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Abstract. This article aims to ensure continuity between classical methods of
ultraviolet microscopy or/and micromanipulation using ultraviolet microbeam
and lens-less ultraviolet microscopy and microbeam exposure of cells and tis-
sues. Considering the history of the development of the method and the possi-
bility of working with different methods of mechanical scanning, the authors
propose to use mirror galvanometers and an electromechanical scanning sys-
tem in the mechanical engineering of lensless microbeam installations. These
installations make it possible to provide both scanning with an ultraviolet mi-
crobeam to obtain a line scan image, and precision micromanipulation at the
level of individual cells or individual organelles (in the case of large cells). We
propose to extrapolate mathematical models previously developed for galvanic
mirrors of light-beam oscilloscopes for microbeam scanning systems, position-
sensitive micromanipulation, and real-time microphotometric cell analysis.

Keywords: ultraviolet microbeam, mirror galvanometer, galvanometric scan-
ners, radiopuncture microscopy, lens-less FRAP, lens-less FLIP.

1 Introduction.

1.1  The History and Emergence of Chakhotin UV Beam Method

As Chakhotin’s pioneering works about exposing cells [1-3], organelles [4,5]
and cytoplasmic colloids providing phase physiochemical cell morphology adaptabil-
ity [6, 7] to UV emission showed, the ultraviolet microbeam is an efficient and accu-
rate tool for solving experimental cytology and morphology problems [8]. The author
originally called it “UV radiopuncture methods” [2,9]. However, in one of his papers
(in Compt. Rend. Soc. Biol., 1920) he calls it “radiopuncture microscopie”. Perhaps
he meant that the UV irradiation effect and the microscopic observation of cell
changes in UV microbeams are simultaneous. Chakhotin’s “radiopuncture” should
not be confused with the radium radiopuncture method that was common in the same
period. Subsequently, other researchers working with UV irradiation in experimental
morphology called it the same, including Anne Dirken [10]. She researched UV
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irradiation effects on newt sensory system morphogenesis. These studies were initiat-
ed by Bernhard Diirken [11], the German experimental zoomorphology founder, in
the first half of the 20th century. It turned out that the UV irradiation applications are
much more extensive than Chakhotin believed in his first works.

Fig. 2: S. Chakhotin with his microbeam setups: a) in the laboratory of the Max Planck Insti-
tute in Germany, 1931; b) in the Laboratory of Prof. Pietro Di Mattei at the Pharmaco-

logical Institute in Rome, 1957 (from the Posudin’s book).
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In the 1930s he demonstrated that a UV beam could induce parthenogenesis in
invertebrate (and the morphogenesis, as a result) [12-14]. About at the same time, his
studies found the correlation between the biomorphology changes induced by the
beam (as much as UV beams were applicable to ultramicroscopy of colloid particles
or cytoplasm organoids [6,7] and ultramorphology) and the functional or physiologi-
cal changes. This enabled the microbeam to be applied to moprhophysiological and
functional morphology research with great accuracy for that period (Fig. 1 - Fig. 3).

& |

Fig. 2. S. Chakhotin demonstrating his microbeam experiments: a) in Heidelberg,
1929; b,c) in Moscow, 1960

These works include daphnia heart rate suppression by the UV beam [15], the
UV microbeam effects on myonemes (myonemes are similar to myofibrils, and they
also have a smooth or striated thready muscle structure) of Campanularia [17] in
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subcellular level, and other UV beam micro operations on protozoans [18].
Chakhotin’s experiment skills were unparalleled because even nowadays the daphnia
heart rate suppression problem cannot be solved without interferometric autodyne
detection tools [16]. Micro manipulations with individual cell populations were also
introduced [19].

Fig. 3. S. Chakhotin experimental system for cell micro-irradiation.

Chakhotin was working at Wilhelm Réntgen's labs for a long time. He man-
aged to handle the methodology of physical interpretation of experimental results,
that is why his physiological-morphological results were always accompanied by
physical-chemical and biophysical explanations. In that way, he was ahead of the
research conducted in the first third of the 20th century, because biophysical mor-
phology as a separate field emerged only in the last quarter of the century. Interna-
tionally, the emergence is commonly attributed to the Techniques of Biochemical and
Biophysical Morphology monograph by David M. Glick, Robert M. Rosenbaum
(Editors) published in the 1970s. The cytoplasm reaction in Chakhotin’s experiments
to UV irradiation was associated with pH and membrane permeability [20] following
the physical reductionism principles. The cell hydrostatic reaction was described in
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terms of the imbalance between the cytoplasm and the vacuolar system of the cell
[21].

The method proposed by S. Chakhotin subsequently was adopted in various
biology areas and turned into a multi-discipline tool. A UV micro-beam scanning TV
system developed in 1962 [22] enabled digital processing and storing of acquired
morphological data. Later, as semiconductors replaced vacuum tubes in 1970s, such
systems became simpler and more affordable [23], which contributed to their exten-
sive adoption. While the method was mesoscopic in terms of the exposure magnitude
and beam detection, mostly tissue and histochemical effects were studied. Particular-
ly, in 1960s experimental exposures of muscles [24] and tissue cultures [25] to the
microbeam were common. For the same reason, mesoscopic experiments with rela-
tively large Ciliata Euplotes species continued. For instance, the UV beam effect on
cell morphogenesis was studied [26].

Fig. 4. Contemporary computerized version of the UV microbeam setup based on ZEISS
OPTON photomicroscope with optical waveguide spectrometer, UV microspectrometer,
ZEISS OPTON micromanipulator and computer-assisted data acquisition system. Semenov
Institute of Chemical Physics, Gradov’s multiparametric microscopy infrastructure, 2018.

Still, as early as at the end of 1950s, the research began to be more and more
focused on multi-beam applications for cytogenetic, karyomorphological, and mitotic
studies, and for the associated experimental morphology studies. The effects and
contribution of nucleoli on the mitosis process were studied with an UV micro-beam
in 1958 [27]; in the 1960s the research was continued and verified by another team
[28]; later they switched to cell membrane studies not related to genetics [29]. The
UV micro-beam effects on nucleoli were studied through 1970s, and 1980s [30, 31]
(see Fig. 4, Fig. 5).
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Since the 1960s spindle apparatus microbeam effect studies were undertaken
but in the first works the additive physical methods allowed to register only optical
changes, for example, the spindle apparatus birefringent effects [32]. Subsequently,
the studies in this field became more extensive. In 1970, cytomorphological effects
were considered and interpreted as “false anaphase”, true anaphase delay, and the
spindle apparatus destructuion / disorganization [33]. Then, in the 1980s the spindle
apparatus extension under the UV beam was observed [34]. After introducing the
novel methods for working with single microtubules in vitro, the microtubule asym-
metric behavior and destruction under UV microbeam was registered [35]. The action
spectrum of the beam for this case [36] was studied, and then the forces emerging
from the spindle mitotic dynamics were assessed [37]. Some research teams contin-
ued to study protozoa [34,38,39] in the 1970-1980s, but more of them focused on
histological test objects (tissue sections, bacterial cultures, grafts in isolated cham-
bers, etc.) However, it was not related to the additive effects on these objects, but due
to the equipment that enabled working with the relatively small cells.

Fig. 5. Ultraviolet (micro)beam setup prototype based on nitrogen laser ILGI-503
and scanning microspectrophotometer MSPhP (Inst. En. Prob. Chem. Phys., 2016).

