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Co3aHue CNOXHbIX CBETOBbIX NoNen Ans
peanusaumm pasHoo6pasHbIX ONTUYECKUX JIOBYLLEK
M NX MacCMBOB, ANS ynpaB/ieHUs GOKYCHbIM
paccTossHMEM M306pakaloLnX CUCTEM HEO6X0AUMO
B 6MomMeuLMHe, aCTPOHOMUWN, HAHOUHAYCTPUMN.
YHUKa/IbHble BO3MOXHOCTU MHOI03/1eMEHTHbIX
NpOCTPAHCTBEHHbIX MOAYNATOPOB CBETA —
¢opmumpoBaTb AMHAMUYECKU yNpaBsisieMble
CBeTOBbIE M0/ C pa3HOO6pa3HON CTPYKTYpoOM —
HaxXoasaT Wupokoe npuMeHeHue B cxemMax
onNTUYeCcKUX NUHLETOB. MpeacTaBneH 610AXeTHbIA

M TEXHOJIOFMYECKUN NPOCTOM XXUAKOKPUCTAIUYECKUIA
MoaynaTop ceeTta (KUAKOKPUCTANINYECKUIA
dokycaTop) c MoganbHbIM MPUHLMUMNOM YripaB/eHus,
pa3paboTaHHbin B CO OUAH.

MOZAJIbHbIA NPUHLMN YNPABJIEHUA

M XXK YCTPOMCTBA HA EFO OCHOBE
Moja/bHBIM NPUHLIMII yIIPABIeHUS KU KOKPHUCTAJI-
nudyecKUMH (KK) IpoCTpaHCTBEHHBIMH MOJIY/ISITO-
pamu ObLI mpemsioskeH 6Goee YeTBEPTH BeKa Ha3sap,
U BIIepBble OIMCAaH B paborax [1, 2]. ABTOpH pabor
paccMaTpHBalM IPHUHIMIIHAABHO HOBBIH IIOIXOZ,
bopMHpOBaHHS HEIpPepblBHOIO HPodUIs $a3oBOro
IIPOIIYCKAHUS C/10si HeMaTHhdeckoro KK c 6ompIon
anepTypor. B KOHCTPYKLHMIO MOAYISATOPAa Ha HU3-
KOOMHOE IIOKPBITHE C OTBePCTHeM, HIPAILHUM
PO/Ib allepTypbl, BHOCHUTCS JOIIOJTHUTE/IBHBIN OJHO-
POIOHBIN BBLICOKOOMHBIM ITPO3PAuyHBIM CJIOH - YIIpaB-
JAIUN 3/1eKTPol. JTO II03BO/SeT pealHh30BaTh
aflalTUBHBIE JIMH3bl Pa3IU4YHBIX KOHQUIYpPALMH,
yIPpaBaaTh GOKYCHPYIOIIHMMH CBOMCTBAMH KOTOPBIX
MOJKHO 33 CYeT M3MeHEeHHS aMIUIMTYAbl U 4aCTOThI
HaIps>KeHHs . BO3MOXHOCTL HCIIO0/Ib30BaHUS [JIs
yIpaBieHUsa IapaMeTpaMu JKK-THH3BI YaCTOTHI
YIIPaBJIAIONIEr0 HAIPSKeHHS, a He TOJIbKO aMIIIH-
TYAbI, INPUHIHUIIMAJIBPHO OTIHYaeT pacCMaTpuBae-
MBIN IIOAXOL OT IIOAXOAa, OIIMCAHHOIO B [3, 4], rme
npoduib Ga3oBoi 3afep>KKU opMHUPYyeTcd 3a C4eT
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Multi-pixel spatial light modulators provide
unique capabilities for generation of dynamically
controlled light fields with various structures,
and therefore find wide application for schemes
of optical tweezers to form different optical
traps and their arrays, for problems of control of
focal distance of image systems and others. For
practical application in biomedicine, astronomy
and industry it is relevant to form complicated
light fields using inexpensive and technologically
simple controlled devices. The developed at the
Samara Branch of Lebedev Physical Institute
four-channel liquid crystal light modulator (liquid
crystal focusing device) with the modal control
principle is such a device.

MODAL CONTROL PRINCIPLE

AND LC DEVICES BASED ON IT

Modal control principle of liquid crystal (LC) spatial
modulators was suggested more than quarter of a
century ago, and it was described for the first time in
the papers [1, 2]. Fundamentally new approach to the
generation of continuous profile of phase transmission
of nematic LC layer with large aperture is considered
in these papers. The additional homogeneous high-
resistance transparent layer - controlling electrode
is introduced into the construction of modulator on
low-resistance coating with the hole, which plays the
role of aperture. It allows implementing the adaptive
lenses with different configurations, which focusing
properties can be controlled by means of variation of
voltage amplitude and frequency. Capability to use the
frequency of control voltage and not only amplitude
for the control of LC lens parameters gives principle
difference to the considered approach in comparison
with the approach described in the papers [3, 4] where
the profile of phase delay is formed by means of
boundary field. Besides, the aperture of implemented
lenses, which are described in the papers [3, 4], is
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KpaeBoro mossi. Kpome TOro, amneprypa peajaun3oBaH-
HBIX JINH3, OIIMCAaHHEIX B (3, 4] orpaHHYeHa HeCKO/Ib-
KMMH COTHSIMHK MHKPOMETPOB, a 3a CUeT HCII0/Ib30-
BaHMS YIIPaB/ISAIOIIET0 3JIEKTPOAA 3TH OrpaHHUYEHHUS
6bUIH CHATHI. Ha 0OCHOBe paccMaTpHBaeMOro Ioxoaa
6p11 paspaboTaH psif MomanbHbIX JKK yCTpOKHCTB:
chepuyeckrMe M UMIHUHAPUYECKHE aJalTHBHEBIE
JIMH3BI C pa3MepoM allepTyphl boee 1 MM C yIpaBisi-
IOIMMHU HaIlPSOKeHUSIMHU He 6osiee 10 B, KoppeKTopsl
BOJIHOBOrO0 QPOHTA C IepecTpanBaeMOU QyHKIIHeH
OTKJIMKA, aJalTHBHBIE JIMH3EL C OHNTHYECKH yIIpaB-
ns.eMbIM GOKYCHBIM PacCTOsSIHHUEM [2, 5-8].

