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Uvodni slovo Feditele
Ustavu fotoniky a elektroniky
AV CR, v. V. i.

VéZeni Ctendfi,

toto &islo Easopisu Jemna mechanika a optika je vénovano Ustavu
fotoniky a elektroniky Akademie véd Ceské republiky, v. v. i. (UFE).
Je mi poté€Senim, Ze vim mohu na tivod tohoto zvlastniho ¢isla nase
pracovisté predstavit.

Ustav fotoniky a elektroniky AV CR, v. v. i. (dfive Ustav radio-
techniky a elektroniky CSAV) patii mezi vyzkumné tstavy Sekce
aplikované fyziky Akademie véd Ceské republiky. V soudasnosti
UFE zaméstnava 100 pracovnikt, z nichZ vétSina puisobi ve vy-
zkumnych titvarech. Vedle vyzkumnych titvari ma UFE i podptrné
utvary jako napt. ekonomické oddéleni, oddéleni sluzeb a zdsobo-
véni, oddéleni IT nebo dilnu. Od roku 2013 je vyzkumn4 ¢innost
UFE soustfedénd do p&ti vyzkumnych dtvari, které tvoii &tyfi
vyzkumné tymy a jedna specializovand laboratot. Vyzkumné tymy

* Optické biosenzory,

* Vidknové lasery a nelinedrni optika,

* Pfiprava a charakterizace nanomateridli,

* Bioelektrodynamika
provadéji zédkladni a aplikovany vyzkum v riznych oblastech
fotoniky, optoelektroniky a elektroniky. Specializovana labo-
rator

* Laborator Stdtniho etalonu casu a frekvence
se zabyva velmi pfesnym méfenim
Casu a frekvence.

Vyzkumny tym Optické biosenzory se
zabyvéd vyzkumem a vyvojem optickych
afinitnich biosenzori. Optické afinitni
biosenzory jsou zafizeni, kterd kombinuji
velmi citlivé optické metody s vysokou
afinitou a selektivitou, se kterou jsou
nékteré biomolekuly (napf. protilatky)
schopny rozpoznavat jiné molekuly. Vy-
sledkem tohoto spojeni optiky a biologie
je technologie, kterd umoziiuje zkoumat
(bio)molekuly a jejich interakce, deteko-
vat jejich pfitomnost ¢i stanovovat jejich
koncentrace. Na rozdil od tradi¢nich
laboratornich technik jsou biosenzory
schopny detekovat latky pifimo v misté
jejich vyskytu, navic velmi rychle. Proto
se mohou velmi dobte uplatnit pfi ochrané
Zivotniho prostiedi, v 1ékarské diagnostice,
kontrole kvality a nezdvadnosti potravin,
obrané proti biologickému terorismu a dal-

Introduction from the director
of the Institute of Photonics and
Electronics of the CAS, v. v.i.

Dear readers,

This special issue of Fine Mechanics and Optics is dedicated to
the Institute of Photonics and Electronics of the Czech Academy of
Sciences (in Czech Ustav fotoniky a elektroniky Akademie véd Ceské
republiky, v. v. i. or UFE in an abbreviated form). It is my pleasure
to open this special issue with a brief introduction to our Institute.

The Institute of Photonics and Electronics of the Czech Aca-
demy of Sciences (formerly the Institute of Radio Engineering and
Electronics of the Czechoslovak Academy of Sciences) belongs to
the Section of Applied Physics of the Czech Academy of Sciences.
Currently, UFE has 100 employees, the majority of whom work in
research. Since 2013, research activities at UFE are carried out in
five research units, which consist of four research teams and one
specialized laboratory. The research teams at UFE are:

* Optical Biosensors,

» Fiber Lasers and Non-Linear Optics,

* Synthesis and Characterization of Nanomaterials, and

* Bioelectrodynamics.
These teams pursue fundamental and applied research in dif-
ferent areas of photonics, optoelectronics, and electronics. In
addition to these teams, there is one specialized laboratory:
Laboratory of the National Time and Frequency Standard.
This laboratory focuses on highly accura-
te measurements of time and frequency.

The Optical Biosensors research team
pursues the research and development of
optical affinity biosensors. Optical affinity
biosensors are devices that combine very
sensitive optical techniques with special
biomolecules (e.g. antibodies), which are
able to recognize and capture other mo-
lecules with high affinity and selectivity.
The result of this combination of optics
and biology is a technology that enables
the study of (bio)molecules and their
interactions as well as a determination of
their concentrations. Unlike traditional
laboratory techniques, biosensors are capa-
ble of rapid detection of target substances
directly in the place of their occurrence.
Because of these capabilities, biosensors
are attractive for applications in a variety
of important areas, including environmental
monitoring, medical diagnostics, food qua-

Sich daleZitych oblastech. Vyzkumny tym
Optické biosenzory se zabyva predev§im
vyzkumem optickych biosenzord zaloze-
nych na specidlnich elektromagnetickych vlnach — povrchovych
plasmonech. Na tomto vyzkumu se na UFE podili odbornici z riiz-
nych oblasti fyziky, chemie a biologie. Pravé diky tomuto i v me-
zindrodnim srovnéni ojedinélému multidisciplindrnimu ptistupu
je vyzkumny tym Optické biosenzory schopen realizovat vyzkum
a vyvoj optickych biosenzort v jeho pIné komplexnosti od vyzkumu
fotonickych a plasmonickych (nano)struktur a funkénich biomo-
lekuldrnich soubort, pres vyvoj optickych méficich metod a sys-
témi, aZ po jejich vyuZiti pro studium biomolekuldrnich interakci
a detekci chemickych a biologickych latek. Tym vyvinul biosenzory
umoziujici stanovovat hladiny biomarkert Alzheimerovy nemoci

Prof. Jiti Homola, feditel UFE AV CR, pied vstupem
do hlavni budovy tstavu v Praze — Kobylisich

lity and safety control, and defense against
bioterrorism. Specifically, the team focuses
on the research of optical biosensors based
on special electromagnetic waves: surface plasmons. This research
brings together experts from various areas of physics, chemistry,
and biology. This multidisciplinary approach makes the team
unique on an international level, and allows the team to conduct
research into optical biosensors in its full complexity: from the
research of photonic and plasmonic (nano)structures and functional
biomolecular coatings, to the development of optical measuring
methods and systems, and the use of these systems for the study of
both biomolecular interactions and the detection of chemical and
biological substances. The team has developed optical biosensors
that are able to detect a wide variety of biological compounds,
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NP

¢i riznych druht rakoviny, zachytit zneciSténi Zivotniho prostfedi
latkami, jako jsou pesticidy ¢i polycyklické aromatické uhlovodi-
ky, ¢i pfitomnost nebezpecnych bakterif a toxinl v potravinich.
Origindlni biosenzory vyvinuté tymem Optické biosenzory dnes
vyuZzivaji univerzity, vyzkumné instituce a firmy v USA, Evropé
1 Asii. Vyznamné vysledky dosaZené tymem Optické biosenzory
byly ocenény ndrodnimi i mezindrodnimi cenami, jako jsou Roche
Prize for Sensor Technology, Ceskd hlava (kategorie Invence),
Premium Academiae ¢i Cena ministra Skolstvi, mlddezZe a t€lovy-
chovy za mimoradné vysledky vyzkumu, experimentalniho vyvoje
ainovaci. Tym je v soucasnosti rovnéZ hlavnim feSitelem Projektu
excelence ,,Nanobiofotonika pro medicinu budoucnosti* Grantové
agentury Ceské republiky.

Vyzkumny tym Vidknové lasery a nelinedrni optika provadi
vyzkum a vyvoj zaméfeny na vykonové vldknové lasery a jejich
vyuziti v materidlovém prumyslu, medicin€ a nelinearni optice.
V ramci zékladniho vyzkumu se tym zabyva studiem mechanis-
mu kombinovéni laserovych svazkil, generovdnim a zesilovdnim
nano, piko a femtosekundovych pulzi, ¢i pfenosem svétla a jeho
interakci s riznymi materidly. Tyto poznatky jsou déle vyuZity
pfi vyvoji vlaknovych lasert, které nachdzeji uplatnéni v 1ékar'ské
praxi pii dentistickych zdkrocich, o¢nich operacich nebo rozbijeni
mocovych kameni. Vykonové vldknové lasery vyvijené tymem
mohou rovnéz nalézt uplatnéni v materidlovém primyslu pro
gravirovdni, fezdni, svafeni nebo povrchové tpravy materidla.
Zatimco pro fezdni a svafeni kovovych plata se obvykle pouZivaji
ytterbiové lasery, pro zpracovani plastd jsou vhodnégjsi thuliové
lasery. V oblasti nelinedrni optiky vénuje tym pozornost prede-
v§im vyuZiti vykonovych vldknovych lasert pro generatory zareni
ve stfedni infracervené oblasti. Generdtory tohoto typu se uplatiiuji
v laserové spektroskopii pfi analyze stopovych mnoZstvi riznych
latek a mohou proto nalézt vyuZiti v oblastech, jako je zajiSténi
bezpecnosti chemickych provozi, sledovéni kvality ovzdusi nebo
1ékarskd diagnostika. Pro vyvoj vlastnich vldknovych lasert a pa-
rametrickych generdtort tym rozvijf technologii vyroby specidlnich
optickych vldken, optickych vldknovych soucdstek a pélovani
nelinedrnich krystalt. Vyzkumny tym Vidknové lasery a nelinedrni
optika tzce spolupracuje s fadou priimyslovych partnert. Vysledek
jedné z takovych spolupraci byl v roce 2013 ocenén cenou Tech-
nologické agentury Ceské republiky v kategorii Originalita fesent.

Vyzkumny tym Priprava a charakterizace nanomateridlii se
dlouhodobé zabyva pripravou a studiem vlastnosti polovodi¢ovych
materidli se zaméfenim na elektronické a optické jevy na povr-
chu a rozhrani nanomateridlt, vyvolané dopadem fotont, iontt,
elektront nebo adsorpci plynd, a na vyuZiti téchto nanomaterial
pro senzorické aplikace, vylepSeni nanodiagnostickych schopnosti
analytickych metod nebo jako zdroja a detektorii svételného zateni.
Jednou z hlavnich oblasti zdjmu tohoto tymu je ptiprava usmériiu-
jicich (Schottkyho) kontaktd na slou¢eninovych polovodic¢ich. Na
zdkladé teoretické a experimentdlni analyzy Schottkyho struktur,
pripravenych depozici koloidniho grafitu a elektroforetickou depo-
zici kovovych nanocéstic, byl napiiklad detailn€ popséan transport
elektrického ndboje rozhranim grafit/polovodi¢ a kovové nano-
¢astice/polovodi¢. Tym Priprava a charakterizace nanomateridlii
vyuZzil vlastni vysoce kvalitni Schottkyho kontakty pro realizaci
senzoru vodiku a demonstroval jeho schopnost detekovat velmi
nizké koncentrace. Neméné dileZitou oblasti je vyzkum jednodi-
menziondlnich nanostruktur slou¢eninovych polovodicu s cilem
pripravit jejich periodickd pole a pochopit déje odehrdvajici se
pri jejich nukleaci a ristu. Vyzkumny tym rovnéz vyviji pokro-
¢ilé metody elektrické a optické charakterizace polovodicovych
nanostruktur a navazuje tak na pfedchozi dspéchy pfi konstrukci
unikétnich balistickych elektronovych emisnich mikroskopi
a fotoluminiscen¢nich spektrometri pro prici v Sirokém rozsahu
teplot a vinovych délek.

Vyzkumny tym Bioelektrodynamika je juniorsky vyzkumny
tym, ktery se zabyva aktivnimi a pasivnimi elektrodynamickymi

including biomarkers of both Alzheimer’s disease and different types
of cancer, environmental pollutants and harmful bacteria and toxins
in foods. The optical biosensors developed by the team are used at
universities, research institutions, as well as companies situated in
the USA, Europe, and Asia. The Optical Biosensors team has been
awarded multiple national and international prizes, including the
Roche Prize for Sensor Technology, the Czech Head Award (Inven-
tions category), the Premium Academiae of the Czech Academy of
Sciences, and the Minister of Education, Youth and Sports Award
for Outstanding Research, Experimental Development and Inno-
vation. The team is currently coordinating the center of excellence
“Nanobiophotonics for medicine of the future,” supported by the
Czech Science Foundation.

The Fiber lasers and non-linear optics research team carries
out the research and development aimed at high-power fiber lasers
and their applications in material industry, medicine, and non-linear
optics. Within basic research, the team focuses on the study of the
mechanism of laser beam combining, the generation and amplifi-
cation of nano, pico and femtosecond pulses, and the transmission
of light and its interactions with different materials. These findings
are utilized in the development of fiber lasers that can be used in
various medical practices, including dental procedures, eye surgery,
and the breaking of urinary stones. The power fiber lasers developed
by the Fiber lasers and non-linear optics research team can also be
used in the material industry for engraving, cutting, welding, and
the surface treatment of materials. Ytterbium lasers are typically
used for cutting and welding metal plates, while thulium lasers are
better for processing plastics. In the field of non-linear optics, the
team primarily focuses on the use of high-power fiber lasers for
radiation generators operating in the mid-infrared region. These
types of generators can be applied in laser spectroscopy for the
analysis of trace amounts of various substances and can therefore
be used in areas such as air quality monitoring, ensuring the safety
of chemical operations, and medical diagnostics. The Fiber lasers
and non-linear optics research team develops the manufacturing
technology of special optical fibers, optical fiber components, and
non-linear crystal poling for the development of their own fiber
lasers and parametric generators. The research team maintains close
cooperation with a number of industrial partners. A result of one of
those collaborations was awarded the Technology Agency of the
Czech Republic Award in the category of Original solutions in 2013.

The Synthesis and Characterization of Nanomaterials research
team has focused on the preparation and study of the properties
of semiconductor materials. Specifically, the team focuses on
electronic and optical phenomena at the surfaces and interfaces
of nanomaterials caused by the impact of photons, ions, electrons,
or the adsorption of gases. Further focus is on the use of these
nanomaterials for sensor applications, the development of light
sources and detectors, and the enhancement of nanodiagnostic
capabilities of analytical methods. One of the main areas of interest
of this team is the preparation of rectifying (Schottky) contacts
on compound semiconductors. For example, the team recently
described the transport of an electric charge through a graphite/
semiconductor and a metal nanoparticle/semiconductor interface.
This work was based on a theoretical and experimental analysis
of Schottky structures prepared by both the deposition of colloidal
graphite and electrophoretic deposition of metal nanoparticles. The
team used their own Schottky contacts in a hydrogen sensor and
demonstrated its ability to detect low hydrogen levels. Equally
important is the team’s research of one-dimensional compound
semiconductor nanostructures, specifically to prepare their periodic
arrays as well as to understand the phenomena that take part du-
ring their nucleation and growth. The research team also develops
advanced methods for the electrical and optical characterization
of semiconductor nanostructures. This work follows previous
success in the construction of unique ballistic electron emission
microscopes and photoluminescence spectrometers.
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a elektronickymi vlastnostmi biomateridli od drovné molekul
aZ po uroveni tkdni. Cilem tohoto vyzkumu je pfispét k poznani
endogennich elektrodynamickych jevl v bunécné fyziologii
a signalizaci a jejich vyuzZiti v medicing. Vyznamnym aktudlnim
vyzkumnym tématem je analyza elektromagnetickych vlastnosti
proteinovych nanostruktur se zaméfenim na mikrotubuly. Kromé
jejich vyznamu pro samotnou mechanickou stabilitu bunék maji
mikrotubuly klicovou funkci v buné¢ném déleni a podileji se
také na vnitfni samoorganizaci bunék. Vyzkum elektromagne-
tickych vlastnosti mikrotubulti a moZnosti jejich ovliviiovani
tak prispivd k vyvoji novych terapeutickych postupu pro 1écbu
nddorovych onemocnéni. Ddle se aktivity tymu zaméfuji na
vyzkum endogennich radiofrekvencnich a optickych biosignala.
Jedna se o novou tfidu biosignald, jejichZ detekce je neinvazivni,
nevyZaduje vloZeni kontrastnich chemickych latek do diagnosti-
kovanych tkdni nebo bunék, ani vnéjsi stimulaci napt. ozafenim.
Tyto biosigndly mohou byt proto perspektivné vyuZity k Setrné
lékat'ské diagnostice. Zejména méfeni endogennich optickych
biosignall, zndmych také pod ndzvem ultraslaba fotonova emise,
jiZ nachdzi vyuZiti v oblastech biomediciny, ve kterych je potieba
neinvazivné méfit aktivitu volnych radikdla, které hraji roli pfi
starnuti a kardiovaskuldrnich a degenerativnich onemocnénich.
Aktivity tymu zahrnuji jak experimentdlni ¢innost, pro kterou si
tym zajiStuje i vyvoj experimentdlnich zafizeni a senzorti vyré-
bénych s vyuZitim nanotechnologickych metod piimo v UFE,
tak navazujici teoretickou analyzu zaméfenou na modelovani
elektrodynamickych procesu.

Specializovana Laborator Stdtniho etalonu casu a frekvence
je v rdmci ndrodniho metrologického systému jako pridruZend
laboratoi Ceského metrologického institutu povéiena spravou
Statniho etalonu Casu a frekvence. Laboratof fyzicky realizuje
jednotku Casu — sekundu a vytvafi ndrodni Casovou stupnici, tedy
presny as v Ceské republice. Laborato¥ Stdtniho etalonu casu
a frekvence je nejvyssi metrologickou jednotkou v zemi v oblasti
¢asu a frekvence. Laboratof provadi ndro¢né kalibrace primarnich
a sekundérnich zdrojt ¢asu a frekvence (kvantové etalony), zdroji
vysoce stabilni frekvence nebo zafizeni pro porovndvani caso-
vych stupnic. Laboratof navazuje dostupné atomové zdroje ¢asu
a frekvence na narodni ¢asovou stupnici a pfispiva tak k tvorbé
svétového koordinovaného ¢asu UTC. Laborator Statniho etalonu
casu a frekvence se ddle zabyva vyzkumem v oblasti méfeni fre-
kven¢nf stability signélfi, zejména velmi pfesného méteni délky
¢asového intervalu a Casu uddlosti, a dale Casovym transferem
(porovndvéanim casovych stupnic) prostfednictvim satelitnich
navigacnich systémd, optickych vldken a plné€ optickych siti.
Vysledky tohoto vyzkumu byly vyuZity pravé pfi vyvoji aparatur
pro porovnavani ¢asovych stupnic s vyuZitim signdlu satelitnich
navigac¢nich systémd, napt. GPS, GLONASS, GALILEO nebo
EGNOS. Tyto aparatury nasly ndsledn¢ uplatnéni po celém svété;
jsou jimi vybaveny mnohé narodni metrologické laboratote Casu
a frekvence. Aparatury realizované Laboratori Stdtniho etalonu
Casu a frekvence také pouZziva né€kolik vyznamnych védeckych
instituci, napf. NASA v projektu Lunar Research Orbitter, ¢i ESA
pro navazovani systémového ¢asu GALILEO. Tato aparatura mimo
jiné poslouZila pfi nezavislé rekalibraci Casové linky v projektu
OPERA (méfeni rychlosti neutrin).

Vice o historii UFE, jeho vyzna&nych osobnostech ¢i vyzkum-
nych aktivitdch a tspéSich se miZete dozvédét na ndsledujicich
strankdch. VE&fim, Ze vds zaujmou a pfeji vim pifjemné Cteni.

prof. Ing. Jifi Homola, CSc., DSc.
reditel UFE

The Bioelectrodynamics research team is a junior team which
focuses on both active and passive electrodynamic and electronic
properties of biomaterials, from the molecular up to the tissue level.
The aim of this research is to contribute to the knowledge of endo-
genous electrodynamic phenomena in cell physiology and signaling
and their use in medicine. Currently, a significant research topic is the
analysis of the electromagnetic properties of protein nanostructures,
with a focus on microtubules. In addition to their importance for the
mechanical stability of cells, microtubules have a key role in cell
division and are also involved in internal self-organization of cells.
The research of the electromagnetic properties of microtubules and the
possibilities of influencing them via electromagnetic field contributes
to the development of new therapeutic approaches for tumor treatment.
Furthermore, the team activities include the research of endogenous
radiofrequency and optical biosignals. These belong to a new class
of biosignals: detection is completely non-invasive and does not
require the insertion of contrast chemicals into the diagnosed tissues
or cells, nor does it require any external stimulation (e.g. irradiation).
These biosignals can therefore be used for gentle medical diagnostics.
Specifically, the measurement of endogenous optical biosignals (also
known as ultra-weak photon emission) is already being used in bio-
medical areas that have need of non-invasive activity measurement
of free radicals, which play an important role in aging and cardio-
vascular and degenerative diseases. The experimental research of the
Bioelectrodynamics team takes advantage of experimental devices and
sensors created via the array of nanotechnological methods at UFE.
The team also conducts related theoretical analyses focused on the
modeling of a variety of electrodynamic processes.

The specialized Laboratory of the National Time and Frequency
Standard is a designated institute of the Czech Metrology Insti-
tute within the National Metrology System and is entrusted with
the management of the National Time and Frequency Standard.
The laboratory physically realizes the unit of time, the second,
and generates the national time scale: the legal time in the Czech
Republic. The Laboratory of the National Time and Frequency
Standard is the highest metrological authority in the country in the
field of time and frequency. The laboratory performs demanding
calibrations of primary and secondary time and frequency standards
(atomic clocks), ultrastable frequency sources, and equipment for
comparing time scales. The laboratory links available time and
frequency sources to the national time scale and thus contributes
to the calculation of the Coordinated Universal Time. The labora-
tory also conducts research in the field of measuring the frequency
stability of signals, particularly very accurate measurements of
time intervals, event times, and time transfer (time scales compa-
risons) using satellite navigation systems, optical fibers, and fully
optical networks. The results of this research have been used in the
development of systems for the comparisons of time scales using
the signals of satellite navigation systems, e.g. GPS, GLONASS,
GALILEO, and EGNOS. This equipment is subsequently being
used all around the world, many national metrology laboratories of
time and frequency use it. The equipment partly developed by the
laboratory is used by several important research institutions, e.g.
NASA in its Lunar Reconnaissance Orbitter project, or ESA for
establishing the GALILEO system time. This equipment was also
used for the independent timeline calibration within the OPERA
project (measuring the speed of neutrinos).

You can learn more about the history of the Institute, its eminent
personalities, research activities and achievements on the following
pages. [ hope you will find it interesting and wish you a pleasant reading.

prof. Ing. Jiri Homola, CSc., QSC.
director of UFE
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Plasmonic biosensors for detection of chemical and biological agents

This paper reviews recent advances in research into plasmonic biosensors made at the Institute of
Photonics and Electronics of the CAS, especially, the advances in the development of plasmonic sensor
instrumentation and functional coatings. Examples of applications of plasmonic biosensors for detection
of selected chemical and biological agents are provided.

Keywords: optical biosensor, surface plasmon, SPR, functionalization, biodetection

1. INTRODUCTION

Biophotonics presents an emerging field of research that
combines physical, chemical and life sciences. The integration of
photonics, biology, and nanotechnology leads to a new generation
of devices that make it possible to characterize chemical and other
molecular properties, and furthermore, discover novel phenomena
and biological processes occurring at the molecular level.

Since their conception in the 1990s, a great deal of attention
has been given to optical biosensors based on surface plasmons,
usually referred to as surface plasmon resonance (SPR) biosensors
or plasmonic biosensors. SPR sensors have become an important
tool for the study of biomolecules and their interactions; these
sensors have been shown to hold potential for rapid and sensitive
detection of a wide range of chemical or biological agents with
relevance to medical diagnostics, environmental monitoring, food
safety, and security [1, 2].

SPR biosensors exploit a special mode of an electromagnetic
field, a surface plasmon that can be excited on thin metallic films
or metallic objects of nanoscopic dimensions. In SPR biosensors,
special biomolecules (biorecognition elements) that are able to
recognize and capture target molecules are immobilized on the
surface of a metal. When a sample is brought in contact with an
SPR sensor, target molecules bind to the biorecognition elements
and generate a local change in the refractive index. This change is
probed by the surface plasmon and can be quantified by measuring
changes in the characteristics of an optical wave coupled to the
surface plasmon. These characteristics include the position of the
resonant feature in the angular (or wavelength) spectrum, or the
amplitude, phase, or polarization of the optical wave.

2. ADVANCES IN SPR BIOSENSOR INSTRUMENTATION

Most of the SPR sensor instruments used today are designed
for applications in biomolecular interaction analysis in centralized
laboratories. They are complex and bulky instruments that often offer
a degree of automation. The best SPR sensors are able to measure
changes in refractive index down to 107 refractive index units (RTU).
They typically rely on spectral (angular or wavelength) interrogation
of surface plasmons and therefore offer high accuracy, usually at the
expense of the limited number of measurement channels they can
provide. Therefore, among other factors, research into SPR sensor in-
struments has recently been driven by the need for SPR systems with
a large number of sensing channels for high-throughput screening
applications and portable SPR sensors for field use. Researchers at the
Institute of Photonics and Electronics have pursued the development
of novel approaches to SPR sensing and new SPR sensor instruments
related to these needs. Two examples of this developmental effort are
given below: a high-throughput sensor based on SPR imaging and
a compact system based on a new approach to the spectroscopy of
surface plasmons utilizing a special diffraction grating.

The high-throughput SPR sensor is based on SPR imaging in
polarization contrast. In this type of sensor, the sensing surface
is imaged onto a spatially resolved 2D detector (fig. 1), which
receives SPR signals originating from different areas of the sensor
surface. The intensity of light reflected from each different area is
proportional to the amount of the bound analyte. This allows the
sensor to acquire signals from up to several hundreds of different
areas on the surface, and in conjunction with appropriate spatially
resolved functionalization, to simultaneously monitor hundreds of
different molecular interactions [3]. This type of SPR sensor has
been demonstrated to provide a refractive index resolution compa-
rable with high-resolution spectroscopic SPR systems [4]. Recently,
this SPR imaging sensor has been combined with a nanostructured
plasmonic structure consisting of an array of gold nanorods, and
comparable analytical performance was demonstrated [5].
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Fig. 1 Principle of the high-throughput SPR imaging sensor based
on polarization contrast. a) Arrangement of the sensor optics show-
ing polarization states in different parts along the optical path for
two different refractive indices at the sensor surface; and b) example
of an acquired image with 96 sensing spots
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Fig. 2 Principle of the surface plasmon resonance coupler
and disperser diffraction grating. A portion of the incident light
is coupled to a surface plasmon through the 2™ diffraction order,
which is manifested as a dip in the spectrum of light dispersed
through the 1% diffraction order
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Substantial effort has also been dedicated to the miniaturi-
zation of SPR sensors and the development of a new generation
of SPR sensors for field use. We developed a novel approach to
spectroscopy of surface plasmons in which a diffraction grating
having a special design, denoted as surface plasmon coupler and
disperser (SPRCD), is used to both couple the incident light to
a surface plasmon as well as disperse the diffracted light to enable
its spectroscopic analysis (fig. 2).

We constructed a laboratory prototype of a compact SPR sen-
sor based on this approach and demonstrated the achievement of
arefractive index resolution as low as 2 x 10”7 RIU in four [6], and
later in six independent channels. The prototype used a disposable
plastic cartridge consisting of microfluidic chip and hot-embossed
gold-coated plastic SPRCD element (see fig. 3).

| & i

Fig. 3 Photograph of a prototype of the compact SPR biosensor
based on SPRCD element incorporated in a plastic cartridge

3. ADVANCES IN FUNCTIONAL COATINGS

Functional coatings that recognize and capture target analytes
present an important part of plasmonic biosensors: providing them
with the desired specificity towards an analyte. Typically, it is
a planar surface (e.g. a glass substrate coated with a thin gold film)
onto which biorecognition elements (e.g. antibodies) are immo-
bilized. The biorecognition elements specifically recognize and
capture target analyte, thus producing a sensor response. However,
in detection applications involving complex real-world samples
(e.g. undiluted blood plasma or food extracts), the adsorption of
non-target molecules to the sensor surface (biological “fouling”)
may occur, giving rise to a false positive response. In addition to
SPR biosensors, this effect presents a major challenge for all label-
-free biosensors. Therefore, the development of functional coatings
having a high degree of resistance to fouling presents an important
direction in SPR biosensor research [1, 7].

Historically, the most widely used low-fouling functionalization
methods involve the formation of close-packed oligo (ethylene
glycol) (OEG)-based alkanethiolate self-assembled monolayers
(AT-SAMs) containing molecules with end-tethered functional
groups [8, 9]. However, the ability of the OEG-based AT-SAMs
to resist fouling has been found to be rather limited when exposed
to real-world complex media, such as undiluted blood plasma or
crude food extracts [7, 9].

Polymer brushes combine the advantages of SAMs (high
surface density, ease of fabrication) and polymers (providing 3D
network for the immobilization of biorecognition elements), and
therefore represent an attractive alternative. In collaboration with
the Institute of Macromolecular Chemistry CAS in Prague and the
University of Washington in Seattle (USA), we have developed
several functionalizable low-fouling polymer brushes: poly(2-hyd-
roxyethyl methacrylate) (pHEMA), poly(2-hydroxypropyl metha-
crylate) (pHPMA), and carboxy-functional poly(carboxybetaine
acrylamide) (pCBAA). We have demonstrated that these polymer
brushes can be effectively functionalized with various biorecogni-

tion elements via NHS/EDC chemistry (fig. 4). The resistance to
fouling from undiluted food extracts such as milk, cucumber, and
hamburger was studied both on bare and functionalized brushes.
We found that the hydroxy-functional brushes (b HEMA, pHPMA)
lost their resistance capabilities after the activation of the hydro-
xyl groups. These results also indicated that the original pPCBAA
structure was recovered by the regeneration of carboxyls in the
zwitterionic groups of pCBAA after the activation of carboxyls,
and the coating maintained its capability to resist fouling from
real-world complex media [9]. High levels of immobilization on
pCBAA brushes have been achieved for both antibodies as well
as DNA probes [9, 10].

Fig. 4 A scheme of the activation, protein immobilization,
and deactivation of a pCBAA brush [7]

We have also pursued the transfer of functionalization pro-
cedures (previously developed for continuous coatings) to na-
nostructured surfaces [8, 11]. For example, we have researched the
functionalization of gold nanoparticles (AuNPs) in order to enable
their use in both optical platforms for localized surface plasmon
resonance (LSPR) sensors as well as to enhance the response of
conventional SPR biosensors [8]. Thiol chemistry was also investi-
gated as a potential approach to functionalize plasmonic biosensors
based on an array of trapezoidal nanoantennas developed at Imperial
College London (UK) [11].

