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Abstract

:

A single-frequency narrow linewidth green laser at 510 nm is a vital component for the study of Cesium Rydberg atoms. Here, we demonstrate a 510 nm laser based on single-pass second-harmonic generation (SHG) and sum-frequency generation (SFG) via waveguide Periodically Poled Lithium Niobate (PPLN) seeded with a common C-band laser (1530 nm). The final linewidth measured using the delayed self-heterodyne method reaches a narrow linewidth of 4.8 kHz. And, the optical-to-optical conversion efficiency is up to 13.1% and reaches an output power up to 200 mW.
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1. Introduction


Narrow linewidth green light lasers are widely used in atomic sensing, atomic cooling, medical diagnostics, and underwater acoustic detection, etc. [1,2,3,4]. Currently, the green lasers are primarily produced by dye lasers and argon ion lasers. And, they could also be produced by solid-state lasers such as Nd: YAG near the 1 µm through second harmonic generation [5]. The laser of wavelength near 510 nm is resonant to the hyperfine transitions of       P   2 / 3       F   ′   → = 5   → n D   n = 39 − 55              6     in cesium atoms, which can be used to produce cesium Rydberg atoms. Ultra-narrow linewidth lasers are of great significance in atomic sensing. Meanwhile, it is noteworthy that there is now experimental evidence of the fact that a 510 nm pump source is more efficient than the 532 nm green light pump source currently used in Titanium Sapphire lasers [5]. Lasers operating around 510 nm are concluded in Table 1. It can be seen from the table that GaN based external cavity diode lasers (ECDL) can directly radiate at 510 nm with excellent power performance, but these lasers have a wide linewidth with a few nm [6]. Compared with the ECDL, micro-ring SiN waveguide lasers can achieve an excellent linewidth performance (<100 kHz) [7]. The lack of GaN-based optical amplifiers makes it difficult to obtain both narrow linewidth and high power in direct-radiation 510 nm lasers. With the development of nonlinear optical technology, especially the development of waveguide Periodically Poled Lithium Niobate (PPLN) manufacturing technology, the efficiency of nonlinear optical processes such as SHG and SFG have been greatly improved. This improvement enables us to utilize the more mature narrow linewidth lasers more effectively in the near-infrared band to generate the green light. Qian et al. demonstrated the generation of a 509 nm green light source through bulk PPLN frequency doubling, using a 1018 nm narrow linewidth external cavity laser. They achieved linewidths of less than 50 kHz and obtained a power up to the Watt level, and the SHG conversion efficiency is 20% [8]. Philippe et al. realized the conversion efficiencies up to 36% using SHG and SFG [9]. Hence, using nonlinear optical conversion is easy to obtain the narrow linewidth and high efficiency laser at 510 nm. Lu et al. also reported a kind of self-frequency-doubling (SFD) crystal combing the processes of fundamental production and second harmonic generation, with prospects of high-power applications [10].



In this paper, we present a 200 mW narrow linewidth laser at 510 nm for the study of Cs Rydberg atoms. To achieve this, we have established an ultra-narrow linewidth laser operating in the telecom band (1530 nm) as the seed source. An erbium-doped fiber amplifier is used to amplify the power to 1.5 W. The laser acquired is subsequently transmitted through two waveguide PPLNs for SHG and SFG, resulting in an optical-to-optical conversion efficiency of up to 13.1% using single-pass configuration and final laser linewidth of 4.8 kHz.




2. Methods and Experiments


The schematic diagram of the laser system is shown in Figure 1. The laser system can be divided into three parts: the narrow linewidth fundamental light source, the fiber amplifier, and the fiber coupled cascade waveguide PPLNs.



Firstly, we built a 1530 nm narrow linewidth fundamental light source. The linewidth of the narrow fundamental light source is very important which determines the whole system’s linewidth level. To achieve an ultra-narrow linewidth, the Stimulate Brillouin Scattering (SBS) technology are used to compress the linewidth of the laser [12,13,14,15]. A narrow linewidth semiconductor laser is amplified as the pump light to stimulate Brillouin scattering. The linewidth broadening stem from quantum noise and intensity coupling noise can be eliminated to obtain an ultra-narrow linewidth.



