numerical
aperture microscopic objective. Small dimensions of the
beam spot and its high divergence angle lead to the big
spatial changes in the optical intensity. These produce the
forces that act upon the irradiated objects and are
proportional to the rapidity of the intensity changes. If the
refractive index of the object is higher than the refractive
index of the surrounding medium, these forces push the
object to the position of maximal field intensity. In a
classical set-up, the transversal forces acting upon the object
are two orders of magnitude higher than the axial ones.
Therefore, the object can easily escape along the beam axis.
We have proposed and experimentally tested a method that
uses the interference of two counter-propagating waves. The
incident beam is one of them and the beam that is reflected
from the microscope slide is the other one. The slide is
coated with a dielectric reflective layer so that the reflected
wave is comparable with the incident one. The interference
product — standing wave — has a number of intensity
maxima and minima separated by half the wavelength of
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Fig.2. 100 nm particles trapped in one SWT near the
microscope slide of reflectivity of 0.4 %. Part a shows two
100 nm spheres 1 and 2 trapped approximately
1 micrometer above the bottom. The arrow indicates
reference objects lying on the bottom. Particle 3 moves
randomly through the medium as can be seen from its
image sharpness changes (compare a and b) whereas the
trapped particles and reference objects stay equally sharp.
Particle 3 consequently enters the trap (see ¢) and moves
simultaneously with the other two trapped particles as
indicated by the change in the position of the reference
objects. Finally, the trapping beam is switched off and the
particles travel away in random directions d.
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the incident light in the medium. Owing to the rapid
intensity changes, the strong axial force acts on the object.
Its amplitude is several orders of magnitude higher,
compared to the classical method. The radial forces are
slightly bigger as well.

This method does not need a tightly focused beam to
create big axial intensity changes, therefore, the objectives
with small numerical apertures can be used. Several
equilibrium positions are created in the standing wave. If
the particle is much smaller than the trapping wavelength,
these positions are situated at the standing wave intensity
maxima. A number of stable positions can be found even
for particles that cover several antinodes but they are not
exactly at the intensity maximum. Our theoretical results
have been confirmed experimentally: we succeeded in the
simultaneous manipulation of several objects both non-
living (polystyrene spheres) and living ones (yeast cells).
The manipulation was always easier using the standing
wave set-up than the single beam one. We have proved (in
agreement with the theory) that the influence of the standing
wave is observable even if an ordinary uncoated microscope
slide (its reflectivity is about 6 %) is used as the reflecting
element.

Fig.1. Simultaneous manipulation of several objects (yeast
cells). The cells are trapped in a vertical line in the standing
wave and can be moved horizontally. In figure a, cells
labelled 1and 2 are trapped. Cells 3 and 4 lie on the bottom
of the trapping cell. In figure b, yeast cell 3 enters the trap.
The movement of the three cells trapped is documented by
the movement of the free cell 4 in figures b and c. In figure
d, cell 4 approaches the trap.




Recent results

The use of lasers for non-contact interventions in the microspace

Pavel Zemanek, Alexandr Jonas, Libor Sramek, Jan JeZek, and Petr Jakl

In the Laboratory of Laser Nanotechnologies, we have
combined a continually working laser, an ultra-violet pulsed
laser, and an optical microscope to design an apparatus
which enables us to manipulate microobjects, to change
their shape and, at the same time, to observe them.

The continually working laser with the wavelength in the
near infra-red region (1064 nm) serves as ,,optical tweezers*
— a device which uses light for the three-dimensional
manipulation of objects of sizes from tens of nanometers to
tens of micrometers. The principle of the method employs
the law of action and reaction (the 3™ Newton’s law) for the
microobject and the photons in the laser beam as the
interacting objects. The incident radiation can be
represented by a flux of photons that change their directions
owing to the scattering by the microobject. This ,,action*
leads to ,,reaction‘ - the microobject is consequently pushed
to the place of the maximal optical intensity if the refractive
index of the object is greater than the refractive index of the
surrounding medium. To achieve an observable effect,
however, it is necessary to focus the energy contained in the
laser beam into the spot of dimensions comparable with the

wavelength that is not absorbed by the object must be used
to avoid a possible destruction of the object due to the high
energy density. For biological specimens, the infrared
region is best suited. The unique feature of this perfectly
sterile tool is the possibility of manipulation inside the
living cells without breaking their outer walls.

