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We experimentally demonstrate the cesium electric quadrupole transition from the 65, /5 ground state
to the 7D3 /5 5,2 excited state through a virtual level by using a single laser at 767 nm. The excited state
energy level population is characterized by varying the laser power, the temperature of the vapor, and
the polarization combinations of the laser beams. The optimized experimental parameters are obtained
for a high resolution transition interval identification. The magnetic dipole coupling constant A and
electric quadrupole coupling constant B for the 7Ds3/5 5,5 states are precisely determined by using the
hyperfine levels intervals. The results, A = 7.39 (0.06) MHz, B = —0.19 (0.18) MHz for the 7D3/,
state, and A = —1.79 (0.05) MHz, B =1.05 (0.29) MHz for the 7Ds/, state, are in good agreement
with the previous reported results. This work is beneficial for the determination of atomic structure
information and parity non-conservation, which paves the way for the field of precision measurements

and atomic physics.
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1 Introduction

The precise measurement of atomic structure properties
has laid a good experimental foundation for the develop-
ment of atomic physics and quantum mechanics [1-5]. The
hyperfine splitting (HFS), resulting from electron-nuclear
interactions, can be used to determine the strength of the
interaction of magnetic dipoles, electric quadruple, and
magnetic octuplet interactions between the nucleus and
the orbital electrons [6]. Further, the measurement of the
excited states hyperfine splitting can help in the construc-
tion and modification of the atomic wave functions [7],
which is beneficial for understanding the atomic structure
and fundamental physics. The hyperfine coupling con-
stants measurement is achieved by using the high precision
spectroscopy technology, which has various presentations
such as saturated absorption spectroscopy [8], polariza-
tion spectroscopy [9], electromagnetically induced trans-
parency [10], and two-photon transition spectroscopy [11].

Recently, the 6S-7D stepwise excitation transition
spectroscopy of the cesium atom is widely researched
with the motivation of high precision frequency standard.
The 65-7D two-photon transition has a narrow natural
linewidth because the 7D state energy level has a long
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lifetime of about 160 ns [12]. Meanwhile, the time inter-
val that the radio frequency oscillates 9 192 631 770 times,
corresponding to the transition frequency interval between
the two-ground state hyperfine energy levels of the 133Cs
atoms, is defined to be 1 second. Therefore, the Cs 65-7D
two-photon transition high-precision spectroscopy has the
potential to serve as a secondary frequency standard for
a frequency-doubled 1534 nm laser in the C-band window
of quantum telecommunication [13].

Several experimental platforms are demonstrated for
the Cs 65-7D two-photon transition spectroscopy by two
laser beams coupling with the real energy levels. The
electric field induced hyperfine level-crossings of 657/,
7D two-step laser excitation are illustrated and the hy-
perfine constants of the 7Dj5/y state are obtained in ce-
sium [14, 15]. The 7Dj3/, hyperfine coupling constants are
measured using two-photon fluorescence spectroscopy by
a photomultiplier tube [16]. The direct frequency comb
spectroscopy is performed in cesium vapor with a high
precision mode-locked laser [17]. However, the above-
mentioned systems are complicated and expensive. A
simple and effective mechanism is proposed with obvi-
ous advantages for the potential frequency standard. The
657D monochromatic two-photon transition has some
advantages, such as superior Doppler-free background
caused by counter-propagation geometry, more candidates
for frequency standards due to the transition selection rule
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Fig. 1 Energy levels of 33Cs 651/2-7D3/2,5/2 monochro-
matic two-photon transitions. A 767 nm laser excites atoms
from 65/, state to 7Ds/2 5,2 states via a virtual level. The
excited state atoms decay back to the 65/, state through
the 7Ps/5 1,2 intermediate states, then spontaneously emit
455.5 nm and 459.3 nm fluorescence (purple line).

|AF|<2, and more precise determination of hyperfine cou-
pling constant via more energy level intervals identifica-
tion. Therefore, Doppler-free two-photon transitions of
cesium 6S51/2-7D3/25/2 are observed in a thermal vapor
[18]. And the measurement of the hyperfine structure in
the 7D3/, state is obtained by one-color two-photon flu-
orescence spectroscopy [19]. Further deeper and detailed
exploration is required for the monochromatic two-photon
transition process in the field of precision measurement.

