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Abstract: High-power and widely tunable continuous-wave optical parametric oscillators (cw OPOs),
as mature radiation sources in the mid-infrared range, are limited by their frequency fluctuation.
We built a cw OPO working at the near- and mid-infrared ranges and discuss the extent to which
its frequency stability is affected by the mechanical temperature and the air pressure of the cavity.
In addition, we artificially provoked mode hops by changing the above two factors to analyze the
thermal-induced refractive index variation of the crystal. An inequality between the spacing of the
hops and the free spectrum range (FSR) was observed. The wavelength stability of the cw OPO was
guaranteed passively, and the longest mode-hopping-free time exceeded 13 h through sealing the
cavity and thermal control. Further analysis of factors affecting frequency drift is critically essential
for the reliability of cw OPO, particularly in environments outside the laboratory, and may provide a
new method for high-precision tuning wavelengths.
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1. Introduction

Continuous-wave optical parametric oscillators (cw OPOs) with broad wavelength
tunability and long-term frequency stability are important for many applications, such as
the laser cooling of atoms [1], high-resolution spectroscopy and trace gas sensing [2,3]. So
far, quasi-phase matching (QPM) has been the major technique for cw OPOs because it
is not limited by walk-off losses and allows for the largest values of the effective nonlin-
ear coefficient [4]. Such OPOs [5-13], based on periodically poled MgO-doped LiNbO3
(MgO:PPLN), generate a multi-watts laser from 1.0 um to 4.7 um in wavelength.

In practice, subtle changes in surroundings frequently result in rapid frequency shifts
and random mode hops. Due to the simple cavity structure of singly resonant OPOs (SROs),
the multiple active methods to improve frequency stability have been applied to them and
have had a pronounced effect. Frequency-selective elements, such as intra-cavity etalon [14]
and grating [15], are convenient for frequency stability for a limited time. Another active
stabilization method is locking the OPO cavity, which permits good frequency stability
for a long time. Using this scheme, the frequency stability of idler is better than =30 MHz
in 45 min [16], and mode-hop-free operation over 18 h has also been demonstrated [17].
By using the optimal output coupler, the frequency deviation from the center is less than
+40 MHz for more than one hour after finely adjusting the length cavity with a piezo-
actuated mirror [18]. Unlike the methods mentioned above, passive stabilization does not
require an external frequency reference or an etalon for single-mode operation, which keeps
the structure simple. A monolithic OPO characterized by high mechanical stability can
oscillate for over 24 h without any mode hop [19]. However, its structure inevitably prevents
tuning wavelengths. Through careful thermal control and limiting intra-cavity power, the
shift in idler frequency of both two- and four-mirror cavities is less than 150 MHz over
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20 h under typical laboratory conditions [20,21]. During the measurements, a significant
correlation between the signal frequency shift and the thermal expansion of the cavity base
plate and air currents was observed. However, the specific relationship between frequency
stability and the above disturbances was not further studied.

On the other hand, thermal effects, resulting in the absorption of power in the crys-
tal [22], prevent good stability of the signal [23] and high conversion efficiency [24]. An-
alytical models [25-27] of thermal effects demonstrate that spatially nonuniform heating
can result in changes in the refractive index of the nonlinear medium. Therma-induced
heating can be observed using a beam quality factor [22] and pump beam [28]. Using tiny
transparent piezoelectric crystals as the temperature sensors, the longitudinal temperature
distribution of PPLN crystal can be measured [29]. However, the temperature of the crystal
along the beam area cannot be monitored directly.

In this work, we built an airtight SRO with output power up to watts, whose tem-
perature was controlled through water cooling. The deviation in the frequency shift was
proportional to the stabilization of the conditions, including air pressure and base plate
temperature. In addition, laser-induced heating (~0.15 °C along the beam area in the
crystal) could be measured by artificially provoking a mode hop. By sealing the cavity and
stabilizing its temperature within £0.01 °C, the SRO maintained mode-hop-free running
for 13 h, which should be longer if it continues to monitor it. To the best of our knowledge,
a stabilization of the signal frequency conditions and the temperature deviation induced by
the laser was first investigated here, which is meaningful for cw OPOs and may provide a
new method for high-precision tuning wavelengths.