The narrow linewidth fundamental light source is built with three parts as shown in Figure 1. A homemade volume Bragg grating (VBG)-based ECDL is amplified as the pump of the Brillouin fiber loop.



Figure 2 shows the configuration of the VBG-based ECDL. Single-angled-facet (SAF) gain chips are favorable as gain media for external-cavity lasers due to their broadband and intrinsically extremely low facet reflectivity. An anti-reflective (AR) coating is coated on the angled facet to decrease the back reflectivity to approximately 0.01%, and the reflectivity of another facet with high-reflective (HR) is approximately 99%. The external cavity of the ECDL is a VBG with a bandwidth of 0.1 nm and a reflectivity of about 50%.



The linewidth of external cavity laser is


    Δ ν   c   =   c   2 π   L   e f f   n     − l n    R   e f f       



(1)






  Δ ν =   π h   ν   m     n   s p         Δ ν   c       2     1 +   α   2         P   m      



(2)




where   h   ν   m     is the mode photon energy,     Δ ν   c     is the cavity bandwidth,     P   m     is the power of the mode,     n   s p     is the number of spontaneous photons in the mode which tend to be one above the threshold. The combined reflectivity of the cavity mirrors is     R   e f f   =   R   1   ·   R   2    , where     R   1     is the reflectivity of the front facets of the gain chip and     R   2     is the reflectivity of the external mirror.



The output of the ECDL is 16.4 mW at 150 mA. The SAF gain chip and VBG’s length is about 1 mm and the air area in ECDL is about 7.5 mm. Thus, the theoretical linewidth of the ECDL is about 72 kHz which approaches the measured linewidth of 60.7 kHz.



The Brillouin fiber loop is established with a fiber circulator and a high nonlinear fiber (HNF) of about 10 m as the Brillouin resonance cavity. Since the stimulated Brillouin scattering is sensitive to the polarization state of the laser, a polarization controller is installed in the fiber loop. The output laser linewidth compression formula is modified as [15]


    Δ ν   s   =     Δ ν   p   + ε   Δ ν   B         1 +     τ   p       τ   a         2      



(3)






    τ   p   =   n L   c   α L − l n   R   m        



(4)






    τ   a   =   1   π   Δ ν   B      



(5)




where     Δ ν   s     is the linewidth of the output stokes,     Δ ν   B     is the intrinsic bandwidth of the SBS gain spectrum, ε is a fitting constant,     τ   p     is the photon lifetime, and     τ   a     is the phonon lifetime.   ε   Δ ν   B     represents the linewidth compression limitation with the SBS fiber ring cavity.     R   m     is the output coupling ratio, and   α   is the intrinsic loss in the ring cavity. Usually, the value of the photon lifetime is much larger than that of the phonon lifetime in the ring cavity. So, the SBS have great potentials to compress the linewidth.



In this work, the threshold power of the SBS pump power is about 100 mW, and the output stokes power can reach 9.7 mW when the output of the first fiber amplifier is about 150 mW. The overall cavity loss is about 3 dB, and the output coupling ratio is 95:5.



The typical value of     τ   a     is about 2 ns. And, calculated from the parameters of the ring cavity, the     τ   p     is about 942 ns. So, the linewidth of SBS output lasers can be narrowed for about 104 times from the Brillouin pump laser.



Then, an Erbium-doped Optical Fiber Amplifier (EDFA) module is used to amplify the power from the output SBS laser. The maximum amplified power is 1.5 W. As shown in Figure 1, the amplified light then passes through the fiber coupled cascade waveguide PPLNs. The PPLN1 is designed for SHG to obtain 765 nm light. Then, the 765 nm light and the residual 1530 nm pass through the PPLN2 designed for SFG to generate 510 nm light. The cascade PPLNs are fabricated by HC Photonics. The maximum nonlinear coefficient (d33) is utilized with the quasi-phase matching (QPM) method of e + e → e.




