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Abstract We present the strict design parameters of the experiment for the 780 nm tunable

continuous-wave second harmonic (SH) generation by the nonlinear resonator containing a

MgO doped periodically poled LiNbO3 (MgO:PPLN) crystal. Optimization of such critical

parameters, including focusing and impedance matching, more than 84% SH conversion

efficiency and 3.1 W available output power at 780 nm were obtained from the fundamental

wave at 1560 nm with two different input couplers. The thermal saturated behavior of the SH

output power has been observed in the experiment. The beam quality factor M2 of the gen-

erated SHwave is 1.04 (1.03), and the RMS power stability is 1.29% in 3 h. The SHwave was

further used to detect the D2 transitions of Rb atom, exhibiting a fine tunable characteristic.

Such laser source can be a suitable candidate in the atomic physics and quantum optics.

Keywords Second harmonic generation � 780 nm laser � Cavity-enhanced configuration �
Rubidium atoms � MOPA

1 Introduction

High power, good beam quality and frequency tunable 780 nm continuous-wave (CW)

laser has attracted huge attentions as it corresponds to the rubidium (Rb) D2 line. There are

many applications in the fields of atomic physics, spectroscopy and quantum optics. For

atom storage systems, the 780 nm laser is naturally suitable for the long-lived Rb atomic

memory (Hétet et al. 2008). If the 87Rb magneto-optical trap (MOT) is taken as the storage

medium, the high-power trapping and cooling laser at 780 nm will be helpful to achieve a
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large optical depth in quantum storage applications (Sparkes et al. 2013). Two-color

continuous variable entangled optical beams at 780 and 1560 nm can be the potential

quantum entangled sources used to the long-distance quantum communication (Chanelière

et al. 2006; Guo et al. 2012).

Recently, a great deal of effort has focused on the development of high power, good

beam quality CW sources at 780 nm. The frequency tunable Ti:sapphire laser covers a

wide wavelength range, and the output power can be achieved [1 W at 780 nm. The

commercial tapered diode lasers can also directly provide Watt-level power at 780 nm, but

the beam quality is typically poor (M2\ 1.5). Spatial filtering with a fiber can improve the

beam quality; however, it results a reduction of the output power (\500 mW).

Thanks to the rapid development of high power fiber lasers and master-oscillator power

amplifier (MOPA) laser systems at 1560 nm (Yang et al. 2013), an alternative solution to

obtain the 780 nm laser source has been provided by using nonlinear crystal v(2) effect.
Sané et al. (2012) used the fiber lasers frequency-doubled system with a periodically poled

lithium niobate (PPLN) crystal to give 11 W output power at 780 nm via a single-pass

configuration. Dingjan et al. (2006) employed the MOPA at 1560 nm to amplify pulsed

seed laser and generated a peak power up to 12 W of 780 nm laser by the single-pass

frequency doubling in the PPLN crystal.

The single-pass configuration is a simple way to give high second harmonic (SH) output

power (Sané et al.2012; Henderson et al. 2010; Chiow et al. 2012; Thompson et al. 2003;

Samanta et al. 2010; Zeil et al. 2013; Kobayashi et al. 2016), but a higher fundamental

wave (FW) input power ([5 W) is generally needed. At low pump powers (B5 W), the SH

conversion efficiency is obviously hampered by the low nonlinear gain of the nonlinear

crystal. To improve the SH conversion efficiency at low pump powers, the cavity-enhanced

configuration has been deployed (Ou et al. 1992; Khripunov et al. 2014, 2016; Wen et al.

