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Abstract. In this paper, a model of dual-beam nonlinear Fabry-Perot interferometer (DBNFPI)
for creation laser hollow-Gaussian beam (HGB) is investigated. It includes a thin film of organic
dye sandwiched between two optical mirrors, and irradiated by two signal and pump laser Gauss-
ian beams. Based on the equation describing the output-input relation of intensities concerning
pump intensity and the expression of the spatial intensity distribution of output signal beam (OSB),
the range of pump intensity and collection of designed parameters are numerically calculated and
discussed for HGB creation. These results give us the opportunity to use DBNFPI for optical trap
of low-index dielectric particles.
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I. INTRODUCTION

The high-index particle which has reflective index higher than that of embedding fluid can
be trapped using the highly focused laser beam. The intensity spatial Gaussian distribution of
this laser beam is the main fact to trap dielectric high-index particle. Otherwise, the low-index
particle which has reflective index lower than that of embedding fluid will be trapped by the laser
hollow-Gaussian, only [1]. Principally, the conventional laser beam generated directly from res-
onator always has its Gaussian shape, but not hollow-Gaussian one. The hollow-Gaussian beams
(HGB) are expected to be useful for particle trapping, free-space optical communication [2], op-
tical limiting, low power all-optical devices [3].There is a lot of ways to create the HGB [4–10].
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It could begenerated by the effective thermal focal length at steady state [3, 11], by beam shaping
with phase-only liquid crystal spatial light modulator [5], through nonlinear interaction of photons
with orbital angular momentum [12], by thermal lens effect [3] as well as in strongly nonlocal
nonlinear media [7]. The main fact plays the role of the creation of HGB is the spatial phase mod-
ulation of light propagating through the nonlinear medium [5,8,10]. However, the hollow width of
created hollow-Gaussian beam is not controllable till now. Principally, the bistable optical device
operates based on the optical phase modulation in Kerr medium [13–24]. In the last work [25]
we investigated the bistability of nonlinear Fabry-Perot interferometer (NFPI) sandwiched oil red
O (ORO) with a very thin thickness of 0.1 mm. The input-output relation of intensities, the peak
flattening of the Gaussian beam are presented. The optical bistable properties of NFPI depending
on the input power is observed. However, these properties were only considered in the case of
the laser beam irradiated on an ideal point. There is a question what will happens when the input
beam is Gaussian, and the spatial phase modulation is controlled by another Gaussian one. We
predict that the output beam will be reshaped to different GB shapes, one of them is HGB.

In this paper we present a proposed model of DBNFPI. The equation describing the output-
input relation of signal light intensities concerning the pump intensity and the expression of inten-
sity distribution of OSB with different shapes are derived. The range of the pump intensity suitable
to design parameters to create HGB is numerically calculated. Finally, we discuss the capability
to use DBNFPI for optical trap low-index particles.

II. MODEL FOR SIMULATION

Fig. 1. Principal model of DBNFPI. ISGB: Input signal
Gaussian beam, OSB: Output signal beam, PGB: pump
Gaussian beam, DM: dichroic mirror, NFPI: Nonlinear
Fabry-Perot interferometer with ORO, L1, L2: Lenses.

The design model of pro-
posed DBNFPI is illustrated in
Fig. 1. A nonlinear medium
(NM) is the thin film of ORO
with thicknessd, nonlinear refrac-
tive coefficientn2 sandwiched be-
tween two optical mirrors to make
NFPI. The input mirror has re-
flection coefficients R(λs) = R%and
R(λp) = 0%, the output one has re-
flection coefficients R(λs) = R%and
R(λp) = 100%. The signal and pump
beams of wavelengthsλs andλp , re-
spectively are propagated perpendic-
ular to the input mirror of NFPI by
a dichroic mirror, then focused into
Gaussian beam (GB) of waist W0by a telescope with lenses L1 and L2.

