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1. Introduction

The manipulation of atomic and molecular systems has directly 
benefited from the improvement of continuous-wave laser 
stability over the past several decades. Especially, frequency 
stable continuous-wave lasers have played, and continue to 
play, a major role in advancing precision measurements, such 
as laser spectroscopy [1], quantum optics [2] and gravitational 
wave detection [3]. The free running linewidth, or short-term 
frequency stability of a laser, is often not adequate for many 

applications. The laser frequency stability is generally subject 
to various noises, and it can be improved by locking to some 
stable reference sources. The conventional frequency refer-
ence source includes the atomic and molecular transitions 
[4–7], ultra-stable reference cavity [8] and femtosecond opti-
cal frequency comb [9]. The latter two reference sources are 
nearly arbitrary, which leads to freedom in the choice of ref-
erence. However, they suffer from other limitations. Locking 
to a reference cavity will inevitably add a noticeable fre-
quency drift to the result, which comes from the mechanical 
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Abstract
We present a laser frequency locking scheme for the high excited transition of rubidium, 
which cannot be directly referenced by atomic absorption spectroscopy. Double resonance 
optical pumping spectroscopy and two-photon transition spectroscopy of a 5S  →  5P  →  5D 
transition are obtained in a room temperature vapor cell and employed as the reference 
sources. An Allan deviation of 1.71  ×  10−12 at an averaging time of 2048 s with a residual 
frequency fluctuation of  ±0.2 MHz over 7000 s is obtained by two-photon transition 
spectroscopy. The case of double resonance optical pumping spectroscopy presents an Allan 
deviation of 4.86  ×  10−12 at an averaging time of 2048 s with a residual frequency fluctuation 
of  ±0.4 MHz over 7000 s. One distinct advantage of two-photon transition spectroscopy 
method is demonstrated by the analysis of the fast Fourier transform of error signal. A 
narrower full width at half-maximum of two-photon transition spectroscopy and a higher 
zero crossing slope by using a frequency modulation method lead to a better frequency 
stabilization. This work provides a technical basis for the laser frequency stabilization based 
on atomic and molecular transition spectroscopy, and it also supplies a new frequency standard 
for optical telecommunication applications.
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design and the external temperature variation of the reference 
sources. To eliminate the frequency drift, the cavity length is 
often further stabilized to a spectral line and the cavity is care-
fully isolated [10]. The complexity and large expense of fem-
tosecond optical comb undoubtedly limit the wide adoption 
in laser frequency locking. The reference source from atomic 
and molecular transitions achieves the basic frequency stabili-
zation at room temperature [11]. In addition to this, compared 
to the cavity and optical frequency comb, this reference is also 
low in cost and the device is easy to adjust. Also, establish-
ing an atomic frequency standard facilitates the experimental 
result evaluation in atom-related experiments. In our previ-
ous work on constructing electromagnetically induced grat-
ing [12, 13], the atomic transition lines provided a convenient 
reference for rapid qualitative analysis about the experimental 
results. These advantages make atomic and molecular trans-
itions routinely used in most of the challenging precision mea-
surements [14] and optical frequency standards [15–17].

Recently, the 5S  →  5P  →  5D two-photon transition of 
rubidium was extensively studied [18] because of several 
merits including the strong absorption line owing to the large 
transition probability, the superior Doppler-free background 
caused by the small difference between the real energy level 
and the virtual energy level, and the potential application as a 
frequency standard in the 1.55 µm telecommunications band 
[19]. Research has also expanded to new areas, such as build-
ing a frequency standard [17], realization of artificial periodic 
structure [20], generation of the orbital angular momentum 
of light [21], or quantum repeater at telecommunications 
wavelengths [22]. In these experiments, two lasers with wave-
lengths of 780 nm and 776 nm are used to realize the two-
photon transition. The frequency stabilization of 780 nm laser 
can be achieved by the rubidium atom D2 line, but the case of 
the 776 nm laser faces more difficulties for lacking the direct 
absorption line. This problem also exists in the research of 
Rydberg atoms [23, 24]. The establishment of the Rydberg 
atomic system frequency reference standard is a key step in 
extending the previous work on neutral atoms to the Rydberg 
atomic system [25].