2. Experimental Setup

The experimental setup used was almost identical to the setups described previ-
ously [10,11,20]. As shown in Figure 1a, the seed source (EYP-DFB-1064, eagleyard Pho-
tonics GmbH, Berlin, Germany) with a ~2 MHz linewidth was a commercially available
distributed feedback laser (DFB). The pump source was a linear-polarized cw Yb-doped
fiber laser (YDFL) delivering a maximum of 23 W power at 1064.024 nm a with beam
quality factor M? < 1.1. The MgO:PPLN, as the nonlinear crystal, had dimensions of
50 x 10 x 1 mm? and ten grating-periods ranging from 27.6 pm to 31.6 um across its
lateral dimension. Both the end faces of the crystal were antireflection-coated (T > 99%) at
1064 nm, 1400-2100 nm, and 2200—4400 nm. Two sapphire flakes were used to sandwich
the crystal for even heating. They were housed in an oven with a stability of +0.01 °C and
mounted on a linear translation stage. M1,2 were highly reflecting at 1064 nm for an 45°
angle of incidence. The ring cavity comprised two concave mirrors, M3,4 (the radius of
curvature was —100 mm), and two plate mirrors, M5,6. The mirrors, M3-5, were highly
reflecting (R > 99.8%) for the signal (1300-2100 nm), while M4, as the output coupler for the
signal, was highly reflecting (R > 99.8%) for the ranges 1300-1600 nm and 1800-2100 nm,
but had an output coupling of ~0.5% across 1600-1800 nm. In addition, M3-6 were highly
transmitting (T > 99.5%) for the idler and pump. According to the length of the SRO cavity,
the theoretical waist radius of the signal mode at the center of the crystal was estimated to
be ~75 um [30]. To match the mode of the signal beam, the pump beam, outputting through
the fiber collimator, was focused to a spot with a waist of ~80 um using a plano-concave
lens. M7, as a dichroic mirror, was used to separate the output idler from the residual pump
and leaking signal. The idler power and signal wavelength were monitored using a power
meter (5425C, Thorlabs, Inc., New Jersey, United States) and a wavelength meter (WS6,
HighFinesse GmbH, Tiibingen, Germany), respectively. The shield of the SRO, i.e., an alu-
minum chamber with dimensions of 350 x 240 x 123 mm?3, was used to erase disturbances
in the air currents. As shown in Figure 1b, the base plate temperature of the chamber was
stabilized within -0.01 °C through water cooling equipped with a heat exchanger. The air
pump sucked the air out through the valve, and the barometer recorded the air pressure
in the chamber. The vent, the windows for the output laser, and the cover plate were all
sealed with collar seals.
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cooling and pressure controlling.

3. Results and Discussion
3.1. Emission Range and Output Power

Synchronizing the course-tuning of the crystal’s lateral translation with the fine-tuning
of the crystal’s temperature enables the SRO to emit wide near- and mid-infrared radiation.
As seen in Figure 2, each dotted line with a different color and symbol represents a crystal’s
lateral translation, i.e., a poling period. The heating element obtains the temperature tuning
of the oven across 35 °C to 210 °C. The whole range of the signal wavelength shown in
the area below the breakpoint extends from 1450-1800 nm and the corresponding idler
wavelength extends from 24504450 nm.
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Figure 2. Wavelength tuning of the idler beam and signal beam.

Figure 3 shows the spectrum of the output beam measured using a Fourier trans-
form optical spectrum analyzer (OSA207, Thorlabs, Inc., New Jersey, United States). The
solid curves were divided into eleven groups according to their color, with each group
representing an idler spectrum and a corresponding signal spectrum. The dashed curve
in Figure 3 shows the maximum output power of the extracted signal and idler across the
tuning range when the pump power was ~23 W. As seen in Figure 3a, the signal power
at the near wavelength of 1600 nm and 1800 nm sloped steeply due to the coating of M4.
However, the corresponding idler power with beam quality factor M? < 1.5, shown in
Figure 3b, exhibited the opposite trend. The idler power of the wavelength beyond 4000 nm
plummeted because material absorption became significant [21,31]. Over the whole tuning
range, SRO could provide >200 mW of signal power with up to 4.2 W at a wavelength of
1726 nm, and >300 mW of idler power with up to 5.4 W at a wavelength of 2534 nm.
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Figure 3. Output power (dashed curve) and corresponding spectrum (solid curve) of (a) signal beam
and (b) idler beam.