4. BIOANALYTICAL APPLICATIONS

To date, plasmonic biosensors have been used for a large vari-
ety of bioanalytical tasks. The following section provides several
representative examples of such applications.

A potentially important application area for SPR biosensors
is medical diagnostics. The monitoring of levels of biomolecules
(by means of biosensors) related to the onset or progression of
adisease (disease biomarkers) provides a promising avenue for the
early diagnosis of severe diseases, such as Alzheimer’s disease or
various types of cancers, as well as an assessment of the response
of a patient to treatment [10, 12—14].

Researchers at the Institute of Photonics and Electronics
developed an SPR biosensor for the detection of microRNAs
(miRNAs) related to myelodysplastic syndromes (MDS). MDS
are a group of disorders of the clonal hematopoietic stem cell
characterized by ineffective blood production and a propensity
to transform to acute myeloid leukemia. To enable detection of
low levels of miRNAs in erythrocyte lysate (EL), low-fouling
functional coatings based on pCBAA and amino-modified
oligonucleotide probes were used. A two-step detection assay
was employed in which hybridization of target miRNAs with
probe-functionalized pCBAA was followed with the capture of
streptavidin-functionalized AuNPs to biotinylated probes. Fig. 5
shows the sensor response to the last step of the assay for different
miRNA concentrations. It was estimated that the biosensor is
capable of detecting multiple miRNAs in EL at levels as low as
0.5 pM [10]. This biosensor was employed to screen three clini-
cal EL samples for the levels of four different naturally-present
miRNAs. The results confirm the potential of SPR biosensors
for the parallelized detection of miRNA without time-consuming
sample pretreatment and RNA extraction.
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Fig. 5 Sensor response as a function of miRNA concentration for
four different miRNAs (miR-16, miR-181, miR-34a, and miR-125b)
in erythrocyte lysate

One of the targets related to food safety pursued by researchers
at the Institute of Photonics and Electronics was a small chemical
compound: bisphenol A (BPA). BPA has been found to seep into
food or beverages from containers that are made of a certain class
of plastics. Exposure to BPA is a concern, mainly due to possible
health effects of BPA on the endocrine systems of infants and chi-
ldren. An SPR biosensor for rapid detection of BPA based on the
SPRCD sensor platform and a binding inhibition detection format
was developed and used to detect BPA in both drinking water and
wastewater. The detection experiments revealed that the biosensor
is capable of detecting BPA in drinking water and wastewater at
concentrations as low as 0.04 and 0.14 ng/ml, respectively [15, 16].

Tetrodotoxin (TTX) is an extremely potent marine neurotoxin
carried by pufferfish. A SPR biosensor was developed to detect
TTX in pufferfish matrix using a binding inhibition assay format.
An inter-laboratory pre-validation study was conducted to demon-
strate both the robustness of the approach as well as its performance
characteristics, such as selectivity, reproducibility, and accuracy.
This approach was demonstrated to be capable of detecting TTX
in pufferfish matrix with a limit of detection of 1.5 ng/ml [17].
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Fig. 6 a) A scheme of three-step assay for the detection
of bacterial pathogens in crude food samples. b) SPR sensor
response to S-AuNPs for eight different concentrations
of E. coli O157:H7 in cucumber sample

Bacterial pathogens are the main cause of foodborne illnesses
that are a serious health issue and economic burden for the so-
ciety. Researchers at the Institute of Photonics and Electronics
used a SPR biosensor having an optimized functional pPCBAA
coating along with functionalized gold nanoparticles (AuNPs)
for rapid and ultra-sensitive detection of foodborne pathogens: E.
coli 0157:H7 and Salmonella sp. present in crude food samples
(cucumber and hamburger extracts). The detection assay used
in this study consists of three steps: (I) bacterial pathogens are
captured by the antibody-functionalized pCBAA surface, (II)
secondary biotinylated antibody (Ab,) binds to bacteria, and (IIL.)
streptavidin-coated AuNPs bind to Ab,-coated surface to enhance
the sensor response (fig. 6). The SPR biosensor was demonstrated
to be capable of detecting E.coli O157:H7 and Salmonella sp. in
crude food samples with extraordinary sensitivity, in time periods
of less than 1 hour. Specifically, the limit of detection for E. coli
was determined to be 31 cfu/mL and 24 cfu/mL in cucumber and
hamburger extracts, respectively.

5. OUTLOOK

The advances in instrumentation, functionalization, and detec-
tion strategies allowed plasmonic biosensors not only to become an
important tool for the investigation of biomolecular interactions,
but also to be used in analytical applications, where biological or
chemical agents were detected in pure or moderately complex sam-
ples. Presently, the main goal is to expand this technology to enable
investigation of biomolecules and their interactions in their native
environment (with a broad range of other biomolecules present) and
detection of biological or chemical agents in complex real-world
samples (bodily fluids, foods, etc.). We envision that this goal will
be addressed through a concerted effort involving technological
advances in numerous areas. These include the exploitation of new
plasmonic structures and phenomena as well as advances in optical
instrumentation and microfluidic systems. Further developments in
field functional coatings will be particularly important.

This research was supported by Praemium Academiae of the
Academy of Sciences of the Czech Republic and the Czech Science
Foundation (contract # P205/12/G118).
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Effect of the coverage density of metal nanoparticles
on the performance of SERS-active optical fibers

A numerical-analytical model has been developed to investigate the effect of the coverage density of
metallic nanoparticles on the interplay between Raman gain and attenuation of guided mode in SERSactive
optical fibers. The model was applied to different types of SERS-active fibers: a single-mode suspended-
-core photonic crystal fiber with silver nanoparticles immobilized on the walls of cladding channels
and multi-mode unclad sapphire fiber with silver nanoparticles on its outer cylindrical surface. The
predicted Raman intensity curves as functions of nanoparticle coverage density, covered fiber length
and excited modes are in a good agreement with the published experimental results for the contrasting

types of SERS-active fibers.

Keywords: fiber optics sensors, surface-enhanced Raman scattering, spectroscopy, Raman

1. INTRODUCTION

The Institute of Photonics and Electronics (UFE) have been
collaborating with the Stevens Institute of Technology, USA, in the
field of biochemical and chemical detection based on functionalized
optical fibers. The collaboration relies on the U.S. laboratory’s ex-
cellence in the surface nano-functionalization of optical fibers and
on our expertise in the computational modeling of specialty fibers,
aimed at an interpretation of experimental results and optimization
of fiber-optic sensor platforms. This paper gives an example of the
IPE contribution to a joint development of the specialty fibers for
detection of chemical and biochemical species employing Surface
Enhanced Raman Scattering (SERS).

Three index-guiding solid-core photonic crystal fibers (PCF)
of different air-cladding microstructures have been studied using

numerical simulations and hyperspectral Raman imaging to assess
their respective potential for evanescent-field surface-enhanced
Raman spectroscopy [1]. Silver spherical nanoparticles (Ag NPs)
were immobilized in the cladding air channels of PCF making the
fiber SERS-active, relying on localized plasmonic excitation on
the nanoparticles. One of the advantages in using PCF as a SERS
platform is that the light guided in the core can interact with the
metal nanoparticles via the evanescent field along the extensive
length of the fiber. Another advantage is in the fact that PCF is both
alight guide and a gas/liquid transmission cell due to the accessible
microscopic air channels making it an inherently robust optofluidics
platform. We have found that a suspended-core PCF (SC PCF)
consisting of a silica core surrounded by three large air channels
conjoined by a thin silica web, has an overwhelming advantage
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over the other investigated PCFs in terms of the ultimate limit
of detection of an analyte of interest. We have demonstrated that
SERS-active SC PCF exhibits unprecedented sensitivity, detecting
1x10"° M R6G in an aqueous solution of only ~7.3 pL sampling
volume [1]. Shown in Fig. I is a scanning electron microscope
(SEM) micrograph of a cross-section of SC PCF.

VUB - META

Fig. 1 SEM micrograph showing a cross section of SC PCF

Whereas plasmonic metal particles serve to allow SERS via
chemical and electromagnetic enhancements, their very presence
also induces attenuation by absorption of guided light and of the
Raman signal. The nanoparticle coverage density and fiber length
play an important role in the competitive interplay between accu-
mulative Raman signal gain and attenuation loss. Our experiments
performed on the SERS-active PCFs indicated a very low tolerance
of nanoparticle coverage, on the order of a single particle/um? or
less, in order to realize accumulative Raman gain with increased
fiber length. We have recently demonstrated the utility of an un-
clad, multi-mode single crystal sapphire fiber for evanescent-field
SERS sensing [2]. Colloidal Ag NPs were immobilized on the
fiber. We have found that the multi-mode fiber platform can tolerate
a particle coverage density two orders of magnitude higher than
its single-mode PCF counterpart, while still exhibiting continued
Raman accumulation over fiber length. The sapphire fiber with
immobilized Ag NPs at a high coverage density of 120 particles/
um?offered SERS sensitivity at 10® M R6G [2]. To provide insights
into the interplay between Raman gain and attenuation loss in the
two contrasting types of SERS-active optical fibers we used the
simulation approach given in the next paragraph.

2. THE SIMULATION MODEL

We have proposed the numerical-analytical model for the output
Raman Intensity, R, as a function of the NP coverage density, CD,
and NP coverage length, L [2]:

I-expla, L l1-exp(-a, L
R1~ncxc M XCDWLXndcl M R (])
exc adctL
where 1__and 1),  are the modal fractional power overlaps over the

effective layer, o and o,  are the modal attenuation coefficients,
calculated for a given fiber mode at the excitation and detection
wavelengths A__and 4, respectively. In Eq. 1 the output Raman
intensity is expressed as proportional to the product of the average
excitation intensity (the left term), the total number of NPs (the
center term) and the average SERS signal decay (the right term),
W is the effective NP coverage width for SC PCF and equal to
21R for the sapphire fiber with a radius of R. Supposing an axial
homogeneity of NP coverage density, we averaged the power
decay of the propagating fiber mode due to the absorption in NPs
by integrating over the fiber NP coverage length. Evanescent
coupling and recoupling efficiencies were introduced through the
modal fractional overlaps. The modal imaginary effective indexes

and evanescent overlaps were calculated using the Finite Element
Method (FEM). The attenuation coefficient is related to the imag-
inary effective index by o= (4/HIm[n ].

To calculate the attenuation loss from the evanescent interaction
of modes with Ag NPs immobilized on the walls of the cladding
holes filled with water, we introduce an effective layer of a com-
posite material. The effective permittivity £ (A) of the composite
materials with spherical metal inclusions having the filling factor f
(volume of the silver inclusions per unit volume of the composite
material f= Vie! Vi is given by the expression

otal

. (ei(l)+2£h (l))+2f(£i(l)—eh(l)) 5
N em2a @ em-am)

where £ (1) and € (4) are the complex electric permittivities of the
metal (silver) and the dielectric host (water), respectively.

ge:_ff()“) =

3. RESULTS AND DISCUSSION

For the FEM simulation the thickness of the effective layer was
set to 35 nm corresponding to an average diameter of Ag NPs. The
power flow distribution of the fundamental mode in the SC PCF
with the effective layer at an excitation wavelength of 632.8 nm
is shown in Fig. 2. From the fundamental mode field distribution
over the SC-PCF cross-section it is obvious that in each air-hole
an evanescent field effectively overlaps with about a 1 um wide
longitudinal strip area on the air-hole wall. Therefore W in Eq. 1
was set to 3 um (W may also be used as a fitting parameter).
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Fig. 3 Simulated Raman intensity as a function of nanoparticle
coverage density and covered fiber length detected at the output
of SC PCF
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[lustrated in Fig. 3 is the simulated dependence of Raman in-
tensity on nanoparticle coverage density and fiber length detected
at a Raman shifted wavelength of 699.7 nm. The shapes of the
Raman intensity curves indicate a far higher tolerance of particle
coverage length exhibited from the lower particle coverage. Note
that the limitation of the nanoparticle density coverage to low
values is determined by a strong evanescent overlap in a SC PCF.
The fractional power overlap of the fundamental mode with the
effective layer was calculated to be 0.021 at the excitation wave-
length of 632.8 nm which results in high attenuation due to strong
absorption in nanoparticles. Tab. I shows that the modal attenuation
coefficient achieves high values even for only a few NPs per pm?.

Raman gain prevails at lower order of LP, over longer coverage
lengths when the attenuation is still low, whereas higher order LP,
provides higher Raman gain for short coverage lengths, and the
loss overwhelms the Raman gain when the modes propagate over
longer coverage length.

The calculated evanescent and attenuation coefficient of se-
lected LP modes are summarized in Tab. 2 [2]. Although the
resultant evanescent overlaps are rather low, Raman signal is quite
sufficient because of the large number of NPs involved in a case of
dense coverage. Moreover, higher order of LP, modes exhibits the
stronger modal fractional overlap, still accompamed by increasing
attenuation coefficients, as shown in Tab. 2.

Table 1 Table 2
CD [Np/um?] o [dB/m] LP . M. Mot o, [dB/m] | o, [dB/m]
0.05 5.84 LP ., 2.79e-5 2.93e-5 102.6 60.6
0.2 23.4 LP, ., 1.52e-5 1.58e-5 54.2 31.8
2 235 LP 8.32e-6 8.56e-6 27.48 15.94

Though the simulation model was initially developed for
spherical Ag nanoparticles this modelling approach yielded a
good quantitative agreement also with the experiments on the
nanotags immobilized in SC PCF [3]. The nanotags are Ag-core-
Au shell nanostructures that serve both as an intensity reference
via label molecules entrapped inside the metal nanostructure and
as SERS-active sites for analyte detection.

In terms of evanescent overlaps and tolerable NP coverage
densities, an unclad sapphire fiber [3] and suspended-core PCF
are contrasting types of SERS-active optical fibers. Using the
experimental parameters [2] as input, we simulated the on-axis
excitation of a 100 um diameter, unclad sapphire fiber with Gauss-
ian beam focused on a waist diameter of 2 um at a wavelength of
532 nm employing the Beam Propagation Method [4]. The simu-
lation showed that the on-axis-focused Gaussian beam excites the
higher order azimuthally symmetric LP| modes with LP_, as the
highest excited mode. The calculated RI curves as a function of
the coverage length are plotted in Fig. 4 for a wide range of LP
modes. The shapes of the RI curves indicate a higher tolerance of
particle coverage length exhibited from the lower order of LP .
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Fig. 4 Calculated dependence of Raman intensity for a range
of LP , modes on sapphire fiber length with immobilized Ag NPs
at a coverage density of 120 particles/um?

4. CONCLUSION

The numerical-analytical model was developed to investiga-
te the dependence of Raman intensity detected at the output of
SERS-active fiber on the metal nanoparticle coverage density and
nanoparticle coverage length. The predicted Raman intensity curves
agree with the experimental results [1-3] for the two contrasting
types of SERS-active fibers. The numerical-analytical model
yielded insights into the fiber modes involved in the evanescent-
-field interaction, as well as the interplay between the Raman gain
and attenuation loss of the fiber modes in the presence of silver
nanoparticles.

This work was supported by the Ministry of Education, Youth
and Sport of the Czech Republic under grant no. LH 11038 within
the U.S.-Czech S&T Cooperation Agreement.
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Generation of mid-infrared radiation in nonlinear crystals

using fiber lasers

We have developed a narrow-band CW mid-IR generator based on the difference frequency generation
(DFG) in periodically poled (PP) KTA and KTP crystals. The crystals are used to mix the beams from
high-power fiber laser systems working at 1060 nm and 1550 nm spectral bands. Tunability exceeding
the range of 3100 nm — 3620 nm was achieved in a source based on a PPKTA crystal. A prototype of
mid-IR generator was built in our institute.

Keywords: fiber laser, difference frequency generation, periodically poled crystal

1. INTRODUCTION

It is widely accepted that the mid-infrared (mid-IR) region
covers the spectral interval from 3 um to 8 pm. This range is of
particular interest for many applications, especially for spectroscopy
of trace gases [1] and military guided missile technology. Fun-
damental vibration and rotational-vibrational absorption bands
of many molecules [2] fall within the mid-IR wavelength range.
That allows high-sensitive and selective detection of trace gases.
Narrow-band tunable continuous-wave (CW) mid-IR sources are
invaluable tool for this purpose. Currently available CW mid-IR la-
ser sources include mainly quantum cascade lasers (QCL), erbium,
holmium, and dysprosium-doped fluoride fibers [3], vibronic solid
state lasers (Cr** and Fe** doped II-VI compounds like Cr:ZnSe),
lead salt diode lasers, optical parametric oscillators and difference
frequency generation (DFG) sources [4, 5].

The DFG sources based on the quasi-phase matching technique
generating in the mid-IR band by mixing fundamental signals from
matured Yb- and Er-doped fiber lasers [6] are of special interest
to our fiber lasers and non-linear optics research team headed by
P. Honzdtko. In our laboratory we deal with investigation of high
power fiber lasers and their use for material processing, medicine
and nonlinear optics. The main research interests are laser beam
combining, generation and amplification of optical pulses, guiding
the light and its interaction with materials. High laser beam power
achievable with fiber lasers enables for study of nonlinear effects
like DFG. This article presents the design of the DFG mid-IR laser
sources using fiber lasers for high-resolution tunable laser absorp-
tion spectroscopy (TLAS). The laser allows more than 100 uW
CW power at a maximum within the range of 3100 nm — 3620 nm.

2. LASER SETUP

The laser setup is shown in Fig. /. Periodically poled (PP) nonli-
near crystal is used to mix the beams from high-power master-oscilla-
tor power-amplifier Yb-doped (YDFL) and Er-doped (EDFL) fiber
laser systems working at 1060 nm and 1550 nm bands, respectively.

b2

YDFL

0s O F GW| Fiber
M-WDM ‘.- --'-'_k -I_%_' =
EDFL PPLYStAl| g BSFO
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Fig. 1 Laser principal setup

The master-oscillators are built on polarization maintaining
(PM) components and fibers in order to achieve high stability
and well defined polarization. The active fibers of the master
oscillators are pumped by laser diodes working at wavelengths
of 976 nm and 980 nm, respectively. Each of the fiber lasers has
a computer driven narrow band tunable filter which allows their
tuning in spectral range of 1040 nm — 1089 nm and 1530 nm —
1590 nm, respectively. The fundamental wavelengths signals are
amplified (Fig. 2) in high-power amplifiers based on double-clad
fibers pumped by high power laser diodes by the means of pump
signal combiners.

Fig. 2 Working fiber amplifiers

The pump is amplified in an ytterbium-doped double-clad
fiber up to a power of 2 W, while the signal is amplified by a PM
erbium-ytterbium-doped double-clad fiber up to a power of 0.5 W.

The pump and the signal are combined in a wavelength division
multiplexer (PM-WDM). The vertically polarized light from the
output of the multiplexer is focused on the face of the PP-crystal
using an optical system (OS). The generation passes through an
objective (O), and then dichroic filter (F) separates the propagated
pump and signal radiation from the idler radiation. A concave lens
(L) is used to prevent damage to a control detector (D1). A germa-
nium window (GW) additionally blocks wavelengths shorter than
1.8 um. A beam splitter (BS) divides idler radiation into two beams.
The first one goes to the detector (D2) used for reference and the
second beam is directed to an output fiber end using a focusing
optical system (FO).
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3. PERIODICALLY POLED CRYSTALS

To obtain the DFG process in a PP nonlinear crystal, the law of
photon energy conservation (1) and the phase matching condition
(2) have to meet the following relations:

he _he  he (1)
A A A
P s i

n 2 2n _2¢ @)

AT AT T A
where A s the pattern period and A__ and n__. are the wavelengths and
L . P, .
the refractive indices of the pump, signal and idler, respectively. Qua-
si-phase-matching method used at our laboratory is suitable for any
wavelength within the transparency region of the nonlinear material
alongside the largest element of the tensor of nonlinear susceptibility.

The crystals titanyl phosphate (KTP) and potassium titanyl
arsenate (KTA) have been periodically poled with the technology de-
veloped in our institute [7]. Quasi-phase matching requires a microm-
eter-scale periodic structure inside the ferroelectric material (Fig. 3).

— 40 um

Fig. 3 Image of periodic structure inside crystal

We use a photolithografic mask to provide the precise perio-
dical domain size. Two crystals with the different photolithografic
patterns are shown in Fig. 4.
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Fig. 4 Photolithografic masks on crystals

Domain reversal is achieved by the use of an external electric
field. The polarity of the ferroelectric domain is changed from one
stable configuration to the other under the influence of the applied
field, which is called the coercive field. We currently fabricate
1 mm thick and 16.5 mm long device-quality PPKTP and PPKTA
crystals. In the experiments we use PPKTP and PPKTA crystals
with different periods from 35.4 um to 40.1 um. The crystals have
an effective length of 15 mm and a thickness of 1 mm.

4. EXPERIMENTAL RESULTS
The theoretical output wavelength of the developed generator as a
function of the pump and signal laser wavelengths is shown in Fig. 5.
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Fig. 5 Output wavelength as a function of pump and signal laser
wavelengths for PPKTP crystal with a period A = 35.9 pm
(a) and for PPKTA crystal with a period A = 38.9 um (b)

It can be seen that during the tuning process the wavelengths
of the ytterbium and erbium lasers should be tuned simultaneously
in order to maintain the phase synchronism in the PP crystal. In
the experiment we achieved tunability over the spectral range of
3225 nm — 3480 nm for the PPKTP crystal with pattern period of
35.9 um. The tuning law differs for the PPKTA crystal. The DFG
generator based on a PPKTA crystal with a period of 39.8 um co-
vered the spectral range of more than 3100 nm — 3620 nm.

5. CONCLUSION

We have designed a narrow-band CW mid-IR generator based
on the DFG in a PPKTP and PPKTA crystals. Tunability exceeding
the range of 3100 nm — 3620 nm was achieved in a source based
on a PPKTA crystal. As a result of our laboratory experiments
a prototype and control software were developed (Fig. 6).

Fig. 6 Prototype of mid-IR device

The designed device is useful for many applications, especially
for high-resolution tunable laser absorption spectroscopy.

The work presented in the paper was supported by the Techno-
logy Agency of the Czech Republic under Grant No. TA02010825
and by Ministry of Education, Youth and Sports under Grant
No. LD14112 in the frame of the COST Action MP1204.
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Theory and modeling of guided-wave photonic structures

Numerical modeling is an indispensable part of theory and design of any guided-wave photonic struc-
ture and device. It helps not only save time and money by substituting expensive and time consuming
trial and error fabrication and testing by numerical simulations, but — even more importantly — it
significantly contributes to proper understanding of physics involved in the operation of the structures
or devices under study. In the Institute of Photonics and Electronics, this discipline has been systema-
tically developed for more than three decades. In this communication, after a few examples of the most
important achievements, we present fundamentals of the 3-D Fourier modal method recently developed
and describe some results of its application to subwavelength grating waveguide structures based on

silicon on insulator platform.

Keywords: integrated optics, optical waveguide theory, plasmonics, nanophotonics

1. INTRODUCTION

In guided-wave photonics, there are two fundamental classes
of problems to be solved. The first one is to find guided modes in
a waveguide structure and to analyze their properties, and the second
one is to find the optical field distribution in the whole structure,
having known the exciting optical field. Any of these tasks requi-
re numerical calculation due to the complexity of the problem.
Dedicated software tools usually comprise two main categories:
mode solvers, the role of which is to calculate field distributions
and propagation constants of (guided) modes in a longitudinally
uniform waveguides, and evolution algorithms (or beam propaga-
tion methods), enabling optical field distribution within the whole
photonic structure, having known the excitation field (typically
a waveguide mode).

Within years, we have developed several kinds of both these
tools. The most important of them will be briefly mentioned in
the next three sections. In the third one, selected results of their

application to a special kind of advanced photonic structures — the
subwavelength waveguide components — will be presented. Finally,
perspectives of further possible development of this field are very
briefly outlined.

2. EIGENMODES AND MODE SOLVERS

In the beginning of our research into integrated photonics, in
agreement with the then fabrication possibilities, our attention was
concentrated on graded-index (diffused) planar waveguides. After
the development of approximate mode solvers based on the WKB
approximation as well as ,,rigorous* 1-D mode solvers based on
the method of transverse impedance [1], we performed a thorough
analysis of dispersion properties of propagating eigenmodes of ani-
sotropic planar Ti:LiNbO, waveguides [2, 3]. Detailed knowledge
of dispersion properties of these waveguides is required for the
design of many passive, acousto-optic, electro-optic and nonlinear
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waveguide devices in LiINbO, [4-6]. Our laboratory was also among
the first ones where waveguide polarizers based on resonant ex-
citation of surface plasmons were theoretically studied, designed,
and fabricated [7, 8]. Experience gathered in this way was later
utilized within European COST 240 Action [9] in which we were
very deeply engaged [10]. Later, within the EU 5" FP project NAIS,
we developed an original full-vector mode solver for circularly bent
channel waveguides [11, 12] that was then used as a building block
of a more general tool for modelling of circular ring microresonators
coupled to straight bus waveguides [13].

Rather accidentally, we probably were — to our best knowledge
— the first who made the detailed analysis of a photonic waveguide
structure with a balance of loss and gain [9, 14]; such structures
are presently known as photonic analogues of quantum mechanical
structures with PT symmetry breaking [15—17] — a very hot topic
in both physical and optical community.

3. FOURIER MODAL METHOD

Various versions of beam propagation methods were developed
and mutually compared within COST 240 Action [9] in which we
were very deeply engaged. One of the ,,modelling tasks‘ of this
Action, originally inspired by some optical sensor structure, con-
cerned wave propagation in a waveguide with a very deeply etched
high-contrast grating. It turned out to be a very hard problem that
triggered further effort in the development of accurate bi-directional
methods [18, 19].

Bi-directional mode expansion propagation method [20, 21] is,
in principle, a very accurate and powerful simulation tool for a wide
class of photonic structures, components and devices, especially
those formed by concatenation of longitudinally uniform segments.
However, rather large number of local eigenmodes is to be calcu-
lated in all such segments, which is an uneasy and time consuming
task, especially for structures exhibiting losses of any kind. In
Fourier modal methods (FMM), this problem is transformed into
a standard linear algebraic matrix eigenvalue problem by expansion
of optical (electromagnetic) field as well as the permittivity profile
into Fourier harmonics. The “classical” FMM, originated from
diffraction grating theory [22], makes use of complex exponentials
as basis functions. Within last years, we have developed its slightly
modified version based on sine and cosine functions; it can be also
interpreted as expansion into eigenmodes of a rectangular metallic
waveguide [23-26]. We carefully took into account the “proper”
Fourier factorization [27-29]. Perfectly matched layers formulated
in terms of a complex nonlinear coordinate transformation [30] were
used as boundary conditions simulating an open space.

4. SUBWAVELENGTH GRATING WAVEGUIDES

Although FMM can be efficiently applied for modeling of
a very wide class of photonic structures, only one type of them —
subwavelength grating waveguide structures — will be considered
here for brevity.

While (straight) conventional optical waveguides are longitudi-
nally uniform, subwavelength grating (SWG) waveguides (Fig. 1)

Fig. 1 Subwavelength grating waveguide

represent longitudinally periodic structures composed of segments
of subwavelength size with high refractive index (such as Si) em-
bedded into material with lower refractive index (e.g., SiO,). These
structures, based mostly on silicon on insulator (SOI) platform,
were pioneered by the research group of the National Research
Council in Canada [31]. Although they can be naively considered
as smooth waveguides with a “suitably averaged” refractive index,
in fact, they support propagation of Bloch modes, whose dispersion
properties are rather different from those of conventional uniform
waveguides. Because of their piecewise uniform structure, light
propagation in SWG waveguide structures can be very efficiently
modeled with Fourier modal methods.

As the first example we present here results of numerical
modeling of a SWG mode transformer for telecom band [32], the
schematic view of which is shown in Fig. 2.

I 11N RN

I
uniform wmuidei made transformer : SWG waveguide

Fig. 2 Mode transformer for SWG waveguides

The role of this photonic component is to ensure spectrally
broadband adiabatic transformation of a conventional mode of
a uniform dielectric waveguide (at the left side) into a Bloch mode
of the SWG waveguide (at the right side) with minimum power
loss. According to its original design [32], it consists of two secti-
ons — “bridged” (the left part with mutually connected segments)
and “unbridged” (the right part of free-standing segments). In the
“bridged” section, the widths of the “bridges” are linearly tapered
from 450 nm at the input to zero, the widths of the wider segments
are only slightly linearly decreased to 416 nm, but the period
(200 nm) is kept constant. In the “unbridged” section, the widths
of the segments are further slowly linearly decreased to 350 nm at
the end while their lengths as well as their separations are linearly
slowly increased to 200 nm, to match the 400 nm period of the
SWG waveguide. The real transformer consists of 225 segments
and its total length is 50 um. Even if its transversal cross-section
is small (the Si thickness was 260 nm), 3-D modeling of such
a structure using standard discretization modeling methods is
very computationally intensive. Therefore, in cooperation with
P. Cheben from NRC in Canada we tried to simulate the behavior
of the mode transformer using our 3-D FMM [26]. Even if we used
only moderate number of terms (40x60) in the Fourier expansion to
keep the computational effort acceptably low, the results are very
consistent. As it is apparent from Fig. 3 (curves with full dots mar-
ked as “Long”), the calculated modal transmittance (power transfer
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Fig. 3 Spectral dependence of modal transmittances
and reflectances of mode transformers of different lengths
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from the single-mode smooth Si nanowire to the Bloch mode of
the SWG waveguide) is very high — about 0.99 in a rather broad
wavelength range between 1470 nm and 1620 nm. Correspondin-
gly, the reflectance in this band is very low, typically below 107,

For wavelengths shorter than 1470 nm, the transmittance rapidly
falls down effectively to zero and the reflectance jumps up, close to
1.0. This behavior should be expected, since at this wavelength, the
long-wave bandgap edge of the SWG waveguide (or equivalently,
the Brillouin zone edge) is reached. Just for comparison, we also
calculated the transmittance and reflectance of a butt-joint between
the uniform Si nanowire waveguide and the SWG waveguide wit-
hout any mode transformer (curves marked as “No taper”). In this
case, the transmittance is reduced to less than 0.6.