2014; Targat et al. 2005). Feng et al. (2007) demonstrated a 670 mW CW single-frequency

laser source at 780 nm by using cavity-enhanced SH generation at the pump power of

1.28 W, and the maximum SH conversion efficiency was 58%. Hayasaka et al. (2004)

reported the frequency doubling of an extended-cavity diode laser, which generated green

laser at 540 nm of 22.8 mW from a FW input power of 44.2 mW. Hou et al. (2016)

reached a power of 742 mW laser at 780 nm through an extra-cavity frequency-doubled

system with an input power of 1.41 W, corresponding to the SH conversion efficiency of

52.6%. Jensen and Petersen (2013) presented more than 500 mW SH output power of the

diffraction limited green light by using a coupled ring cavity, and the optical conversion

efficiency exceeded 30%. Ast et al. (2011) reported a SH power of 1.05 W at 775 nm in a

nonlinear cavity, yielding a total external conversion efficiency of 95%. Eismann et al.

(2013) obtained 2.1 W intra-cavity frequency-doubled single-frequency lasers at 671 nm

with a nonlinear conversion efficiency of 88%. Li et al. (2015) used a standing-wave cavity

to reach the SH conversion efficiency of 50% with an input power of 60 mW at 1064 nm.

In our early work, the SH output power of 1.5 W at 780 nm has been realized from a

cavity-enhanced frequency doubling of 1560 nm MOPA (Ge et al. 2015); however, a

further improvement of the SH output power was limited by the cavity length design, the

linear loss and the impedance matching of the cavity. Some useful advices on improving

the SH conversion efficiency have been given in the previous papers (Ou et al. 1992; Ge

et al. 2015), but the corresponding experimental results have not yet been seen. The

purpose of our work is to extend the investigations of the cavity-enhanced SH experiment

to achieve the continuous frequency tuning and the higher output power of 780 nm laser at

low pump powers, which can be served to the physical experiment working with Rb atom.

Although the cavity-enhanced frequency doubling technique is common, the optimizations
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of such schemes are not trivial. The analyses of the optimizations of the cavity-enhanced

configuration will be helpful to the related SH experimental work.

Basically, the direct factor related to the improvement of SH conversion efficiency of

the cavity-enhanced configuration is the FW circulating power in the resonator. There are

two primary considerations. One is the mode matching of the resonator. The mode

matching can achieve the maximum overlap between the FW mode volume and the cavity

mode volume. The mode matching can be a good performance by using the lens group in

the experiment. A second is the impedance matching of the resonator. The impedance

matching will couple more FW power, which involved in the SH conversion process, into

the resonator. It means choosing the suitable transmission of the input coupler of the

resonator. Additionally, the lower linear loss is helpful to provide the higher SH conversion

efficiency. The semi-monolithic and monolithic cavity configurations were designed for

this purpose (Deng et al. 2013; Wang et al. 2016; Paschotta et al. 1994). The linear loss

includes the residual reflection of the antireflection surfaces, residual transmission of the

high-reflection cavity mirrors and the absorption of the crystal, but it do not contain the

transmission of the input coupler.

In this paper, we present the vital parameter designs of the four-mirror bow-tie ring

resonator used to the frequency doubling of 1560 nm laser. Based on the optimum designs,

we obtained a maximum SH output power of 1.96 W and 3.1 W at 780 nm with two

different input couplings (11.0% and 25.5%) of the resonator, respectively. The corre-

sponding maximum SH conversion efficiencies were 84.2 and 68.2%. The thermal induced

saturated behaviors of the SH output power have been observed in the experiment. The

beam quality factor M2 of the generated SH wave is 1.04 (1.03), and the RMS power

stability is 1.29% in 3 h. We also successfully used this 780 nm SH source to pump a

three-mirror sum-frequency generation cavity (Guo et al. 2015).