At the end of the 1980s, technically feasible UV microbeam (almost DIY)
equipment based on commercially available components [22] became common.
Cheap UV lasers with different wavelengths, for example, nitrogen or helium-
cadmium ones, enabled to study chromatin photodegradation and genetic material
photoreactivation [40] in a single experiment in a static object using the same exper-
imental facility. The first laser UV microbeams entered the microscopic practice in
the early 1970s [41]. The above prerequisites made it possible to operate with ex-
tremely narrow, highly coherent beams and resulted in UV subcellular microdissec-
tion introduced by S. Chakhotin. This method was expected to boost in the 1990s.
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However, the non-coherent UV equipment was still used during the massive change-
over to lasers (even in 1991, the technical support documentation for lamp-based
microbeam experiments using monochromators and filters was still published). This
is due to the fact that lamp-based microbeam sources with monochromators possess a
wider wavelength range than the laser ones, and hence, lead to the various biological
effects under different optical parameters of the microbeam [42]. At the beginning of
the 21st century, more compact designs based on laser diodes and DPSSL, as well as
compact gas lasers were implemented (O.V. Gradov, GEOKHI RAS, 2010 — Fig. 6a;
Andrew Skrynnik, 2017, based on inverted phase-contrast microsope by the Gradov’s
idea, INEPCP RAS, Gradov’s group — Fig. 6b).

Fig. 6. Contemporary Russian compact microbeam setups for field and (auto-)mobile
lab conditions: a) combined laser diode / DPSSL compact microscope for hydrobio-
chemical / geobiochemical and hydrobiological microbeam investigations (GEOKHI
RAS, Oleg Gradov, 2010); b) HeNe laser microbeam setup based on inverted phase-
contrast microsope (INEPCP RAS, Andrew Skrynnik, 2017).

The research trends of the 1990s resulting from the emergence of the above
UV lasers and laser systems should be briefly reviewed. First of all, the studies of
microbeam effects on the microtubules and genetic material were continued. In par-
ticular, Soviet researcher Uzbekov’s team explored the postmitotic nucleolus recon-
struction in cell culture during centrosome microbeam photoinactivation [43]. The
centrosome defect in mitosis induced by the microbeam [44] was considered as a
special case of the mitotic system dysfunction under UV microbeam irradiation of the
spindle apparatus [45]. The same studies were carried out outside of the USSR. For
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example, Forer’s team studied epithelium cells and spermatocytes, but they were
focused on UV effects on kinetochore considering it as a protein structure that fas-
tened the spindle apparatus fibers to the chromosome during the mitosis
[46,47,48,49].

Fig. 7. Computerized multi-module multi-wavelength UV microbeam setup with two
possible cooling pathways (O.V. Gradov, Research Center of Neurology, Brain Re-
search Department, Laboratory of Neural Brain Structure, Moscow, 2012-2013).

These studies continue the cytogenetic works in the UV microbeam method
which were successfully performed by the Soviet scientists in it in the 1970s [50].
They also developed the interphasic control methods with UV microbeams. These
methods started to be developed in the 1960s through Amenta’s team classic studies
on the UV microbeam irradiation on Triturus viridescens granule and dysgranule
cells [51,52]. Such works are beyond the molecular-genetic trend in the UV mi-
crobeam method development that was presented mostly by the immunological and
virological papers [53], and rather belong to experimental ultramorphology. The
possibility to detect irradiated areas after the cell treatment with uranyl acetate ena-
bles to map the irradiated sites and cellular compartments depending on their sensi-
tivity or resistance. This method was common in the 1990s [54]. In our group, proto-
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types of systems for synchronous manipulations on cells and microphotometry or
luminometry were created (see Fig. 7, Fig. 8). In particular, similar experiments were
planned in gas microchambers (Fig. 9), which, however, did not happen due to the
budget deficit and staff leaving.

Fig. 8. Prototype of the ultraviolet microscope and ultraviolet microbeam setup in the
external fields in the Faraday cage rag (based on mobile luminescence / fluorescence
microscope MLD, multi-wavelength laser photometer FM-01and photomultiplier-
assisted quantometer, which also was used in the prototype UV setup on the Fig. 5).
Project initiator: F. Orekhov (Gradov’s Biophysical instrumentation group, 2017).

UV microbeam irradiation according to the Chakhotin’s experimental meth-
odology is a modern high-tech experimental approach based on the effectively fo-
cused laser systems. It is compatible with the probe and atomic-force microscopy
[55], lab-on-a-chip techniques [56], optical tweezers and manipulators [57], systems
for synchronous chemical and morphological control of the free radical species [58],
immunofluorescence methods and tools for radiobiological / photobiological com-
parative studies [59]. The microbeam applications to the experimental morphological
studies have been expanding. In the 1970-1980s the microbeam effects were macro-
scopic or mesoscopic with the morphological results achieved by the direct effects on
the organism or its embryo [60-62], while nowadays the same results are achieved
with a “molecular resolution” by genetic switches or changes in the membrane ion
channel operation. In neuromorphology, where UV microbeams were used for con-
trol and inhibition of the cell and tissue differentiation since the 1980s [63], an opto-
genetic trend has emerged which is based on the optical stimulation of the light-gated
ion channels embedded into the cell membrane (e.g., opsins) with the genetic engi-
neering methods used to express such channels. There are known several methods of
pulse near-ultraviolet (UV-A) irradiation for optogenetic research [64,65] and the
related areas [66] (consider the reference list in the review paper [67] for more in-
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formation on this). This novel tool for genetic research drastically differs from the
laser UV beam induced DNA introduction into plant cells popular in the 1980s [68],
as well as from chromosome / kariogenetic experiments with UV microbeams in
animal cells conducted at the same period [69].

Fig. 9. Project of UV experimental setup with gaseous chamber for experimental
investigations in coacervate morphogenesis with microspectral and electrophysical
monitoring with Fourier transform based signal analysis and spectral morphometry
(Gradov’s Biophysical instrumentation group, 2016; F. Orekhov, 2015-2016; this

project was cancelled by the mass spectrometric lab management in 2016).

2 UV Microbeam Positioning and Focusing Devices Similar to
Galvanometric Scanners

Considering the capabilities described above, the UV microbeam method
should be introduced in many areas of biology where its application seems to be ra-
tional. However, despite the fact that UV light sources, including lamps, are afforda-
ble, it does not happen due to the inaccessibility of the other conponents of the instal-
lation required. Devices for accurate UV microbeam positioning required for a wide
cytological, gistological, embryological, and experimantal-morphological application
of UV microbeam technoque possess high cost and low commercial availability. A
modern microbeam facility is not only the optics, but also the accurate micro-electro-
mechanical and computer-based adaptive control systems that manipulate the beam
with a high speed and micron / sub-micron accuracy. Nowadays, galvanometric mir-
rors / scanners [70-72] are used in experimental biology research for these purposes.
Their scanning rate is up to a kilohertz, and they aloow to operate with fine micro-
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structures, and even perform laser transfection [73,74] or laser cloning [75] by mem-
brane fusion [76].

Fig. 10: A typical Photo-Kymograph. The first half of the 20th century:
designed by Prof. Broemser (Photo-Kymographion nach Prof. Broemser),
Image courtesy: Jaquet J. Jaquet Apparatus: Catalogue. No. 503:

a: p. 51, fig. 1022; b: p. 0052, fig. 1022a.

The galvanometric scanner operates as follows: the mirror head rotates about
two axes and changes the beam incident angle on the sample controlled by electric
signal with the the computer-generated waveform. The higher the control signal fre-
quency, the higher the scanning rate. However, the higher the frequency, the more
expensive the galvanometric reflector is. For this reason, in developing countries

11
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lower scanning rates are often used. For many cytophysiological researchers, this is
an ultimate obstacle preventing them from experiments with the UV microbeam.
Nevertheless, bifilar / light-beam oscillographs with movable galvanometers inte-
grated into the recorder cassette are commonly used. These are galvanometric scan-
ners that are controlled not by a computer over a dedicated controller but by any
signal supplied to the analog input of the light-beam oscillograph. When the se-
quences of signals / pulses generated by the DAC are used as a “control program” to
generate the required light beam trajectories, the galvanometer modules of the old
light-beam oscillographs can be used to scan microscopic slides / tissue cultures with
a UV beam created by a Hg UV lamp integrated into the oscillograph housing (see
below).

