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Abstract

®

CrossMark

We experimentally investigate the 65,,—8S1,, two-photon transition in cesium vapor by a single
laser. A blue (455.5 and 459.3 nm) fluorescence signal is observed as a result of 822.5 nm laser
beams illuminating the Cs vapor with a counter-propagating configuration. The dependences of
the fluorescence intensity on the polarization combinations of the laser beams, laser power and
vapor temperature are studied to obtain optimal experimental parameters. The frequency
difference between the two hyperfine components of 4158 (7) MHz is measured with a
Fabry—Perot interferometer as a frequency reference. Such a large spectral isolation and the
insensitivity to the Earth’s magnetic field enable the 651,,—8S,, transition to be a stable
frequency standard candidate for a frequency-doubled 1644 nm laser in the U-band window for

quantum telecommunication.
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1. Introduction

Two-photon transition in atoms is the research foundation of
atomic physics and laser physics [1], which provides a con-
venient ground for rigorous examination of the characteristics
of atoms and their interaction with the radiation field [2-4].
Alkali atoms have hydrogen-like atom structure, and are con-
sidered an excellent ideal model for spectroscopic research [5].
The study of two-photon transition in alkali atoms, generated
in special frequency bands [6, 7], has led to many valuable
applications including frequency standard [8-10], quantum
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telecommunication [11, 12] and other optical technology
[13-15].

The 6S5,-8S1, two-photon transition in Cs atoms has
attracted tremendous attention for several reasons. For
example, '*3Cs is the only naturally occurring isotope. Fur-
thermore, S—S transition can avoid spectral shifting and broad-
ening schemes due to the Zeeman effect [16]. In addition,
the hyperfine transition of cesium 65;,—8S1,, possesses large
spectral isolation (>4 GHz separation) [17]. More importantly,
the two-photon transitionspectrum has narrower linewidth
compared to single-photon transition spectrum, and the two-
photon transition located at 822 nm can provide a frequency
standard candidate for a frequency-doubled 1644 nm laser in
the U-band window for quantum telecommunication [18].

© 2021 Astro Ltd
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Most '33Cs 6S/,-85),» two-photon transitions are realized
by two-color laser beams with a real energy level [19, 20].
Compared to the two-color method, the one-color 6S-8S two-
photon transition system with a virtual energy level is not only
more beneficial to device integration, but able to eliminate
the Doppler background [21, 22]. However, the low trans-
ition probability makes the realization of this process chal-
lenging. Although, the frequency comb is employed for the
6S1,-8S51» two-photon transition frequency standard due to
its many deterministic frequency components and long-term
stability [23, 24], the complicated system prevents its wide-
spread use. Therefore, 133Cs 681,-8512 two-photon transition
with an easy-to-implement system is still required for further
deeper and more detailed exploration of integrated frequency
standards.

In this study, we investigate the spectrum of 651,-8S1,
two-photon transition excited by a single 822.5 nm laser in
thermal Cs atoms. The 455.5 and 459.3 nm fluorescence
is clearly observed as the product of two-photon transition.
Moreover, the effects of the laser beam polarization combina-
tions, laser power and vapor temperature on the fluorescence
intensity are investigated. The relationship between these para-
meters and the fluorescence intensity revealed in the experi-
ment is consistent with the theory. In this study, we contrib-
ute to a valid atomic data supplement of 651,,—85,, transition
and also provide an excellent experimental platform for build-
ing up a stable frequency standard in the U-band window of
quantum telecommunication [25].

2. Experiment setup

The energy-level diagram for 133Cs 68,/,—8S),, transition
is shown in figure 1(a). The transition wavelength from
the ground state (6S),) to the intermediate state (6P3p) is
852.3 nm, while that from the intermediate state to the excited
state (8512) is 794.6 nm. Another selectable path is for atoms
to be excited from the 651/, ground state to the 85/, state via a
virtual state, which is indicated by a dotted line in figure 1(a)
that represents two 822.5 nm laser beams. The 85, excited
state atoms will decay back to the 65, state via two pathways
with radiating 455.5 and 459.3 nm fluorescence. The first is
spontaneous radiation to the 7P3,, state and then to the 651/,
ground state with 455.5 nm fluorescence, while the second is
spontaneous radiation to the 7P, state and then to the 651/,
ground level with 459.3 nm fluorescence. As a result, the prob-
ability of 651/,—8S},, two-photon transition can be well char-
acterized by the fluorescence intensity.