ITockonbky B JKK-ycTpOHCTBax C MOJAIbHBIM
INPUHLMIIOM YIIPaBAeHUsS HCIIONAb3YIOTCSA BCETO
HECKOJIBKO 3JIEKTPOLOB M HHU3KHE YIIPaBISIIHe
HaNpsDKeHHs, TaKHe YCTPOMCTBA XapaKTepH3y-
I0OTCS TEeXHOJIOTUYHOCTBIO H3TOTOBJIEHMS, IIPOCTO-
TOM yIIpaB/IeHUSI M OTHOCHUTE/bHO HEBBICOKOH CTO-
KMMOCTbBIO. Ilo3TOMY 3amaya CO3JaHUs KOMITAKTHBIX
Y HeJJOPOrMX CHCTEM C MCII0JIb30BAaHHUEM MOJAJIBHBIX
JKK-yCTpOMCTB IO-TIPe>KHEMY SIBISeTCSI aKTyaJIbHOM
Y aKTHBHO MCC/IeAYeTCS B IIOC/Ie[Hee HeCATH/IeTHe.
Pe3yjbTaTaMM 3THX MCCAeNOBAHMUM CTAjI0 pacliHpe-
HHe BO3MOXKHOCTeHN pacCMaTpUBaeMBIX YCTPOHCTB
M co3laHHe HOBHIX. Tak, 6bUIo mokasaHo [9], uTo
M3MeHss peKMMBI YIIpaBjleHHsI, MoJajbHBIe JKK-
JMH3bl MOXXHO HMCIIONB30BaTh IJis POPMHPOBAHUS
HAKJIOHHBIX M aCTUTMaTHYeCKHX BOJIHOBBIX QPOH-
TOB, a TaKXKe [JIS Peajiu3aluy YIIPaB/IseMbIX aKCH-
KOHOB. 3a CYeT MCIIO/Jb30BAHMS HOBOLO PEe3KUCTUB-
HOI'O IOKPBITHS M H3MeHeHHs TeOMEeTPHUH YHajaoCh
I06UTBCS yMeHbIIeHUs GOKYCHOTO PacCTOSIHUS KU/
KOKPHCTAJI/IMYecKHUX IMH3 [10]. Hcronbp3oBaHMe IByX
BBICOKOPE3UCTHUBHBIX C/IOEB M IIeCTH KOHTaKTHBIX
3/1eKTPOZIOB I103BOIKJIO aBTopaMm [11, 12] peanu3oBars
IBYMEPHYIO MaTPHIly MogaaAbHbIX JKK JIMH3 ~ MHKPO-
AKCHUKOHOB, IIapaMeTpaMH KOTOPHIX MOXKHO YIIpaB-
JSATh B 3aBUCMMOCTH OT IPUK/IAAbIBA€MOr0 HaIIps-
>keHHs. B [13] mokasaHo, 4TO CTPyKTypa Ha OCHOBe
KK ¥ BBICOKOOMHOIO CJI0S1 MOKeT HCII0JIb30BaThCs
B Ka4yeCTBe CIIMPAJIbHOM $pa30BOU IVIACTHUKH /14 op-
MHPOBAaHHUS BUXPEBBIX CBETOBBHIX IToyer. Hamu 6511
npemaokeH JKK MOAYIATOp C YeTHIPbMSI KOHTaKT-
HBIMU 31ekTpofaMu (KK ¢okycatop) [14-16], nmpun-
LMI [eHCTBHS U QYyHKUIHOHAIbHBIE BO3MOXXHOCTH
KOTOPOI'0 OIKMCAaHBI HHKeE.

MPUHLUMN OENCTBUSA XXK ®OKYCATOPA

JKUIKOKPHUCTAIMUYECKUN GOKyCcaTOp IIpencTaB-
nsieT cobo¥ yCTPOMCTBO, peaar30BaHHOE Ha OCHOBE
CKpeIleHHBbIX  IIOJJIOKeK IHMIHHIPHUYECKHUX
MozanbHbIX KK THUH3, 06beJUHEHHBIX B ONHY KOH-
cTpykuio (cM. puc.l). Ha cTek/IssHHBIE IIOIJIOXKKHU
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restricted by several hundreds of micrometers, and
due to use of control electrode these restrictions were
removed. On the basis of considered approach a number
of modal LC devices was developed: spherical and
cylindrical adaptive lenses with the size of aperture of
more than 1 mm and control voltages of not more than
10 V, wavefront correctors with adjustable response
function, adaptive lenses with optically-controlled focal
distance [2, 5-8].

Since in LC devices with modal control principle only
few electrodes and low control voltages are used, such
devices are characterized by the manufacturability,
simplicity of operation and relatively low cost. Therefore,
the task of creation of compact and inexpensive systems
using the modal LC devices is still relevant and it has
been actively studied for the last decade. Results of
these studies include the enhancement of capabilities
of considered devices and creation of new ones. Thus,
it was shown [9] that by changing control modes the
modal LC lenses can be used for generation of inclined
and astigmatic wavefronts and for implementation of
controlled axicons. Due to the use of new resistive
coating and alteration of geometry the decrease of focal
distance of liquid crystal lenses was achieved [10]. Use
of two high-resistive layers and six contact electrodes
allows implementing two-dimensional array of modal
LC lenses - micro-axicons, parameters of which can
be controlled on the basis of applied voltage, to the
authors [11, 12]. In the paper [13] it is shown that the
structure based on LC and high-resistance layer can
be used as the spiral phase plate for generation of
vortex light fields. We suggested the LC modulator with
four contact electrodes (LC focusing device) [14-16], the
operation principle and functional capabilities of which
are described below.

OPERATION PRINCIPLE

OF LC FOCUSING DEVICE

Liquid-crystal focusing device is represented by
the device made on the basis of crossed substrates
of cylindrical modal LC lenses, which are integrated
into one construction (see Fig. 1). Transparent high-
resistance coatings (surface resistance from 100
kOhm/square and to units of MOhm/square) and low-
resistance non-transparent stripe contacts are applied
on glass substrates. Substrates are located in such a
way that their contact electrodes are perpendicular to
each other. The layer of nematic LC is located between
the substrates; the thickness of this layer is set by
spacers, and initial planar orientation is determined
by orienting coatings applied on substrates. LC of BL037
brand produced by Merck with the thickness of 10pm
was used in our experiments; aperture of the device was
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applied to the contacts of the upper and the lower layer

BbICOKOOMHOE MOKPbITUE
High-resistance conductive layer

OpueHTUpytoLLee NOKpbITHE
Orienting coating

Cnom XK / LC layer ———— =2

Puc.1. Bud XXK ¢okycamopa u ezo cmpykmypHas cxema: Ay Ay, Ay A,y = amMnaumyosl, ay, a;y, 0y, 05, = Gassl HanpsxeHud, npu-
KNaobleaemblx K KOHMAKMHbIM 3AeKmpodam 8epxHez0 U HUXKHe20 CA0S
Fig. 1. Photo of LC focusing device and its constructive scheme: Ay Ay, Ay Ay, — amplitudes, ay, as,, dy, d,, — phases of voltage
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CTekNsHHAsA NoA0XKKA
Glass substrate