In this paper, we report on the study of the 65/,
7Ds3/5 52 electric quadrupole transition in a thermal Cs
vapor by using a single laser with 767 nm. We explore
the dependency of the atomic hyperfine structure spectral
profile on the vapor temperature, the laser power, and
the polarization combinations of the laser beams. Thus,
the hyperfine coupling constants of 7Ds/5 5,5 states can
be obtained via hyperfine structure level intervals. This
research can provide a solid experimental basis for the po-
tential application of precision measurement and quantum
telecommunications.

2 Experiment setup

The energy level diagram for the 65 /5-7D3/25/2 of Cs
is shown in Fig. 1. The atoms in a vapor are excited
from the 6S5;,, ground state to the 7D excited states by
absorbing two photons. Since the 33Cs nuclear spin I
is 7/2, there are two hyperfine structures F = 4 and
F = 3 for the ground state 65/, energy level. For
the 65-7D two-photon transition, the 65/, ground state
cannot be directly coupled to the 7D excited states be-
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cause of the dipole-forbidden transition rules, and the
transition selection rules must satisfy AF=+42, +1, or
0. Therefore, there are four transition lines: 65 /(F =
4)-TD3/o(F" = 2,3,4,5), 6S1/2(F = 3)-TDg/o(F" =
2,3,4,5), 6S1/5(F = 4)-TD5,(F" = 6,5,4,3,2) and
6S51/2(F = 3)-TDs5,5(F" = 5,4,3,2,1). The transition
process is as follows: Firstly, atoms are excited from 65 /o
state via a virtual level (black dashed line) to the 7Ds /5 59
excited states by using 767.8 nm and 767.2 nm laser, re-
spectively. Then, the unstable excited state atoms will
decay back to the ground state via two pathways, the first
is spontaneously radiate to the 7P5/, state and then to the
651 /2 ground state with 455.5 nm fluorescence, the second
is spontaneously radiate to the 7P/, state and then to
the 651/, ground level with 459.3 nm fluorescence. The
intensity of the fluorescence radiation is proportional to
the population of 7D3/5 5/2 excited state atoms, so the
fluorescence intensity at 455.5 nm and 459.3 nm can char-
acterize the intensity of the 651/5-7D3/25/2 two-photon
transition.

The transition process is achieved by two laser beams
with counter-propagation configuration acting on the Cs
thermal vapor. The laser is provided by a Ti:sapphire laser
system (SolaTis-SRX-XF, M Squared Lasers) which can
be tuned from 600 nm to 1000 nm. The light emitted by
the laser is linear polarized and has a lager laser power of 2
W. The laser frequency, which is locked by a reference cav-
ity, can be scanned by changing the length of the reference
cavity. A small fraction of the laser beam is fed to a wave-
length meter in order to monitor the laser wavelength. A
quartz tube of 100 mm length and 25 mm diameter is filled
with cesium atoms, which is shielded with a p-metal box
to reduce the effect of any stray magnetic field. The tem-
perature of the vapor can be accurately controlled by a
self-feedback system. An electro—optic modulator (EOM)
generated a side-band laser beam is served as a frequency
rule to measure hyperfine level intervals. The decay flu-
orescence at 455.5 nm and 459.3 nm are collected by a
photomultiplier tube (PMT) (Hamamatsu, CR131), the
high gain of 8 x 10% ensures the high efficiency spectral
detection. An interference filter with center wavelength
457 nm and 10 nm pass band (FL457.9-10, Thorlabs) is
placed in front of the PMT to prevent scattered light.

3 Results and discussion

The two-photon transition peak intensity from the ground
state to the excited state [n” L}, F"') can be characterized

by [20, 21]
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where I; and I are the intensities of two counter-
propagating beams that used to excite the two-photon
process, ', ' and F" are total atomic angular momen-
tum quantum numbers, wy and ws are the two photon fre-
quencies, k1 and ko are the wave vectors, v is the atomic
velocity, é; and é; are the unit vector along the quantiza-
tion axis direction for the two laser beams, d is the electric
dipole operator, v,ris the homogeneous linewidth of the
[nLy) state, Mp, My, and M} are the magnetic quan-
tum numbers. For a given laser polarization, the matrix
elements for the different magnetic sublevels is related to
reduced matrix elements by use of the Wigner—Eckart the-
orem and standard Clebsch—Gordan relations, which can
be used to characterize the two-photon transition proba-
bility [22, 23]:

(n'L’;, F'Mp|é - dnLyFMp)
= (J||d||J)(=1)2F M J(QF 1) (2F +1)(2J+1)

(T 1 F J J1 @
Ml Mp— My —Mp J\F' FIJ°

where (J||d|J’) is the reduced matrix element, I is the
nuclear spin, and the terms in brackets and curly brack-
ets are the 3-J and 6-J symbols, respectively. For the
m—m polarization combination of Cs atoms, the hyperfine
transition probabilities of the 651 /o(F = 4)-7D3 o (F" =
2,3,4,5) and the 651 /5(F = 3)-TD3(F" = 2,3,4,5) are
0.58:0.68:0.64:0.43 and 0.06:0.23:0.53:1, respectively. And,
the hyperfine transition probabilities of the 65;,(F =
4)-TD5,5(F" = 6,5,4,3,2) and the 65,,2(F = 3)-
TD5/5(F" = 5,4,3,2,1) are 1:0.55:0.25:0.09:0.02 and
0.30:0.40:0.42:0.28:0.09, respectively.

The two-photon transition fluorescence spectra of Cs
6S1/2-7D3/2 5/2 are obtained by scanning laser frequency,
in which the two counter-propagation beams have same
linear polarization. The experiment parameters are as
follow: The laser power is 180 mW and the tempera-
ture of the atom vapor is fixed at 423 K. Figures 2(a)
and (b) present the 651 /5(F = 4)-7D3,5(F" = 2,3,4,5)
and 6.5 5(F' = 3)-7Dg/5(F" = 2,3,4,5) hyperfine transi-
tions, respectively. Each hyperfine splitting of the 7D3/;
state can be well resolved. And the hyperfine intervals of
F'=2_—F'=3F'=3—F'=4 F' =4—F"=5
are determined as 22.33 MHz, 29.70 MHz and 36.85 MHz,
respectively. Figures 2(c) and (d) are the hyperfine transi-
tion spectra corresponding to 65 o(F = 4)-7D5 /5 (F" =
6, 5, 4, 3, 2) and 651/2(F = 3)*7D5/2(F” = 5, 4, 37 2), re-
spectively. The 651 /2(F = 3)-7D5,5(F" = 1) transition
is not well resolved due to the small hyperfine separation
with the neighboring one. And the hyperfine intervals of
F'"=6—-F'=5F'=5—F'=4 F"=4—F"=3and
F"” =3 — F"” = 2 are measured as 10.20 MHz, 9.01 MHz,
7.40 MHz and 5.82 MHz, respectively.

The two-photon transition fluorescence intensity is
characterized by varying the laser power, which is shown
in Fig. 3. We choose four different two-photon transi-
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Fig. 2 Monochromatic two-photon transition fluorescence
spectrum (a) 6S12(F = 4)-TDs,o(F" = 2,3,4,5), (b)
GSl/g(F = 3)*7D3/2(FH = 2, 37 4, 5), (C) 651/2(F = 4)*
7D5/2(F” = 6,5,4,372), (d) 6S1/2(F = 3)*7D5/2(F” =
5,4,3,2). The black dots represent the experimental results.
The red lines are multi-peak fitting curves with a Voigt func-
tion.

tions for research: (a) 6S1/o(F = 4)-7D3/o(F" = 4) and
6S1/2(F = 3)*7D3/2(F/I = 4) 5 and (b) GSl/g(F = 4)*
7D5/2(F” = 5) and 651/2(F = 3)*7D5/2(F” = 5)
The experiment is conducted with the same condition
of Fig. 2, except that the laser power increased from
90 mW to 180 mW. It can be seen that the two-photon
transition intensity increases with the increase of laser
power and exhibits a quadratic relationship. For the
monochromatic two-photon transition with two counter-
propagating laser beams, the laser intensity Iy = I, the
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Fig. 3 The two-photon transitions fluorescence intensity as
a function of laser power (a) 6S1/2(F = 4)-7D5,2(F" = 4)
transition and 65y /2(F = 3)-7D3,o(F"” = 4) transition, (b)
6S1/2(F = 4)-7D5/2(F" = 5) transition and 651 /2(F = 3)—
7Ds5/2(F" = 5) transition. The dots represent experimental
results, the solid lines are the results of theoretical fitting, and
the errors are the standard deviation of three measurements.
[Inset: the two-photon transition fluorescence intensity versus
the squared total laser power (P?)].
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Fig. 4 The two-photon transition fluorescence intensity ver-
sus the vapor temperature. (a) 6Sy/2(F = 4)-TDz,o(F" =
2,3,4,5) transition , (b) 6S1/2(F = 3)-7D5,2(F" = 2,3,4,5)
transition, (c) 651/2(F = 4)-7Ds,2(F" = 6,5,4,3,2) transi-
tion and (d) 6Sy/2(F = 3)-TDs/2(F" = 5,4,3,2) transition.
The red lines represent the two-photon transition spectra.

