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Abstract. Optical tweezers have been seen as an essential tool for manipulating dielectric mi-
croparticles and nanoparticles thanks to its non-contact action and high resolution of optical
force. Up to now, there has been a lot of optical tweezers applications in the fields of biophysics,
chemistry, medical science and nanoscience. Recently, optical tweezers have been theoretically
and experimentally developed for the nano mechanical characterization of various kinds of bio-
logical cells. The configuration of optical tweezers has been day after day improved to enhance
the trapping efficiency, spatial and temporal resolution as well as to ease the control of trapped
objects. In common trend of optical tweezers improvements, we will discuss in detail several con-
figurations of nonlinear optical tweezers using nonlinear materials as the added lens. We will also
address the advantages of nonlinear optical tweezers, such as enhancement of optical efficiency,
reduction of trapping region, and simplification in controlling all-optical method. Finally, we will
present discussions about the specific properties of nonlinear optical tweezers used for stretch
DNA molecule as example and an idea to improve nonlinear optical tweezers using thin layer of
organic dye proposed for going time.
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I. INTRODUCTION

Up to now, the optical tweezers (OT) has been becoming an efficient support tool widely
applied in physics, chemistry, medical science, nanoscience and biology [1, 2]. The idea of OT
was first reported in 1970 by Arthur Ashkin [3], a former Bell Laboratories researcher awarded the
2018 Nobel Prize in Physics “for the optical tweezers and their application to biological systems”
on October 2nd , 2018. Two main parts of OT are the laser source and high numerical aperture
(NA) microscope objective creating a laser beam with high spatial gradient of intensity, i.e., the
Gaussian beam, commonly. Irradiated by the Gaussian beam, the dielectric particle having refrac-
tive index np larger than that of its surrounding fluid ns f (m = np/ns f > 1) should be pulled into the
center of beam waist. Meanwhile, irradiated by the hollow Gaussian beam, the dielectric particle
with refractive index smaller than that of its surrounding fluid (m = np/ns f < 1) should be pulled
into the center of dark region. So the optical tweezers are used to trap and hold the dielectric parti-
cles, and to manipulate (or to control) them in space of embedding fluid [4–6]. For the diversified
applications [7, 8] there is a lot of methods used to trap and control trapped dielectric particles as:
laser beam scanning used rotation system of mirrors [1], laser beam scanning used acousto-optical
deflector [9], focused laser controller using intelligent electro-mechanical or opto-mechanical sys-
tem with help of the computer, etc. [4, 10–12]. To control trapped dielectric particles in 2D or
3D space, all mentioned methods need two facts, at least [13]. Lately, to avoid the complexity of
opto-mechanical system, an all-optical method to control dielectric particles in nonlinear embed-
ding fluid by tuning of laser power is proposed [6] based on the Kerr effect [14–16]. However,
this proposal for optical tweezers meets a difficulty that the embedding fluid could not immedi-
ately change suitable to other dielectric particles due to ratio of their refractive indexes. Referring
to idea of this method, the acousto-optical tweezers whose operation is based on the nonlinear
response of refractive index of acousto-optical material to intensity of the acoustic wave, are pro-
posed and investigated to control dielectric particles in 2D or 3D space of embedding fluid [17].
Although our proposals could be really used to design optical tweezers, they need a high intensity
of acoustic wave, which is the difficult problem in experiment.

As well-known, since the nonlinearity of convenient fluid and interesting particles are very
low, for example the nonlinear refractive index of water, polystyrene and silica is just nw =
2.7×10−20m2/W [18], np = 5.9×10−17m2/W [19] and ns = 2.0×10−20m2/W [20], respectively,
so the nonlinear effect in OT should be observed only if using the high-repetition ultrafast pulsed
laser [21–23]. Consequently, the nonlinear effect is very weak and then practically to enhance op-
tical trap efficiency (OTE) it needs a high laser intensity [6]. Fortunately, there is a lot of organic
dyes with high nonlinearity as Diclothane Polimetin [24] with nDp ≈ 5.5×10−8cm2/W, Acid blue
with nAb ≈ 1×10−10m2/W [25], Mercurochrome with nMer ≈ 1×10−11m2/W at laser wavelength
of 532 nm [26], and Acid Green with nAg ≈ 1×10−11m2/W at laser wavelength of 635 nm [27].
All mentioned organic dyes are not only in solvent, but can be also chemically accumulated in
the glass plate with thickness below millimeter, which has been used to observe the nonlinear
refraction as well as laser limiter [28]. The high nonlinearity organic dyes have given us an oppor-
tunityto design a compact nonlinear optical tweezers (NOTOD), in which a thin layer of organic
dye combined with the microscope objective replaces the nonlinear surrounding fluid to play the
nonlinear lens [14, 15]. Proposed NOTOD can be used to longitudinally control particles embed-
ded in the linear surrounding fluid chemically suitable to the bio-subjects [29]. Using NOTOD,
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the OTE is remarkably enhanced in comparison with the convenient linear OT [30]. Moreover,
by NOTOD the trapped particles will be controlled not only by all-optical method [31], but the
difficulties of choice of the nonlinear surrounding fluid chemically suitable to bio-subjective as the
living cell can also be overcome.