KOHTaKTHbIe 3n1eKTpoabl
Contact electrodes

@y = A,,€02
Mpoknagka / Spacer
9,1 = Ay %

CTekNsHHas NoAN0XKa
Glass substrate

HAaHOCATCS IIPO3payHble BBICOKOOMHBI€ IIOKPBI-
THUs (IIOBEPXHOCTHOe CONMPOTHBIeHHe oT 100 KOM/
KBaJpaT U [0 efUHHUI, MOM/KBafpaT) U HHU3KOOM-
Hble HeIIpo3payHble II0JIOCKOBBIe KOHTAKTHI. Ilox-
JIOKKH PaCIIONaraloTcs Tak, 4TOOB MX KOHTAKT-
Hble 3JeKTPOABl OBUIKM IepHeHIUKYISPHBI APYT
OpPyTy. Mexay IOAJIOXKKAaMH 3aK/II04YaeTcs CI0H
HeMaTH4eckoro XK, ToalixuHa KOTOPOTo 3aJaeTcs
IpOKJIaZKaMH, a IIepBOHaydajbHas IIJlaHapHasd
OpPHMEeHTALIM ~ HAaHeCeHHBIMH Ha MOLJIOKKY OPHUeH-
TUPYIOIIKMMU HOKPHITUAMHU. B HAIIMX 3KCIIePUMEH-
Tax ucnonb3oBaucs )KK mapku BL037 dupmsl Merck,
TOJNIIMHON 10 MKM, alepTypa YCTPOMCTBA COCTaB-
nagna 1x1 mm. Tun ucnonb3dyemoro JKK ompegesnser
CIIeKTPa/IbHBIM AHAIAa30H, B KOTOPOM MOXeT IIPO-
MCXOOUTH MOAYJIALIMSA CBeTa. B HalleM ciay4dae - 3TO
BUAMMBIN U OMHXKHUHN HHQPAKPACHBIH JHUAIA30HB
criekTpa. ECIM K KOHTaKTaM yCTPOMCTBA IIPHIJIO-
JKeHBl IIepeMeHHble 3/IeKTPUYecKHe IOTeHIIHalbl
C 3alaHHOM aMIUIUTYIOM U $a3oi, To B obracTtu
amepTypbsl YCTPOHCTBA GOPMHUPYeTCS IPOCTPaH-
CTBEHHOe pacIpefie/leHHe AEHCTBYIOIIEro 3Hade-
HUSI HaIpSKeHHUs, MPUBOAMAIIEe K IepeopHeHTa-
LMK MOJIEKYJI JXHAKOI0 KpPHCTasljIa (S-3dpdexT). 1O
IIPUBOJUT K U3MEHEHHMIO IIPOCTPAHCTBEHHOIO pac-
npefeneHUs $a3oBON 3aep>KKH, BHocHUMoH KK
C/10eM B IIPOXOAAINYIO CBETOBYIO BOJIHY.

[TogpobHO MPUHIUI JEHCTBHUS YCTPOMCTBA, €ro
MaTeMaTHyecKas MOJeIb U OCHOBHBIE PeXHMBI
paboTel onrcaHsl B [14-16]. B yacTHOCTH, 6bLIO ITOKA-
3aHO, YTO IPaKTHYECKH 3HAYHMBble paclpeeneHus
da30BoI1 3a/IepP>KKK MOT'YT ObITh IIOyUeHHl B peXKHMe
paboTsl C MaabIM MOAAJIBHBIM IapaMeTpoM, AJis
peanu3alMu KOTOPOro HY>XHO YMEHBIIHTDL OIlpee-
JTeHHBIM 06Pa3oM YacTOTy H/HJIM COIPOTHBIIEHHE
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1x1 mm. The type of used LC determines the spectral
range, in which the light modulation can take place. In
our case - it is visible and near infrared spectral ranges.
When alternating electric potentials with a given
amplitude and phase are applied to the contacts, the
voltage spatial distribution is formed in the aperture
zone inducing the reorientation of molecules in the
LC layer (S-effect). It results in the change of spatial
distribution of phase delay introduced by LC layer into
the propagating light wave.

The operation principle of device, its mathematical
model and basic operation modes are described in
the papers [14-16]. In particular, it was shown that
practically significant distributions of phase delay can
be obtained under the operation mode with low modal
parameter, for the realization of which it is required
to decrease the frequency and/or resistance of high-
resistance coatings in certain manner. In this mode the
influence of frequency on voltage distribution becomes
negligibly low, and its type (and respectively shape of
profile of phase delay) is determined by the amplitudes
and relative phases of potentials.

Equipotential lines of potentials in the operating
space of device can be one of two types: elliptical (in the
form of ellipses and circles) and parabolic (in particular
case, in the form of parallel straight lines). These
distributions of potentials are transformed into the
relevant phase profiles in the form of elliptical and
circular truncated cones or cylindrical surface (examples
of the relevant phase profiles are given in Fig. 2).

LIGHT FIELDS GENERATED

BY LC FOCUSING DEVICE

4-channel LC modulator allows focusing the light field
into the point and generate fields with transverse
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Fig. 2. Phase profiles in the shape of circular and elliptic truncated cones and cylindrical surface
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BBICOKOOMHBIX IIOKPBITHH. B 3TOM peXHMe BIIHS-
HHe YacTOThl Ha paclpelie/ieHHe HAIIPsIsKeHHUsS CTa-
HOBUTCS IpeHeOpesKMMO MaJIbIM, U ero BHUJ, (K1 COOT-
BeTCTBeHHO dopma mpoduis $a3oBor 3a[ep>KKHU)
OIIpefeadloTCd aMIUVIMTyAdaMH M OTHOCHUTE/JIbHBIMH
bazamMu IOTEeHIINATIOB.

OKBUIIOTeHIIMA/JbHbBle JIMHUM I[OTeHIIHAJIOB
B pabouell 067acTH YCTPOMCTBA MOTYT OBITH ABYX
THIIOB: JUIMIITHYECKOro (B BUE 3/IIUIICOB U OKPYK-
HOCTeM) U mapabonudeckoro (B 4acTHOM clydae,
B BHU/e I[apa/UleJIbHBIX NPSIMBIX JHHHI). ITH pac-
Ipefie/ieHUsl IIOTEHIIHA/NIOB Mpeobpas3yloTcs B COOT-
BeTCTByooUm e Ga3oBble NPOGUIH B BHUAE IUIHII-
THYeCKOr0 KU KPYTLOBOI'O YyCeYeHHBIX KOHYCOB JIHOO
LMJINHIPUYECKOHN II0BePXHOCTH (IIPHMepHl COOT-
BeTCTBYIOIIUX a30BeIX IpoduIell MNpHUBeAeHEI
Ha pHUC.2).

CBETOBDbIE NMOJ141,

®OPMUPYEMDIE XKXK ®OKYCATOPOM
YeTrelpex KaHanbHBIM KK MOAYNIATOp IMO3BOJSIET
$OKyCHpOBaTh CBETOBOE I10JIe B TOYKY U GPOPMHUPO-
BaTh I10JI4 C IIONEePeYHBbIM pacmpeseeHueM HHTeH-
CMBHOCTH B BHJe OTpe3Ka, a TakKke TaK Ha3blBae-
Mble KOHTypHBIe CBeTOBBle ITI0/s (C IONepeuYHBIM
pacmpeneeHHeM HMHTEHCUBHOCTH B BHe Kojel,
3JITHIICOB) (pUC.3).

distribution of intensity in the form of segment
and so-called contour light fields (with transverse
distribution of intensity in form of rings, ellipses)
(Fig. 3).