Encouraged with these results, we calculated the parameters of
the transformers with the total length reduced to one half, one quarter,
and even one eighth of the original one, i.e., to 25 um, 12.5 yum and
6.25 um, respectively, scaling the linear tapering correspondingly.
The results are plotted in Fig. 3, too. Apparently, the results are not
changed much. A more detailed inspection shows — in accordance
with expectations — that the reduction of the transformer length
results primarily in some reduction of the spectral bandwidth.

Fig.4 Waveguide structure and the distribution of the dominant
electric field component of the quasi-TE mode

In order to better understand the transformation of the wave-
guide mode into the Bloch mode, the distribution of the dominant
electric field component of the (quasi-)TE mode is plotted in Fig. 4
from both the top and side views; the corresponding views on the
waveguide structure are marked green.

As another example, we bring preliminary results of our 3-D
simulation of a broadband 2x2 multimode interference (MMI)
coupler [33] — an important component of modern photonic com-
munication systems utilizing advanced modulation formats. This
work is running in close collaboration with the main authors of the
original proposal — P. Cheben from NRC Canada and R. Halir and
A. Ortega Morux from the University of Malaga. Apparent contra-
diction between “broadband” and “interference” is solved there by
clever utilization of the dispersion of the central multimode SWG
waveguide. The schematic view of the device is shown in Fig. 5.

We tried to re-design the MMI device using our 3-D FMM
tool. In Fig. 6 we present first results of numerical modeling of
spectral dependences of the most important technical parameters
of the device; note that the device has not been fully optimized yet.

Fig. 5 Broadband SWG MMI coupler
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Fig. 6 Spectral dependences of technical parameters of the

broadband SWG MMI coupler

Fig. 7 Waveguide structure and optical field distribution
of the complete SWG MMI coupler

The complete SWG waveguide structure and the optical field
distribution in the coupler at the wavelength of 1.7 um is depicted
in Fig. 7.
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Fig. 8 Parameters of the SWG MMI coupler with random fluctua-
tions of widths and positions of the segments in the MMI section.
Standard deviation ¢ =5 nm.

For SWG waveguide structures, even rather small random
deviations from exact periodicity due to fabrication imperfections
might affect the device performance. An example of such influence
is clearly demonstrated in Fig. 8. These values were calculated for
the SWG MMI coupler in which the segments in the central MMI
section were subject to normal random fluctuations in width and
position, with the standard deviation as small as o =5 nm. Espe-
cially marked increase of return loss and phase error between the
two output ports is apparent.
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5. CONCLUSION

Some general and flexible methods for numerical modeling of
various waveguide photonic structures, developed in the Institute
of Photonics and Electronics, were very briefly reviewed. Appli-
cations of one of them — the 3-D Fourier Modal Method — were
demonstrated on two technically important structures — the SWG
mode transformer, and the broadband SWG MMI 2x2 coupler.
Modeling of a number of other structures like plasmonic wave-
guide devices and surface plasmon sensing structures, or nonlinear
waveguide photonic structures, could not be mentioned here due
to space limitation.
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Nanoparticle-doped active optical fibers

The paper presents selected activities of the Institute of Photonics and Electronics in the field of pre-
paration of nanoparticle-doped active optical fibers. Nanoparticle-doped optical fibers were prepared
by “in-situ” crystallization of dopants during the thermal processing of the fibers and by embedding
the “off-line” generated nanoparticles into the core of the fibers. The background losses of the fibers
prepared by the “off-line” method were significantly lowered. “Off-line” deposition of Tm-doped alu-
mina nanoparticles extended the luminescence lifetime of 30 % up to 674 ms comparing with the fibers
doped with “in-situ” formed nanoparticles. Selected erbium-doped fiber prepared by the “off-line”
deposition was tested as the active medium in a fiber-ring laser.

Keywords: nanoparticles, optical fiber, luminescence, fiber-laser

1. INTRODUCTION

During fifty years, which have passed from the realization of
the first fiber laser, the fiber lasers and amplifiers have expanded
from research laboratories to daily life. They have been established
as an inherent part of sophisticated devices which are used in data
networks as a part of full optical data processing systems, time
metrology, machining etc. [1]. Beside the telecommunications they
are widely used in mechanical engineering and industrial processes
[2]. Nowadays, they have found their place in medicine as powerful
tools for diagnostics and therapy [3].

Most of fiber-lasers are based on the luminescence properties
of the rare earth elements (RE) embedded inside the core of the
optical fiber. RE primarily determines the operation wavelength
of the fiber laser. The power of the fiber laser strongly depends
on the concentration of RE inside the core of the fiber. However,
the solubility of RE inside a silica glass matrix is limited thus the
intensity of the emitted light is low. The increasing concentration
of RE inside the silica glass matrix leads to the formation of clus-
ters which support non-radiative transitions thus the intensity of
the emitted light may even drop down as is depicted in fig. 1. The
solubility and the luminescence efficiency of RE can be improved
by embedding of nanoparticles inside the silica glass matrix.

Laboratory of optical fibers, a part of the Institute of Photonics
and Electronics (UFE), has more than 30 years’ experience with
the processing of optical fibers [4, 5]. Its research is focused to
active optical fibers doped with rare earth elements for fiber laser,

Fig. 1 A schematic image of the effect of clustering of RE ions on
their luminescence properties. (a) Low concentration of RE ion and
corresponding low luminescence intensity. (b) Increased concentration
of RE ions results to the formation of clusters and luminescence quen-
ching. (c) The presence of nanoparticles increases the concentration of
RE ions and improves the luminescence properties

nanoparticle-doped optical fibers, capillary fibers and special
optical fibers for optical sensors etc. The UFE has been a world
pioneer in the research of nanoparticle-doped active optical fibers
[6]. High scientific level of the laboratory confirms the amount of
worldwide co-operations with prestigious research institutions,
which deals with fiber-optic technology, such as Optoelectronics
Research Centre of the University of Southampton (UK), the
Laboratory of condensed matter physics —a joint research unit of
University of Nice Sophia Antipolis and CNRS (France), Central
Glass and Ceramic Research Institute (India), etc.

In this contribution we present selected activities of the UFE
in the field of preparation of nanoparticle-doped active optical
fibers. Two approaches resulting into formation of nanoparticles
inside the fibers are demonstrated. First approach is based on the
“in-situ” crystallization of dopants during the thermal processing
of the fibers. The “off-line” generated nanoparticles are embedded
into the core of the fibers in the second approach. The effects of
particular approaches on the structural and optical properties of
prepared fibers are demonstrated. Selected nanoparticle-doped
fiber is tested in a fiber laser resonator.

2. PREPARATION OF NANOPARTICLE-DOPED
OPTICAL FIBERS

The common technology of active optical fibers consists of
four steps which are depicted in fig. 2 [4]. At first, a porous silica
frit is deposed into a substrate silica tube by a modified chemical
vapor deposition (MCVD). Rare-earth elements, which act as
active lasing medium in the material, are usually introduced by
a solution doping method. Inorganic salt of rare earth element is
dissolved in appropriate solvent and the prepared solution is soaked
into the deposed silica frit. After a time, the solution is poured out;
the preform is dried and thermally treated. The thermal treatment
causes the sintering of the doped frit into a compact glassy layer.
Such a cylindrical structure is processed at temperatures over
2000 °C. Because of the surface tension, the substrate tube collap-
ses into itself forming compact glass rod with the doped core in
the middle, so called preform. Finally, prepared preform is drawn
into an optical fiber.

Despite new technologies, such as aerosol deposition, the
solution-doping method is still attractive because of its simplicity
and broad range of applicable materials, including nanoparticles.
The nanoparticles in the fiber can be generated by two basic
approaches. In the first approach the nanoparticles are formed
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Fig. 2 Principles of fiber optic technology: (a) Deposition
of porous silica frit, (b) solution-doping of dopants, (c) collapse
into a preform, (d) drawing of a fiber

“in-situ” from the ions introduced by the solution-doping process.
Thermally induced crystallization takes place during the processing
of the fibers resulting into the formation of nanoparticles which
are dispersed in an amorphous matrix [7], as is depicted in fig. 3a.
The thermal process must be controlled carefully otherwise the
formed nanoparticles grow up exceeding the nanoscale dimensions
and form opaque, fully crystalline core, as is depicted in fig. 3b.

22 7K 750 11

Fig. 3 Example of (a) formed nanocrystals of Zn TiO, distributed

in amorphous matrix and (b) fully crystallized core of a preform

In the second approach the nanoparticles are generated “off-
-line” [6]. Nanoparticles, prepared by chemical routes, are dispersed
in the solvent and the dispersion is applied in the solution-doping
step of the fiber technology. The advantage of the “off-line” process
is a large number of commercially available nanoparticles which
can be used. Moreover, a research of novel materials with improved
luminescence properties has been realized in the UFE. The research
is focused to pyrochlore structure of RE doped yttrium titanates
with the general formula RE Y, Ti,O, which are thermally and
chemically stable up to 2800 °C. The yttrium ions in the matrix act
as a spacer preventing the non-radiative energy transfers between
RE ions. The variation of the RE element improves the lumine-
scence efficiency.

Beside the increased luminescence intensity the concentration
of RE in the matrix strongly affects the lifetime of the radiative
transitions as is depicted in fig. 4. The size of prepared nanocrystals
can be tailored from 20 nm up to 200 nm depending on the thermal
processing [8].
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Fig. 4 Concentration effect of Eu** ions on the lifetime
of nanocrystalline Eu Y, Ti O,

3. STRUCTURAL AND OPTICAL PROPERTIES
OF NANOPARTICLE-DOPED FIBERS

The key differences between the “in-situ” formation of the
nanoparticles and the deposition of “off-line” generated nanopar-
ticles was demonstrated on the fibers doped with nanocrystalline
erbium-doped yttrium-aluminium garnet (Er:YAG). Solutions of
Er:YAG precursors and dispersion of Er: YAG nanoparticles smaller
than 30 nm were prepared by the sol-gel method [9]. Prepared solu-
tions were soaked into silica frits, thermally treated and processed
into optical fibers. The “in-situ” approach allows increasing the
concentration of dopants and consequently the refractive index of
the preform core as is depicted in fig. 5.
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Fig. 5 Refractive index profile of preforms doped with Er:YAG
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Fig. 6 Spectral attenuation of fibers doped with Er:YAG
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Despite this advantage, the fiber prepared by the “in-situ” app-
roach appeared higher background losses than the fibers containing
“off-line” generated nanoparticles as is depicted in fig. 6.

The reason lies in the homogeneity of prepared preforms. Ions
dissolved in solutions penetrate through the silica frit to the sub-
strate tube and there they cause a cracking of the silica frit due to
the concentration gradient. The micro cracks form the scattering
centers and contributes to the background losses. The penetration of
the nanoparticles into the silica frit is limited due to the finite size
of frit pores. Therefore the cores of preforms doped with “off-line”
generated nanoparticles appeared better uniformity and homoge-
neity as it is depicted in fig. 7. Similar effects had been observed
for preforms doped by other materials, e.g., alumina nanoparticles
[10]. Such knowledge is fundamental to successfully prepare the
nanoparticle-doped optical fibers.

Fig. 7 Cross-sections of preform cores prepared by (a) “in-situ”
approach, (b) “off-line”” approach

Achieved technology has been successfully extended to other
rare-earth elements. For example, the incorporation of “off-line”
generated thulium-doped nanocrystalline alumina improved the
luminescence properties of prepared fibers and extended the
luminescence lifetime of 30 % up to 674 ms comparing with the
fibers doped with “in-situ” generated nanocrystals [11] as it is
depicted in fig. 8.
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4. NANOPARTICLE-DOPED FIBER LASERS
Erbium-doped fibers are attractive for their applications in
amplifiers for telecommunications around 1550 nm. Preform doped
with “off-line” generated Er: YAG nanoparticles was successfully
drawn into a step-index single-mode optical fiber with standard
outer diameter 125 pum, core diameter 11 um, numerical aperture
0.16. The concentration of Er** ions in the fiber core was 0,02 at. %.
The lifetime of the emission at 1525 nm was 10.2 ms. The fiber was
successfully tested as an active medium in a fiber ring laser set-up.
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Fig. 9 The effect of the resonator length on the slope efficiency of
fiber laser doped with Er: YAG nanoparticles

Slope efficiency 7 is a characteristic parameter of the laser
which is defined as a slope of the ratio of output laser power (P*'*")
over the power of the pumping laser (P""") according to Eq. (1):

Poulpul
= premp

Achieved slope efficiency, depicted in fig. 9, was better than
40 % and it reached the saturation for the fiber length 7 m.

ey

n

5. NANOPARTICLE-DOPED ACTIVE FIBERS
FOR SENSORS

Beside the potential application as the fiber lasers the active
optical fibers can be used as an active part of fiber-optic sensors.
A novel type of optical fiber doped by radio-luminescent zinc-
-silicate nanoparticles was developed in the co-operation with the
Institute of Physics CAS. The luminescence efficiency of developed
material was close to the reference radioluminescence standard
BGO [12] as is depicted in fig. 10.
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Fig. 8 Lifetime of optical fibers doped with Tm-alumina nanopar-
ticles prepared by (a) “in-situ” approach, (b) “off-line”” approach

Fig. 10 Radioluminescence spectrum of preform doped with zinc-
-silicate nanoparticles

172

J©  5-6/2015



Such a fiber is able to convert an X-ray radiation and a deep

UV radiation into a visible light. It can be used as a part of sensors
monitoring a radiation to improve the safety of the high-energy
radiation devices and to reduce the risk of accidents.

6. CONCLUSION

Selected activities of the IPE in the field of preparation of

nanoparticle-doped active optical fibers were demonstrated. Nano-
particle-doped optical fibers were prepared by “in-situ” crystalliza-
tion of dopants during the thermal processing of the fibers and by
embedding the “off-line” generated nanoparticles into the core of
the fibers. It was shown that the “off-line” nanoparticle deposition
led to preforms with more homogeneous and more uniform core. As
aresult the background losses of the fibers prepared by the “off-line”
method were significantly lowered. “Off-line” deposition of Tm-
-doped alumina nanoparticles extended the luminescence lifetime of
30 % up to 674 ms comparing with the fibers doped with “in-situ”
formed nanoparticles. Selected erbium-doped fiber prepared by the
“off-line” deposition was tested as the active medium in a fiber-ring
laser. The slope efficiency of the laser was better than 40 %.

The research was financially supported by the Academy of

Sciences of the Czech Republic project number M100671202.
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Thulium-doped fibers and fiber-optic components for fiber lasers

at around 2 pm

Fiber lasers are the youngest and most rapidly developing branch of lasers. Golden era of fiber lasers
started only in early 2000’s and followed success of fiber amplifiers in telecommunications in nineties.
Nowadays, the ytterbium fiber lasers at around 1 um are the most powerful lasers available, reaching
100 kW of average output power. The 2 um class fiber based on thulium-doped fibers are getting in-
creasing importance thanks to better eye-safety, relaxed non-linear limits, more efficient processing of
various materials, e.g., plastics, and high slope efficiency of up to 70 %. In the paper we review our
recent progress in research of novel host materials for enhancements of fluorescence properties of thu-
lium-doped fibers and new fiber-optic components and their applications in monolithic thulium-doped
fiber laser. Results of coherent combination of thulium-doped fiber lasers are also presented.

Keywords: fiber lasers, thulium, cladding pumping

1. INTRODUCTION

Thulium-doped fiber lasers operating at wavelengths around
2 um are rapidly developing a new class of coherent light sources
with a high slope efficiency reaching 70 %. The 2 um radiation
sources have many advantages over the 1-um sources, e.g., better
eye-safety, relaxed non-linear limits and often more efficient
material processing, e.g., plastics. Thulium-doped fiber lasers
will find applications in material industry, medicine, environment
monitoring, security and safety. Particularly important application
of 2-um fiber lasers is in a highly-efficient generation of wideband
mid-infrared radiation through third order nonlinear effects in
soft-glass fibers.

In this paper we review recent progress in the research area of
thulium-doped fiber lasers in the team of Fiber laser and nonlinear
optics of the Institute of Photonics and Electronics (IPE). We are
working in the domains of fiber fabrication and basic research of
new materials; research of novel fiber-optic components and also
novel types, configurations and regimes of thulium-doped fiber
lasers. The paper about material research and fiber fabrication and
application the fibers in broadband ASE (Amplified Spontaneous
Emission) sources was recently published in this journal that is why
we describe only one particular case of alumina nanoparticle- and
thulium-doped fiber and its application in monolithic fiber laser.
More details about fiber fabrication and characterization can be
found in [1] and in an invited paper [2]. Then we review specific
examples of fiber optic components, the WDM (Wavelength Divi-
sion Multiplexer) and coherent combination of thulium fiber lasers.

2. THULIUM- AND ALUMINA-NANOPARTICLE- DOPED
FIBERS AND THEIR APPLICATION IN MONOLITHIC
FIBER LASER AT 1951 nm

The thulium-doped fiber devices suffer from relatively high
nonradiative decays rates and reduced quantum conversion effi-
ciency (~10 % for the 2 um laser transition) compared to almost
100 % efficiencies at 1.5-um erbium- and 1-uym ytterbium-doped
fiber devices. In cooperation with colleagues from the University
of Nice we have developed a method of modification of local
environment of thulium ions by high alumina co-doping and in
such a way we increased thulium quantum conversion efficiency

[3]. Particularly high concentration of alumina we achieved by
codoping with alumina nanoparticles of <50 nm size. The alumina
content was 11.2 mol %. Codoping with germanium oxide was
not applied. We measured fluorescence lifetime of 690 ps of the
°F, energy level of thulium, i.e., the upper laser level of the 2-um
transition. It represents more than two-fold increase of the quantum
conversion efficiency in regards to standard thulium-doped fibers
with about 330-ps °F, fluorescence lifetime. The systematic error
imposed by ASE was carefully eliminated in the fluorescence life-
time measurement [4]. We used the fiber in the experimental setup
of the monolithic fiber laser [5]. The laser setup is shown in Fig. 1.

The fiber Bragg gratings (FBGs) were inscribed in into the Tm-
-doped fiber by using a Talbot interferometer and deep ultraviolet
source at 266 nm (third-harmonics of Ti: sapphire femtosecond
laser) in the Institute of Photonic Technology (IPHT) in Jena.

diode lazer
laser at autput
1611 nm at 1851 nm

optica
isolator

thulium-doped
fiber

WDM3

Fig. 1 Setup of the monolithic fiber laser with FBGs (fiber-Bragg
gratings) inscribed directly into thulium-doped fiber with enhan-
cedquantum conversion efficiency. EDFA: Er-doped fiber amplifier,
WDM: wavelength-division multiplexer
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Such monolithic setup offers simplicity as the laser was made of
single fiber only and greater reliability as the fusion splices are
avoided. The splice may eventually generate failure in the laser
resonator. This experiment represents the first rare-earth-doped fiber
laser with a FBG pair written by DUV femtosecond laser radiation.

3. INCREASED CLADDING ABSORPTION BY COILING
AND TWISTING

We have developed numerical methods to describe pump
absorption in the coiled double-clad fibers [6, 7]. For the first
time, the modified refractive index profile method was applied to
describe rigorously the cladding-absorption in bent fibers and we
have found that for practical cases of fiber coils the bending effect
cannot be neglected as in previous numerical studies. In preliminary
studies of the case of ytterbium-doped fiber (pumped at 976 nm)
we have found recently, that simultaneous coiling and twisting of
the double-clad fiber with hexagonal shape of the inner cladding
may lead to substantial increase of the pump absorption along the
fiber [7]. The absorption is even higher than the ideal limit of pump
absorption given by the doping parameters and ratio of the core
and inner cladding areas, see Fig. 2.

(a)

Pump Abscrplicn |dB)

(b)

1=0m, a=0" =036 m, a=2n

N

- fiber spool

Fig.2 (a) Numerical modelling of pump attenuation along rare-earth-
-doped fiber of hexagonal inner cladding for various coiling conditions.
(b) Pump-field distribution at several positions along hexagonal fiber
coiled on 3-cm radius spool and twisted with rate 1 deg/mm. One
particular corner is labeled with a white star. The rotating corners of
the hexagon smashes-up the pump field and leads to effective mode-
-scrambling and improved pump absorption

The advantageous effect of coiling and twisting for pump-ab-
sorption enhancement can be explained on this figure. The effective
inner cladding area was decreased by the bending (compare the
input field intensity profile in Fig. 2b and the speckle pattern shift
towards the outer part of the spool in the other figures). If the fiber
is not twisted, the effective inner cladding area is smaller than in the
straight fiber but its shape is not changed and the mode scrambling

is rather limited. On the other hand, for simultaneously coiled and
twisted fiber the rotating horns of the hexagon smashes-up the
pump field and leads to effective mode-scrambling and improved
pump absorption. Due to large area of the inner cladding and long
length of fiber, the numerical modeling is highly time-consuming.
Optimization of the proposed method of coiling and investigation
of thulium-doped fibers we plan to do in the near future.

4. FIBER OPTIC COMPONENTS FOR “EYE-SAFE”
SPECTRAL REGION AROUND 2 MICROMETERS

In cooperation with an industrial partner, the company SQS
Fiber Optics, we have developed several passive components
intended for fiber lasers operated around 2 pum, for example fiber
couplers and WDMs for combination of 1.6- and 2-um radiation
[8]. We have tested three types of commercially available fibers
were used for the fabrication of the WDMs and we have discussed
their advantages and drawbacks the characteristics of the prepared
WDMs were compared. Two fibers were designed with for ope-
ration around 2 um and low-bending losses, but their first higher
order mode LP | cutoff was greater than 1600 nm. Therefore, the
WDMs are prone to high insertion losses (up to 3 dB loss increase
was observed) under various launching conditions. This loss inc-
rease cannot be completely avoided. The standard fibers eliminate
the unpredictably insertion losses at 1.6 um but they suffer from
higher bent losses at 2 um.
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Fig.3 (a) Setup of the rig for the fused-biconically-tapered fabrication
of fiber components. PLC: Planar Lightwave Circuit; Det: detector.
Scanning-electron-microscope image of the cross section near the waist
position of the tapered region is shown in the top right figure. The
waist dimensions are 3.7 um x 5.5 pm. (b) The spectral transmission
of the wavelength division multiplexers (WDM) for combination of
the pump and the signal for thulium fiber lasers

We have proposed the fiber refractive profile with cutoff below
1560 nm, low splice losses and low-bending losses even at 2 pm.
The manufacturing technology is based on the fused-biconically
tapering method in hydrogen-oxygen-flame tapering rig, the setup
of which is shown in Fig. 3. We reported a novel mode-field adapter
for tapered fused-fiber-bundle pump and signal combiners that
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are being used in high-power double-clad fiber lasers [9]. Such an
adapter allows optimization of signal-mode-field matching on the
input and output fibers. Correspondingly, losses of the combiner
signal branch are significantly reduced.

5. COHERENT COMBINATION OF THULIUM
FIBER LASERS

We have experimentally achieved 20 W at a wavelength of
2000 nm by coherent combination of a pair of thulium-doped fiber
lasers [10]. The laser beam combination will allows increasing the
radiance (brightness) of the laser systems beyond limits of simple
lasers in the future. It is the first reported coherently combined
thulium-doped fiber laser working at moderate powers. The laser
setup and output power characteristics are shown in Fig. 4.
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Fig. 4 (a) Laser system consisting of a pair of thulium-doped fibers
TDF1 and TDF2 pumped by laser diodes LD1 and LD2. Resonator of
the laser is formed by fiber Bragg gratings FBG1 and FBG2, respecti-
vely and reflection at the output port of directional fiber coupler. Idler
portis angle polished to suppress the reflections. (b) Output power cha-
racteristics of the coherently combined output and the idler and of the
output of the two fiber laser that oscillates independently of each other

The output of the two coherently combined signal fiber lasers
was stable in the whole range of pump powers despite the fact,
that the individual lasers were unstable before they were com-
bined together via the polarization-maintaining fiber coupler. The
self-pulsing instability accompanied with recently discovered spec-
tacular self-sweeping of the laser wavelength we have reported in
the case of the ytterbium-, erbium- and thulium-doped fiber lasers
at around 1 pm, and 1.5 pm, and 2 um, respectively [11-15]. The
papers [11, 12] contain the first ever published observations of
the self-sweeping effects in the case of the ytterbium- and erbium
doped fiber lasers.

6. CONCLUSION

We have reviewed selected recent results in the research of
thulium fiber lasers we achieved within the team of Fiber lasers
and nonlinear optics UFE. We have presented more than two-fold
increase of the quantum conversion efficiency thanks to alumina
nanoparticle codoping of the preform core-layers and application

of such thulium-doped fibers in monolithic fiber lasers. The laser
was the first rare-earth doped laser with a pair of FBG inscribed by
deep-UV femtosecond fiber laser. It should be noted that the fiber
was germanium-free. In collaboration with industrial partner we
have developed range of fiber optic components based on fused-
-biconically-tapered process. We have achieved coherent combi-
nation of thulium fiber lasers up to 20 W was reached limited by
the available pump power. The output was stable despite the fact
that the individual fiber lasers exhibited instabilities.

The authors acknowledge support from the from the Technology
Agency of the Czech Republic project No. TH0O1010997 and from
the Czech Ministry of Industry and Trade, project No. FR-T14/734.
The authors would like to thank for fruitful cooperation to Michael
Pisarik and other colleagues from the company SQS Fiber optics;
Bernard Dussardier, Wilfried Blanc and others from LPMC — Uni-
versité de Nice in France and Martin Becker from IPHT in Jena
in Germany.
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UFE na veletrhu AMPER 2015

Veletrh AMPER 2015, ktery se uskutecnil 24. — 27. biezna
2015 v Brné, je nejvétsim elektrotechnickym veletrhem stfedni
Evropy. Jeho vystavovatelé se prezentuji v oborech energetiky,
elektroinstalaci, elektronickych soucdstek, automatizace, osvétlent,
ale i ve specializované sekci OPTONIKA — zahrnujici spolec¢nosti
nabizejici optické a fotonické soucdstky a zafizeni. V rdmci tohoto
programu probéhl i cyklus odbornych prednasek Férum OPTONI-

KA. Podrobnd zprava o veletrhu vysla v minulém cisle ¢asopisu
JMO. Na veletrhu mél vystavni stanek také Ustav fotoniky a elek-
troniky AV CR, v.v.i. (UFE). Na féru OPTONIKA byly zahrnuty
3 prednasky UFE na riizn4 témata od vyroby optickych vldkem po
méreni elektromagnetického pole Zivych bunék.

Adéla Michkovd, michkova@ufe.cz
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Fiber-optic pH-sensor for in vivo measurement of microscopic

bio samples

Optical fiber sensors can bring many advantages to biological, medical or environmental applications.
They offer small size, immunity to electro-magnetic field and limited unwanted interaction with measured
sample. One of the key parameters monitored in biological systems is the acidity of environment expressed
as pH. The article deals with development of an optical pH-sensor with tapered fiber probes. The prin-
ciple of the sensor is based on measurement of fluorescence emission of hydroxypyrene-1,3,6-pyrene
trisulfonic acid trisodium salt (HPTS, pyranine) at two different excitation wavelengths (405 nm and
450 nm). The sensor was sensitive to pH in range from 5.5 to 7.5 with resolution of + 0.15 pH unit and
the tapered fiber probes allowed in-vivo measurement in microscopic biological samples.

Keywords: optical sensors, optical fibers, pH

1. INTRODUCTION

Fiber-optic detection based on research in special optical fibers
has been investigated in the Institute of Photonics and Electronics
for a long time. The goal was to design and fabricate novel fiber
structures of as high sensitivity and as low limit of detection
(LOD) as possible. At the beginning the work was concentrated
on evanescent-wave refractometric detection e.g. of hydrocarbons
[1]. Special fibers were produced with modified coatings, [2—4] or
of novel structures [5-6] or of inverted graded-index refractive-
-index profiles [7-8]. Strong point of this approach was robust
optical hardware and relatively low cost of sensors. The effort in
this field was completed by implementation of suspended-core
micro-structured silica fibers for detection of gaseous toluene [9].
Experience acquired in evanescent-wave detection was utilized for
fluorescence-based detection of oxygen during bio-processes [10].
Opto-chemical detection of free chlorine was later investigated
with the aim to improve monitoring of quality of drinking or swi-
mming pool water [11-12]. Apart from opto-chemical detection
sensors based on long period gratings were investigated for health
monitoring of buildings, bridges and other civil engineering con-
structions [13-15].

Fiber-optical detection of pH in near-neutral range can be useful
for biological and medical applications because it offers a number
of advantages over well-known electro-chemical methods. It offers
a fine spatial resolution due to a small diameter of optical fibers (the
smallest commercially available optical pH probes have the diame-
ter of 150 mm [16]), probes are robust due to silica glass which the
probes are made of, there is low interaction with biological material
and the optical sensing is immune to electromagnetic field. The
spatial resolution of the sensors can be further reduced down to
amicrometer scale by using tapered-fiber probes. Fluorescence-ba-
sed sensing is quite suitable for point-sensors because the indicator
dye can be immobilized onto a tiny tip of a fiber-probe and both
the excitation light and the fluorescence emission from the dye can
be guided through the probe.

Early fluorescence-based optical pH-sensors, which employed
plain emission intensity for sensing, suffered from fluctuations
caused by unpredictable changes in optical conditions, photo-blea-
ching of the indicator dye, instability of the excitation light source,
etc. These issues can be solved using a fluorescence lifetime-based

sensing, a ratio-metric sensing scheme or a combination of both of
them. Lifetime-based sensing uses on measurement of fluorescence
decay instead of the intensity, but it demands rather complicated
instrumentation since the decay times are usually in the order of
nanoseconds. Ratio-metric methods use another signal, which is
not sensitive to the detected parameter, as a reference. Various
types of signals can be used as references: e.g. back-reflected
excitation light, emission of another fluorophore [17] or another
excitation - or emission - band of a “self-referencing” indicator dye
[18]. Although there exist a plenty of pH-sensitive fluorescence
dyes [19], pH-sensing in the neutral range (i.e. near pH = 7) is
a challenging task because the analyte concentrations are in the
order micro-mols per liter. One of popular indicator dyes is 8-hyd-
roxypyrene-1,3,6-pyrene trisulfonic acid trisodium salt (HPTS),
because it is non-toxic, self-referencing and it is also substantially
cheaper. The concept of immobilization of HPTS for optical pH
sensing was first introduced by Wolfbeis et.al. in 1983 [20] and
optical sensor based on ion-pair of HPTS with hexadecyltrimethy-
lammonium bromide (CTAB) immobilized by sol-gel method was
studied by Wencel et al. [21-22] recently.

