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B pa6oTe paccMaTpuBaeTcsl MeTOp,
aKyCTOONTMYECKOro CKAHMPOBAHUS.

Ero xapakTepusyeT BbICOKasi TOYHOCTb

M BO3MOXXHOCTb HE3AaBMCUMOTIO yrNpaBaeHuUs
HeCKOJIbKMMM ONTUYECKMMU JIOBYLUKAMU
npyv MaHUNy/IMPOBaHMUN MUKPOO6bEKTaMMU

C NOMOLLLbIO ONTUYECKOro NMHueTa. bparrosckas
Avdpakums ceeTa yabTpasByKOBbIMU
BOJIHAMMW MO3BO/ISIET CO3A4aBaTb HAAEXHble
TBepAOTe/IbHble YCTPONCTBA A4J11 TOYHOIro

M 6bICTPOro OTK/I0HEHUS 1a3epHOro Jy4a.
OnucaHa cxema onTMYeCcKoro NMHUeTa

C ABYXMepPHbIM CKaHMpoBaHMeM Ha 6ase MK,
peanusoBaHHas ABYMS Noc/ef0BaTe/IbHbIMU
aKyCTOONTUYECKUMU SHEeNKaMMU.
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BBEAEHUE

B Hacrosimee BpeMsi paspaboTka, H3ydeHHe
M MCIOJb30BaHHE ONTHYECKHUX IIHHIETOB BBI3bI-
BAIOT OOJIBIION HAayUHBIM U MPAaKTHUYECKHUI HHTepecC.
OnTHYeCcKUN MHUHLET IpeAcTaBisieT coboil onTHYe-
CKHUM UHCTPYMEHT, KOTOPbIK I103BOJIsieT MaHUIY/IH-
pOBaTh MHKPOCKOIIMYECKHMMH O6BeKTaMHU C IIOMO-
IIbI0 JIa3epPHOT0 cBeTa. JJaHHBIM MeTOJ OCHOBaH
Ha BO3MOXKHOCTH KeCTKOK GOKYCHPOBKH JIa3epPHOIO
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We discuss acousto-optic scanning
characterized by high precision and repetition
rate for manipulating micro-objects using
optical tweezers. Bragg diffraction of light via
ultrasonic waves allows creating robust solid-
state devices for precise and fast laser beam
deflection. We describe a scheme of the optical
tweezers with PC-driven two-dimensional
scanning implemented by two sequential
acousto-optical cells.
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INTRODUCTION

Currently, the development, study and use of optical
tweezers are of great scientific and practical interest.
Optical tweezers is an optical tool that allows you to
manipulate microscopic objects using laser light. This
method is based on the possibility of tight focusing of
laser radiation, in which a spatially inhomogeneous
optical field near the waist of a highly focused laser
beam forms an effective spatial potential well.

A key element of optical tweezers is a scanning
system designed to control the beam and its param-
eters [1-2]. Most existing optical tweezers use mirror
and mirror-lens systems to control the position of the
light trap. Such systems do not allow for quick move-
ment of the trap from one arbitrary point of view to
another due to the high inertia of the systems for
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K3/y4eHUsI, B KOTOPOM IIPOCTPAHCTBEHHO HEOZX-
HOPOJHOe OIITHYecKoe I10j7e BOIH3U IIepeTsKKHU
CHJIBHO COOKYCHPOBAHHOIO JIa3epHOro jy4da GopmMHu-
pyeT 3¢PeKTUBHYIO IIPOCTPAHCTBEHHYIO IIOTEHLIH-
ATBPHYIO SIMY.

