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1. Introduction

Two-photon transition in a special frequency band is a widely 
exploited nonlinear phenomenon with applications that extend 
to the fields of frequency [1] and quantum repeaters [2]. It 
also promotes developments in atomic and molecular physics 
[3–8], quantum optics [9, 10] and physical chemistry [11]. In 
this area of research, the theoretical prediction [12, 13] and 
experimental realization [14, 15] of two-photon Doppler-free 
spectroscopy in a counter-propagating beam geometry are 
effective ways to characterize the interaction of photons and 
atoms.

Recently, the 5S1/2–7S1/2 two-photon transition of the rubid-
ium (Rb) atom has attracted tremendous attention for sev-
eral reasons. Firstly, because the ground state and the highly 
excited state have the same Landé G factor, the two-photon 
transition process 5S1/2–7S1/2 does not require the magnetic 
field to be shielded; this can avoid shifting and broadening of 
the spectrum for the Zeeman effect [16]. Secondly, the natural 
linewidth of the 5S1/2–7S1/2 transition is relatively narrow for 
the long lifetime of the upper level (88 ns) [17]. Thirdly, the 
Rb 5S1/2–7S1/2 two-photon transition at 760 nm can provide a 
frequency standard for a frequency-doubled 1520 nm laser in 
the S-band window for quantum telecommunication, which is 
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Abstract
We report an experimental investigation of the 5S1/2–7S1/2 one-color two-photon transition in 
rubidium vapor with a single continuous-wave laser operating at 760 nm. By utilizing a robust 
intensity modulation method, high-resolution spectra with a signal-to-noise ratio of ~120 are 
obtained. A perfect match between experimental results and the theoretical analysis is obtained 
by characterizing the probability of a two-photon transition with vapor temperature and laser 
power. Moreover, the influence of electric dipole selection rules on the two-photon transition 
is also investigated by changing the polarization of the laser beam. Since the 5S1/2–7S1/2 two-
photon transition is insensitive to stray magnetic fields and has an extremely narrow linewidth, 
we confidently believe that it can provide a concrete frequency standard for quantum 
telecommunication in the S-band window (1480–1530 nm). Meanwhile, the atomic system at 
760 nm will serve as a good candidate for a quantum repeater.
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a good candidate for the implementation of quantum repeaters 
[18].

The 5S1/2–7S1/2 two-photon transition by a single 760 nm 
laser, compared with two lasers of 780 nm and 741 nm, has 
advantages of convenient system integration and better elimi-
nation of the Doppler effect [19]. However, compared with 
the case of real energy levels, the small transition probability 
using virtual energy levels inevitably leads to a low signal-to-
noise ratio (SNR) of the spectrum. Therefore, less research 
has been reported on the Rb 5S1/2–7S1/2 two-photon transition 
with a single laser. In 2004, Ko et al observed the Rb 5S1/2–
7S1/2 two-photon transition with a diode laser and they meas-
ured the isotope shift of this transition for the first time [16]. 
Afterwards, Chui et al reported research on laser frequency 
stabilization [20] and absolute frequency measurement [21] 
of the Rb 5S–7S two-photon transition. However, all these 
works focused on the absolute frequency standard with this 

transition, and further detailed research into the two-photon 
transition process is required for a quantum repeater.

In this paper, we report the observation of the 5S1/2–7S1/2 
two-photon transition in a thermal Rb vapor using a single-
frequency laser. A high SNR transition spectrum is obtained 
with a robust intensity modulation technique. The depend-
ence of the transition probability on the vapor temperature, 
the laser power and the polarization of the laser beam is stud-
ied in detail. This research provides an experimental basis for 
potential applications to the optical frequency standard and 
quantum devices. Compared with the traditional method for 
frequency standards, such as molecular spectroscopy [22] 
and optical clocks [23], this system has the advantages of low 
sensitivity to the external environment and convenient system 
integration. Also, this atomic system operated at 760 nm, the 
frequency-doubled wavelength corresponding to the quant um 
light source at telecom wavelengths, and can serve as a 

Figure 1. (a) The energy levels related to the Rb 5S1/2–7S1/2 two-photon transition. (b) Experimental setup. L, lens; M, high-reflection 
mirror; F, 420 nm interference filter; PMT, photomultiplier tube.
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quantum repeater with low-loss propagation in optical com-
munication fibers [18].

