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A Faraday laser lasing on Rb 
1529 nm transition
Pengyuan Chang1, Huanfa Peng1, Shengnan Zhang1, Zhangyuan Chen1, Bin Luo2, Jingbiao 
Chen1 & Hong Guo1

We present the design and performance characterization of a Faraday laser directly lasing on the Rb 
1529 nm transition (Rb, 5P3/2 − 4D5/2) with high stability, narrow spectral linewidth and low cost. This 
system does not need an additional frequency-stabilized pump laser as a prerequisite to preparing 
Rb atom from 5S to 5P excited state. Just by using a performance-improved electrodeless discharge 
lamp-based excited-state Faraday anomalous dispersion optical filter (LESFADOF), we realized a 
heterogeneously Faraday laser with the frequency corresponding to atomic transition, working stably 
over a range of laser diode (LD) current from 85 mA to 171 mA and the LD temperature from 11 °C to 
32 °C, as well as the 24-hour long-term frequency fluctuation range of no more than 600 MHz. Both 
the laser linewidth and relative intensity noisy (RIN) are measured. The Faraday laser lasing on Rb 
1529 nm transition (telecom C-band) can be applied to further research on metrology, microwave 
photonics and optical communication systems. Besides, since the transitions correspongding to the 
populated excited-states of alkali atoms within lamp are extraordinarily rich, this scheme can increase 
the flexibility for choosing proper wavelengths for Faraday laser and greatly expand the coverage of 
wavelength corresponding to atomic transmission for laser frequency stabilization.

The semiconductor lasers today have the advantages of small size, light weight, longevity, energy-efficiency, 
tunability1. However, the free-running semiconductor lasers without feedback have several negative features, 
including frequency long-term drift, wideband, frequency susceptibility to laser diode (LD) temperature and 
driving current, etc2. In most instances, semiconductor lasers were used on optical pumping and low resolution 
spectroscopy in the past. For example, although semiconductor lasers were recognized as suitable light sources 
for gas-absorption spectroscopy due to their reliability, compact size, and are applied to gas sensors nowadays3, 
the linewidth of semiconductor lasers is typically in the MHz range which is too wide to meet the requirement 
of fiber-optic sensing4. One of the main drawbacks of semiconductor lasers is that, it is difficult to obtain nar-
rowband and easily tunable output. With the development of new wavelength control techniques, the situation 
has been improved considerably. Various techniques have been used to control and narrow the spectral output 
of semiconductor lasers, such as interference filters5, gratings6, 7, Fabry–Perot etalons8, 9 and Pound–Drever–Hall 
technology10–13. Furthermore, it is well known that laser frequency can also be stabilized by using methods of 
atomic or molecular absorption line14, including frequency-modulation spectroscopy15, polarization spectros-
copy16, modulation transfer spectrum17, etc.

Since Faraday anomalous dispersion optical filter (FADOF) tecnology was introduced in 195618, the appli-
cation of FADOF to the organic dye lasers mode selection has been carried out19, 20. The output frequency of 
Faraday laser21–25 is stabilized on the atomic resonance absorption line by adjusting magnitude and temperature 
of FADOF to optimal values, while absolutely immune to the changes of LD temperature and driving current21 in 
a large scale. Hence, the performance of the Faraday laser is similar to He-Ne laser when it is powered on, while 
the output frequency of the Faraday laser exactly correspondes to the Doppler resonance absorption line of the 
atoms22. The Faraday laser can be applied to a number of diverse applications, such as atomic clock26, atomic 
interferometer, atomic gyroscope, magnetometer27, 28 and free-space communications29. With the increasing 
demand of various fields of FADOF30, 31, the development of FADOF technology is already in a fairly mature stage. 
In recent years, various bands of FADOFs have been developed, including 423 nm (Ca)32, 33, 455 nm (Cs)34, 35,  
461 nm (Sr)36, 589 nm (Na)37, 780 nm (Rb)38–42, 795 nm (Rb)43, 852 nm (Cs)44, 1529 nm (Rb)45, 46, etc47–49.
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Recently, a series of experiments on Faraday lasers have been conducted. Although the Faraday laser lasing 
on 780 nm ground-state transition was reported21, 22, the excited-state Faraday laser has never been realized due 
to the low transmittance46 of the electrodeless discharge lamp-based Faraday anomalous dispersion optical fil-
ter (LESFADOF) and the indispensability of an additional frequency-stabilized pump laser50–53. In conventional 
1529 nm optical wavelength standards50, the method of utilizing an optically pumped Rb vapor cell which exhibits 
resonances at 1529 nm makes the whole system costly, bulky and relatively high in complexity. As Rb 1529 nm 
excited-state transition line from 5P to 4D has been widely accepted as wavelength standard in metrology, micro-
wave photonics and optical fiber telecommunication52. Recently, much effort is devoted toward the realization of 
practical frequency standard in the telecom C-band (1528 nm–1563 nm) on application of optical communica-
tion systems29.

