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Based on the below threshold parametric down-conversion process in the optical parametric oscillator (OPO), 

the simple and practical theoretical model for optimal designing a high efficiency continuous variable near-infrared vacuum 

squeezer is well established. Various limiting effects, such as optical losses, nonlinear conversion efficiency, and pump light 

absorption-induced temperature fluctuations, are taken into account to derive the geometry of the resonant cavity providing 

the optimal performance. 
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1. Introduction 

 

Squeezed light is envisioned to have many practical 

applications, including quantum networks, cryptography, 

quantum computation and gravitational wave (GW) 

detection [1-5]. Especially the squeezed light on the alkali 

metal atomic absorption line can be used in scientific 

research for the interaction between nonclassical light and 

atoms, such as quantum optical storage, generation of 

atomic ensembles entanglement and quantum metrology [6, 

7]. Compared with bright squeezed light, squeezed 

vacuum have a better nonclassical noise reduction at the 

wideband frequency range (Hz~MHz) [8, 9]. At present, 

the below threshold OPO belongs to the most successful 

approach of squeezed vacuum generation. To increase the 

sensitivity and fidelity as much as possible, it becomes 

more and more important to obtain a higher level squeezed 

light in practice [10]. In 2016, Vahlbruch et al. obtained 

quantum noise reduction of 15 dB at 1064 nm 

experimentally [11]. Nevertheless, the levels of squeezing 

corresponding to the alkali metal atoms transition lines are 

low at present. Most of the alkali atomic lines are usually 

near-infrared, and their pump beam operate in blue even 

ultraviolet regime, which are at the cutoff wavelengths of 

many nonlinear optical crystals with high absorption 

coefficient [12]. Due to the serious absorption of the pump 

beam, the near-infrared squeezed light was not satisfactory. 

In 2007, Takeno et al. observed only 9 dB of vacuum 

squeezing at 860 nm, which was close to the Cs D2 line 

[13]. In 2009, Burks et al. obtained 3 dB of squeezing at a 

measurement frequency of 50 kHz at 852 nm [14]. In these 

works, light absorption-induced thermal effects 

significantly deteriorate OPO performance including the 

conversion efficiency, cavity servo performance, and beam 

quality, so it must be taken into account in the experiments. 

Compared with the obtained squeezing at the longer 

wavelength, the generated near-infrared squeezing is 

urgently needed further improving the degree of squeezed 

light for specific physical quantity detection. So how to 

optimize a highly continuous variable near-infrared 

vacuum squeezer remains an important issue. 

At present, the technique for the near-infrared OPO 

has been developed based on the nonlinear crystals placed 

in the enhancement cavity. In order to get the satisfying 

output performance, one need carefully resonant 

cavity-designed with the bow-tie ring and the standing 

wave cavities configuration [11]. Motivated by these 

developments as well as by a variety of practical 

applications in quantum physics, in this paper we present 

an optimal design theoretical model of the efficient 

near-infrared squeezer. The analysis shows that, owing to 

the tight focusing inside the crystal, the server light 

absorption induces obvious crystal temperature fluctuation, 

which makes it impossible to lock the cavity to the 

maximum of the squeezing, and the key point for 

improving the performance is to adopt the proper waist 

focusing inside the nonlinear crystal. The cavity 

eigenmode parameters are determined, and then the 

geometric parameters of the resonator can be calculated by 

the ABCD transfer matrix theory. Thus, the appropriate 

optical path and resonator parameters of the cavity are 

selected, which can satisfy the requirement of the 

optical stability and the thermal stability. 
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2. Theory 

 

 

 

Fig. 1. Scheme used to derive the OPO squeezing spectrum 

observed in balanced homodyne detection (color online) 

 

 

The basic components of OPO and homodyne 

detection setup are shown for reference in Fig. 1. The 

configuration of OPO to be considered is as follows: A 

nonlinear crystal characterized by second order 

susceptibility  2
 is contained in the resonant cavity 

formed by the mirrors, which is highly reflective at the 

probe beam frequency. The squeezed light are generated 

by degenerate parametric down conversion in a 

subthreshold OPO and emitted into the external reservoir. 

To measure the degree of squeezing of the output field 

from OPO, one can employ a balanced homodyne 

detection system (HD). The generated noise variances of 

the squeezed and antisqueezed quadrature are given as 

follows [13-15]: 
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where
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single pass nonlinear conversion coefficient. The detection 

efficiency of the HD is given by 2
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efficiency 
2

visη  and the quantum efficiency of the 

photodiodes ηqu , where visη  represents the quality of the 

spatial mode overlapping between the signal and the local 

oscillator (LO) on the 50/50 beam splitter. ηesc is the 

escape efficiency of OPO, which is defined as 

lossesc LTT  , T is transmittance of the output coupler 

mirror, Lloss is the OPO intracavity loss. 