With chosen reflection coefficients, the pump light plays the role in nonlinear effect (Kerr
effect) to modulate reflective index of NM inside NFPI, only. At the same time, the signal light
plays both roles in nonlinear and feedback effects. Thus, the interference and phase modulation
inside NFPI occur for the signal light, only. The electric field of input signal light Ein,s and pump
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light Epump can be simplified as follows:

Ein,s = A0,sexp[i(ωst− ksz−ϕ0)], (1)

and
Epump = A0,pexp[i(ωpt− kpz−ϕ0)] (2)

where ωs(p) are the angular frequencies,ks(p) = 2π/λs(p) are the wave numbers, λs(p) are the wave-
lengths and c is the light velocity, z is the position in propagation direction and ϕ0 is the initial
phase. The configuration shown in Fig. 1, the control intensityIc inside NFPI [25] consists of
output signal intensity (the reflected part) Iout and the pump intensity Ip, that means:

Ic = Iout + Ip, (3)

where
Iout = (1/2)c |A0,s|2 (1−R) and Ip = (1/2)c |A0,p|2 , (4)

Considering the input angle of both beams γ = 0, as shown in Ref. [26] and Ref. [25] the
path difference of two neighbor rays inside NFPI is given as:

∆s = 2dn, (5)

where
n = n0 +n2Ic = n0 +n2(|A0,s|2 (1−R)+ |A0,p|2), (6)

is the refractive index of NM, n0 is the linear index of NM.
Using Eqs. (5) and (6) we have the phase shift of two neighbor rays inside NFPI given as

follows [25, 27]:

θ =
4πn2d

[
|A0,s|2 (1−R)+ |A0,p|2

]
λs

+2δ ,

2δ ≈4πn0d
λs

+∆ϕ,

(7)

where ∆ϕ is the phase shift by the initial refraction of signal light. By the ways as shown in
Ref. [25] we have the input-output relation of signal intensities given as follows:

Iout

{
1+

4R

(1−R)2 × sin2
φ

}
= Iin, (8)

where
φ =

2πn2d
λ (1−R)

[(1+R) Iout + Ip] , (9)

with considering the absorption of NM is negligible. The Eq. (8) describes the input-output rela-
tion of signal intensities Iin and Iout with presence of pump intensity Ip. Here, the pump intensity
can be considered as the modulation one influencing on the shape of input-output relation curve,
i.e. the stable output intensity can be modulated by the pump intensity. Because the phase shift
φ nonlinearly depends on the pump intensity, the output signal intensity in the stable region is
possible to jump to different values by pump intensity change at certain input signal intensity. It
is clear that the Eqs. (8) and (9) describe the input-output relation of signal intensities propagating
through NPFI in 1D, at an ideal point, only, so the question is what will this relation occur when
use the laser beam with spatial Gaussian distribution?
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The intensity distribution sare given as follows:

Iin(x,y) = I0,s(0,0)exp
(
−2

x2 + y2

W 2
0

)
, (10)

Ip(x,y) = I0,p(0,0)exp
(
−2

x2 + y2

W 2
0

)
, (11)

where W0 is the radius of beam waist, I0,s(p) is the peak intensity at spatial position (x = 0,y = 0).
Substituting Eqs. (10), (11) into Eqs. (8), (9), we have:

Iout(x,y)

{
1+

4R

(1−R)2 × sin2
φ(x,y)

}
= Iin(x,y), (12)

and

φ(x,y) =
2πn2d

λ (1−R)
[(1+R) Iout(x,y)+ Ip(x,y)] , (13)

From Eq. (12) we have :

Iout(x,y) =
Iin(x,y){

1+ 4R
(1−R)2 × sin2φ(x,y)

} , (14)

describes the spatial intensity distribution of OSB. As the nonlinear dependence of output signal
intensity on the pump intensity, the OSB is reshaped to HGB by suitable pump intensities.

III. SIMULATION RESULTS AND DISCUSSION

Fig. 2. The intensity spatial distribution of ISGB
and PGB.

The parameters used to design DB-
NFPI include: Input signal laser beam
with wavelength of λs = 0.532 µm and
pump laser beam of λp = 1.064 µm ;
After propagating through telescope the
waist’s radius of two beams of W0 =
6 µm, the Rayleigh ranges of z0,s ≈
212 µm; and z0,p ≈ 109 µm; The mir-
ror’s reflection coefficient of R(λs) = 75%;
The ISGB‘s peak intensity of Io,s = 0.5×
103 W/cm2, and PGB’s peak intensity
of Io,p = (0÷10) × 105 W/cm2. The
ORO’s nonlinear coefficient of reflective
index of n2 = (1.0÷10)× 10−7 cm2/W
by change its concentration and the thick-
ness d = (0.01÷0.02) cm [28]. This thick-
ness is smaller than Rayleigh range (d =
100 µm < z0,p < z0,z ≈ 212 µm) of both
beams, so Eqs. (10) and (11) will be used to
describe the intensity distribution of plane
waves inside NFPI. The shape of ISGB and PGB is illustrated in Fig. 2.
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(a) (b)

(c) (d)

 
(e)

 
(f)

Fig. 3. Intensity 1D distribution of OGB with different pump intensity. d = 0.018 cm,
R(λs) = 75%, Io,s = 0.5×103 W/cm2, n2 = 1.0×10−7cm2/W, W0 = 6 µm.