In this paper, we successfully demonstrated a Faraday laser directly lasing on the Rb 1529 nm transition from 
−P D5 43/2 5/2 state by utilizing a performance-improved LESFADOF, instead of a frequency-locked pump laser. The 

output frequency of Faraday laser is insensitive to the changes of LD temperature and driving current. The measured 
results indicate that the Faraday laser with the frequency corresponding to atomic transitions works stably over a 
wide range of the LD current from 85 mA to 171 mA and the temperature from 11 °C to 32 °C. Both the laser linew-
idth and relative intensity noisy (RIN) are measured. The successful development of the 1529 nm Faraday laser 
provides an innovative method for laser frequency stabilization. The new technology of LESFADOF-based Faraday 
laser greatly expands the applications of excited-state transitions of alkali atoms, and provides the flexibility for tun-
ing the laser frequency to a desired wavelength corresponding to atomic transition. In addition, the low-cost Faraday 
laser lasing on Rb 1529 nm transition in telecommunication wavelength window can be applied to metrology54, 
microwave photonics55 and optical fiber telecommunication29 and other practical applications56.

Results
The performance of LESFADOF at Rb 1529 nm transition.  The experimental setup of the Faraday 
laser system is depicted in Fig. 1(a). In order to measure the performance of the LESFADOF, we conducted an 
experiment which is descripted in section of methods. Figure 2(a) shows the transmission spectrum of the entire 
LESFADOF (red curve) and absorption spectrum of the Rb vapor cell (blue curve) at Rb 1529 nm transition. The 
peak transmittance varies following the changes of the Rb cell temperature, as shown in Fig. 2(b), the black dotted 
line shows the transmittance as a function of the Rb cell temperature. The distributing region with different color 
shows different transmission spectrum line-shape of single-peak, transition-peak, twin-peak, respectively. 
Figure 2(c) shows the transmittance of the whole LESFADOF as a function of the Rb cell temperature from 85 °C 
to 135 °C with a static axial magnetic field of 500 G across the Rb vapour cell. By adjusting the Rb cell temperature, 
we have found an optimal working point for a maximized transmittance. Under the condition of the magnetic 
field of 500 G and the Rb cell temperature of 135 °C, the twin-peak line-shaped transmission spectrum corre-
sponding to Rb −P D5 43/2 5/2 transition (1529.4 nm in vacuum) with a maximum transmittance of 46% is 
obtained (without taking into account the system loss and fluorescence background). Compared with the maxi-
mum transmisstance of the entire LESFADOF in the ref. 45, it is improved from 21.9%46 to 46%, which plays a key 
role in this work.

Figure 1.  Schematic of the LESFADOF-based Faraday laser lasing on Rb 1529 nm transition with the testing 
system and relevant energy level diagram. (a) Experimental setup of the LESFADOF-based Faraday laser lasing 
on Rb 1529 nm transition and the measurement system. ARLD, antireflection-coated laser diode; RF, radio-
frequency module; M1 and M2: a pair of permanent magnets; EDL, electrodeless discharge lamp; G1 and G2, a 
pair of Glan–Taylor prisms; Rc, cavity mirror with reflectivity of 80% and the transmission of 20% for 1529 nm; 
BS, 50% beam splitter for 1529 nm; Co1 and Co2, optical fiber coupler for 1529 nm; Fc, fiber combiner; Fs, fiber 
splitter; Fiber, single-mode fiber; PD1 and PD2, photodiode; FBGL, fiber Bragg grating laser; SSA, signal source 
analyzer; WM, wavelength meter; SA, signal analyzer. (b) Relevant energy level diagram.
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Relative intensity noise.  The optical power intensity fluctuations of the LD are characterized by relative 
intensity noise (RIN)57. To measure the RIN of the Faraday laser, we constructed a simple experiment setup, as 
depicted in Fig. 1(a). The optical signal is converted to electric signal by a photodiode, and the intensity noise of 
the electric signal is measured by signal source analyzer (SSA, Keysight E5052B). The noise measurement results 
are plotted in Fig. 3, with the tested frequency range from 100 Hz to 10 MHz. The intensity noise floor of the SSA 
is obtained without the input of the electric signal, as shown by the bottom pink curve in Fig. 3. With the electric 
signal transmitted to the SSA, the measured intensity noise is shown by bottom red curve. The intensity noise 
of the light at offset frequency below 30 kHz is higher than the intensity noise floor of the SSA. Nevertheless, the 
intensity noise of the optical signal can not be precisely measured at offset frequency above 30 kHz due to the 
limitation of the SSA sensitivity. By improving the power of the optical signal, the intensity noise above 30 kHz 
offset can be measured. The RIN measurement results with different optical power are shown by the six upper 
colored lines in Fig. 3, the results for different optical power are almost unchanged below 30 kHz offset. The RIN 
performance of the 1529 nm Faraday laser is measured to be −115 dB/Hz at 10 kHz offset when the optical power 
is 70 μW. The optical power of the Faraday laser varies with the change of the Faraday laser driving current, and 
the measured colored line corresponds to fiber-coupled optical power of 50 μW, 60 μW, 70 μW, 80 μW, 90 μW, 
100 μW, respectively.