2. Experiment setup

The energy levels related to the Rb 5S1/2–7S1/2 transition are 
shown in figure 1(a). Two naturally occurring isotopes with 
85Rb (I  =  5/2) and 87Rb (I  =  3/2) are used, with natural abun-
dances of 73% and 27%, respectively [24]. The transition 
selection rule for the S–S two-photon transition is ΔF  =  0, 
therefore there are four atomic lines in this transition: 87Rb 
5S1/2 (F  =  2)–7S1/2 (F″  =  2), 85Rb 5S1/2 (F  =  3)–7S1/2 
(F″  =  3), 85Rb 5S1/2 (F  =  2)–7S1/2 (F″  =  2) and 87Rb 5S1/2 
(F  =  1)–7S1/2 (F″  =  1). The transition from the wavelength-
coupled ground state (5S1/2) to the intermediate state (5P3/2) is 
780 nm, while that from the intermediate state to the excited 
state (7S1/2) is 741 nm. An alternative transition route is that 
atoms in the 5S1/2 state are excited via a virtual state to the 
7S1/2 state by using a single 760 nm laser, which is labeled 
by a dashed line in figure 1(a). The latter method is conve-
nient for device integration but suffers from an unavoidable 
low transition probability. The excited state atoms will spon-
taneously radiate to the 6P3/2 level and then drop to the 5S1/2 
ground level with 420 nm fluorescence emission, and the 
intensity of 7S–6P–5S spontaneous emission is proportional 
to the population of atoms in the 7S excited state. As a result, 
measurement of the 420 nm fluorescence intensity reveals the 
5S1/2–7S1/2 two-photon transition intensity.

The experimental setup is illustrated in figure  1(b). The 
760 nm laser used to drive the two-photon transition is pro-
vided by a Ti:sapphire laser system (SolaTis-SRX-XF, M 
Squared Lasers) which can be tuned from 600 to 1000 nm. A 
high-reflection mirror (M1) is used to produce the two counter-
propagating laser beams acting on Rb vapor, and is 2.5 cm in 
diameter and 10 cm long. The temperature of the vapor can be 
accurately controlled by a self-feedback system. Two lenses 
with a focal length of 10 cm (L1 and L2) are used to ensure 
that the waist of the focused laser beams in the middle of the 
cell is ~100 µm. The 420 nm fluorescence generated by spon-
taneous emission is focused through a lens with a focal length 

of 3 cm (L3) and passes through an interference filter (center 
wavelength 420 nm, 10 nm pass band) to resist the background 
noise caused by the scattered laser. The fluorescence signal 
is detected by a side-window photomultiplier tube (PMT) 
(Hamamatsu, CR131). A robust intensity modulation method 
is employed to improve the SNR of the signal, as follows. 
The laser intensity is modulated by a chopper wheel (Stanford 
Research Systems, SR540) with a modulation frequency of 
250 Hz, which is chosen using multiple measurements with 
several different frequencies. The output signal of the PMT is 
then demodulated by a lock-in amplifier (Stanford Research 
Systems, SR830) with optimized demodulation parameters.

3. Results and discussion

A two-photon transition signal with a high SNR can be obtained 
using optimal experimental conditions. The directly detected 
two-photon transition spectrum of 85Rb 5S1/2 (F  =  3)–7S1/2 
(F″  =  3) with the PMT is shown in figure 2(a), in which the 
low SNR sets an obvious obstacle to the following research. 
In order to further improve the SNR of the spectrum, a robust 
intensity modulation method with optimized parameters is 

Figure 2. (a) Two-photon transition spectrum of 85Rb 5S1/2 (F  =  3)–7S1/2 (F″  =  3) directly detected by the PMT. (b) Two-photon transition 
spectrum of 85Rb 5S1/2 (F  =  3)–7S1/2 (F″  =  3) by the intensity modulation method; the red line is a single peak fitting of the experimental 
result.

Figure 3. The high-resolution two-photon transition spectrum of 
Rb 5S1/2–7S1/2 obtained by scanning the laser frequency.
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employed [25]; thus, a high-resolution two-photon transition 
spectrum is plotted as shown in figure  2(b), in which a 25 
times improvement in the SNR has been successfully obtained 
compared with that in figure 2(a). Furthermore, a relatively 
narrow full-width at half-maximum (FWHM) of the trans-
ition peak of 2.40 MHz is observed. This is better than that 
in single-photon processes [26] and shows its potential as a 
frequency reference in the S-band window of the quantum 
telecommunication field.

