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A B S T R A C T

A doubly resonant sum frequency mixing laser at 636 nm with a maximum output power of 637 mW
is demonstrated. The conversion efficiency of signal laser reaches 93% by optimizing the sum frequency
mixing setup. Based on this high conversion efficiency, we realize the intensity noise self-suppression effect.
Experimental results show that even the power fluctuation of pump power was modulated up to 7.8%, the
power stability of 636 nm laser kept under 0.6% The simulation results based on the exact solution of the
coupled wave equations and cavity enhancement theory can explain the reason and property of the intensity
noise self-suppression. Our results may find potential applications in the frequency conversion of the quantum
squeezed states, imaging and cold atom physics.

1. Introduction

Sum frequency mixing (SFM) technology plays an important role
in varieties of applications, e.g. laser generation with new wavelength,
highly efficient single photon detection, long distance quantum keys
distribution, quantum enhancements of spectroscopy, frequency con-
version of the quantum squeezed states, imaging, and artificial bea-
con [1–8]. In these applications, low intensity noise is highly desirable
under different conditions.

Active and positive methods have been massively investigated to
suppress the laser intensity noise in different types of lasers [9–14].
Generally, the intensity noises of the SFM laser are partly resulted from
the fundamental lasers. Thus, suppressing the intensity noise of the
fundamental lasers is necessary. Apart from this, the thermal effect is
another main problem. For a single passing SFM setup, thermal effects
in the nonlinear crystal will lead to deteriorated overlapping between
the two fundamental lasers and variation of the focus parameters,
so that both the single pass conversion efficiency of the fundamental
lasers and the output laser power will fluctuate. For the external cavity
enhanced SFM, including the singly and doubly wavelength resonating
schemes, besides the deteriorated overlapping and variation of the
focus parameters, the coupling efficiency is also affected by the thermal
effects. Therefore, the intra-cavity fundamental laser intensity and the
total conversion efficiency will be unstable. Although a Peltier and a
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well-designed oven could be helpful to reduce the heat in nonlinear
crystal, the inhomogeneous thermal effects cannot be eliminated thor-
oughly [15–17]. Meanwhile, frequency locking stability also affects the
power stability of SFM laser. However, frequency locking cannot sweep
the power fluctuation induced by the thermal effects.

Fortunately, in a cavity enhanced SFM setup, the SFM output power
will be insensitive to the fundamental laser power when one of the
fundamental lasers gets the maximum conversion efficiency [18]. No
active feedback system is needed to suppress the SFM laser fluctuation
in this scheme. Therefore, the SFM laser intensity noise is suppressed
by the SFM setup itself, which is called intensity self-suppression in this
manuscript. However, it is not easy to realize the near-unit conversion
efficiency of a fundamental laser with hundred-milli-watt power levels.
In 2004, Marius A. Albota and Franco N. C. Wong reported a high
efficiency SFM with single photon level signal laser whose conversion
efficiency was 93% based on singly resonant SFM [19]. Some other
researchers also reported high efficiency SFM, but the input signal
powers were several milli-watts [20–22]. Doubly resonant SFM could
furtherly improve the conversion efficiency of the fundamental lasers,
and even a low efficient nonlinear crystal could be applied to generate
SFM laser [18]. An over 100 μW continuous-wave ultraviolet radiation
at 370 nm was generated in a lithium iodate crystal and one of the
fundamental lasers only owned 8 mW output power [23]. When the
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powers of fundamental lasers are in the same level e.g. hundreds of
milli-watts, the near-unit conversion efficiency is difficult to reach.
In 1998, Joseph D. Vance, etc, reported a 400 mW 589 nm laser
with optical conversion efficiency of 60% [24]. In 2003, the Air Force
Research Laboratory developed a 20 W sodium beacon laser at 589 nm
by mixing two high power injection-locked Nd:YAG lasers, and the
conversion efficiency of the 1319 nm fundamental laser was 57% [7].
Although they improve the output power of 589 nm laser to 50 W
2 years later, the conversion efficiency decreased to 37% [25]. In
2008, Emmanuel Mimoun, etc. reported a 589 nm laser based on
SFM [26]. The output power of 589 nm laser was near 800 mW, and
the conversion efficiency of the 1319 nm fundamental laser was 90%.
In this paper, the small signal approximation was applied to design
the SFM setup, which was not precise to describe the high efficiency
doubly resonant SFM scheme. In 2019, Dismas K. Choge, etc. reported
a maximum orange laser output power of 129 mW corresponding the
conversion efficiency of 65% [27]. In order to realize a high conversion
efficiency of a high-power fundamental laser, the main parameters of
an SFM setup should be carefully optimized.