It should be noted that the application of light-beam (or bifilar) oscillo-
graphs to biomedical research and the development of dedicated measurement devic-
es for practical medicine were drastically accelerated as early as at the beginning of
the 20th century as the vacuum tube technology was improved, and further intensi-
fied by the 1930s. In Germany, this approach was developed in the most comprehen-
sive way. As early as in 1930 the nerve electric currents (“nervenaktionsstrome™)
were studied with bifilar (“schleifenoszillograph™) oscillographs [77], and in 1931
the vacuum tube and light-beam registration technology were used for physiological
acoustics studies [78] and acoustic analysis of breath sounds [79]. In 1932 for the
first time heart tones were recorded by a light-beam oscillograph on photosensitive
paper [80]. In 1935 for the first time, a light-beam oscillograph was applied to study
an acoustic stimulation of the vestibular system [81], while in 1938 the same device
was used to register the oscillations of vibrating vocal cords with a setup based on a
sensitive photoelement [82]. In the same year, Richter published a paper that present-
ed the advantages of Brown tube-based oscillographs over otherbioelectric potential
registration methods [83]. The paper was welcomed by the medical community. Af-
ter that (post hoc non est propter hoc) as early as in 1939 the first study of electro-
physiological brain activity measurement errors was published. It noted that due to
the physical principles of signal registration, light-beam oscillographs were not free
of electrophysiological signal recording errors [84].

A detailed study of the available references in chronological order showed
that the first international papers about the possible errors of light-beam recording
and bifilar oscillograph registration techniques as applied to electrophysiology and
neurophysiology were published more than 30 years earlier than the first comprehen-
sive works by the Soviet researchers who analyzed such errors in a general case [85-
87]. However, through the first half of the 20th century, the bifilar oscillograph re-
mained a high precision electrophysiological activity analyzer. For a long time, they
were used for electrophysiological research abroad. Furthermore, at least till the end
of WWII Germany was a leader in the number of research papers where this method
was used. In 1940 in Germany they registered muscle tissue electrophysiological
activity [88]. Afterward, except for several insignificant papers that mentioned this
type of oscillographs, till the second half of the 1940s, the research with this method
slowed down, and the number of such papers in German drastically reduced. Only in
1948, the first large post-war research that used a bifilar oscillograph to register in-
duced nystagmus was published [89] and several works on biomechanical dynamom-
etry have also been published [90]. An electroscritograph based on a bifilar oscillo-

12
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graph for psychophysiology [91], a registration system for determining the actual
intrathoracic pressure [92] and observing tetanus caused by damaging of a frog heart
[93] using a bifilar oscillograph were developed in 1950s. Then the bifilar oscillo-
graph as it had existed since the 1920s ceased to be used for lab research and was
replaced with the new light-beam oscillographs.

Fig. 11. Duddell moving-coil oscillograph components (1917). Image courtesy:
Hawkins Electrical Guide, Vol. 6, Chapter 63: Wave Form Measurement.

It should be noted that the term “light-beam oscillograph” (“lichtstrahloszillo-
graph”) first appeared in German literature not before 1952 in an international journal
review [94]. As to commonly available lab literature, it is first found in the Registri-

13
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erinstrumente handbook, 1959, and Mefzeuge und MelRanordnungen, 1965. No won-
der the term entered medical and biological practice only in the early 1970s. Initially,
light-beam oscillographs were introduced in West Germany as a hystochemical in-
strument for the fast decay fluorescence spectroscopy [95]. It was probably the first
reference to a light-beam oscillograph application in biomedical chemistry since the
reference to a bifilar oscillograph application to studying blood alkali reserve in 1931
[96]. Subsequently, many works in biomechanics [97, 98], bioacoustics, and ENT
[99] also used the instrument that strengthened its positions in the lab practice.

One of the “most biological” devices based on the light-beam principles and
components was the photo-kymograph (refer to Fig. 10). The photo-kymograph was
quite popular in Soviet research at its time (1950-1960s). It is confirmed by an abun-
dance of photo-kymography experimental research papers published just in Bulletin
of Experimental Biology and Medicine over that period (e.g., [100-106]). In 1963 in
the USSR they developed a photographic accessory for cathode-tube oscilloscopes to
register the visualized signals similar to the conventional photo-kymograph ]107].
However, it did not undermine the popularity of photo-kymography. Globally, photo-
kymographs continued to be in service until the 1970s [108] and beyond. Although,
the first biomedical studies with basically similar equipment were published as early
as in the 1940s [109], and the optical oscilloscope as a direct ancestor of the photo-
kymograph was invented in the 1920s.

In the USSR, light-beam oscillographs were also used and refined until the
end of the 1970s [110, 111] as a substitute for photo-kymographs. Concurrently,
similar RFT instruments were imported from Germany [112, 113], and the units with
the US pre-war designs such as Duddell or the moving-coil oscillograph were also in
service [114]. Fig. 11 shows some mechanical and optical components of such an
instrument. Numerous modifications made to the US instrument design in the USSR
can be attributed to the lack of equipment suitable for specific measurement tech-
niques and experimental physiology procedures.

This study can probably be categorized as a part of the same trend since while
declaring the galvanometer scanner functionality fundamental to the light-beam os-
cillograph operations we restrict ourselves to the available instrument manufacturing
technologies, not to the optimal design solutions. It should be noted that any modifi-
cation shall not render the instrument non-compliant to the GOST 9829-81 national
standard in terms of thermostatic control, ramp-up time, beam length (galvanometer
mirror to the sensor) range since the optimal electromechanical and metrological
properties of bifilar oscillographs are interrelated.

As a follow-up, we should mention here another simplified controlled scan-
ning method that we tried to some extent. The method is suitable, among others, for
research teams that unfortunately do not have light-beam oscillographs, but do have
mirror galvanometers as separate modules of light-beam oscillographs. It is common-
ly known that the first mirror galvanometer was invented in 1826 by Johann Chris-
tian Poggendorff. The simple mechanical design was in use as a separate instrument
until the last quarter of the 20th century. Consequently, it is very easy to find such an
instrument for retrofitting. Galvanometer cassettes (from multichannel oscillographs)
can be used for studies with many beams at the same time. We have achieved a rec-
ord experiment: 5 different beams at the same time (see Fig. 12). For example, it can
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be rational for multi-angle experiments and SPIM-like geometries of experimental
setups.

Galvanometers with photoelectric feedback became available in Eastern Eu-
rope at the end of the 1940s [115]. The principles of photoelectric amplification of
beam deflection had been presented by many European researchers. These principles
were expanded in the more modern East European instruments in terms of better
dumping and a wider oscillation period range by feeding back the current signals
proportional to the first and second derivatives of the beam deflection. This solution
resulted in a 20-fold sensitivity increase. The highly sensitive instruments at that time
had their best accuracy in the low-frequency range [116]. Oscillographic galvanome-
ters for registering fast processes were invented in the 1970s [117].

Fig. 12. Computerized multi-module multi-beam UV microbeam setup power cluster
(O.V. Gradov, Research Center of Neurology, Brain Research Department,
Laboratory of Neural Brain Structure, Moscow, 2012-2013).
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The USSR conducted large-scale R&D activities to improve the perfor-
mance of such galvanometers by:
Reducing the fluctuative dispersion [118]
Registering low-amplitude, “weak” signals [199] up to 10 Hz
Frequency response optimization [120]
Developing a contactless linear photoamplifier used with a high voltage
gain potentiometer [121]

5. Developing procedures for measurement and monitoring of the mirror

galvanometer properties [122, 123].

The most relevant Soviet light-beam oscillograph reference published in
1982 [124] notes that “prototypes of multichannel UV oscillographs made with
standard components and arrangements including the optical path and the galva-
nometer modules were introduced almost simultaneously and independently in the
USSR and the USA about 20 years ago” (that is in the early 1960s). But what is miss-
ing here is the fact that by the time the book was written the USA and Europe had
already initiated a large-scale switch to new oscillographic instruments that ultimate-
ly ended in digital registration systems while the Soviet engineers refined designs
that were considered obsolete in the relevant Western literature (refer to Figs. 5, 6 for
some examples of such technology and design improvements).