KinmoyeBpIM 3JIeMEeHTOM OIITHYeCKOro IIHH-
LleTa SIBJISETCSI CUCTeMa CKaHUPOBAaHUS, IpenHa-
3HAaYeHHasl IJIsl yIpaB/leHHUs IIyUIKOM K ero Iiapa-
MmeTpaMu [1-2]. B 6OJBIIMHCTBe CYIIeCTBYIONIHUX
ONTHYeCKUX ITHHIIETOB [JIs YIPaBIeHHS II0T0Ke-
HHEM CBETOBOM JIOBYIIKH MCIIONB3yIOT 3epKa/bHEIE
U 3epPKIBHO-JIMH30Bble CUCTEeMBI. TaKue CHCTeMBI
He II03BOJISIOT OBICTPO IlepeMeIllaTh JIOBYIIKY H3
ONHOM IIPOM3BOJIBHOM TOYKH IIOJSI 3PeHUS B JPy-
I'YI0 M3-32 BBICOKOM HHEPLHOHHOCTH CHCTeM Ilepe-
MeIlleHHUs 3epKaJl U JMH3, a K IOCTUPOBKE CXeM Ha
OCHOBEe TaKUX CHUCTEM IPEeABSIBISIOTCS BHICOKHE Tpe-
60BaHMS, UYTO BeLeT K HeoOXOOMMOCTH HCIIOIb30-
BaTh JOPOTHE WU CJIOKHBIE IIPUBOLHbIE MeXaHH3MBI
U ejlaeT HeBO3MOXKHBIM CO3JaHMe HeCKO/JIbKHX CBe-
TOBBIX JIOBYIIEK OAHOBpeMeHHO. CHCTeMEI yIIpaBie-
HUS, B OCHOBE KOTOPBIX JIeSKaT KUAKOKPUCTA/INYe-
ckHe (HeMeXaHHYeCKHe) MOJY/ISTOPBI OIITHYECKOr0
M3/y4eHHUs, JIMIIeHB HeKOTOPhIX HeJOoCTaT-
KOB, CBOMCTBEHHBIX 3epKaJIbHBIM H 3epKaJbHO-
JIMH30BbIM CHCTeMaM, OJHAKO 00/1aJailoT HU3KHUM
OBICTPOLENCTBHEM. B CpaBHEHHH C H3BeCTHBIMH
CHCTeMaMH MaHHUIYAHPOBAaHUS, aKYCTOONTH-
YeCKUH [ed/eKTOp XapaKTepH3yeTcs Ha IOPSAOK
bosee BBICOKUM OBICTPOIENCTBHEM, BO3MOXKHOCTBIO
He3aBHCHMOIO YIIPaBIeHUSI HECKOJIbKUMHU OIITHU-
YeCKMMH JIOBYLOIKAMHK, MTHOBEHHBIM, BBICOKOTOY-
HBIM, aJpeCcHBIM (CKauKoOOpa3HBIM) IlepeMelle-
HHeM JIOBYIIKH B IIpefie/iax I10/1sg 3peHUs.

B manHOIl paboTe paccMaTpHBaeTCs ABYXKOOP-
OUHAaTHas akKycToonTHhdeckass (AO) CKaHHUpYOIast
cuCTeMa MJIsi HeMeXaHHYeCKOTO MaHMIIYJIHPOBa-
HUSI MHUKPOOOBEKTAMHK C IIOMOIIBIO OIITHYECKOIO
nuHNera. B AO cucTteMe, II0J0KeHHE JIOBYIIKH
oIIpeniessieTCsl TOIBKO YaCTOTOM aKyCTUYeCKHX BOJIH,
B030ysKIaeMbIX B KpHUCTa/IaX. CKOPOCTh HACTPOMKHU
OTpaHHYEHA B OCHOBHOM BpeMeHEeM IIPOXOXKIe-
HHUS aKyCTHUYeCKOM BOJHBL B KPHUCTAaJIe, KOTOpoe
06BIUHO COCTABJISIET HECKOIBKO MUKPOCERYHL, [3].

[TonydeHHBIEe Pe3yJIbTAaThl IIOKA3bIBAIOT IIPeH-
MYIIeCTBAa M IIepCleKTHBB AO HeMexaHHYecKoro
MaHUITYJIUPOBAHUS MHKPOOOBEKTAMH C ITOMOIIBIO
OIITHYECKOro IIUHIeTa.

MPUHUUTMUNANIbHAA CXEMA

CxeMa OINTHYeCKUX MHUHLETOB [JIs1 MaHUIIYIHPO-
BaHHUSI MHKPOOOBEKTAMHU C IIOMOILIBIO JBYMEPHOTO
AO-CKaHHMpPOBAaHUS IIOKa3aHa Ha puc. 1. Juamertp

moving mirrors and lenses. Moreover, there are high
demands on the adjustment of circuits based on such
systems, which leads to the need to use expensive and
complex drive mechanisms and makes impossible to
create multiple light traps at the same time. Control
systems, which are based on liquid crystal (non-
mechanical) optical radiation modulators, are devoid
of some of the drawbacks inherent in mirror and
mirror-lens systems, but they have low speed. In com-
parison with the well-known manipulation systems,
the acousto-optical deflector is characterized by an
order of magnitude higher speed, the ability to inde-
pendently control several optical traps, instantaneous,
high-precision, addressed (jump-like) movement of
the trap within the field of view.