two-photon transition intensity has a linear relationship
with the squared laser power from formula (1), which can
be verified in the insert of Fig. 3. Meanwhile, the transi-
tion intensity ratio of 65y /o(F = 4)-7TD3,,(F" = 4) and
6S1/2(F = 3)-TD3/o(F" = 4) in Fig. 3(a) is 1.24, the
ratio of 6.5 5(F = 4)-TD5 5 (F" = 5) and 654 2(F = 3)-
TD5/5(F" = 5)in Fig. 3(b) is 1.84. These measured values
match well with theoretical prediction of 1.22 and 1.83
by formula (2). Also, there is a small difference between
experimental results and theoretical predictions, which is
mainly coming from the systematic fitting errors in de-
termining the two-photon transition intensity from the
fluorescence spectroscopy and the slope between the fluo-
rescence intensity and the squared laser power. Moreover,
the spectral linewidth increases with increasing power due
to the power-broadening effect[24].

Figure 4 illustrates the two-photon transition intensity
as a function of vapor temperature. The atom vapor tem-
perature increased from 373 K to 433 K, and the cor-
responding atomic density is increased from 1.55 x 103
cm ™ to 3.54x10' ¢cm™3. The red lines are the tran-

sition spectra with the Fig. 2 for visual reference. Fig-
ures 4(a) and (b) are the experimental results of the
651 /2(F = 4)-TD3/5 and 685 o (F = 3)-7D3/5 two-photon
transitions cases, respectively. We can find that the flu-
orescence intensity of 6S,5(F = 3)-7Ds/y is stronger
than 65, /5(F = 4)-7D3/, transition at same tempera-
ture for the larger transition dipole matrix element. Fig-
ures 4(c) and (d) show the results of 65 /o(F = 4)-7D5 5
and 65 /2(F = 3)-7D5/, transitions, respectively. Sim-
ilarly, the intensity of 6S;/o(F = 4)-7Ds/, transition is
obviously stronger than 6.5 /5(F = 3)-7Dj5, transition at
the same temperature just as the theory. The increase
of the fluorescence intensity with the vapor temperature
attributed to the increasing atomic density. However, the
fluorescence intensity remains constant when the temper-
ature is higher than 423 K for the self-absorption of the
TPy /3,372 — 651 /2 transition [25]. Also, the linewidth of the
transition spectrum is found to be a synchronous increase
with the fluorescence intensity as the vapor temperature
increases due to the Doppler broadening effect [26].

The laser polarization combinations have a direct influ-
ence on the two-photon transition probability for the dif-
ferent transition pathways. The different magnetic sub-
level transitions of Amp= 0, 1 and —1 are driven by =
linearly polarized, ot right-handed circularly polarized
and o~ left-handed circularly polarized laser, respectively.
The 65-7D two-photon transition probabilities for each
allowed magnetic sublevel levels can be obtained by mul-
tiplying probabilities for the two magnetic sublevel tran-
sitions. In the experiment setup, the insert of different
quarter-waveplate before or behind the atom vapor can re-
sult in different polarization combinations of laser beams.
Figure 5 shows the experimental results, where the black,
red and blue lines represent the cases of oo™, 7,
and ot—o~ polarization combinations, respectively. We
find that the ot—o T polarization combination induced the
biggest transition intensity, the 7—m case is smaller, while
the opposite circular polarization combination causes the
minimum transition probability. These results are consis-
tent with the theoretical prediction, the relative probabil-
ities of two-photon transition tend to be maximum and

Table 1 Hyperfine coupling constants A and B of the 7D3/, and 7D5,, states.