In order to obtain the contour light fields or in
order to focus field into the point, it is necessary to
form the phase profile with the shape of truncated
circular cone. When the plane homogeneous light wave
propagates through the optical transparency with such
phase transmission in the area of Fresnel diffraction, at
small distance from LC focusing device, in transverse
plane the points with maximum intensity will be
located at the contour of the curve repeating the form
of equipotential lines of voltage profile. Thus, against
the general background quite bright light ring will be
formed, for which the ratio between intensity of light
contour and intensity of surrounding dark area is 5 +
15 depending on the device aperture and thickness of
LC layer. Ring size decreases with the increase of the
distance from focusing device, and in some plane the
intensity distribution is focused into the point-type
spot (Fig. 4). It should be noted that due to the fact
that rings and then spots are formed in some range of
distances along the axis of radiation propagation we
can speak about the formation of hollow light tube and
longitudinal light segment in far area by LC focusing
device (17].
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Puc.3. PaccuumaHHsle u 3kcnepumeHmanbHO NOAYYeHHble p(JCﬂpeaE/I@HUﬂ UHmMeHcusHoCcmu ceema, peaausyemole C NOMOULbHO

Fig. 3. Simulated and experimentally obtained light intensity distri

butions generated with 4-channel LC modulator

s monydeHHs KOHTYPHBIX CBETOBBIX IIOJIeH
nubo GOKYCHPOBKH II0NISI B TOUKY Heobxonumo cdop-
MHUpoBaTh $a30BBIM NPodUIb B BHJE yCEUEHHOIO
KpPyroBoro KoHyca. IIpy HPOXOXAEHHH IIJIOCKOH
OIHOPOJHOK CBETOBOIK BOJIHBI 4Yepe3 ONTHUYECKHU
TPaHCIAPAaHT C TaKUM (a30BBIM IIPOIIYCKAHHUEM
B obnactu gudpaknuy OpeHens, Ha HeOOIBIIOM pac-
crosHUU oT JKK doKycaropa, B IoIlepeuHOM IJI0CKO-
CTH TOYKH C MAKCHMIbHON MHTEHCHUBHOCTBIO OyayT
pacmosiaraTbCd Ha KOHType KpHBOH, IIOBTOPSIO-
meld ¢opMy 3KBUIIOTeHIIHANbHBIX TUHHUM IIPOPHUISL
HanpsikeHUsi. Takum obpaszom, Ha obmem doHe
bymeT GOpMHPOBATBECSI [NOBOJIBHO SPKOE CBETOBOE

Similarly to the fields with transverse distribution
of intensity in the form of ring, it is possible to obtain
the light fields with transverse distribution in the form
of ellipse, for this purpose it is required to generate
the phase profile of LC focusing device in the form
of elliptical cone. At the same time, it is possible to
implement the voltage distributions with elliptical
equipotential lines and random orientation of main
axes relative to aperture boundaries. In this case the
voltages supplied to contacts will depend in certain way
on the amplitude at one of the contacts, coordinates of
elliptical cone center, ratio between its axes and rotation
angle of main axes of ellipse relative to the aperture

r

a
v
XK pokycaTtop
Nazep PaclimpuTens ny4vka LCfocugngdevke
Laser Beam expander

l 1BHGI Iit =

Z=25MM  Z=30MM Z=40MM Z=80MM
Z=25mm Z=30mm Z=40mm Z=80mm

Puc.4. Cxema popmuposaHus ceemosbix Koneuy, u poKycUposKU NOAS 8 MOUKY: 8 8epxXHell Hacmu pucyHKa npedcmasneHo pac-
npedeneHue npoduast pazosoli 3a0ep)KKu; 8 HUXKHel — paccHumMaHHble pacnpedereHusl UHMeHCUBHOCMU ceema npu amnaumyoax
NOMeHUUanos Ha KoHmakmax pokycamopa 2 B Ha pasHbix paccmosiHUsIX

Fig. 4. Scheme of generation of light rings and field focusing into the point. The distribution of phase delay profile is shown at the
top. Simulated distributions of light intensity are given at the bottom with the amplitudes of potentials at contacts of focusing
device 2 V at different distances
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KOJIBLIO, [JISI KOTOPOIO COOTHOIIeHHe MHTeHCHUBHO-
CTH CBETOBOTO KOHTYPa K MHTEHCHUBHOCTH OKPY>Kalo-
Ier TeMHOH 06/1acTH cocTaBiseT 5-15 B 3aBUCHMO-
CTH OT allepTyphl YCTPOMCTBA U ToNIKUHBL JKK citos.
Pasmepsl KOJIbLlA YMEHBLIAIOTCS C POCTOM PacCTOs-
HUS OT QOKycaTopa, K B HEKOTOPOM IIIOCKOCTH pac-
[peje/ieHHe MHTeHCHBHOCTH QOKYCHPYeTCs B ToUeu-
Hoe IATHO (puc.4). 3aMeTHM, 4YTO IIOCKOIBKY KO/bIIaA,
a 3aTeM M IIATHA GOPMUPYIOTCS B HEKOTOPOM AHalla-
30He PacCTOSSHUH B0JIb OCH PaCIIPOCTPaHeHHUS U3JTY-
4YeHHSsI, TO MOXHO TOBOPUTb 0 popMuUpoBaHUH KK
$OKycaTOpoM II0JION CBETOBOM TPYOKH, a B JaJIbHEH
30He - IPOJI0JILHOI'0 CBEeTOBOTr0 OTpe3Ka [17].

AHAJIOTUYHO IIOJIIM C IIOIepeYHBIM paclipe-
JleJleHrveM WHTEeHCHUBHOCTH B BHJe KOJbLIA MOXKHO
[I0JIy4aTh CBETOBbIE II0JISI C IIOIIepPeYHBIM pacIipeje-
JIeHHeM B BH/Je 3JUIMIICA. [l 5TOr0 HY>XKHO pOpMHU-
poBaTh dasoBrik npoduns JKK dokycatopa B popme
3JUIMIITUYECKOr0 KOHyca. OOHOBPEeMEHHO MOXKHO
peanK30BaTh paclpefie/leHUs HAIIPSSKeHUS C 3/IIUII-
TUYeCKMMH SKBUIIOTEHIIMAJbHBIMK JIMHHUAMH
C IIPOM3BOJIBHOM OPHeHTAllHMel IVIABHBIX OCeH OTHO-
CHUTEe/IbHO IPAaHUI] allepTyphl. B TaKoM ciiy4yae HaIps-
JKeHHsI, IIoflaBaeMble Ha KOHTAKThl, OymyT ompene-
JIeHHBIM 00pa30M 3aBHCETh OT AMILIMTYABI Ha OHOM
13 KOHTAaKTOB, KOOPAMHAT LieHTpa 3/I/IMIITHYeCKOrO
KOHYCa, OTHOIIEHHUS ero OCeH U yI/a II0BOPOTa I/1aB-
HBIX OCeH 3JIJIMIICA OTHOCHUTE/IBHO TPAHHUL] allepPTyPhl
KK ¢okycatopa. IToHATHO, YTO 3TH 3aBUCHUMOCTHU
bornee clOKHBIE, YeM B Cjly4dae OpHEHTALMH IJaB-
HBIX OCeH 3JIIMIICA I1apajljle/IbHO FPAHHUIIAM aMIIIH-
Tynbl. POPMHUPYS 3MIUNTHUECKHUH IPodHIIb Ga30BOL
3alep>KKH C MIPOM3BOJIbHOM OpHeHTAallhel ITaBHBIX
OCey 3JUIMIICA, MOXKHO IIOJIy4YaTh COOTBETCTBYIOLIHE
pacmpene/ieHUss MHT@HCUBHOCTH CBeTa.