Figure 1(b) displays the experimental scheme of '33Cs
651,—-8S1 transition. The 822.5 nm laser is provided by
a Ti:sapphire laser system (SolaTis-SRX-XF, M Squared
Lasers). The laser wavelength can be tuned in the range of
600-1000 nm and possesses a typical linewidth of less than
1 MHz. The combination of a half-wave plate and a polarizing
beam splitter (PBS) is used to divide the laser beam into reflec-
ted and transmitted beams. The reflected beam is sent to the
Fabry—Perot interferometer (FPI) with a free spectral region
of 750 MHz to provide a frequency reference. The transmitted

beam interacts with Cs atoms in a vapor cell with a diameter of
2.5 cm and a length of 5 cm. The vapor temperature is accur-
ately adjusted by a temperature controller with a self-feedback
system. The transmitted laser beam is retroreflected by a high-
reflection mirror (M) to ensure that two counterpropagating
laser beams overlap in the cell. Two lenses with a focal length
of 20 cm (L; and L,) are used to ensure that the waist of the
focused laser beams in the middle of the cell is ~100 ym. The
455.5 and 459.3 nm fluorescence is first focused by two lenses
with a focal length of 7.5 cm (L3 and L) and then detected by
a photomultiplier tube (Hamamatsu PMT CR131). An inter-
ference filter with a center wavelength of 457 nm and a 10 nm
pass band (FL457.9-10, Thorlabs) is used to resist the back-
ground noise caused by the scattered light.

3. Results and discussions

Fluorescence as the frequency detection of laser is collected by
PMT. This is illustrated as a black line in figure 2, when the
laser power is 180 mW and the vapor temperature is 480 K.
Both forward and retro-reflected 822.5 nm laser beams have
linear polarizations. The two-photon transition between the S
states requires AF = 0 and Amp = 0, where F is the total angu-
lar momentum of two photons absorbed by an atom and m is
its z-component [26]. Therefore, two hyperfine components of
the 65,,,—8S,,, transition are observed: '33Cs 68, (F = 4)-
8S1/2 (F/I = 4) and 133CS 651/2 (F = 3)—851/2 (FH = 3) Since
the energy difference between the hyperfine levels is negligible
compared to the transition energy between 65/, and the 855,
the weight factor is equivalent to the degeneration (2F + 1)
of the respective hyperfine levels [27]. Here, the experimental
valuated ratio of two hyperfine components is in good agree-
ment with the theoretical value of 9:7.

A cavity transmission signal labeled as a red line in figure 2
from an FPI with a 750 MHz free spectral region, is used
as a frequency reference to measure the frequency differ-
ence between hyperfine components. The frequency differ-
ence between the two hyperfine components is 4158 (7) MHz,
which is consistent with the previous report of the absolute
frequency measurement of Cs 651/,—8S},, two transition [28].
Such a large spectral isolation between the two hyperfine com-
ponents (>4 GHz separation) adds a stable background and is
also beneficial for providing a frequency standard for the tele-
communication of the U-band window [17, 18].

The intensities of the 455.5 and 459.3 nm fluorescence, as
products of 133Cs 6812-8512 two-photon transition, are pro-
portional to the population of the 8S;,, state. Three experi-
mental parameters, the polarization combinations of the laser
beams, the laser power and vapor temperature play a crucial
role in the probability of two-photon transition, which directly
determine the 85, state population.

The selection rule for the Zeeman sublevels in two-photon
transitions between the S levels is Amp = 0. Hence, the total
angular momentum of two photons absorbed by an atom must
be zero. Therefore, only two laser beam polarization combin-
ations satisfy this transition condition. One is the combina-
tion of two linearly polarized beams (7m—m), while the other is
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Figure 1. (a) Energy-level diagram of '**Cs 651,,—85)» transition. (b) Schematic view of the experimental setup. L, lens; M, high-reflection
mirror; QWP, quarter-wave plate; PBS, polarizing beam splitter; FPI, Fabry—Perot interferometer; PMT, photomultiplier tube; F,

interference filter; PD, photodetector.
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Figure 2. Fluorescence intensity of 33¢cg 6S1,—8S12 (black line)
transition and FP cavity transmission signal (red line).

the combination of two different-handedly circularly polarized
beams (0 -0 ") [27, 29]. The m— polarization combination
is used in this study, while the -0~ polarization combina-
tion is discussed here. The fluorescence intensity with differ-
ent polarization angles of the retro-reflected beam is shown
in figure 3, while the other experimental parameters are the
same as in figure 2. Two QWPs are inserted at each end of
the Cs vapor cell to control the polarization combinations of
the laser beams. The first is located in the path of the laser
beam before the Cs vapor cell to generate a circularly polar-
ized beam. The other is located between the vapor cell and
the mirror (M) to control the polarization of the retro-reflected
beam.

We record the fluorescence spectrum when the polarization
of the retro-reflected beam is changed from 0° to 90° with 15°
intervals, as shown in figure 3. When the counter-propagating
beams are oppositely circularly polarized (QWP = 45°), the
fluorescence intensity reaches the maximum value. The fluor-
escence intensity reaches the minimum value when the beams
have the same polarization (QWP = 0° and 90°). In this

90°
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Figure 3. Fluorescence intensity of 33¢cg 6S51,—8S81,, transition
versus the polarization combinations of the laser beams.

situation, the total angular momentum of the two photons
absorbed by the atoms is non-zero. Therefore, the transition is
forbidden [27]. Note that the o~ ~ polarization combination
has a low probability of absorbing two photons with oppos-
ite spin angular momentum. Thus, the obtained fluorescence
intensity is lower than that of the m—r polarization configura-
tion [27, 30].