The paper deals with development of a fiber-optic pH-sensing
system for measurement of pH in biological samples with microsco-
pic spatial resolution. The sensor uses ion-pair of HPTS and CTAB
as the pH-sensitive dye which is immobilized into xerogel matrix
on a tip of a tapered-fiber probe.

2. PRINCIPLE OF THE SENSOR

The HPTS is a fluorescent dye with two pH-sensitive absorption
bands at 405 nm and 460 nm which decrease and increase respecti-
vely with increasing pH value. The excitation spectra of the HPTS
measured in different pH are in the Fig. [

The sensor system works on a principle of excitation of the
immobilized HPTS by 405 nm and 450 nm laser diodes through
an optical tapered-fiber probe, while the emission from the dye is
collected through the same probe and led to a photomultiplier tube
with a high-pass optical filter installed in front of its input win-
dow. Synchronization of the laser diodes with the photomultiplier
is provided electronically and the whole system is controlled by
a computer. The scheme of the sensing system is in Fig. 2
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Fig.2 Scheme of the sensing system

Response of the sensor is defined as the ratio R:

R=1,/1, (M

Where 1, and 1, are the fluorescence intensities detected at
excitation by 450 nm and 405 nm diodes, respectively.

3. PREPARATION OF SENSING PROBES

Sensing probes are based on a gradient multi-mode silica
optical fiber of own production with core/cladding diameters of
50/125 mm. The fiber was tapered in SQS Vldknovd optika a.s.
company down to a diameter of waist of several micrometers. The
fiber-tapers were cut in half and the tip was further shortened in
order to get the tip diameter of approx. 15 mm. Since the tips were
cut by a razor-blade, they were polished at angle of 30 deg. using
a polisher of own construction in order to obtain tips of defined
shape. An example of polished tip is shown at Fig. 3.

Fig. 3 Detail of a tapered-fiber tip polished at angle of approx.
30 deg

In order to reduce leakage of the dye from the immobilization
matrix, the HPTS was let to react with CTAB giving an ion-pair
(Fig. 4) which is insoluble in water [21].

Fig. 4 Structure of HPTS:CTAB ion-pair

The ion-pair was then mixed together with a hybrid sol of
ethyltriethoxysilane (ETES) and (3-Glycidyloxypropyl) trimethox-
ysilane (GLYMO) according to [21]. The mixture was dip-coated
onto a tip of a tapered fiber probe under inverted microscope using
hydraulic micro-manipulator. Finally, the sensitive layer was cured
at 140 °C for 4 h. An example of prepared probe tip compared to
a bare 50/125 mm optical fiber is depicted at Fig. 5.

optical fiber

4. SENSING PROBE CHARACTERIZATION

A comparison of light emission from the probe before and after
polishing of the tip is shown at Fig. 6. An output of 450 nm laser
diode was coupled into the fiber probes, their tips were dipped

a) b)

==

5 mm

Fig. 6 Emission of light from the tip of a probe:
a) before; b) after the polishing
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into solution of fluorescein and micro-photographs were taken
from a side.

It is obvious that the excitation light begins to exit the tapered-
-fiber probe several millimeters before the probe tip and thus it is
necessary to put the sensitive layer only onto the probe tip in order
to achieve fine spatial resolution.

The response of the sensing system to pH was measured by
dipping a probe with immobilized sensitive layer into buffer so-
lutions of different pH. The change of the measured response in
time is shown in Fig. 7.
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Fig. 7 Normalized response of the sensor to change of pH in time

The response time of the sensor was about 15 s, it can be seen
that the response was reproducible for at least 25 minutes of con-
tinuous measurement.

A response curve constructed by fitting measured values by
Boltzmann function can be seen at Fig. §.

1.0 -
- Sensor data =
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Fig. 8 Aresponse curve of the sensor

A useful sensor range from approx. pH = 5.5 to pH = 7.5 can
be conducted from the curve, making the sensor suitable for bio-
logical samples.

5.IN VIVO EXPERIMENTS

Measurement of pH in plant tissues was performed and possi-
bilities of probe penetration into some animal cells were tested.
Experiments in plants were done in A. thaliana shoot tissues [18].
The pH measurement had to be done using an inverted microscope
equipped with hydraulic manipulators because of small dimensions
of the samples (see Fig. 9).

Since the sole probe was not able to get through the hard plant-
-cell wall, another tool, an in-vitro fertilization hatching-needle, had

to be used for making a “hole” into the sample surface. Then the
probe was inserted and pH inside the sample was measured. The
probe was calibrated prior the sample measurement and pH-values
between 5.0 and 5.5 were measured in different parts of plant shoots
with a resolution of + 0.15 pH unit.)

Fig. 9 Measurement in A. thaliana shoot: 1) fixation pipette,
2) pH probe, 3) penetrator tool

Unlike plant-cells, the hard cell-wall is not present in most of
the animal and human cells. Thus some preliminary penetration
experiments were performed with animal tissues. It was found that
chicken (Fig. 10) and fish embryos can be successfully penetrated
by probes without need of another penetrating tool.

midbrain

Fig. 10 Penetration experiment in chicken embryo

6. CONCLUSION

The developed fiber-optic pH-sensing system was successfully
tested for measurement in microscopic biological samples. The
range of the system was approx. from pH = 5.5 to pH = 7.5 and
the resolution achieved during in-vivo experiments was =+ 0.15 pH
unit. The time-response of the sensor is approx. 15 s.

While another tool is needed for penetration of plant tissues the
sole probes are capable of penetration of animal cells and tissues.

This work was supported by the Technology Agency of the Czech
Republic, project no. TA04011400. Authors would like to thank
also to SQS Vlidknovd optika a.s. for preparation of fiber tapers
and to Safibra s.r.o. for construction of the opto-electronic part of
the custom-made experimental sensor setup.
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Low-temperature photoluminescence spectroscopy of crystalline

and glass semiconductors

Low-temperature photoluminescence spectrometer designed and assembled in the Institute of Photonics
and Electronics is described. The spectrometer enables sensitive and high resolution measurements in
broad spectral (300 nm — 9000 nm) and temperature (3.5 K — 300 K) ranges. Very broad spectral range
gives our laboratory a unique possibility to investigate a wide range of materials. In this contribution
we present investigation of semi-insulating bulk GaN and selected special glass systems doped with

rare-earth ions.

Keywords: photoluminescence, semiconductors, GaN, chalcogenide glasses, rare-earths ions

1. INTRODUCTION

The advent of the laser in 1960 increased the popularity of
optical spectroscopy as a useful method for the characterization of
materials. This powerful source of coherent, pulsed or continuous
light has allowed spectroscopic studies of materials previously una-
ttainable with conventional incoherent light sources. Thus, optical
spectroscopy has gained an importance as a powerful method for
the characterization of crystalline and glass semiconductor materials
and the related optoelectronic devices.

The information contained in the photoluminescence (PL)
spectra reflects the physics behind radiative recombination and
thus offers information about the important properties of studied
materials such as: crystalline status, optical gap, energy levels
and type of impurities present in respective matrices as well as
the dynamical processes occurring in electronic system of studied
materials when excited with short light pulses. The experimental
conditions at which the PL experiment is to be performed, such as
the spectral range and the temperature range, are predetermined
by the electronic structure of studied materials and characteristic
energies of relevant electronic transitions. In particular for the study
of semiconductors one needs to use the temperature-dependent PL
spectroscopy, and measurements bellow 10 K (10 k,7=8.617x10-
4eV, kg is Boltzmann constant, T absolute temperature) are abso-
lutely necessary to identify shallow energy levels (of the order of
10 eV) due to defects or impurities in crystalline semiconductors,
as well as to determine narrow semiconductor bandgaps and most
of excitonic recombinations.

In this contribution we will demonstrate the power of the low-
-temperature PL spectroscopy in the study of semi-insulating GaN
and special glass materials doped with rare-earth (RE) ions.

2. EXPERIMENTAL

The PL spectrometer in the Institute of Photonics and Electron-
ics (IPE) consisting of the Sumitomo optical closed cycle helium
optical cryostat and the THR 1000 monochromator (Jobin-Yvon)
enables sensitive and high resolution measurements in broad
spectral (300 - 1700 nm) and temperature (3.5 K — 300 K) ranges.
A specially designed setup consisting of modified FTIR spectrom-
eter Nicolet 5700 that is coupled to the same optical cryostat allows
collection of PL spectra in extended infra-red range of 700 nm
— 9000 nm (14300 cm™ — 1100 cm™). He-Ne, (632.8 nm) Ar ion
(457 nm, 488 nm, 496.5 nm, 514.5 nm), He-Cd (325 nm) lasers,
together with Nd-YAG (1064 nm and 532 nm) and semiconductor
diode lasers (650 nm and 840 nm) are available for the PL excita-

tion. Thus the low-temperature PL spectrometer in IPE, that has
been built over the years from appropriate optical and electrical
components, enables sensitive and high resolution measurements
in very broad spectral and temperature ranges, and this gives our
laboratory a unique possibility to investigate a wide range of both
crystalline and glass semiconductors.

3. PL SPECTROSCOPY OF SELECTED MATERIALS
3.1 Semi-insulating GaN

Besides the dominant application of GaN in the mass production
of high brightness light emitting diodes and lasers, GaN has also
significant application in the microwave power electronics. Due to
its high electron mobility, high thermal conductivity and capability
to work at temperatures up to few hundred degrees, GaN-based
field effect transistors are distinctive with the generation of high
microwave powers, high voltage operation and power gain cutoff
frequencies as high as many tens of GHz.

The realization of high electron mobility field effect transistors
(HEMT’s) demands an electrical isolation between the transistor
conductive channel deposited as a thin film and the lattice matched
high thermal conductivity substrate. It has been established that a
semiinsulating (SI) bulk GaN is the best suited substrate for high
power GaN HEMTSs. High resistivity GaN (in the order of 10" Qcm)
is obtained predominantly by doping GaN with the deep acceptor Fe
which compensates the inherent shallow donors in GaN when Fe is
introduced at concentrations exceeding 10" cm?. The doping takes
place during the crystal growth process where the Fe atoms are pre-
dominantly in the Fe** state [1]. Consequently there is a need for an
“ex situ” feed-back control of the doping process in the crystal growth
technology. In general this is done with electrical measurements, but
these are not a trivial task because of the high specific resistivity. Such
measurements are destructive because of the necessity to provide the
samples with alloyed metallic Ohmic contacts. Here we present our
study of the optical properties of SI GaN, doped with Fe at concen-
trations above 10'7 cm, aimed to verify the applicability of optical
contactless technique for express control of Fe-doping of SI GaN.

As an example we present results obtained on a series of SI
bulk GaN crystals doped with Fe concentration within the range
1.5x10"7 cm3 — 1.6x10'® cm. Samples were grown and supplied
intentionally for this study by Kyma Technologies Inc. USA within
a joint project.

Samples were subjected to an optical characterization including:
comprehensive high resolution PL study in the temperature range
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4 K-295 K, optical transmission and photoluminescence excitation
(PLE) measurements at room temperature. The PL was excited with
404 nm laser diode and recorded with FTIR spectrometer Nicolet
5700. The optical transmission and the PLE experiments have been
made with UV-VIS spectrometer Specord 210 and Horiba-Jobin
Yvon FL 3-11 spectrometer, respectively. In all experiments the
optical path was parallel to the c-axes of the crystals.

Previous optical transmission experiments have indicated
apparent increase in the below band-gap optical absorption with
increasing concentration of Fe-doping [1]. The net absorption co-
efficient of a slab of GaN for energies below the GaN:Fe band-gap
was calculated using the relation:

T = (1-R)’exp(—od)/[1-R*exp(-2ad)],

which accounts for the multiple incoherent reflections within
the sample. 7, R, o and d are the transmittance, reflectance of the
boundary, absorption coefficient and the crystal plate thickness,
respectively.

The reflectance spectrum needed for calculation of the absorp-
tion coefficient was obtained from the measured refractive index
dispersion on our samples.
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Fig. 1 Calculated absorption coefficient of bulk SI GaN:Fe crystals
with various Fe-doping levels. The curves a, b, c, d, and e are from
samples with concentrations: (1.5x10"7, 5.3x10"7, 8.4x10'7, 1.4x10'8,
1.6x10'%) cm?, respectively. Concentrations are calibrated by SIMS.

Fig. I shows the calculated spectral dependence of absorption
coefficient for samples with calibrated Fe-doping levels in the range
1.5x10"7 cm™ — 1.6x10"8 cm™. Apparently the absorption coefficient
rises with both, the doping level and the photon energy. In accor-
dance with [1] we ascribe the peak at 458 nm to the intracenter
resonance absorption in the Fe** ion.
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Fig. 2 Temperature dependence of the NIR PL for SI GaN:Fe
sample with Fe-concentration of 7.5x10'” cm?. The inset shows
a high resolution PL spectrum at 4 K

The temperature dependent PL of a sample with Fe-concentra-
tion of 8.4710" cm™is presented in Fig. 2. The inset shows a 4 K
PL spectrum of this crystal which is dominated by the zero phonon
line (ZPL) of the Fe** internal transition *T (G)—°A (S) peaking
at 1.299 eV with FWHM of 129 peV. The temperature rise causes
gradual decrease of the ZPL intensity accompanied by increase
of the intensities of all vibrational replicas which we correlate
with the expected increase in the electron-phonon interaction with
the increasing temperature. At temperatures above 240 K the PL
spectrum converts into a broad-band centered around 1.24 eV. The
intensity of the room temperature PL was found to correlate with
the Fe-doping level [2].

In addition, we measured the PLE spectrum of the 1.24 eV PL
band for a sample with Fe-doping level of 1.4710'® cm?. Fig. 3
shows this spectrum simultaneously with the absorption coefficient
dispersion of the same sample as presented in Fig. 1. Above the
energy of 2.719 eV both PLE and the absorption follow an exponen-
tial dependence which allows to derive the energy of 2.83 eV as an
onset of the temperature stimulated charge transfer Fe**—Fe?* [3]
according to: Fe**(°A (S)) + hv = Fe* + extra hole in the valence
band. In the reversed process Fe?* can capture free hole and relaxes
nonradiatively into the Fe***T (G) state.
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Fig. 3 The PLE spectrum and the absorption coefficient at room
temperature of the sample with Fe-doping level of 1.2x10'8 cm™

The simultaneous onset of the absorption coefficient and the
PLE intensity enables a conclusion that the absorption coefficient
measured well below the band-band transitions region is determined
solely by the process in which the Fe** are created directly from
Fe** by absorption of photons with energy higher than 2.83 eV.
Having this established we can return to results presented in Fig. 1
and especially to the wavelength range 400 nm — 420 nm, where
the absorption coefficient can be reliably determined.

Thus, measuring the absorption coefficient a(A) of a sample
with unknown Fe-concentration at any wavelength oe (400,
420) nm, enables to evaluate Fe concentration from calibrated
data presented in Fig. 1. This procedure represents an express,
contactless method [4] for the evaluation of Fe-doping level at
room temperature.

3.2 Low-temperature PL of glass semiconductors
Chalcogenide and heavy metal oxide glasses (HMO) are pro-
mising and widely studied materials because they are transparent
in the near- and mid-infrared (NIR and MIR) spectral regions and
enable drawing of optical fibers. These glasses are characterized by
low phonon energies and high refractive index and could be doped
with RE ions. The host-glass low phonon energy is of particular
importance for obtaining a high quantum efficiency of the radiative
transitions from the doped-in RE** ions, by reducing the probability
of non-radiative energy transfer from the excited RE* ions into the
surrounding host-glass matrix. This results in the observation of
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MIR transitions of the RE** ions doped into special glasses that are
normally not present in host materials with higher phonon energy
— such as the silica glass.

In the case of glass semiconductors doped with RE ions the
low-temperature PL allows to investigate not only the radiative
efficiency of RE** ions in various glass matrixes but it also enables
simultaneous observation of the luminescence of the host glass
(usually observed only at low temperature) with superimposed
narrow features due to 4f-4f transitions in the doped-in RE** ions.
Low-temperature measurements also enable to identify the fine
structure of relevant emission bands of RE* ions, and determine
the Stark levels splitting of corresponding 4f manifolds.

In the course of investigation of chalcogenide and heavy-metal
oxide glasses our search aimed on gathering experimental evidence
for the energy transfer (or the transfer of electronic excitation) be-
tween the electronic structure of the host glass and that of doped-in
RE?** ions. Our laboratory has been the only one, after Bishop and
Turnbull [5], to observe the narrow absorption dips superimposed
on the broad-band luminescence of the host glass, and the first to
come with a proper interpretation of these absorption dips as being
due to 4f-4f up-transitions within doped-in RE** ions [6, 7]. Using
excitation wavelength not in resonance with 4f levels of RE* ions
enabled us simultaneous observation of the broad-band lumines-
cence of the host glass with superimposed narrow 4f-4f features
in a number of HMO and chalcogenide glass systems doped with
various RE* ions [6-11]. Recently we interconnected [6, 7] our
observations with the transfer of energy [5] between the host glass
and the 4f electrons of doped-in RE** ions.

A good example to illustrate this phenomenon is our recent
study of Tm* doped tellurite glasses [12]. The 4f-4f emission bands
(at 800 nm, 1450 nm and 1850 nm) of Tm** ions could be easily
observed using the FTIR spectrometer Nicolet 5700, in case of
Tm doped TeO,-ZnO-TiO, samples, when using the 532 nm line
for PL excitation. A typical low-temperature PL spectrum of Tm
doped TeO,-ZnO-TiO, glass excited by 532 nm line is shown in
Fig. 4 by curve (a).
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Fig.4 Low-temperature PL spectra of 75Te0,-20ZnO-5TiO,:yTm,0,
(y = 1.0 mol%) and Tm doped silica glass excited by 532 nm line are
shown by curves (a) and (b), respectively. Three 4f-4f emission bands
due to radiative transitions in Tm? ions are seen on curve (a)

Strong emission bands of Tm® ions at about 800, 1450 and
1850 nm are clearly seen. This is interesting since no PL signal
was observed from Tm** doped silica glass when using the same
532 nm line for PL excitation — see the curve (b) in Fig. 4. It should
be noted that the emission band at 800 nm is actually superimposed
on relatively weak broad-band luminescence (BBL) of the host
glass. In order to suppress the strong emission band at 800 nm, the
PL spectrum shown in Fig. 5 was measured only in the vicinity of
800 nm (by using grating monochromator) so that relatively weak
BBL could be seen properly.
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Fig. 5 Low-temperature PL spectrum of 75TeO,-20ZnO-5TiO,:yTm,0,
(y = 1.0 mol%) glass excited by 514.5 nm line and measured in the
vicinity of 800 nm emission band is shown. Three absorption bands
due to 4f-4f up-transitions in Tm* ions are indicated by red arrows

It follows from the inspection of Fig. 5 that in case of TeO,
-ZnO-TiO,:Tm,0O, glasses excited by the 532 nm line, narrow ab-
sorption dips superimposed on the BBL of the host were observed
and assigned to 3H6—>3F3, °F,, "H,—°H, and 3H6—>3H5 electronic
up-transitions within Tm?** ions. These absorption dips are marked
by red arrows in Fig. 5. It can be concluded that the observed emi-
ssion bands of Tm* embedded in TeO,-ZnO-TiO, glasses (shown
in Fig. 4) are excited solely via the energy transfer between the
electronic structure of the glass host and that of doped-in Tm?** ions.
The energy transfer is manifested by narrow dips at about 690 nm,
780 nm and 1210 nm superposed on the BBL of the host glass as it
can be seen on the low-temperature PL spectrum shown in Fig 5.
The host glass is excited by the 532 nm line since it has a reasonable
overlap with the fundamental absorption edge of TeO,-ZnO-TiO,
host. In view of the fact that the used excitation wavelength of
532 nm is not in resonance with 4f states of Tm3* ions and at the
same time it does not overlap with the fundamental absorption edge
of the silica glass, it is not surprising that no PL signal was observed
for Tm** doped silica glass — see curve (b) in Fig. 4.

Low-temperature PL has further been used for detailed measure-
ments of the fine structure of 4f-4f radiative transitions at low (4 K)
and room (300 K) temperature. The obtained results enabled to pro-
pose energy diagrams of Stark level splitting for three (Er**) or two
(Tm**) lowest manifolds of respective RE* ions doped-in various
glass hosts [12, 13]. These studies also enabled to understand and
to quantify the temperature broadening of 4f-4f related PL bands.

4. CONCLUSION

The PL spectrometer assembled in IPE enables to study samples
of various materials and size in a very broad spectral and tempera-
ture range. This gives our laboratory a unique capability to make
both the PL characterization and to investigate electronic properties
of various materials in a more detailed way.

The contactless optical procedure has been proposed for the
evaluation of iron concentration in Fe-doped GaN crystals. The
doping concentration must be monitored to assure the compensation
of inherent shallow donors, i.e. to assure the SI nature of GaN.

Investigation of special glass materials doped with various RE*
ions by low-temperature PL enabled simultaneous observation of
the broad-band luminescence of the host glass with superimposed
narrow features due to 4f-4f electronic transitions in RE** ions em-
bedded in the host glass. The energy diagram of Stark levels split-
ting for the two (Tm*) or three (Er**) lowest manifolds of doped-in
RE?** ions was deduced from PL spectra measured at 300 and 4 K.

This study was supported by the US Missile Defense Agency,
Contract HQ 0147-09-C-0005 and by the Czech Science Founda-
tion, project No. P106/12/2384.
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One-dimensional ZnO nanostructures

An overview of recent activities of the group Synthesis and Characterization of Nanomaterials in the
field of one-dimensional ZnO nanostructures is given. We briefly summarize general properties of ZnO
and explain why one-dimensional semiconductors are useful. We describe the preparation, characteri-
zation, and application of graphite Schottky contacts on ZnO nanorod arrays and propose technological
concepts to explain fundamental phenomena occurring in nanoscale contacts on ZnO nanorods.

Keywords: ZnO, nanorods, Schottky barrier, charge transport, selective area epitaxy

1. ZINC OXIDE

Zinc oxide (ZnO) is a direct wide bandgap semiconductor
(E, = 3.3 eV at 300 K) crystallizing in the wurtzite structure
with a series of unique properties: a large exciton binding energy
(60 meV), which inhibits thermal activation and enhances light
emission at room temperature; good optical transmittance in the
visible region; high optical gain; piezoelectricity; room temperature
ferromagnetism; mechanical stability given by the high melting
point and large cohesive energy; radiation hardness; or biological
compatibility [1, 2].

ZnO is often compared with GaN, another wide bandgap se-
miconductor with the wurtzite crystal structure and similar lattice
constant (1.8 % difference). Both material systems (group-III-nit-
rides and group-II-oxides) have been thoroughly investigated with
the aim to design novel optoelectronic devices. The higher exciton
binding energy in ZnO is a big advantage regarding high-power
light-emitting devices operating at or above room temperature.
Nevertheless, the lack of stable and reproducible p-type doping in
ZnO was decisive that GaN is a material of choice for optoelectronic
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device fabrication nowadays [3]. The Nobel Prize in Physics 2014
was awarded to three Japanese scientists for the invention of an
energy-efficient and environment-friendly light source — the blue
light-emitting diode based on the GaN material system [4].

Applications of ZnO stay confined to unipolar devices or bipolar
heterojunction devices, where a combination with a suitable p-type
material has to be found. From this perspective, the preparation of
a Schottky contact on ZnO is of primary importance. Crystal defects,
residual impurities, surface asperities, and chemical reactions for-
ming oxides and eutectics all have a large impact on the formation of
a Schottky contact and induce several charge transport mechanisms;
preparation of a high quality Schottky barrier is not a simple task.

Since we have had extensive experience with the study of
Schottky barriers on other compound semiconductors, we started
to explore contacts to ZnO in more detail. We have recently demon-
strated that highly-rectifying Schottky contacts on ZnO substrates
can be fabricated by the deposition of colloidal graphite [5]. Fig. I
shows current-voltage (I-V) characteristics of a Schottky diode with
the graphite contact on the O-face of a bulk ZnO substrate. The
current transport was dominated by thermionic emission between
300 K and 420 K with the ideality factor close to one (1.08 at
300 K). We also explained a significant variation of Schottky con-
tact properties on different faces of ZnO by differences in the defect
nature of both the Zn-face and O-face surface of ZnO. Moreover, we
showed that when the interface between the graphite and the ZnO
substrate was functionalized with Pt nanoparticles, highly selective
and sensitive hydrogen sensing elements were fabricated [6].
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Fig. 1 Semi-logarithmic I-V characteristics for the graphite/ZnO
(O-face) Schottky diode over the temperature range
of 300 K-420K

2. EPITAXY OF LOW-DIMENSIONAL SEMICONDUCTORS

Semiconductor structures based on epitaxial layers with atomic-
-scale-abrupt interfaces have gained a crucial position in the design
of modern electronic and photonic applications, such as ultrafast
transistors, semiconductor lasers, or photodetectors. Epitaxial
growth has always been a marriage of convenience between the
deposited layer and substrate. In the simplest case, both the layer
and substrate are of the same material, providing a perfect homo-
epitaxial match. However, due to the existence of a limited number
of substrates with acceptable quality and cost, restriction to homo-
epitaxial systems would greatly limit the number of applications.
This limitation was the main driving force behind the progress of
semiconductor epitaxial growth towards pseudomorphic, lattice
mismatched heteroepitaxial systems, where small amount of strain
is accommodated in very thin layers and multilayers.

It was the development of vapor-phase epitaxial techniques
(molecular beam epitaxy and metalorganic vapor phase epitaxy)
that allowed for the deposition of these systems with precise control
and uniformity. Still, when the critical layer thickness is exceeded,
misfit dislocation segments form at the interface, gradually relieving

the misfit strain as the growth proceeds. The misfit dislocations are
accompanied by threading dislocations extending to the surface.
The threading dislocations propagating into the active region of
the devices greatly affect their performance, reliability and lifetime
[7]. This is critical in applications requiring thick layers, such as
high-brightness light-emitting diodes, power transistors, or tandem
solar cells. Even more fundamental to device performance is the
difference in thermal expansion coefficients, which leads to the
layer cracking and wafer bowing [8].

3. ONE-DIMENSIONAL SEMICONDUCTORS

A great deal of interest has been recently directed towards the
design of new devices using one-dimensional semiconductor na-
nostructures. This is motivated by their unique electrical and optical
properties [9], but also by the fact that their high aspect ratio allows
for a full elastic strain relaxation without formation of extended
defects. This opens door for the integration of different material
platforms onto a given substrate, which is one of the critical points
in the development of novel semiconductor devices.

One of the key issues in semiconductor devices is to understand
and control charge transport at the metal-semiconductor nanostructu-
re interfaces [10]. Not only the scientific community, but also the
semiconductor industry has devoted a great deal of their efforts
to develop contacts to bulk semiconductors. On the other hand,
charge transport at metal/semiconductor nanostructure interface has
received much less attention and its investigation is still in infancy.
Nanostructured semiconductors possess unique properties, which
significantly differ from their bulk counterparts; existing models
of electrical transport are not directly applicable at the nanoscale.
If the size of the metal-semiconductor interface is smaller than
a characteristic length associated with the Debye screening length,
the characteristics of the contact are governed by its size and shape
[11]. A crucial task is to identify the charge transport phenomena
which dominate in a given one dimensional (1D) system. This is
important not only to take advantage of the transport physics for
device engineering, but also to correlate electronic transport with
basic material properties. When a metal is deposited on a semicon-
ductor, the alignment between the conduction and valence bands
in the semiconductor and the Fermi level in the metal are decisive
for the contact to be of the ohmic or Schottky type.

4. SCHOTTKY CONTACTS ON ONE-DIMENSIONAL ZnO
NANOSTRUCTURES

Our long term focus is on the preparation and characterization
of Schottky barriers on different semiconductors. Schottky barriers
to 1D ZnO structures have been shown to have great potential in
several applications. Single nanowire UV photodetectors with Au/
ZnO Schottky contact were demonstrated to have better sensitivity,
lower dark current and much faster switching under pulsed UV
illumination than the nanowires with ohmic contacts [12]. Hyd-
rogen sensors with Pt/ZnO Schottky contacts were shown to have
a high degree of sensitivity and low response time [13]. Piezo-
electric nanogenerators were obtained on an array of aligned ZnO
nanowires, which were deflected with a Pt AFM tip in contact mode.
The coupling of piezoelectric and semiconducting properties in ZnO
creates a strain field and charge separation across the nanowire as
a result of its bending. The rectifying characteristic of the Schott-
ky barrier formed between the metal tip and the nanowire leads
to electrical current generation [14]. A single ZnO nanowire with
a Pt Schottky contact had largely enhanced response to biomolecu-
les in comparison with ohmic contacts. The operation of the sensor
was determined to a high degree by the behaviour at the Schottky
junction. That sensor was capable of clear differentiation between
positively and negatively charged molecules [15]. Schottky diodes
based on hydrothermally grown ZnO nanorods (NRs) were recently
fabricated on textile fabrics with the aim of integrating electrical
and optical sensors to the textile architecture [16]. Even though
a significant progress has been made in the preparation of Schottky
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diodes on low dimensional ZnO structures, many questions remain
about the nature of the electrical transport. The realization of high
quality Schottky contacts on 1D ZnO structures remains a challenge
mainly because of the existence of the interface states, surface
contamination and subsurface defects [17]. Reported Schottky
barrier heights, their ideality factors and transport mechanisms on
particular 1D ZnO structures differ substantially. A wide range of
preparation methods, doping species, sizes and geometries, surface
treatments, post-growth annealing temperatures and ambient atmo-
spheres, and routes to the contact preparation, all these strongly
affect transport properties of 1D ZnO nanostructures.

Fig. 2 SEM image of an array of hydrothermally grown ZnO NRs

There is a wide variety of methods available for the prepara-
tion of 1D ZnO nanostructures, which are generally divided into
two main groups: vapour phase methods (such as metal-organic
chemical vapor deposition, molecular beam epitaxy, pulsed laser
deposition) and chemical or solution-based methods (such as sol-
-gel, electrodeposition or hydrothermal growth). Hydrothermal
growth allows for the large scale production of nanostructures at
low temperatures in a simple, cost effective way, with a full control
of the morphology and nanostructure size [18]. Fig. 2 shows an
array of ZnO NRs grown hydrothermally in our laboratory on Si
substrate with ZnO nanoparticle seed layer.

