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Abstract: Characterizing the nonlinear optical properties of numerous materials plays a
prerequisite role in nonlinear imaging and quantum sensing. Here, we present the evaluation
of the nonlinear optical properties of Rb vapor by the Gaussian-Bessel beam assisted z-scan
method. Owed to the concentrated energy in the central waist spot and the constant intensity
of the beam distribution, the Gaussian-Bessel beam enables enhanced sensitivity for nonlinear
refractive index measurement. The nonlinear self-focusing and self-defocusing effects of the Rb
vapor are illustrated in the case of blue and red frequency detunings from 551 ,, — 5P3/> transition,
respectively. The complete images of the evolution of nonlinear optical properties with laser
power and frequency detuning are acquired. Furthermore, the nonlinear refractive index n,
with a large scale of 107 cm?/W is determined from the measured transmittance peak-to-valley
difference of z-scan curves, which is enhanced by a factor of ~ 1.73 compared to the result of a
equivalent Gaussian beam. Our research provides an effective method for measuring nonlinear
refractive index, which will considerably enrich the application range of nonlinear material.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The measurement of nonlinear optical properties is fundamental in the fields of quantum optics
[1] and ultrafast optics [2]. In general, nonlinear optical properties are the dependent results of
an optical effect on the electric field when a laser interacts with matter [3]. Nonlinear optical
properties include mixing [4], frequency doubling [5], linear electro-optic [6] and third-order
nonlinear [7]. Until now, the study of nonlinear optical properties has attracted extensive interests
for their widespread applications in nonlinear imaging, high-speed optical communications, and
all-optical switches [8—11].

The methods for measuring nonlinear optical properties mainly include nonlinear interferometry
[12], four-wave mixing [13,14], ellipse rotation [15,16] and beam distortion measurements [17].
Interferometry relies on the precise adjustment of multiple beams to identify the time-resolved
moving interference fringes and obtain the nonlinear phase shift of the measured sample. Four-
wave mixing, in which three incident light waves interact with atoms to generate a fourth outgoing
light, requires a strict experimental condition. Elliptic rotation measurement determines the
nonlinear effect of medium by exploring the polarization properties of a laser, which requires
complicated wave propagation analysis and has lower measurement sensitivity. The z-scan
method, which is based on the spatial beam distortion principle in a single-beam configuration,
is a high sensitivity tool for inducing the formation of nonlinear optical properties [18].
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The modified z-scan methods, not only can obtain nonlinear optical properties conveniently,
but also can provide the high measurement sensitivity of nonlinear coefficients, are always being
pursued. It is theoretically proposed that the propagation of Gaussian beams modulated by a
Bessel profile can increase the z-scan sensitivity compared with conventional Gaussian beams
[19,20]. The initial experimental attempt of the Gaussian-Bessel (GB) beam assisted z-scan
method is implemented on organic dyes [21]. The atomic vapor, as a harmless and novel nonlinear
optical material, has been used as a robust medium in the field of quantum optics [22-24]. A
completely controllable nonlinear optical system can be achieved by understanding the nonlinear
optical process evolution of the atomic vapor. Previous research on atomic nonlinear optical
properties with Gaussian beam assisted z-scan method shows the strong desire for enhanced
sensitivity [25-30]. The GB beam assisted z-scan method provides a powerful tool for the high
sensitivity measurement of the nonlinear optical properties of atomic vapors.

In this work, we study the nonlinear optical properties of Rb vapor by GB beam assisted
z-scan method. The enhanced self-defocusing and self-focusing effects are observed for red and
blue frequency detunings, respectively. The influences of laser power and frequency detuning
on the nonlinear optical properties are studied in detail. Finally, the nonlinear refractive index
ny of the Rb vapor is determined by the peak-to-valley difference AT of z-scan curves. The
precise measurement of the nonlinear refractive index is of great significance to the exploration of
nonlinear materials, which aids in the development of the multi-channel information processing
and tunable optical switching.