Hence, it is possible to make well-shielded Chakhotin instruments in the
original enclosures with its optical path integrated into the oscillograph light beam
path, since all the Soviet mirror galvanometer designs after the 1970s were so opti-
mized that could be adapted to high-precision microbeam exposure experiments
(however, since they lack a UV source unlike most light-beam oscillographs, such a
source is to be integrated).

Using finely adjusted galvanometric mirror devices or mirror galvanometers
controlled by a virtual or physical waveform generator is not obsolete (as of today.)
On the contrary, as the microscopic morphology methods such as the optical coherent
tomography [125] (including redox-metric ones — see Fig. 13, Fig. 14) advanced,
there is a need to select the optimal scanning functions (saw-tooth, triangular, sine,
squarewave, etc.), to optimize the frequency and phase responses [125].

Since the end of the 1990s, we have coherent mapping and imaging methods
that require the use of galvanometer scanners [126] (e.g., for in vito scanning in
opthalmology and retinal biometry.) It is also needed for scanning fluorescent capil-
lary arrays containing biochemical analytes or labeled cells [127], ultrasound range
mapping [128] and teraherz range research [129]. There are slightly different ap-
proaches to solving confocal fluorescent microendoscopy problems [130] (so-called
hypodermic needles / probes). However, until now multiphoton confocal microscopy
and related to it micromanipulations (laser microsurgery, trapping, tweezers, local-
ized photolysis, photobleaching / burning out of compartments and ultrastructural
networks) also require the use of galvanometer scanners [131]. As early as in the
1970s, three basic types of optical “beam deflectors” existed: acousto-optic, analog
electro-optic, and (the most conservative design) galvanometric [132]. Today, the
latter type (controlled galvanometric reflectors) is most commonly used in biological
research. Such reflectors can rotate for scanning [133] so they are suitable not only
for 3D morphological scanning but also for time-based and space-based event scan-
ning, or slow-motion scanning with rotating mirror sectors. It is not surprising that
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galvanometric mirrors are used to manipulate individual cells and cell microstructure
for precise positioning with optical tweezers [134] and experimental measurements
of evoked potentials [135]. Hence, the mirror galvanometer is a general-purpose
device. Restoration and modification of obsolete precise mirror galvanometers and
their direct connection to scanning sweepers is a way to obtain an advanced instru-
ment for low-budget research teams without huge expenses associated with purchas-
ing new equipment.

a
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Fig. 13. An example of Monte Carlo modeling of the UV-beam propagation through
the algae cell (World) with a vacuole (Tank) on the mineral surface (Out of world)
under the ozonometric microscope with the UV light source (World InitStep). This
result shows that one should track not only spectrum changes, but also polarization
changes in microbeam experiments, integrated with UV microbeam microanalysis.

To turn mirror galvanometer modules of oscillographs into optical path
components for microbeam instruments the mirror galvanometer dynamics models
are to be extrapolated to cover the new design. To select the domestically manufac-
tured instruments suitable for the upgrade we analyzed the monographs on light-
beam oscillographs [137, 138], optical devices for oscillation recorders, and magni-
toelectric oscillographs [139-141]. The references are well-known to optical record-
ing experts. The mathematical model used for our feasibility study is an adapted ver-
sion of the models presented in [137] and related papers.
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Fig. 14. “Radiation patterns” of different vector fields of diffusion in FRAP (From
the IEEE Dataport-deposited Supplement to the preprint: Notchenko A., Endaltsev
N., Gradov O.: Novel FRAP techniques...) [DOI: 10.21227/kfdk-eq33]. Software for
these measurements has been developed by A. Notchenko and N. Endaltsev before
2017-2018.

It is commonly known that the light sources in light-beam oscillographs are
EHP vapor lamps (Hg vapor pressure up to 5...6 MPa). They mostly radiate short
waves in the UV range. Xenon lamps were also used in US and European light-beam
oscillographs manufactured in the late 1970s but such lamps are not sufficiently effi-
cient for microbeam methods since their spectrum is different. Since the vapor pres-
sure in a cold EHP lamp does not exceed 1000 Pa, the discharge is unstable for the
first minutes after ignition, and the spectrum is distorted. As the pressure rises to
15...30 MPa, the share of the continuous radiation component increases, and the rela-
tive amplitudes of the individual spectral lines are decreased. So an optimal effect in
terms of providing standard metrological properties can be achieved only in a narrow
range that we used for micro manipulations. The optimal range can be estimated from
the source luminous element brightness that generates the UV illumination in the
affected area. All prerequisites for the possibility or impossibility of using a mi-
crobeam with specific characteristics can be calculated and simulated using software
(for example for GEANT4, see Fig. 13).
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By using filters, individual spectral lines can be filtered out to adjust the ef-
fect of light on cells in Chakhotin microscopy and microdissection (if enabled by the
galvanometer mirror.) Usually, the spectral lines of interest are two lines in the C
band (184.949 nm and 253.651 nm), one line in the A band (365.015 hm) and one
line in the near-UV visible band (404.656 nm). As a rule, these lines are sufficient for
simple photobiological operations. In the steady mode, the luminous element is a
sphere with the brightness at the middle of 1,500 Mcd/m?, while the focused light
spot illumination is close to a million lux.

The cylindrical condenser lens, the aperture, the galvanometer mirror and
lens, the adjustable aperture, and the cylindrical lens create the light beam in the il-
lumination channels. There may be more components in the optical system such as
intermediate mirrors between the Hg lamp and the galvanometer, but we ignore them
here for clarity.

The characteristics of the microbeam projection spot determine the reaction-
diffusion processes in the cell in the irradiation zone, as (for example, see Fig. 14) in
the FRAP (Fluorescence Recovery After Photobleaching) and FLIP (Fluorescence
Loss In Photobleaching) methods.

Focusing by the condenser is a way to optimize the light beam affecting the
sample. Another way to adjust the exposure is by controlling the illumination period
by changing the light spot speed and the object manipulation speed. Of special inter-
est is the implementation of a UV microbeams in lensless microscopes (Fig. 15, 16).

b

Fig. 15: Lens-less microscopes with 206 nm (a) and 254 nm (b) filters and with UV
laser (c) source (design: O. Gradov, F. Orehov).
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Fig. 16: Focusing of the UV microbeam (with diffraction slit) at the surface of the
sensor array (CMOS array) of the lens-less microscope (from the author’s works).

20



21

The object manipulation speed depends on the light spot speed which is con-
trolled by the input signal. In early light-beam oscillographs, the light spot speed was
about hundreds of meters per second. In the 1960s the speed reached 1000 m/sec, and
in the 1970s, up to 2000 m/sec. However, the speed reading also includes the relative
drum motion. The galvanometer head itself moves at up to 10 m/sec in the frequency
range up to 10...15 kHz, so the speed can be monitored by analyzing the head move-
ment frequency spectrum. In our experiments, we used the same low scan rates and
lower scan rates (of the order of units - tens - hundreds Hz). To control the scanning,
as well as to control the signal of the lensless microscope, a SCADA GUI.

The galvanometric component comprises of the replaceable galvanometer
insert and the magnetic block with a permanent magnet and the magnetic conductor
parts. The replaceable galvanometer insert is installed in the receptacle on the mag-
netic block. It consists of a movable frame with power supply tension wires, a mirror
attached to the tension wires, and a lens embedded into the insert housing. Another
design option is a loop mechanism without a magnetic system common for each gal-
vanometer insert. Instead, each frame has an independent magnetic system as a sepa-
rate measuring instrument. However, in the case of Chakhotin methods, it does not
make much difference. The frame consists of a wire coil between two supports. The
coil plane orientation is the same as the magnetic field direction in the gap. Electro-
magnetic forces produce elastic deformation, and the coil plane orientation is
changed. As a result, the mirror attached to both halves of the coil, is rotated.