In this research, we consider a two-coordinate
acousto-optic (AO) scanning system for non-mechan-
ical manipulation of micro-objects using optical twee-
zers. In the AO system, the position of the trap
is determined only by the frequency of the acous-
tic waves excited in the crystals. The tuning speed
is limited mainly by the propagation time of the
acoustic wave in the crystal, which is usually several
microseconds [3].

The results show the advantages and prospects of
AO non-mechanical manipulation of micro-objects
using optical tweezers.

CIRCUIT SCHEME

A scheme of optical tweezers for manipulating micro-
objects using two-dimensional AO scanning is shown
in Fig. 1. The diameter of the laser beam is increased
using a beam expander, and then directed to a two-
coordinate acousto-optical deflector (AOD), which is
two identical orthogonal AO cells. The first AO cell
deflects the laser beam in the meridional plane, the
second in the sagittal plane, so that the diameter of
the beam does not change. A lens system is necessary
for pairing AO cells and a micro lens, which focuses
laser radiation on the sample under study located
in the cuvette. Moving the last lens, you can move
the hauling of laser radiation along the axis, i.e.
focus the beam. A digital camera with a microscopic
imaging system is located on the opposite side of the
sample, and allows real-time monitoring and control
of the position of the light trap.

ACOUSTO-OPTICAL DEFLECTOR

AO cell is a TeO, crystal, to one of the edges of which
a piezoelectric transducer is attached. When voltage
is applied to the piezoelectric transducer, an acoustic
wave propagates in the crystal, which creates a
dynamic diffraction grating for the laser beam passing
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AOcell2

AO stuerika 1

Tasep AOcell1

Laser [

Puc. 1. Cxema onmuuyeckozo nuHuema
Fig. 1. Scheme of optical tweezers
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JIa3epHOro Jiy4a YBeJIMYeH C IIOMOLIbI PaCIIMpPH-
TeJI IIy4YKa, W II0C/Ie HaIlpaBjleH K IBYXKOODPIH-
HAaTHOMY aKyCTOOITHYecKoMmy gaednaektopy (AOM),
KOTOPBIN IpefcTaBisieT coboil [Be OJHMHAKOBBIE
opTtoroHanbHble AO sderKH. IlepBas AO s4eliKa
OTKJIOHSIeT Ja3ePHBIN Jy4 B MePHJHOHAIbLHOM IJIO-
CKOCTH, BTOpas -~ B CarUTTAJIbHOM IIJIOCKOCTH, TaK
4TO OHAMeTp JAyd4a He u3MeHsercs. CucTeMa JIHUH3
HeobxoqHUMa A5 conpsbkeHUsT AO siueek U MHUKPO-
0bbekTHBa, KOTOpas QpOKyCHUPYeT Ja3epHOe H3JIy-
yeHHe Ha HccaefyeMbli obpasell, PacloloKeHHbIH
B KIOBeTe. [[BUTras IMOC/IeAHIOK JTUH3y MOKHO Iepe-
MeIaTh ITEPEeTSKKY JIAa3epHOr0 H3/y4YeHUs BIOJb
OCH, T.e€. BBIIIOJHATh GOKYCHPOBKY IyuKa. Lirdppo-
Basi KaMepa C MHUKPOCKOIIMUYECKON CHCTeMOI BH3Y-
anM3alluM pasMellleHa Ha NPOTHBOIIOIOKHOM CTO-
poHe obpasla, U I03BOJIsIeT B PeXKKMMe PeaJbHOro
BpeMeHM HabIJaTh U KOHTPOIHPOBATH IIOJIOXKE-
HHe CBeTOBOM JIOBYILIKH.