Ecnu chopmupoBaTh pacmpefie/ieHUs HaIlps-
JKeHHUSI B BHJe 3JUIMIICA, Pa3Mepbl KOTOporo OyayT
HeCKO/IbKO 6osibllle pa3MepoB alepTypsl, TO THUHUU
¢ mocTosiHHOM ¢das3oi npodunsa $a3oBoM 3afep>KKHU
OyZyT He 3aMKHYTHl B IIpefiesiaX allepTypel, TO eCTh

i1

boundaries of LC focusing device. Understandably,
these dependences are more complex than in case
with orientation of ellipse main axes in parallel with
amplitude boundaries. By forming the elliptical profile
of phase delay with random orientation of ellipse main
axes we can obtain the relevant distributions of light
intensity.

If you generate the voltage distributions in the form
of ellipse, size of which will be slightly larger than
the size of aperture, the lines with constant phase of
phase delay profile will be not closed within the limits
of aperture, in other words, they will have appearance
of arcs of circles or ellipses. It will allow obtaining the
distribution of light field, in which the points with
maximum intensity are located along the contour of
analogous curve or in the form of arc of circle or ellipse,
in the near area from focusing device.

In order to focus the light into transverse segment,
it is necessary to generate the profile of phase delay in
the form of surface of cylindrical lens. For this purpose
it is necessary to set the voltage distributions with
equipotential lines in the form of parallel straight lines.
The optical transparency with such phase transmission
will focus the plane homogeneous light wave into the
light segment, position and orientation of which can
be controlled by means of variation of amplitude and/or
phase of potentials applied to contacts (Fig. 5).

CONTROL OF LIGHT FIELDS GENERATED

BY LC FOCUSING DEVICE

Control of size of transverse intensity
distributions

In order to generate the light ring, the profile of phase
delay in the form of truncated cone is used. The size
of ring will depend on the width and depth of phase
deflection of phase profile. The depth of phase deflection
and therefore the size of light ring in the set plane can
be controlled by changing the potentials at the contacts
of LC focusing device. The higher the amplitude of
potentials supplied to the contacts of LC focusing device
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XK dpokycaTtop
LC focusing device

Nasep Pacwumpurtens nyyka

Laser Beam expander

e — o

¢

Simulated distribution of light intensity is given at the bottom

Puc.5. Cxema okycuposku noas 8 nonepeyHblill ompe3ok: 8 8epXHell Yacmu pucyHKa npedcmasneHo pacnpedeaeHue npoguas
(azosoli 3a0ep>KKU; 8 HUXKHeL — paccyumaHHoe pacnpedeaeHue UHMeHCUBHOCMU ceema
Fig. 5. Scheme of light field focusing into transverse segment. The distribution of phase delay profile is shown at the top.

Z=50 MM
Z=50mm

MMeTh BH/J, JyT OKPY>KHOCTeM MJIM 3JJIMIICOB. ITO
II03BOJTUT MONTYYHUTh B 6/IM>KHEH 30He 0T GoKycaTopa
pacmpenesieHHe CBETOBOIO IO/, B KOTOPOM TOYKH
C MaKCHMaJbHOK HHTEHCHBHOCTBIO PaCIIONIOKEHBI
10 KOHTYPY aHA/IOTHYHOMN KPHUBOH, T.e. B BUJe NIyTH
OKPY>KHOCTH HJIH 3JIJIMIICA.

J1s1 GOKYCHPOBKHU CBeTa B IIOIIE€PeYHBIN OTPe30K
HY>XKHO cbopMHUpOBaTh NpodPuab Pa30BOi 3aJep>KKHU
B BHJE IIOBePXHOCTH LHM/IHHIPHYECKOH JIHH3HL.
Ins >Toro HeobXomHMO 3aJaTh pacIlpefeneHUs
HaNpsDKeHUS C 3KBUIIOTeHIIMA/IbHBIMH JIMHUSAMHU
B BH/le I1apa/l/le/IbHBIX IPSIMBIX. ONTHYeCKHUH TPaHC-

is, the lower the ring radius will be (Fig. 6). Similarly,
the size of light fields with transverse distribution of
intensity in the form of ellipse can be altered.

Control of Light Field Shape

The shape of transverse distribution of intensity
can be controlled from ring to ellipse and vice
versa by changing the parameters of control
voltage. For example, if itis required to transform
the voltage distribution in such a way so that
equipotential lines in the form of circles would
turn into the elliptical lines without center

Puc.6. YnpaeneHue pasmepamu Aogywku (paccmosiHue om pokycamopad 80 nAockocmu HabAodeHUs 4 cm; amnaumydbl NomeHu -
an08 Ha 8cex KOHMAKMAx pagHbl; ygenudeHue amMmnaumyobl npusodum K yameHblUeHUto paduyca Koabua)

Fig. 6. Control of trap size. The distance from LC focusing device to the observation plane is 4 cm. The amplitudes of the
potentials at all contacts are equal. The amplitude increase results in a decrease of the radius of light rings
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IIapaHT C TaKUM (a3oBBIM IIPO-
nycKaHueM 6ynmeT $poKycHpOBaTh
IIJIOCKYI0 OJHOPOJHYIO CBETOBYIO
BOJIHY B CBETOBOM OTPe30K, II0JI0-
SKEHHEeM U OpHEeHTAlLlueH KOTO-
pOro MOXKHO YIIPaBIATh 3a CYET
HM3MEeHeHHUs aMIUIUTYABl H/HIH
ba3pl IPUIIOKEHHBIX K KOHTAaK-
TaM II0TeHLIHaJIOB (PHC.5).

YMNPABJIEHUE CBETOBbIMU
NnoasAMM,
COOPMUPOBAHHbLIMN KK
POKYCATOPOM
YnpaBsieHMe pasmepamu
nonepe4vHbIxX
pacnpepeneHunmn
MHTEHCUBHOCTHU

Puc.7. YnpaeneHue popmol pacnpedeneHust UHMeHCU8HOCMU c8ema 0m KoAbUd

K 3nauncy (paccmosiHue om ¢pokycamopa o nAocKocmu HabAdeHus 2 CM; amnAu-
mydbl NOMeHUUAN08 0As Nepaoli NOOA0XKKU 0AS1 BCEX CAY4Aes padHbl, a Ha 8mopoli
NnoodnoKKe MeHsImcs!)

Fig. 7. The control of intensity distributions’ shape: from ring to ellipse. The
distance from LC focusing device to the observation plane is 2 cm. The amplitudes
of the potentials at contacts of upper layer are equal for all cases and the
amplitudes of the potentials at contacts of lower layer are changed

Hns GopMHUPOBAHHS CBETOBOTO

KOJIbLIA MCIIONB3yeTcsl IpodrIb $a30BOU 3aJep>KKH
B BHJIe yCeYeHHOro KOHyca. Pa3mepsl Kojblia 6yayT
3aBHCeTh OT IIUPHUHBI U INy6HHBI $a30BOro mpo-
ruba ¢dasoBoro mpoduisa. HM3MeHSIS IOTEHIIHAJIBI
Ha KoHTakTax JKK ¢okycaTopa, MOXKHO yIIPaBJIATh
rnybuHon dpasoBoro nporuba u, cienoBaTeNbHO, pas-
MepaMH CBeTOBOI'O KOJbLA B 33aJaHHOM IIIOCKOCTH.
Yem 6osbllle aMIIIUTY/A IOT€HIIHAJIOB, TI0/IaBaeMBIX
Ha KOHTaKThl JKK ¢oKkycaTopa, TeM MeHBIIe paguyc
Konbla (pHc.6). AHAJIOTUYHO MOXHO MEHSTh pas-
Mepbl CBETOBBIX IIOJIell C IIOIepeuHBIM pacIpeese-
HUeM UHTeHCUBHOCTH B BHJE 3JJIMIICA.