2 Experimental setup

The schematic of experimental setup is shown in Fig. 1. The CW seed light was from a

1560 nm external cavity diode laser (ECDL) in the Littman configuration (Newfous TLB-

6328). The seed light was taken as the FW after being amplified by a commercial 5-W Er-

doped fiber amplifier (EDFA). A half-wave plate was used to adjust the polarization of

FW. In order to achieve a good mode matching of the four-mirror ring resonator, instead of

single lens, the lens group was used in the experiment (L1 with a focal length of 500 mm,

L2 with a focal length of 300 mm). The resonator consisted of two plane mirrors (M1 and

M2) and two concave mirrors with a radius of 100 mm (M3 and M4), and the beam waist

of the resonator was 39 lm inside the nonlinear crystal. The cavity mirrors M2–M4 were

coated for high reflectivity at 1560 (R[ 99.8%) while M4 was high transmission at

780 nm (T = 98.0%). The cavity mirror M1 was partly transmission at 1560 nm, and there

were two optional input coupling mirrors used in our experiment (11.0 and 25.5%). To

reduce the linear loss of the resonator effectively, all the cavity mirrors were super polished

with high-quality optical film. The PZT was stuck on the M2 for scanning and stabilizing

the cavity length. The dither-locking method was used to stabilize the cavity length to the

FW resonant peak.

The nonlinear crystal was 5 mol.% MgO doped PPLN (MgO:PPLN) crystal (HC

photonics Corp.). It had the dimension of 1 9 3.4 9 25 mm3 with the quasi-phase-mat-

ched (QPM) period of K = 19.48 lm. Both facet surfaces of the MgO:PPLN crystal were
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anti-reflection coated for the FW and SH wave (R1560nm&780nm\ 0.05%). The crystal was

mounted in a homemade copper oven with a temperature stability of ±0.01 �C. The
absorption coefficients of the MgO:PPLN for both wavelengths are a1560\ 0.1%/cm and

a780\ 0.1%/cm, respectively.

The SH wave was separated from the FW by a dichromic mirror. A neutral density filter

(NDF) was utilized to take part of the SH wave, which was then used to scan the Rb atom

saturated absorption spectroscopy (SAS). The setup of the SAS scheme is shown in the

dash rounded rectangle of the Fig. 1.

3 Optimization of the experimental parameters

3.1 Optimization of the transmission of the input coupler

One key consideration to improve the SH conversion efficiency of the resonator is the

impedance matching of the resonator. For the frequency doubling cavity containing a

nonlinear crystal, it means to select the optimum transmission of the input mirror. When

the cavity is resonant with the FW, the FW intra-cavity circulating power Pc, FW input

power P1 and SH output power P2 are expressed as the following equations (Hayasaka

et al. 2004; Ou et al. 1992):

Pc

P1

¼ 4T1

ðT1 þ lþ ENLPcÞ2
ð1Þ

p2 ¼ T2ENLP
2
C ð2Þ

L2

780nmL1

PM fiber

D.M.

1560nm

ECDL

EDFA

PZT

λ/2

MgO:PPLN
M3 M4

M1 M2

Servo

OI

0° HR Rb cellNDF

λ/4 PBS

NDF

λ/2

SAS

L3

Fig. 1 The schematic diagram of the experimental setup. OI. optical isolator, PM fiber polarization
maintaining fiber, k/2 half-wave plate, k/4 quarter-wave plate, L1, L2 mode matching lens group, L3
collimating lens,M1–M4 cavity mirrors, D. M. dichroic mirror, NDF neutral densities filter. The dash line is
the electronic servo loop used to lock the cavity length
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where T1, l, ENL and T2 are the transmission of the input coupler (M1), the round-trip linear

loss at 1560 nm (excluding T1), the nonlinear conversion coefficient of MgO:PPLN and the

transmission of the output coupler (M4) at 780 nm, respectively. The nonlinear conversion

coefficient ENL is measured with a single-pass configuration by removing the input coupler

from the cavity. The detailed values are shown in Table 1. In our experiment, the FW was

emitted from the PM fiber of the EDFA. The mode matching was optimized via the PM

fiber (the scanning cavity results of the FW mode are shown in Fig. 6a), and we removed

the ‘‘matching term’’ in the reference of Hayasaka et al. (2004).