Laser linewidth.  The measurement of the optical linewidth of the Faraday laser is implemented by using a 
heterodyne setup, as depicted in Fig. 1(a). The light beam of the Faraday laser is sent to optical fiber and combined 
with the light of a commercial tunable dual-mode Fiber Bragg Grating laser (FBGL) (PS-TNL) for beating on a 
photodiode. To measure the laser linewidth, the beat note between two lasers is sent to a signal analyzer (N9030A 
PXA, Agilent, US). The linewidth is measured by using a Lorentzian fit, and the result of beat-note is presented in 
Fig. 4, the −3 dB linewidth of the Lorentz fitting curve is 15.5 kHz. Since the FBGL has a linewidth of 1 kHz, the 
Faraday laser hence has a linewidth of 15.5 kHz.

Insensitivity of the frequency of the Rb 1529 nm Faraday laser to the changes of LD temper-
ature and current.  The astonishing advantage of the Faraday laser is that the exact operating frequency of 
Faraday laser is absolutely determined by Rb 1529 nm transition and insensitive to the changes of LD temperature 
and current. The frequency measurement results by using a wavelength meter (WM, ADVANTEST TQ8325) of 

Figure 2.  (a) The measured absorption spectrum (red curve) and measured transmission spectrum (blue 
curve) of the improved LESFADOF. The measured absorption spectrum refers to the absorption of the Rb vapor 
cell, the transmission spectrum refers to the transmission of the entire LESFADOF. (b) The peak transmittance 
of the LESFADOF at Rb 1529 nm transition as a function of the cell temperature with a static axial magnetic 
field of 500 G across the Rb vapour cell. The distributing region with different color shows the different 
transmission spectrum line-shape. (c) The transmittance of the whole LESFADOF as a function of the Rb cell 
temperature from 85 °C to 135 °C with a static axial magnetic field of 500 G across the Rb vapour cell.
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our experiment are shown in Fig. 5(a). Under the condition of the LD temperature ranging from 11 °C to 32 °C 
and the current from 85 mA to 171 mA, the measured frequency of the Faraday laser centers on 196022.875 GHz 
corresponding to one of twin-peak line-shaped transmission spectrum with maximum transmittance of 46%. In 
the upper subfigure, the blue curve presents the frequency of the Faraday laser as a function of the LD tempera-
ture ranging from 11 °C to 27 °C with fixed LD current of 127.5 mA. In the right subfigure, the red curve shows 
the frequency of the Faraday laser as a function of the LD current ranging from 110 mA to 171 mA with fixed LD 
temperature of 21.5 °C, the maximum current is limited by LD power supply.

As shown in Fig. 2(b) and (c), when the Rb cell temperature is 135 °C, the transmission spectrum of the entire 
LESFADOF with maximum transmittance corresponds to laser frequency of 196022.875 GHz. That’s the reason 
why the laser frequency centers on 196022.875 GHz. The frequency fluctuation range of below 600 MHz primar-
ily reasults from the mode instability of the optical cavity due to mechanical vibration and air flow. The Faraday 
laser we demonstrated has an optical cavity length of 60 cm, which provides optical feedback and has wide free 
spectrum range of 250 MHz. On the basis of previous studies23, 24, a longer fiber can be used as an extended cavity 
to limit the laser frequency to the center of transmission spectrum and reduce laser frequency long-term drift, 
which can further improve the frequency stability and narrow optical linewidth. Hence a fiber-based Faraday 
laser lasing on Rb 1529 nm with an ultra-narrow bandwidth can be realized.

