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Abstract: We report the measurement of the Kerr nonlinear refractive index of the rubidium
vapor via the high sensitivity z-scan method by using an optical frequency comb. The novel
self-focusing and self-defocusing effects of the vapor are presented with red and blue detunings
of the laser frequency. The optical nonlinear characteristics of the rubidium vapor are clearly
interpreted under different experimental parameters. Furthermore, the Kerr nonlinear refractive
index n, is obtained from the measured dispersion curve, and it basically occurs on the order
of 107 cm?/W. The evolutions of the Kerr nonlinear coefficient n, with the laser power and
frequency detuning, respectively, are studied. To the best of our knowledge, the use of pulsed
lasers to measure the Kerr nonlinear refractive index n, of atomic vapor has not been reported
yet. The direct measurement of the Kerr nonlinear coefficient will greatly help us understand and
optimize nonlinear optical processes and find its more potential applications in quantum optics.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The alkali atomic vapor has been used as a robust nonlinear material in the field of quantum
optics [1-3]. The precision measurement of the Kerr nonlinear refractive index n, for atomic
vapor through enhanced nonlinear optical processes is employed in many research fields. A
completely controllable nonlinear optical system can be achieved by understanding the evolution
of the Kerr nonlinear coefficient. The study of optical nonlinear characteristics has led to many
valuable applications including all-optical switches [4,5], optical soliton generation [6], frequency
conversion [7], quantum information processing [8,9], and laser frequency stabilization [10].

To measure nonlinear refractive index, several methods were employed including nonlinear
interferometry [11], multi-wave mixing [12,13], ellipse rotation [14], and beam distortion
measurements [15]. Interferometry and multi-wave mixing require multi-beam measurement,
thereby increasing the complexity of the experimental system. Ellipse rotation is insensitive
measurement and requires complicated wave-propagation analysis. The z-scan method, which is
based on the spatial beam distortion principle, was proposed as a simple and easy-to-implement
method for measuring the Kerr coefficient n, [16]. The single-beam optical configuration of
z-scan is a convenient and compact integration component. The sign and magnitude of nonlinear
absorption and refraction can be simultaneously measured to determine the properties of the
measured nonlinear material. Importantly, the evolution of nonlinear optical characteristics can
also be depicted owing to the dynamic measurement process.

The Kerr nonlinear refractive index n, of atomic vapor, as an important nonlinear parameter,
can be used to control the relative contributions of linear and nonlinear effects in real-time
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by adjusting the experimental parameters [17,18]. The self-induced absorptive and refractive
nonlinear behaviors of the hot Na vapor [19], Rb vapor [20], Cs vapor [21], and a cloud of cold
Cs atoms [22] were investigated by the z-scan method. Additionally, the Kerr coefficient for
both red and blue detunings of the hot atomic rubidium vapor was measured [23]. A variant
of the z-scan method was applied to measure the nonlinear refractive coefficients for the Cs
vapor by scanning the laser frequency for different sample positions [24]. The use of pulse lasers
to perform precision measurement has gained significant interest because of the development
of phase-stabilized optical frequency combs (OFCs) [25]. Because of the high peak intensity
of pulse lasers, the significant nonlinear effect of an atomic vapor can be observed at low
average power [26]. Additionally, a stabilized OFC, which contains approximately 10°-10°
optical frequency components spanning the entire visible spectrum, can realize the multi-channel
broadband measurements with high-sensitivity [27]. However, there is no reports on measuring
the Kerr nonlinear refractive index n, of atomic vapor with pulsed lasers to the best of our
knowledge. The OFC can be used as a femtosecond pulsed laser with stable frequency and finely
tunable frequency detuning to obtain high nonlinear refractive index at extremely low average
power.

In this study, we investigate the third-order nonlinear refractive index n, of the rubidium
thin vapor with a stabilized OFC by using the z-scan method. Distinct self-defocusing and
self-focusing dispersion curves of the vapor at red and blue detunings are obtained. The nonlinear
refractive index n, is studied under different laser frequency detuning and average power. The
dependence of the nonlinear characteristics of the rubidium vapor on systematic properties is
also explored, which is essential for distinguishing between linear and nonlinear characteristic in
atomic systems.