In this manuscript, we construct a low intensity noise 636 nm laser
with a maximum output power of 637 mW based on highly efficient
doubly resonant SFM. The conversion efficiency of input signal laser
reaches 93% with input power of 275 mW. Based on the high stability
frequency locking and mainly the high efficiency SFM, the intensity
noise of SFM laser is suppressed. The long-term output power stability
and short-term output laser intensity noise are both measured in the
experiment. The results indicate, under this high conversion efficiency,
we realize the intensity noise self-suppression effect. Even with the
power fluctuation of pump power being modulated up to 7.8%, the
power stability of 636 nm laser keeps to 0.6%. A theoretical simulation
based on the coupled wave equations and cavity enhancement theory
is applied to explain the intensity noise self-suppression.

2. Theoretical model of high power SFM laser

When the conversion efficiency of both the fundamental lasers are
too high to ignore, the exact solution of the coupled wave equations
should be considered. To get the exact solution, the traditional coupled
wave equations could be transformed to [18,28–30]
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In these equations, the variables are defined as
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in which, 𝜌 is the amplitude of the electric fields without phase, n is
the refraction index of the nonlinear crystal, 𝜆 is the wavelength of the
three waves, and the subscript 𝑖 = 1, 2, 3 refer to the pump, signal and
SFM, respectively. 𝑢𝑖 is a new electric amplitude of the three waves. 𝜍
is defined as an interaction factor and z is the length of the nonlinear
crystal. In Eq. (1), the 𝛽 = 𝜑1 (𝑧)+𝜑2 (𝑧)−𝜑3 (𝑧)+𝛥𝑘𝑧, where 𝜑 (𝑧) is the
phase of the three waves and 𝛥𝑘 = 𝑘1+𝑘2 − 𝑘3 is the phase mismatch
value.

Fig. 1. The flow chart of iterative calculation.

If the power of the wave at 𝜔1 is higher than that of 𝜔2, this new
coupled wave equations could be written in an elliptic integration form
as,
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in which
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It is available to calculate the electric amplitude of the fundamental
waves, 𝑢1 and 𝑢2, by software e.g. MATLAB [27]. Then the nonlinear
power loss of each fundamental lasers, 𝛿𝑁𝐿,𝑖, could be derived out and
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Fig. 2. Experimental setup of the doubly resonant SFM. ISO, optical isolator; HWP, half wave plate; PBS, polarized beam splitter; PD, photodiode; ATT, attenuator; HVA, high
voltage amplifier; Lock-in, lock in amplifier; PID, Proportion Integration Differentiation circuits; PZT, Piezo-electric Transducer.

average laser power P can be calculated from

𝑃 = 1
2
𝑛𝑐𝜀0𝜌

2 (2𝜋𝑟2
)

, (5)

where the c is the light speed, 𝜀0 is the vacuum dielectric constant, and
r is the beam waist radius in the crystal.

In a cavity enhanced SFM setup, the intra-cavity fundamental laser
power, 𝑃𝑐𝑎𝑣,𝑖, can be calculated by the external cavity power enhance-
ment equation, which is
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)2
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Here, 𝑘𝑖 is the mode coupling efficiency, and 𝑅𝑖𝑛,𝑖 is the reflectivity of
the input coupler. 𝑃𝑖𝑛,𝑖 is the incident fundamental laser power. 𝛿𝐿,𝑖 is
the linear loss and 𝛿𝑁𝐿,𝑖 is the nonlinear loss. i refers 1 and 2 corre-
sponding to the pump and signal waves. Since the 𝑃𝑐𝑎𝑣,𝑖 is a function of
𝛿𝑁𝐿,𝑖, an iterative calculation between coupled wave equations and the
external cavity power enhancement equation is needed to calculate the
SFM output power. The iterative process is shown in Fig. 1. The initial
value of 𝑃𝑐𝑎𝑣,𝑖(0) is 𝑃𝑖𝑛,𝑖⋅(1−𝑅𝑖𝑛,𝑖), and by using Eqs. (1)–(4) can calculate
the nonlinear loss of the pump and signal lasers. Then 𝛿𝑁𝐿,𝑠 and 𝛿𝑁𝐿,𝑝
are substituted to Eq. (6) to calculate new intracavity pump and signal
power 𝑃𝑐𝑎𝑣,𝑖(1). We compare the 𝑃𝑐𝑎𝑣,𝑖(1) with 𝑃𝑐𝑎𝑣,𝑖(0) and call on 𝜎 as
an error for control iterative process. If the difference between 𝑃𝑐𝑎𝑣,𝑖(1)
and 𝑃𝑐𝑎𝑣,𝑖(0) is bigger than the 𝜎, 𝑃𝑐𝑎𝑣,𝑖(1) will be substituted to the
coupled wave equations and perform a new round calculation. When
the difference between 𝑃𝑐𝑎𝑣,𝑖(n) and 𝑃𝑐𝑎𝑣,𝑖(𝑛 − 1) is smaller than the 𝜎,
the iterative process outputs the results of 𝑃𝑐𝑎𝑣,𝑖 and 𝛿𝑁𝐿,𝑖. The cavity
enhanced conversion efficiency of the signal photon could be achieved,
which is