We investigated charge transport in such ZnO arrays deposi-
ted on different seed layers with a graphite Schottky contact. The
dominating charge transport mechanisms were determined from
the analysis of C-V and temperature dependent I-V measurements
(Fig. 3). The forward I-V characteristic was described by the
tunnel-recombination current transport mechanism via interface
states. The reverse current data were corrected for the temperature
dependent shunt resistance and the transport mechanism under
reverse bias was ascribed to tunneling via a shallow level 0.1 eV
bellow the conduction band, which was attributed to the interface
states of the graphite/ZnO NRs interface [19]. We further showed
that the ZnO arrays with the graphite contact can be employed in
highly sensitive UV photodetectors and hydrogen sensors with fast
response [19, 20]. In conventional nanodevices, Schottky contacts
are usually avoided in order to enhance the contribution made by
the nanowires or NRs to the detected signal. In Schottky devices the
current passing through the metal-semiconductor contact is mainly
controlled by the parameters of the barrier. When the barrier height
is highly sensitive to the environment around the Schottky contact
area, such as light irradiation or gas adsorption, a large change
in current is measured. This change in current is often orders of
magnitude higher than in conventional devices with ohmic contacts.
Moreover, when the contact area is small, the adsorption and de-
sorption processes, which are essential in the sensing process, are
fast and the response time of the device is thus short.

Voltage (V)

Fig. 3 Differential resistance R of the graphite/ZnO NRs hetero-
junction vs. voltage. The inset shows the equivalent DC circuit

Fig. 4 shows the photocurrent response of the graphite/ZnO
NRs junction at a nominal zero set bias. The junction can be rever-
sibly switched between low and high conduction states with a good
stability and reproducibility (Fig. 4a). The high sensitivity of this
photodetector can be observed in Fig. 4b, which shows the power-
-dependent photoresponse. The photoresponse of the graphite/ZnO
NRs junction is governed by oxygen adsorption and desorption at
the ZnO surface. Oxygen molecules adsorbed on the surface extract
electrons from the conduction band of ZnO to form O and O* anions.
This process leads to the formation of a depletion region with reduced
carrier concentration near the sample surface. When electron-hole
pairs are generated upon UV illumination, the photogenerated ho-
les migrate to the surface and discharge the adsorbed oxygen ions
through surface electron—hole recombination. At the same time, the
photogenerated electrons increase the total current of the device.
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Fig. 4 (a) Time dependent photoresponse of the graphite-ZnO NRs
at a reverse bias 1 mV under UV illumination with 395 nm light for
4 cycles. (b) Photoresponse under various UV illumination
intensities at a reverse bias of 1 mV
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Similar phenomena are taking place when the graphite/ZnO
NRs junction is exposed to hydrogen. The hydrogen molecules react
with adsorbed oxygen species at the graphite/ZnO NRs interface
and produce H,O molecules, while the released electrons contribute
to the current increase (Fig. 5a). Catalytic metal nanoparticles
inserted between the graphite contact and the ZnO NRs further
enhance sensitivity and decrease the response and recovery times
of the device (Fig. 5b).
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Fig. 5 Current transient characteristics of (a) the graphite/ZnO NRs
junction, and (b) the graphite Pt NPs/ZnO NRs junction measured at
-0.1 V. Note different y-axis scales of (a) and (b)

5. CHALLENGES AHEAD

We are developing a set of techniques to investigate charge
transport in individual NRs and their arrays.

- Measurement of charge transport properties of the arrays of
ZnO NRs, where the contact can be prepared by the metal evapo-
ration, by the deposition of colloidal graphite, or by the transfer
of graphene (Fig. 6a).

- Measurements of charge transport properties of individual
as grown upright-standing ZnO NRs by conductive atomic force

microscopy (Fig. 6b) or with the nanomanipulator probe in the
scanning electron microscope (Fig. 6c¢).

- Measurements of charge transport properties of individual
ZnO NRs transferred on lithographically prepared micropad electro-
des. Electrical connection between the NRs and the micropads are
realized by e-beam lithography and lift-off or by focused electron/
ion beam induced deposition of Pt (Fig. 6d).

Each of the methods has intrinsic advantages and disadvantages.
We are not aware of any systematic study of transport properties in 1D
ZnO nanostructures, where contacts would be prepared by such a wide
range of techniques. The important point is that each technique creates
afundamentally different contact to ZnO NRs with different transport
properties. All these techniques allow us to fully exploit capabilities
of our unique FIB-SEM system: high vacuum; in situ secondary ion
mass spectroscopy analysis; gas injection system allowing us to depo-
sit metals locally by the interaction with the electron or ion beam, to
perform local etching, and to introduce oxidizing or reducing gases,
which strongly affect the surface properties of ZnO.

Full understanding and control of structural, electrical, and
optical properties ZnO NR arrays and their application in devices
requires precise control of their position, vertical alignment, length,
and diameter. To achieve selective area growth of truly upright-
-standing NRs with a full control of their position, the substrate has
to be patterned instead of the deposition of a continuous seed layer.

This work has been supported by the Czech Science Foundation
project 15-170448S and by the EU COST Action TD1105 — project
LDI14111.
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Bioelectrodynamics: High-frequency electromagnetic processes

in biological systems

State-of-the-art in bioelectrodynamics is presented. The brief review starts with introduction to the topic
and definition of field followed by a short historical overview of bioelectrodynamics. Special attention is
then paid to specific hot topics in this branch of biophysics, namely the ultra-weak photon emission from
biological systems and radio-frequency electromagnetic field coupled to normal modes of microtubules.

Keywords: bioelectrodynamics, microtubules, ultra-weak photon emission

1. INTRODUCTION

Bioelectrodynamics is a branch of biophysics and bioelectro-
magnetism which deals with rapidly changing electric and mag-
netic fields in biological systems, i.e., high frequency endogenous
electromagnetic phenomena in living cells. Here we summarize
current state of research in the field of bioelectrodynamics.

Spanning from electromagnetic fields produced by low fre-
quency ionic currents to photonic phenomena in visible part of
electromagnetic spectrum, electromagnetic fields can be generated
on a broad range of frequencies in living systems [1]. Some of
these phenomena are being extensively studied and have deve-

loped into rather separated scientific disciplines. An example of
such discipline can be represented by electrophysiology, which
study currents of ions which are responsible, for instance, for so
called action potentials in electroexcitable cells. Another example
is bioluminescence, i.e., emission of light caused by activity of
specialized photoactive proteins and enzymes. These phenomena
are well documented and understood and therefore covered in
textbooks. By contrast, here we focus on phenomena, which are
less understood and the mechanism of which is still subject of the
basic research [2].
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2. HISTORY

Despite the fact that the term “Bioelectrodynamics” appeared
in literature for the first time only in the late 1980s, the history of
the discipline is much longer and can be traced back to the times
of Luigi Galvani. Since electrophysiological and bioluminescent
phenomena are considered rather separated disciplines, the down of
bioelectrodynamics dates to 1920s to the work of Alexander Gur-
witsch [2]. Even though his interpretation of experimental results
was strikingly incorrect, he is considered the first who observed
the ultra-weak photon emission from cells. The research in radio-
-frequency range was inspired by the work of Herbert Frohlich from
late 1960s, who predicted existence of coherent electromagnetic
emission from cells as a result of non-linear long-range correlation
on a macroscopic scale [3]. His work was later adapted by Jir?
Pokorny who proposed the biological relevance of endogenous
radio-frequency electromagnetic fields in cancer [4].

3. ULTRA-WEAK PHOTON EMISSION

Optical ultra-weak photon emission (autoluminiscence) is
auniversal phenomenon in metabolically active biological systems
[5]. Unlike specialized bioluminescence, which serves for commu-
nication purposes and is based on the activity of specific enzymes,
autoluminiscence is probably a side effect to cellular respiration and
itis related to the reactions of free radicals and reactive oxygen speci-
es. Its biological significance hasn’t been sufficiently described yet.

Emission intensity is several orders of magnitude weaker than
bioluminescence. Sensitive photomultipliers and light-tight cham-
bers are used for the detection of ultra-weak photon emission. The
goal is to understand the mechanisms by which this emission is
controlled and by which it may be affected. Since autoluminiscence
carries information about the metabolic processes in cells, it is
needed to examine its relationship to the results of biochemical
analysis of cellular processes [5, 6]. Together with the development
of robust methods of its measurement, the possibilities of using this
issue in medical diagnostics and other biochemical measurements,
e.g., in the food industry is being examined [7].

4. RADIO-FREQUENCY RANGE

Unlike the events studied by the electrophysiology, the generating
mechanism of radio-frequency electromagnetic phenomena in living
systems is not connected with currents of ions and its frequency is,
by definition, much higher. The most extensively studied examples
include vibrations of electrically polar intracellular structures.

The vast majority of proteins bind an electrical charge in their
structure which is necessary for their proper functioning. Mechanical
vibrations of proteins and structures therefore form an oscillating
electric field in their close vicinity. Scientists form the Institute of Pho-
tonics and Electronics developed methods for measuring very weak
electromagnetic fields from biological systems under physiological
conditions. Moreover, they examined their role in biological processes.
Microtubules, polymer fibers from cell skeleton, whose vibrations
occur within radio frequency waves, were used as a model structure.

Knowledge of these fundamental biophysical phenomena is
important for assessing the effects of electromagnetic fields, such
as those of mobile phones, on living organisms. The results of such
research can be also applied in medicine.

The division cycle of eukaryote cells includes the separation
of duplicated genetic information between two daughter cells, the
so-called mitosis. Errors in this process usually lead to program-
med cell death but undetected errors may cause cancer or hasten
aging. Understanding how mitosis is governed and how it could be
influenced is, therefore, important for (i) the evaluation of the role
of external factors in disease formation and (ii) the development of
novel therapeutic strategies. In their research [8], scientists from the
Institute have computationally predicted that ultra-short electrical
or mechanical pulses may cause vibrations of the mitotic spindle,
the main functional machinery involved in mitosis. Its constituent
electrically polar cytoskeletal polymers called microtubules then

Fig. 1 An example of high-frequency electric field generated by
vibrations of mitotic spindle constituted by 120 microtubules. The
field was calculated for ellipsoidal model cell of equivalent radius of
3.3 um (the boundary of the cell is indicated by white line)

induce a strong rapidly changing electric field in the region where
the mitosis takes place (see Fig. I and 2 for an example).

Such high intensity of the generated field may in consequence
disrupt the mitosis in progress. These results provide computational
foundations for future analysis of possible mechanisms describing
the effects of ultra-short electrical and mechanical pulses on divi-
ding cells. The application of such pulses is prospective for future
therapy against cancer.

Fig. 2 An example of high-frequency electric field of vibrating
mitotic spindle. The field is depicted in the mitotic midzone, where
separation of duplicated genetic information takes place. The boun-

dary of model cell is indicated by white line

Microtubules, polymer tubes of cellular skeleton, are involved
in many more processes serving for various functions. Besides their
role in cell mechanics and cell division, they also provide enormous
substrate for cellular signaling. Scientists form the Institute combined
the normal mode analysis of microtubules with the electric charge
density distribution model of a microtubule. They showed in silico [9]
that each normal mode of a microtubule is accompanied with the high-
-frequency electromagnetic field which is generated by vibrational
movement of the charge. Combination of normal modes gives rise to
transient phenomenon which can manifest itself as a pulsed excitation
propagating along a microtubule (see Fig. 3 for an example). It was
speculated that such pulses can play role in cell signaling because
they are of different nature than pure electrostatic interaction which
is screened out on frequencies of normal modes of microtubules.

5. CONCLUSION

Brief review of hot topics in the field of bioelectrodynamics
was presented. Future directions of research in the optical part of
electromagnetic spectrum include detailed characterization of me-
tabolic processes responsible for the emission with special attention
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for applications in diagnostics of oxidative stress in cells. Future
directions in radio-frequency range should be in experimental veri-
fication of predicted parameters of electromagnetic field generated
by polar vibrations of biomacromolecules.

Fig. 3 An example of high-frequency electric pulse propagating
along a microtubule. The pulse is propagating from the right side of
1.2 um long microtubule to the left. It is depicted as isoshapes of the

intensity of electric field in three different moments of time
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Time transfer using optical fiber links

This paper describes our experience with time transfer using optical fibers and fully optical networks. We deve-
loped a technique and instrumentation for the comparison of distant time scales. These were first verified using
a 740km optical loop within the Czech NREN backbone network and later a long term two-way optical time
transfer between Czech and Austrian national time and frequency laboratories where the maintaining of their
national time and frequency standards was evaluated. The optical link utilizes either dedicated optical fibers or
Dense Wavelength Division Multiplex (DWDM) channels in all-optical production telecommunication networks.
Results from the optical transfer, i.e. clock comparison and link delay including diurnal and seasonal effects are
shown and also compared with a traditional time transfer using signals from the satellite navigation systems.

Keywords: time, frequency, time transfer, optical fiber, optical network

1. INTRODUCTION

Accurate time transfer, i.e. time scale comparisons between
two geographically distant sites is currently dominated by GNSS
(Global Navigation Satellite Systems) based systems such as GPS,
GLONASS, GALILEO or BEIDOU, however, the accuracy of
GNSS-based time transfer depends on the distance between the

two sites and it degrades at distances over 1000 km. An alternative
technology is required and it appears that optical fibers and optical
networks are predetermined for such applications. They allow signal
transfers up to a distance of =100 km without amplification and
more than 2000 km (depending on the modulation) with optical
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amplification. Fiber links are affordable in the recent years and
backbone networks are being converted to DWDM (Dense Wavelen-
gth-Division Multiplexing) technology offering a lot of the so called
“lambda channels”, which can be used for time transfer as well.

In cooperation with CESNET, the Czech NREN (National Re-
search and Educational Network) provider, we established several
optical links to our partner laboratories in the country and abroad
and developed necessary instrumentation for the optical time
transfer. Our system is an instance of a two-way transfer method
that relies on the known and stable asymmetry of transport delay
in both directions.

2. THEORETICAL BACKGROUND

We described the measurement method in detail in [1-2]. The
basic idea is as follows: two adapters (A and B) at two remote sites
are interconnected by a bidirectional optical link. Each adapter is
provided with a 1PPS (Pulse Per Second) signal from a local clock
and has an output representing the 1PPS signal received from the
opposite site. The time interval counter (TIC) measures the interval
x, (resp. x,) between local and remote 1PPS.

On a symmetric link, the delay in both directions equals to §
=6,, = 0 ,,. In areal network, the fiber length in both directions
slightly differs (e.g. due to patch cords in switching boards, fibers
compensating the chromatic dispersion), and thus introducing the
delay asymmetry A:

A= 6AB = 6BA
The clock offset ©, , may then be calculated as
_MA T X T A
AB 2
3. EXPERIMENTAL MEASUREMENT
In 2009 we performed an experiment in order to verify the time

transfer method and to assess the developed adapters on a long
optical loop, see Fig. 1.

(]

Fig. 1 Optical loop for experimental measurements and evaluation
of time transfer using optical fibers
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Fig. 2 Measured delay in both directions of the optical loop

Two unidirectional dedicated wavelength channels in the
Cesnet2 network and the Praha metropolitan network PASNET were
used in this experiment, for which a 744km optical loop between
cities Praha — Brno — Olomouc — Hradec Krédlové — Praha was arran-
ged. 1PPS signal from a GPS-disciplined Rb clock was transmitted
in both directions and the loop delays were measured and analyzed.
Diurnal variations of =130 ns in the link delays were observed. These
were apparently caused by thermal effects on the fiber, however, the
calculated time offset does not depend on particular delays &, , and
5B , but on their difference A. Ideally, A should be constant and its
variations represent the accuracy of the time transfer.
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Fig. 3 Optical loop for experimental measurements and evaluation
of time transfer using optical fibers

"TIME STABILITY
ISR Tl S

L

Hecommlis
1o 5

TREY,

)

w w W 1] o w
Averaging Time, Seconds

Fig. 4 Time stability of the optical time transfer through
the experimental optical loop

Fig. 2 and Fig. 3 show the measured one way delays and the
calculated clock offset, or background noise, respectively. Stability
of the time transfer in terms of Time deviation denoted as TDEV or
0 (1) was derived and the lowest value of =8.1 ps for the averaging
interval 7= 500 s was achieved, see Fig. 4.
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Fig. 5 Schema of the optical link between UFE and BEV
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3. TIME TRANSFER BETWEEN PRAHA AND VIENNA

Since 2009, CESNET in collaboration with ACONET (Aus-
trian NREN) arranged a fully optical link between UFE and
BEV - Austrian national time and frequency laboratory in Vienna
operating an atomic clock from which the Austrian national time
scale UTC(BEV) is generated in a similar way as the Czech time
scale UTC(TP) is generated in Praha.

Since then the atomic clocks in UFE and BEV are continuously
compared and the results from the optical time transfer are checked with
the results from the time transfer using GPS signals [3-5]. In addition,
the measured clock difference is compared with the time differences
published by the Bureau International des Poids et Mesures (BIPM)
resulting from the calculation of UTC (Coordinated Universal Time)
to which both the UTC(TP) as well as the UTC(BEV) contribute.
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Fig. 6 Clock difference UTC(TP) — UTC(BEV) evaluated from the
optical transfer, GPS transfer and BIPM data (Circular-T)
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Fig. 7 Time stability of the clock difference UTC(TP) —
UTC(BEV) obtained from the optical transfer, GPS transfer and
BIPM data (Circular-T)

A schema of the link between UFE and BEV is depicted in Fig.
5. The link has 560 km in total. Fig. 6 displays the clock difference
evaluated from the optical transfer together with the GPS transfer
and the data as published by BIPM in their document denoted as
Circular-T. The time stability of the clock difference UTC(TP) —
UTC(BEV) in terms of Time Deviation TDEV is plotted in Fig. 7.
It appears that the optical transfers can be used as a more accurate
alternative to the traditional time transfers via signals of satellite
navigation systems.

4. CONCLUSION

The functionality of the method and its adapters on a time trans-
fer in a 740 km fiber in a real production network was verified and it
was proved that the system is compatible with DWDM technology
and does not interfere with other data channels.

The time stability of the time transfer with a minimum value of
8.1 ps in terms of TDEV at averaging time of 500 s was achieved.
This value includes all the sources of inaccuracy, i.e. the noise in
transmission channel, SFP transceivers, signal modulator/demo-
dulator etc.

The optical time transfer system allowing a long-term time
transfer between UFE and BEV was developed and implemented.
The stability of the clock difference UTC(TP) — UTC(BEV) in
terms of Time Deviation is better compared to the stability of the
traditional transfer using signals of satellite navigation systems.
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Doc. RNDr. Miroslav Miler, DrSc. jubiluje

Clen redakéni rady tohoto Easopisu oslavil dne
11. dubna 2015 své kulaté osmdesaté narozeniny.
Dnesni emeritn{ pracovnik Ustavu fotoniky a elek-
troniky Akademie véd v Praze pochdzi z Olomouce,
kde absolvoval vSechna svd studia. Pfi studiu fyziky
a matematiky na Pfirodovédecké fakulté se zaméril
u prof. Bedricha Havelky na optiku.

Prof. Havelka ho pak v r. 1959 pfijal do Labo-
ratofe optiky CSAV v Praze jako inZenyra asisten-
ta. Pracoval v oddéleni pro infracervenou optiku
u RNDr. Ing. Antonina Vasko, CSc. (pozdéji obhdjil
védeckou hodnost DrSc.) ve spektroskopii a de-
fektoskopii infracervenych optickych materiala.
V. 1963 byla Laboratof zruSena a on ptesel v rdmci
celého oddéleni do Ustavu radiotechniky a elektroniky CSAV. Po
roce zacal pracovat v nové ziizeném oddéleni laserového sdélo-
vani, kde mezi praci pro odd€leni dokoncil samostatnou védeckou
piipravu a po nékterych pratazich obhdjil v r. 1966 védeckou hod-
nost CSc. na téma Infracervené vlastnosti amorfnich a sklovitych
optickych materidli. V té dobé ovSem koncilo nadSeni pro lase-
rové sdélovani vzduchem a bylo tfeba najit si jiny nosny program.

Ten jubilant nalezl v holografii, kterd tehdy jako novy obor
laserové optiky dobyvala laboratore. Postupné se pridali ostatn{
pracovnici oddéleni optického sdélovani zejména Ing. Miroslay
Chomdt, CSc. a Ing. Jiri Janta, CSc. Po ziskani pocatecnich zku-
Senosti s technikou holografie se pracovisté zaméfilo predevsim
na holografickou interferometrii. Byly vySetfovdny kmitové
vidy zejména elektroakustickych pfevadéca, mechanické a tepelné
deformace strojnich soucésti apod. Po deseti letech se zddla byt
témata o inteferometrii vycCerpana. Reditel ustavu prof. Ing. Vic-
lav Zima, DrSc. tehdy prevadél ¢ast aktivity dstavu na vlaknové
sdélovani. Jubilant dostal za tkol postavit pristroj na laserovou
vizudlni inspekci geometrickych vlastnosti kfemennych trubic pro
vlaknové preformy, kterého se s ispéchem zhostil. Nasledoval tikol
postavit laserové méridlo pro prabézné bezdotykové méreni
priaméru vytahovaného optického kiemenného vlikna, které
bylo realizovano v zdkladnim provedeni s rozmitdnim laserového
paprsku pomoci kmitajiciho zrcadélka a postupné zdokonalovano.
V posledni, nejsofistikovanéjsi verzi byl k rozmitani pouZit holo-
graficky rozmita¢ s osmi vysecemi, v nichZ byly holografické
difrak¢éni miizky s 1800 Carami na milimetr. Rozmita¢ jubilant
mezitim vyvinul v souvislosti s pfenesenim aktivit v holografii
na difrak¢ni miiZky. Kolega Janta navrhl jednoduchou kolima¢ni
optiku typu f-theta. K vyhodnocovani méfeni byl vyuzit digitaln{
pfistup a o pfistroj se v tomto sméru zaslouZil dalsi pracovnik dstavu
Ing. Miroslav JeZek. Pristroj byl dodan ve dvou provedenich napft.
firmé& Sklo Union Teplice a o vétsi pocet vyjadiil zdjem Vyzkumny
ustav sklarsky v Hradci Kralové.

Holografické difrakéni mriZzky zacal jubilant zkoumat
v 1. 1979 na podnét Vyvojovych dilen CSAV, které prosadily do-
vybaveni pracovisté argonovym iontovym laserem k holografic-
kému osvitu fotorezistu. Na tomto materidlu se vytvarely miizky
interferenci jako povrchova hloubkova modulace sinusového
prubéhu. Vyvojovym dilndm byly pak dodavany miizky s 1200
Carami na milimetr do kapalinovych chromatografi. Ke stejnému
ucelu byly dodavany miizky i podniku Laboratorni pfistroje az ve
stovkovych mnoZstvich ro¢né€. S jubilantem na této problematice
spolupracovali Ing. Miroslav Skalsky, CSc. a zejména Ing. Marta
Triskovd, ktera svym systematickym piistupem umoZnila produkci
vétsich sérif miiZek. Jubilant a jeho spolupracovnici téZ vyvijeli
miiZKky na sférickych podloZzkach, miizky s blejzovanym profilem,

oy

galvanoplastickou produkci kopif ,,tvrdych* miizZek aj.

Skupina také vyvijela holografickou velko-
plosnou mriZku se zkriZenymi liniemi a s 1250
C¢arami na milimetr pro méfeni soutfadnic polohy
stolku litografické kamery k vyrobé integrovanych
elektronickych obvodii. Takovou kameru vyvijel
podnik Tesla Elstroj a skupina se dostala az na
velikost mfizky potiebnou k expozici kiemikovych
saldmku o pruméru 4. Postupné mélo jit o mnohem
vEtsi pramery.

K mfizkovym aktivitim a zejména k bezdo-
tykovému prabéznému méfeni pificného rozmeéru
predmétu rozmitdnim laserového paprsku se poji
jedenéct ochrannych dokumenta (vyndlezi a pa-
tentl), které jubilant inicioval a pfedloZil se svymi
spolupracovniky.

Jubilant ov§em v souvislosti s rutinni ,,vyrobou* mfiZzek nezane-
dbdval ani zdkladni vyzkum. Soustfedil se na vyzkum m¥iZkovych
struktur v planarni vinovodné optice a tak se pfizptisobil novému
zaméfeni oddéleni, jehoZ vedoucim se stal Ing. Jifi étyrokj, CSc.
(pozdgji obhdjil hodnost DrSc. a byl jmenovan profesorem). Ta-
kové struktury byly vhodné napf. pro formovani vedenych svazka
a zejména pro navazovani svétla do plandrnich vlnovodi a vyva-
zovani z nich. Svétove origindlni se stala pro tento ti¢el miiZka se
zaktivenymi a neekvidistantnimi liniemi, kterd umozZnila soucasné
s navazovanim nebo vyvazovanim téZ formovat svazek.

Po sametové revoluci se vSak vSechny produkéni aktivity na-
jednou propadly, protoZe tuzemské podniky nestacily po otevieni
trhu konkurovat svétovym vyrobctim. Tehdy byly také odhldseny
uvedené vyndlezy a patenty. Jubilant se stal vedoucim oddéleni
a prevzal odpovédnost za védeckou orientaci dstavu pfijetim
funkce zdstupce reditele pro védecké otdzky. V tu dobu také
dokoncil a v r. 1990 obhdjil svou doktorskou DrSc. disertacni
prici na téma Prostorové a casové charakteristiky hologra-
fického zobrazeni, kde ztrocil své dlouholeté aktivity v oboru.
Zacal studovat holografické a obecné difraktivni optické prvky
a zejména problematiku kolimace optickych svazkt vystupujicich
z diodovych laserti pomoci téchto prvki a jejich soustav. Na tuto
a obdobnou problematiku ziskal postupné jako hlavni fesitel devét
grantii jednak od GAAV a jednak od GACR a na dvou grantech
se podilel jako vedlejsi fesitel.

Tehdy byl také povoldn k predndSeni semestrdlnitho kurzu
o zdkladech difraktivni optiky na katedfe optiky Pfirodovédecké
fakulty Univerzity Palackého. K pfednaSkdm vydal skriptum o z4-
kladech difraktivni optiky a posléze se i habilitoval. Pfedndskovou
aktivitu ukoncil ve svych pétasedmdesati letech, tj. v r. 2010, kdy
se Prirodovédeckd fakulta prest€éhovala do nové budovy.

Odpiednasel i nékolik semestralnich kurzi o optické holografii
na katedie chemické fyziky Matematicko-fyzikalni fakulty Karlovy
univerzity a n€kolikrat i konzultacni formou pro jednotlivé zdjemce.
Pro tuté7 katedru porddal témér celé desetileti specialni praktikum
z optoelektroniky o holografickych difrak¢nich miizkdch zahrnu-
jici optimalizaci zdznamu a méfeni spektralni difrak¢ni Gicinnosti.
Na katedte byl také veden jako externi pracovnik.

Od r. 1988 jubilant vedl pét diplomovych praci a ¢tyfi dok-
toranty dovedl k dsp€sné obhajobé (jeden dalsi neptedloZil praci
a nedokoncil tak doktorské studium). Byl krétce ¢lenem oborové
rady doktorského studia oboru fyzikalni elektronika na FIFI CVUT,
pusobil dlouhou dobu jako obdobny ¢len oboru kvantové optika
a optoelektronika na MFF KU a dosud je ¢lenem oboru Procesni
inZenyrstvi (predtim Pfesnd mechanika a optika) na SjF CVUT.
Na katedfe pfesné mechaniky a optiky plsobil po r. 1989 fadu let
jako ¢len stétni zdvérecné zkuSebni komise.
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Bohata je jubilantova ¢innost publikacni. Publikoval nékolik
desitek védeckych praci v mezinarodnich casopisech, z nichZ série

vvvvvv

Mz

cimi vazebnimi m¥iiZkami v rozmezi roki 1979-81. Nezanedbaval
ani publikovéni v ¢eskych odbornych casopisech, zejména v Jemné
mechanice a optice, protoZe si uvédomoval, Ze holografie v sobé
obsahovala velky aplika¢ni primyslovy potencidl. ProtoZe vice
neZ desitku let se vénoval vyvoji mfiZzek a s nimi souvisejicich
komponentt a piistroju, neni jeho védecka a odborné publikacni
¢innost jesté rozsdhlejsi.

Kromé casopiseckych publikaci vydal také radu kniznich pu-
blikaci. Prvni etapa jeho ¢innosti vymezena védeckou piipravou
CSc. byla zavrSena kniZkou Vibraéni spektroskopie (SNTL
Praha 1966), kterou sepsal se spoluautorem V. MaliSkem. Knizka
byla vyddna v anglickém prekladu nakladatelstvim Iliffe Books
London 1970. Pro holografickou etapu je pfiznacnd knizka Ho-
lografie (teoretické a experimentailni zaklady a jeji pouziti)
vydand SNTL Praha v r. 1974. KniZka byla pteloZena do némciny
(Verlag Karl Thiemig Miinchen 1978) a rok na to vySlai v ruském
prekladu upraveného ¢eského vydani (MaSinostrojenije Leningrad
1979) s tivodnim slovem jednoho z priikopnika holografie Jurije
Nikolajevice Dénisjuka. V r. 1980 pfispél stati Holograficka in-
terferometrie fazovych objekta (str.105-125) do Studie CSAV
¢.15/1980 Technika zobrazeni fyzikdlnich poli autora J. Sequense.
Jako editor a spoluautor vSech kapitol vystupuje v publikaci Fy-
zika a holografické difrakéni struktury, kterou vydala JCSMF
v 1. 1988. Tato publikace shrnuje vSechny aktivity spojené s teorii
a technologif holografickych difrak¢énich miiZek.

Jubilantovym zv14Stnim zdjmem bylo ucivo fyziky na stfedni
Skole, zejména optiky. Jesté pred r. 1989 byl vyzvén, aby pifispél
v tomto sméru do rozvijejici ucebnice Doplnék k uéivu fyziky pro
IV. ro¢nik ti'id gymnazii se zaméienim na matematiku (SPN Pra-
ha 1988) odpovédného autora V. Freie za kol. Ctyf autord. Jubilant
prispél kapitolou Svétlo a zéfeni s odstavci o zdkladnich pojmech,
o optickych soustavdch a zobrazeni a o vlnovych vlastnostech svét-
la. Pozdé&ji pak letoroval uc¢ebnici Fyzika pro gymnazia Optika
(SPN Praha 1993) autort O. Lepila a Z. Kupky.

