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The calcium fluoride (CaF,) whispering gallery mode crystalline resonator is an excellent platform for nonlinear
optical applications because of the decreasing in threshold caused by ultrahigh quality (Q) factor. In this paper, we achieved
the observation of Raman lasing, first-order Raman comb, and second-order Raman lasing in a CaF, disk resonator with a
diameter of 4.96 mm and an ultrahigh-Q of 8.43x10% at 1550-nm wavelength. We also observed thermal effects in CaF,
disk resonator, and the threshold of thermo-optical oscillation is approximately coincident with Raman lasing, since the
intracavity power increases rapidly when the power reaches the threshold, and higher input pump power results in longer
thermal drift and higher Raman emission power. With a further increase in pump power, the optical frequency combs range
is from 1520 nm to 1650 nm, with a wavelength interval of 4 xFSR. It is a promising candidate for optical communication,
biological environment monitoring, spectral analysis, and microwave signal sources.

Keywords: whispering gallery mode, crystalline resonator, Raman lasing, nonlinear effects, thermo-optical

oscillation, optical frequency combs
PACS: 42.55.Ye, 42.60.Da, 42.65.-k

1. Introduction

Achieving efficient nonlinear optical interactions at low
optical power has always been one of the main goals
of nonlinear optics.!'>! Various nonlinear optical effects,
such as frequency doubling,!®! frequency mixing,!”) Raman
scattering,!®°! Brillouin scattering,'! and other effects!!!]
have broad prospects in optical computing, quantum infor-
mation processing, precision spectroscopy, optical communi-
cation, biological imaging, and many other fields.!'>!3] The
whispering gallery mode (WGM) resonators are fabricated
with a variety of materials including silicon, sapphire, fused
silica, fluoride crystalline, lithium ninobate, and other optical
glasses. Owing to their ultrahigh quality (Q) factor and small
mode volume, optical resonators significantly enhance light-
matter interactions and establish extremely high circulating in-
tracavity intensities, thereby reducing the pump threshold for
nonlinear processes. The frequency conversion of the pump
light can also be achieved at low power, so the optical res-
onator becomes an ideal platform to study various nonlinear
effects. [14-16]

Recently, fluoride crystals, such as calcium fluoride
(CaF;), magnesium fluoride (Mng),m] barium fluoride
(BaF,),!"8! and strontium fluoride (SrF,)!'°! have been equally
demonstrated to have ultrahigh Q in the near-IR, such an ul-
trahigh Q attracts extremely great attention in various research
fields.?->2 Another advantage of crystalline materials for
the fabrication of the resonators is that they can be stable
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against humidity, and do not degrade Q when exposed to at-
mospheric water vapor. A CaF, resonator with Q > 10'! at
1550 nm has been fabricated and reported.'?*! Such an ultra-
high Q greatly reduces the excitation threshold of nonlinear
effects in the resonator, and it is easy to obtain laser emission
based on nonlinear effects even in materials without signif-
icant nonlinearity. [24-26] Therefore, the CaF, resonator with
ultrahigh Q, small mode volume, high stability, and low noise
interference has become the best choice for nonlinear optical
applications.[?7-28!

Here, we theoretically analyze the Raman threshold of
the CaF, resonator, and obtain the relationship between Q,
mode volume (Vy,) of the resonator, and the Raman thresh-
old. Meanwhile, we experimentally demonstrate Raman las-
ing, first-order Raman comb, and the second-order Raman
lasing in a millimeter size CaF, WGM disk resonator with
ultrahigh-Q factor of 8.43x10% at 1550 nm. We also re-
port the observation and characterization of thermal effects
due to the negative thermo-optic coefficient and the positive
thermo-expansion coefficient. At the same time, the thresh-
old for thermo-optical oscillation is approximately coincident
with Raman lasing. With a further increase in pump power, the
optical frequency combs range is from 1520 nm to 1650 nm,
with a wavelength interval of 4 x FSR. And the adjustment of
the optical frequency combs can be realized by using the fre-
quency tuning of the pump light, which have great applications
in optical communication, biological environment monitoring,
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spectral analysis, and microwave signal sources.