3.2. Parameters Affecting Frequency Shift

SRO’s idler wavelength was determined using pump wavelength and circling signal
wavelength. Using the wavelength meter to measure the wavelength of the YDFL, a long-
term frequency typically better than +25 MHz was observed over 5 h, which shows that
the drift of the pump laser has a minor effect on the idler frequency shift. The resonant
longitudinal mode was determined using the optical length of SRO, of which the thermal
expansion has been thoroughly studied, while the air in the cavity is usually ignored. Here,
we took into account the refractive index of the air in the chamber:

c C
=N-=N——"-—"—,
v ! naLla +ncLc

)

where N is an integer number, [ is the optical length, c is the speed of light, the subscripts A
and C denote the paths of air and crystal, respectively, n is the refractive index, and L is the
length, of each section in the two paths.
The frequency shift Av introduced by a change in the refractive index of air Anj, is
given by the following relation:
vL A

AV=— ——"——Anjy. 2
nala + nclc A @)

According to the equation for the refractivity of air [32], we obtain

(n—1)s
An = 0.0028426———-=A
n = 0.0028426-———=Ap, ®)
where Ap is the air pressure variation, T is the temperature, Z is the compressibility factor,
and (n — 1)g is the refractivity for standard air [33].
Using Equations (2) and (3), the frequency shift Av can be calculated using the
following relation:
vL Aln—1
s ap 4)
(nala +nclc)TZ

By substituting the appropriate values of T (292.15 K), Z (0.9996), na (1.000286), La
(380 mm), nc (2.14), Lc (50 mm), and v (205.31521 THz), the frequency shift Av can be
predicted by measuring the air pressure variation Ap, which is shown as a dash-dot line in
Figure 4. To validate the theoretical results, the aluminum chamber was evacuated. Then,
we slowly injected air into it and constantly measured the air pressure and signal frequency.

Av = —0.0028426
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As seen in Figure 4, the frequency shift decreased from +155 MHz to —168 MHz over the
air pressure variation range from —0.3 kPa to +0.3 kPa (the reference point of the pressure
was 94.815 kPa), which was well in agreement with the predicted values. The frequency
decreased at a rate of ~22 MHz/min, but fluctuated continually because of the air current.
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Figure 4. Measured and theoretical deviation in signal frequency as a function of air pressure shift.

Similarly, the frequency shift Av introduced by the change in cavity length is given by

the following relation:

VNnA
Av=— ———""—AL,, 5
nala +nclc A ©®)

where AL, is the length variation of the base plate, which is determined from [34]:
ALy = aLAAT, (6)

where « and AT represent, respectively, the thermal expansion coefficient and the base
plate’s temperature change. The type of aluminum is 6061 and its thermal expansion
coefficient is 24 x 106 /K [34].

By substituting Equation (5) into Equation (6), we can obtain

vanala

ANV=— ———————
nala +nclc

AT. (7)
By measuring the temperature change AT and substituting it into Equation (7), the
predicted values of the frequency shift Av from the center frequency of 191.31109 THz can
be obtained. The results shown in Figure 5 are proportional to the temperature change.
The solid line of Figure 5 shows that the measured frequency increased linearly with
the temperature decrease when the aluminum chamber dissipated heat from 34.42 °C to
34.18 °C. Compared with the measured frequency in Figure 4, the violent fluctuation of the
frequency could be controlled effectively using the airtight aluminum chamber.
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Figure 5. Measured and theoretical deviation in signal frequency as a function of temperature shift.

3.3. Mode Hops and Frequency Stability

The frequency no longer shifts linearly but suddenly switches to another frequency
if the change in external influences, such as air pressure, is great enough. As shown in
Figure 6a, the air pressure in the aluminum chamber gradually increased from 37.9 kPa
to 45.5 kPa, which provoked a series of mode hops that varied like a sawtooth curve. The
parallel dash lines indicate the ending of the previous mode and the beginning of the
next mode, respectively. The distance between them indicates the frequency deviation in
the two adjacent modes. Figure 6b shows the corresponding output power of idler while
modulating mode hops. The idler power increased slowly to ~1.92 W with a frequency
decrease but sharply reduced to minimum power while the cavity mode was hopping.
Both the frequency drift of the signal and the idler power curves retraced their steps after
each signal mode hop.

Longitudinal modes likewise may hop if the temperature of the base plate decreases
even further, as shown in Figure 7a. During the heat dissipation of the whole aluminum
chamber, the frequency made hops of >710 MHz four times in the temperature range from
37.02 °C to 36.40 °C. Noticeably, the deviation in frequency shift located in the temperature
range from 36.66 °C to 36.53 °C was much larger than that in other regions due to thermal
self-locking [21]. As seen in Figure 7b, the idler power variation as signal frequency changed
was visible and increased by ~30% when the mode was hopping. The temperature of the
base plate below 36.66 °C decreased at a much quicker pace than the previous part, which
resulted in fiercer fluctuations of idler power.