Using Eq. (14), the intensity 1D distribution of OSB is numerically calculated with differ-
ent pump peak intensities by Matlab software and shown in Fig. 3. The intensity 1D distribution of
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OSB is simulated with different peak pump intensities Io,p (or Ip in Fig. 3) of 0.0001×105 W/cm2,
0.0015×105 W/cm2, 0.045×105 W/cm2, 0.06×105 W/cm2 and 0.08×105 W/cm2, other param-
eters are fixed as above. We see that if the pump peak intensity is smaller than Ip = 0.015×
105 W/cm2, the OSB remains its Gaussian shape (Fig. 3a), if Ip = 0.015×105 W/cm2 it reshaped
to the flat-top GB [26] (Fig. 3b), if Ip = 0.01× 105 W/cm2 toring-GB (Fig. 3c) [29], if 0.045×
105 W/cm2 < Ip < 0.065× 105 W/cm2 to HGB (Fig. 3d, e), and if Ip > 0.065× 105 W/cm2to
multi-HGB [30] (Fig.3f). The HG shape of OSB is simulated and shown in Fig. 4.

(a) (b)

Fig. 4. HG shape of OSB at Io,p = 0.045×105 W/cm2 (a) and Io,p = 0.065×105 W/cm2 (b).

For a given collection of design parameters, the OSB is reshaped to HGB if pump peak
intensity is in a certain range. This range changes when the one of design parameters changes.
The range of pump peak intensity to create HGB for DBNFPI with different nonlinear coefficient
of reflective index and thickness of thin film of ORO is presented in Table 1. The obtained results
show that the pump peak intensity decreases when nonlinear coefficient of reflective index and
thickness of thin film of ORO increases. Thus, use film thicker and organic dye with higher
nonlinear coefficient of reflective index, the pump peak intensity will lower. Here, there is an
important problem that the pump peak intensity needed to create HGB always is suitable to a
collection of other design parameters. This confirms that it is possible to use an added laser GB
as the PGB to modulate the OSB of NFPI and the proposed DBFPI like as a device to create the
laser HGB for optically microspheres trapping [1, 31].

As shown in Fig.3d,e, the hollow width of HGB is about6µm , approximately equals the
ISGB’s waist. Comparing the intensity 1D distribution of GB (Fig.3a) and HGB (Fig.3d,e) we can
say that the intensity gradient of output HGB is much higher than that of ISGB. Hence, the HGB
created by proposed DBNFPI using the pump intensity range given in Table 1 can be used to trap
low-index microspheres (nm f /n f < 1) and radius a < 2.5 µm [31]. Every principle parts in the
proposed model is reachable [14, 17, 25], so the HGB will be set-up and use for optical trap low-
index microsphere.



NGUYEN MANH THANG AND HO QUANG QUY 341

Table 1. The range of pump peak intensity suitable to collection of design parameters of
DBNFPI for HGB creation.

* Io,p = α×104 W/cm2, W0 = 6 µm, R(λs) = 75%, Io,s = 0.5×103 W/cm2

IV. CONCLUSION

The dual-beam nonlinear Fabry-Perot interferometer using two laser GBs, one of them
plays the role of signal and another one does that of pump for HGB creation is proposed. The
output-input relation of intensities concerning the pump intensityand the expression describing
the intensity distribution of OSB are derived. The intensity 1D and 2D distribution of OSB are
numerically calculated. The results show that HGB created in the range of pump peak intensity
suitable to the collection of designed parameters of DBNFPI. To reduce the pump peak intensity, it
is necessary to use thicker film of ORO with higher nonlinear coefficient of reflective index. Using
the GBs with waist of 6 µm we can obtain HGB with hollow width 6 µm and very high intensity
gradient efficient to optical trap for low-index microspheres. This would be a convenient and
powerful way to describe and study the propagation of GB through NFPI, and opens the potential
for low-index microspheres trapping and manipulatingby using DBNFPI.
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