2. Experimental setup

The experimental setup for studying the nonlinear optical properties of the Rb vapor is demon-
strated in Fig. 1(a). The laser is provided by an external cavity diode laser (DL pro, Toptica) with
a 780 nm Gaussian beam, which is utilized to excite the 581> — 5P3/, transition. The frequency
is monitored by a wavelength meter (WS-7, HighFinesse). The reference positions of laser
frequency detunings are chosen on the 8’Rb 55| j2(F = 2) = 5P3;5(F’" = 1) hyperfine transition
for red detunings and 3°Rb 58, /2(F = 3) = 5P3)5(F’ = 4) for blue detunings. Meanwhile, the
frequency detunings are chosen from 0.7 to 1.5 GHz in the experiment so as to make nonlinear
absorption negligible while still possessing an appreciable nonlinear refractive effect. The laser
is divided into two beams. One beam is employed as the reference for z-scan measurement with a
Gaussian profile. The other beam passes through an axicon (AX) to make the emitted light wave
vector symmetrically distributed on the cone by precisely rotation. As a result, the zero-order
GB beam is generated by the coherent superposed on the same cone surface. A thin Rb vapor
cell, with 1 mm thickness, is placed behind the AX as the measured sample. The temperature of
the vapor cell is accurately controlled at 115 °C. And the linear absorption measurement gives
an atomic density of 1.51 x 10'3 cm™3 [31]. Additionally, a linear translation stage (Thorlabs,
LTS300) is employed to precisely control the movement of the vapor cell along the z axis, which
has the minimum movement of 0.1 um and on-axis accuracy of 5 um. In the far-field, the laser
intensity transmittance via the aperture (A) is detected by a photodetector (PD). Furthermore, a
charge coupled device (CCD) is also employed to record the transmittance beam profiles. The
measurement results of the PD and the CCD both reflect the spatial distortion effect of the laser
field simultaneously, which clearly reveals the nonlinear optical response of Rb vapor.

Figure 1(b) shows the transmission schematic diagram of the Gaussian (top) and GB (bottom)
beams after passing through a lens (L) and an axicon (AX) on the z axis, respectively. The
Gaussian beam diverges rapidly on both sides of the lens focus with strong scattering effect
and large energy loss. While, the GB beam maintains excellent non-diffracting property in the
Bessel region, which facilitates concentrated energy sources in the central waist spot and a beam
distribution with constant intensity [32]. The Bessel region is determined by z,,,, = wo/tan 3,
where wy is the beam waist and S is the deflection angle of the axicon. Therefore, the z-scan
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Fig. 1. (a) Sketch of experimental setup. HWP, half-wave plate; PBS, polarization beam
splitter; M, high-reflection mirror; BS, beam splitter; L, lens; AX, axicon; A, aperture; PD,
photodiode; CCD, charge coupled device; WM, wavelength meter. (b) The transmission
schematic diagram of the Gaussian (top) and GB (bottom) beams along the z axis.

method conducted in this region enhances the measurement sensitivity of nonlinear optical
properties characterization.

3. Experimental results and discussions

The electric field distribution of the GB beam along the propagation of z direction is represented
as [19]:
w .
E(z.r.1) = Eo(t)wz)ew{i[(k - £?/2k)z = O} olZr/(1 + iz/20)] 0
x exp{[~1/w*(2) + ik/2R@)(* + {222 [K)},

where E(t) illustrates the radiation electric field at the focal point, w(z) = wo(1 + 2%/ Z02)1/2 is
the beam radius at the z position, and zp = kw2 /2 is the diffraction length of the beam, k = 27/2
is the wave vector, R(z) = z(1 + z2/wo?) is the radius of the wavefront curvature at z, ¢ is the
phase of the beam propagating in the medium, ®(z) = arctan(z/zg) is the phase factor, ¢ is the
radial wave vector of the GB beam. The beam distribution is dependent on . It is the normal
Gaussian beam distribution when ¢! equals zero.