To a fixed input FW power, the different transmissions of M1 will lead to different

intra-cavity circulating power in the resonator. The optimum transmission of the input

coupler depends on the total losses of resonator including linear and nonlinear loss, and it

can be described as the following equation (Villa et al. 2007):

Topt ¼
l

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð l
2
Þ2 þ CP1

r

ð3Þ

where C includes all nonlinear losses, and it can be written as the sum of two terms:

C ¼ ENL þ a ðW�1Þ ð4Þ

where a is the absorption coefficient of nonlinear crystal in the SH process. It is a small

quantity in our experiment.

The linear loss l is the crucial parameter used to accurately calculate the optimum

transmission of resonators; however, it often brings errors by the direct measurement. In

our experiment, instead of direct measuring, we get the l = 2.54% by fitting the experi-

mental results of SH output power versus FW input power. The detailed fitting processes

are shown in Sect. 4. The dependence of the theoretical optimum transmission with the

1560 nm FW input power is shown in Fig. 2. The calculated optimum transmission is

*25.8% to the 5 W FW input power (5 W is the nominal maximum output power of the

EDFA).

Table 1 Parameters in the experiment

Parameter Symbol Value

Transmission of input coupler at 1560 nm T1 25.5% (or 11.0%)

Transmission of output coupler at 780 nm T2 99.8%

Radius of curvature of concave mirrors r 100 mm

Round-trip linear loss of FW l 2.54%

Cavity length of the resonator Ltotal *781 mm

Beam waist spot of FW xFW 39 lm

Length of the MgO:PPLN crystal lc 25 mm

Nonlinear conversion coefficient of MgO:PPLN ENL 1.2%/W

Extraordinary refractive index of FW n1560 2.14

Extraordinary refractive index of SH wave n780 2.18

Absorption coefficient of FW a1560 \0.1%/cm

Absorption coefficient of SH wave a780 \0.1%/cm

Effective nonlinear coefficient of the MgO:PPLN crystal deff 14.2 pm/V
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3.2 Optimization of the cavity length

A second key consideration to improve the SH conversion efficiency is to achieve the good

mode matching of the resonator. There are two steps to reach it. Firstly, to ensure the

efficient utilization of the coherent length of the QPM crystal, the cavity waist spot size

should be the optimum focus waist spot size. For the given cavity components of the

resonator, it means to search for an optimal cavity length design. Secondly, the FW mode

volume in the resonator should be a maximum overlap with the optimum cavity mode

volume. This step can be given a better performance by using the mode matching lens

group instead of the single lens.

The optimum focus waist spot size in the SH parametric process has been given the

detailed descriptions by Boyd and Kleinman (1968). To facilitate the narrative, the

dimensionless function h called Boyd–Kleinmann (BK) factor was introduced. If the waist

spot locates in the middle of the crystal, and the optical wave absorption of the nonlinear

crystal can be neglected, the h function will be simplified as:

h r; b; nð Þ ¼ 1

4n

Z Z

n

�n

dsds’�
exp irðs� s0Þ � b2n�1ðs� s0Þ

� �

ð1þ isÞð1� isÞ ð5Þ

There are three independent parameters in the h function: r, b and n. r = Dkb/2 is the

normalized wave vector mismatch. It can be optimized by tuning the crystal temperature in

the experiment. The phase-mismatching parameter Dk between two waves is given by

Dk ¼ 2k1 � k2 � 2p=K ð6Þ

where k1 and k2 are the wave vectors of FW and SH, respectively, and K is the grating

Fig. 2 The dependence of the optimum transmission of the input coupler with the 1560 nm FW input
power
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period of the QPM crystal. b = k1x
2 is the FW Gaussian confocal parameter, and x is the

FW waist spot. Additionally, b is the FW double refraction parameter of the crystal. There

is no walk-off effect in the QPM crystal and b is 0.

Focusing parameter is written as:

n ¼ lc=b ð7Þ

Here lc is the crystal length. It has concluded that the maximum BK factor is hmax = 1.06

when nopt = 2.84 and ropt = 0.57 (Boyd and Kleinman 1968).