AKYCTOONTUYECKUWN JEDJIEKTOP

AO s4venka mpexcraBnseT cobor Kpuctann TeO,,
K OJHOMY M3 KpaeB KOTOPOIO IIPHKpeIlIEH I1be30-
npeobpasoBatenb. IIpu mojade HaNpsOKeHHS Ha
nbe3onpeobpa3oBaTesb B KPUCTa/JIe PAaCIIPOCTPaHS-
eTCS aKyCTH4YecKas BOJIHA, KOTOpas Co3gaeT AHHA-
MHUECKYI0 OUOPaKUHMOHHYIO peIlleTKy s Jiasep-
HOIO Iy4YKa, IIPOXOAsIIero 4yepes KpHCTaw1 [4].
H3MmeHssa U MOOYIHPYs HampsbkeHHe Ha AOJ, mep-
BBIM AU PPAKIIMOHHBIM MaKCHMYyM JIa3epPHOTO ITy4Ka
OTK/IOHSIeTCS Ha KOHTPOJIHpPyeMBble YIJIbl. Bo3bysxkie-
HHe 3BYKOBBIX BOJIH IIPOMCXOJUT IIPU IloJauve CHUI-
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through the crystal [4]. By changing and modulating
the voltage at the AOD, the first diffraction maximum
of the laser beam is deflected by controlled angles. The
excitation of sound waves occurs when the signals
from the electronic driver to the electrodes. The driver
consists of a generator and a broadband amplifier.
To implement the traveling sound wave regime, an
acoustic absorber is attached to the opposite face of
the crystal. Fast modulation leads to the fact that
the optical trap switches between different positions,
i.e., it creates several traps. The schematic design and
composition of a single-axis acousto-optical scanning
system in the Bragg diffraction mode is shown in
Fig. 2.

For two-dimensional spatial scanning, the deflector
consists of two sequential AO cells rotated by 90°. Fig.
3 shows a scheme of a two-coordinate deflector with a
two-channel electronic driver.

For this study, we developed a two-coordinate
scanning AO system consisting of two identical cells
from TeO, crystals. Each of them operates in an ani-
sotropic Bragg diffraction mode. The developed
deflector has a typical configuration: the angle of
incidence of light in the crystal is 8,=5.56° and the
length of the acousto-optical interaction is L=2 mm.
A slow shear acoustic wave propagates in the crystal
in the (001) plane at an angle a=7.5° to the [110] direc-
tion (Fig. 4a). The sound wave vector g is directed at
an angle y=91.5° to the [110] axis and tangentially to
the surface of the refractive indices of diffraction
light. A vector diagram of this type of AO diffraction
is shown in Fig. 4b.
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HaJI0B OT 3/J1eKTPOHHOIO Jpam-
Bepa Ha 3JeKTpoAbl. Jlpansep
COCTOMT M3 TeHepaTopa W IIMPO-
KOIIOJIOCHOTO yCHUIMUTenst. [
peanu3alMK pexuMa Oerymiein
3BYKOBOM BOJIHBI K IIPOTHBOIIO-
JOKHOH TPaHHU KpHCTa/yla IpHU-
KpeIl/leH aKyCTHU4YeCKHUH IIOIJIO-
TUTeJb. BBICTpasg MOAYIALMSA
IPUBOAUT K TOMY, YTO OITHYe-
CKasl JIOBYLIKa IIepeKaryYaercs
MEeXIy Pa3HBIMH IIOJIOKeHU-
SIMH, T.e. CO3[AeTCs HeCKOJIbKO
noBymek. CxeMaTHyecKas KOH-
CTPYKLIMSL U COCTaB OJHOKOOPIH-
HAaTHOM aKyCTOONTHYeCKOM CKa-
HUPYIOLIeH CHUCTEMBI B peKHMe
Iudpakiuu Bpsrra mokasaH Ha
puc. 2.

Jnsi OBYMEpPHOILO IIPOCTPaH-
CTBEHHOIO CKAaHUPOBAHHUSA
nepIekTop COCTOMT M3 [OBYX
nociaenoBaTenbHbIx AO s4Yeek,
IMOBepPHYTHIX Ha 90°. Ha puc. 3
[I0Ka3aHa cxeMa JBYXKOOPAHUHAT-
HOro JedyieKTopa C ABYXKaHaJIb-
HBIM 3/IeKTPOHHBIM [IPalBepPOM.