The measured result of 24-hour long-term frequency fluctuations of the Faraday laser is shown in Fig. 5(b). 
Under the condition of LD current of 141.5 mA and LD temperature of 21.5 °C, the frequency fluctuation range is 
about 600 MHz within 24 hours. The Rb cell temperature remains at 135 °C in this measurement.

Figure 3.  The two bottom colored lines refer to the electrical-domain intensity noise of the Faraday laser lasing 
on Rb 1529 nm transition (red curve) and signal source analyzer (pink curve). The six upper colored lines refer 
to measured relative intensity noise of the Faraday laser with different optical power.

Figure 4.  The spectrum of beat note between the Faraday laser (red triangles) and a FBGL with 10 kHz RBW 
and the Lorentzian fit curve (blue curve). The sweep time of the spectrum analyzer is 5 ms, and the video 
bandwidth is 10 kHz. The −3 dB linewidth of the Lorentzian fit curve is 15.5 kHz.
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Besides, the laser frequency has been always stabilized at Rb 1529 nm excited-state transition when it is pow-
ered on more than 50 times during six months from beginning to the end of our experiment. Consequently, the 
reproducibility of the Faraday laesr is validated to be superior.

Furthermore, we measured the frequency of Faraday laser as a function of the Rb cell temperature (not 
depicted in this paper), the frequency fluctuation is about 500 MHz with the Rb cell temperature ranging from 
128 °C to 178 °C, hence we can conclude that the frequency drift is only 40 kHz if Rb cell temperature control 
accuracy is 0.01 °C. It is proved that the cell temperature has little influence on the laser frequency, while we have 
not found that RF power has any effect on laser frequency yet.

Discussion
In conclusion, we successfully demonstrated a proof-of-principle Faraday laser lasing on Rb 1529 nm transition 
by using a performance-improved LESFADOF compared with the previous LESFADOF in ref. 45. The frequency 
of the Faraday laser is insensitive to the changes of LD temperature and driving current while exactly resonant 
with the Rb 1529 nm transition. The Faraday laser wavelength in the telecommunication wavelength window 
potentially allows further applications on optical communication systems. Besides, since the excited-state tran-
sitions of alkali atoms are extraordinarily rich, this scheme can increase the flexibility for choosing proper wave-
length for Faraday laser and greatly expand coverage of wavelength corresponding to atomic transition for laser 
frequency stabilization. Considering there are various FADOFs of different wavelengths with high transmittance, 
such as 461 nm FADOF which was studied by a hollow cathode lamp based FADOF (HCL-FADOF)36. The suc-
cessful development of the LESFADOF-based Faraday laser predicts potential possibility for the implementation 
of Faraday laser based on HCL-FADOF36. Therefore, this method can greatly expand the application of other 
wavelengths corresponding to atomic transitions of about 70 kinds of elements, including hige melting point 
metals36. Furthermore, the successful implementation of the Faraday laser provides an innovative method for 
laser frequency stabilization, and the low-cost Faraday laser can be applied to metrology, microwave photonics 
and optical fiber telecommunication and other practical applications.

In addition, since our experiment is built on the optical bread board, both the mechanical vibration and air 
flow limit the stability of laser frequency. We can suppress intensity noise and frequency drift by approach of 
vibration isolation. Furthermore, lasers integrated with reflection-coated fiber as extended optical cavity have the 
potential for substantial reduction of noise. Hence a fiber-based Faraday laser can be used as a stable laser source 
for practical applications.

Figure 5.  (a) The frequency of the Faraday laser as a function of the LD temperature and LD current, the LD 
temperature range from 11 °C to 32 °C and LD current range from 85 mA to 171 mA, the measured frequency 
values center on 196022.875 GHz, the threshold of Faraday laser increase along with the increase of LD 
temperature. The upper subfigure shows the frequency of the Faraday laser as a function of the LD temperature 
with fixed LD current of 127.5 mA (up blue curve). The right subfigure shows the frequency of the Faraday laser 
as a function of the LD current with fixed LD temperature of 21.5 °C (right red curve). (b) The 24-hour long-
term frequency fluctuations of the Faraday laser with LD current of 141.5 mA and LD temperature of 21.5 °C, 
the Rb cell temperature is kept at 135 °C.
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The total single path optical loss of the whole system is about 40%, mainly arising from optical loss of the 
cell windows, which is measured to be 35%. Optical loss impairs the transmitted power and hence increases the 
threshold of the Faraday laser system. The optical loss of the cell windows can be reduced by improving the win-
dow flatness and optical coating of the end windows.