The waist spot size of the resonator can be realized by optimizing cavity length of the

resonator. One clear and intuitive procedure of optimization is to plot the cavity length as a

function of the cavity waist spot.

Based on round-trip ABCD law of the resonator and the parameters (n1560, lc and r) in

Table 1, the contour plots of round-trip distance L (not contain the distance between M3

and M4) as the function of the cavity waist spot x and the distance between two concave

mirrors LM3M4 in the stable region of the resonator are shown in Fig. 3.

According to the BK theory, a higher SH power can be obtained with the optimum waist

spot xopt = 35 lm, which corresponds to hmax = 1.06. However, such small waist spot is

too sensitive to the distance between the concave mirrors M3 and M4, and it will easily

lead the resonator to be an unstable cavity (see Fig. 3). To make clear the influence of the

FW waist spot to the SH conversion efficiency, we can calculate the SH output power with

different FW waist spots of the resonator.

Based on the sum-frequency generation report ofMimoun et al. (2010), we can deduce the

dependence of the nonlinear conversion coefficient ENL with h function in the SH process:

ENL ¼ z1
4d2eff lc

ðpk780Þ2
h ð8Þ

Fig. 3 The contour plots of round-trip distance L (not contain the distance between M3 and M4) as the
function of 1560 nm laser cavity waist size x and the distance between two concave mirrors LM3M4 in the
stable region of the resonator
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where z1 ¼
32p

ffiffiffiffiffiffiffiffiffi

l0=e0
p

k21560ð
2n1560
k1560

þ n780
k780

Þ2
. The coefficients of deff, l0 and e0 are the effective nonlinear

coefficient of the MgO:PPLN crystal, the permeability of vacuum and the permittivity of

vacuum, respectively. The measured value of deff to the 5.0% mol. MgO:PPLN crystal was

14.2 pm/V (Gayer et al. 2008). If we substitute Eq. (8) into Eqs. (1) and (2), we can

calculate the dependence of the SH output power and the conversion efficiency with

different h functions (or the waist spots) at the transmission of T = 25.8%. The calculated

results are shown in Fig. 4a, b. The inset shows the details of these curves. The SH output

power and the conversion efficiency between the waist size of 39 and 35 lm are very close.

So the final cavity waist spot size we chosen was xFW * 39 lm, corresponding to the

parameters of n = 1.87 and h = 1.02. Compared with our previous work, the waist spot

size was reduced from 50 to 39 lm (Ge et al. 2015).

To the fixed waist spot size, the concave mirrors distance and the round-trip distance

should be determined by two rules. The first is to decrease the astigmatism effects of the

concave mirrors M3 and M4 of the cavity. The astigmatism effect of the concave mirrors

will reduce the SH conversion efficiency, but the small folding angle of the cavity will be

helpful to decrease the astigmatism effects of the concave mirrors. The folding angle

should be smaller as possible on the premise that the crystal temperature oven does not

block the intra-cavity laser beam. In the meantime, the total cavity length should not be too

long. Otherwise, the cavity cannot be locked easily.

The second is the stability of the cavity. Theoretically, when the value of the (A ? D)/2

is 0, it will present a good performance of stability of the cavity (A and D are the

coefficients of ABCD law). We should choose the cavity design which makes the value of

the (A ? D)/2 close to 0.

As mentioned above, the concave mirrors distance of 116 mm and the round-trip dis-

tance of 665 mm were ultimately determined, corresponding to the folding angle of 78 and
the (A ? D)/2 of -0.7211.

To achieve a good mode matching of the smaller cavity waist spot, compared with our

previous experiment (Ge et al. 2015), the focus lens group (f = 500 mm and f = 300 mm)

instead of the single lens was used. The inset of Fig. 6a shows the experimental result of

the mode matching.