Correspondingly, the beam scanning can be software-controlled by an ana-
log signal at the DAC output. To program various cell exposure modes, it is suffi-
cient to develop signal sequences resulting in various responses of the electrome-
chanical components. It is possible to generate rather complex and multistage expo-
sure processes, and perform multi-coordinate cell / tissue exposure using multichan-
nel DACs with software-controlled signal routing from the DAC output to various
galvanometers located at the respective optical planes along the light spot path.

3 Acknowledgement

We express our warm gratitude to Posudin Yuri lvanovich for permission to
use old photographs of Serge Chakhotin from his book.

References

1. Tschachotin, S.: Die mikroskopische Strahlenstichmethode, eine Zelloperationsmethode.
Biol. Zentralbl. 32, 623-630 (1912).

2. Tchakhotine, S.: Action localisee des ayons ultraviolets sur le noveau de I'oeuf de I'oursin
par radiopuncture microscopique. Compt. Rend. Soc. Biol. 83, 1593-1595 (1920).

3. Tchakhotine, S.: Sur le mecanisme de ’action das rayons ultraviolets sur la cellule. Ann.
Inst. Past. 35, 321-325 (1921).

4. Tchakhotine, S.: L'effet d'arret la fonction de la vacuole pulsatile de la Paramecie par
micropuncture ultraviolette. Compt. Rend. Soc. Biol. 120, 782-784 (1935).

21



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2018 Chakhotin seminar, INEPCP RAS, Biophysical instrumentation group

Tchakhotine, S.: La fonction du stigma chez le Flagelle Euglena, etudiee au moyen de la
micropuncture ultraviolette. Compt. Rend. Soc. Biol. 121, 1162-1165 (1936).
Tchakhotine, S.: Floculation localisee des colloides dans la cellule par la micropuncture
ultraviolette. Compt. Rend. Acad. S. 200, 2036-2038 (1935).

Tchakhotine, S.: Ultramicropuncture ultraviolette, moyen nouveau d'etude de phenomenes
colloidaux dans la cellule vivante. Compt. Rend. Acad. S. 206, 133 (1938).

Tchakhotine, S.: Les Protozoaires, objets d'experiances en Cytologie experimentale
(Recherches faites avec la micropuncture ultraviolette). Ann. Protistol. 5 (1936).
Tschakhotin, S.: Recherches de cytologie expérimentale: faites avec la méthode de la ra-
diopuncture microscopique. Bulletin de I'lnstitut océanographique (Monaco), 401, 1-23
(1921).

Dirken, A. Die Wirkung von Ultraviolettbestrahlungen auf die Ohranlage von Triton
alpestris. Wilhelm Roux' Archiv fur Entwicklungsmechanik der Organismen, 144(4), 521-
554 (1951).

Dirken, B. Einfiihrung in die Experimentalzoologie. Springer, Berlin, 1919, 446 p.
Tchakhotine, S.: La partenogenes artificelle de I'oeuf de la Pholade par micropuncture ul-
traviolette. Compt. Rend. Soc. Biol. 119, 1394 (1935).

Tchakhotine, S.: Parthenogenese experimentale de 1'oeuf de la Pholade par micropuncture
ultraviolette, aboutissant a une larve vivante. Compt. Rend. Acad. S. 106, 377 (1938).
Tchakhotine, S.: Experiences de micropuncture ultraviolette sur les blastomeres de l'oeuf
de Pholades (Ph. Candida et Ph. crispata). Compt. Rend. Soc. Biol., 127, 200 (1938).
Tchakhotine, S.: Suppression de la fonction du coeur de la Daphnie par la micropuncture
ultraviolette. Compt. Rend. Soc. Biol. 119, 1392 (1935).

Usanov, D.A. Skripal, A.V., Varagin, A.Y., Skripal, A.\V., Potapov, V.V., Shmakova
T.T., Mosiyash, S.S.: Laser autodyne interferometry of the dynamic parameters of
biological specimens. Technical Physics Letters, 24(3), 183-185 (1998).

Tchakhotine, S.: Irradiation localisee du myoneme du pedoncule des Vorticelles par
micropuncture ultraviolette. Compt. Rend. Acad. S. 202, 1114 (1936).

Tchakhotine, S.: Recherches physiologiques sur les Protozoaires, faites au myen de la
micropuncture ultraviolette. Compt. Rend. Acad. S. 200, 2217 (1935).

Tchakhotine, S.: Reactions "conditionnees" par micropuncture ultraviolette dans le
comportement d'une cellule isolee (Paramecium caudatum). Arch. Inst. Prophylact. 10,
119 (1938).

Tchakhotine, S.: Sur les reactions du cytoplasme et du vacuome a la micropuncture
ultraviolette chez Ascoidea rubescens en fonction du pH du millieu de la permeabilite.
Compt. Rend. Soc. Biol. 121, 1525 (1936).

Tchakhotine, S.: Sur les variations de l'equilibre entre cytoplasme et vacuome chez
Ascoidea rubescens, par irradiation au moyen de la micropuncture ultraviolette. Compt.
Rend. Soc. Biol. 121, 952 (1956).

Stonington, O.G., Spurck, T.P., Snyder, J.A., Pickett-Heaps, J.D.: UV microbeam irradia-
tions of the mitotic spindle I. The UV-microbeam apparatus. Protoplasma, 1989, Vol.
153, Nno. 1-2, pp 62-70.

Starling, D. A simple ultraviolet microbeam apparatus. Journal of Microscopy 100(3),
331-336 (1974).

Stephens, R.E.: Analysis of Muscle Contraction by Ultraviolet Microbeam Disruption of
Sarcomere Structure. Journ. Cell Biol. 25(2), 129-139 (1965).

Amenta, P.S.: Lymphotaxis induced by ultraviolet microbeam irradiation of fibroblasts in
tissues cultured from mouse embryos. Anat. Rec. 159(2), 199-209 (1967).

Wise, B.N.: Effects of ultraviolet microbeam irradiation on morphogenesis in Euplotes.
Journal of Experimental Zoology, 159(2), 241-267 (1965).

22



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

23

Gaulden, M.E., Perry, R.P.: Influence of The Nucleolus on Mitosis as Revealed by Ultra-
violet Microbeam Irradiation. Proc. Nat. Acad. Sci. 44(6), 553-559 (1958).

Montgomery, P.O'B., Hundley, L.L.: Ultraviolet microbeam irradiation of the nucleoli of
living cells. Experimental Cell Research 24(1), 1-5 (1961).

Montgomery, P.O., Cook, J.E., Karney, D. Ultraviolet Microbeam Irradiation in Living
Cell Membranes. Journal of Cell Biology 26(3), 959-961 (1965).

Sakharov, V.N., Voronkova, L.N.: Nucleolus degradation and growth induced by UV-
microbeam irradiation of interphase cells grown in culture. Journal of Cell Biology 71(3),
963-967 (1976).

McKerracher, L.J., Heath, I.B.: Fungal nuclear behavior analyzed by ultraviolet mi-
crobeam irradiation. Cell Motility and the Cytoskeleton 6(1), 3547 (1986).

Forer, A.: Local Reduction of Spindle Fiber Birefringence in Living Nephrotoma Su-
turalis (Loew) Spermatocytes Induced by Ultraviolet Microbeam Irradiation. Journal of
Cell Biology 25(1), 95-117 (1965).

Zirkle R.E.: Ultraviolet-Microbeam Irradiation of Newt-Cell Cytoplasm: Spindle Destruc-
tion, False Anaphase, and Delay of True Anaphase. Radiation Research, 41(3), 516-537
(1970).