The main factors which restrict the performance of OPO 

are: the single pass conversion efficiency, the intracavity 

loss and the available pump power. 

The single pass conversion efficiency can be given by 

the well-known Boyd-Kleinman expression [16, 17]: 
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where b2/)( 21   ,
1 and

2 are the linear 

absorption coefficients of the probe and the bump light. 

bLC / is the focusing parameter, and kb  is the 

normalized wave-vector mismatch, which is given by 

 /22 12 kkk , 2b k  , where  and   

represent the nonlinear crystal grating period and the 

Gaussian beam waist at the crystal center, respectively. 

In the experiment process, pump light absorption 

induced any variations in crystal temperature cause the 

rotation of the squeezing angle and become a limitation to 

the measured squeezing level. The two dimensional steady 

state heat conduction equation inside the rectangular 

crystal is given by [18]: 
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where K is the thermal conductivity of the crystal, qv  is 

the pump light absorption-induced heat source density. 

When the pump Gaussian beam incident, the heat source 

density can be given by: 
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where  z is 1/e Gaussian radius of the pump beam, 

0
  represents the pump beam waist radius at the crystal 

center, the beam Rayleigh length 2

0 0 2/  z    . 

As described, OPO eigenmode parameters are 

determined, and then the geometric parameters of the 

resonator can be calculated by the ABCD transfer matrix 

theory for a Gaussian beam. For the resonant cavity 

configuration in Fig. 1, the eigenmode waist radius at the 

crystal center is given by [19]: 
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as well as the resonant cavity stable operating condition: 

12/  DAS ,             (8) 

and the ABCD matrix can be expressed as: 
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where l2 is the direct distance between the crystal and the 

concave mirror whose curvature radius is R1. From the 

equations (7- 9), it shows that one can produce the desired 

waist by selecting cavity dimensions of LC, R1, R2 (the 

concave curvature radius of crystal) and l2. 

 

 

3. Results and discussions 

 

Firstly we examine the important limitations for the 

generation of strongly squeezed states in detail. The used 

data in calculations are T=10%. 

 
 

Fig. 2. Squeezing and antisqueezing amount as a function  

of measurement frequency for different intracavity losses, 

SNL: shot noise limit (color online) 

 

 

High escape efficiency is necessary in order to 

generate stronger squeezing, which can be achieved by 

reducing the intracavity loss of OPO or increasing the 

transmittance of the output mirror. In the actual 

experimental system, however, high transmission rate is at 

the expense of much larger OPO threshold. Therefore, if 

the high squeezed degree is obtained by increasing the 

escape efficiency, the internal cavity loss of the resonator 

should be considered as much as possible. Fig. 2 shows the 

detected squeezing and antisqueezing amount as functions 

of measurement frequency for different intracavity losses, 

and ENL=2% W
-1

. From the graph, we can see that the 

influence of the internal cavity loss on the squeezing level 

is more obvious than that on the antisqueezing quantum 

noise, even small loss can lead to an obvious degradation 

of the squeezing level. With the increasement of cavity 

losses, the degree of squeezing decreases dramatically. The 

intracavity loss mainly means linear loss, including the 

imperfect crystal coating, and the light absorption and 

scattering of the mirror. So one can employ 

semi-monolithic cavity configuration with lower 

intracavity linear loss and highly controllable as well as 

stable, as shown in Fig. 1. 

Fig. 3 shows how the single pass conversion 

efficiency affects the quantum noise for various 

measurement frequencies, and Lloss=0.5%. It can be seen 

that, the single pass conversion efficiency has a similar 

effect on the squeezing and the antisqueezing degree at the 

different measurement frequencies, and the obtained 

squeezing level will change significantly as the value of 

ENL continues to increase without thermal effects. For the 

single pass conversion efficiency, from Eq. (2), it can be 
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seen that ENL is a function of the effective nonlinear optical 

coefficient deff, the crystal length LC, and the focusing of 

the probe light, i.e. , the value of the waist at the center 

of the crystal, a parameter that in turn is also determined 

by the geometry of the cavity (curvature radius of the 

mirrors and optical length of the cavity). We have shown 

ENL as a function of the beam waist radius in Fig. 4 (black 

solid line). The parameters used here are 84.11 n , 

94.12 n , 1

1 cm %1  , -1

2 cm %10 . The results show 

that the “optimal” focusing waist is 23μm, and this 

corresponds to the theoretical values of ENL=4.2 % W
-1

. 