Incident light
TIamaroNIui CBET

AKYCTOOIITHYECKUIT
TIOTTIOTUTENb
Acousto-optical absorber

Diffracted light
JubparupoBaHHbIN

CBeT

Piezoelectric transducer

Puc. 2. Cxema u cocmas 00HOK00pAUHAMHoU akycmoonmuyeckol cKaHupytowel
cucmemnl, 20e L - 0auHa akycmoonmuyecko20 83aumodeticmausi, D — anepmypa
usayqenus, By, - yzon bpszea

Fig. 2. Scheme and composition of a single-coordinate acousto-optic scanning
system, where L is the length of the acousto-optic interaction, D is the radiation
aperture, 8y is the Bragg angle

AKycTHYecKasi BOTHA
Acoustic wave

IlpariBep TIK
Driver PC

I 3TOro MCC/IeNOBaHHSA MBI
paspaboTanu [BYXKOOPAKHAT-
HYI0 CKaHUDPYWOIyl0 AO CHCTeMY, COCTOSAIIYIO H3
IBYX UOEHTUYHBIX iYeeK U3 KpuctauioB TeO,. Kaxk-
nas u3 HHUX paboTaeT B peXHMMe aHH30TPOIIHOM
nudpakuuu Bpsrra. PaspaboTaHHBIA AedaeKTop
MMeeT TUIIUYHYI0 KOHQUIYPALIMIO: yrojl MaJeHHUs
cBeTa B KpucTajaie 0,=5,56° U AJIMHY aKyCTOOITH-

AO siuerika 1 AO stuerika 2
AOcell1 AOcell1
AO[
AOD
TTagaroiee
H3JIy4eHHe
CKaHUpYmOlee L
HU3TydeHHe X
Y - -
r .__'_.-'
IpariBep IIK
PC
Puc. 3. Cxema dsyxkoopduHamHol ckaHupytouwel
AO cucmempi
Fig. 3. Scheme of a two-coordinate scanning AO system

The maximum deviation angles Ag,xAgp, can be
calculated as:

2 Ax
A, =——arctan , (1
rs (meo J
2 Ay
AQ, =— arctan[ J , )
’ 1—‘RS szO

where Axx Ay are the dimensions of the sample, f, is
the focal length of the micro-lens, Iy is the increase
in the relay system.

The angular resolution of the AOD is limited by dif-
fraction and cannot exceed 1.22 (A\/D). The number of
N,xN, positions allowed by the deflector is determined
by the ratio of the angular scanning range A, xAg,
and the angular resolution:

_ A(prO

N,= 1,223’ (3)
_29,D,

N, = L2222’ @
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YecKOro B3aMMOOEHCTBUSA L=2 MM. MeajleHHasd
CABUTIOBAas aKyCTH4YecKas BOJIHA B KpHCTajjle pac-
IIpocTpaHseTcs B IiockocTH (001) rmox yriom a=7,5°
K HampasiaeHuio [110] (puc. 4a). BeKTop 3ByKOBOM
BOJIHBI § HallpaBjeH Iof yriom y=91,5° k ocu [110]
M II0 KacaTe/lbHOH K IIOBEPXHOCTH IIOKa3aTeseH
IpeoMIeHHs TUPPaKIMOHHOTO CBeTa. BekTopHas
auarpaMmma 3Toro tumna AO gudpakUMHU IOKa3aHa
Ha puc. 4b.

MakcuManbHble YIJIBI OTKIOHEHHS AQ xAQ,
MOYKHO PacCUMTATh KaK:

2 AX
A@, =——arctan , D
FRS [szO ]
2 A
Ag, = iarctan( 5 f::o J, (2)

roe AxxAy - pasmepsl obpasua, fo - $OKycHoe
paccTosiHMe MHUKPOOOBEKTHBA, [ps — yBelHUYeHHe
PeieliHOM CHCTeMEL.

Yrinosoe paspemteHue AOJ orpaHu4YeHO JHpaK-
LUer U He MOXeT IpeBblmath 1,22(A/D). Yucio
nonoxkeHun N,xN,, paspelieHHBIX [edreKTo-
poM, oIlpefeNsieTCsi OTHOIIEHHEeM YIJIOBOIO AHa-
[asoHa CKaHUpOBaHUA A@Q,xA@, U YIJIOBBIM
paspelleHHeM:

— A(PXDO
N,= 1,22)° (3)
A¢,D,
N, =—
yTL2N @

rge Dy - inaMeTp Ja3epHOro ay4a, A - [yIMHA BOJHBI
n1asepa.