The influences of nonlinear refraction and diffraction on the laser beam radius are disregarded
when the thickness L of the measured sample is less than the diffraction length. The electric field
intensity E,(r, r) at the far-field aperture is obtained using the Gaussian decomposition method
and Taylor series expansion e2@") [33]:

oo A , ¢ m 2 k 2
Eulrt) = g = 0, et 3 HAO@ O Oy o 707Gy )
— m! Wy w3 2Ry

where g = 1 + d/R(z), d is the dlstance from the sample to the aperture, w2, = w>(z)/(2m + 1),

Ry =d[l - e

kw,
g _ L d/d
82+d2/d31] s dm = ZMO » O = tan™ [ m] and w = wm()[g + %]
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Therefore, the normalized transmittance 7" of the z-scan method is obtained by [33]:

[T Pr(Ago()dt
S [P

T(z) 3

in which P7(A¢o(t)) = cegnom for“ |Ey(r, 0)|?rdr, pi(t) = JTU)(%I()(Z) /2 is the instantaneous input
power, S is the linear transmittance of the far-field aperture, Ago(t) = knalyL is the phase shift at
the focal point on the z axis, I is the laser intensity at the focal point, and n; is the nonlinear
refractive index.

The laser intensity distribution of Gaussian (top) and GB (bottom) beams with the same central
beam waist is depicted in Fig. 2(a) by I = "87‘)‘ |E(z, r, )|, which is also the real situation of our
experiment study. It can be found that the laser intensity of the GB beam is slightly smaller than
that of the Gaussian beam when there has the same beam waist. While the z-scan normalized
transmittance 7 in the case of Fig. 2(a) is obtained through Eq. (3), which is illustrated in
Fig. 2(b). The GB beam transmittance peak-to-valley difference (AT) is larger than that of the
Gaussian beam, which indicates that the GB beam assisted z-scan method can provide enhanced
measurement sensitivity of nonlinear optical properties.
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Fig. 2. (a) The laser intensity distribution of Gaussian (top) and GB (bottom) beams with
the same central beam waist. (b) The normalized z-scan curves for the Gaussian (black line)
and GB (red line) with beams in Fig. 2(a).

The transmitted profiles of GB (top) and Gaussian (bottom) beams after passing through the
aperture along different z positions of propagation coordinates are demonstrated in Fig. 3(a) when
the laser frequency is red detuning 0.7 GHz. It discovered that the intensity changes as theoretical
prediction of strong-weak-strong are observed for both situations of GB and Gaussian beams,
which provides a good foundation for the beam spatial distortion principle. The gray dotted
boxes from left to right reflect the strongest and weakest positions of the profiles, respectively.
Interestingly, the strongest (z = - 0.6 cm) and the weakest (z = 0.6 cm) GB beam distortions are
greater than the Gaussian (z = - 0.3 cm and 0.3 cm) beam. It illustrates that there is a more
considerable optical distortion effect of GB beam assisted z-scan method, which has a direct
impact on the measurement sensitivity of nonlinear optical properties.

Moreover, the z-scan curves detected by PD with a strong-weak-strong variation trend are
reflected clearly, as shown in Fig. 3(b). The dots represent experimental data, while the lines
represent theoretical fitting results with Eq. (3). Meanwhile, the z-scan curves illustrate the clear
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Fig. 3. The transmitted profiles of GB (top) and Gaussian (bottom) beams at different
positions along the propagation coordinates for (a) 6 = - 0.7 GHz and (c) 6 = 1.3 GHz,
respectively. The gray dotted boxes indicate the strongest and weakest positions of the
profiles, respectively. The z-scan curves of Rb vapor for (b) § = - 0.7 GHz and (d) 6 = 1.3
GHz in the same experimental conditions of (a) and (c), respectively. The dots represent the
experimental data, and the curves denote the theoretical fitting results with Eq. (3).

feature of a pre-focal peak followed by a post-focal valley. The nonlinear refractive index is
added to the initial linear refractive index, allowing the Rb vapor to act as a negative lens to the
laser beam and exhibit the self-defocusing effect. Additionally, the GB beam assisted z-scan
curves have a larger AT compared to the Gaussian beam result.

The nonlinear optical properties of blue detuning have similar evolution with red detuning, but
with different laws. When the laser frequency is blue detuning 1.3 GHz, the transmitted profiles of
GB (top) and Gaussian beam (bottom) are shown in Fig. 3(c). The evolution of transmitted profiles
is the inverse of Fig. 3(a), which demonstrates the intensity variation trend of weak-strong-weak.
Meanwhile, the z-scan curves depicts a pre-focal valley followed by a post-focal peak as illustrated
in Fig. 3(d), indicating a positive nonlinear refractive index corresponding to the self-focusing
effect. But the unaltered scenario is the larger AT with GB beam compared to the Gaussian beam.
Moreover, it can be found that the large frequency detunings lead to small AT of z-scan curves by
comparing Figs. 3(b) with 3(d), which is consistent with theoretical prediction [34].

