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Théng tin bai viét Tém tit

Trong mdt s nghién ciru gan ddy, mang vi thau kinh 2D dugc diéu

Ngay nhdn bai: 22/5/2024
Ngay sivra bai: 20/7/2024

ché bang song am da dugc d& xuat va kha ning st dung n6 dé thiét
ké kim quang mang 2D di duoc nghién ctru vé& mat 1y thuyét, tirc 1a

su phu thudc cua tiéu cu va khau d so ctia n6 vao dg day cia moi

Ngay duyét dang: 25/8/2024

trudong dan hdi am ( AEM) s& duoc thao ludn. Trong bai viét nay,
cac diéu kién dé by cac vi hat nhu luc gradient cuc dai 16n hon luc

yéu cau (> 0,01pN) va ban kinh ving bay théa man gi6i han nhidu

T khoa:
am thanh, kim quang hoc, vi
hat, bdNy

xa (Rtrap>2), s€ dugc thao luan dé tim ra bod thong s6 thich hop..

1. INTRODUCTION

The tweezers (OTA) to

manipulate an assembly of nanoparticle in

optical arrays
specimen are presented in a lot of previous
works. For example, Dufresne et al have created
the multiple optical tweezers from a single laser
beam using the diffractive optical elements and
set up the computer-generated holographic optical
tweezers (HOT) arrays, which are interested by
Wei-Wei; Curtis et al have simulated the dynamic
of HOTSs; Jesacher demonstrated the diffractive
optical tweezers (DOT) based on Fresnel regime,
which are improved by Feng in 2012 and Sow

et al successfully achieved the multiple-spot
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optical tweezers created with microlens arrays
fabricated by proton beam writing. All mentioned
optical tweezers arrays operate based on the
spatial modulation of single laser beam by optical
elements. In other ways, basing on spatial or
temporal control, Tanaka et al manipulated particles
by optical tweezers combined with the intelligent
control  techniques and Pornsuwancharoen
proposed the novel dynamic optical tweezer array
using dark soliton control within a Add/Drop
multiplexer. Recently, X. Ren et al investigated

successfully optical tweezer array system based

on 2D photonic crystal.
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Up to now, the acousto-elastic modulation in
AEM has been proposed to use for partial reflection
of light (as beam splitter), and the Bragg cell have
found numerous application in photonics. It is
great, McLeod and Arnold have discussed about
the tunable acoustic gradient index lens in liquid,
that is a good idea to design the optical tweezer
2D array.

So, based on the acoustic-elastic effect, in
previous our work, we have firstly proposed using
two perpendicular ultrasonic waves for creating the
2D array of microlenses in AEM and investigated
the capability to design the optical tweezers array
with it. However, there is a question what are the
values of principle parameters as the laser power,
acoustic frequency and AEM thickness, etc., for
which the optical tweezer 2D array with microlens
modulated by acoustic waves satisfy the diffractive
limit, and its gradient force is higher the certain
necessary force. The answer of this question is the

purpose of this article.

i
‘"\1 |

P
‘ lllﬁ

e il

2. THEORETICAL REMARKS

The 2D distribution of refractive index in AEM
(Fig.1a) can be created by two acoustic waves
propagating perpendicularly each to other. The
expression of refractive index in plane (X,Y) is
given as follows:

n(x,y)=n-An, [cos(27rx/A)+cos(2ﬂy/A)] (D

is the refractive index of AOM
(Acousto optic materials) in the absence of sound,

where n

1
Ano = EMI B (2)
is the refractive perturbation by acoustic wave,

M = 7"3
gV

A3)
is the figure of merit for the strength of the
acoustic-elastic effect in AEM, [ is the acoustic wave
intensity, 7 is a phenomenological coefficient known
as the photoelastic constant (strain-acoustic constant)
of AEM, V_ is the acoustic wave velocity in AEM,
g is the mass density of AEM, and A is the acoustic

wavelength.
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From Fig.1a, we can say that, the AEM becomes a 2D array of microlenses, one of them has the

refractive index distribution of in area A/2xA /2 as shown in Fig.2b. The expression of the

refractive index distribution can be approximately rewritten as follows:

n(p)= No(l—%azpz) , @)

where —A/4< p=+/x*+y*> <A/4 isthe radial
distance from the microlens center (the center of
area A/2xA/2),

64An,
NA?