The pulsed laser emitting in the ultra-violet region (355
nm) is exploited for ablations and perforations that are again
localised to the spot of the size of the incident light
wavelength. The ultra-violet light is strongly absorbed by
a living tissue. The absorbed energy leads to a rapid local
temperature rise by thousands degrees of centigrade. The
pulse duration (5 ns) is too short to damage the vicinity of
the target spot by the heat flow. Because this wavelength is
approximately three times smaller than the trapping light
wavelength, the target spot size is adequately smaller and
the ,,optical scalpel is able to operate within the region of
hundreds of nanometers. This instrument can also be used
for cutting inside living cells since the energy density out
of the focus is sufficiently small to avoid the damage of the
outer cell wall.

Fig.1. Phagocytosis of an optically trapped bacteria (denoted by an arrow) by a giant amoeba cell. The bacteria was
brought to the contact with the amoeba outer membrane a leading to the protrusion of the amoeba cell into two arms
around the trapped bacteria b. Finally, the bacteria was completely surrounded by amoeba cytoplasm c.

Fig.2. Spontaneous rotation of a 15 mm sphere irradiated by a continually working laser. The holes on the sphere top
were made using a pulsed laser. They cause the photons to leave the sphere in an asymmetric way, which leads to the
sphere rotation (note the change in the position in figures a and b). In figure ¢, another hole was made.
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Fig.3. Cell fusion induced by the laser light. Two HL 60 cells were brought to close contact by optical tweezers a. Then,
a few moderate-energy pulses were shot to the place of contact b. Finally, the outer cell membranes of both cells joined

and the cell contents were mixed c.
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Atomic trap formed by counter-propagating Gaussian beams

Pavel Zemanek

Three physicists were awarded Nobel price in 1997[1].
These scientists made the principal theoretical and
experimental breakthrough in the atomic physics and they
established a new branch — laser cooling and trapping of
atoms. An atom irradiated by the electromagnetic wave
absorbs a part of the energy from the direction of an
incoming beam. During each absorption the atom is kicked
in the direction of incoming wave. Absorbed energy is
afterwards emitted by the spontaneous emission which does
not prefer any direction. After each spontaneous emission
the atom is kicked in the opposite direction than the emitted
radiation. These random kicks cause a chaotic motion of the
atom (diffusion) similar to the Brownian motion of
microparticles. In the long-time scale the kicks from
absorption and emission are averaged and the final
"macroscopic" atomic motion is controlled by the incoming
radiation. Acceleration or deceleration (cooling) of the
atoms can be obtained in this way and the force causing this
behaviour is called radiation force.

The incoming wave induces a dipole in the atom. The
dipole oscillates in-phase with the incoming wave if its
frequency is smaller than the frequency of the atomic
resonant transition or in opposite-phase if the frequency is
higher. The atom in the non-homogenous field is pushed to
the place of higher intensity if the field frequency is smaller
than the resonant atomic frequency. In the case of higher
field frequency, the atom moves to the place of the lowest
field intensity. The force that is responsible for this motion
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is called gradient (dipole) force. This force is used for the
confinement of the atoms into optical traps, which are
formed at the intensity maximum or minimum according to
the used field frequency. If the atom is trapped in the place
of maximum intensity (beam focus, beam cross-section,
standing wave) it is difficult to keep it there for a long time
since the atom strongly interacts with the beam and the level
of diffusion is higher. Therefore it is desirable to trap atoms
in the place of lower intensities.

We suggested a special configuration of incoming laser
beams (gaussian lateral profile) that uses counter-
propagating waves of the same polarisation (they interferes)
but different beam widths. With respect to the special
properties of the gaussian beam the resulting space
distribution of the intensity has localised minima (see
figure). We studied their properties so as the lifetime of
atoms in the traps was maximised. The behaviour of a two-
level atom was simulated by the Monte Carlo method, the
atom was considered as a classical particle following the
equations of motion. The optical forces that control the
atomic motion was calculated using the quantum mechanics
formalism of the "dressed states". Each spontaneous
emission was generated randomly in the time as well as the
direction of the photon emission. We found analytical
conditions describing the trap existence and the trap
properties. We proved numerically that the atoms could be
confined in this trap for a long time.
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Fig.1. An example of intensity space distribution caused be the interference of counter-propagating gaussian beams

with different beam widths

! Steven Chu (Stanford University), Claude Cohen-Tannoudji (Ecole Normale Supérieure, Paris) and William Philips

(National Institute of Standards and Technology).
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