In this paper, we present the usefulness of Kerr effect in optical trap, relative theoretical
analysis and some of NOT’s configurations in progress. Then, we numerically investigate and
discuss on some advantages of NOT for the control trapped and stretch DNA molecule by tuning
laser power, and the configuration of NOTOD suitable to the different kind of DNA molecules.

II. TRAP PRINCIPLES

Fig. 1. Optical force due to photons meeting a refracting object.

Let us consider a micro-particle irradiated by the laser beam consisting of N photons which
have the momentum ~p = h̄~k. After interacting with the particle, the momentum of photons, ~Pin =

Nh̄~k is changed to ~Pout . Because of the conservation of momentum, the particle will receive a
momentum from the photons ∆~P = ~Pin− ~Pout and then moves under optical pressure or optical
forces ~F=d~P/dt following the third law of motion by Isaac Newton (Fig. 1). If all optical forces
are in homogeneous balance, the object will be hold at stable site [1, 3, 4]. The motion direction
of particle depends on the kind of acting optical forces. If a Gaussian laser beam with intensity
distribution as the function given as [30]:

I (ρ,z) =
I0

1+(z/z0)
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− ρ2

W 2
0

(
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2
)
 (1)

where I0 is peak intensity at center beam waist, (ρ = 0,z = 0), W0 is the beam waist radius, z0 is
the Rayleigh distance, acting on the particle with radius a, refractive index ratio m > 1, there are
three forces [32]:
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ii) radial gradient force,

~Fgrd,ρ =−ρ̂α∇ρ I(ρ,z) =−ρ̂α


2ρ

W 2
0

[
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(

z
z0

)2
]
 I(ρ,z), (3)

iii) and axial scattering force,

~Fsct,z = ẑβ I(ρ,z) (4)

where ρ̂ , ẑ are unit vectors in radial and axial directions, respectively, α = 2πn f la3
(

m2−1
m2+2

)
is

generalized polarity of particle, β = 128π5a3

3λ 4

(
m2−1
m2+2

)2
is scattering coefficient [3]. From Eqs. (2)

- (4), we can see that the particle moves always in the direction opposite to that of gradient
forces, and in the same direction as that of scattering force. The motion of particle under op-
tical forces is illustrated in Fig. 2 a,b and trap principle is given in Fig. 2c. In the case m < 1, i.e.,(
m2−1

)
/
(
m2 +2

)
< 1, it is necessary that ∇ρ I(ρ,z)< 1, i.e., the hollow Gaussian beam will be

used. Since the scattering force is very small neglectable in comparison with gradient forces [3],
so the total force, Ftol pulls always to the center of beam waist, and the particle is trapped at stable
site, where the optical total forces are symmetrically directed and in balance. The stable degree of
trapped particle or stiffness of optical tweezers depends on the magnitude of force peaks [33] and
the spatial distance between them [34], i.e., depends on height and diameter of the distribution of∣∣Fgrd,ρ (grd,z)

∣∣, which is similar to the OT’s potential bell,
〈
Uρ(z)

〉
=−

〈
Pρ(z) ·E

〉
, where Pρ(z) is the

radial (or axial) polarization and E is the electric field of laser (Fig. 1d) [21].
From Eqs. (1)-(4) and Figs. 2a, 2b, it is easy to show that the gradient force reaches peak at

|ρ|=W0 (or |z|= z0 = πW 2
0 /λ ) and the magnitude of peaks is proportional to the radius of particle

(a3), refractive index ratio (m) and gradient of intensity (∇I). That means, if the radius of particle
and refractive index of surrounding fluid are given, the increase of particle’s index (np) and of
peak intensity (I0) leads to the increase of the peak of

∣∣Fgrd,ρ (grd,z)
∣∣, meanwhile, the decrease of

beam waist’s radius (W0) as well as of Rayleigh distance (z0) leads to the decrease of the distance
between peaks.