2. Experimental setup

The experimental implementation for measuring the Kerr nonlinear refractive index by using the
z-scan method is shown in Fig. 1. The laser source used to excite the 551/> — 5P3/; transition of
rubidium at 780 nm was provided by an OFC system (Menlo systems, FC1500), which covered
a broadband wavelength range from 600 nm to 900 nm. The frequency of each optical mode
can be expressed as f;, = nfyp + feeo, Where the repetition frequency f,,, is 250 MHz, and the
offset frequency f.., is 20 MHz. The output of the OFC is filtered by using a tunable optical
filter (TOF) with a full width at half maximum of 0.1 nm. The laser frequency detuning was
achieved by precisely control of the repetition frequency of optical frequency comb. A Gaussian
beam of diameter 2 mm from the OFC was collimated through a single-mode optical fiber (SMF).
Subsequently, the collimated beam was focused by using a lens (L.3) with a focal length of 20 cm
to ensure that had a Rayleigh length of zzg = 7 mm and minimal waist of wy = 40 um, which is
checked all along the beam path using a beam quality analyzer. A thin rubidium vapor filled with
pure 87Rb, 22 mm in diameter and 1 mm in thickness, was placed behind the lens (L3) in the
beam path. And a homemade temperature controller with fully enclosed copper configuration is
employed to ensure a uniform atomic density. The vapor thickness was set significantly smaller
than the Rayleigh length so that light propagation effects on the laser inside the vapor could be
negligible. The temperature of the vapor is measured by a thermocouple thermometer and then
accurately controlled to be 80 °C with the corresponding atomic density of N = 1.55 x 10'®
m~3. Additionally, the movement of the vapor cell was precisely controlled by using a linear
translation stage (Thorlabs, LTS300), which had the minimum incremental movement of 0.1 um
and on-axis accuracy of 5 um. Upon moving the vapor cell along the beam across the focal point,
the laser intensity transmitted through the aperture (A) was modified because of the self-focusing
or self-defocusing effects. Additionally, the aperture transmittance ratio S was 0.05. In the far
field, the transmittance beam was detected by using a photodetector (PD).
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Fig. 1. Measuring the Kerr nonlinear refractive index by using the z-scan method. OFC:
optical frequency comb system, fip: repetition frequency, feeo: offset frequency, TOF:
tunable optical filter, L: lens, SMF: single-mode optical fiber, M: high reflection mirror, A:
aperture, PD: photodetector, OSA: oscilloscope.

In the process of data acquisition, the power of the incident laser was kept fixed. The focal
point of the lens was determined as the measurement zero point (z = 0), and the measured sample
was moved along in the -z and +z directions of the linear translation stage. The laser power
detected by the PD varied with the sample position, and this variation can be used to represent
the normalized transmittance 7(z) of the vapor at different sample positions. To perform a high
sensitivity measurement, a robust intensity modulation method was employed. The laser intensity
was modulated by using a chopper wheel (Stanford Research Systems, SR540) with an optimized
modulation frequency of 250 Hz. The obtained signal of the PD was demodulated by using a
lock-in amplifier (Stanford Research Systems, SR830).

3. Experimental results and discussions

The z-scan method used to measure the Kerr coefficient of a sample relies on the light propagation
properties of a Gaussian beam along its transmission direction. The incident laser field can be
expressed as follows [28]:

wo r ikr?

o P o@E 2R P 1)

E(Z, r, t) = E()(t)

where Ey(r) denotes the field intensity at the focal point, w(z) = wo(l + 22 /Z02)1/2 the spot
size of the laser source at the z position, and zy = kwy?/2 the diffraction length of the laser.
R(z) = z(1 + z9>/z?) is the expression for the curvature radius of the wave front at z, where
k = 27/ A denotes the wave vector and ¢ the phase of the beam propagating in the medium. The
intensity of the excited laser beam can be expressed as follows [28]:

w? 2
1z, 7,1) = o(1)— (ZO)Z exp(-2— (z)2) (@)

