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1. Introduction

Optical parametric oscillators (OPOs) are a mature technol
ogy for generating tunable coherent radiation in various spec
tral domains from the visible to terahertz [1, 2]. In particular, 
the singly resonant OPO (SRO) possesses several advantages, 
such as high power, continuous wavelength tuning capability, 
and good power stability [3, 4]. Since the laser source gener
ated by a continuous wave (cw) OPO can be applied to the 
research of quantum information processing [5, 6], it is cru
cial to investigate the excess noise of the output from SROs. 
The additional phase noise was observed in triply resonant 
OPOs based on KTiOPO4 (KTP) crystal and explained theor
etically by a thermal phonon model that considers a random 
local fluctuation in permittivity of KTP crystal [7]. However, 

investigations on the phase noise of SROs based on periodi
cally poled nonlinear crystal are rare, while the intensity noise 
has been observed in numerous experiments [8–10].

The performances of entanglements from secondharmonic 
generation or degenerate OPOs are also limited by excess 
phase noise. The phase quadrature spectrum observed con
sists of a set of narrow peaks above the shot noise level (SNL) 
[11, 12]. A likely explanation is that the guided acoustic wave 
Brillouin scattering (GAWBS) occurs within the nonlinear 
crystal [12]. The acoustic elastic modes (AEMs) of the crystal 
are excited by the thermal energy of the crystal, and the stand
ing pressure waves caused by AEMs modulate the phase of 
light throughout the crystal. In fact, the model was proposed 
initially to explain the excess phase noise for light transmit
ting through the optical fibre, where the thermal fluctuations 
of refractive index in the fibre cause the optical field to acquire 
phase noise sidebands [13, 14].

In this letter, an SRO based on periodically poled lithium 
niobate (PPLN) is constructed and noise spectra of the signal 
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from the SRO are investigated experimentally. A semiclassi
cal theoretical model of SROs including the GAWBS effect 
within the nonlinear crystal is developed to explain the phase 
noise feature of the signal. The influences of SRO parameters 
on the phase noise of the signal are discussed in detail.

2. Theoretical description

Figure 1 shows a schematic of an SRO such that only the sig
nal is resonated in the cavity; the pump doublepasses through 
the crystal and the idler is not reflected at all on the cavity 
mirrors.

In this system, the equation of motion for the signal field in 
the cavity is [15]:

τα̇2 + γ′
2α2 = 2χα0α

∗
1 + 2χα′

0α
′∗
1 +

√
2γ2α2,in +

√
2µ2β2,in,

 (1)
where αi (i  =  0, 1, 2) denote the pump, idler, and signal 
fields respectively; τ is the cavity roundtrip time; and γ2 
is the roundtrip loss parameter of the signal related to the 
output coupling transmission. µ2 is the other loss parameter 
of the signal (such as crystal absorption, surface scattering, 
and imperfections of mirrors). γ′

2 is the total loss coefficient, 
defined as γ′

2  =  γ2  +  µ2. χ is the secondorder nonlinear coef
ficient of the crystal. α2,in, α′

2,in and β2,in are the incoming sig
nal fields, associated with the input coupler, output coupler 
and the internal loss mechanism, respectively. α0 (α′

0) and α1 
(α′

1) denote the forward (backward) pump and idler fields in 
the middle of the crystal, respectively. αi(L) and α′

i (L) repre
sent the forward and backward fields at the exits of the crystal. 
L is the length of the crystal. The fields can be expressed as the 
following set of equations:
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where α0,in is the input pump field. Therefore, the classical 
and quantum fluctuation characterization can be obtained by 
the evolution of the coupled fields in equations (1) and (2) and 
using a linearized description of the fields:

αi = ᾱi + δαi. (3)

The signal power from the SRO can be calculated by taking 
α2,in  =  β2,in  =  0:

Pout = |ᾱ2,out|2 = 2γ2ᾱ
2
2, (4)

and the pump threshold can be written by:

Pth = γ′
2/4χ2. (5)

The amplitude and phase fluctuations of the fields can be 
defined by:

δXi = δαi + δα∗
i , δYi = −i(δαi − δα∗

i ). (6)

The phase fluctuation equations of motion of the signal can 
be written as:

δẎ2 = − (γ′
2 + 2µᾱ2

2)δY2 − (
√

2µᾱ0,in − µᾱ2
2)δY2

+ 2
√
µᾱ2δY0,in +

√
2γ2δYα2,in +

√
2µ2δYβ2,in,

 (7)
where µ = �ωγsh/2τ 2is defined as the two photon damping 
rate, ω is the angular frequency of the signal, γsh is the second
harmonic photon loss rate which is related to the characteris
tics of the crystal.