The nonlinear optical properties of atomic vapor, as the important nonlinear parameters, can
be used to achieve the fully controllable nonlinear optical system in real-time by modifying
the experimental conditions. The nonlinear evolution of the Rb vapor is further investigated
by adapting the laser intensity and frequency detuning. Figures 4(a) and (b) show the acquired
GB beam assisted z-scan curves with different laser powers at 0.7 GHz red detuning and 1.3
GHz blue detuning. The laser power increases from 5 to 21 mW. Clearly, the transmittance
peak-to-valley difference AT increases with increasing laser power, which attribute to that the
significant nonlinear effects of Rb atoms are excited by the high laser intensity. Controllable
nonlinear process by changing the laser power enable the adjustment of nonlinear coefficient in
all-optical switches [35].
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Fig. 4. The GB beam assisted z-scan curves of the Rb vapor versus the laser power when
laser frequency (a) § = - 0.7 GHz and (b) 6 = 1.3 GHz.

Furthermore, the nonlinear optical properties of Rb vapor are directly affected by laser
frequency detunings, which are presented in Fig. 5. The experimental conditions are the same as
in Fig. 3 except for frequency detuning. It can be found that the transmittance peak-to-valley
difference AT decreases when the red frequency detuning increases from 0.7 to 1.5 GHz, which
is illustrated in Fig. 5(a). The case of blue frequency detuning (Fig. 5(b)) demonstrates similar
behavior. As the frequency detuning increases, the interaction intensity between laser and atoms
is weakened, thus, the nonlinear optical effects of the Rb vapor becomes insignificant [36]. The
maximum nonlinear effect is acquired at the frequency detuning approximately 0.7 GHz. The
high tunability of the nonlinear optical properties by varying laser frequency detuning in Rb
atoms makes it an attractive candidate for quantum information processing [37].

Transmittance (a. n.)
Transmittance (a. u.)

Fig. 5. The GB beam assisted z-scan curves of the Rb vapor versus the red detuning (a) and
blue detuning (b) when the laser power is 21 mW.

Finally, the nonlinear refractive index n, of the Rb vapor is determined using the AT of the
GB beam assisted z-scan curves [21]:
AT
" 0.406[kly ePCeD @
A06[klp—5—1

nz

where « is the optical absorption coefficient of the medium. When the input power is 21 mW, the
value of ny(gp) is obtained as 2.07 X 107 cm?/W with the laser frequency is red detuning 0.7
GHz. Additionally, the ny(g) determined by Gaussian beam in Fig. 3 is 7.58 x 107 cm?/W, which

is also the limit of the conventional z-scan method [38]. The enhancement rate is characterized
as k = %, therefore the nyp) has a factor of ~ 1.73 enhancement. Furthermore, the
enhancement effect is guaranteed by GB beam, but the enhancement rate will vary with the
employed GB beam mode. Additionally, introducing additional structured light fields, such as
flat top beams with the smooth and uniform intensity distribution, also can significantly enhance

the measurement sensitivity of nonlinear optical properties with z-scan method.
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4. Conclusions

In summary, we study the nonlinear optical properties of Rb vapor using the GB beam assisted
z-scan method. Nonlinear self-defocusing and self-focusing effects are acquired with red and blue
frequency detuning, respectively. The transmittance peak-to-valley difference AT of GB beam
assisted z-scan curves is larger than that of Gaussian beam under the same experimental conditions,
indicating that the measurement sensitivity is enhanced by using GB beam. Additionally, the
direct influences of laser power and frequency detuning on the nonlinear optical effect are
observed. As a result, the nonlinear refractive index ny = 2.07 x 107% cm?/W is obtained from the
measured GB beam assisted z-scan curves, which has a factor of ~ 1.73 enhancement compared
to the equivalent Gaussian beam. Not only does our research enables the accurate measurement
of the nonlinear refractive index, but it also allows the completely controllable evolution of the
nonlinear optical properties, which has potential applications in nonlinear imaging and quantum
sensing.
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