The relationship of the fluorescence intensity to laser power
is shown in figure 4. The laser power increases from 80 to
180 mW when the vapor temperature is set at 480 K. It is
clearly shown that the fluorescence intensity increases with an
increase in laser power.

For a two-photon transition between the ground state E;
and the highly excited state Ey, which can be induced by the
photons fw; and hw, from two fields with the wave vectors ky
and k,, the transition intensity A; can be expressed as [31]:

Vi 112
[wir —wi —wz — v (ky + k)] + (7/2)°

AifO(

2
Dj;-e; - Dys-e 0

Dj. e, -Dyr-e
XZ k€1 kfez+

Wi —wi = vk w—wr— vk



Laser Phys. Lett. 19 (2022) 025201

N Liu et al

0.03 003
=
& 0.02
&
o Eom
- |
30'02 T 16 2.4 32
b P2 104 mw2,
- |
W
=
2
= 0.01 |
— ® 6S,,(F=4)-8S, ,(F"=4)
Y 6S,,(F=3)-8S,,(F"=3)
v
0.00 1 1 L L L L
80 100 120 140 160 180

Power (mW)

Figure 4. Fluorescence intensity of 13¢5 68 12—88 > transition as a
function of laser power for linearly polarized beams. Dots represent
the experimental results and the solid lines represent the theoretical
fittings. Inset shows the relationship between the fluorescence
intensity and the laser power square.

The first term represents the spectral-line profile of the two-
photon transition, v is the velocity of atoms, 7, is the
homogeneous linewidth, and ¢, and e, are the unit vectors
along the direction of the axis of quantization for the two
laser beams. Here, the quantum axis along the direction of
the laser is used to excite the 65;,—8S, two-photon trans-
ition. I; and I, are the intensities of the two laser beams.
The second term reflects the transition probability of two-
photon transition, which can be derived using second-order
perturbation theory. Dj, is the matrix element for the trans-
itions between the initial state |{) and the intermediate vir-
tual state |k). Dy is the matrix element for the transitions
between |k) and the final state |f). For single-color two-photon
transition with two counter-propagating laser beams, the laser
intensity I; = I, = I, the wave vectors k; = —k,, and
w) = wy = w. For non-resonant transitions, v - k; < |wy — wil,
s0 (wy; — w; — v - k) can be approximated by (wy; — w;). There-
fore, equation (1) can be abbreviated as:

2
Yirl
Ay 2 2
[wyr = 2w]” + (7i¢/2)
2
D¢ -Dir-er+Di -0 -Dir-e
y Z ik -€1 - Dyr-er+Dig-e-Dyyr- e 2

Wi — W
X ki

The transition intensity increases with increasing laser
power and satisfies a quadratic relationship, which is clearly
shown in the inset of figure 4 [27]. The ratio of the two fitting
curve slopes is 1.279, approaching the theoretical value 9:7.
It is noteworthy that when the power increases continuously
to above 180 mW, the transition intensity will still increase in

P e
P —
e T
—

68, 5(F=4) - 88, nF"=4)

Figure 5. Fluorescence intensity of '>>Cs 6S1,,-8S1, transition as a
function of the vapor temperature.

theory, but is not discussed here due to limitations of experi-
mental conditions.

Figure 5 shows the influence of the vapor temperature
on the fluorescence intensity when the laser power is kept
at 180 mW. The vapor temperature decreases from 480 to
320 K. It is found that there is continual growth of fluor-
escence intensity with increasing temperature, and it almost
tends to a constant value when the temperature reaches 480 K.
The density of the atoms in the cell continuously increases to
2.35 x 10" cm~3 when the vapor temperature increases to
480 K. Nevertheless, when the temperature is over 480 K, slow
growth in fluorescence intensity will occur for the 7Py 3,—
681, transition self-absorption effect [32]. Moreover, the
linewidth of the Cs 6S5;,—8S)/, transition spectrum increases
with increasing temperature due to the Doppler broadening
effect [27].

4. Conclusion

The '33Cs 6S1,-8512 two-photon transition is demonstrated
using a single 822.5 nm laser. The 455.5 and 459.3 nm fluor-
escence is observed as products of the two-photon transition,
which is clear evidence for the transition probability. The fre-
quency difference of 4158 (7) MHz between the two hyperfine
components is measured with an FPI. A quadratic relation-
ship between the laser power and fluorescence intensity is also
observed, which is consistent with the theoretical prediction.
The relationship of fluorescence intensity with combinations
of laser beams demonstrates a clear dependence on the law of
atomic transition selection rule. In addition, the fluorescence
intensity strongly depends on the vapor temperature, which is
directly related to the atomic density. The large spectral isola-
tion feature and the insensitivity to the Earth’s magnetic field
of this transition can provide a frequency standard with a stable
background for a frequency-doubled 1644 nm laser in the U-
band window of quantum telecommunication.
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