Kromé téchto publikaci vyznacujicich se pomérné¢ tzkym
okruhem autorti se jubilant zicastnil také dvou projektt SirSich.
Prvnim byla Oborova encyklopedie Lasery a moderni optika
(Prometheus Praha 1994) odpové&dné autorky M. Vibové zakol. 11
spoluautort, kde jubilant zpracoval hesla o holografii a pfispél také
k hesltim o vyuziti laserti. Kniha byla pripravena do tisku jesté pred
r. 1989 a hrozilo ji, Ze nebude vyddna. Nakonec k vydani pfispéla
Akademie véd ze svého publikacniho fondu. Druhym projektem byl
Vykladovy slovnik fyziky pro zakladni vysokoskolsky kurz (Pro-
metheus Praha 1999) odpovédnych autorti E. Mechlové a K. Kostdla
zakol. 29 spoluautort. Jubilant zpracoval jako garant optiku s péti

kapitolami (vlnova optika, kvantova optika, technickd zobrazovaci
optika, o¢ni optika a metrologicka optika) a na ni spolupracoval se
sedmi ¢leny katedry optiky Piirodovédecké fakulty UP.

Jubilantovi nebyla cizi ani spolecenskd aktivita jak v tuzem-
skych, tak mezindrodnich profesnich sdruZenich a organizacich.
Pusobil od konce sedmdesdtych let fadu volebnich obdobi v Jed-
noté Geskoslovenskych matematiki a fyziki (JCSMF) - a posléze
i ¢eskych - jako funciondf na riznych drovnich aZ po ustiedni ¢ili
hlavni vybor, a to zejména na pozicich hospodare aZ do poloviny
devadesdtych let. Stal se zaslouZilym a pozdé&ji i Cestnym Clenem
Jednoty. Téméf od samého zacatku v poloviné devadesatych let aZ
do soucasnosti byl ve vykonném vyboru Ceské a Slovenské spo-
le¢nosti fotoniky (CSSF) a zii¢astnil se innosti pii organizovani
nékolika pravidelné konanych konferenci Photonics Prague. Skrze
tuto spolecnost byl ¢lenem Evropské optické spolecnosti (EOS
— European Optical Society) a stal se v r. 2007 jejim cestnym
¢lenem EOS (Fellow of the Society) jako projev obdivu a uznéni
za vyjime¢né ispéchy a sluzbu optické a fotonické obci. V poloviné
devadesdtych let se stal ¢lenem SPIE (The International Society
for Optics and Photonics). KdyZ se evropska odnoz SPIE rozhodla
od r. 2007 poradat kazdy lichy rok v Praze kongres Optics and
Optoelectronics zicastnil se jubilant jejich organizovani. Nejprve
jednou jako spoluptfedseda konference Optické senzory, pozdéji
dvakrét jako spolupfedseda konference Holografie: pokroky
a moderni trendy a posléze po dvakrét se stal Cestnym predsedou
kongresu. Za praci pro tyto kongresy byl pak vyzvan, aby se ucha-
zel o zvolenti stét se star§im ¢lenem SPIE (Senior Member of the
SPIE). Vr.2012 se tak stalo s odivodnénim, Ze se tim hodnoti jeho
vyznamné dspéchy pro optickou a fotonickou obec. Nelze nepfi-
pomenout zasluhy jubilanta o znovuustaveni Ceského komitétu
Mezindrodni komise pro optiku (Czech Committee of International
Committion for Optics) po rozdéleni Ceskoslovenska. Byl po dvé
volebni obdobi jeho predsedou a posléze a7 dosud zastdva funkci
mistopredsedy.

Ze subjektivniho hlediska popsal jubilant svou Zivotni pout
v rozhovoru s redakci Jemné mechaniky a optiky v souvislosti se
svymi pétasedmdesatinami v Cisle 4 roku 2010 (str. 129-30, viz:
jmo.fzu.cz), které bylo vénovano vyzkumu optickych vidken v UFE
v souvislosti s udélenim Nobelovy ceny rok pfedtim Ch.K. Kaovi.

Prejeme jubilantovi dalsi dlouhd aktivni 1éta v jeho profesni
¢innosti, kterd pro né€j byla vZdy nejen zaméstnanim, ale predevsim
poslanim. Kromé toho se odjakZiva vyZival v technickém zamé¢-
feni jak v oblasti navrhovani mechanickych a stavebnich sou¢asti
a celkd, tak v jejich zhotovovani, protoZe je neobycejné manudlné
zrucny. A to, aby mu vypliiovalo jeho Zivot co nejdéle.

Za kolektiv jemu blizkych Pavel Peterka

Ing. Pavel Peterka, Ph.D., Ustav fotoniky a elektroniky AVCR, s.r.0., Chaberska 57, 182 51 Praha 8 — Kobylisy. E-mail: peterka@ufe.cz
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Zacatky vyzkumu optické holografie

V1. 1966 bylo odd€leni zabyvajici se Optickym sdélovanim la-
serovym svazkem vzhledem ke svému zaméfeni na rozcesti. Tehdy
se nabizelo studovat staronovou oblast, kterou byla holografie. Ta
totiZ od svych prvopocatkil v r. 1948, kdy ji zaloZil Denis Gabor,
prosla jen malou ¢ast svého vyvoje. Po vzniku laseru se ji vSak
zacCala zabyvat dvojice védct prof. Emmett Leith a jeho doktorand
Juris Upatnieks z University of Michigan z hlediska uplatnéni
kvalitniho laserového svétla pro tento zdznam. Ti zacali od r. 1962
postupné publikovat prace o tzv. rekonstrukci vinoplochy. Na
stejné univerzité vSak pisobil odbornik na optické difrakéni mifzky
prof. Georg Stroke, ktery se snaZil na sebe v této oblasti strhnout
pozornost a publikoval fadu kritkych ¢lankt o holografii, kterou
on pravé tak podle Gabora nazyval. Tyto publikace se dostaly do
rukou autora tohoto ¢ldnku a ten se zacal touto problematikou za-
byvat. V jednom ¢ldnku Stroke otiskl fotografii fotografické desky
s textem, Ze jde o hologram. Tato fotografie byla plna difrak¢nich
krouzki, o kterych se autor domnival, Ze jsou podstatou tohoto
zdznamu. Ofotografoval si ji a prosvitil laserovym svazkem. Zadnou
rekonstrukci nedostal, ale objevila se difrakce na bodové strukture
tist€ného obrazku, totiZ difrakce na dvourozmérné miizce. Postupné
se autor dopracoval k predstavé, Ze je tieba dosahnout interference
mezi dvéma vétvemi laserového svazku, v jedné z nichZ se nachdzi
informace o predmétu.

Préce o rekonstrukci vinoplochy byly trochu odtaZité a autor
jim nevénoval pozornost, protoZe mu zpoc¢atku ani nedoslo, Ze jde
0 jiné pojmenovdni téZe véci. Tehdy se rozmohlo Zadani o reprinty
¢lanki a kopie ¢lanka byly rozesildny i na rtiznd pracovisté bez
pozadani. Tak autorovi dosel ¢lanek publikovany v barevném ¢a-
sopisu zabyvajicim se také popularizaci védy, ktery se nazyval The
train that wasn‘t a jehoZ autorem byl redaktor s ceskym jménem,
které si autor uzZ nevybavuje. V ¢lanku byla pé€kna fotografie mo-
delu vlacku umisténého za mirné rozptylujici sklenénou deskou.
Text uvadél, Ze jde o holografickou rekonstrukci. Byla to zfejmé
predvadéci akce z michiganské univerzity pro tisk. Autorovi je
zdhadou, jak se zminény redaktor dostal k tomu, Ze poslal ¢lanek
pravé jemu, protoZe autor jesté nic o zacétcich svého vyzkumu
holografie nezvefejnil.

Posléze autor sestavil jednoduchy interferometr, kterym bylo
moZno zaznamenat inteferenci mezi dvéma svazky vzniklymi
rozdélenim jednoho svazku na zdkladé déleni amplitudy, tedy na
rozhrani mezi sklem a vzduchem. Do jedné vétve vloZil diapozitiv
a tak ziskal holograficky interferometricky zdznam obrdzku na
diapozitivu. ProtoZe mél k dispozici fotografické desky ORWO
Mikrat s ne piili§ vy$§im rozliSenim, neZ méla béZna fotografickd
deska, musel byt thel mezi interferujicimi svazky pomérné maly.
K rozdéleni svazku bez interferen¢niho efektu na délici desce pouzil
sttechovy hranol. Prvni dspésny pokus ptedstavil ceské védecké
vefejnosti &lankem v Cs. Casopise pro fyziku. Faksimile tohoto
¢lanku je na obr. 1.

V témZ mésici — prosinci 1966, kdy byl tento ¢lanek dorucen
redakci, opublikovalo tehdejsi Rudé pravo rozhovor s Ing. Miro-
slavem Hythou, CSc., védeckym pracovnikem a vedoucim skupiny
Vyzkumného udstavu pro sd€lovaci techniku A.S. Popova (VUST)
v Praze, ve kterém prezentoval holografickou rekonstrukci auticka.
Zaznam byl proveden toutéZ metodou rozdéleni vinoplochy, kterou
pracovali Leith a Upatnieks, totiZ osvétlenim holografované scény
a zrcadla umisténého vedle scény, které odrdZelo ¢ast svazku na
zdznamovou desku jako referencni svazek. Autorovi bylo uz zndmo,
Ze tento pracovnik predtim pobyval ve Spojenych stdtech, aby se

CESKOSLOVENSKY
CASOPIS
PRO FYSIKU

Rotaik A 17 (1967)

Or. 2 Rrkomtreovey whees o,

DOPISY REDAKCI

HOLOGRAFIE ROZDELENIM AMPLITUDY
HOLOGRAPHY BY DIVISION OF AMPLITUDE

Interferenci svételngich vin je mo¥no ziskat bud sklidinim kmith riznjch Cisti
vinoplochy (rozdéleni vinoplochy), nebo sklidinim kmith amplitudové rozdélené
vinoplochy (rozdEleni amplitudy) [1]. Prvniho :pmbu murfmnw utili Lems
aUrmm[!]npomchodihd.luumt ¢ ¢ho zobra-
zeni koh kymi vinami — h _ﬁll’h fick
desku fixuje nejen ampluudm-é rozd&eni v obra-

zu, ale i fizové pomEry. LEmmH a UpAxNiERS zdo- ¢ £
konalili plivod { G u [3] holografick me- : _,___‘,--"
todu v tom, ¥ od svazku nultého Fidu p & ,—-—‘”

oddélili skutefny a zdinlivy obraz, které vznikaji - M‘nl’ N
i i rekonstruk-  Obr. 1. S¢ w L -
;d::nl':‘i:;:alamﬁckého procesu pii s i
2 nol, P— plodny pradmu. H— 1o
Holograficki interference rozd&lenim amplitudy
je obtiZn&jli, protole se v prvni fizi holografického
P mu.!l dstranit rulivi interfe mezi
Inoplochami, které se poé li rozdéluji na h desky h
nimhu)rm odrazem. Tuto msnt: od.strm!m tlustou deskou nebo op&:kym hranolem.
Poutiti optického h pro i amplitudovy nebo fizovy predmét
je uvedeno na obr. 1. Z dopadajiciho svazku se na rozhrani mezi aklm a vzduchem
odrazi referendni svazek. VEI Sdst i ity plivodnih lvuzku da i
.poar. 5 od h na zadnich stEndch vy ezl b
dmétem a dopadé na fotografick deil:u v ml.ﬂ.! dcmdurefeun&niho :uzku
Prntnuriobwm:khnl gr ¢ desce se dosihne vhodnym
Pfitom toto natofenia dlouhd driha svazku v hranolu vyloudi interferenci mezi vice-
asobn od ymi svazky, p se tim tyto svazky od sebe dostateln® oddEli.
Na obr, 2 je rekonstruovany obraz rozlifovaciho figurdlniho testu, ziskany uvede-
nou metodou. Jako zdroje bylo u¥ito laseru He-Ne (4 = 632,8 nm), ktery dival
v monomodilnim refimu TEM,,, vikon 3 mW. Svazek laseru byl rozlifen tele-
skopickou soustavou. Za opticky hranol sloufila kostka Porrovy plevraceci soustavy
dalekohledu. Hologram byl snimén na fotografickou desku OR WO Mikrat.

MimosLay MiLer
Ustav rodiotechniky a elekironiky CSAV,
Praka

grafii se na fi

Dodlo 27. 12. 1966
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Obr. 1 Faksimile prvniho ¢lanku autora o holografii.

zfejmé na pracovi$ti michiganské univerzity seznamil s holografii.
Jak se autor o tom dozvédél? Jako obvykle jednou poslouchal relaci
Ceského vysilani Hlasu Ameriky, kde Ing. Hytha dédval rozhovor
tamnimu redaktorovi. V té€Zkych dobdch totalitniho reZimu bylo
téZké si jen predstavit, Ze by se takovy obCan mohl bez problému
vratit do vlasti. Naopak v tomto ptipadé¢ dokonce Rudé pravo
vénovalo jeho experimentdlnim vysledkiim zna¢nou pozornost!
Autor se pak naddle vénoval zdokonalovani metody rozdéleni
amplitudy, coZ mu bylo pozdéji velice k uZitku, protoZe byla vy-
hodnd k zdznamu holografickych difrakénich miiZek, kterému pak
vénoval dlouhé obdobi svého profesniho zaméteni.
M. Miler

Doc. RNDr. Miroslav Miler, DrSc., spolupracovnik UFE AVCR, Chaberskd 57, 182 51 Praha 8 — Kobylisy, tel.: 266 773 422,

e-mail: miler@ufe.cz
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Prvni laserova operace oéni sitnice v Ceskoslovensku

,»V poloviné roku 1964 privedl MUDr. John do nasi labo-
ratore dévce, které mélo zcela roztrhanou sitnici. Pro lékarsky
zakrok nebylo moZné pouzit klasicky postup operace, ani
operaci pomoci nekoherentniho Lichtkoagulatoru. Pacientka
méla jedinou Sanci, a tou byla aplikace laserového zarent ...
vzpominaji nestori ¢eské laserové fyziky a kvantové elektroniky
Jan Blabla a Viktor Trkal.

V roce 1960 Theodor H. Maimann z Hughes Research Labora-
tories publikoval novy zdroj svétla - laser [1, 2]. V rubinové ty¢ince
s relativné nizkou koncentraci chromu (0,05%) doséahl zesileni
stimulované emise a nasledné generace cerveného svétla o vinové
délce 694,3 nm. Tento proces umoZnily mimo jiné dokonale optic-
ky opracované planparalelni Celni plochy tyCinky (planparalelita
nékolik dhlovych vtefin) pokryté vakuové napafenym stiibrem.
Cerpacim zdrojem svétla byla spirdlové vybojka, kterd dodala po-
tiebnou svételnou Cerpaci energii (asi 2,5 kJ) v Zlutozeleném spektru
svétla. Maimanntlv experiment tak potvrdil teoretickou predpovéd
publikovanou v roce 1958 A.L. Schawlowem a C.H. Townesem [3].

..V URE-CSAV jsem zachytil tuto zpravu s vét§imi podrob-
nostmi v r. 1961. Diky porozuméni vedouciho oddéleni kvantové
elektroniky RNDr. Viktora Trkala, CSc. jsem problematiku lasert
nastudoval a spolu s dvéma dal§imi pracovniky oddéleni pfipra-
voval realizaci podobného experimentu V. Kontaktoval jsem Ing.
V. Kmenta, ktery se zabyval v Chemickém komplexu v Usti nad
Labem péstovanim rubinovych krystali Verneuillovou metodou*
(J. B.). V roce 1962 bylo moZné z tohoto pracovisté ziskat jiz
opticky velmi dokonalou surovinu a nésledné i prvni rubinové
valecky. Optickou dokonalost valecku jsme dofesili diky nasi
piételské spolupréci s RNDr. Ivanem Solcem, CSc. z Monokrystali
Turnov. Diky dlouhodobé tradici v oboru ptesnych optickych metod
a zkuSenostem v brouseni krystalt na fadé pracovist v Turnove jsme
meéli jesté téhoZ roku k dispozici nékolik kust laserovych valecka.
Pro odrazné plochy jsme pouZili jednak vakuové postiibfent, jed-
nak v kontaktu s RNDr. Zderikem Knittlem, CSc. z Meopty Prerov
dielektrické tenké vrstvy.

Problémy nastaly s vybojkou. Ziskali jsme pouze jednu spira-
lovou vybojku, ktera se nestastnou ndhodou rozbila. Diky osobnim
kontaktiim, které oddéleni kvantové elektroniky mélo s pracovniky
Akademie véd SSSR v Moskvé v programu ¢pavkového maseru,
jsme dostali n€kolik vybojek tvaru ,,U*“. To vedlo ke zméné tech-
nického feSent laseru.

Se zkouSkami naSeho laseru jsme zacali v druhé poloviné
r. 1962. Méli jsme k dispozici asi deset rubinovych vybrust, postup-
né jsme je vystiidali a vyfazovaly ty, které nemély Sanci na tspéch.
VylepSovali jsme i optickou kvalitu dielektrickych vrstev, coz
vedlo obvykle k dosti zna¢nym ¢asovym pratahim. Vedle zvySeni
ucinnosti prenosu optické energie vybojky do krystalu jsme zavedli
i chlazenf krystalu laseru pomoci par z tekutého dusiku. Zesileni
stimulované emise jsme pozorovali jiZ u prvnich experimenti
v r. 1962, generace nastala aZ v r. 1963 (obr. 1). V kvétnu téhoz
roku jsme dokumentovali generaci laseru predvedenim ve-
rejnosti ve zcela zaplnéném Planetariu v prazské Stromovce.

Zshy po uspéSném spusténi laseru nds navstivil MUDr. Jan
John z Institutu pro dal§i vzdélavani 1ékafi a farmaceuti z ne-
mocnice na Bulovce. Zabyval se mimo jiné fotokoagulaci bilkovin
v sitnici oka s pouZitim nekoherentniho zdroje optického zéfeni
pro operacni postupy u pacienttl. (Lichtkoaguldtor 5000, Zeiss).
Odchlipen4 sitnice pacientti neni vyZivovana, postupné odumira
a ztraci se vidéni. Svételny impuls, fokusovany o¢ni optikou pfitlaci
sitnici k fundu, dojde k zdnétlivému procesu a ndslednému spojeni
s vyZivnou tkdni. Léze po zdsahu od nekoherentnich optickych
zdroju jsou znacné velké. Vyzaduje se tu rovnéZ vyrazné vetsi

energie koagulujictho zdroje svétla. Laserové koherentni zareni

Xixs XNz

je mnohem uc¢inngjsi, 1éze jsou podstatné mensi a efektivnéjsi.
S MUDr. Johnem jsme proto domluvili pouZiti laseru pii experi-
mentech na o¢nim pozadi u krélikd, ktefi maji strukturu oka velmi
blizkou oku ¢lovéka. Vysledky téchto experimentl byly pozitivni
a velmi uZitecné pro dalsi aplikaci na lidském oku.

Obr. 1 Rubinovy laser v URE CSAV, zleva Alena Jelinkova,
Jan Blabla a Miroslav Vendl (1963).

V poloviné roku 1964 pfivedl MUDr. John do nasi laboratote
dévce, které mélo zcela roztrhanou sitnici. Pro 1ékarsky zdkrok
nebylo moZné pouZit klasicky postup operace, ani operaci pomoci
nekoherentniho Lichtkoaguldtoru. Pacientka méla jedinou Sanci,
a tou byla aplikace laserového zéfeni. Technické usporddani ope-
racniho postupu vyZadovalo vedle spolehlivé operace ochranu
operujictho pfed zpétnym odrazem laserového svazku. Jesté tyz
den provedl MUDr. John prvni laserovou operaci sitnice (obr. 2).
Odchlipnutd sitnice byla pfitlatena k fundu né€kolika laserovymi
zéblesky a vzniklé 1éze potvrdily, Ze doslo ke koagula¢nimu dcinku
a vyvolani potfebného zanétlivého procesu. Po nékolika dnech nim
MUDr. John sdélil, Ze vysledek operace je nadmiru uspokojivy
a oko je zachrdnéno. To vyvéaZilo fadu naSich no¢nich experimentii
a pracovnich nesndzi pfi uvadéni rubinového laseru do Zivota.
Vytvorilo to dobrou platformu i pro to, abychom se zabyvali po
odborné strance pracemi souvisejicimi s fotokoagulaci bilkovin

Obr. 2 Prvni laserovd operace sitnice v laboratofi odd. kvantové
elektroniky URE CSAV (1964)
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v odborné strance pracemi souvisejicimi s fotokoagulaci bilkovin
v oku, s pfevodem tepla do fundu oka a okolni tkdné a s fadou tech-
nickych problémi souvisejicich s ndvrhem spolehlivého zafizeni
pro dal§i mozné operace.

Z pracovnich vysledkt vzniklo zafizeni - Kvantovy fotokoa-
gulator - vhodné pro operaci sitnice rubinovym laserem (obr. 3).
V laserové hlavici spojené s oftalmoskopem pro vysetfeni o¢niho
pozadi byla pouZita asi 10 cm dlouhd vybojka o priméru obdob-
ném praméru rubinové tyéinky (asi 6 mm). Uinnost laseru byla
zvySena uloZenim rubinové tyc¢inky a Cerpaci vybojky do ohnisek
eliptického optického odraZece a doplnéna ochlazovanim laseru
vzduchem. Laser byl navrZen spolu s oftalmoskopem jako kratka
hlavice, kterou operujici miZe drZet v ruce obdobnym zptsobem
jako pri préci s oftalmoskopem. Laserova hlavice s oftalmoskopem
vézila asi 650 g [4, 5].

'\ﬁ\\i
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Obr. 3 Kvantovy koaguldtor pro laserovou operaci sitnice.
Byl realizovdn v URE CSAV a tspé$né otestovédn v kooperaci
s MUDr. J. Johnem v nemocnici na Bulovce

Zafizeni bylo pfeddno Institutu pro dalsi vzdélavani 1ékaia
a farmaceuti do nemocnice na Bulovce v Praze, kde jenom
v prvinim roce vyuZivani s nim bylo operovano pres 1000 pacientt.
Dalsi ¢tyfi vyrobené piistroje nasly své misto na o¢ni klinice VSeo-
becné fakultni nemocnice v Praze na Karlové namésti, v nemocnici
v Mostu a v Bratislavé.

Laserova operace sitnice byla jisté pozitivnim krokem v naSem
laserovém programu. I kdyZ rubinovy laser byl pro tyto tcely nahra-
zen pozdéji jinymi typy laserti (napf. argonovym) znamenalo jeho
pouziti v ocnim lékarstvi rychly bezbolestny zdsah bez klasickych
operacnich postupt. ,,Tuto situaci dokdZzu dnes pln€ ocenit, kdyZ
jsem pred tfemi 1éty podstoupil »paradoxné« klasickou tithodi-
novou operaci sitnice, s jejimiz disledky se potykdm dodnes.*
(J. B.). Osobni zkuSenost s operaci o¢ni sitnice mél i druhy z autori
(V.T.), ktery vzpomind: ,,Ve svém volném case jsem se od gym-

Obr. 4 Rubinovy laser v rozloZeném stavu: mezi vybojky se uchy-
cuje rubinovy krystal (ty¢inka v poptedi), Ctyfeliptickd dutina se
pouzila k dosazeni vyssi ic¢innosti Cerpaciho zéafeni (kvéten 1963)

nazidlnich studii vénoval atletice, nejprve jako zdvodnik, pozdéji
jako trenér, rozhod¢f a ¢inovnik. Na jafe 1972 jsem pfi prochdzce
s rodinou v Dablickém haji na vyzvu své jedenactileté dcery »Aro-
ne skoC« skoc€il na nezajisténou zavoru pres cestu, kterd spadla
i se mnou a ja se rozbitym sklem bryli poranil pod levym okem.
V Cervnu téhoz roku, pfi ndvratu ze zdvoda v DomaZlicich jsem
zjistil, Ze prestdvdm na toto oko vidét. Na Bulovce hned zjistili
poskozeni sitnice a krvdceni do oka a tak jsem ndsledujici den
byl asi jako 2000 pacient operovan naSim fotokoaguldtorem. Lze
odhadovat, Ze na ¢tyfech naSich zafizenich bylo v té dobé tspésné
operovano nejméné 6000 pacientd. Po dvou na Bulovce stravenych
nocich jsem byl zdrdv a propustén doma. Od té doby jsem na toto
oko vidél lépe neZ na druhé, nezranéné. V témz roce jsem v srpnu
mohl bez potiZi absolvovat jako »$éftrenér« nasi atletické vypravy
OH v Mnichové a proZil jsem tam i hrtizné napadeni izraelské
vypravy isldmskymi teroristy. Snad i to stoji dnes za pfipomenuti.*

Dalsi podrobnosti o pocétcich laserové fyziky a kvantové elek-
troniky v URE miiZe &tendf najit v &lanku o historii UFE v tomto
&isle a ve specidlnim dvoj&isle Ceskoslovenského Easopisu pro
fyziku z roku 2010, které bylo celé vénovano 50. vyroci vynélezu
laseru [6].

") Ing. Alena Jelinkovd, Miroslav Vendl a pozdé€ji Ing. Vaclav
Soukup.
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Komunikace pomoci laserového svazku v atmosféire
- jedno z prvnich uplatnéni laseru

Brzo po Gspésném sestaveni rubinového laseru v naSem dstavu
na pfelomu let 1962/63 bylo ustaveno nové oddéleni Optické sdé-
lovani, jehoZ poslanim bylo provadét vyzkum optického pienosu
informaci atmosférou pomoci laserového svazku. Toto nasmérovani
vyzkumu odréaZelo velkd oCekdvani, kterd se ve svété vkladala do
optického sdélovani kratce po vynalezeni laseru. Do odd€leni byli
pridéleni i autofi tohoto sdéleni.

Prvnim dkolem bylo postavit helium-neonovy (He-Ne) laser
vysilajici cervené svétlo na vlnové délce 633 nm, ktery by byl
vhodny pro zamyslené experimenty, protoZe jeho ziskani ze za-
hrani¢i nepftichdzelo z fady diivoda v dvahu. To se podafilo i diky
spolupréci s fadou pracovniki z jinych oddéleni Gstavu a z jinych
¢s. vyzkumnych pracovist (napf. zrcadla byla dodana doc. RNDr.
Zderikem Knittlem, CSc. z Ustavu pro vyzkum optiky a jemné me-
chaniky (UVOIM) v Pierové a vybojové trubice Ing. Milanem Ku-
tikem, CSc. z Vyzkumného tstavu vakuové elektroniky (VUVET).
Zv1asté cenné byly pfitom zkuSenosti a pomoc Ing. Jana Blably,
CSc., vedouciho pracovnika oddéleni kvantové elektroniky dstavu.
Byl sestrojen rezondtor se zdkladnou z plechu s malym teplotnim
koeficientem roztaZnosti ve tvaru nizkého U a délky kolem 1 m,
na jehoZ koncich byly umistény drZaky zrcadel s jemnym thlovym
i délkovym nastavovanim. Napdjeci zdroj byl postaven v tstavu.
Opticky vykon laseru byl m&fen mé&fidlem od VUVET a &inil
nékolik médlo mW. Ing. Kutik byl také ndpomocen s justazi laseru.

Soucasné byla postavena nosnd konstrukce laseru s moZnosti
jemného vodorovného a vyskového natdceni. Pro rozsiteni a koli-
maci laserového svazku navrhl druhy z autort sestavu s mikrosko-
povym a dalekohledovym objektivem s moZnosti jemného posuvu
dalekohledového objektivu. Ke kolimétoru byl vhodné upevnén
puskovy dalekohled, aby bylo mozno provést rektifikaci laserového
svazku na objekt v dalekohledu. Rektifikace byla postupné zptes-

Obr. 1
(kolorované foto z dobového tisku)

,,Ruda zare* nad Prahou r. 1966

novéna na veétsi vzdalenosti. Nejprve se ,,svitilo* na patu kominu
staré cihelny v blizkosti Ustavu, potom na petiinskou rozhlednu,
pozdé&ji na svah pod Ohradou v Praze — Zizkov& vzddleném asi
4,5 km a nakonec na Vyzkumny tstav sd&lovaci techniky (VUST)
A.S. Popova vzdéileny pfes 10 km. VSechny tyto objekty byly
viditelné z véZicky Ustavu, protoZe tehdy jeSte nexistovala pozdéji
vybudovand rozsdhla bytova vystavba. Byly provadény experimen-
ty pro ziskani poznatkil o §ifeni vysoce smérovaného laserového
svazku atmosférou nad riznymi oblastmi méstské zdstavby Prahy.

Velké pozornosti médii se zejména teSila rektifikace na svah
pod Ohradou. V tehdej$im Rudém pravu ze 13. 5. 1966 byl pod
inicidlami —ik- uvefejnén ¢lanecek, ktery vyzdvihoval dosazené
uspéchy a ke kterému byla priloZena fotografie s titulkem Rudd
zére nad Prahou (obr. 1) jako reminiscence k romdnu A. Zapotoc-
kého Ruda zire nad Kladnem. V disledku vzduchovych turbulenci
a také nepresné kolimace byl primér stopy laserového svazku pod
Ohradou asi kolem 3 m.

Zatimco prvni tfi terce byly pouze orientacni, teprve az svétlo
smé&rované na VUST mélo slouZit k pfenosu informace. Byl prena-
Sen amplitudové modulovany akusticky signdl. Podle dostupnych
informaci to byl prvni Gspésny pokus o pfenos informace volnym
prostorem (FSO - Free Space Optical Communication) pomoci
laseru v Ceskoslovensku. Laserovy svazek byl modulovén elekt-
rooptickym moduldtorem vyvinutym Ing. Bohumilem Stddnikem,
CSc. (pozdéji DrSc.). V modulétoru se pouZivaly elektrooptické
krystaly ADP a KDP vypéstované ve vyzkumném dstavu monokrys-
tala (VUM) v Turnové, nyni CRYTUR, s. r.o. Ukézalo se vSak, Ze
pro znacné turbulence nad méstem a Casty vyskyt méné propustné
az témer nepropustné atmosféry v dusledku kourma ¢i mlZnych
kapicek byl zna¢ny dnik signdlu a nebyl zajistén dostatecné vérny
prenos po celou dobu. NadSeni pro tento zptisob pienosu signalu
zacalo ochabovat.