So, to enhance the stable degree of particle in OT, it is necessary to increase peak intensity
of laser, refractive index of particle, and decrease beam waist’s radius. By that way, not only the
stable degree of particle is enhanced, but also the OTE [30]

Q =
Fc

ns f P
(5)

with P the laser beam average power and c is the light velocity, increases [35]. The Kerr effect
seems to be a fact to be used to enhance OTE, so in the next section, its influence on the properties
of OT will be discussed.
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Fig. 2. Illustration of trap principle: a) Axial forces act on particle, b) Radial force acts
on particle, c) Total force pulls particle into trap site, d) Radial potential bell.

III. OTE OF OT FOR KERR MICROSPHERES

Consider a Kerr particle embedded in the linear surrounding fluid. Then, the refractive
index ratio will satisfy the following

mnl(ρ,z) =
np +n2I(ρ,z)

ns f
(6)

where n2 is the nonlinear coefficient of refractive index of Kerr particle. From Eqs. (2), (3), (5)
and (6), it is easy to have the ratio of OTEs, η

η =
Qnl

Q
=

Fnl

F
=

(
m2

nl−1
)(

m2
nl +2

)/(
m2−1

)
(m2 +2)

(7)

where Fnl , Qnl are the gradient force acting on Kerr particle and relating OTE, respectively. From
Eqs. (6) and (7), it is clear that the efficiency enhancement (EE) defined as Ee f f = 10× log(η)
depends on the nonlinear coefficient of refractive index and laser intensity. This conclusion is
proved in Fig. 3 plotted with given parameters: ns f = 1.45, np = 1.5, i.e., m > 1 (a) and np = 1.3,
i.e., m < 1 (b). We can see that in the case m > 1 (Fig. 3a), the EE increases with increasing
of both facts, laser peak intensity and nonlinearity of particle, but it has an asymptote value of
16.42 dB. This value is corresponding to the maximum value of ratio

(
m2

nl−1
)/(

m2
nl +2

)
= 1.
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For the m < 1 (Fig. 3b), the EE-peak intensity characteristics are plotted forpurpose to compare
with the case of m = np/ns f = 1.5/1.45 > 1. We can see that the optical trap is not efficient till
np + n2I = ns f and then the EE increases with an increasing peak intensity and nonlinearity of
particle. Consequently, the OTE is remarkably enhanced for the Kerr particle, even for the particle
with m < 1 by tweezers using pulsed Gaussian beam with high intensity [21,22]. That means, it is
not necessary to use Hollow-Gaussian beam to trap Kerr particle with m < 1 till the laser intensity
satisfying the condition I0 ≥ (ns f −np)/n2 [15].

(a) (b)

Fig. 3. Eeff vs. I0 with different n2. a): m > 1 and b): m < 1.

IV. NOT USING KERR EMBEDDING FLUID

Now, we consider a linear particle with np = 1.5 embedded in the thin nonlinear surround-
ing fluid with refractive index of 1.45+n2I [15]. In this case, the index ratio is modified as:

mnl(ρ,z) =
np

ns f +n2I(ρ,z)
(8)

Using Eqs. (7) and (8), the EE-peak intensity characteristics are numerically calculated and
presented in Fig. 4. Form Fig. 4a, we can see that the EE reduces with increasing of peak intensity
and nonlinearity of surrounding fluid. That means, in the surrounding fluid with low nonlinearity,
the Kerr effect can be neglected. The Kerr effect can be neglected also if the nonlinearity of
particle is larger than that of surrounding fluid, since in this case the EE still rises up (Fig. 4b). It
is clear that using Kerr surrounding fluid in OT can reduce the OTE of OT using Gaussian beam.
However, a Kerr surrounding fluid having thickness many times larger than the particle size in
OT can play an important role of the optical method to control the particle in space [6, 36]. As
we know, a nonlinear medium irradiated by the intense laser Gaussian beam can be the nonlinear
lens [37]. Consequently, the laser beam will be reshaped by the nonlinear lens as shown in Fig. 5.
Consider an input Gaussian beam with intensity distribution given in Eq. (1) that irradiates the
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(a) (b)

Fig. 4. (a) Eeff vs. I0 with different n2 of surrounding fluid; (b) Eeff vs. I0 with different
n2p of particle and fixed n2s f of surrounding fluid.