In order to improve the practicability of the Faraday laser, we have been working on ways to optimize the 
working conditions of the Faraday laser, such as reducing the RF driving power and the temperature of the elec-
trodeless discharge lamp (EDL), increasing the output power of the Faraday laser. In the experiment, we meas-
ured the performance of the laser beam emitted from cavity mirror (Rc) for coonvenience of measurement. In 
addition, a laser beam with power of 1.3 mW exits from G2, and the direction of the light is perpendicular to the 
horizontal plane, not depicted in Fig. 1(a). The polarization of the light at the output of G2 and Rc is orthogonal. 
In practical applications, we can also apply the laser beam which exiting G2 to practical applications.

Methods
Excited-state 1529 nm FADOF based on electrodeless discharge lamp.  The LESFADOF is the key 
element of the frequency-fixed Faraday laser system. In this experiment, we utilized a home-made perfor-
mance-improved electrodeless discharge lamp (EDL) and realized a maximum transmittance of 46% higher than 
the original transmittance of 21.9% in ref. 45. Atoms can be excited from −S P5 51/2 3/2 by amplified radio-fre-
quency rather than a frequency-locked pumping laser.

The physics of LESFADOF can be described as follows45, 46. Electrons and ions in the vapor cell are accelerated 
when the RF power is turned on, due to the collision of the buffer gas, more electrons and ions are generated 
simultaneously. Therefore, the Rb atoms are pumped from ground state to excited state by high-energy-state 
buffer gas atoms. Since the Rb EDL has rich spectra, among which 780 nm (corresponding to the transition of 

−S P5 51/2 3/2) is one of strongest transition peak. The Rb EDL can be utilized to realize an excited-state 1529 nm 
FADOF. The relevant energy level diagram58, 59 is shown in Fig. 1(b).

The principle of how the LESFADOF works is very similar to a conventional FADOF18. The main difference is 
that an EDL instead of a vapor cell is used in this work. The experiment setup is shown in Fig. 1(a), briefly, the 
LESFADOF includes a home-made EDL, a pair of permanent magnets, and a pair of crossed Glan-Taylor prisms. 
To characterize the filter, the probe light is provided by a 1529 nm grating laser with the laser frequency scanned 
across the −P D5 43/2 5/2 transition (1529.4 nm in vacuum; see Fig. 1(b)) by using a piezoelectric actuator, a photo-
detector is used to detect transmission spectrum of the entire LESFAOF and absorption spectrum of the vapor cell.

The EDL contains a Rb atom vapor cell filled with natural Rb and 2 torr Xe buffer gas with length of 15 cm and 
diameter of 2 cm. The radio-frequency (RF) driving power can be adjusted from 0 W to 60 W, the cell tempera-
ture is controlled by heating supply current. When the cell temperature is heated to 85 °C, the optimal operation 
condition of the LESFADOF is mainly determined by the RF driving power. When the RF driving power is higher 
than 15 W, the EDL is lighted up, while the Faraday laser can work stably. Hence, the low RF power of 15 W is 
sufficient for our system. Furthermore, the laser Frequency is not influenced by the changes of RF power. The 
permanent magnets create a static axial magnetic field of 500 G across the Rb vapour cell with the inhomogeneity 
of the magnetic field of less than 7%, which can be ignored, the magnetic field is measured in absence of the EDL 
and there wasn’t magnetic shielding.

Experiment setup of the Faraday laser lasing on 1529 nm and measurement system.  The 
experimental setup is schematically shown in Fig. 1(a). The Faraday laser with the length of optical cavity of 
60 cm is composed by the LESFADOF, ARLD and Rc. The LESFADOF is the key element of the Faraday laser (See 
detailed description in last paragraph). The light emitted from the ARLD (Toptica LD-1550-0050-AR-2) is filtered 
by the LESFADOF and fed back into the ARLD by Rc. The light emitted from Rc is coupled into the single-mode 
optical fiber by using a coupler for measureing the frequency of the Faraday laser. The laser frequency is measured 
by a WM. The Laser linewidth is measured by beating between the Faraday laser and the FBGL on a photodi-
ode. The light from each laser is sent to optical fiber for beating and the beat note is sent to a SA. The RIN of the 
Faraday laser is measured using a SSA, the influence of the setup noise has been minimized using SSA noise can-
cellation (10000 correlations). The optical power at the output of Rc ranges from 50 μW to 700 μW (free space) or 
from 15 μW to 240 μW (fiber coupled), the optical power can be further improved since the rated output power 
of the LD are not reached.