Tehdy se také vyskytl zdjemce, ktery mél zadani pro dalsi vy-
zkum tohoto druhu. Slo o automatické navigovéni fi¢nich bagri
pomoci laseru. Pro tento tcel byly sledovény fluktuace signalu
nad vodni hladinou fi¢nich toki a pfehradnich nddrzi. Ukdzaly se
vSak jesté vetsi potiZze neZ nad méstem. Zejména ranni mlhy zcela
zabratiovaly prenosu signdlu na dlouhou dobu.

Pozdéji byly jesté zahdjeny price na pulzné-kédové modulaci
laserového svazku a na optickém prfenosu s galium-arsenidovymi
(GaAs) elektroluminiscen¢nimi diodami (LED), vysilajicimi svétlo
v blizké infraervené oblasti kolem 850 nm, které byly vyvijeny
v tstavu. Cilem téchto praci bylo alespoii ¢aste¢né zlepsit opticky
prenos atmosférou.

Vyzkum optického sdé€lovani volnym laserovym svazkem
se postupné opoustél a v druhé poloving Sedesatych let pak byl
z rozhodnuti feditele vyzkum optického sdélovani v tstavu ukon-
¢en. Jen nékolik mdlo let poté byla v USA vyvinuta optickd vldkna
z kfemenného skla a ve svét€ nastal bourlivy rozvoj optickych
komunikaci s t€mito vldkny.

M. Chomdt, M. Miler

Ing. Miroslav Chomait, CSc., doc. RNDr. Miroslav Miler, DrSc., spolupracovnici Ustavu fotoniky a elektroniky AV CR, Chabersk4 57,
182 51 Praha 8 — Kobylisy; tel. 266 773 422, e-mail: miroslav.miler@ufe.cz
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60 let svétla v Ustavu fotoniky a elektroniky AV CR, v.v.i.

V roce 1955 zahdjil svou innost Ustav teoretické radiotechniky Ceskoslovenské akademie véd, pred-
chiidce dnesniho Ustavu fotoniky a elektroniky Akademie véd Ceské republiky. V roce 2015, vyhldse-
nym UNESCO za Mezindrodni rok svétla, si pripomerime vybér z nékterych milnikii uZ 60 leté historie
védeckého bdddni v nasem tistavu, zejména téch se vztahem k fotonice a svétlu.

Zalozeni Ustavu fotoniky a elektroniky Akademie v&d Ceské
republiky (UFE AV CR) je spjato s rozsifovanim Ceskoslovenské
akademie v&d (CSAV), pfimé pokradovatelky Ceské akademie
véd a umén, jejiz 125. vyroli zaloZeni si letos pfipomindme. Pri-
pravné kroky k zaloZeni tstavu, tehdy s ndzvem Ustav teoretické
radiotechniky (UTR), vedl v roce 1953 Sergej Djad’kov, piedni
osobnost ¢eskoslovenského elektronického vyzkumu.

Oficidlnim datem vzniku dstavu je 1. f{jen 1954, kdy prezidium
CSAV piijalo rozhodnuti o ziizeni Ustavu teoretické radiotechniky.
Vlastni ¢innost byla zahdjena 1. 1. 1955 a zahy doslo i k piejme-
novini na Ustav radiotechniky a elektroniky (URE). Pod timto
ndzvem ustav pusobil v dlouhém obdobi let 1955-2006. Prvnim
feditelem tstavu byl jmenovan Sergej Djad’kov. Spolu s nim piisla
do dstavu skupinka odbornik z primyslového vyzkumu stabilnich
oscildtoru a statistickych metod v radiotechnice. Déle se k tstavu
pripojila fada vyznamnych osobnosti z oblasti teorie obvodi,
presného méfeni Casu a Sifeni elektromagnetickych vin. JiZ na
pocatku své ¢innosti, v roce 1957, Gstav zaujal svétovou pozornost
uspéSnym mefenim Dopplerova jevu u prvni umélé druZice Zemé,
sovétského Sputniku. Tento dspéch vSak s nejvétsi pravdépodob-
nosti pfedznamenal i vétSi zdjem a dohled bezpecnostnich sluzeb.
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SPUTNIK 1~DOPPLEROYV EFEKT, PRAHA, 18.10. 1957

Obr. 1 Doppleriv efekt zméfeny na prvni umélé druZici Zemé,
Sputniku I

Velky uspéch slavil dstav na svétové vystavé EXPO 1958
v Bruselu se samocinnym pocitacem na principu pravdépodobnosti
a piistrojem pro rezonan¢ni transformaci signdlii. Oba exponaty
byly ocenény zlatymi medailemi. Na konci roku 1955 mél dstav 36
pracovniki (z toho 16 védeckych), rok poté byly piislusné pocty 71
(19) a v roce 1960 dokonce 180 (30). V roce 1959 odchod skupiny
11 pracovniku pfispé€l ke vzniku nového samostatného pracoviste,
které vytvoftilo zdklad Ustavu teorie informace a automatizace
(UTIA) CSAV.

Laserova fyzika a prvni kvantové generatory zareni

Na zacdtku své Cinnosti nemél dstav vlastni budovu a jeho
pracovisté byla na 14 riznych mistech v Praze, z nichZ nejvétsi
bylo v nové budové Geofyzikdlniho dstavu CSAV na Spofilové.
Zahy zacala vystavba nové budovy v Kobylisich, kam se jednotliva
pracoviste soustfedila v roce 1961.

Pfesun do nové budovy bylo vyznamnym krokem pro rozvoj
experimentdlnich vyzkumnych vybaveni. Tak napiiklad mohlo dojit
k umisténi prvniho etalonu pro pfesnd méfeni Casu a frekvence se
stabilnim krystalovym oscildtorem do teplotné stabilizované, 14
metra hluboké Sachty, vystavéné v nové budové. Jiri Tolman, vadci
osobnost ve vyzkumu generace a méfeni presného ¢asu a kmitocCtu,
povzbudil n€kolik spolupracovnik k zahdjeni vyzkumu kvantové
elektroniky s cilem vyvinout kvantovy generitor mikrovlnného
zafeni - maser (Microwave Amplification by Stimulated Emission
of Radiation). Spu$téni maseru na molekulach ¢pavku 26. brez-
na 1963 (prvni kvantovy generitor zareni v Ceskoslovensku)
skupinou vedenou Viktorem Trkalem bylo prelomovou udalosti
v oboru kvantové elektroniky a laserové fyziky u nas.

Obr. 2 Prelomovou uddlosti v oboru laserové fyziky a kvantové
elektroniky u nds bylo spusténi maseru v bieznu 1963 skupinou
vedenou Viktorem Trkalem. Obrdzek vpravo je z dobové televizni
reportdZe o prvnim ¢s. kvantovém generdtoru zareni, zleva: Viclav
Tysl, Viktor Trkal, Jif{ Tolman a Viclav Zima

Brzy poté, zacdtkem kvétna 1963, ndsledovalo spusténi ru-
binového laseru Janem Blablou, pouhé tfi roky po proslulém
vyndlezu laseru Theodora Maimana. Jan Blabla a jeho kolegové
pozdéji sestavili nékolik plynovych lasert: He-Ne (Cerven 1964),
vykonovy CO, (1966), N, (1966) a He-Cd (1970) laser. V roce 1964
byla v kobyliské budové tstavu provedena ve spolupréci s Fakultn{
nemocnici na Bulovce prvni laserova operace ocni sitnice u nas,
podrobnéji o tom pojedndva zvlastni ¢lanek Jana Blably a Viktora
Trkala v tomto Cisle. V obdobi od 30. 11. 1963 do 30. 5. 1964
usporddaly spolecné Fakulta jadernd a fyzikaln€ inZenyrska (tehdy
s ndzvem Fakulta technické a jaderné fyziky) CVUT v Praze a nés
ustav prednaskovy kurz s ndzvem ,,Kvantovd radiotechnika“. Tento
kurz lze povaZovat za prvni vyukovy program oboru laserové
fyziky v tehdejsim Ceskoslovensku. K jednotlivym piednas-
kam byla vydana obsahla skripta (celkem 744 stran), coZ byla
vlastné prvni rozsahlejsi publikace o laserech v ¢eStiné. Skripta
a samotny kurz byly vyznamnym impulzem pro rozvoj zcela nové
a revolucni technologie laserti v nasi zemi.

V rdmci oddéleni kvantové elektroniky se etablovala skupina
elektronové paramagnetické rezonance (EPR) soustfedénd kolem
tandemu Zdenék Sroubek a Karel Zdansky. Skupina velmi rychle
ziskala mezindrodni reputaci v oboru a oba hlavni predstavitelé
postupné dostali pozvéani na zahraniéni univerzity. Z. Sroubek
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odjel v roce 1967 na University of California at Los Angeles,
UCLA (5lety pobyt), a K. Zdansky v roce 1969 na University of
Canterbury (4lety pobyt).

Zacatkem roku 1963 byl jmenovdn novym feditelem tstavu
Vaclav Zima. Provedl zdsadni zmény ve struktufe a védeckém
zaméfeni dstavu. Oddéleni §ifeni elektromagnetickych vin bylo
pievedeno do Geofyzikalniho tstavu CSAV a na druhou stranu do
Gistavu byla zahrnuta &4st byvalé laboratofe optiky CSAV, zabyvajici
se vyzkumem materidli pro infracervenou optiku. Jejim vedoucim
byl vynikajici odbornik na infracervenou optiku Antonin Vasko.
Pozdéji, v roce 1965, byla do tstavu pfevedena z Fyzikdlniho Gstavu
CSAV skupina pro vyzkum ferroelektrickych monokrystali a jejich
aplikace v elektronice pod vedenim Zdenka Mailka. V souladu
se svétovym pokrokem na poli mikroelektroniky, optoelektroniky
a kvantové elektroniky se znacnd ¢ast kapacity dstavu soustiedila
na vyzkum orientovany na technologii polovodict, optické komu-
nikace a fyziku.

Analyza a syntéza feci

Teorie obvodii byla soucdsti vyzkumného zaméfeni tstavu od
dob jeho zaloZeni. Na pocatku se jednalo o vyzkum teorie kaskady
dvoubran, teorie elektrickych filtrii a teorie nelinedrnich obvo-
da a oscildtorti. Pozdé€ji byl vyzkum koncentrovan na diskrétni
a digitdlni zpracovani signalu, zv14sté na digitalni filtry, diskrétni
Fourierovu transformaci a spektralni a kepstralni analyzu. Od roku
1981 zde rozvijeli vyzkum analyzy feci, jejtho kédovani a syntézy.
Vyznamnou osobnosti tohoto vyzkumného programu byl Robert
Vich. Spolupracovala s tstavem jazyka ¢eského filozofické fakulty
Univerzity Karlovy, s Ustavem teorie informace a automatizace
CSAV a fadou primyslovych pracovist. V roce 1987 byla t&mto
vyzkumnym tymiim udé&lena cena Ceskoslovenské akademie véd
za jejich piispevek k vyzkumu kédovani reci.

Méreni prresného casu a frekvence

Usili vénované presnému Casu a frekvenci piineslo svétové
uznavané a vyuZivané vysledky. Piedev§im metoda casového
transferu s pomoci synchronizac¢nich impulzi televizniho vysi-
lani, kterou navrhnul Jiri Tolman, byla celosvétové pouZiviana
az do relativné neddavné doby. V devadesatych letech postupné
prebiraly jeji funkci systémy GPS (Global Positioning System).

Vénceslav FrantiSek Kroupa, ktery z pocétku spolupracoval
s Jifim Tolmanem pfi vystavbé ceskoslovenského centra pfesného
casu a frekvence, se pozd¢ji orientoval na frekvencni syntézu
a dosdhl mezindrodniho véhlasu. Jeho kniha ,,Frequency Synthesis:
Fundamentals and Measurements*, vydand v roce 1973, byla prvni
knihou vydanou na toto téma ve svéte. Za svuj védecky piinos byl
v roce 2003 ocenén medaili Ernsta Macha udilenou Akademif véd
za mimotddné zasluhy ve fyzikdlnich védach.

Obr. 3 CO, laser o vykonu 200 W pojmenovany Barnab4s
(60. 1éta XX. stoleti)

Obr. 4 Kadmiovy laser generujici modré koherentni zafeni
na vinové délce 441,6 nm (1970)

Optoelektronika a SIMS

Od poloviny Sedesatych let se v ustavu rozvijel obor optoelek-
troniky. Oddéleni, které se vénovalo pfipravé a studiu polovodi-
¢ovych vrstev typu A3B5 bylo vytvoreno v roce 1967 oddélenim
skupiny EPR z oddélen{ kvantové elektroniky a v jeho Cele stanul
Karel Zd4nsky. Oddéleni bylo doplnéno laboratofi epitaxni tech-
nologie polovodicovych vrstev, kterou vedl DuSan Nohavica.

Vyzkum fyzikdlnich vlastnosti polovodi¢ovych vrstev, struktur
ariznych typt elektroluminiscen¢nich prvki byl provadén od roku
1967 do konce osmdesétych let. SouCasné s rozmachem epitaxnich
technologii byly rozvijeny také diagnostické metody pro studium
elektrickych, transportnich a optickych vlastnosti polovodi¢ovych
aelektroluminiscen¢ni (EL) spektroskopie, transientni kapacitni spek-
troskopie hlubokych hladin (DLTS) a teplotn€ zavisld Hallova mérent.

Na bazi GaP byly zahy pripraveny EL diody emitujici v Cervené
a zelené Casti spektra s nejlep$imi parametry v ramci tehdejSiho
vychodniho bloku. GaP byl pfipravovdn pomoci epitaxniho riistu
z plynné faze a soucasné byla vyvijena epitaxni aparatura pro
piipravu heterostruktur z kapalné faze. Za zminku stoji fakt, Ze se
D. Nohavicovi podafilo na zacatku 80. let pripravit kvalitni vrstvy
GaN. Z rozhoduti vedeni dstavu vSak nebylo moZné v pifpravé
GaN vrstev pokracovat. V roce 1979 byla pozornost presunuta
na polovodicové zdroje zafeni pro optické komunikace. Aktivity
byly soustfedény do dvou smérii: v prvnim §lo o AlGaAs/GaAs
systém pro 0,8 um telekomunikacni okno a ve druhém o InGaAsP/
InP systém pro provoz v okné 1,3- a 1,55 um. Pfichodem Jana
Novotného doslo k posileni technologie a jeho skupina se véno-
vala pfipravé AlGaAs /GaAs struktur. V roce 1981 bylo dosaZeno
kontinudlni emise zédfeni na vlnové délce 0,8 um pfi pokojové
teplot€¢ v AlGaAs/GaAs laseru s dvojitou heterostrukrurou. Na
vlnové délce v pasmu 1,3 pum se tak stalo v roce 1988 a rok poté
v pasmu 1,55 um. Ustav byl v té dobé jednim z nemnoha pracovit
ve svéte, kde se provadel vyzkum, ndvrh a priprava polovodic¢ovych
EL prvka a numerickych displeja. Pivodni ndvrh GaAs displeje,
navic v kontextu s nastupujici digitaln{ technikou, vzbudil znacny
mezindrodni ohlas.

Velmi vyznamnou metodikou rozvijenou v udstavu od roku
1974 je hmotnostni spektrometrie sekunddrnich iontd (SIMS -
Secondary Ions Mass Spectroscopy). Zvlastniho mezindrodniho
uzndni dosdhl Zden€k Sroubek svym piispévkem k porozuméni
procest pienosu elektrického ndboje pii dynamické interakci ionti
s povrchem pevné latky.

Holografie

V oblasti koherentni optiky bylo vyvinuto n€kolik specifickych
metod pro vyzkum deformaci a mechanickych vibraci raznych
objektu, pfip. popis jejich tvarti s pouZitim holografické topografie.
Holografické difrak¢ni miiZky, jako vyhodnd alternativa mechanic-
ky rytych miizek, byly vyrabény a doddvéany pro specidlni optickd
zafizeni v prumyslu. Byla udinéna fada origindlnich prispévki
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k teorii holografického zobrazovani, svétové prvenstvi ma napft.

myslenka fokusujicich vazanych mfiZek. Vice o holografii pojed-
néva ¢lanek Miroslava Milera v tomto ¢isle.

Optické komunikace

Na konci 70. let byla v souladu se svétovymi trendy pozor-
nost Ustavu zaméfena na teoreticky a experimentdlni vyzkum
v optickych komunikacich. V roce 1979 byla oblast materidlového
vyzkumu sv&fena Spolené laboratofi silikdtit CSAV a VSCHT (od
r. 1987 Ustav skelnych a keramickych materiala CSAV) a spojené
usili obou tstavi vyustilo v ucelenou metodickou a technologickou
zakladnu pro optické komunikace v Ceskoslovensku. To zahrnovalo
napt. fyzikdlni modely pro fizeni pfipravy gradientnich optickych
vldken, vyvoj a vyrobu prototypti unikdtnich zafizeni pro méfeni
pruméru vldkna pri taZeni a pro automatickou kontrolu procesu
tazeni vldkna. Tyto vysledky byly podloZeny rozsahlym teore-
tickym a experimentdlnim vyzkumem $ifeni svétla ve vldknech
(jak pro komunikace, tak pro senzorové aplikace), vyzkumem
technologie vldknovych komponent a metod pro charakterizaci
optickych vldken. Do primyslu, tehdej$i VUSU Teplice, byla zave-
dena technologie pfipravy vlaken typu PCS (Polymer-Clad-Silica)
a gradientnich vlaken. Zvlastni pozornost byla vénovana vyzkumu
polarizaci zachovdvajicich vldken s napétovymi prvky.

V roce 1977 byl zahdjen vyvoj integrované optiky, tj. vyzkum
nejriznéjSich vinovodnych prvki pro déleni, sluCovdni, fizen{
a zpracovani optickych signéli. Pod vedenim Jifiho Ctyrokého
byla systematicky rozvijena teoretickd analyza §ifeni svétla v izo-
tropnich i anizotropnich plandrnich a kandlkovych vlnovodech
a elektrooptické a akustooptické interakce v té€chto vinovodech. Na
ptipravé experimentdlnich vzorki tstav tizce spolupracoval s tech-
nologickou skupinou v tehdej$im Vyzkumném tstavu pro sdélovaci
techniku A.S. Popova vedenou Josefem Schrofelem a skupinami
Jarmily Spirkové-Hradilové a Ivana Hiittela na VSCHT.

Navrat demokracie (obdobi 1989 — 2012)

Péd totalitniho reZimu a ndvrat demokracie do nasi zemé v roce
1989 nastartoval fadu pozitivnich zmén v Akademii véd a jejich
ustavech. JiZ v roce 1990, na samém zacdtku nové éry, byla zvolena
védeckd rada ustavu, organ, ktery se aktivné podili na fizeni dstavu.
Reditelem byl zvolen a poté jmenovan Viktor Trkal. Otevieni se
svétu s sebou pfineslo rozsifeni mezindrodni védecké spoluprice
s technologicky nejrozvinutéj$imi stity a z toho plynouci obohaceni
vlastni védecké prace. Svobodné badatelské prostiedi podporila
nové zavadéna cilend podpora vyzkumu formou védeckych gran-
ti. Na druhou stranu n4s dstav byl silné orientovdn na spolupréci
s primyslem a transfer vysledkii vyzkumu do praxe, a proto ho
vice nez jiné ustavy Akademie véd postihl dtlum primyslové
vyroby v nékterych odvétvich. V pribéhu let 1990 — 1992 bylo
tieba piehodnotit praci viech tstavii CSAV a zabezpetit jejich
&innost po rozd&leni republiky piijetim zakona o Akademii véd CR.

Obr. 5 Opticky reflektometr pro méfeni ttlumu optickych vldken
vyvinuty v 80. letech XX. stoleti pro telekomunikace

Transformace Akademie véd zahrnovala i redukci pracovist a poctu
zaméstnancll. NS tstav proSel v roce 1992 hodnocenim tspésné,
ale, podobné jako ostatni dstavy, musel sniZit pocet zaméstnanctl,
ato o jednu tfetinu na 128 pracovnikid. Od té doby prochdzi dstav
ndroénym mezindrodnim hodnocenim pravidelné. V té dobé se
k dstavu pripojila i skupina technologie optickych vldken, vy-
¢lenénd v roce 1979 do samostatného pracovisté. V roce 1994 se
stal feditelem Jan Sim$a a po jeho dvou funk&nich obdobich byl
v roce 2002 feditelem jmenovan Vlastimil Matéjec a od roku 2012
je feditelem Jiri Homola. Vyznam vyzkumu v oblastech fotoniky
a optoelektroniky v naSem tstavu se promitl i do zmény jeho nazvu.
Soucasné se zménou pravni formy pracovisté na vefejnou vyzkum-
nou instituci se s platnosti od 1. ledna 2007 zménil jeho nidzev na
Ustav fotoniky a elektroniky AV CR, v.v.i. Aktudlni vyzkumny
program tymda UFE stru¢né uved] feditel dstavu v tdvodnim slové.
Vybrané vysledky vyzkumu z posledni doby tvoii dalsi obsah to-
hoto ¢isla JMO. Na zavér zminime aktivity tstavu, které se noveé
objevily nebo se zv14st vyrazn€ rozvinuly v obdobi 1989-2012.

Optické biosenzory zaloZené na rezonanci povrchovych
plazmont

Zacatkem devadesatych let byl zahdjen vyzkum senzori na
principu rezonan¢ni excitace povrchovych plazmoni (SPR - surface
plasmon resonance). Prvni SPR senzor vyvinuty v tstavu v roce
1992 byl zaloZen na méfeni tGtlumu Gplného odrazu a thlovém
skenovdni. Brzy poté byl navrZen opticky vldknovy SPR senzor,
jehoz dalsi zlepSovan{ vyustilo v nejmensi dosud na svété vyvinuty
SPR vldknovy senzor. Ddle byly zkoumdny SPR senzory zaloZe-
né na integrované optickych vlnovodech. Byly demonstrovany
integrované optické SPR senzory zaloZené na vlnovodech pfi-
pravenych iontovou vyménou a spektrdlnim vyhodnocovéni. Na
konci devadesatych let byl studovan jev rezonance povrchového
plazmonu na difrakénich miizkach. Tyto studie inicializovaly
novy vyzkumny program zacileny na vicekandlové SPR senzory
s pouzitim difrakénich miiZek. V roce 2002 tento program vyustil
v unikétni vicekandlovy SPR senzor zaloZeny na spektroskopii
povrchovych plazmond na matici difrak¢nich miiZek, prvni SPR
senzorova platforma schopnd provadét pres 100 méfeni soucasné.
Ve spoluprici s v&dci z Ustavu makromolekuldrni chemie AV CR
v Praze a z University of Washington v Seattlu (USA), byla vy-
zkumniky v naSem ustavu tato unikdtni SPR senzorovd platforma
vyuZita k detekci a identifikaci chemickych a biologickych litek
dileZitych pro ochranu Zivotniho prostedi (pesticidy), 1ékai'skou
diagnostiku (hormony, protildtky), potravindistvi (kontrola jakosti
potravin, detekce Skodlivin) a vojenstvi (detekce otravnych latek).

Charakterizace a priprava nanomateriali

Pro moderni charakterizaci polovodicovych vrstev, povrchl
a struktur, jakoZ i skelnych materidli bylo rozvijeno nékolik dia-
gnostickych metod. Mezi nejvyznamnéjsi 1ze uvést pravy v la-
boratofi elektrickych méfeni K. Zd4nského umoziujici komplexni
charakterizaci transportnich vlastnosti polovodi¢ovych struktur
pomoci DLTS a admitan¢ni spektroskopie spolu s méfenim I-V
a C-V charakteristik v teplotnim rozsahu 77-430 K a hallovska
méfeni v teplotnim rozsahu 10-430 K. Skupiné vedené Jarmilou
Walachovou se podaiilo vybudovat, jako jediné v CR, laboratof
Ballistic electron emission spectroscopy and microscopy BEEM/
BEES, vhodnou pro studium polovodicovych nanostruktur. S pfi-
chodem Petara Gladkova v roce 1995 byla pfestavéna a doplnéna
laboratof nizkoteplotni FL spektroskopie, ktera tak ziskala svétové
parametry. FL spektrometr nyni umoZiiuje provadeét citlivd méreni
s vysokym rozliSenim v Sirokém teplotnim (4-300 K) a spektral-
nim (300-9000 nm) rozsahu. Podrobnéji o vyuZiti nizkoteplotni
FL pro studium polovodi¢ii pojednava ¢lanek Petara Gladkova
a Jifitho Zavadila v tomto Cisle. MoZnosti charakterizace byly déle
vylepSeny instalaci skenovaciho elektronového mikroskopu s EDX
systémem, ktery byl neddvno doplnén v dstavu navrZenou a sesta-
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moznosti aparatury SIMS byl vyvinut hmotovy pruletovy spekt-
rometr. Studium nanostruktur a velmi tenkych vrstev vybranych
polovodict bylo provadéno s pomoci balistické, emisni elektronové
mikroskopie a spektroskopie, véetné v dstavu vyvinutého skenova-
ciho tunelovaciho mikroskopu. Byla vyvinuta metodika piipravy
vysoce kvalitnich Schottkyho kontaktl na riiznych polovodic¢ovych
materidlech (InP, GaN, ZnO, struktura se ZnO nanotyckami) po-
moci elektroforetické depozice kovovych nanocéstic z koloidnich
roztokt nebo s vyuZitim depozice koloidniho grafitu. Bylo ukdzéno,
Ze Schottkyho kontakty, pfipravené s vyuZitim koloidniho grafitu
a dekorované nanocésticemi Pd nebo Pt, 1ze vyuzit jako vysoce
citlivé senzory vodiku s rychlou odezvou. Vynikajici experimentalni
fyzik Petar Gladkov vyuZil svych znalosti rovnéZ pro aplikovany
vyzkum. V ramci evropského projektu Brightlight (2007-9) vyvinul
origindlni metodu pélovani nelinedrnich krystalii pro generaci druhé
harmonické frekvence, vyuzZivané ve vykonnych zdrojich zafeni v
zelené oblasti viditelného spektra.

Vldknova optika pro senzory a vliknové zesilovace a lasery

V roce 1993 byla k tstavu pfipojena laborator technologie op-
tickych vldken, kterd byla difve soucdsti Ustavu chemie skelnych
a keramickych materidla. Toto rozhodnuti posililo vyzkum tstavu
na poli optickych vldken, nebot program laboratote je soustfedén
na materidlovy vyzkum specidlnich optickych vldken pro vldknové
lasery a zesilovace a pro optické vldknové senzory. Tym Miroslava
Chomata vyvinul opticky vldknovy gyroskop vcetné potfebnych
optickych vldknovych komponent. Po ukonceni vyvoje gyroskopu
se vyzkum orientoval na chemické senzory s evanescentni vinou.
Pro tyto senzory byly pfipravovany nové typy optickych vldken,
jako jsou sektorova vldkna a mikrostrukturni vldkna, ve kterych
se nachdzi jadro optického vldkna blizko detekované latky. Na
vyzkumu specidlnich optickych vldken pro chemické senzory se
vyznamné a dlouhodobé podileli Vlastimil Matéjec a Ivan Kasik.

Prvni funk¢ni erbiem dopované vldkno pro zesilovace EDFA
(erbium-doped fiber amplifier) bylo v laboratofi technologie op-
tickych vldken pfipraveno jiZ v roce 1990 a zéhy jej Jifi Katika
Uspésné otestoval v pulznich vlaknovych laserech. Sestavili jsme
zafizeni pro zdpis vldknovych miiZek s dlouhou periodou. Ve
vyzkumu vyuZiti téchto vlaknovych mfiZek v oblasti senzord,
telekomunikaci a vldknovych lasert jsme dosahli fady unikdtnich
vysledkd. Projektovy tym vedeny Radanem Slavikem ziskal za
vyzkum vldknovych miiZek s dlouhou periodou zvlastni Cestné
uznani predsedy GACR v roce 2010. Byly navrZeny nové me-
tody pfipravy dvoujiddrovych vldken a dvouplaStovych vldken
dopovanych prvky vzacnych zemin pro vlidknové lasery a zesi-
lovace. V roce 2007 Ivan KaSik s kolegy jako prvni publikoval
experimentdlni prici o metodé dopovani jadra optického vldkna
keramickymi nanocasticemi. Vyznamnych vysledka jsme dosdhli
v oblasti zdkladniho vyzkumu nestabilit vldknovych lasert a mé-
dové synchronizovanych pulznich reZimi. Pod vedenim Miroslava
Karaska byly vyvijeny softwarové néstroje pro teoretickou ana-
lyzu a navrh vlaknovych zesilovaci dopovanych prvky vzacnych
zemin (erbiem, erbiem-yterbiem, praseodymem) a ramanovskych
vldknovych zesilovaci. Tyto programy byly rovnéZ integrovany do
komer¢niho ndvrhového software kanadskou firmou Optiwave Inc.
Od zac¢étku milénia se rozvijela intenzivni spoluprace se sdruZenim
CESNET, poskytovatelem internetu ¢eskym vysokym Skoldm
a akademickym pracovistim, pfi které jsme méli moZnost aplikovat
nejnovejsi poznatky vyzkumu vldknovych zesilovaci v praxi. Tym
Miroslava Karaska byl za tuto praci ocenén v roce 2007 cenou
ministra Skolstvi za vyzkum. Vyvinuty EDFA byl primyslové vyra-
bén ve firmé& Optokon a fada dalSich technickych feSeni a vynélezt
je patentové chrdnéna, vcetné amerického patentu.