An alternative approach, which does not suffer from the 
limitation but still has the advantages of the atomic line, is 
indirect two-photon transition spectroscopy such as double 
resonance optical pumping spectroscopy (DROPS) and two-
photon transition spectroscopy (TPTS). Moon et  al used 
DROPS to stabilize the output frequency of a 776 nm laser, 
and the short-term frequency stabilization is achieved by opti-
cal and electric feedback methods [26, 27]. The two-photon 
transition spectroscopy was investigated with variable atomic 
density and laser detuning, and the novel method for sum-fre-
quency stabilization of two free running lasers was suggested 
[28]. An all fiber frequency standard for optical communica-
tion applications based on two-photon transition spectroscopy 
in rubidium at 778.1 nm was reported [29]. The frequency sta-
bilization method of a diode laser that operates on the excited 
state transition of 87Rb atoms was investigated and supposed 
to be a simple method to control the laser frequency [18]. 
Recently, our group realized a high signal-to-noise (SNR) 
TPTS at 778.1 nm with the intensity modulation method. This 

high SNR spectrum brings possibilities for the laser frequency 
locking [19].

In this paper, we present the frequency stabilization of a 
776 nm laser using DROPS and TPTS in a ladder-type coher-
ent rubidium system. The two frequency references with high 
SNRs are obtained and the discrimination curves are then 
taken by the frequency modulation method. Frequency sta-
bilization is achieved by delivering the frequency difference 
signal into the laser current controller. The closed loop perfor-
mance is evaluated by comparison with the residual frequency 
fluctuations, Allan deviations, and fast Fourier transform of the 
error signal. This research provides a technical basis for laser 
frequency stabilization with DROPS and TPTS. The potential 
applications cover the recent research hotspots, such as the 
Rydberg atom and optical fiber quantum telecommunication.

2. Experimental setup

A ladder-type coherent atomic system of 87Rb is employed in 
this experiment. The Doppler-free configuration is achieved 
by two counter-propagating laser beams of 776 nm and 
780 nm. The related energy levels are shown in figure  1(a). 
The 780 nm laser couples the 5S1/2  →  5P3/2 transition and 
excites the atoms to the 5P3/2 state, and the 776 nm laser reso-
nances with the 5P3/2  →  5D5/2 transition. After the 87Rb atoms 
reach the 5D5/2 level, 65% of atoms decay back to the 5P3/2 
level. Then the remaining atoms have a significant probability 
of decaying to the 5S1/2 ground state via the intermediate 6P3/2 
level by the emission of 420 nm fluorescence [30].

The experiment setup as shown in figure 1(b) consists of 
two single mode tunable diode lasers (DL pro, Toptica) oper-
ating at around 780 nm. One of them provides a 780 nm laser 
and is stabilized by saturated absorption spectroscopy on the 
hyperfine transition of 5S1/2(F  =  2)  →  5P3/2(F′  =  3). Two 
methods use this same locked laser of 780 nm. The 10 kHz 
modulation frequency, modulation amplitude and proportion-
integration-differential parameters of the 780 nm laser remain 
unchanged during the experiment of the two methods. We 
monitor the residual fluctuation error signal of the 780 nm 
laser to ensure that the lock of the 780 nm laser keeps the 
same. The other one radiates the 776 nm laser and the output 
beam divides a weak beam from the main beam by a half-
wave plate and a polarization beam splitter. The weak beam 
is coupled into the wavelength meter (WS-7, HighFinesse) to 
monitor the laser frequency. In this way, we can quickly find 
the approximative 776 nm laser frequency corre sponding to 
the transition at the beginning of the experiment. The main 
beam overlaps with the 780 nm beam in the center of the natu-
ral rubidium vapor cell (85Rb, 78%, and 87Rb, 22%), which has 
the length of 150 mm and the diameter of 25 mm. The vapor 
cell is wrapped in µ-metal foil to shield the earth’s magnetic 
field. The temperature of the vapor cell is kept at 295 K, which 
corresponds to a density of 5.02  ×  109 cm−3. The DROPS is 
obtained by monitoring the amplitude of the 780 nm beam 
after being passed through the vapor cell by a photodiode 
(PDA36A, Thorlabs). The resulting fluorescence is converged 
with two lenses, and then collected by the photomultiplier 
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cube (CR314-01, Hamamatsu). A 420 nm filter is installed in 
front of the photomultiplier cube to avoid the stray light enter-
ing the photomultiplier cube.