According to Equation (1), the FSR of the SRO is ~620 MHz, which is much smaller
than the spacing of the mode hops we measured in Figures 6 and 7. We believe this is caused
by the jump in signal and idler power at mode-hopping, which causes crystal refractive
index variation through the laser heating effect. The mechanism for this is illustrated
schematically in Figure 8. The broad curve and vertical lines indicate the parametric gain
curve associated with QPM and longitudinal cavity modes related to the optical length,
respectively. In the ideal case, the frequency vy closest to the center of the gain curve is
dominant over all other frequencies and will eventually oscillate. The decrease in the base
plate temperature impels the frequency shift to vn41 while not shifting the gain maximum
until the frequency vn41 has a higher gain and starts to oscillate. Compared to the initial
state, however, the deviation in power AP can cause the temperature of the crystal along
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the optical path to shift slightly, and so does the refractive index of the crystal Anc. Thus,
the oscillating cavity mode will hop back to the initial state until the frequency vy shifts to
VN1 + AV (To distinguish the frequency shift mentioned in Figures 4-7, AV’ represents
the extra frequency shift.) The deviation in frequency Av’ obtained from Equation (1) is

I/LC

A =—— €
HALA + ncLC

Anc . (8)
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Figure 6. (a) Mode hops of signal beam provoked by air pressure and (b) corresponding idler power.
The reference point of the frequency is 198.23992 THz.
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Figure 7. (a) Mode hops of signal beam provoked by the temperature of the base plate and
(b) corresponding idler power. The reference point of the frequency is 201.71606 THz.
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Specifically, the experimentally observed power drop was ~0.08 W, shown in Figure 7,
between two modes, which resulted in a frequency shift AV’ increment of as small as
130 MHz, corresponding to the temperature decrement of ~0.15 °C. If power increases,
as shown in Figure 6, the deviation in power will cause a blue-shift, so the modes hop at
UN—-1 — AV,

To characterize the performance of the SRO, we examined the long-term stability of
the signal frequency at 1511.814 nm and the corresponding idler power under free-running
conditions for a pump power of ~15 W. As can be seen in Figure 9, the SRO was capable of
operating without mode hops over 13 h after stabilization of the temperature of the crystal
and base plate. However, its frequency fluctuated periodically because of the influence
of the air conditioner. Specifically, the deviation in the signal frequency was £400 MHz
and the root meat square (RMS) of the idler power was 2.55%. To further improve the
frequency and power stability, it is necessary to avoid air temperature changes caused by
air conditioning. Similar to the results in Figures 6 and 7, the signal frequency and idler
power trends were opposite.
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Figure 9. Measured signal frequency (a) and idler power (b) stability over 13 h.



Photonics 2023, 10, 5 90of 10

4. Conclusions

In summary, we built an airtight SRO capable of a wide tunning range at the near- and
mid-infrared ranges and presented a comprehensive analysis of its frequency stability. Over
small air pressure changes, the frequency shift can be adjusted linearly, which provides a
simple way of conducting high-precision frequency tuning. However, frequency tuning is
inevitably accompanied by fluctuation due to airflow. Fortunately, the fluctuation can be
avoided using another method, i.e., base plate temperature. An analysis of subtle ambient
perturbations affecting frequency shift is essential for passive frequency stabilization of
cw OPO and promotes better commercialization of OPOs with active stabilizations and
monolithic structures. In addition, thermal-induced refractive index variation in crystals
also affects frequency shift. To monitor this, we artificially provoked the operational
frequency to hop to an adjacent longitudinal mode and recorded the signal frequency and
idler output power. The difference of ~120 MHz between the spacing of the hops and
FSR was obtained. This means that the temperature deviation was ~0.15 °C due to local
absorption of the optical power. When controlling frequency stability, the laser-induced
heating cannot be ignored, or additional frequency variations will be induced by laser
power fluctuation. By carefully sealing the cavity and stabilizing the temperature, the
free-running SRO was made passively stable against acoustic vibrations and it operated
without mode hops over the whole night. However, the frequency fluctuated due to airflow
inside and outside the cavity. A vacuum cavity may ameliorate such fluctuations.
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