3. Results and Analysis


3.1. Optical Spectrum


The spectrums of the VBG-based ECDL and SBS output are measured using a optical spectrum analyzer (Yokogawa, AQ6370D, Tokyo, Japan) and are plotted in Figure 3a. The central wavelength of the VBG-based ECDL is 1529.602 nm and the side-mode suppression ratio (SMSR) is about 60 dB. The central wavelength of the SBS output is 1529.674 nm, and the SMSR is about 70 dB. The SBS shift frequency is about 72 pm. The resolution of the spectrum analyzer is 0.02 nm.



The spectrum of the green light is measured using a CCD-array spectrum analyzer with a grating of 600 lines/mm. The resolution of the spectrum analyzer is 0.3 nm in the range of the green light. And, the spectrum plotted in Figure 3b shows the central wavelength of the green light which is 509.6 nm. To measure the linewidth accurately, the delayed self-heterodyne technology has been applied to measure the linewidth in Section 3.2.




3.2. The Linewidth Measurement


The linewidth of the laser obtained using SBS is around a hundredth Hz level. The traditional delayed self-heterodyne laser linewidth measurement method [16] is wildly used in the measurement of narrow linewidth lasers. The configuration of the method is shown in Figure 4. Meanwhile, the length of the time-delay fiber needed to de-coherent a hundredth Hz level narrow linewidth laser is more than 300 km (    τ > 6 τ   c    ). Such a long time-delay fiber indicates the existence of a great optical loss and the expansion of the linewidth by the impact of 1/f noise. Therefore, a short-fiber delayed self-heterodyne laser linewidth measurement method is used in this work. The linewidth can be solved using the relationship between the coherent envelopes obtained from the power spectral density (PSD) of the beat signal [17,18,19,20,21].



In this work, the laser’s linewidth is estimated using the following equation [22]:


      Δ ν =   16 Δ   f   0     9 π     10   −   ∆ S − 0.204   10          



(6)




where 0.204 is the system error constant. f0 is the frequency difference between the minimum point of the first-order and the center frequency, and ΔS is the power difference between the first-order maximum point and the minimum point.



The linewidth of the fundamental light is an important factor that affects the conversion efficiency and determines the linewidth of the frequency-tripled laser. The linewidth of 1530 nm narrow linewidth fundamental light source has been tested using the method above. And, a 20 km time-delay fiber was used. As shown in the Figure 5, Δf0 = 8.89 kHz and ΔS = 10.65 dB, so the linewidth of the seed laser is calculated at about 460 Hz.



The instantaneous frequency fluctuation power spectral density (PSD) and the linewidth for different integration bandwidths of the narrow linewidth fundamental light source are shown in Figure 6. This measurement is conducted using 120° phase difference interferometer technology based on an unbalanced Michelson interferometer [23]. The green line in Figure 6 is the β line, dividing the curve of PSD into two regions which have different effects on the laser’s line shape. The part above the beta-line is the 1/f noise domain, which makes the spectrum tend to form the Gaussian shape; the part below the beta-line is the white noise domain, which make the spectrum tend to form the Lorentz shape. The minimum linewidth of the source can be calculated using πh0, and h0 is the frequency fluctuation PSD value at white noise level, which is shown by the brown dotted line in Figure 6. The h0 is 123 Hz2/Hz, the linewidth of the source is calculated about 400 Hz. The result matches with the linewidth measured using the short-fiber delayed self-heterodyne method.



Next, the linewidth of the output 510 nm light is also tested. After tripling the frequency of the seed laser, the linewidth increases threefold from its original value in ideal conditions. So, the optimal linewidth of the output 510 nm light is about 1.2 kHz. A short-fiber delayed self-heterodyne method is also used to measure the linewidth of the output 510 nm light.