The four 5S1/2–7S1/2 transitions of two Rb isotopes are 
clearly shown in figure 3, where the laser power is 117 mW, 
the vapor temperature 443 K and the forward and retro-
reflected beams have the same linear polarization. For the iso-
topes of Rb atoms, the transition intensity from the ground 
hyperfine levels to the other energy levels is proportional to 
the statistical weight of the atoms in these hyperfine levels 
[27]. The energy difference between the hyperfine levels is 
weak compared with the transition energy from the ground 
levels to the high excited levels, thus the weight factor is equal 
to the degeneracy of the hyperfine levels (2F  +  1), where the 
weight factor of 87Rb is 5:3 and that of 85Rb is 7:5. As a result, 
the ground level hyperfine splitting of 2752 and 6196 MHz, 
respectively, for 85Rb and 87Rb can be calculated from fig-
ure  3, reaching good agreement with the previous reports 
[16]. The ratios of the two-photon transition intensity are 
measured to be approximately 0.99:0.61 and 1.39:1.04 for the 
two hyperfine ground states of 87Rb and 85Rb, respectively, 
which are consistent with the theoretical values of 5:3 and 7:5. 
It is worth noting that the transition intensity of 85Rb 5S1/2 
(F  =  3)–7S1/2 (F″  =  3) is the highest, therefore we take this as 
the research target in the following experiment.

For the two-photon transition process of 85Rb 5S1/2 
(F  =  3)–7S1/2 (F″  =  3), the 420 nm fluorescence intensity 
depends on the population of the 7S1/2 state. Three exper-
imental parameters, the vapor temperature, the laser power 
and the polarization combinations of the laser beam, have a 
dominant role in the probability of the two-photon transition, 
which directly determines the 7S1/2 state population.

Figure 4 illustrates the temperature dependence of the 
Rb two-photon transition intensity for 5S1/2 (F  =  3)–7S1/2 
(F″  =  3), in which an increase in the intensity of the fluores-
cence spectra can be observed with temperature ranging from 
393 K to 443 K. The fluorescence intensity reaches a constant 
value when the temperature is higher than 443 K. The fluo-
rescence intensity can be strongly affected by the density of 
atoms, which is directly determined by the vapor temperature. 
Thus, the density of the atoms in the cell continually increases 
to 2.6  ×  1014 cm−3 when the vapor temperature increases 
from 393 K to 443 K, leading to an increase in the probabil-
ity of two-photon transition. However, when the temperature 
is higher than 443 K the fluorescence intensity is suppressed 
due to the self-absorption effect of 6P3/2–5S1/2 [28]. Also, the 
linewidth of the Rb two-photon transition spectrum for 5S1/2 
(F  =  3)–7S1/2 (F”  =  3) increases with increasing temperature 
due to the Doppler broadening effect.

The influence of the square of the laser power on the 
two-photon transition intensity is shown in figure  5 when 
temper ature is maintained at 443 K (the dots represent the 
experimental results and the lines correspond to linear fit-
tings). We find that the fluorescence intensity shows a quad-
ratic dependence on the laser power. Meanwhile, the slope 
ratios of the fitted lines are 1.63 for 87Rb and 1.33 for 85Rb, 
close to the theoretical values of 5:3 and 7:5, respectively.

The two-photon transition can be described as a process 
in which an atom absorbs two photons simultaneously then 
transitions from the initial state to the final state through an 
intermediate state [18]. For a two-photon transition between 
the ground state Ei and the high excited state Ef , which can 
be induced by the photons �ω1 and �ω2 from two light waves 
with the wave vectors k1 and k2, the transition intensity Aif can 
be written as [29, 30]:

Aif ∝ γif I1I2

[ωif −ω1−ω2−v·(k1+k2)]
2+(γif /2)2

× |
∑

k

Dik ·̂e1·Dkf ·̂e2

ωki−ω1−v·k1
+

Dik ·̂e2·Dkf ·̂e1

ωki−ω2−v·k2
|2.

 (1)

Figure 4. The two-photon transition intensity of 85Rb 5S1/2 
(F  =  3)–7S1/2 (F″  =  3) as a function of the Rb vapor temperature.

Figure 5. The two-photon transition intensity of Rb 5S1/2–7S1/2 as 
a function of the total laser power squared (P2). The dots represent 
the experimental results and the solid lines refer to a linear fitting.