𝜂𝑐𝑒2 =
𝑁3
𝑁𝑖𝑛,2

=
𝑃3∕𝑛3𝜔3
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=
𝛿𝑁𝐿,2 ⋅ 𝑃𝑐𝑎𝑣,2

𝑃𝑖𝑛,2
, (7)

in which 𝑁𝑖 refers to the photon number, 𝑁𝑖𝑛,2 is the photon number
of the input signal wave. Finally, the SFM output power, 𝑃3, could be
derived out based on Eq. (6).

3. Experimental setup and results

In the SFM system, 1583 nm laser and 1064 nm laser act as the
signal laser and pump laser, respectively. The experimental setup of
doubly resonant SFM is shown in Fig. 2 which is similar with our pre-
vious work [21]. The narrow linewidth solid-state pump laser and fiber
signal laser whose linewidth are both in kHz-level were coupled into the
SFM cavity from mirror M1, and mirror M3, respectively. Two plane
mirrors, M1 and M2, two plane-concave mirrors with curvature radius
of 100 mm, M3 and M4, and a 25 mm long MgO doped periodically
poled lithium niobate (MgO:PPLN) crystal all together constructed the
main structure of the SFM cavity. M1 was highly reflective for signal
laser and partial reflective of 94.7% for pump laser, and M3 was highly

reflective for pump laser and partial reflective of 52.1% for signal laser.
The M2 and M4 are both highly reflective for the fundamental lasers
and highly transmissive for SFM laser. The total length of this cavity
was 691 mm so that the beam waists in the crystal center of pump and
signal lasers were 32 μm and 39 μm, respectively.

Low frequency modulation technique was used to resonating the
fundamental lasers and the cavity. Lock in amplifier (Lock-in) 1 mod-
ified the pump frequency by the high voltage amplifier (HVA) 1, then
demodulated the error signal from the 1064 nm cavity transmission
detected by photodiode (PD) 1. Proportion Integration Differentiation
(PID) circuits modified the error signal and sent it to the HVA 2 to lock
the SFM cavity to the pump laser. When the pump laser is resonating
in the cavity, the signal laser is depleted to a low level. Therefore, the
cavity mode of signal laser is too weak to be used to demodulate a high
signal to noise ratio (SNR) error for a stable frequency locking. Hence,
an indirect frequency locking scheme was applied in this work. Theo-
retically the peak of signal cavity mode corresponds to the maximum
output intensity of 636 nm laser, and the frequency modulation of the
signal laser transfers to the 636 nm laser. So it is feasible to extract an
error signal from the 636 nm wave to resonate the 1583 nm laser and
the SFM cavity. In our experiment, the output frequency of 1583 nm
laser is modulated by Lock-in 2 and the HVA 3. A small part of 636 nm
laser reflected from the main optical path was received by a silicon-
based PD 2, then the signal of PD 2 is delivered to Lock-in 2 for mixing
with the modulation signal and achieving the error signal. Filtered by
the PID 2, this error signal is feedback to the PZT in the 1583 nm laser
to realize the resonating. Furtherly the SNR of the error signal could be
optimized easily by adjusting the intensity of the reflected 636 nm laser.
By this resonating scheme, the intensity noise caused by the frequency
locking progress could be suppressed to a quite low level.

In this work, we also optimized the overlapping between the
1064 nm and 1583 nm lasers and the mode coupling of the funda-
mental lasers to the SFM cavity. As a result, the single-pass conversion
efficiency of the fundamental lasers is increased from the parameters
in Ref. [21], which is helpful to get a maximum conversion efficiency
of a hundred-milli-watt level signal laser.