Fig. 4 The dependence of the SH output power (a) and conversion efficiency (b) with different h functions
(or waist spots).The inset of (a) is the drawing of the partial enlargement
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4 SH experimental result and analysis

In order to achieve the optimum normalized wave vector mismatch (r), the temperature

tuning curve of MgO:PPLN was measured. The result is exhibited in Fig. 5. For the

purpose of preserving the focusing geometry used in the actual resonant cavity, the tem-

perature tuning curve was obtained by the same configuration as in Fig. 1 but the mirror

M1 was removed from the cavity. To avoid unwanted thermal effects, the input FW power

was fixed at 500 mW. The phase-matching temperature (PMT) measured is

TPM = 80.4 �C for MgO:PPLN with a full width at half-maximum (FWHM) bandwidth of

DT = 3.5 �C. The optimum PMT is lower than the PMT exhibited by Ge et al. (2015). The

main reason is the more severe thermal effects of the crystal induced by the smaller waist

spot used in our experiment (Targat et al. 2005; Han et al. 2014). The thermal effects led to

the heating of the MgO:PPLN crystal. As a result, the temperature of the oven had to be

lowered to compensate for the rise in crystal temperature, thus resulting in a shift of the

phase-matching peak towards lower temperatures (Kumar et al. 2009).

The oscillatory fine structure pattern at the wings was also seen in the temperature

tuning curve. The red solid line was fitted by using the h(r) function in Eq. (5) and the

formula of the dependence of the single-pass SH output power with the crystal temperature

(Boyd and Kleinman 1968), where the phase-mismatch parameter Dk was calculated by the
Sellmeier relations (Gayer et al. 2008). The fitted curve presented a good agreement with

the experimental data points (including side lobe amplitudes and positions) when the h(r)
function was used. The symmetric PMT curve profile implied the good homogeneity of the

refractive index of MgO:PPLN crystal (Guo et al. 2014). Additionally, the nonlinear

conversion coefficient of ENL = 1.2%/W was also measured with the above single-pass

configuration.

As a comparison, two different transmissions of input couplers (T1
0 = 11.0% and

T1
00 = 25.5%) were used in the resonator, respectively. The experimental results of the SH

output power and conversion efficiency with 1560 nm power are shown in Fig. 6a, b.

The transmission of the input coupler M1 of T1
0 = 11.0% was first to be taken as the

input coupler. With the optimum matching temperature of MgO:PPLN and the locked

Fig. 5 Measured (black blocks) and fitted (solid line) temperature tuning curve at xFW = 39 lm. (Color
figure online)
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cavity length, when the FW power at 1560 nm was 2.33 W, we got an output power of

1.96 W at 780 nm. The maximum SH conversion efficiency was 84.2% (blue solid dots in

Fig. 6).

Based on the SH experimental results of the input coupler T1
0 and the experimental

parameters (T1
0, T2, and ENL), we fitted the linear loss l = 2.54% by the Eqs. (1) and (2).

With the above parameters (l, P1, and ENL), the optimum transmission of Topt * 25.8% at

the FW power of 5 W was calculated by the Eqs. (3) and (4).

Then a second input coupler with transmission of T1
00 = 25.5% at 1560 nm was used.

Under the identical experimental conditions, we got the maximum SH output power of

3.1 W with the FW input power of 4.6 W, corresponding to a conversion efficiency of

68.2% (wine solid squares in Fig. 6).

The solid lines in Fig. 6 are the calculated curves, which are plotted by the parameters

(ENL, l) and the Eqs. (1) and (2). Theoretically, it should be a higher SH conversion

efficiency of the resonator with T1
00 = 25.5% compared with T1

0 = 11.0% at 5 W FW

input power level (see the solid line in Fig. 6b). However, the experimental result pre-

sented the conflicting results compared with the calculation. The differences between the

theoretical and experimental results were mainly caused by the combined effects of the

thermal effects of the crystal and the impedance mismatching of the cavity. Compared with

the other SH experiments (Hayasaka et al. 2004; Targat et al. 2005; Villa et al. 2007; Feng

et al. 2007), the FW input power is higher in our experiment, and the intra-cavity circu-

lating power is even higher. Additionally, the waist spot size was further decreased from 50

to 39 lm in our experiment compared with our previous experiment (Ge et al. 2015). The

higher intra-cavity circulating power and the smaller waist spot will both bring severe

thermal effects to the crystal. As shown in Fig. 6a, the obvious saturated behaviors of the

SH output power exhibited by the two transmissions of the input couplers in the

experiment.