YnpaeneHune ¢popMoM CBETOBbIX MoJeN

MeHsisi mapaMeTphl yIpPaB/SIONIEro HaIpsKeHHUS,
MOXHO MEHSITh QOpPMY IIOIIEPEYHOro pacIlipefele-
HUSI MHTEHCHBHOCTH OT KOJIbLIA K JIMIICY U HAO-
bopor. Hampumep, ecinu TpebyeTcst mpeobpa3oBaTh
pacrpesie/leHHe HAIpsDKeHHS TaK, UTOOBI SKBHIIO-
TeHIIHa/IbHbIe THHUHU B BUe OKPY>KHOCTEH Iepely
B JUIMIITUYECKHe 6e3 CMellleHUs IIeHTpPa, TO HY>KHO

displacement, then the potential amplitudes on
one of the substrates should be altered by the
same value (Fig. 7).

Control of Position of Light Rings

and Focused Spots

It is possible to control the position of circular
cone base center by changing the amplitude
and/or phase of potentials applied to contacts.
Respectively, it is possible to control the position
of generated point-like light spot or ring and
move these distributions in the set plane within
the boundaries of the area of focusing device
aperture display.

Capability of movement of light rings or
ellipses allows fulfilling one more methods of
generation of C-shaped distributions. Nonclosure
of the lines of constant phase of phase delay
profile will be provided by the displacement of
the centers of elliptical or circular cone to the
aperture boundaries.
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AMIIIUTY B [IOTeHI[HaJIOB
Ha OJHOM U3 IIO/JIOKEeK U3MEHHUTh
Ha OJIHY U Ty Ke BeJIMUMHY (PUC.7). nasep
YnpasJsieHUe nosioXXeHuem
CBeTOBbIX KoJeL,

M chOKYCUPOBAHHbIX NATEH
M3MeHss1 aMIUIUTYAY H/Unu dasy
IIPUJIOKEHHBIX K KOHTAaKTaM
IIOTEHIIUAJIOB, MOSKHO YIIPaBIISITh
IIOJIOKEHHeM LIeHTpa OCHOBAa-
HUSI KPyroBoro KoHyca. COOTBeT-
CTBEHHO, MOKHO KOHTPOTHPOBATh
IIOJIOKeHHe CHOPMHPOBAHHOIO

PacwupuTens nyvka
Laser Beam expander
A b

Puc.8. Cxema onmuyecko2o nuHuema ¢ KK ¢pokycamopom
Fig.8. The scheme of optical tweezer with LC focusing device

. CMOS-kamepa
©-.- MK/ PC CMOS camera

XK dpokycaTtop
LC focusing device

100x MMKPOOBbEKTUNB
M 100x objective

g
3D MOTOPM3MPOBaHHbIN CTOMMK —————— O6paseL,/ Sample

3D stage Ocsetutens / lilluminator

CBETOBOI'O TOUEYHOIO IISITHA MU
KOJIBIIA U IIepeMeINaTh 3TH pacIpeleeHHs B 3aIaH-
HOM IIJIOCKOCTH B ITpefiesniax o61acTh oTobpaskeHHUSs
anepTypsl pokycaropa.

BO3MOKHOCTh IIepeMellleHHsl CBETOBBIX KOJIeI]
nub0 3/UIMIICOB II03BOJISIET peasl30BaTh ellle OAHH
criocob opmupoBaHus C-06pa3HBIX pacIpeie/IeHUH.
He3aMKHYTOCTE IMHHUH IIOCTOSHHOM a3kl IPOPHUISL
da3oBoil 3amepKKU bymeT obecriedMBaTHCS CMelle-
HHUEeM ILeHTpPOB 3JIIUIITHYECKOTO 1ubo KpyroBoro
KOHYCa K TPAHUIIAM aIlepTyphL.

VnpaBneHme opMeHTaumeﬁ N noaoXxxeHnem
CBEeTOBbIX OTpPe3KOB 1 31/1u1ncos
PacripefieneHUsI B BHIE OTPE3KOB JHOO 3JIHIICOB
MOXHO IIOBOpPaYMBaTh (MEHSTb HX OPHeHTAaIlHI0
OTHOCHUTEJIBHO TPAaHHIl allepTyphl), a TaKxke Iepe-
Melath. [Ipy 3ToM 3ajada mepeMelieHUs GOpPMHU-
pyeMbix JKK ¢okycaTopom II0JIeH B BHAE JIHIICOB
MIPOU3BOJIBPHOM OPUEHTALMU TUb0 pacmpeneneHUN
B BHJE CBETOBBIX OTPE3KOB CYyIeCTBEHHO YC/IOKHS-
eTcsl II0 CPaBHEHHIO C 3aJaved IepeMelleHHs pac-
IpefelleHUss UHTeHCUBHOCTH B BHJe KOHLIEHTpHUUe-
CKUX Kojel] 1160 cGOKyCHPOBaHHBIX IIsiTeH. OZHAKO
U IS 3THUX Cy4YaeB COOTHOLIEHHS MeXAYy IapaMe-
TpaMH QoKycaTopa A peann3allud MepeMelleHUH
3JIMIICOB M OTPEe3KOB ITPOK3BOJIBHOM OpPHEHTALIUU
(B TOM 4HCJIe C UX OJHOBPEMEHHBIM II0BOPOTOM)
6bTu monydeHHl (18], M COOTBETCTBYIOIIME IIepe-
MellleHHUsI CBETOBBIX IIOJel peayn30BaHBl 3KCIIEPU-
MeHTa/lIbHO. TaK, ABa IOCJIeSHUX CTOnbIA HA pHC.3
WJITIOCTPUPYIOT IepeMellleHHe U [IOBOPOT CBETOBOIO
I10J1S1 B BUE 3JIIUIICA.

Ba>kHO OTMETHTBH, YTO YIIPaBJIATH CBETOBBIMU
MoJISIMU — UX GOPMOM U pasMepaMU — MOKHO O4eHb
IJIAaBHO (TeopeTHYeCcKH HeIIpepsBHO). Takas BO3-
MOXKHOCTH obecIiedymBaeTcs HCIIOAb3oBaHHeM B JKK
¢doKkycaTope CIUIOIIHOIO YIIPaBJSIONIEr0 3/IeKTPOAA
o1 GOpMHUPOBAHHS paclpefe/ieHHs HaIpsaxKe-
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Control of Orientation and Position

of Light Segments and Ellipses

Distributions in the form of segments or ellipses can
be turned (their orientation can be changed relative
to aperture boundaries) and moved as well. The task
of movement of the fields generated by LC focusing
device in the form of ellipses with random orientation
or distributions in the form of light segments is
significantly complicated in comparison with the task
of movement of intensity distribution in the form of
concentric rings or focused spots. However, the ratios
between focusing device parameters for the movement
of ellipses and segments with random orientation
(also with their simultaneous turn) were obtained
even for these cases [18], and the relevant movements
of light fields were performed experimentally. Thus,
two last columns in Figure 3 illustrate the movement
and turn of light field in the form of ellipse.