References
	 1.	 Cook, E. C., Martin, P. J., Brown-Heft, T. L., Garman, J. C. & Steck, D. A. High passive-stability diode-laser design for use in atomic-

physics experiments. Rev. Sci. Instrum. 83, 043101 (2012).
	 2.	 Wieman, C. E. & Hollberg, L. Using diode lasers for atomic physics. Rev. Sci. Instrum. 62, 1–20 (1991).
	 3.	 Weidmann, D., Kosterev, A. A., Tittel, F. K., Ryan, N. & Mcdonald, D. Application of a widely electrically tunable diode laser to 

chemical gas sensing with quartz-enhanced photoacoustic spectroscopy. Opt. Lett. 29, 1837–1839 (2004).
	 4.	 Liang, W. et al. Ultralow noise miniature external cavity semiconductor laser. Nat. Commun. 6, 7371–7376 (2015).
	 5.	 Baillard, X. et al. Interference-filter-stabilized external-cavity diode lasers. Opt. Commun. 266, 609–613 (2006).
	 6.	 Liu, K. & Littman, M. G. Novel geometry for single-mode scanning of tunable lasers. Opt. Lett. 6, 117–118 (1981).
	 7.	 Wyatt, R. & Devlin, W. J. 10 kHz linewidth 1.5 μm InGaAsP external cavity laser with 55 nm tuning range. Electron. Lett. 19, 110–112 

(1983).
	 8.	 Bernacki, B. E., Hemmer, P. R., Smith, S. P. & Ezekiel, S. Alignment-insensitive technique for wideband tuning of an unmodified 

semiconductor laser. Opt. Lett. 13, 725–727 (1988).
	 9.	 Zhao, Y. et al. 100-Hz linewidth diode laser with external optical feedback. IEEE Photon. Technol. Lett. 24, 1795–1798 (2012).
	10.	 Drever, R. W. P. et al. Laser phase and frequency stabilization using an optical resonator. Appl. Phys. B 31, 97–105 (1983).
	11.	 Dahmani, B., Hollberg, L. & Drullinger, R. Frequency stabilization of semiconductor lasers by resonant optical feedback. Opt. Lett. 

12, 876–878 (1987).
	12.	 Jiang, Y. Y. et al. Making optical atomic clocks more stable with 10−16 -level laser stabilization. Nat. Photon. 5, 158–161 (2011).



www.nature.com/scientificreports/

7SCIeNtIfIC RePortS | 7: 8995  | DOI:10.1038/s41598-017-09501-w

	13.	 Wu, L. et al. 0.26-Hz-linewidth ultrastable lasers at 1557 nm. Sci. Rep. 6, 24969 (2016).
	14.	 Hong, F. L. Optical frequency standards for time and length applications. Meas. Sci. and Technol. 28, 012002 (2017).
	15.	 Bjorklund, G. C. Frequency-modulation spectroscopy: a new method for measuring weak absorptions and dispersions. Opt. Lett. 5, 

15–17 (1980).
	16.	 Hansch, T. W. & Couillaud, B. Laser frequency stabilization by polarization spectroscopy of a reflecting reference cavity. Opt. 

Commun. 35, 441–444 (1980).
	17.	 Raj, R. K., Bloch, D., Snyder, J. J., Camy, G. & Ducloy, M. High-frequency optically heterodyned saturation spectroscopy via resonant 

degenerate four-wave mixing. J. Opt. Soc. Am. 44, 1251–1254 (1980).
	18.	 Ohman, Y. On some new auxiliary instruments in astrophysical research vi. a tentative monochromator for solar work based on the 

principle of selective magnetic rotation. Stock. Obs. Ann. 19, 9–11 (1956).
	19.	 Sorokin, P. P., Lankard, J. R., Moruzzi, V. L. & Lurio, A. Frequency-locking of organic dye lasers to atomic resonance lines. Appl. 

Phys. Lett. 15, 179–181 (1969).
	20.	 Endo, T., Yabuzaki, T., Kitano, M., Sato, T. & Ogawa, T. Frequency-locking of a CW dye laser to the center of the sodium D lines by 

a Faraday filter. IEEE J. Quantum. Electron. 13, 866–871 (1977).
	21.	 Miao, X. et al. Note: Demonstration of an external-cavity diode laser system immune to current and temperature fluctuations. Rev. 