Leslie, R.l., Picked-Heaps, J.D.: Ultraviolet Microbeam Irradiations Investigation of
Spindle Elongation of Mitotic Diatoms. Journal of Cell Biology 96(2), 548-561 (1983).
Walker, R.A., Inoue, S. Salmon, E.D.: Asymmetric behavior of severed microtubule ends
after ultraviolet- microbeam irradiation of individual microtubules in vitro. Cell Biol.
108(3), 931-937 (1989).

Hughes, K., Forer, A., Wilson, P., Leggiadro, C.: Ultraviolet microbeam irradiation of mi-
crotubules in vitro. The action spectrum for local depolymerization of marginal band mi-
crotubules in vitro matches that for reducing birefringence of chromosomal spindle fibres
in vivo. Journal of Cell Science 91, 469-478 (1988).

Spurck, T.P., Stonington, O.G., Snyder, J.A., Pickett-Heaps, J.D., Bajer, A., Mole-Bajer,
J.: UV microbeam irradiations of the mitotic spindle. II. Spindle fiber dynamics and force
production. Journal of Cell Biology 111(4), 1505-1518 (1990).

Ockleford, C.D.: Ultraviolet light microbeam irradiation of the microtubules in single He-
liozoan axopodia. Experimental cell research 93(1), 127-135 (1975).

Leslie, R.J., Pickett-Heaps, J.D.: Spindle microtubule dynamics following ultraviolet-
microbeam irradiations of mitotic diatoms. Cell 36(3), 717-727 (1984).

Jagger, J., Prescott, D.M., Gaulden, M.E.: An ultraviolet microbeam study of the roles of
nucleus and cytoplasm in division delay, killing, and photoreactivation of Amoeba pro-
teus. Experimental Cell Research 1969, 58(1), 35-54 (1969).

Cremer, C., Zorn, C., Cremer, T.: An ultraviolet laser microbeam for 257 nm. Microsc.
Acta 75(4), 331-337 (1974).

Forer, A.: In ultraviolet microbeam irradiations, characteristics of the monochromator and
lamp affect the spectral composition of the ultraviolet light and probably the biological re-
sults. J. Cell Sci. 98(3), 415-422 (1991).

Neverova, A.L., Uzbekov, R.E., Votchal, M.S., Zatsepina, O.V., Vorobjev, LA.:
Postmitotic reconstruction of nucleoli in culture cells with UV-microbeam photoinactivat-
ed centrosome. Membr. Cell Biol., 1999, Vol. 12, No 6, pp. 805-815.

Uzbekov, R.E., Votchal, M.S., Vorobjev, I.A.: Role of the centrosome in mitosis: UV mi-
cro-irradiation study. Journal of Photochemistry and Photobiology B: Biology 29, 163-
170 (1995).

Uzbekov, R.E., Vorob'ev, I.A.: Behavior of the mitotic apparatus after ultraviolet microir-
radiation of the spindle pole. Biophysics 41(1), 161-166 (1996).

23



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

2018 Chakhotin seminar, INEPCP RAS, Biophysical instrumentation group

Swedak, J.A., Forer, A.: Kinetochore function can be altered by ultraviolet microbeam ir-
radiation without loss of the associated birefringent spindle fibre. J. Cell Sci. 100(2), 261-
268 (1991).

llagan, A.B., Forer, A.: Effects of ultraviolet-microbeam irradiation of kinetochores in
crane-fly spermatocytes. Cell Motil. Cytoskeleton 36(3), 266-275 (1997).

Forer, A., Spurck, T., Pickett-Heaps, J.D.: Ultraviolet microbeam irradiations of spindle
fibres in crane-fly spermatocytes and newt epithelial cells: Resolution of previously con-
flicting observations. Protoplasma 197(3-4), 230-240 (1997).

Spurck, T, Forer, A, Pickett-Heaps, J.: Ultraviolet microbeam irradiations of epithelial and
spermatocyte spindles suggest that forces act on the kinetochore fibre and are not generat-
ed by its disassembly. Cell Motil. Cytoskeleton, 36(2), 136-148 (1997).

Sakharov, V.N., Voronkova, L.N., Pyruzyan, L.A., Lomakina, L.Y.: Partial chromosomal
set labelling induced by ultraviolet microbeam irradiation of mitotic cells. Nature, 260,
784-785 (1976).

Amenta, P.S.: The effects of ultraviolet microbeam irradiation on the eosinophil granular
leukocytes of Triturus viridescens. The Anatomical Record 142(1), 81-87 (1962).
Amenta, P.S.: Ultraviolet microbeam irradiation of vesicle-like bodies in agranular inter-
phase cells cultured from Triturus viridescens. The Anatomical Record 147(3), 423-429
(1963).

Deak, I.I., Defendi, V.: Effects of Discrete Nuclear UV-microbeam Irradiation on Herpes
Virus and SV40 Infection. Journ. Cell Sci., 17, 531-538 (1975).

Czaban, B.B., Forer, A.: Visualization of ultraviolet microbeam irradiation sites with ura-
nyl acetate. Journal of Microscopy, 164(1), 61-65 (1991).

Stark, R.W., Rubio-Sierra, F.J., Thalhammer, S., Heckl, W.M.: Combined nanomanipula-
tion by atomic force microscopy and UV-laser ablation for chromosomal dissection. Eur.
Biophys. J. 32(1), 33-39 (2003).

Quinto-Su, P.A., Lai, H.-H., Yoon, H.H., Sims, S.E., Allbritton, N.L., Venugopalan, V.:
Examination of laser microbeam cell lysis in a PDMS microfluidic channel using time-
resolved imaging. Lab Chip 8(3), 408414 (2008).

Kotsifaki, D., Makropoulou, M., Serafetinides, A.A.: Ultra-violet laser microbeam and
optical trapping for cell micromanipulation. Proc. SPIE 6535, 65351-1- 65351-9 (2007).
Gradov, O.V. Experimental Setups for Ozonometric Microscopy. Biomedical Engineering
46(6), 260-264 (2013).

Grigaravicius, P., Rapp, A., Greulich, K.O.: A direct view by immunofluorescent comet
assay (IFCA) of DNA damage induced by nicking and cutting enzymes, ionizing ¥Cs ra-
diation, UV-A laser microbeam irradiation and the radiomimetic drug bleomycin. Muta-
genesis, 24(2), 191-197 (2009).

Lohs-Schardin, M, Cremer, C, Nusslein-Volhard, C.: A fate map for the larval epidermis
of Drosophila melanogaster: localized cuticle defects following irradiation of the blasto-
derm with an ultraviolet laser microbeam. Dev. Biol. 73(2), 239-255 (1979).
Lohs-Schardin, M., Sander, K., Cremer, C., Cremer, T., Zorn, C.: Localized ultravio-
let laser microbeam irradiation of early Drosophila embryos: fate maps based on location
and frequency of adult defects. Dev. Biol. 68(2), 533-545 (1979).

Girton, J.R., Berns, M.W.: Pattern abnormalities induced in Drosophila imaginal discs by
an ultraviolet laser microbeam. Dev Biol. 91(1), 73-77 (1982).

Higgins, M.L., Smith, M.N., Gross, G.W.: Selective cell destruction and precise neurite
transection in neuroblastoma cultures with pulsed ultraviolet laser microbeam irradiation:
an analysis of mechanisms and transection reliability with light and scanning electron mi-
croscopy. J. Neurosci. Methods 3(1), 83-99 (1980).

24



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

25

Lima S.Q., Miesenbtéck G. Remote control of behavior through genetically targeted pho-
tostimulation of neurons. Cell 121(1), 141-152 (2005).

Chambers, J.J., Kramer, R.H.: Light-Activated lon Channels for Remote Control of Neu-
ral Activity. Methods Cell Biol. 90, 217-232 (2008).

Zemelman, B.V., Nesnas, N., Lee, G.A., Miesenbock, G.: Photochemical gating of heter-
ologous ion channels: remote control over genetically designated populations of neurons.
Proc. Nat. Acad. Sci. USA 100(3), 352-357 (2003).