If the thickness of the sample is less than the diffraction length, the phase change of the laser
beam can be expressed as g—‘; = knyI, and the change in the laser intensity can be expressed as
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g—zl, = —a(Il)I. Therefore, Ap(z,r,t) = fL’g)exp(— (j(r, 2)2), where Agg denotes the phase change
+i5

amount of the laser beam at the focal poiﬁot. Additionally, A¢g can be represented by using the
laser intensity Iy at the focal point as follows [24,29]:

Agy = knalgL 3)

where k = 27", A the light beam wavelength, L the cell thickness.
For a cell thickness significantly smaller than the beam Rayleigh length, the aperture trans-
mittance as a function of the cell position z, relative to the focal point, is given as follows
[24,29]:
4Apox
(1+2x2)(9 + x2)

where x = z/zg, z the sample position relative to the focal point of the beam, and zx the Rayleigh
length. Thus, the Kerr nonlinear coefficient n, can be calculated by Eq. (3) using the Agg value
obtained by fitting the dispersion curve with Eq. (4). In our experiment, when the laser frequency
detuning is 0.7 GHz with the average power of 500 W, the obtained maximum value of the Apg
is 0.42, which is agreement with the relation of Agg < 7.

Meanwhile, the standard equation for the Kerr coefficient of an atomic vapor can be derived by
taking the limit of low intensity in a two-level atomic system since the Doppler width is much
larger than the hyperfine interval of 5P3), state. For large detunings, n, can be expressed as
follows [30,31] :

T(x)=1- &)

un'N
2ce9?h353
where p1, denotes the dipole matrix element, N the number density of atoms, and 6 = v — vy the
detuning from the resonance frequency. The linear dependence of the refractive index on 1/63
makes n; antisymmetric in detuning.

For a thin media with positive nonlinear coeflicients (n, > 0), the relative transmittance
measured at the small aperture remains moderately consistent (T = 1) because of the weaker
laser intensity upon moving from a position far away from the focal point (-z) to the focal point
(z = 0). Upon scanning the sample near the focal point, the optical nonlinear refraction effect is
significantly enhanced because of the increase in the laser intensity, making the far-field beam
located at the small aperture divergent and decreasing the relative light transmittance (T < 1).
If the sample continues to move from the focal point toward the +z direction, the self-focusing
effect of the sample will cause the far-field beam to converge at the aperture, and the relative
transmittance will increase (T > 1). In this situation, the thin medium exhibits a self-focusing
effect. For thin media with negative nonlinear coefficients (n, < 0), the result is just the opposite
and a self-defocusing effect is thus exhibited. Therefore, the sign and magnitude of n, can be
obtained from the measured dispersion curve.

The dispersion curve of the vapor cell when the laser frequency is red detuning 0.7 GHz from
5812 — 5P3, transition resonance is shown in Fig. 2(a). The curve shows an obvious feature of
a pre-focal peak followed by a post-focal valley. The signal curves can be fitted using Eq. (4)
to get Ay, and then the Kerr coefficient n, can be calculated by using Eq. (3). The measured
nonlinear refractive index n; is negative, meaning a clear self-defocusing effect. Contrarily, the
curve demonstrated a pre-focal valley followed by a post-focal peak when the laser frequency is
blue detuning of 0.9 GHz as shown in Fig. 2(b), indicating the positive nonlinear refractive index
corresponding to the self-focusing effect.

Figure 3(a) and (b) shows dispersion curves with different average powers but opposite
detunings, in which the power increased from 30 to 500 uW. Clearly, the dispersion intensity
of the Rb vapor increases with increase in the laser power, meaning that Agq also gradually
increases. Additionally, the linewidth of the dispersion curve is synchronously increase with the

no(em* /W) = 10* x 5)
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Fig. 2. Z-scan dispersion curve of the Rb vapor for: (a) red detuning 6 = - 0.7 GHz with
the self-defocusing effect and (b) blue detuning § = 0.9 GHz with the self-focusing effect

The black dots represent the experimental data. The red and blue curves denote the fitting
results of the experimental dots by using Eq. (4).

laser power because of the power broadening effect [32]. The laser frequency detuning directly
affects the dispersion intensity of vapor as shown in Figs. 3(c) and 3(d). When the red laser
frequency detuning was increased from 0.7 to 1.5 GHz, the dispersion intensity of the Rb vapor
decreased. The case of blue laser frequency detuning showed a similar behavior. This similarity