Laser Phys. Lett. 16 (2019) 125204
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Here the first term represents the spectral line profile of the 
two-photon transition, γif is the homogeneous linewidth, 
v is the velocity of atoms and ê1 and ê2 are the unit vectors 
along the direction of the axis of quantization for the two 
laser beams. In this experiment, the quantum axis is along 
the direction of the laser used to excite the 5S1/2–7S1/2 two-
photon trans ition. I1 and I2 are the intensities of the two laser 
beams. The second term reflects the transition probability of 
two-photon trans ition, which can be derived by using second-
order perturbation theory. Dik is the matrix element for the 
transitions between the initial state |i>  and the intermediate 
virtual state |k>  and Dkf is the matrix element for the trans-
itions between |k>  and the final state |f >.

For single-laser two-photon excitation with two counter-
propagating laser beams, the laser intensity I1  =  I2  =  I, wave 
vector k1  =  −k2 and ω1  =  ω2  =  ω. For non-resonant trans-
itions, |ωki  −  ωi |  ≫  v·ki, so (ωki  −  ωi  −  v·k) can be approxi-
mated by (ωki  −  ωi). Therefore, formula (1) can be abbreviated 
as [29]:

Aif ∝ γif I2

[ωif −2ω]2+(γif /2)2

×|
∑

k

Dik ·̂e1·Dkf ·̂e2+Dik ·̂e2·Dkf ·̂e1

ωki−ω |2.
 (2)

From this formula, we find that the two-photon transition 
intensity is quadratic to the laser intensity, which consistent 
with the experimental result shown in figure 5.

The two-photon transition intensity also depends on the 
polarizations of the two laser beams. The selection rule of 
Zeeman sublevels in two-photon transitions between the S 
levels is ΔmF  =  0 [31] and the total angular momentum of 
two photons absorbed by an atom during the excitation pro-
cess must be zero. There are two polarization combinations of 
laser beams that satisfy this transition rule, one is a combina-
tion of two linearly polarized beams (π–π) and the other is 
a combination of two different-handedly circularly polarized 
beams (σ+–σ−).

We explore the latter case in detail. The other experimental 
parameters are the same as in figure 1(b) with different circu-
larly polarized laser beams. A quarter-wave plate (QWP) is 
introduced into the path of the laser beam before the Rb vapor 
cell to generate a circularly polarized beam. Both the for-
ward and retro-reflected laser beams have the same polariza-
tion. Another QWP is inserted between the vapor cell and the 
mirror (M1) to control the polarization of the retro-reflected 
beam. The polarization of the retro-reflected beam is changed 
by intervals of 5°. As shown in figure 6, the intensity of two-
photon transition changes when the polarization of the retro-
reflected beam is altered. The two-photon transition intensity 
of 5S1/2 (F  =  3)–7S1/2 (F″  =  3) reaches a minimum value when 
the forward and retro-reflected beams are in the same polari-
zation (QWP  =  0°, 90°, 180°). Since the sum of the angular 
momenta of the two photons from the  counter-propagating 
beams is non-zero, the transition is forbidden. On the other 
hand, the intensity reaches a maximum value when the 
counter -propagating beams are oppositely circularly polarized 
(QWP  =  45°, 135°). These results are in good agreement with 
the theoretical analysis. It should be noted that the  two-photon 
transition intensity for the σ+–σ− case is smaller than the 
polarization combination of π–π, because two photons with 
opposite spin orbital momenta have a lower absorption prob-
ability in a two-photon transition process.

4. Conclusions

In conclusion, we have demonstrated the 5S1/2–7S1/2 two-
photon transition in a thermal Rb vapor by using a single 
laser. The SNR of the spectrum is significantly improved (by 
about 25 times) using the intensity modulation method. The 
depend ence of the two-photon transition intensity on the laser 
power shows a clear quadratic relationship, which is consis-
tent with the theoretical prediction. The two-photon transition 
intensities with different combinations of laser polarization 
agree well with the sinusoidal trend. The transition is suitable 
for exper imental research in which it is hard to completely 
eliminate the effects of magnetic fields due to insensitivity to 
stray magn etic fields, such as in a magneto-optical trap [32] 
or a magnetically trapped Bose–Einstein condensate [33]. 
Moreover, the narrow linewidth feature of this transition can 
provide a frequency standard for a frequency-doubled 1520 nm 
laser in the S-band window of quantum telecommunication.
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Figure 6. The two-photon transition intensity of 85Rb 5S1/2 
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reflected beam. The black dots represent experimental results and 
the red line refers to fitting by the sine curve.
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