The laser frequency scanning range is about 200  MHz, 
which covers the 5P  →  5D fine transition. The discrimina-
tor voltage, or error signal, is obtained by a lock-in ampli-
fier (SR830, Stanford Research Systems) with the modulation 
frequency of 50.1 kHz. In the process of obtaining the error 
signal, the time constant of lock-in amplifier is set as 100 µs 
and the low pass filter slope is 18 dB. Once the error signal 
is obtained, it is sent to the controller of the 776 nm laser to 
achieve the feedback. The current controller is used as an 
actuator to correct the laser frequency. In this process, the 
adjusting of the proportion-integration-differential controller 
of the servo system will result in a better suppress effect of 
the frequency noise, which is necessary for an optimized fre-
quency stability. Meanwhile, we export error signals to FFTS 
analyzer to evaluate the stabilization effect. The analysis of 
the fast Fourier transform of error signal is carried out with the 
resolution bandwidth of 20 Hz and average count of 10 times.

3. Experimental results and discussion

Once the probe laser is locked on 5S1/2(F  =  2)  →  5P3/2(
F′  =  3) transition while the coupling laser scans around 
the 5P3/2(F′  =  3)  →  5D5/2 transition, the original DROPS 
and TPTS are detected by photodiode and PMT simultane-
ously. We obtain two spectra with high SNR by controlling 
the power relationship between 780 nm laser and 776 nm 
laser [31], which is shown in figures  2(a) and (b). The 5P3

/2(F′  =  3)  →  5D5/2(F″  =  1) transition, which do not exist in 
DROPS mechanism for the selection rule, is clearly identi-
fied in figure  2(b) and the inset of figure  2(d). This means 
that TPTS has more frequency references than DROPS around 
the 5P3/2  →  5D5/2 transition. The full width at half maximum 

of TPTS is 9.26  MHz, which is obviously smaller than 
11.86 MHz of DROPS. The discrimination curves of the two 
methods are also shown in figures 2(c) and (d).

The frequency stabilization capacities of the two methods 
are characterized by the real-time monitoring of the error sig-
nal of the 776 nm laser, which is shown in figure 3. The fluc-
tuation of the error signal represents the residual frequency 
fluctuation. A slow scan of the 776 nm laser around the 5P
3/2(F′  =  3)  →  5D5/2(F″  =  1, 2, 3 and 4) transitions allows a 
deduced frequency-to-voltage conversion coefficient used for 
the servo loop. We record the error signal by scanning the laser 
frequency to obtain a relationship between the error signal volt-
age and the linewidth of the atomic hyperfine transition, which 
can be seen in the scanning period of figure 3. The linewidth 
is obtained from the known interval between two hyperfine 
transitions. The free running period shows a frequency fluc-
tuation of about 5  MHz with a measurement time of 500 s. 
After the electrical feedback is applied to the current control-
ler, the frequency of 776 nm laser is stabilized. According to 
the recording of the voltage fluctuation of the residual error 
signal, the frequency fluctuation is derived by the relationship 
of δf/Δf   =  δV/V, where δf and δV are the frequency fluctua-
tion and voltage fluctuation after locking, respectively; and Δf  
and V are the linewidth and corresponding voltage amplitude 
of the scanning period, respectively. The residual frequency 
fluctuation stabilized by DROPS is  ±0.4 MHz in 7000 s and 
in the case of TPTS it is  ±0.2 MHz. Although taking a beat 
with another stable laser is the standard way to evaluate the 
absolute frequency stability of a locked laser. Under the cur-
rent condition of only one frequency standard system, the self-
comparison by residual error signal is a universal method [15, 
32]. It is credible, to some extent, that the self-comparison can 
estimate the frequency stability of the locked laser.

The stability of frequency locking is assessed by the Allan 
deviation analysis of the error signal, which is shown in 

Figure 1. (a) The related energy levels of 87Rb atoms; (b) the schematic of the experiment setup. DL: diode laser, M: mirror, HWP:  
half-wave plate, QWP: quarter-wave plate, PBS: polarization beam splitter, PD: photodiode, PMT: photomultiplier tube, OSC: oscilloscope, 
ND: neutral density plate, L: lens, F: 420 nm filter, SAS: saturated absorption spectroscopy, λ: wavelength meter, FFTS: fast Fourier 
transform spectrum.
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Figure 2. (a) DROPS of 5S1/2(F  =  2)  →  5P3/2(F′  =  3)  →  5D5/2(F″  =  2, 3 and 4) transition of 87Rb, (b) TPTS of 5S1/2(F  =  2)  →  5P3/2(F′  = 
3)  →  5D5/2 (F″  =  1, 2, 3 and 4) transition of 87Rb, (c) discrimination curve of DROPS, (d) discrimination curve of TPTS.