Sci. Instrum. 82, 086106 (2011).
	22.	 Tao, Z., Hong, Y., Luo, B., Chen, J. & Guo, H. Diode laser operating on an atomic transition limited by an isotope 87Rb faraday filter 

at 780 nm. Opt. Lett. 40, 4348–4351 (2015).
	23.	 Tao, Z. et al. Faraday laser using 1.2 km fiber as an extended cavity. J. Phys. B At. Mol. Opt. Phys. 49, 13LT01 (2016).
	24.	 Zhu, C. et al. Ultralong Faraday laser as an optical frequency standard. ArXiv e-prints. (2015).
	25.	 Keaveney, J., Hamlyn, W. J., Adams, C. S. & Hughes, I. G. A single-mode external cavity diode laser using an intra-cavity atomic 

faraday filter with short-term linewidth <400 kHz and long-term stability of <1 MHz. Rev. Sci. Instrum. 87, 095111 (2016).
	26.	 Zhuang, W. & Chen, J. Active faraday optical frequency standard. Opt. Lett. 39, 6339–6342 (2014).
	27.	 Behbood, N. et al. Real-time vector field tracking with a cold-atom magnetometer. Appl. Phys. Lett. 102, 1805–1809 (2013).
	28.	 Dmitry, B. & Michael, R. Optical magnetometry. Nat. phys. 3, 227–234 (2007).
	29.	 Tang, J. et al. Experimental study of a model digital space optical communication system with new quantum devices. Appl. Opt. 34, 

2619–2622 (1995).
	30.	 Portalupi, S. L. et al. Simultaneous faraday filtering of the mollow triplet sidebands with the Cs-D1 clock transition. Nat. Commun. 

7, 13632 (2016).
	31.	 Wanninger, P. & Valdez, E. C. Diode-laser frequency stabilization based on the resonant Faraday effect. IEEE Photon. Technol. Lett. 

4, 94–96 (1992).
	32.	 Chan, Y. C. & Gelbwachs, J. A. A Fraunhofer-wavelength magnetooptic atomic filter at 422.7 nm. IEEE J. Quantum Electron. 29, 

2379–2384 (1993).
	33.	 Xu, Z. et al. Narrower atomic filter at 422.7 nm based on thermal Ca beam. Chin. Sci. Bull. 28, 3543–3548 (2014).
	34.	 Menders, J., Searcy, P., Roff, K. & Korevaar, E. Blue cesium faraday and voigt magneto-optic atomic line filters. Opt. Lett. 17, 

1388–1390 (1992).
	35.	 Wang, Y. et al. Cs faraday optical filter with a single transmission peak resonant with the atomic transition at 455 nm. Opt. Express. 

20, 25817 (2012).
	36.	 Pan, D. et al. Hollow cathode lamp based faraday anomalous dispersion optical filter. Sci. Rep. 6, 29882–29887 (2016).
	37.	 Kiefer, W., Löw, R., Wrachtrup, J. & Gerhardt, I. Na-faraday rotation filtering: The optimal point. Sci. Rep. 4, 6552–6558 (2014).
	38.	 Wang, Y. et al. Nonlinear optical filter with ultranarrow bandwidth approaching the natural linewidth. Opt. Lett. 37, 4059–4061 (2012).
	39.	 Zhang, X. et al. An all-optical locking of a semiconductor laser to the atomic resonance line with 1 MHz accuracy. Opt. Express. 21, 

28010–28018 (2013).
	40.	 Zhang, L. & Tang, J. Experimental study on optimization of the working conditions of excited state faraday filter. Opt. Commun. 152, 

275–279 (1998).
	41.	 Xue, X. et al. Faraday anomalous dispersion optical filter with a single transmission peak using a buffer-gas-filled rubidium cell. Opt. 

Lett. 37, 2274–2276 (2012).
	42.	 Hu, Z. et al. Rb 780 nm faraday anomalous dispersion optical filter in a strong magnetic field. Opt. Commun. 101, 175–178 (1993).
	43.	 Zielińska, J., Beduini, F., Godbout, N. & Mitchell, M. Ultranarrow faraday rotation filter at the Rb D1 line. Opt. Lett. 37, 524–526 

(2012).
	44.	 Yin, B. & Shay, T. M. Theoretical model for a faraday anomalous dispersion optical filter. Opt. Lett. 16, 1617–1619 (1991).
	45.	 Sun, Q., Zhuang, W., Liu, Z. & Chen, J. Electrodeless-discharge-vapor-lamp-based faraday anomalous-dispersion optical filter. Opt. 