It is important to note that control of light
fields (their shape and size) can be performed very
gradually (theoretically, continuously). Such
capability is provided by the use of solid control
electrode in LC focusing device for the formation of
voltage distribution in the aperture area. It allows
obtaining the smooth continuous profile of phase
delay and gradually changing the voltage distribution
on focusing device aperture by means of variation
of potentials in contact electrodes. Practically, the
capability of smooth control is restricted by the
discreteness of control voltages supplied from control
unitand it can be enhanced at the expense of reduction
of discreteness degree.

EXPERIMENTS IN MANIPULATION

One of the possible applications of LC focusing device
consists in its use in the structure of optical tweezers.
For the first time, the experiments in optical micro-
manipulation with the use of LC devices with modal
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Puc.9. 3axsam u ydepycaHue 0duHo4Holl kKnemku Saccharomycescerevisiae onmuueckol Ao8ywkoli 8 popme 3aaunca (Kadpbi 8ude-
0CBeMKU, CMpeAKa NoKasbledem HANpAsAeHUe nepeMeLleHUs CMoAUKa MUKpockona)

Fig. 9. The capture and confinement of a single Saccharomy cescerevisiae cell with optical trap in the shape of ellipse (frames of
video recording). The arrow shows the direction of the microscope stage movement

HUM B 06/1aCTH amepTyphl. JTO IO3BOJISET IIONY-
YUTh TIJaJAKHUHN HeNpepblBHBIN MNpoduab daso-
BOM 3aflep>kKU U IIJIaBHO MeHSTb pacIpejleneHHe
HaIpsiKeHHUS Ha amepType poKycaTopa IyTeM H3Me-
HeHHS IOTeHIMaJIOB Ha KOHTAKTHBIX 3JIEKTPOJAX.
Ha mpakTHKe BO3MOXXHOCTb IUIABHOTO yIIpaBeHHS
OTPaHUYHUBAETCS OUCKPETHOCTBIO YIIPABJSIOMUX
HaIlpsSDKeHUM, IoJaBaeMbIX ¢ 670Kka yIpaBlleHHS,
1 MOXeT ObITb y/IydllleHa 3a CUeT YMeHbIIeHHUSs CTe-
IIeHU AHUCKPETHOCTH.

SKCMNMEPUMEHTbI MO MAHUNYIALUN
OfZHKMM H3 BO3MOXHBIX NpUMeHeHHUH XK Qokyca-
TOpa SABJISETCS €ro HCIOb30BaHHE B CXeMe OIlTHYe-
CKOro mHMHIEeTa. BrepBble 3KCIIEPUMEHTHI I10 OITH-
4YeCKOM MHKPOMAaHHIYISALUWH C HKCIONAb30BaHHEM
KK yCTpOHCTB C MOLAJBHBIM IPHHLUIIOM yIIPaB-
7MeHUs ObUIM peasn30BaHbl aBTOpaMu paboTel [19].
KK nHuH3a BBHIIIONHSAA [OIOTHUTEIBHYI (OKY-
CHUPOBKY H3JIyueHHS B TOUKYy Ha TpebyemMoM pac-
CTOSIHUU. IlepeMelleHHe MHKPOOObeKkTa OCYIIecT-
BJISIZIOCH C IIOMOINBI0 ABYMepHoro KK mediexropa
(Ipu3MBl), KOTOPBIH I103BOJISLI MEHSTh YTO/I HAaKJIOHA
CBeTa, MaAaollero Ha JAHWH3y. YeThIpexKaHa/bHBIH
KK MomymnsiTop IO3BOJIH/I COBMECTUTD 06e 3TH PyHK-
LIMK, BMeCTe C TeM, HapsaAy C yIpaBasgeMbIMH To4ey-
HBIMH JIOBYIIKAaMH, ObLIM Peasli30BaHbl KOHTYpHEIE
JIOBYIIIKH (B BUIe KOJIell U JIJIUIICOB) [20], C-o6pa3HbIe
JOBYWIKH [20], JIOBYIIKH B BHJE CBETOBBIX OTPE3KOB
(21, 22].

OTnuuuTenpHoM ocobeHHocThio JKK dokyca-
TOpa SIBJISETCSL TO, UTO OH paboTaeT B pesKUMe IIPO-
IyCKaHUS (XOTS IIPU HeoOXOOMMOCTH MOKeT OBITH
peann3oBaH U PeXUM OTPa’keHHS), UTO II03BOJISIET
KOHCTPYKTHBHO YIIPOCTUTb CXeMy BCTPAUBaHUS €TI0
B ONTHUUYECKHMH MaHUNyIsATop (puc.8). Beliu peanu-

control principle were carried out by the authors [19].
LC lens performed the additional radiation focusing
into the point at required distance. Movement of
micro-object was performed using two-dimensional
LC deflector (prism), which allowed changing the
inclination angle of light, which was incident on lens.
Four-channel LC modulator allowed combining these
both functions, and at the same time together with
controlled point traps the contour traps (in the form of
rings and ellipses) [20], C-shaped traps [20], traps in the
form of light segments [21, 22] were implemented.

The distinctive feature of LC focusing device consists
in the fact that it operates at transmission regime
(although, if necessary, the reflection mode can be
executed), which allows simplifying constructively the
scheme of its incorporation into optical manipulator (Fig.
8). Different experiments in capture and manipulation
of single micro-particles and their groups were carried

Puc.10. 3axeam npo3payHbix MUKpo06BEKMOE C pa3mepamu,
CyLECMBeHHO MeHbLWUMU, Yem duamemp KOAbUe8oL A08YLIKU
e-coli (0,7-0,9 mkm) u coepbl Aamexca (2 mMkm)

Fig. 10. The capture of transparent objects of a size
substantially smaller than the diameter of the ring trap a)
e.coli (0.7-0.9 um); b) latex spheres (2 ym)
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cmpausaemoﬂ 8 KonbLU0.

can be transformed into the ring

Puc.11. 3axeam u ydepycaHue no2A0Wa0ULUX MUKPO4ACMUL, OKCUOA aAMUHUS pa3mepom 1,5 mkm C-06pasHoll nosywikol, nepe-

Fig. 11. The capture and keeping of absorbing micro-particles of aluminum oxide with the size of 1.5 ym by C-shaped trap, which

30BaHBI Pa3HOOOpa3HBble 3KCIIEPUMEHTHI II0 3aXBaTy
¥ MaHHIIYTHPOBAHHIO OTAEJIbHBIMH MHUKPOYACTU-
IIaMH, a TaKXe HX TPyHIaMH. B KayecTBe MHUKPO-
06BeKTOB HCIIOb30BAIUCh B3BeNIEHHBIE B BOJE
chephl J1aTeKCa Pa3JIMYHBIX AHAMETPOB, YaCTHIIBI
aNIOMHUHUS, cepebpa, U UX KOHIJIOMEPATHI, a TaKxKe
MHKPOOOBEKTBl OHOTOrHUYeCKOTr0 IIPOUCXOKIEHHUS.
Ha pwuc.9-14 nmpuBefeHbl KaJphl BUAEOCHEMKHU COOT-
BETCTBYIOIIMX SKCIIEPUMEHTOB.