Hyperfine state A B Reference
7.39 (0.06) —0.19 (0.18) This work
7.36 (0.03) ~0.10 (0.20) Kortyna et al. (2008) [16]
D3 7.386 (0.015) —0.18 (0.16) Stalnaker et al. (2010) [17]
7.36 (0.07) —0.88 (0.87) Lee et al. (2011) [18]
7.38 (0.01) —0.18 (0.10) Kumar et al. (2013) [19]
~1.79 (0.05) 1.05 (0.29) This work
D59 —1.42 — Auzinsh et al. (2007) [15]
—1.717 (0.015) —0.18 (0.52) Stalnaker et al. (2010) [17]
—1.81 (0.05) 1.01 (1.06) Lee et al. (2011) [18]
12502-4 San-Dan Wang, et al., Front. Phys. 16(1), 12502 (2021)
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Fig. 5 The 6S1/2-7D3/25/2 two-photon transition spectra
with different polarization combinations of the laser beams.
The black, red and blue lines are the experimental results of
oT—oT, mm, and o0~ polarization combinations, respec-
tively.

minimum in the case of the same rotation circular po-
larization and the opposite rotation circular polarization,
respectively [27, 28].

The hyperfine interaction can be written in terms of the
hyperfine energy shift [29]:

A-K B 3E(K+1)-2I(I+1)J(J+1)
y T3 121 —1)J(2J — 1) ’
(3)

where A is the magnetic dipole constant, B is the electric
quadruple constant, I is the nuclear spin angular momen-
tum quantum number, and J is the total electron angular
momentum quantum number. The total atomic angular
moment is F =T+ J,and K = F(F+1)—-J(J+1)—
I(I+1). With the hyperfine structure splittings measured
from the Figs. 2 (a)—(d), the hyperfine coupling constants
A and B of Cs atoms 7Ds3/5 5,9 states are determined by
using formula (3), which are listed in Table 1. Our ex-
perimental results are in good agreement with previous
reports and are more consistent with the measurement
results by direct frequency comb spectroscopy [17]. How-
ever, compared with direct frequency comb spectroscopy,
the monochromatic two-photon transition is expected to
benefit for the better elimination of the Doppler effect,
higher spectral SNR, and convenient system integration
and miniaturization.

In the whole measurement process, the error source
mainly comes from systematic uncertainties, such as
Zeeman shift, AC-stark shift, pressure shift, frequency
drift of laser. In our experiment, a p-metal box is used to
minimize the stray magnetic field by surrounding the Cs
vapor. Thus, the Zeeman shift can almost be eliminated.
The AC-stark displacement is the frequency shift of the
atomic energy level due to the dipole action of the light

AEpps=

field on the atom-induced electric dipole moment. The
energy level frequency shift will cause measurement error,
which is proportional to the laser intensity. For the
operating laser power of our experiment, the AC-Stark
shift is calculated to be about 83 kHz. The pressure shift
of the system is caused by the Cs atom vapor. From the
detailed study of pressure shifts in Ref. [17], we expect
the pressure shift of our system to be ~140 kHz. The
error caused by the frequency drift of the laser can be
eliminated by multiple measurements. Another possible
systematic error comes from the accuracy in determin-
ing the hyperfine structure by fitting the two-photon
transition spectrum with the theoretical model, which is
about ~30 kHz. All in all, the entire experimental system
caused ~250 kHz systematic uncertainty for the hyperfine
structure measurement.

4 Conclusion

In conclusion, we have experimentally demonstrated the
monochromatic 651 /2-7D3/2 5,2 electric quadrupole tran-
sition in a thermal Cs vapor. A quadratic relationship
between the laser power and the two-photon transition
intensity is observed. Also, the fluorescence intensity
shows an upward trend as the vapor temperature in-
creases. The effect of polarization combinations of the
counter-propagating laser beams on the transition spec-
trum is studied in detail. The 7D3/ 5,2 states hyper-
fine structure constants A and B are derived by using the
measured hyperfine level splitting intervals. The simple
optical setup is easy to miniaturize and can be readily
integrated into more complex devices. Moreover, the two-
photon transition of Cs atoms at 767 nm can be used as
a secondary frequency standard in the C-band window of
quantum telecommunication.
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