However, during the actual test, the output power of the 510 nm light is not enough. So, the coherent envelope of the beat note signal is submerged under the noise level of the electronic spectrum analyzer [24]. The time-delay fiber is 1 km in this test. The experimentally obtained PSD is plotted with the blue line in Figure 7. We can obtain Δf0 = 204.4 kHz, ΔS = 14.0 dB from the curve, which gives a calculated linewidth of around 4.8 kHz for the output 510 nm light. And, the black line represents the ideal curve calculated by the linewidth and the length of the time-delay fiber. The orange line in Figure 7 shows the noise floor of the ESA. As we can see, the first and the second envelopes fit well; the envelopes away from the central frequency are influenced by the noise of the ESA. The noise does not submerge the first and the second envelop. So, the linewidth we calculated is reliable, as we only use data from the first and second envelop.



The ideal linewidth is 1.2 kHz, but it is eventually widened to 4.8 kHz. So, both the fiber amplifier and nonlinear optical processes can cause the noise that broadens the linewidth broadening. The pump energy fluctuation of a single-frequency fiber laser is an important source of frequency noise, and an analytical expression for the frequency noise fluctuation has been proven [25]. It has been demonstrated that ASE also plays a significant role in increasing the linewidth in fiber amplifiers. Both the SHG and SFG are optical parametric processes, during which the nonlinear medium atom always remains in its original state and there is no phase noise due to spontaneous radiation in the optical parametric process, but mainly the introduction of several ‘technological noises’ leads to an increase in the level of noise. The noise in nonlinear crystal has been analyzed in some works [26,27].




3.3. The Relative Intensity Noise (RIN) Measuremant


Laser noise is also an important parameter for single-frequency laser. The RIN of the narrow linewidth fundamental light source has been measured and plotted in Figure 8. The measurement is completed by OE4000. The RIN form the range of 1 Hz to 100 MHz has been measured. The curve of the RIN measurement indicated an influence of the 1/f noise in the low-frequency domain. For frequencies at 10 kHz, the RIN is less than −100 dBc/Hz. From 10 kHz to 100 MHz, the RIN decreases from −100 dBc/Hz to −160 dBc/Hz. In the range of more than 1 MHz the white noise is dominant.




3.4. The Nonlinear Optical Conversion


The relationship between the pump power and the 510 nm laser power is shown in Figure 9a. The pump power refers to the 1530 nm light’s power input to the fiber coupled cascade waveguide PPLNs. The 510 nm laser reaches up to 200 mW at maximum pump power of 1.5 W. The conversion efficiency of the SHG and SFG increases linearly, while the pump power increases and the maximum efficiency reaches 13.1%. The relationship between the pump power and the optimal phase matching temperature of SFG is shown in Figure 9b. Due to the heating effect of the pump light on the SFG waveguide, the optimal phase temperature of the SFG waveguide decreases with the increase in the pump power. As the pump power increases, the ratio of the power of the residual 1530 nm light and 765 nm light changes. So, the optimal phase matching temperature of SFG has also changed. The optimal phase-matching temperature of SHG is 48.7 and does not change as the pump power increases.



Figure 10 shows the dependence of the generated green power to the temperature fluctuation of both PPLN1 and PPLN2 waveguides. Each curve is fitted with the sinc2 function. As illustrated in Figure 10a, the curve of the Sinc2 fitting has a full width at the half maximum (FWHM) bandwidth of ΔT = 8.85 °C at the optimal SFG phase-matching temperature of 28.6 °C. As illustrated in Figure 10b, the curve of the Sinc2 fitting has a FWHM bandwidth of ΔT = 2.00 °C at the optimal SHG phase-matching temperature of 48.7 °C. The experimental data fit the theoretical sinc2 shape well and show strong symmetry.