 

 

 
 

Fig. 3. Squeezing and antisqueezing amount as a function  

of measurement frequency for different single pass 

 conversion efficiency.SNL: shot noise limit (color online) 

 

 

 

Fig. 4. Single pass conversion efficiency (black solid line) 

and temperature maximum fluctuation (red dotted line) 

versus OPO eigenmode waist radius (color online) 

 
Fig. 5. Temperature distribution within the crystal central cross 

section, OPO eigenmode waist radius is 25 μm (color online) 

 

According to Eq. (4-6), we calculate and display the 

temperature distribution situations of the crystal, the initial 

phase matching temperature of the crystal is equal to 320K. 

Fig. 5 show the temperature distributions within the crystal 

central cross section, the corresponding eigenmode waist 

radius of OPO is 25 μm. It can be seen from the figure that 

the maximum temperature fluctuation of the crystal central 

cross section increases about 35 mK. And then, we 

calculate maximum temperature fluctuation versus OPO 

eigenmode waist radius (red dotted line in Fig. 4). The 

result shows that the maximum temperature fluctuation 

changes significant with the various beam waist focusing. 

The smaller the waist radius is, the more serious the 

temperature fluctuation is. This is because the pump beam 

absorption increases with the rise of the incident pump 

light power density. On the one hand, if the crystal central 

temperature is too high, a large temperature difference will 

be formed inside the crystal, which will be harmful to the 

crystal. Fluctuation in the crystal temperature leads to a 

certain distribution of the refractive index and the crystal 

length, which results in the squeezed quadrature phase 

noise. On the other hand, the severe light 

absorption-induced thermal effects form a thermal gradient 

inside the crystal, which changes the eigenmode of OPO 

and the nonlinear conversion coefficient of crystal, and 

then results in reduction of the interference efficiency of 

HD. In sum, when the focusing waist is too tight, such as 

the “optimal” focusing waist of 23 μm mentioned above, it 

can increase the crystal thermal effect due to residual 

absorption, which will result in a lower squeezing level. 

The results tell that it is necessary to choose the proper 

cavity waist for high conversion efficiency. Based on this, 

we should choose a cavity waist of more than 45 μm at the 

center of the crystal in practice. 

At present, the favorable nonlinear crystal used in the 

experiment is usually PPKTP, due to a large nonlinear 

coefficient, absence of walk-off, and no BLIIRA. As 

determined by the ABCD matrix method for Gaussian 

beams, the crystal center waist radius is more than 45 µm. 

According to the equations (7-9), Fig. 6 shows that cavity 

eigenmode waist radius and the cavity stability varies with 
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the distance between the crystal and the concave mirror 

with different concave curvature radius R1 and R2. When 

the PPKTP crystal length is 10 mm, and the curvature 

radius R2 is 10, 15 and 20 mm, the corresponding results 

are shown in the figure. For different curvature radiusR1 of 

the plane-concave (20 mm, 25 mm, and 30 mm), we can 

get the approximately same waist radius by choosing the 

cavity length l2. The figure shows that our well-designed 

cavity always remains the stability region and the 

eigenmode waist radius will not change very much, even if 

the cavity length change a few millimeters in the actual 

operation process, which can improve the stability of the 

output. 

 

 

Fig. 6. The cavity eigenmode waist radius and stability 

varies with the length l2 (color online) 

 

4. Conclusion 

 

In conclusion, we have presented the theoretical 

optimal design model of the efficient and stable 

near-infrared squeezer resonant cavity. Firstly, in order to 

reduce the loss of OPO, one need employ a 

semi-monolithic standing wave cavity configuration with 

lower intracavity loss and fine controllability as well as 

mechanical stability. Owing to the tight focusing inside the 

crystal, the server light-absorption induces obvious crystal 

temperature fluctuation, and the key point for improving 

the performance is to adopt the proper waist focusing in 

the nonlinear crystal. The results show that one should 

utilize OPO eigenmode waist radius of more than 45 μm in 

practice. The cavity eigenmode parameters are determined, 

and then the geometric parameters of the resonator can be 

calculated by the ABCD transfer matrix theory. Thus, the 

appropriate optical path and resonator parameters of the 

cavity are selected, which satisfied the requirement 

of the optical stability and the thermal stability. 
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