Kerr medium with thickness of d (Fig. 5). Using the propagation matrix [37] of light through
optical system consisting of m thin plates with thickness ∆z = d/m and Kerr relation in Eq. (8),
the intensity redistribution of laser beam propagating through the ith plate is derived as follows

Im,i (ρ,z) = I0×
1

1+
[

z+(zi+∆z)
z0,i

]2 × exp

− ρ2

W 2
0,i

1

1+
[

z+(zi+∆z)
z0,i

]2

 (9)

where
W0,i = MiW0,(i−1), zi = M2

i (∆z− fnl,i)+ fnl,i, z0,i = M2
i z0,(i−1) (10)

are the radius of beam waist, waist position and Rayleigh distance, respectively. Mi =Mr,i/
√

1+ r2
i ,

ri = z(i−1)/(∆z− fnl,(i−1)), Mr,i = | fnl,i/∆z− fnl,i|, and

fnl,i =

[
1+(∆z/z0,(i−1))

2
]2

2nnlI0∆z
(11)

is the focal length of ith nonlinear lens.
We have observed the reshaping of an input Gaussian beam with wavelength of λ = 1.06 µm,

peak intensity of I0 = 3.5× 108 W/cm2 and beam waist of W0 = 2 µm located at distance d =
−10 µm from input surface of Kerr medium. Its intensity distribution in phase plane (ρ,z) is
illustrated in Fig. 6a. Using Eqs. (9) – (11), the intensity distributions of modified Gaussian beam
through Kerr medium with ns f = 1.45, n2s f = 1× 10−10 cm2/W and n2s f = 2× 10−10 cm2/W
are cascade simulated and shown in Fig. 6b and Fig. 6c, respectively. We can see that when the
nonlinearity of Kerr medium increases, the radius of beam waist reduces from 2 through 1.8 to
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Fig. 5. Sketch of NOT with thick Kerr medium using Gaussian beam [36].

1.4 µm, while its position moves close to the input surface of Kerr medium from 10 through 6.82
to 3.82 µm. Substituting Eq. (9) to Eq. (2) we have the axial gradient force as follows [14]:

~Fgrd,z(ρ,z) =−ẑ
2βn,i(ρ,z)Im,i (ρ,z)
nm,i(ρ,z)ε0ckW0,i

1(
1+
(

z+(zi+∆z)
z0,i

)2
)2 ×

z+(zi +∆z)
z2

0,i
(12)

where βn,i(ρ,z) is the polarity and nm,i(ρ,z) is the total index of Kerr medium relating to Im,i (ρ,z).
The distribution of axial gradient force acting on the dielectric particle (a = 200 nm, np =

1.5) is changed, with different value of nonlinearity of Kerr medium. The distributions of Fgrd,z(ρ,z)
for n2s f = 0, n2s f = 1×10−10 cm2/W, n2s f = 2×10−10 cm2/W are presented in Fig. 6d, Fig. 6e and
Fig. 6f, respectively. We can see that the trap site, where Fgrd,z(ρ,z) = 0, moves close to the input
surface with increasing of nonlinearity of medium. The dependence of the trap site, where particle
is stably trapped in Kerr medium on the laser intensity, gives us an idea to tune laser intensity for
controlling trapped particle in the space. A NOT using two laser sources used to control trapped
bead linked to ADN molecule is investigated [6]. In the configuration presented in Fig. 7a, a weak
laser is used to control the radial position (stable position, ρst) of trapped linked to DNA molecule
(Fig. 7b), and an intense one is used to control the axial position (stable position, zst). The motion
of trapped bead linked to DNA molecule in Kerr medium, under optical forces and elastic force
can be theoretically observed by using the general Langevin equation [38]:

mρ̈(t) =−γρ̇(t)+Fgrd,ρ(ρ(t))−Fel(ρ(t))+
√

2kBT γWρ(t) (13)

where m is the bead mass; γ = 6πηa is the friction coefficient;η is the viscosity of surrounding
fluid, a is the radius of bead, kB is Boltzmann constant, T is the temperature, Wρ(t) is the white
noise, ρ is the bead’s radial position (Fig. 7b), the last three terms in the right are the radial optical
gradient, elastic and Brownian forces, respectively. The elastic force of DNA molecule is given as
follows [39, 40]:

Fel(ρ) =
kBT
Lb

[
ρ−ρ0

L
+

1

4(1− (ρ−ρ0)/L)2 −
1
4

]
(14)
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(a) (b) (c)

(d) (e) (f)

Fig. 6. Intensity (a), (b), (c) and axial gradient force (d), (e), (f) distributions in phase
plane (ρ,z) of Kerr medium.

where Lb, L are the persistence and contour lengths of DNA molecule, respectively, ρ0 is the begin
position of trapped bead (and of anchor’s position). Using the experimental parameters as given
in Ref. [6], the radial position (Fig. 7c) and axial position-average power characteristics (Fig. 7d)
are numerically plotted for polystyrene bead [38] linked to λ -phage DNA molecule [39].

Under the action of the radial optical force the trapped bead speedily moves close to laser
axis, and it reaches to the stable site till the optical force and the elastic force of DNA molecule
are in balance. Based on this phenomenon, the stable position of trapped bead in radial direction
can be controlled by tune of weak laser power (Fig. 7c). This investigated controlling method
is absolutely similar to using a convenient OT using the linear surrounding fluid [1]. In some
cases for that the contour length of DNA molecule is too long, meanwhile the begin position of
trapped bead is close to the laser axis, the stretched length does not reach to the extreme by this
method [40]. Though the trapped bead can be held in the stable position, the stretched length of
DNA has not reached to the extreme. It is necessary to move this site along the laser axis. For
this purpose, the efficient way is to use the intense laser. As shown in Fig. 5, by tune of intense
laser power, the stable position moves in axial direction (Fig. 7d). From Fig. 7d, if the power of
intense laser changes an interval of 2.5 kW, the stable position can change an interval of 40 µm,
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Fig. 7. Sketch of NOT using two lasers; b) DNA with two bead in Kerr medium; c)
Radial position vs. weak laser power [6]; d) Axial position vs. intense laser power [6].

so the proposal NOT can longitudinally control any DNA molecules with contour length shorter
than 40 µm linked to trapped bead located on the axis of intense laser.

V. OT USING THIN LAYER OF ORGANIC DYE (NOTOD)

As shown above, the NOT using Kerr medium (Fig. 7a) can be used as an all-optical method
to control particle in 3D space. However there are two weak points: the first one is the necessity
of high laser intensity, which can biophysically damage the trapped bead, and the second one
belongs to biochemical properties, the Kerr medium is not always suitable to different kinds of
trapped bead and DNA molecule. To pass those complexities, a NOTOD using Kerr medium
with the high nonlinearity as added nonlinear lens has been proposed [29, 30]. The configuration
of NOTOD using the organic dye Acid Blueis presented in Fig. 8a. The difference between
the conventional OT and NOTOD is that the high NA microscope objective is replaced by an
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optical system consisting of a low NA objective and thin layer of Acid Blue. Acid blue is an
organic dye which has nonlinearity of n2∼ 1×10−6cm2/W, which is much higher than convenient
liquids [41]. Irradiated by the intense Gaussian beam (as Eq. (1)), the layer of Acid blue can be a
nonlinear lens with the nonlinear focal length given by [29]:

fnl =
W 2

0
dn2I0

(15)

where d is the thickness of layer.

(a) (b)

Fig. 8. a) Sketch of NOTOD using thin layer of Acid Blue; b) Focal length of thin layer
with different thickness vs. average power of incoming Gaussian laser beam, and W0 =

0.002 cm.

Consider a plate CW beam focused by a low NA objective to Gaussian beam with waist of
W0 = 0.002 cm which is about 20 times larger than the laser spot which is for conventional TO
(about 2 µm) irradiating a thin layer of Acid blue. Because of high intensity of incoming Gaussian
beam, the thin layer of Acid Blue becomes nonlinear lens, which has focal length fnl depending on
an average power of laser and thickness of Acid blue layer (Fig. 8b). It is clear that the nonlinear
focal length is shorter when the laser power is higher and the layer is thicker. It not only becomes
the nonlinear lens, but also in return reshapes the incoming laser beam whose intensity distribution
on plane (ρ,z) is given as follows [29]:

I(ρ,z) =
I0

1+
(

zπ(dn2I0)
2

λW 2
0

)2 exp

− ρ2(
λW0

πdn2I0

)2
[

1+
(

zπ(dn2I0)
2

λW 2
0

)2
]
 (16)

Using Eq. (16) and choosing d = 0.05 cm, the intensity distribution of reshaped laser beam
in phase plane(d =−2W ′0÷2W ′0, z =− fnl÷ fnl), where W ′0 = λW0/πdn2I0 is the waist’s radius,
is numerically observed with different average power of incoming beam and presented in Fig. 9.
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Fig. 9. Distribution of intensity of reshaped laser beam in phase plane (ρ,z) with different
average power of incoming laser [31].