3AKJIIOYEHUE

PaccMaTpuBaeMblll 4eTblpexkKaHalbHBIH JKK Momy-
JIATOP IO3BOJISeT peanu30BaTh (a3oBble 3aJepP>KKHU
B BHJE yCeYEeHHBIX KOHYCOB - LIMIHUHJPHUYECKOIO
M JUIMITUYEeCcKOro C MPOH3BOJIBHOU OpPHeHTallueH,
a TakXe B BH/Je KBa3sHUH/IHHAPHUYECKOH JHH3BL.
TakuM 06pa3oM, HCIONB3Yys BCEro 4eThIpe yIIpaBiIsi-
IOIIMX KOHTaKTa, MOXHO GOPMHPOBATh pPa3Ho0Opas-

out. Latex spheres with various diameters weighed
in water, particles of aluminum, silver and their
conglomerations, micro-objects with biological origin
were used in the capacity of micro-objects. Frames
from video with the relevant experiments are given in
Figures 9-14.

CONCLUSION

Considered 4-channel LC modulator allows executing
the phase delays in the form of truncated cones -
cylindrical and elliptical with random orientation
and in the form of quazi-cylindrical lens. Thus, using
only four control contacts it is possible to generate the
various intensity distributions in the form of rings,
ellipses and segments with random orientation; also
it is possible to control gradually their size, position,
shape using the solid electrode at the expense of
potential variation. Use of LC focusing device in the

Puc.12. 3axeam u ydep>kaHue KpynHol mukpodacmuubl (dzpezuposaHHble KAemku dpoxokel). BO3mMOXHOCMb 3axeama u nepemeLie-
HUSI MUKPO06BeKmos 6oAee 10 MKM KOHMYpPHOU A08yLIKOL N0380AUM NpuU 3axeame S0epHbIX KAemok u3bezamp 8030elicmeus Ha s10po
Fig. 12. The capture and confinement of a large microparticle (the yeast cells, aggregated into a single particle). The arrow shows
the direction of the microscope stage movement. The ability to manipulate micro-objects larger than 10 pm with contour traps
will make it possible to avoid the influence on nucleus during the capture of eukaryotic cells

122 POTOHMKA N24/58/2016



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN
N OPTICAL DEVICES AND SYSTEMS m
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN

i g

KK pokycamopa

Puc.13. MepemeuieHue cepbi Aamekca duamempom 1,2 MKM moyedHol onmuueckod A08ywKol, chopmupos8anHoli ¢ NOMOWbI0

Fig. 13. Relocation of a 1.2 um-diameter latex sphere realized with the point trap formed with the use of LC focusing device

HbIe pacopeneleHHss HHTeHCUBHOCTH B BHe KOJIell,
3/JIMIICOB W OTPe3KOB IIPOM3BOJIBHOK OpHeHTalluH
M 3a CYeT MCII0JIb30BaHHS CIJIOIIHOIO 3JeKTpoja
OYeHb IIJIABHO YHPaBAATh UX pa3MepaMH, II0JIOKe-
HHeM, QOPMOHM 3a CYeT H3MeHeHHs ITOTeHIIHAJIOB.
Hcnoone3oBanue JKK ¢oxycaropa B cxeMe OITHUe-
CKOTO IHHIIeTA I[I03BOJISET peanr30BaTh JUHaAMHYe-
CKH yIIpaBJisieMble TOYeUHbIE ¥ KOHTYPHBbIe OITHYE-
CKHe JIOBYIIKHM, a TaK>Ke JIOBYIIKU B BHJ€ CBETOBBIX
0oTpe3KoB. IIpu 3TOM 3a cYeT TOro, 4TO pacCMaTpHUBa-
eMbIl PoKkycaTop paboTaeT B pexkHMMe IPOMyCKaHMUS,
CXeMa OITHYeCKOTr0 MHHIETa YIIPOIAeTCs, YMEeHb-
IIAIOTCs ero rabapuTel. 3ameTuM, 4To XKK pokycaTop
MOXKeT OBITb BBIIIOJIHEH B KOHCTPYKTHBHOM BapH-
aHTe st paboThl Ha OTpaskeHHUe. B cuny pedpakiiu-
OHHOIO XapaKTepa [eHCTBHUS UeTblpexKaHaJIbHBIM
XK monynstop obnamaer 6onbmiert 3ddeKTHBHO-
CThIO [0 CPaBHEHHUIO C MOTOIIMKCEIbHBIMH MOIYJIS-
TOpaMH, KOTOPble XapaKTepHU3YIOTCS OUPPaKIHMOH-
HBIMHU IIOTepPSIMU. YCTPOHCTBO paboTaeT B BUAHUMOM
U 6inrkHeM MK-muamna3soHax v objiafaeT JOCTaTOYHO
BBICOKOH J1y4eBOM IIPOYHOCTBIO: 3KCIIEPUMEHTHI IIPO-

structure of optical tweezers allows implementing
dynamically controlled point and contour optical
traps and traps in the form of light segments. At the
same time, due to the fact that considered focusing
device operates at transmission regime, the scheme
of optical tweezers is simplified and their dimensions
become smaller. It should be noted that LC focusing
device can be constructively implemented in the
variant for reflection operation. Due to refraction
character of operation, 4-channel LC modulator has
greater efficiency in comparison with multi-pixel
modulators, which are characterized by diffraction
losses. The device operates within visible and near
IR ranges and has quite high radiation strength:
experiments were carried out at the densities of
radiation power supplied to the focusing device up to
30 W/em?.

Thus, taking into account the technological
peculiarities and relative low cost, the functional
capabilities of 4-channel LC modulator make it possible
to speak of its application perspectiveness in various
applied tasks.

..

Puc.14. 3axsam u no8opom HeckoAbKUX Yacmuu Admekca (duamemp 1,2 MKmM) onmuuyeckoli A08yLIKOL 8 8UOE C6eM08020 0Mpe3Ka
Fig.14. The capture and turn of several particles of latex (diameter 1.2 ym) by optical trap in the form of light segment
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BOOUJIMCh IIPU IUIOTHOCTSIX MOIIHOCTH H3JIyYeHUS,
nmajaromuer Ha ¢okycarop, 1o 30 Br/cm?.

TakuM 06pa3oM, QYHKIJHMOHA/IbHBIE BO3MOKHO-
CTH 4YeThIpexKaHa/JbHOro JKK MoAyIsaTOpa C y4eTOM
ero TeXHOJIOTHYeCKUX OCOOeHHOCTeHM M OTHOCH-
Te/JIbHO HeBBICOKOLK CTOMMOCTH II03BO/ISIIOT TOBOPUTD
0 IepPCHeKTHBHOCTHU €ro HCIIOJb30BAHHA B Pa3jIvy-
HBIX IIPUKJIAJHBIX 3aaYax.
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