When the 1583 nm and 1064 nm lasers were both resonating with
the SFM cavity, the input power of 1583 nm laser was fixed to the
available maximum of 275 mW and the input power of 1064 nm laser
was tuned from 42 mW to 942 mW. In this experiment, the output
power of SFM laser at 636 nm was measured as a function of the
input pump power as shown in Fig. 3. The simulation result based on
our theoretical model is plotted in solid line in Fig. 3. The parameters
of this simulation are from the ref 21. When the input pump power
reached the available maximum power of 942 mW, the output power of
636 nm laser was 637 mW. Thus, the conversion efficiency of the signal
laser can be calculated as 93%. Since the hundred-milli-watt level intra-
cavity 1583 nm laser depletes the pump power heavily, the intra-cavity
pump power is not a linear function of the input pump power as shown
by the dash line in Fig. 3.

3



W. Tan, W. Ma, Z. Liu et al. Optics Communications 458 (2020) 124680

Fig. 3. Output power of 636 nm laser and intra-cavity pump power as functions of
input pump power when the input 1583 nm laser power is 275 mW.

Fig. 4. Beam quality of 636 nm laser with output power of 637 mW.

The beam quality of the 636 nm light field at the maximum output
power was measured by a beam quality analyzer (BP209-VIS, Thor-
labs). The 𝑀2

𝑥 and 𝑀2
𝑦 were both 1.09, as shown in Fig. 4. Considering

linewidth of the pump and signal lasers are both in kHz-level and the
doubly resonating is stable, the 636 nm laser is also single frequency
and narrow linewidth. However, because of the frequency noise in-
duced by the mechanical vibration and temperature fluctuation, the
linewidth of 636 nm laser is expected under hundred kHz.

In the experiments, we also measured the long-term power stability
of the output 636 nm laser. The experimental results show that the
SFM laser remains stable even the fundamental laser power fluctuated.
The laser intensities of the 636 nm laser and fundamental lasers were
monitored by three photodetectors. Since the SFM laser was generated
directly by the intra-cavity high intensity fundamental lasers, the cavity
transmissions of the 1064 nm and 1583 nm lasers were monitored
instead of the input laser intensity. In the experiment, a Silica-based
photodiode with a bandwidth of 170 MHz was employed to monitor
the SFM laser, and two InGaAs-based photodiodes with bandwidths of
775 kHz were used for the fundamental lasers. The experimental data
were recorded by a data acquisition card (NI, USB 6351, USA) with
an acquisition sampling rate of 4 date point per second. In order to
compare the noise levels of the three lasers, variable attenuators were
inserted in front of each photodiode to control all three output DC
amplitudes to about 1.5 V. The results are displayed in Fig. 5.

The power fluctuation of the 636 nm laser in 1 h is 1.8% which is
the lowest among the three lasers. While the fluctuation of the pump
and signal lasers are 4.5% and 7.2%, respectively. The fluctuations
of the intra-cavity lasers are all higher than those of the input lasers
because of the SFM. We also measured the fluctuation of the signal
laser when the pump laser was blocked from the SFM cavity, and the
result was 2.5%. This lower fluctuation indicates the thermal effects
induced by the intra-cavity signal laser could be ignored. In fact, an
inhomogeneous thermal effect in the crystal rises quickly when the
pump laser is resonating in the SFM cavity. When the signal laser is
blocked, the intensity fluctuation of intra-cavity pump laser is 4.4%.
The thermal effects change the coupling efficiency and deteriorate the
overlapping of the two fundamental laser fields, so that the intra-cavity
fundamental laser power fluctuation is increased. Since in the cavity the
pump power is higher than the signal power, the relative fluctuation
of the pump laser is smaller than that of the signal laser. The inset
shows the Allan variances of the long-term power fluctuation data in
Fig. 5. The Allan variance of the 636 nm laser has the lowest noise
level than others in all averaging times, which indicates the intensity
self-suppression is operational. A bump stands at averaging time around
10 s for the light fields except 636 nm laser, which is attributed to the
temperature variation of the crystal.