: 3 /
2

108 Al

@ ¥

:

g 1.000 E 1.00

g 097 £0.96

# ~

YTransmittance (a.n)

Fig. 3. Rubidium vapor dispersion curve versus the average power and frequency detuning
of the laser. (a) and (b) depict the dispersion curves at different powers when ¢ = - 0.7 GHz

and ¢ = 0.9 GHz, respectively. (c) and (d) depict the dispersion curves at different red and
blue detunings when the laser average power is 300 uW.
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is attributed to the dispersion effect of the atomic vapor becoming insignificant with increase in
the frequency detuning [23].

The Kerr coefficient n; can be calculated from the obtained dispersion curve. Our measurement
result 7o ~ 107° cm?/W has an order of magnitude enhancement compared with the results
obtained with continuous-wave lasers because of the high peak intensity of pulsed lasers,
indicating that the nonlinearity of the rubidium vapor significantly increases. Compared with the
third-order nonlinear refractive index, the fifth- and higher order nonlinear refractive index are
small and can be neglected. Meanwhile, the same results can be obtained by using the technique
of measuring the peak-to-valley amplitude of the dispersion curves (AT). Figures 4(a) and 4(b)
show n, as a function of the average power for different laser frequency detunings of 0.7, 0.9,
1.1, 1.3, and 1.5 GHz, respectively. When the laser frequency is red detuning, n, is negative,
indicating the self-defocusing effect. The absolute value of n, decreases as the laser power
increases provided that the frequency detuning remains constant. The dependence between n,
and laser power shows a clearly inversely proportional relationship, as can be seen from the
theoretical fitting by Eq. (3). And the absolute value of n, remains constant when the power is
higher than 500 uW. However, if the laser frequency is blue detuning, n, is positive corresponding
to the self-focusing effect. Additionally, the trend of n, versus laser power is similar to that for
the red detuning case.
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Fig. 4. Nonlinear Kerr coefficient n, as a function of the laser average power for different
detunings. (a) Red detuning. (b) Blue detuning. The dots represent the experimental results
and the lines refer to the theoretical fitting results.

Furthermore, the nonlinear Kerr coefficient n, is investigated as a function of the frequency
detuning with different laser power (see Fig. 5). Clearly, the absolute value of n, decreases
with increase in the frequency detuning, because the phase change amount Ag, decreases as
the laser detuning increases (see Figs. 3(c) and 3(d)). The experimental results and theoretical
fitting results obtained by using Eq. (5) are in good agreement. Meanwhile, the cubic linear
dependence between n, and frequency detuning is shown in the illustration of Fig. 5, which
means the nonlinear effect of vapor can be greatly and conveniently enhanced by changing the
frequency detuning. There are many interesting applications of the controllable nonlinearity of
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the nonlinear refractive sign and magnitude by simply changing the frequency detuning, such as

in all-optical switches and beam shaping.
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Fig. 5. Nonlinear refractive index n; versus the laser frequency detuning. (a) and (b) depict
the case of red detuning and blue detuning, respectively. The dots represent the experimental
results. The lines depict the theoretical fitting curves obtained by using Eq. (5). The insets
represent the 71, as a function of the cube of frequency detuning (53).

4. Conclusions

In summary, we have experimentally demonstrated the optical nonlinearity of the rubidium
vapor with an OFC by using the z-scan method. Self-defocusing and self-focusing effects were
observed with red and blue frequency detunings. The Kerr nonlinear refractive index n, ~ 1076
cm?/W, which is an order of magnitude enhancement compared with that in previous studies,
was obtained from the dispersion curve. An inversely proportional relationship between the
average power and n, was observed. Additionally, the dependence of n; on the cube of frequency
detuning showed a clear linear relationship, and the experimental results agreed well with the
theoretical fitting results. Such a precision measurement of the nonlinear coefficient n, would
facilitate the understanding, optimization, and eventually complete control of the nonlinear optical
processes in atomic systems. Additionally, our experimental research is of great significance to
many quantum optics application including all-optical switches.
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