Numerické modelovani optickych vinovodi

Teoretické ani experimentdlni studium vlnovodnych struktur
integrované optiky se neobejde bez kvalitnich néstroju pro jejich
numerické modelovani. Proto byla této problematice od pocatku

Obr. 6 Miroslav Kardsek na kon-
ferenci Optical Fiber Communi-
cations v Anaheimu, USA v roce
2007. TentyZ rok prevzal spolu
s kolegy ze sdruzeni CESNET
cenu Ministra Skolstvi za vyzkum
vldknovych zesilovaci

Obr. 7 RNDr. Hana Lisalovd
Vaisocherova, Ph.D., ziskala
prestizni stipendium firmy L’O-
réal pro Zeny ve védé zarok 2011
za projekt "Trap Shuts in a Few
Minutes"

vénovana velkd pozornost. Kromé relativné jednoduchych néstroja
pro vypocet konstant §ifeni a rozloZeni optickych poli vedenych
vidl v riznych typech vinovodnych struktur byly postupné vyvi-
jeny metody a jim odpovidajici softwarové ndstroje pro vypocet
rdch — pasivnich déli¢ich vykonu, elektrooptickych moduldtort
a pfepinaci, ale i ve vinovodnych polarizacnich filtrech vyuZi-
vajicich povrchové plazmony. Jiri Ctyroky se intenzivné zapojil
do vyzkumu této problematiky v mezindrodnim méfitku zejména
v ramci akef COST 240, COST 268 a pozdé&ji i v rdmci evropskych
projekttt PCIC a NAIS. Neni bez zajimavosti, Ze plivodné exotickd
vlnovodna struktura tvotfend dvojici vzdjemné vazanych vinovodi,
z nichzZ jeden je ztratovy a druhy vykazuje zesileni, kterd byla na-
vrZena jako ndrocny test stability a pfesnosti numerickych metod,
se o nékolik let pozd€ji dockala zna¢né pozornosti teoretickych
fyzika jako modelova struktura pro kvantové mechanické systémy,
na niZ je mozno optickymi metodami studovat procesy vedouci
k naruseni symetrie Cas/parita. Systematicky vyvoj modelovacich
metod vyustil v ndstroj pro efektivni plné vektorové modelovani
chovani i pomérné rozlehlych trojrozmérnych vinovodnych struk-
tur, které umoziiuji efektivné analyzovat i subvlnové segmentované
vlnovodné struktury. Pro dal$i podrobnosti odkazujeme Ctenafe na
samostatny ¢ldnek o integrované optice v tomto cisle.

Uvedeny piehled vyzkumnych aktivit dokladd, e UFE bylo a je
schopné dosahovat $pickovych védeckych vysledkt v mezindrod-
nim srovndni. Mnoho dileZitych aktivit nebylo zminéno, zejména
bohatd pedagogickd ¢innost a vychova novych vyzkumnych pracov-
nikii: doktorské price v UFE vypracovévaji postgradualni studenti
fady fakult vysokych 8kol véetné Univerzity Karlovy, Univerzity
Palackého v Olomouci, CVUT a VSCHT v Praze. DileZitou &in-
nosti je pravidelné organizovani a spoluorganizovani vyznamnych
odbornych konferenci a kongresu, dva priklady z dubna 2015 jsou
uvedeny v tomto &isle. V ndrodnim méfitku je ocefiovana role UFE
v komunikaci védy vefejnosti a primyslu. Jednd se o popularizaci
védy odborné i Siroké vetejnosti a transfer vysledkd vyzkumu do
praxe. V Mezindarodnim roce svétla 2015 prejeme dstavu jesté hodné
»svételnych let” dspésného vyzkumu!

Pavel Peterka a Jiri Zavadil

Podékovdni: V cldnku byly pouZity obrdzky a tidaje ze specidl-
niho dvojcisla Ceskoslovenského casopisu pro fyziku (& 4-5, svazek
60, rok 2010, ¢ldnky Jana Blably, Viktora Trkala, Miroslava Milera,
Pavla Peterky, Pavla Honzdtka a Miroslava Kardska) vénovaného
50. vyroci prvniho laseru a ddle z casopisu Jemnd mechanika
a optika, ¢isla 4 z roku 2010, které bylo vénované vyzkumu vidknové
optiky v UFE u prileZitosti udéleni Nobelovy ceny Ch. K. Kaovi za
vyzkum optickych vldken.
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Sympozium SPIE Optics + Optoelectronics zaznamenalo
rekordni zajem

Letosni sympozium a vystava Optics + Optoelectronics mezindrodni spolecnosti pro optiku a fotoniku
SPIE bylo nejvétsi za dobu 10 let svého trvdni a prildkalo vice nez 700 iicastnikii z celého svéta. Sive
predstavenych technologii a mnoZstvi vyraznych osobnosti poskytly vcastnikiim vynikajici zdZitek
a napomohly jejich vzdjemné interakci a propojovdni i napric obory. Setkdni v praZskych Vysocanech

v

13.-16. dubna bylo jednou z nejvyznamnéjsich uddlosti v optice a fotonice v Ceské republice v Mezi-

ndrodnim roce svétla 2015.

Podpora Ceské republiky fotonickym technologiim

Pti zahdjeni setkdni uvital Gcastniky mistopfedseda Akademie
véd Ceské republiky Dr. Jan Safanda, ktery fekl: ,,R4d bych vyjadiil
svou vdécnost organizatorim, Ze tak velké a reprezentativni vé-
decké shromézdéni svolali do Prahy a Ze mezi jeho predsedajicimi
a Cleny ridictho vyboru jsou také vynikajici védci ze dvou tstavi
Akademie véd, a to z Ustavu fotoniky a elektroniky a Fyzikalniho
ustavu. Pfi pohledu na seznam témat diskutovanych v priibé¢hu sym-
pozia jsem si uvédomil, jak velky potenciél uplatnéni tento védni
obor ma. Akademie véd Ceské republiky silng podporuje vyzkum
v této oblasti fyziky. Jak asi vite, dv€ velkd laserovd vyzkumnd
centra jsou postavena v blizkosti Prahy v Dolnich BfeZanech pod
vedenim Fyzikdlniho udstavu. Jednim z center je HiLASE, coz
je zkratka pro pulzni lasery s vysokym primérnym vykonem,
a druhym je Extreme Light Infrastructure nebo-li ELI Beamlines.
Vsichni véfime, Ze ob€ zafizeni budou patfit mezi predni evropska
védeckd centra, kterd pfildkaji Spickové védce a poskytnou jim
vynikajici podminky pro $pickovy vyzkum.*

Interdisciplinarni pristup k vyzkumu a aplikacim svétla

Sympozium SPIE Optics + Optoelectronics se od roku 2007
kona tradi¢né kazdy druhy rok v Praze a stfidé se tak s rovnéz
obro¢nim sympoziem SPIE Photonics Europe v Bruselu. PraZzské
sympozium zahrnovalo na 16 technickych konferenci a workshop
Laser Energy, zaméfeny na vyzkum laserové inercidlni fuze.
Utastnici a prednasejici pfijeli ze zemi celé Evropy, z Ruska,
Ciny, USA, Japonska a Koreje. Vzdjemné komplementarni témata
podporovala synergicky efekt mezi jednotlivymi konferencemi.
Dil¢i konference byly zaméfeny na laserové urychlovace ¢dstic
a jejich medicinské aplikace, optické senzory, specidlni optickd
vldkna, technologie lasert s vysokymi energiemi a intenzitami
pulzi, integrovanou optiku, holografii, optické metamaterialy,
kvantové opticky prenos informaci a dalsi témata. Na setkani mélo
zastoupeni n€kolik velkych mezindrodnich projektli a sympozium
se tak stalo dileZitym mistem, kde vyzkumni pracovnici, zastupci
vladnich agentur pro financovani vyzkumu, ¢i provozovatelé
vyzkumnych infrastruktur mohli spole¢né diskutovat soucasny
stav, tspéchy a nové vyzvy.

Inspirace vyjimecnymi osobnostmi fotoniky

Velkym ldkadlem pro dcastniky byly plendrni prednasky.
Peter Moulton, vyndlezce titan-safirového preladitelného laseru,
ktery pfinesl v osmdesatych letech revolu¢ni zmény oboru lasert
s ultrakratkymi pulzy, srovnéval tfi hlavni pristupy optickych ze-
silovact s ultravysokym Spickovym vykonem pulzi: zesilovact
zaloZenych na objemovych elementech, na parametrickém zesileni
¢erpovaného impulzu a vldknovych zesilovacich. Cenny byl jeho
pohled praktického experimentdtora, ktery si uvédomuje zdvaznost
zafizeni s extrémnim Spickovym vykonem pulzl. Zaplnény sél
vyslechl i pfednasky Ference Krausze z Institutu kvantové optiky

Maxe Plancka z Mnichova o moZnostech pozorovani procest
v atomech a molekuldch pomoci attosekundovych laserit a Andrea
Melloniho z Mildnské Polytechniky o integrovanych fotonickych
obvodech. Sang-Hyun Oh z Univerzity v Minnesoté pfednesl
plenarni pfedndsku o kovovych nanostrukturdch pro plazmoniku
a optoelektroniku.

Piedseda sympozia, prof. Jiti Homola (UFE), Peter Moulton
(Q-Peak) a vykonny feditel SPIE Eugene Arthurs.
© SPIE, the international society for optics and photonics

Robert Lieberman, nové zvoleny prezident SPIE, shlédl pfipravu
specidlnich optickych vldken na exkurzi v tymu Vldknovych laseri
a nelinearni optiky UFE

204

J©  5-6/2015



Zivé diskuze probihaly b&hem posterové sekce a na dvoudenni
vystavé, kde témér 30 vyrobct a dodavatelt predvadélo optické
pristroje, zatizeni a komponenty pro primyslové a vyzkumné ap-
likace. Zajimavosti ze sympozia by bylo moZné napsat mnohem
vice, nez kolik poskytuje zde vymezeny prostor. Podrobnéjsi zpravu
pfinese v blizké budoucnosti Ceskoslovensky &asopis pro fyziku
a podrobné a Ctivé reportaze l1ze rovnéZ nalézt pfimo na strankach
spolecnosti SPIE www.spie.org/oo.

Zaplnény konferenc¢ni sdl pti plendrnich prednaskach.
© SPIE, the international society for optics and photonics

Navstéva cistych laboratofi laserového centra HILASE.
© SPIE, the international society for optics and photonics

Elita v oboru polovodicovych material( a optiky
pro stredni infracervenou spektralni oblast se sesla v Praze

Ustav fotoniky a elektroniky (UFE) pofddal ve spolupréci
s evropskou akci COST MP1204 dvé mezindrodni konference: 6™
International Conference on Semiconductor Mid-IR Materials and
Optics (SMMO2015) a 3 Annual Conference of COST Action
MP1204. Uddlosti byly soucdsti akce Mezindrodniho roku svétla
2015 a konaly se v budové UFE ve dnech 8.-11. dubna 2015.

Ucastnici piijeli predeviim z Evropy, ale i Severni Ameriky
a Blizkého vychodu, celkem z 28 zemi. Souc4sti obou konferenci
bylo celkem 41 ptfedndsek, z toho 12 zvanych. Mezi zvanymi
predndsejicimi byli: Prof. Roberto Morandotti (INRS, Kanada),
Dr. Anna Sitek (University of Iceland, Island), Dr. Hynek Némec
a Dr. Christelle Kadlec (FZU AV CR), Prof. Gaetano Scamarcio
(Universita Degli Studi Di Bari, Itdlie) a dalsi.

Vedle pfednasek prob&hla prvni den posterova sekce, kde bylo
prezentovano celkem 21 praci. Zdjem odborné vetejnosti o pota-
dané konference byl znacny — primérnd denni tcast dosahovala

Konference zahdjil Dr. Pavel Honzatko,
spolupfedsedajici obou konferenci a ¢len fidictho vyboru
evropské akce COST MP1204 Tera-MIR

70 posluchact. Zaméreni konferenci bylo na témata spojend s re-
alizaci zdroju ¢i detektori zareni ve stfedn{ infracervené spektraln{
oblasti a jejich pouZiti pro environmentdlni monitoring, medicin-
skou diagnostiku nebo bezpecnostni aplikace.

Sbornik abstraktt je kromé& kniZzni podoby (ISBN: 978-
80-86269-23-8) dostupny také online na konferenénim webu
(www.ufe.cz/smmo2015). Vybrané piispévky budou publikoviny
ve zv14Stnim Cisle Casopisu Optical and Quantum Electronics.

Filip Todorov a Petra Novdckovd
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ﬁvogni slovo feditele Ustavu fotoniky a elektroniky
AV CR, V. V. i. (J. HOmMOIQ) .....ccovvviirieeeiriceiee e 155

Detekce chemickych a biologickych liatek pomoci biosenzori
s povrchovymi plazmony

(H. Lisalova Vaisocherova, M. Vala, J. Homola)..................... 158
V této praci jsou popsdny a zhodnoceny vybrané védecké poznatky
dosazené v poslednich letech v Ustavu fotoniky a elektroniky AV
CR, v.v.i. v oboru vyzkumu optickych biosenzori s povrchovymi
plazmony. Uvedené poznatky konkrétné demonstruji dosaZeny po-
krok jak v oblastech instrumentace biosenzort, tak i imobilizacnich
technik a aplikaci vyvijenych biosenzorti pro detekci vybranych
chemickych a biologickych latek.

Klicova slova: opticky biosenzor, povrchovy plasmon, SPR,
functionalizace, biodetekce

Vliv hustoty pokryti kovovych nanoéastic na vykonnost SERS-
-aktivnich optickych vlaken (J. Kafika)........c...cceevveruvennnnen. 161
Numericko-analyticky model byl vyvinut pro vySetieni vlivu hus-
toty pokryti kovovych nanoc¢éstic na souhru Ramanova zesilen{
a dtlumu vedeného vidu v SERS-aktivnich optickych vldknech.
Tento model byl aplikovédn na dva odli§né typy SERS-aktivnich
vldken: na jednovidové fotonické krystalové vldkno typu ,,sus-
pended-core* se stiibrnymi nano¢dsticemi immobilizovanych na
sté€néch plastovych kandlii a na mnohovidové bezpldstové safirové
vldkno se stffbrnymi nanocdsticemi na jeho vdlcovém povrchu.
Predpovézené kiivky Ramanovy intenzity jako funkce hustoty
pokryti nanocastic, délky vlakna pokryté nanocasticemi a excito-
vanych vidi jsou v dobré shodé s publikovanymi experimentalnimi
vysledky pro uvedené kontrastni typy SERS-aktivnich vldken.
Kli¢ova slova: optické vlaknové senzory, povrchové zesileny
Ramantv rozptyl, spektroskopie, Raman

Generace zireni ve stfedni infracervené oblasti v nelinearnich
krystalech s pouZitim vliknovych laseri

(Y. Baravets, P. Honzatko, F. Todorov, P. Gladkov)................. 164
Vyvinuli jsme tizkopdsmovy kontinudlni mid-IR generdtor zaloZeny
na generaci rozdilové frekvence (DFG) v periodicky p6lovanych
(PP) krystalech KTA a KTP. Krystaly jsou vyuzity k sméSovani
svazki od vysokovykonnych vldknovych laserovych systému
pracujicich ve spektralnich pasmech 1060 nm a 1550 nm. Ve zdroji
zaloZeném na krystalu PPKTA bylo dosaZeno preladitelnosti v roz-
sahu 3100 nm — 3620 nm. V tstavu byl postaven prototyp zafizeni.

Teorie a modelovani vinovodnych fotonickych struktur

(J. CLYTOKY) oo 166
Numerické modelovéni je nepostradatelnou soucasti teorie a navrhu
jakékoli vinovodné fotonické struktury a sou¢dstky. Poméha nejen
uSetfit ¢as i penize ndhradou ndkladné a Casove€ ndrocné piipravy
metodou pokust a omyld numerickymi simulacemi, ale také —
a to zejména — vyznamné pfispivd k opravdovému porozuméni
fyzikdlnim jeviim, na nichZ je funkce t&chto struktur ¢i soucdstek
zaloZena. Tento obor je v Ustavu fotoniky a elektroniky AVCR
systematicky rozvijen jiZ vic neZ tfi desetileti. Po n€kolika ptikla-
dech nejvyznamnéjsich vysledku jsou v tomto pfispévku strucné
popsany zaklady neddvno vyvinuté fourierovské moddlni metody
pro modelovani trojrozmérnych fotonickych struktur a jsou uvedeny
nekteré vysledky jeji aplikace na kfemikové subvlnové miizkové
vlnovodné struktury.

Klicova slova: integrovand optika, optickd vlnovodna teorie,
plasmonika, nanofotonika

Aktivni vladkna dopovana nanocasticemi (J. Mrizek, 1. Kasik,
O. Podrazky, J. Aubrecht, J. Cajzl, J. Probostova, P. Peterka)...170

Clének popisuje vybrané &innosti Ustavu fotoniky a elektroniky,
v.v.i. v oblasti pripravy aktivnich vldken dopovanych nanocasti-
cemi. Nanocasticemi dopovand vldkna byla pfipravena metodou
“in-situ”, kterd spocivd v fizené krystalizaci dopanti v priitbéhu
tepelného zpracovani vlaken. Druhd metoda “off-line” spocivala
v dopovdni vldken jiZ pfipravenymi nanokrystaly. Optickd vldkna
pfipravend metodou “off-line” vykazovala niZ§i zdkladni dtlum.
V ptipadé, kdy byly do vldkna naneseny “off-line” pfipravené na-
nokrystaly aluminy dopované thuliem bylo pozorovano prodlouZeni
Iuminescence na hodnotu 674 ms, coZ je o 30 % vice neZ u srov-
natelného vldkna, u kterého byly nanokrystaly vytvoieny metodou
“in-situ”, tedy fizenou krystalizaci dopantti. Vybrané optické vldkno
dopované erbiem bylo testovano jako aktivni prostfedi v kruhovém
vldknovém laseru.

Klicova slova: nanocéstice, optické vlakno, luminescence, vlak-
novy laser

Thuliem dopovana vlakna a optické vlaknové soucastky pro
vlaknové lasery na vinovych délkach v okoli 2 um (P. Peterka,
P. Honzétko, 1. Kasik, O. Podrazky, F. Todorov, J. Cajzl, P. Koska,
Y. Baravets, J. Aubrecht, J. Mrazek).......cccccccoeevvveeeeeeineeeceenns 174
Vldknové lasery patii mezi nejmladsi a nejrychleji se rozvijejici
typy lasert. Zlata éra vldknovych lasert zacala teprve na zacatku
nového tisicileti a navazuje na dspéch vldknovych zesilovaci
v telekomunikacich v devadesatych letech. Ytterbiem dopované
vldknové lasery na vlnovych délkich v okoli 1 pm jsou v sou-
Casnosti vilbec nejvykonnéjsimi dostupnymi lasery, dosahuji az
100kW prameérného vystupniho vykonu. Vldknové lasery na 2 pm
zaloZené na thuliem dopovanych optickych vldknech ziskdvaji
nyni na vyznamu diky menSimu riziku poskozeni zraku, menSim
omezenim kvili nelinearitdm, vysoké icinnosti dosahujici az 70 %
a efektivnéjsimu opracovavani nékterych materialii, napt. plasta.
V piispévku shrnujeme nékteré nase neddvné vysledky v oblasti
vyzkumu novych typl materidld pro zlepSeni fluorescencnich
vlastnosti thuliem dopovanych vldken, novych typt vldknovych
optickych soucdstek a jejich pouZziti v monolitickém vldknovém
laseru. Popisujeme rovnéz vysledky vyzkumu koherentniho kom-
binovéni thuliem dopovanych vladknovych laserd.

Klicova slova: vlidknové lasery, thulium, holmium, ¢erpani pres
plast (cladding pumping)

Vlaknové opticky senzor pH pro in-vivo méreni v mikrosko-
pickych biologickych vzorcich

(O.Podrazky, J. Mrazek, T. Martan, S. Vytykacova, J. Probostova,
I. Kasik, D. Sedmera, K. HOyerova) .........c.cceceevveveneeceeniennenne. 178
Optické vldknové senzory mohou pfinést fadu vyhod pii vyuZiti
v oblastech biologie, mediciny ¢i v ochrané Zivotniho prostredi.
Vyznacuji se malymi rozméry a odolnosti vici elektromagnetické-
mu poli, pficemZ neZddouci ovlivnéni méfenych vzorki je u nich
téZ velmi omezeno. Jednim z daleZitych parametri sledovanych
u biologickych systému je kyselost prostiedi, vyjaddiend jako pH.
Clének popisuje vyvoj optického pH -senzoru vyuZivajiciho ziZe-
né vldknové sondy. Princip méfeni je zaloZen na sledovdni emise
fluorescence sodné soli kyseliny hydroxypyren-1,3,6-pyrentrisul-
fonové (pyranin) pfi excitaci dvéma odliSnymi vlnovymi délkami
(405 nm a 450 nm). Senzor vykazoval citlivost na pH v rozsahu od
5,5 do 7,5, pfi¢emZ dosaZené rozliSeni ¢inilo +0,15 pH jednotky.
Pouziti ziZenych vldknovych sond pak umoZznilo in-vivo méfeni
v mikroskopickych biologickych vzorcich.

Klicova slova: optické sensory, opticka vlakna, pH

Nizkoteplotni fotoluminiscen¢ni spektroskopie krystalickych
a skelnych polovodica (P. Gladkov, J. Zavadil) ..................... 182
Je predstaven nizkoteplotni fotoluminiscen¢ni spektrometr navrZeny
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a sestaveny v Ustavu fotoniky a elektroniky. Spektrometr umoz-
fuje méfeni s velkou citlivosti a rozliSovaci schopnosti v Sirokém
spektralnim (300 nm — 9000 nm) a teplotnim (3,5 K — 300 K) roz-
sahu. Unikdtni spektrdlni rozsah spektrometru ddv4 nasi laboratori
jedine¢nou moznost studovat rizné polovodi¢ové materidly a jevy.
V préci je demonstrovano vyuZiti spektrometru pro studium obje-
movych krystalii semi-izola¢niho nitridu galia (GaN) a vybranych
skelnych systému dotovanych ionty vzdcnych zemin.

Klicova slova: fotoluminescence, polovodi¢e, GaN, chalkogeni-
dové skla, ionty vzacnych zemin

Jednodimenzionalni nanostruktury ZnO (J. Grym, R. Yatskiv,
J. Vanis, O. Cernohorsky, J.LorinCiK) c..uveeeeeecnieeeeeeveeee e, 185
Predkldadame piehled neddvnych aktivit tymu Pfiprava a charakte-
rizace nanomateridli v oblasti jednodimenziondlnich nanostruktur
ZnO. Stru¢né shrnujeme obecné vlastnosti ZnO a vysvétlujeme,
pro¢ jsou jednodimenziondlni polovodice uZitecné. Popisujeme
pfipravu, charakterizaci a aplikaci grafitovych Schottkyho kontakti
na polich nanotycinek ZnO a navrhujeme technologické koncepty
k vysvétleni zakladnich dé€ji odehravajicich se v nanokontaktech
na nanotyc¢inkdach ZnO.

Bioelektrodynamika: vysokofrekven¢ni elektromagnetické
procesy v biologickych systémech

(0. Kucera, D. Havelka, M. Cifra) ........cccceoveeveevieecreerecereeen. 189
Je shrnut stav problematiky v oboru bioelektrodynamiky. Stru¢ny
prehledovy ¢lanek zacind Gvodem do tématu a definici oboru a je
ndsledovan historickym prehledem bioelektrodynamiky. Specidlni
pozornost je poté vénovana aktudlnim tématim v tomto oboru
biofyziky, jmenovité ultraslabé fotonové emisi z biologickych
systému a radiofrekvencnim elektromagnetickym polim spojenym
s vlastnimi médy mikrotubuld.

Klicova slova: bioelektrodynamika, mikrotubuly, ultraslabd fo-
tonova emise

Prenos presného ¢asu pomoci optickych vliken

(A KUNA) oottt 191
Clének popisuje nase dlouhodobé zkusenosti s Casovym transferem
prostfednictvim optickych vldken a plné€ optickych siti. Pro porov-
ndvani casovych stupnic na velkou vzdéalenost jsme proto vytvorili
techniku a vyvinuli potfebné piistrojové vybaveni, které jsme nej-
prve ovérili pomoci optické smycky v délce 744 km v ramci patefni
sit¢ CESNET a posléze také vyuZili pro dvoucestny opticky transfer
mezi ¢eskou a rakouskou narodni laboratofi, které jsou zodpovédné
za vytvéfeni ndrodnich &asovych stupnic v Ceské republice a Ra-
kousku. Optickou trasu tvoii temn4 vldkna nebo vyhrazené kandly
ve vlnovém multiplexu DWDM. Clanek uvadi dosazené vysledky
Casového transferu, véetné méteni zpozdéni signdlu na trase, a tyto
jsou rovnéZ srovndny s obecné pouZivanym Casovym transferem
prostfednictvim satelitnich navigacnich systému.

Klicova slova: cas, frekvence, Casovy transfer, optické vldkno,
opticka sit

Obrdzek na titulni strané: Vldknové lasery mohou dosdhnout lepsi tcin-
nosti absorpce Cerpdni pii nestandardnim navijeni aktivniho vidkna. Vice
v ¢ldnku P. Peterky a kol. na str. 174.

Autofi fotografie: Adéla Michkovd, Adam Benda a Jakub Cajzl (UFE)
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The first laser surgery of eye’s retina in Czechoslovakia

(J. Blabla, V. TrKal) ....ccoceevreeeeiieeieeecreecereeeeeee e 197
In the middle of 1964 brought Dr. John to our laboratory a girl with
quite torn eye retina. Neither classical surgery operation nor the
Lichtkoagulator device was applicable. She had the only chance
and that was the application of laser radiation ... “ remember ne-
stors of Czech laser physics and quantum electronics Jan Blabla
and Viktor Trkal.

Free space optical communication using lasers - one of the first
laser applications
(M. Chomat, M. Miler) ......ccccceeieieniieieienieneeeerie e 199

60 years of light in the Institute of Photonics and Electronics
(P. Peterka, J. Zavadil) ......cccooovieiieiieieieceeeeeee e 200
In 1955, the work started in the Institute for Theoretical Radio
Engineering of the Czechoslovak Academy of Sciences, the pre-
decessor of today’s Institute of Photonics and Electronics of the
Czech Academy of Sciences. In the year 2015, proclaimed as the
International Year of Light by the UNESCO, let us recall selection
of the milestones of the past 60 years of scientific research in our
institution, particularly those related to photonics and light.

Symposium SPIE Optics + Optoelectronics:

record attendance..................cocoevevininiiininiinine 204
This year’s symposium and exhibition Optics + Optoelectronics
International Society for Optics and Photonics SPIE was the largest
in its 10-years-old-series, it attracted more than 700 participants
from around the world. The extent of the introduced technologies
and the number of personalities provided the participants with
a superior experience and helped interactions and cross-disciplinary
synergy. The meeting took place from 13 - 16 April, 2015 and it
was one of the most important events in optics and photonics in
the Czech Republic within the International Year of Light 2015.

The Elite in the field of semiconductor materials and optics for
the mid-infrared spectral region met in Prague
(F. Todorov, P. NOVACKOVA)......ccceeriieriieiieeieeieeieeeee e 205

Cover photo: Fiber lasers can achieve better pump-absorption
efficiency by unconventional coiling of the active fiber, see p. 174
(Peterka et al.).

Credit: Adéla Michkovd, Adam Benda a Jakub Cajzl (UFE)
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pro vysoce presnou metrologii a vyzkum od prednich svétovych vyrobcu.
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e COHERENT

= Diodové, DPSS a OPSL lasery

= Plynové CO2, argonové a ion lasery

= Excimerové lasery

= Ultrafast (femtosekundové) laserové systémy
= Méraky vykonu a energie laserovych svazk{
= Systémy pro diagnostiku profilu svazku
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= Antivibracni pneumatické optické stoly

= Antivibracni pneumatické laboratorni stoly
= Aktivni piezzoelektronické tlumenf vibracf
= Faradayovy klece

= Magnetické stinénf

= Akustické stinénf

= QOptické prvky

= Optomechanika, drzaky optiky, spojovaci material
= Manualnf a motorizované polohovaci prvky

= Deformovatelna zrcadla, detektory vinoplochy

= Detektory, fotodiody, kamery

= Kompletni systémy pro mikroskopii, OCT a dalsi
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" PIV systémy (2D, stereo, 3D, Time Resolved, Mikro)

= PLIF systémy pro méfenf proudént, teploty a koncentraci

= | DA systémy pro velmi pfesné méfeni proudéni tekutin

= PDPA systémy pro mérenf velikosti ¢astic a proudénf tekutin
= Systémy pro dratkovou anemometrii
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= Analyzatory velikosti ¢astic

= Magnetometrické a kryogenni systémy

= Spektralnf elipsometry

= Systémy pro nanotechnologie

= Svételné zdroje (lampy, solarnf simulatory)

= Monochromatory, spektrografy a kamery pro spektroskopii

ANDOR

an Oxford Instruments company

= (CCD a iCCD kamery (intesifikované)

® SCMOS kamery s chlazenymi a nechlazenymi Cipy

= EMCCD kamery s vysokou kvantovou Ucinnostf

= Specialni kamery pro RTG oblast (X-ray)

= Spektrografy s vysokym rozlisenim

= Konfokalni mikroskopické systémy na bazi spinning discu
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. .* the power of light

= Bilé lasery (Supercontinuum whitelight laser)

= |aditelné laserové systémy na bazi superkontinua
= Jednofrekvencni viaknové lasery pro NIR a IR oblast
= Fotonicka krystalicka vlidkna

= Vlaknové moduly pro generaci superkontinua
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VIaknové spektrometry

= Systémy pro ramanovu spektroskopii
Svételné zdroje s vystupem do vidkna
Opticka vldkna

= PFislusenstvi pro spektrometricka méreni
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TECHNOLOGICKE SPECIALITY VLAKNOVE OPTIKY
\\\ NorthLab

PHOTOMNICE
Fiber Optic Competence Center

Tapery Couplery  Cocky na viakné Decoating Specialni vlakna (PM, LD, SD)

Technologie
- Unikatni plasma technologie 3 elektrod
- Kontrola teploty od 100°C a pres 3 000°C

Large Diameter Fiber Splicing System, LDS II
Plasma Fusion Splicer-Small Diameter
Taper Manufacturing Station

- Vlaknové délice, odbocnice

- Vidové adaptery, kondicionéry

- Tapery vcetné polarizacnich vlaken

- Terminace vlaken do Spicky

- Svarovani vlaken s primérem az 2 500 um

TecunoLocies, Inc.

2000um to 125um  2000um tapered to 125um  2800um PCF to 1500 fiber  2600um round to hex fiber

4:1 Pump COMBINER 7:1 Pump COMBINER

Taper
400pm Pump to 125pum Signal 7x 125pum fibers
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