JuaMeTp BxofgHOro 3pauka AO ssuerku D Jo/mkeH
6bITH 6osIBIIe, YeM AHAMeTP JIa3epHOro y4da D:

D,=T,d, (5)

D>D,,
rge Iy - yBelHMYeHHe PpacCIIMpPUTeNs IIydKa,
d - HaYaJIBHBIM JUAMETP JIa3epHOro Iy4Ka.
Juama3soH HM3MeHEeHMHS 4YacTOThl Y/IbTpPa3ByKa,
NPUIOKeHHOro K AO siueliKaM HaXoAUTCS Kak:

A=Y e, (©)

C moMoIpi0 3TUX GOPMY/I MBI MOKEM BBIYMCIUTh
napaMeTpsl AO siueek. Hampumep, 3T0 HeobxoqUMO
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Puc. 4. AHu30mponHas dudpakuus usnyveHus: a) cxema,

b) eexmopHas duazpamma

Fig. 4. Anisotropic diffraction of radiation: a) scheme; b) vec-
tor diagra

where D, is the diameter of the laser beam, A is the
laser wavelength.

The diameter of the entrance pupil AO of the cell
D should be larger than the diameter of the laser
beam Dj:

D, =T, (5)

D>D,,
where T is the increase in the beam expander, d is
the initial diameter of the laser beam.

The frequency range of the ultrasound applied to
the AO cells is found as:

ar =Y ©)

Using these formulas, we can calculate the param-
eters of AO cells. For example, it is necessary to cap-
ture particles with a diameter of §=1 pm in the range
AxxAy=100 pm x 100 pm using a micro lens with
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IJISL YIaBIMBaHHS YacTHI, AHAMeTpoM 8=1 MKM
B guamasoHe AxxAy=100 MKM x 100 MKM, HCIIO/Ib3Ys
MHKPOOOBEKTHB C fy;o=3,6 MM, 1 He-Ne 1azep (A=632,8
HM) C IMaMeTpoM Iy4dka d=1,2 mm. Hcmons3ys ¢op-
MY/bl, MBI YCTAaHOBH/M IIapaMeTpel HalleHr yCTa-
HOBKHU: I'gp=5, Ipg=1, Dy=6 MM, Ap,xAp,~1,5"x1,5°,
N,xN,~250x250, Af=32 MI'u. B HacTosiIee BpeMsI MbI
cobrpaeM yCTaHOBKY, IIOKa3aHHYIO Ha pHC. 1 ¢ mpH-
BeZleHHBIMH ITapaMeTpaMH.

3AKNIOYEHUE

B nanHon pabore obcyskmaercs AO [OByMepHas
CHCTeMa OTKJIOHEHHMS I/ HeMeXaHHU4eCKOro MaHu-
IyJTUPOBAHUSI MUKPOOOBEKTAMH C IIOMOIIBIO OIITH-
YeCKOro MHUHIeTa. Mbl pa3paboTaju U HM3rOTOBUIH
a9erukd AO, KOTOpble MOIYT CTaTh OCHOBOM TaKOH
CKaHUPYIOLIeH CUCTeMBbl. [IpaBUIbHOe Ha3HAYeHHE
nmapaMeTpoB AOJ] ¥ ITapaMeTpPOB APYTHUX KOMIIOHEH-
TOB I103BOJIeT IIOCTPOHUTL CUCTEMY OIITHYECKOTO
3axBarta [5-7].
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fuo=3.6 mm and a He-Ne laser (A=632.8 nm) with
a beam diameter of d=1.2 mm. Using formulas, we
established the parameters of our setup: I'z=5, Tpe=1,
Dy=6 mm, AQxA@,~1,5x1,5, NxN,~250x250,
Af=32 MHz. We are currently assembling the instal-
lation shown in Fig. 1 with the given parameters.

CONCLUSION

In this research, we discuss the AO two-dimensional
deflection system for non-mechanical manipulation
of microobjects using optical tweezers. We have
developed and manufactured AO cells, which can
become the basis of such a scanning system. Correct
assignment of AOD parameters and parameters of
other components allows constructing an optical
capture system [5-7].
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