The phase noise spectrum can be obtained by means of a 
Fourier transform of equation  (7). To investigate the excess 
phase noise of the signal from the SRO, we extend the model 
to include the GAWBS effect within the nonlinear crystal, the 
phase fluctuation of the signal can be given by:

δY2 =
2
√
µᾱ2δY0,in +

√
2γ2δYα2,in +

√
2µ2δYβ2,in + δQG

γ′
2 + µᾱ2

2 +
√

2µᾱ0,in − i2πΩ
,

 (8)
where δQG is the fluctuation induced by GAWBS, Ω is the 
analysis frequency.

Using the input–output relation of the signal from the SRO

δY2,out =
√

2γ2δY2 − δY ′
α2,in, (9)

and assuming that the pump and incoming signal fields and 
noise of extra losses are uncorrelated and coherent with vari
ance of 1, the phase noise spectrum of the output field of the 
signal can be obtained as:

S(Ω) =
〈
|δY2,out|2

〉
= 1 − 4(σ − µᾱ2

2/γ
′
2 − VQG/γ

′
2)

(1 + µᾱ2
2/γ

′
2 + σ)

2
+Ω2

c

,

 (10)
where Ωc = Ω/γ′

2 is the normalized analysis frequency. 
σ = α0,in/αthis the pump ratio. The phase fluctuation VQG 
induced by GAWBS is given by [12]:

VQG =
√

2ηGᾱ2, (11)

where ηG = (ϕ/2 )
2 is the Brillouin scattering efficiency, and 

ϕ = 2πL
λ ∆n is the phase shift caused by the change of the 

refractive index of nonlinear crystal (Δn). Δn is induced by 
AEM that is related to the nonlinear crystal temperature and 
the modulation frequency. λ is the wavelength of the signal.

3. Experimental setup and results

The experimental setup of the SRO based on PPLN is sche
matized in figure 2. The pump source is a homemade stable 
cw singlefrequency Nd:YVO4 laser at 1.064 µm [16] with a 

Figure 1. Schematic of an SRO with only signal resonated in the 
cavity.
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maximum output of 22 W and mode hoppingfree operation. 
The SRO is a linear cavity comprising two concave mirrors 
with a curvature radius of 26 mm and a PPLN crystal. The 
input coupler has high reflectivity (R  >  99.8%) over 1.5 µm–
1.65 µm and high transmission (T  >  95%) at 1.064 µm. The 
output coupler has high reflectivity (R  >  99.9%) at 1.064 µm 
and partial transmission over 1.5 µm–1.65 µm to extract the 
signal. The host material of the couplers is BK7 glass, which 
is not transparent to light at wavelengths around 3.3 µm, so 
the idler is not extracted from the SRO in our experiment. The 
PPLN crystal, with dimensions of 30 mm (length)  ×  10 mm 
(width)  ×  1 mm (thickness) and a poling period of 29.8 µm, is 
housed in a copper oven and temperaturecontrolled by a home
made temperature controller with an accuracy of 0.004 °C.  
The SRO cavity length is set as 64 mm, and the free spectral 
range of the SRO cavity is about 1.5 GHz. The pump beam is 
focused via a lens (L1) to a spot with radius of about 49 µm at 
the center of the PPLN crystal. The mode match of the pump 
was achieved, and the mode overlap between the pump beam 
and signal mode was 0.68.

The signal power was measured using a power meter 
(LabMaxTOP, Coherent), while the longitudinal mode was 
monitored using a scanning confocal Fabry–Perot (F–P) 
interferometer. The wavelength of the signal was measured 
using a wavelength meter with a resolution of 0.1 pm (WS/6
771, HighFinesse). The signal wavelength can be tuned from  
1.56 µm to 1.59 µm when the PPLN temperature is controlled 
from 120 °C to 180 °C.

Figure 3 shows the extracted signal power versus pump 
power when the 1.8% output coupler is used and the PPLN 
temperature is controlled to 120 °C. The blue balls in figure 3 
are the experimental results. The red solid curve is the theor
etical prediction using equations (4) and (5). A pump threshold 
as low as 2.5 W was achieved, a signal with a power of 5.2 W 

was obtained at a pump power of 14.5 W, and the SRO could 
maintain singlefrequency operation over the whole pump 
range. The longterm power stability was better than  ±1% 
over a period of 2 h. As mentioned in the experimental setup, 
the host material of the couplers is BK7 glass and the idler 
around 3.3 µm was not extracted from the SRO. The estimated 
idler output power is about 2 W, no destruction of the mir
ror was observed in our experimental even if the idler is fully 
absorbed in BK7 glass.