The thermal effects will induce the inhomogeneous temperature distribution of the

crystal and the shift of the FW focal position (no longer located in the middle of the

crystal). These two changes can have detrimental effects on QPM frequency doubling. It is

equivalent to the reduction of the nonlinear conversion efficiency ENL (lower than we

measured by single-pass configuration in the experiment). The final result is the decreasing

of the SH conversion efficiency.

Fig. 6 The SH output power (a) and SH conversion efficiency (b) versus the mode-matched FW power
with input couplings of 11.0% (blue solid dots) and 25.5% (wine solid squares), respectively. The inset of
(a) is the mode matching result of FW in the scanning cavity. (Color figure online)
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In order to provide a more clear understanding of the thermal effects, we measured the

dependence of intra-cavity circulating power of those two input couplers (T1
0 = 11.0% and

T1
00 = 25.5%) with the FW input power, respectively. The circulating power in the res-

onator can be monitored by the power leaking through the cavity mirrors M3 (the

reflectivity of M3 is known). The experimental result is given in Fig. 7.

Based on the above experimental results, we can find that the same intra-cavity cir-

culating power (*13 W) of two transmissions appeared at the FW input power of

*2.5 W. The obvious saturated SH output power of the resonator with T1
0 = 11.0% was

also observed near this FW power value (see Fig. 6a). It means that the resonator has

already suffered severe thermal effects from this FW input power value.

The maximum SH output power and conversion efficiency with two transmissions are

different in different FW input power regions. When the FW input power is lower than

2.5 W, the circulating power of the resonator with T1
0 = 11.0% is higher. It presented the

higher SH conversion efficiency and output power of the resonator with T1
0 = 11.0%

compared with T1
00 = 25.5%. With the sustained increase of the FW power, the SH output

power of the resonator with T1
0 = 11.0% is saturated rapidly due to the thermal effects.

When the FW input power is higher than 2.5 W, the circulating power of the resonator with

T1
00 = 25.5% is becoming higher. Due to the more and more severe thermal effects, the SH

conversion efficiency of the resonator with T1
00 = 25.5% is getting lower and lower than

the theoretical predictions.

In the meantime, one should note that the saturated behaviors of the SH power are also

affected by the impedance mismatching of the cavity. For the transmission lower than the

optimum transmission, where the transmission is undercoupled, the output power decreases

much faster than it does in the overcoupled region, where the transmission is higher than

the optimum transmission (Kaneda and Kubota 1997). According to the calculated result in

Fig. 2, the optimum transmission is 18% at the FW power of 2.5 W (This FW power can

be called the corresponding impedance matching power of 18%). So the transmission of

T1
0 = 11.0% is undercoupled. Combined with the thermal effects, the SH output power

corresponding to T1
0 = 11.0% is rapidly saturated at the FW power of *2.5 W; However,

Fig. 7 The dependence of the circulating power of different transmissions of the input couplers with the
1560 nm FW input power
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to the transmission of T1
00 = 25.5%, it is overcoupled at the power of 2.5 W. Combined

with the thermal effects, the SH output power is gradually saturated when the FW input

power is higher than 2.5 W. And it is rapidly saturated when the FW input power is close

to the corresponding impedance matching power of *4.8 W of the T1
00 = 25.5%. The

impedance matching power of the T1
00 = 25.5% can be seen in Fig. 2.