We can see that the radius of reshaped laser beam W ′0 and the focal length of nonlinear lens fnl are
decreased when the average power of incoming laser beam P = πW 2

0 I0/2 increases, consequently,
intensity is more and more enhanced around the focus. The important point here is that the inten-
sity gradient enhances with increasing of average power. Using Eqs. (2), (4) and (16), the total
axial force acting on the dielectric particles is given as follows:
~Ftotal,z(ρ,z)

=ẑ

−2πn f la3


(

nb
n f l

)2
−1(

nb
n f l

)2
+2

 2z(
π(dn2I0)

2

λW 2
0

){
1+
(

zπ(dn2I0)
2

λW 2
0

)2
}2

 ρ2(
λW0

πdn2I0

)2
{

1+
(

zπ(dn2I0)
2

λW 2
0

)2
} −1



+
128π5a3

3λ 4


(

nb
n f l

)2
−1(

nb
n f l

)2
+2


2
× I0 exp

− ρ2(
λW0

πdn2I0

)2
{

1+
(

zπ(dn2I0)
2

λW 2
0

)2
}
 .

(17)

Using parameters given above to Eq. (17), the distribution of total axial force along laser
beam axis is numerically plotted in Fig. 10. From this figure we can see: first, when the average
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power is tuned an amount of ∆P = 3 mW, the trap center will move a distance of ∆ztc = 0.38 cm;
second, with an increasing of the average power the distance between two peaks which is called
trap region, ∆zst [34] reduces and the peak force increases. The second point shows that the OTE
increases. The enhancement of OTE of NOTOD in comparison to that of linear optical tweezers
(LOT) using Gaussian beam with average power of P = 1 mW, and W0 = 2 µm is observed in
Fig. 10. The curves in Fig. 11 are plotted for Qρ,max = F peak

grd,ρc/ns f P and Qz,max = F peak
grd,z c/ns f P.

Fig. 10. Distribution of longitudinal force along laser beam axis [28].

We can see that OTE of LOT depends not on the laser power, but it is opposite to NOTOD. If
P≤ 2.15 mW the OTE of NOTOD is smaller than that of LOT, but it is opposite if P≥ 2.15 mW.
This property can be explained as that the nonlinear effect appears not in layer of Acid Blue,
means the nonlinear lens appears not until the average laser power is higher than certain threshold.
Consequently, the NA of optical system is smaller than that of microscope objective used in LOT.
And then, the average power increases larger than threshold that leads the beam waist as well as
Rayleigh distance reduces, consequences increasing of intensity gradient of laser beam. It results
in the increase of the optical forces and then enhancement of OTE of NOTOD, meanwhile, OTE
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of LOT is constant, as seen from Eqs. (1), (3) and (5): the OTE of LOT can be derived as

Qρ,max =
cF peak

grd,ρ

ns f P
=

c
ns f

α

 2

W0

[
1+
(

z
z0

)2
]
 I0 exp

(
− 1
(1+(z/z0)

2)

)
πW 2

0 I0
2

=
4cα

πns fW 3
0

[
1+
(

z
z0

)2
] exp

− 1(
1+(z/z0)

2
)
= const

(18)

here F peak
grd,ρ is fitted at ρ = W0. That is similar for Qz,max, which is independent from the average

laser power.

(a)

(b)

Fig. 11. |Qρ,max| (a) and |Qz,max| (b) vs. P.
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VI. FLEXIBILITY OF CHOOSING NOTOD FOR DNA MOLECULES

(a)

(b)

Fig. 12. (Color online) Bead position-pulling time characteristics of polystyrene bead
linked to λ -phage DNA with peak intensities (down-up) of I0 = 0.995× 105 Wcm−2

(magenta), I0 = 0.99×105 Wcm−2 (blue), I0 = 0.985×105 Wcm−2 (green), I0 = 0.98×
105 Wcm−2 (black). b) Bead position-pulling time characteristics of polystyrene bead
linked to BEC with peak intensities (down-up) of I0 = 0.98× 105 Wcm−2 (magenta),
I0 = 0.96×105 Wcm−2 (blue), I0 = 0.94×105 Wcm−2 (green), I0 = 0.93×105 Wcm−2

(black).