Ny=n+2An, o* = (5)

With the refractive index distribution as shown
in Eq. 4 (see Fig.1c-solid curve), the AEM layer in
a cycle with radius of A /4 is seen to be a GRIN
(Gradient-Index) cylinder. Using Eq.4, the focal
length of microlens is given as follows

1
f. = N,o’

0

(6)

d
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where d is the thickness of GRIN cylinder.
Using Eq.2, Eq.5 is rewritten as follows:
A? y? (7)

S = Sadnd ~ 6andF

Considering behind AEM is a particle -

embedding fluid with refractive indexn, , the
numerical aperture is found out as:
164/ Ml dn 16\ MI dn F,
NA — S m — S m- s . (8)

V24 2y,

The laser beam propagating through the
microlens with diameter D= A/2 and focal
length f, will be focused and its intensity
distribution follows the Airy pattern. Considering
the laser beam is plane wave with constant average
power P, after focusing by microlens, the plane
wave beam is modified to Gaussian one (Fig.2)
with intensity distribution given as follows:

1,(p)=1,exp (_ zppzz ] ©)

0

where A is the laser wavelength,

P4 16xPAnd

iy = i =2 (10)
is the peak intensity at the focus,
2 2
_mA (11)
16 16F’

is the area of the acoustic microlens, i.e. the

cross-section of the plane laser beam, and
_ 09X/, 0.9\
P =TT T 64AndF,

1s the diffraction limit.

(12

Fig. 2 Cartoon illustrating the construction

of the optical tweezer using microlens.
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Considering a particle with radius a

and refractive index n, 1s located around

focus of microlens (Fig.2), i.e.
(fx,—A/Z\/ESpSA/Z\/E), then on it acts an
optical gradient force given as

Fep(p) ——Zmopasﬁ(ﬂ]exp[_[iﬂ (13)

200\ m* +2 20;

at position

where m=n,/nis the refractive indexes of

particle and fluid.

As shown in a lot of works, the most of the
microparticles will be trapped if the optical force
is about from 0.01pN to 100 pN, which is seen
as a maximum force condition for trapping and
the numerical aperture (NA) of optical system
used for optical tweezer must be high (N4 >1.1).
So, to use the microlens as an optical tweezer for
microparticle, there are following conditions must
satisfy: 1) NA>1.1; ii) The diffractive limit (or
Gaussian beam waist), p, will also be the radius
of trapping region, Rtmp , S0 p, > A at least; iii)
Fyp e > 0.01pN i.e. the maximum gradient force
in trapping region is bigger than the thermal force

of microparticle.

All proposed conditions depend on the
principle parameters as: ultrasonic wave intensity,
frequency, thickness of AEM and laser intensity,
which are shown in Eqs.3+13. These questions

will be investigated in the next section.

3. THE LIMIT CONDITIONS FOR
TRAPPING

As shown in Egs. 3+13, for the certain AEM
with given figure of merit, M, consequently, the
ultrasonic velocity V. is given, the intensity
distribution (9) and optical force (13) depend on
the laser power, P, ultrasonic intensity, / , AEM’s
thickness, d, and ultrasonic frequency, F , except
refractive, m and particle radius, a, on which

optical force depends only.

We consider a glass particle with radius
a=20nm
with n =1.326, the AEM is the extra-dense

and n,=1592 embedded on fluid
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flint (EDFG)

d=0.25cm,n=1.92at
1.15pm modulated by ultrasonic wave with
V., ~3500m/s with considering that behind it
the embedding fluid of trapped bio-molecule is

water of n, =1.326

with M =1.67x10 "“m* /W,

optical

glass

wave length

Considering a case of ultrasonic intensity

I.=100W /cm*, then An,~5x10"*, EDFG’s
z :
(=7
~
& -0003 -00m2 -0001 O 0001 0002 0003
5 p (em)
= ]
-4
64

a)

thickness d =1.5mm, laser power P, =100mW
. The gradient force distribution with two acoustic
frequencies F, =100MHz and F, =150MHz are
presented in Fig. 3 and the dependence of the
maximum gradient force and the radius of trapping
region on the acoustic frequency is presented in
Fig.4.

0001 0002
p (em)

o

-0002 -0001

b)

Fig. 3. Force distribution with two acoustic frequencies:100MHz (a) and

From Fig.3 and Fig.4, we can see that the maximum gradient force and the trapping region change

with different frequency. The optical gradient force is enough to trap the microparticle. However, when

the acoustic frequency increases, the gradient force increases too, but, instead the radius of trapping

region (R,

-qp 18 distance between center of tweezer to point, where optical gradient force is maximum)

decreases (see Fig.4). This phenomenon gives us to enhance the stability of the nanoparticle, but the

trapping capability decreases, because that it is difficult to manipulate the microparticle locating far

away from the center of trapping region.
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Fig. 4 The dependence of the maximum gradient force

(a) and radius of trapping region (b) on acoustic frequency.
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Moreover, as shown in Fig.4b, if acoustic
frequency is higher than 130 MHz, the radius of
trapping region is shorter than 1pum. This radius is
comparable to the laser wavelength. Consequently,
this let us meet the diffraction-limit problem.
So, we find out three limit conditions mentioned

above.