Lett. 36, 4611–4613 (2011).
	46.	 Sun, Q., Hong, Y., Zhuang, W., Liu, Z. & Chen, J. Demonstration of an excited-state faraday anomalous dispersion optical filter at 

1529 nm by use of an electrodeless discharge Rb vapor lam. p. Appl. Phys. Lett. 101, 211102 (2012).
	47.	 Popescu, A., Walldorf, D., Kai, S. & Walther, T. On an excited state faraday anomalous dispersion optical filter at moderate pump 

powers for a brillouin-lidar receiver system. Opt. Commun. 264, 475–481 (2006).
	48.	 Chen, H., Searcy, P., Korevaar, E. & She, C. Y. Sodium-vapor dispersive faraday filter. Opt. Lett. 18, 1019–1021 (1993).
	49.	 Turner, L. D., Karaganov, V., Teubner, P. J. & Scholten, R. E. Sub-doppler bandwidth atomic optical filter. Opt. Lett. 27, 500–502 (2002).
	50.	 Noh, H. R. & Moon, H. S. Calculation of line shapes in double-resonance optical pumping. Phys. Rev. A. 80, 2554–2558 (2009).
	51.	 Martinez de Escobar, Y. N. et al. Absolute frequency references at 1529 and 1560 nm using modulation transfer spectroscopy. Opt. 

Lett. 40, 4731–4734 (2015).
	52.	 Moon, H. S., Lee, W. K., Lee, L. & Kim, J. B. Double resonance optical pumping spectrum and its application for frequency 

stabilization of a laser diode. Appl. Phys. Lett. 85, 3965–3967 (2004).
	53.	 Wang, J., Liu, H., Yang, G., Yang, B. & Wang, J. Determination of the hyperfine structure constants of the 87Rb and 85Rb 4D5/2 state 

and the isotope hyperfine anomaly. Phys.Rev. A. 90, 052505 (2014).
	54.	 Coddington, I., Swann, W. C. & Newbury, N. R. Coherent multiheterodyne spectroscopy using stabilized optical frequency combs. 

Phys. Rev. Lett. 100, 013902 (2007).
	55.	 Capmany, J. & Novak, D. Microwave photonics combines two worlds. Nat. Photon. 1, 319–330 (2007).
	56.	 Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and optoelectronics. Nat. Photon. 4, 611–622 (2010).
	57.	 Yariv, A. & Yeh, P. Photonics: Optical Electronics in Modern Communications (The Oxford Series in Electrical and Computer 

Engineering) (Oxford University Press, Inc., 2006).
	58.	 Riehle, F. Frequency Standards: Basics and Applications. 78–79 (2005).
	59.	 Xiong, J., Yin, L., Luo, B. & Guo, H. Analysis of excited-state faraday anomalous dispersion optical filter at 1529 nm. Opt. Express. 24, 

14925 (2016).

Acknowledgements
This work is supported by Science Fund for Distinguished Young Scholars of China (61225003), National Natural 
Science Foundation of China (91436210, 61401036, 61531003) and National Hi-Tech Research and Development 
(863) Program.



www.nature.com/scientificreports/

8SCIeNtIfIC RePortS | 7: 8995  | DOI:10.1038/s41598-017-09501-w

Author Contributions
B.L. and J.C. proposed the idea of the paper and conceived the experiment, P.C. and H.P. performed the 
experiment, P.C., S.Z., B.L., Z.C., and J.C. analyzed the results, P.C. wrote the paper, B.L., Z.C., J.C. and H.G. 
revised the manuscript, Z.C., J.C. and H.G. supervised the team. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	A Faraday laser lasing on Rb 1529 nm transition

	Results

	The performance of LESFADOF at Rb 1529 nm transition. 
	Relative intensity noise. 
	Laser linewidth. 
	Insensitivity of the frequency of the Rb 1529 nm Faraday laser to the changes of LD temperature and current. 

	Discussion

	Methods

	Excited-state 1529 nm FADOF based on electrodeless discharge lamp. 
	Experiment setup of the Faraday laser lasing on 1529 nm and measurement system. 

	Acknowledgements

	Figure 1 Schematic of the LESFADOF-based Faraday laser lasing on Rb 1529 nm transition with the testing system and relevant energy level diagram.
	Figure 2 (a) The measured absorption spectrum (red curve) and measured transmission spectrum (blue curve) of the improved LESFADOF.
	Figure 3 The two bottom colored lines refer to the electrical-domain intensity noise of the Faraday laser lasing on Rb 1529 nm transition (red curve) and signal source analyzer (pink curve).
	Figure 4 The spectrum of beat note between the Faraday laser (red triangles) and a FBGL with 10 kHz RBW and the Lorentzian fit curve (blue curve).
	Figure 5 (a) The frequency of the Faraday laser as a function of the LD temperature and LD current, the LD temperature range from 11 °C to 32 °C and LD current range from 85 mA to 171 mA, the measured frequency values center on 196022.