Like the long-term power stability of the three lasers, the short-term
intensity noise of the lasers is also affected by the SFM process. In
order to evaluate the short-term noise of the system, the light intensity
of the three light fields detected by the photodiodes were sent to a
spectrum analyzer (Rohde–Schwarz, FSW-13, Germany) to assess their
noise levels. The output signals of the photodiodes were adjusted to
the same DC voltage (1.5 V) to ensure the intensity noise comparable.
A high pass filter with a corner frequency of 0.2 Hz is employed to
filter out the DC components to protect the spectrum analyzer. Fig. 6
shows the noises of the four laser fields from 1 kHz up to 1 MHz.
For comparison, the inset shows the noise level for each photodiode
and the background noise level of the spectrum analyzer. As shown
by the results, below 5 kHz, the intensity noise of 636 nm laser is
the lowest, and the noise level is highest for 1583 nm laser. This
result is coincidence with the long-term situation. Peaks in the high
frequency range are the modulation frequency patterns at 28.5 kHz and
24.5 kHz and the relaxation oscillation noises of the 1583 nm laser at
500 kHz and of 1064 nm laser at 400 kHz. As the intensity noise in
high frequency range shows, the intensity noise of the SFM laser is not
suppressed, which indicates the intensity noise self-suppression effect
could only be valid for the power fluctuation at low frequency.

In order to find the relationship of the amplitude fluctuations of
the three light fields, the intra-cavity pump power was modulated
with a relative amplitude variation of 7.8% and frequency of 30 Hz
by inserting an acousto-optic modulator (AOM) in the input path of
the pump laser. Accordingly, the powers of the cavity transmitted
1583 nm and the 636 nm light fields experienced intensity modulations
with relative amplitude variations of 11.4% and 0.6%, respectively,
as shown in Fig. 7. Higher pump power modulation amplitude was
not performed because of the rf-output limit in the AOM. Since the
intensity modulation frequency is too fast to record the temperature
variation of the crystal, the relative intensity variation ratio between
the 1583 nm laser and 1064 nm laser is smaller than the results in
Fig. 5. Opposite variation phase between the pump and signal lasers
is evident. Based on the experimental parameters, we simulated the
normalized power of the 636 nm light field (normalized with respect
to the maximum output power of the 636 nm laser converted by the
incident signal laser) and the normalized transmitted power of signal
field (normalized with respect to the input signal power) as functions
of the intra-cavity pump power as shown in the inset. The experiments
were performed in the rectangle shadow region where the output power
of 636 nm laser is around its maximum. The simulations verify that,
near the maximum conversion efficiency, the variation of the pump
power can cause a notable power variation of the signal field but can
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Fig. 5. Long-term power relative variation of four kinds of laser fields in 1 h, inset shows the corresponding Allan variances.

Fig. 6. The short-term intensity noise of the four light fields. Inset shows the intrinsic
noise of the photodiodes (PD1064, PD1583 and PD636) and the spectrum analyzer
(SA).

only lead to a minute variation of the SFM field. The reason is, when
the pump power increases from the maximum SFM output condition,
nonlinear loss of the signal laser rises. However, the intra-cavity signal
laser decreases because of the impedance mismatch caused by the
rising nonlinear loss. As shown in the experimental and theoretical
results, signal power decreasing rate is higher than the increasing rate
of pump laser. This means a part of signal power was extruded from the
cavity, while the conversion efficiency of residual signal laser in cavity
increased. Overall, the SFM laser power almost remains the same value
automatically, meanwhile the intensity noise is suppressed by the SFM
setup.

4. Conclusion

Based on doubly resonant sum frequency mixing, a 636 nm laser
with output power of 637 mW was demonstrated. Conversion efficiency
of the 275 mW signal laser was 93%, while the 1064 nm pump power
was 942 mW. By measuring the long-term power stability and the short-
term intensity noise of the three laser fields, we found the intensity
noise self-suppression of the SFM laser. According to the exact solution
of the three wave coupled equations and cavity enhancement theory,

Fig. 7. The variation of the cavity transmission intensity of the 1064 nm, 1583 nm,
and 636 nm light fields when the power of the intra-cavity 1064 nm light field is
modulated by a sinusoidal voltage with a relative modulation amplitude of 7.8%. Inset
shows the theoretical simulations of the normalized 636 nm output power and the
normalized 1583 nm cavity transmission as functions of the intra-cavity pump power.

the theoretical simulation results show a stable output power when
the conversion efficiency of signal laser reaches the maximum. Also, a
power modulation experiment was performed to measure the intensity
variation ratio of the three laser fields, and the results prove that the
SFM output laser has a quite stable output power even the power
of signal laser fluctuated by 11.4% in our setup. This experiment
shows that the highly efficient SFM is the main reason of the low
intensity noise SFM laser, although the frequency locking is quite
stable either. Additionally, the optimized SFM crystal temperature is
also necessary. This condition allows the thermal effects change the
crystal temperature in a small range, which cannot vary the conversion
efficiency heavily. With the characters of immune of thermal effect and
low demand on frequency locking, this intensity noise self-suppression
effect could be a useful method in designing low intensity noise lasers.
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