In the future, we plan to optimize the temperature-dependence of the nonlinear conversion. As showed in Figure 10, the efficiency of the nonlinear conversion is sensitive to the temperature. To realize the optimal conversion efficiency, rigorous temperature control is necessary. And, the sensitivity also decreases the stability of the laser system. The poled lithium niobates with chirped QPM gratings have potential to solve the problem. Tehranchi et al. have proposed an effective apodization technique to broaden and flatten the wavelength conversion bandwidth by utilizing the QPM step-chirped grating in PPLNs [28]. The efficiency curve can be flattened with the ripples being reduced by less than 0.1 dB, and the band can be broadened to tens of nm. Applying the chirped grating in PPLNs can reduce the demand of temperature control and broaden the wavelength range.





4. Conclusions


We have developed a single-frequency green laser at 510 nm, and its linewidth and noise characteristics are ideal for the study of cesium Rydberg atoms. It is based on a ultra-narrow linewidth and low noise seed source and single-pass cascade waveguide PPLNs. An up to 200 mW 510 nm green laser has been produced and the optical–optical conversion efficiency from 1530 nm reaches 13.1%. And, the laser has an ultra-narrow linewidth of less than 5 kHz.
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Figure 1. Schematic diagram of the laser system configuration. C1 (circulator 1), HNF (High Nonlinear Fiber), PC1 (polarization controller 1), OC1(optical coupler 1). 
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Figure 2. Configuration of the VBG-based ECDL. FL (focusing lens), VBG (volume Bragg grating), ISO (Faraday isolator), CL (collimating lens). 
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Figure 3. (a) The spectrum of the VBG-based ECDL and the SBS output. (b) The spectrum of the 510 nm laser. 
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Figure 4. Schematic diagram of the delayed self-heterodyne method configuration. Optical Isolator (ISO), coupler 1 (C1), acousto-optic modulators (AOM), coupler 2 (C2), photodetector (PD), electronical spectrum analyzer (ESA). 
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Figure 5. Plot of the PSD obtained using short-fiber delayed self-heterodyne laser linewidth measurement method using a 20 km delayed fiber. 
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Figure 6. PSD of instantaneous frequency fluctuation of the narrow linewidth fundamental light source and laser linewidth as a function of frequency. 
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Figure 7. Plots of the experimental and simulated PSD function using a 1 km long time-delay fiber. 
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Figure 8. Relative intensity noise spectral of the 1530 nm seed source. 
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Figure 9. (a) The blue line indicates the variation of 510 nm power with pump power, and the red line indicates the variation of optical–optical conversion efficiency with pump power. (b) The variation of SFG temperature with pumping power. 
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Figure 10. (a) Sensitivity of the 510 nm power to the SHG temperature variation. The blue dots indicate the experiment data; the red line indicate the fit of sinc2 function. (b) Sensitivity of the 510 nm power to the SFG temperature variation. The blue dots indicate the experimental data; the red line indicate the fit of sinc2 function. 
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Table 1. Lasers around 510 nm.






Table 1. Lasers around 510 nm.





	Work
	Laser Type
	Wavelength (Turning Range)
	Power
	Efficiency
	Linewidth





	Qian et al. [8]
	SHG
	509 nm (~)
	2 W
	20%
	~40 kHz



	Philippe et al. [9]
	SHG + SFG
	514 nm (~)
	290 mW
	36%
	~



	Lu et al. [10]
	SFD
	513 nm (~)
	6.2 W
	30%
	~



	Chi et al. [6]
	ECDL
	515 nm (9.2 nm)
	480 mW
	~
	~0.5 nm



	Mateus et al. [7]
	micro-ring
	520 nm (6.0 nm)
	10.75 mW
	~
	26 kHz



	Chen et al. [11]
	injection-lock
	519 nm (~)
	60 mW
	~
	6.5 MHz



	Tawfieq et al. [5]
	SFG
	509 nm (~)
	1.7 W
	12.1%
	~



	This work
	SHG + SFG
	510 nm (9 pm)
	200 mW
	13.3%
	4.8 kHz
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