The main purpose of using OT in biophysics is to stretch DNA molecule in the extreme
stretched state in which stretched length is comparable to contour length. As we know, the dif-
ferent kind of DNA has own contour length, may be from some nanometers (plasmid DNA with
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contour length of 3 nm [42]) to some millimeters (Bacteria Escherichia Coli (BEC) with contour
length of 1.5 mm [43]). It is very difficult to use a linear OT to stretch all of DNA kind by electro-
optical or electro-mechanical methods [1, 9–13]. But the difficulty can be overcome when using
NOTOD. As shown in Sec. 5, the stable site of trapped bead can be controlled with high OTE by
tune of laser power. It is favorable to use NOTOD for stretching of DNA molecules. By MAT-
LAB software using finite element method [6, 38, 40], the general Langevin equation as shown
in Eq. (13) is solved, consequently, we observed numerically the position-pulling time character-
istics of polystyrene bead (a = 200 nm, np = 1.5) linked to λ -phage λ I0 = 0.995× 105 Wcm−2,
I0 = 0.99×105 Wcm−2, I0 = 0.98×105 Wcm−2, I0 = 0.98×105 Wcm−2, I0 = 0.96×105 Wcm−2,
I0 = 0.94× 105 Wcm−2 DNA with different peak intensities of laser beam with W0 = 0.01 cm.
From Fig. 12a, we can see that if the intensity is chosen of I0 = 1×105 Wcm−2 and the longitudi-
nal force hold trapped bead at beginning position of 1000 µm from the output surface of Acid blue
layer, then, by lowering the intensity, the trapped bead moves far away from the output surface of
Acid blue layer. The main result is that when intensity is tuned an amount of 2 kW/cm2 (black
curve), the trapped moves a distance about of 16.5 µm, which is comparable to the contour length
of λ -phage DNA molecule [42]. This situation is similar to the case of BEC in Fig. 12b. By
slightly changing NA of low NA microscope objective, so that the beam waist is W0 = 0.045 cm.
With fixed beginning intensity I0 = 1× 105 Wcm−2 the bead hold at the longitudinal position
of 20.25 mm from output surface of Acid blue layer, and then by tuning intensity lower to pull
trapped bead farther. When intensity is tuned lower an amount of 7 kW/cm2 the motion distance
of trapped bead linked to BEC is about 1.4 mm comparable to the contour length. The above-
obtained results show that by finely tuning intensity of laser, the NOTOD can be used to stretch
DNA molecule with the different contour length limited in certain long interval. That shows the
flexibility of NOTOD.

VII. CONCLUSION

The influence of Kerr effect on the properties of optical tweezers is resumed. The optical
trap efficiency is higher for Kerr particle, since the index ratio (m) is enhanced, i.e. particle’s
refractive index is raised up by laser intensity. Even though particles have refractive index smaller
than that of linear surrounding fluid, it is not necessary to use the hollow beam. The optical
tweezers using Kerr medium (NOT) will be a tool to control linear particle in space by tuning
laser power, which called the all-optical method although it can reduce optical trap efficiency,
since the index radio is reduced by the laser intensity. The weakness of optical tweezers using Kerr
medium is overcome by NOTOD, which uses organic dye as nonlinear lens replacing the nonlinear
surrounding fluid. The proposed NOTOD is not only compact, having high optical efficiency, but
also a flexible tool for optical method to control trapped bead in space and to stretch different
kind of DNA molecules. Using organic dye with high nonlinearity, the optical trap efficiency of
NOTOD is high enough, which can trap nanoparticle [21,22] and stretch DNA molecule [44–47],
instead of using ultrafast pulsed laser.

The organic dye is not only in liquid phase, but also can be prepared as thin layer. More-
over, its linear index [28] is comparable to that of immersion oil, which is used to enhance NA
of microscope objective [48]. So thin layer of organic dye could be used as immersion oil to
design nonlinear immersion microscope objective for OT. We hope our suggestions may become
advantageous in the going time.
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