For the first condition, we examine the NA
of microlens appeared in extra-dense flint glass
(EDFG). With parameters given above, the NA

depends on two variable [ andF,is observed

and presented in Fig.5. From Fig.5a, we can
see that, in this case, the NA reaches 1.1 when
intensity and frequency of ultrasonic wave are
correspondingly each to other chosen, for example:
I, =105 /cm’ and F, = 240MHz . As shown
in Fig.5b, the first condition to use EDFG with
d=0.25 cm to create microlens, which operates as
focusing system with N4 = 1.1, will be satisfied
if the collection of principle parameters must be

chosen as:

EDFGM =1.67x10"m*/W,d =0.25cm

Ultrasonic wave : \/ZE =1250§W [ em® MHz,V, =3500m/ s

Embedding fluid : n=1.326

(14

b)

Fig.5. The dependence of numerical aperture on acoustic wave intensity
and frequency (a), and on product \/Z F_(b).

For the second and the third conditions, from
Eq.13 we find out the expressions of maximum

gradient force, Fo

54

2
208 (m2 +2

trapping region, R__ . Radius of trapping region

trap *

Rtmp is equal to p, ., at which the derivation of

and relating radius of  gradient force is zero. From (13), we have:

_ o p P
]ex” (ﬁsz ( ng<15>
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dF
Let L(m =0, we have
dp
|pmax = pO = ‘Rtrap , (16)
and

s 1, (m* =1 1
en 2o ) 3)
Eq. 16 means that the radius of trapping
region is equal to diffraction limit. To avoid the
diffraction- limit problem, we consider the radius
of trapping region is equal to the laser wavelength
at least. This means, using Eq.12, the following

condition must be satisfied

0.9V, 0.9,

———>Nor——> (1
32AnydF, 32An,dF,

Using Eq.11, Eq.12 and Eq.17, and the
condition F,, >0.01pN, we have the second

condition for trapping as follows:

A’ 0.9V, (m*+2

(19)

With parameters given in Coll.14, the
dependence of p,/A on product \/ZFS is

presented in Fig.6. From Fig.6, we have

JIF, =1350NW [ em® MHz < p, /A =1

; (20)

and p, /X increases when \/ZFS decreases.

However, increasing of p,/A corresponds

2 3 2
2562 B,MI d* n,a F;[m ljexP(—%jZIOM(N)

to decreasing of NA. So, the first and second

Eq.18 is to be seen as the first limit condition .. .
conditions satisfy when

for trapping.

1250 <[I, F, <1350 1)

Fig.6 The dependence of ratio of diffractive limit and ultrasonic wavelength p, /A (dash-blue)

and numerical aperture (solid-red) on product \//( F, .

Finally, we examine the third condition with considering the above investigated microlens is
used to focus the flat laser beam with ) =100m W and B, = 0.05m W . The focused Gaussian beam
traps a polystyrene molecule with radius @ =0.25um andn, =1.57 embedded on water with
n =1.326. Considering I, = 10W /cm*, then An, ~5x107*, and from Exp.21, the dependence

of F,, .. on chosen ultrasonic frequency, F, is presented in Fig.7. We can see that in mentioned case
F, .o =0.01pN when B, =0.05mW only (Fig.7a) and the third condition is satisfied more easily

when the laser average power, £, is higher (Fig.7b).
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Fig. 7. The dependence of maximum gradient force F
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on acoustic frequency F, with two

gr,max

different average laser power: F) =100mW (a)and F, = 0.05mW (b).

From all the obtained results above, the conditions to trap a microparticle of the tweezers using

microlens modulated by acoustic waves in EDFG will be satisfied if following principle parameters are

chosen:

EDFG:M =1.67x10""“m* /W, d =0.25cm
Ultrasonicwave: I, =10W | em® | F, = (125 135)MHz,V, = 3500m / s

Laser :A=1.17um,P, =0.1mW

Bio— molecule:a =0.25um,n, =1.57

Water : n=1.326

4. CONCLUSIONS AND OUTLOOK

Three necessary conditions for microparticle
trapping of optical tweezers using microlens
modulated by two acoustic waves in acoustic-
elastic medium have been investigated and
discussed. For certain case, the trapping capability
of optical tweezers is proved and the collection
of principle parameters is found out. With this
collection of chosen parameters, the microlens 2D
array can operate as an optical tweezer 2D array

when they are irradiated by plane laser beam.

We can say that all three conditions should
be satisfied for the case of the collection of
principle parameters found out above. However,
the collection can be changed, for example, by the
different acoustic wave intensity, consequently,
different interval of acoustic wave frequency or
different AEM (EDFG can be replaced by GaAs

or others) with different thickness. Moreover,

56|

in the experiment the water can be replaced by
other embedding fluid, which depends on the type
of the microparticle. These questions need to be

investigated in the future.
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