5 Characterization of the SH wave

In a real application, it is an important consideration of SH power stability. The dither-

locking method was used to lock the resonator, and a modulation frequency of 13 kHz was

applied to the PZT. We monitored the power stability of 780 nm laser by a photo-detector

(PED 801-LN, bandwidth 1 MHz). The typical RMS fluctuation of 780 nm output power

was 1.29% in 3 h, as seen in Fig. 8. This slight fluctuation of the power is attributed to the

slow variation of the FW power and the crystal temperature fluctuation induced by the

thermal effects. The power noise of the SH laser can be further suppressed with a mode

cleaner (Feng et al. 2008). The longtime SH power stability of the cavity was demon-

strated, and it showed the reliability of the dither-locking method.

Continuous frequency tuning is a basic need in many applications (Truong et al. 2013;

Baumann et al. 2013; Guo et al. 2013). The SH wave can be frequency tuned by using the

PZT that mounted on the mirror M2. When the resonator was locked by the dither-locking

method, the SH frequency tuning will follow a slow scanning of the seed ECDL frequency

(\0.1 Hz). Taking naturally abundant Rb vapor cell as the frequency ruler, we obtained the

saturation absorption spectroscopy (SAS) of 87Rb atom D2 transition line with the fre-

quency tuning SH laser. The Fig. 9 is a sample scan over the full Doppler-broadened 87Rb

D2 line. The hyperfine structure of ground-state 5S1/2(Fg = 2) to excited state 5P3/2
(Fe = 1, 2, 3) is clearly recognizable. Based on the hyperfine splitting frequency interval,

we can infer that 780 nm laser’s tunable frequency range is over 2.1 GHz. The further

improving of the frequency tuning range is limited by the max on-load voltage of the PZT

of the resonator, while the ECDL can be tuned over a 30 GHz range in principle.

Fig. 8 The measured power stability of 780 nm laser. The typical RMS fluctuation is 1.29% in 3 h
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The generated 780 nm laser beam quality was measured by a ‘‘knife edge’’ method. We

measured both X and Y axes of the laser. The M2 factor is 1.04 and 1.03 for the X and Y

axis after being fitted, respectively. The result is shown in Fig. 10.

6 Conclusions

In conclusion, we presented the designs and the performances of a cavity-enhanced fre-

quency-doubled laser source at low pump powers. From two primary considerations of the

mode matching and impedance matching, we took a set of optimization measures including

Fig. 9 The SAS of 87Rb atoms by scanning the 780 nm laser frequency. (a), Fg = 2–Fe = 1; (b), Fg = 2–
Fe = 1, 2; (c), Fg = 2–Fe = 2; (d), Fg = 2–Fe = 1, 3; (e), Fg = 2–Fe = 2, 3; (f), Fg = 2–Fe = 3

Fig. 10 Beam quality M2 factor of 780 nm laser for both X and Y axes. The black solid squares and blue
solid triangles are for X axis and Y axis, respectively. The solid lines are the fittings for the both axes.
(Color figure online)
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the reasonable choice of the cavity waist spot size, the cavity length, the specific distance

of the cavity mirrors, the transmission of the input coupler and the using of lens group

instead of single lens. Such optimization measures can be helpful to improve the SH power

in the cavity-enhanced frequency doubling experiment. The thermal saturated behaviors of

the SH output power were both observed with two different transmissions of the input

couplers in the experiment. The phenomenon is caused by the combined effects of the

thermal effects of the crystal and the impedance mismatching of the resonator. To be

convenient to the analysis of the phenomenon, we measured the intra-cavity circulating

power of the resonator with these two different transmissions, respectively. The PMT of

the MgO:PPLN crystal was fitted by the h function, and the fittings agreed with the

experimental data well. When the dither-locking method was used to lock the cavity, the

SH wave exhibited the longtime power stability. This method saved the cost of the electro-

optic modulator compared with the side-band locking method (Ge et al. 2015). The SH

source presented here, with the longtime power stability and the continuous frequency

tuning characteristic, can be a potential application in the high-precision atomic spec-

troscopy and the quantum information process.
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