During our experiment, a small part of the signal with 
power Pdet was used to investigate the noise of the signal from 
the SRO. A selfhomodynedetection system composed of 
HWP4, PBS2, and two photodetectors, PD2 and PD3 (ETX
300, Epitaxx), was used to measure the intensity noise of the 
signal directly. The measurement of phase noise was per
formed using the ellipse rotation method described in [17], 

Figure 2. Experimental setup of the SRO based on PPLN. HWP: halfwave plate; OI: optical isolator; PBS: polarising beam splitter; DBS: 
dichroic beam splitter; PM: power meter; SA: spectrum analyser; PD: photo detector.

Figure 3. Signal power as a function of pump power.
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with the help of an analysis cavity. The analysis cavity has 
a finesse of 105 and bandwidth of 1.4 MHz, allowing for a 
complete conversion of the phase noise to intensity noise for 
frequencies above 2 MHz. The measured noise spectra were 
recorded using a spectrum analyzer (N9010A, Agilent) with 
a resolution bandwidth of 100 kHz, a video bandwidth of 300 
Hz, and a sweep time of 1 s.

Figure 4 shows the measured intensity and phase noise 
spectra of signal relative to SNL at Pdet  =16 mW when the 
signal power was 4 W and the PPLN temperature was 130 °C.  
It can be seen that the intensity noise (the blue curve) reaches 
the SNL for frequencies above 5 MHz, which performed simi
lar feature of pump [16]. This indicates the signal intensity 
noise is mainly caused by the transferred noise from pump. 
However, a number of frequencydependent excess phase 
noise peaks exist above the SNL (the red balls) over the fre
quency range from 2 MHz to 20 MHz, which is absent in 
the phase noise of the pump [16]. The excess phase noise is 

caused by the GAWBS effect in the nonlinear crystal that will 
be discussed in the following section.

4. Discussion

To discuss the performance of the signal phase noise, the mea
sured noise spectrum (Smea) when signal power is attenuated 
to Pdet should be converted to the actual one (Sact) with the 
signal power of Pout, using the relationship [18]:

Sact =
Pout

Pdet
(Smea − 1) + 1. (12)

The theoretical prediction of the phase noise calculated 
using equation (10) is compared with the actual phase noise 
of the signal, as shown in figure 5. The red balls are the actual 
phase noise converted by the measured one in figure 4 using 
equation (12). The dashed curve is the theoretical prediction 
that considers the influence of the GAWBS effect with the 

Figure 4. Measured intensity and phase noise spectra of signal 
relative to SNL.

Figure 5. Phase noise spectra of signal relative to SNL.

Figure 6. Phase noise of signal versus signal power at different 
peak frequencies.

Figure 7. Phase noise of signal versus PPLN temperature at 
different peak frequencies.
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parameters of σ = 1.9, γ′
2 = 0.015. It can be seen that the 

phase noise of the signal oscillates depending on the analysis 
frequency, and there are phase noise peaks above the SNL at 
the peak frequencies (fpeak), such as 7.5 MHz, 11 MHz, 14.5 
MHz, and 18 MHz. The discrepancy between theory and 
experiment for frequencies below 6 MHz is due to there being 
excess intensity noise from the pump. The excess intensity 
noise of the pump can be transferred to the phase noise of the 
signal, but is not considered in our numerical simulations.

The measured and calculated signal phase noises’ depend
ences on the signal power at different fpeak values, when PPLN 
temperature was 130 °C, are shown in figure 6. It can be seen 
that the phase noise of the signal increases with increasing 
signal power. Meanwhile, we investigated the phase noise 
of the signal at different transmissions of output coupler and 
constant signal power. We found that the phase noise of the 
signal is not dependent on the transmission of the output cou
pler. This result indicates that the phase noise is irrelevant to 
the linewidth of the SRO cavity.

Figure 7 shows the PPLN temperature dependence of the 
signal phase noise at different fpeak values when the signal 
power was 3 W. We can see that the phase noise of the sig
nal decreases with decreasing PPLN temperature. The results 
indicate that the excess phase noise can be reduced using non
linear crystals with a lower work temperature, such as MgO
doped PPLN crystal.

5. Conclusions

We investigated the noise of the signal from an SRO theor
etically and experimentally. The SRO is built up based on 
PPLN and pumped by a homemade stable cw singlefrequency 
Nd:YVO4 laser. A cw singlefrequency signal at 1.5 µm is 
generated, with a maximum output power of 5.2 W. The inten
sity noise of the signal reaches the SNL for frequencies above  
5 MHz. The phase noise of the signal oscillates depending on 
the analysis frequency, and there are excess phase noise peaks 
above the SNL at the peak frequencies. The excess phase noise 
of the signal depends on the PPLN temperature and signal 
power. To explain the phase noise feature of the signal, we 
extend the semiclassical theoretical model of SROs to include 
the GAWBS effect within the nonlinear crystal. The theoretical 
predictions are in good agreement with the experimental results.
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