Figure 3. The monitored frequency versus time when the laser is scanning, free running and stabilizing by DROPS (a) and TPTS (b) on the 
87Rb 5S1/2(F  =  2)  →  5P3/2(F′  =  3)  →  5D5/2(F″  =  4) transition.

Laser Phys. 30 (2020) 025201
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figure 4. The Allan deviations exhibit different trends depend-
ing on the selected range of averaging times. For the first 
stage of τ between 0–204 s, the Allan deviation decreases with 
1/τ0.5, which is typically a white-type frequency noise [33]. 
The Allan deviation of the DROPS method reaches a floor of 
4.86  ×  10−12 at an averaging time of 2048 s. However, the 
Allan deviation of TPTS continuously decreases and finally 
reaches the floor of 1.71  ×  10−12 at an averaging time of 
2048 s, which indicates the TPTS has a better locking effect.

Also, the ability of the servo electronics to track frequency 
fluctuations and keep the laser locked to the resonance is 
estimated by the analysis of the fast Fourier transform of the 
error signal, which is shown in figure 5. The FFTS of the two 
methods are calibrated while fully considering the exper-
imental parameters. The results reveal the residual frequency 
noise densities of different frequencies with different values. 
It can clearly be seen that the noise amplitudes of the locking 
cases are much lower than the free running case at low fre-
quencies (below about 1000 Hz). This phenomenon reflects 
that the servo feedback controller effectively suppresses addi-
tional noise [34]. There is also a drop in the high-frequency 
part above 3.5 kHz, but that is the result of another reason. 
Compared to the free running FFTS measured with addi-
tional cavity, the high SNR of the error signal must be taken 
into account when using the lock-in amplifier to obtain the 
FFTS. So the appropriate lock-in amplifier parameters limit 
the bandwidths of the error signals and result in a lower fre-
quency noise density than free running. The frequency noise 
density of both methods of locking cases contain the noise 
sideband near 2.4 kHz caused by the servo feedback system. 
This indicates the feedback bandwidth of the system is about 
2.4 kHz. We can see that the noise below the noise sideband is 
significantly suppressed compared to the free running case. If 
we slightly increase the servo controller gain value, the FFTS 
fluctuation will increase above the free running noise level. 
Below this value, the locking of the laser cannot achieve the 
best result. With the appropriate gain value, the frequency 

noise densities of the two methods at the near zero point have 
the minimum value of 102 Hz2/Hz, which represents a good 
locking effect. Although the frequency noise density analysis 
is only considered below 8 kHz, this is enough to illustrate the 
effectiveness of the two locking methods. The low frequency 
noise is suppressed effectively, especially non-negligible 1/f  
noise and long-term drift caused by temperature and other 
environmental factors. Obviously, the laser frequency noise 
of TPTS is suppressed better than DROPS by the servo con-
troller, the narrower full width at half-maximum is the major 
factor contributes to the better locking effect.

4. Conclusion

In conclusion, we simultaneously obtain the bi-chromatic 
excitations of the 5D5/2 level in 87Rb atoms by monitoring the 
780 nm probe laser intensity and blue fluorescence emitted 
from the 6P3/2 state. DROPS and TPTS are then used to stabi-
lize the 776 nm laser frequency by writing the error signal into 
the current controller. The resulted residual frequency fluctua-
tion is  ±0.4 MHz and  ±0.2 MHz in 7000 s, respectively. The 
locking capacities of the two methods are evaluated by the 
Allan deviation analysis and fast Fourier transform of error 
signal, and distinct advantages of TPTS are demonstrated. 
Narrower full width at half-maximum of TPTS and a higher 
zero crossing slope by using frequency modulation method 
lead to a better frequency stabilization. The methods provide 
the basis for the experimental study of the Rydberg atom and 
may pave the way for using the frequency standard in optical 
quantum telecommunication.
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