Yizhar, O., Fenno, L.E., Davidson, T.J., Mogri, M., Deisseroth, K.: Optogenetics in neural
systems. Neuron 71(1), 9-34 (2011).

Weber, G., Monajembashi, S., Greulich, K.O., Wolfrum, J.: Microperforation of plant tis-
sue with a UV laser microbeam and injection of DNA into cells. Naturwissenschaften
75(1), 35-36 (1988).

Cremer, T., Cremer, C., Baumann, H., Luedtke, E.K., Sperling, K., Teuber, V., Zorn, C.:
Rabl's model of the interphase chromosome arrangement tested in Chinese hamster cells
by premature chromosome condensation and laser-UV-microbeam experiments. Hum.
Genet. 60(1), 46-56 (1982).

Meldrum, R.A., Botchway, S.W., Wharton, C.W., Hirst, G.J.: Nanoscale spatial induction
of ultraviolet photoproducts in cellular DNA by three-photon near-infrared absorption.
EMBO Rep. 4(12), 1144-1149 (2003).

Garty, G., Chen, Y., Turner, H.C., Zhang, J., Lyulko, O.V., Bertucci, A., Xu, Y., Wang,
H., Simaan, N., Randers-Pehrson, G., Yao, L.Y., Brenner, D.J.: The RABIT: a rapid au-
tomated biodosimetry tool for radiological triage. 1. Technological developments. Int. J.
Radiat. Biol. 87(8), 776-790 (2011).

Gualda, E.J., Vazquez de Aldana, J.R., Carmen Martinez-Garcia, M., Moreno, P., Her-
nandez-Toro, J., Roso, L., Artal, P., Bueno, J.M.: Femtosecond infrared intrastromal abla-
tion and backscattering-mode adaptive-optics multiphoton microscopy in chicken corneas.
Biomedical Optics Express 2(11), 2950-2960 (2011).

Tirpalur, U.K., Kbnig, K.: Targeted transfection by femtosecond laser. Nature, 418, 4295-
4298 (2002).

Stracke, F., Riemann, I., Konig, K.: Optical nanoinjection of macromolecules into vital
cells. J. Photochem. Photobiol. 811, 136-142 (2005).

Shakhbazyan, A.K., Tarantul, V.Z., Zalessky, A.D., Ryabova, A.V., Loshchenov, V.B.,
Antonov, S.A., Grivennikov, LA, Krivokharchenko, A.S., Karmenyan, A.V.,
Nadtochenko, V.A.: Obtainment of chimeric blastocysts of mice by methods of laser
nanosurgery. Russian Journal of Developmental Biology 44(6), 302-306 (2013).

Il'ina, 1.V., Ovchinnikov, A.V., Chefonov, O.V., Sitnikov, D.S., Agranat, M.B., Mikael-
yan, A.S. Noncontact microsurgery of cell membranes using femtosecond laser pulses for
optoinjection of specified substances into cells. Quantum Electron. 43(4), 365-369
(2013).

Rosenberg, H.: Untersuchungen Uber Nervenaktionsstrome. Pfliger's Archiv fiir die
gesamte Physiologie des Menschen und der Tiere 223(1), 120-145 (1930).

Scheminzky, F.: Methoden und Ergebnisse der Anwendung von Elektronenréhren in der
physiologischen Akustik. Ergebnisse der Physiologie 33(1), 702-780 (1931).

Posener, K., Trendelenburg, F.: Beitrag zur Objektiven Untersuchung der Akustik von
Atmungsorganen. Klinische Wochenschrift 10(16), 741 (1931).

Koczkas, J.: Photoelektrische Wiedergabe photographischer Herzton-Aufnahmen.
Zeitschrift fir die gesamte experimentelle Medizin 84(1), 455-458 (1932).

Bekesy, G.: Uber akustische Reizung des Vestibularapparates. Pfliiger's Archiv fiir die
gesamte Physiologie des Menschen und der Tiere 236(1), 59-76 (1935).

25



82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

2018 Chakhotin seminar, INEPCP RAS, Biophysical instrumentation group

Hartmann, W., Wullstein, H.: Untersuchungen Uber den Bewegungsvorgang an den
schwingenden Stimmlippen von kehlkopfpréparaten mit verbesserter Photozellenmethode.
Archiv fiir Ohren-, Nasen- und Kehlkopfheilkunde 144(4), 348-360 (1938).

Richter, F.: Beitrag zur Technik der Registrierung bioelektrischer Potentiale mit der
Braunschen Réhre. Pflliger's Archiv fir die gesamte Physiologie des Menschen und der
Tiere 240(1), 111-136 (1938).

Rohracher, H.: Fehlerquellen und Kontrollmethoden bei  gehirnelektrischen
Untersuchungen. Pfliiger's Archiv fur die gesamte Physiologie des Menschen und der
Tiere 242(4), 389-402 (1939),

Froimovich, B.N., Razin, S.E., Leibovich, K.B., Andreev, O.S.: Static error in light-beam
oscillograph recordings. Measurement Techniques 14(3), 431-435 (1971).

Razin, S.E., Shraifeld, T.Y.: Determination of the static error in the recording channel of a
light-beam oscillograph. Measurement Techniques 24(7), 537-540 (1981).

Yakovlev, V.T.: A method of basic error determination for a light-beam oscillograph time
marker. Measurement Techniques 27(4), 313-316 (1984).

Sommer, J.: Periphere Bahnung von Muskeleigenreflexen als Wesen des Jendrassikschen
Phanomens. Deutsche Zeitschrift fiir Nervenheilkunde 150(5-6), 249-262 (1940).

Jung, R., Tonnies, J.F.: Die Registrierung und Auswertung des Drehnystagmus beim
Menschen. Klinische Wochenschrift 26(33-34), 513-521 (1948).

Brecht, K., Schmitt, L.. Fortlaufende Registrierung der Handdruckkraft an
Hammergriffen. Arbeitsphysiologie 15(3), 188-195 (1953).

Luthe, W. Der Elektroskriptograph. Psychologische Forschung 24(2), 194-214 (1953).
Bauereisen, E., Bohme, H., Krug, H., Peiper, U., Schlicher, L.: Der EinfluR der Inspiration
auf den Effektivdruck der intrathorakalen Kreislaufabschnitte. Pfliger's Archiv fur die
gesamte Physiologie des Menschen und der Tiere 266(5), 499-511 (1958).

Wezler, K., Stauch, M.: Spontane Superposition und Tetanus am geschadigten
Froschherzen. Archiv fur Kreislaufforschung 31(3-4), 158-180 (1959).

Zeitschriftenschau. Deutsche Hydrografische Zeitschrift, 5(2-3), 158-164 (1952).
Sprenger, E., Bohm, N.: Qualitative und quantitative Fluoreszenzmikro-spektrographie
mit dem Leitz-Mikrospektrographen. Histochemie 25(2), 163-176 (1971).

Burtscher, J., Malfatti, J.: Der Einfluss der Schwangerschaft, der Geburt und des
Wochenbettes auf die Alkalireserve des Gesamtblutes. Klinische Wochenschrift 10(16),
737-741 (1931).

Marotzky, H.-J.: Isometrische Kraftmessungen am Hals-Kopf-System bei jungen und
alten Menschen. Archiv fir orthopddische und Unfall-Chirurgie, mit besonderer
Beriicksichtigung der Frakturenlehre und der orthopédisch-chirurgischen Technik 74(1),
42-62 (1972).

Brennwald, J., Perren, S.M.: Atem- und pulssynchrone Dimensionsschwan-kungen des
Rohrenknochens. Research in Experimental Medicine 161(2), 124-132 (1973).
Schultz-Coulon, H.-J.: Die Diagnostik der gestdrten Stimmfunktion. Archives of oto-
rhino-laryngology, 227(1-2), 1-169 (1980).

Ryzhova, N.M.: Cerebral circulation under reflex influences. Bulletin of Experimental
Biology and Medicine, 43(2), 139-142 (1957).

Blinova, A.M., Ryzhova, N.M.: Reflex control of cerebral circulation. Bulletin of Exper-
imental Biology and Medicine 44(6), 1413-1417 (1957).

Blinova, A.M., Ryzhova, N.M.: The significance for the cerebral blood supply of anasto-
moses between the branches of the external and internal carotid arteries. Bulletin of Ex-
perimental Biology and Medicine 52(2), 869-873 (1962).

Busygin, V.E.: A photographic method of recording the arterial blood pressure. Bulletin
of Experimental Biology and Medicine 48(2), 1037-1039 (1959).

26



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

27

Garbulinski, T., Gosk, A., Mchedlishvili, G.l.: Photohemotachometric investigations of
the functions of the neuromuscular apparatus of the internal carotid arteries. Report 1. Ex-
perimental method and the effects of certain physiologically active substances. Bulletin of
Experimental Biology and Medicine 55(1), 4-8 (1964).

Kiryushina, I.N.: Effect of hypercapnia on the blood supply to the heart in chronic exper-
imental conditions. Bulletin of Experimental Biology and Medicine 57(3), 263-266
(1964).

Korkach, V.I.: Effect of catecholamines on temperature, oxygen tension, and blood flow
in skeletal muscles. Bulletin of Experimental Biology and Medicine 65(3), 252-254
(1968).

Matyushkin, D.P.: A photographic attachment to a cathode-ray oscillograph for use as a
photokymograph. Bulletin of Experimental Biology and Medicine 53(4), 480-481 (1963).
Gall, V., Gall, D., Hanson, J.: Larynx-fotokymografie. Archiv fur klinische und
experimentelle Ohren-, Nasen- und Kehlkopfheilkunde 200(1), 34-41 (1971).

Donovan, G.E.: Modern methods for the graphic registration of the heart beat. The Irish
Journal of Medical Science 18(11), 583-591 (1943).

Pluzhnik, V.1, Parshukov, P.A.: Improved light-ray oscillograph with a drum-type maga-
zine. Measurement Techniques 18(2), 242-243 (1975).

Konovalov, N.A.: Using high-speed motion-picture photography and oscillography for
studying high-speed processes. Measurement Techniques 21(9), 1241-1244 (1978).
Gelman, M. M.: Electronic measuring equipment of the German Democratic Republic ex-
hibited in Moscow. Measurement Techniques 10(3), 361-366 (1967).

Gelman, M.M. RFT instruments on exhibition in Moscow. Measurement Techniques,
15(3), 487-489 (1972).

Razin, S.E., Shraifeld, T. Y.: Recording the algebraic sum of electrical signals by means
of a Duddell oscillograph. Measurement Techniques 19(11), 1656-1657 (1976).

Selenyi, P.: Galvanometers with photoelectric feed-back. Hungarica Acta Physica 1(6), 1-
8 (1947).

Milatz, JM.W., van Boort, H.J.J., van Laar, J., Alkemade, C.T.J.: A photoelectric relay
for measuring voltages of low frequency. Applied Scientific Research, Section B 4(1),
447-456 (1955).

Roshkovan, G.L.: Oscillographic galvanometers for recording fast processes. Measure-
ment Techniques 22(6), 679-683 (1979).

Troitskii, E.A.: Reduction of dispersion in the natural fluctuations in the moving part of a
galvanometer. Measurement Techniques 17(10), 1564-1568 (1974).

Vasil'ev, B.V., Kozyrev, B.P.: Application of a galvanometric amplifier for measuring
weak signals. Measurement Techniques 9(6), 758-762 (1966).

Gural'nik, S.N.: Optimization of the frequency characteristics of loop oscillographic gal-
vanometers. Measurement Techniques 9(8), 1086-1087 (1966).

Akhmatov, A.S., Bufeev, V.A., Korndorf, S.F., Tkachenko, A.N.: Photoamplifier with a
contactless tracking photopotentiometerm. Measurement Techniques 9(10), 1338-1340
(1966).

Mints, M.B.: Determination of the dynamic coefficients of a galvanometer with its mov-
ing coil immersed in a liquid. Measurement Techniques 5(5), 415-417 (1962).

Mints, M.B., Yatmanov, B.A.: Measurement of the parameters of over-damped mirror
galvanometers. Measurement Techniques, 15(9), 1433-1434 (1972).

Artamonov, V.M., Lebedev, G.P., Khrenkov, P.l.: Light beam oscilloscopes. Leningrad,
Energoizdat, 1982, 104 p.

27



125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

2018 Chakhotin seminar, INEPCP RAS, Biophysical instrumentation group

Duma, V.F., Lee, K.S., Meemon, P., Rolland, J.P.: Experimental investigations of the
scanning functions of galvanometer-based scanners with applications in OCT. Appl. Opt.
50(29), 5735-5749 (2011).

Podoleanu, A.G., Dobre, G.M., Jackson, D.A.: En-face coherence imaging using galva-
nometer scanner modulation. Opt. Lett. 23(3), 147-149 (1998).

Xue, G., Yeung, E.S.: Fluorescence detection in capillary arrays based on galvanome-
ter step scanning. Electrophoresis 22(16), 3490-3496 (2001).

Zhang, E., Beard, P.: Broadband ultrasound field mapping system using a wavelength
tuned, optically scanned focused laser beam to address a Fabry Perot polymer film sensor.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 53(7), 1330-1338 (2006).

Kitahara, H., Tani, M., Hangyo, M.: High-repetition-rate optical delay line using a mi-
cromirror array and galvanometer mirror for a terahertz system. Rev. Sci. Instrum. 80(7),
076104 (2009).

Pillai, R.S., Lorenser, D., Sampson, D.D.: Deep-tissue access with confocal fluorescence
microendoscopy through hypodermic needles. Opt. Express 19(8), 7213-7221 (2011).
Wokosin, D.L., Squirrell, J.M., Eliceiri, K.W., White, J.G.: Optical workstation with con-
current, independent multiphoton imaging and experimental laser microbeam capabilities.
Rev. Sci. Instrum. 74(1), 193-201 (2003).

Zook, J.D.: Light beam deflector performance: a comparative analysis. Appl. Opt. 13(4),
875-887 (1974).

Li, Y, Katz, J.: Laser beam scanning by rotary mirrors. 1. Modeling mirror-scanning de-
vices. Appl Opt. 34(28), 6403-6416 (1995).

Neuman, K.C., Block, S.M.: Optical trapping. Rev. Sci. Instrum. 75(9), 2787-2809
(2004).

Taylor, P.K., Wynn-Williams, G.M.: A modified mirror projection visual evoked potential
stimulator for presenting patterns in different orientations. Electroencephalogr. Clin. Neu-
rophysiol. 64(1), 81-83 (1986).

Posudin, Yu.l.: [Biophysicist Sergei Chakhotin]. Kiev: Publishing House of the National
Agrarian University, 1995. 98 p.

Artamonov, V.M., Lebedev, G.P., Khrenkov, P.l.: [Light beam oscillographs]. Leningrad,
Energoizdat, 1982, 104 p.

Arshvila, S.V., Borisevich, E.S., Zhilevich, L.I.: [Electrographic light-beam oscillographs].
Moscow, Energiya, 1978. 144 p.

Buryanov, B.P. [Magnetoelectric oscillograph]. Moscow, Leningrad, Gosenergoizdat,
1952. 239 p.

Borisevich, E.S.: [Magnetoelectric oscillographs for experimental geophysical research].
Studia Geophysica et Geodaetica 2(3), 261-268 (1958).

Troitskii, E.A.: Reduction of dispersion in the natural fluctuations in the moving part of a
galvanometer. Measurement Techniques, 17(10), 1564-1568 (1974).

28



	1 Introduction.
	1.1 The History and Emergence of Chakhotin UV Beam Method

	2 UV Microbeam Positioning and Focusing Devices Similar to Galvanometric Scanners
	3 Acknowledgement
	References