2. Theoretical analysis and discussion

For the first-order Raman lasing output in the optical res-
onator, the coupled mode equation is established, which is ex-

pressed as
dE, lw, ¢ 2
— = ——— —grERE,, 1
dz Zanefng REp (D
dER 1 ¢ 2
— = - —grERE 2
Q2o SRERER, (2)

where E}, and ER are the pump light energy and stimulated
Raman laser energy, respectively, ¢ is the speed of light, negr
is the effective refractive index of the resonator, @, and wr
are the pump light frequency and the stimulated Raman laser
frequency, respectively, and gg = 2.4 x 10713 m/W??! is the
Raman gain coefficient of the CaF; resonator.

The mode volume (V;,) of the CaF, resonator is defined
as the ratio of the full-space integral of the mode field energy
density to the maximum energy density, and is expressed as

vo— [n*(r) | B(r)]® d*r

- , 3
max (2 (r) | B () ) @

where E(r) is the electric field vector, n2(r) |[E(r)|* is the
The V,, affects
the energy density of the WGM in the resonator. A smaller

energy density at a point in the resonator.

mode volume corresponds to a larger energy density, which
enhances the interaction between light and matter and is ben-
eficial to lowering the threshold of nonlinear effects.

The basis of Raman laser is stimulated Raman scatter-
ing which is a process of obtaining Raman gain in materi-
als through nonlinear effects. In the process of stimulated
Raman scattering, photons with red-shifted and blue-shifted
frequencies are generated. The lasing threshold occurs when
cavity round-trip gain equals round-trip loss. For an intensity-
dependent gain coefficient, the minimum Raman threshold can
be simplified as!?!]

min o0 V1

Py = Ap7x g% ORO,’ 4)
where A, and AR are the pump light wavelength and the stim-
ulated Raman laser wavelength, respectively, n = 1.426 is the
refractive index of the CaF, resonator, Op and Qg are qual-
ity factors for the pump and Raman wavelengths, respectively,
and Vj, is the mode volume. If the Q factor is the same for
pump and Raman wavelengths, the Raman threshold is pro-
portional to the ratio Vi,/Q?. Thus, the low Raman lasing
threshold and efficient cascaded operation is made possible by
the ultrahigh-Q of the WGM crystalline resonator.

According to Eq. (4), the relationship between the Ra-
man threshold and the Q and the V;;, can be obtained. It can be

seen from Fig. 1 that Q is inversely proportional to the Raman
threshold, that is, as Q increases, the Raman threshold gradu-
ally decreases; the Vy, is proportional to the Raman threshold,
that is, as the mode volume decreases, the Raman threshold
decreases. Therefore, choosing a ultrahigh-Q, small mode vol-
ume CaF, resonator can further reduce the Raman threshold.
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Fig. 1. Relationship between mode volume and Q of CaF, resonator and
power threshold for Raman laser generation.

3. Experimental results and discussion
3.1. Experimental setup and characterization

The experimental setup shown in Fig. 2(a) is used to char-
acterize the Raman lasing and other nonlinear effects based on
the CaF, resonator system. A continuous-wave tunable laser
(DLC pro) around 1550 nm with a linewidth of 10 kHz passes
through the isolator and enters the CaF; resonator via the fiber-
taper. The wavelength of the laser is scanned by signal gener-
ator (SG) to obtain the transmission spectrum for characteri-
zation of the resonator. The fiber-baser polarization controller
(PC) is used to optimize the coupling strength. The light out of
the fiber taper is connected with the beam splitter to the low-
noise photodetector (PD) and wavelength division multiplexer
(WDM) respectively. PD convert optical signals into electri-
cal signals and then connect to oscilloscopes (OSC) for data
acquisition and analysis processing. The WDM separates the
pump laser and the Raman laser, and then connects them to the
optical spectrum analyzer (OSA) for display. The CaF; crys-
talline WGM resonator is fabricated by single point diamond
cutting and mechanical polishing method. The radius of the
CaF, resonator is 2.48 mm, the thickness is 0.5 mm and the
shape of cylinder blanks. The tapered fiber with the diameter
of about 2 um serves as the input and output ports, and the
coupling to the CaF, resonator is accomplished by evanescent
field coupling using a nano-positioning system. Figure 2(b)
is the schematic diagram of fiber coupling in CaF; resonator.
Figure 2(c) is the calculated Q factor for CaF; resonator of
8.43x 108 and remains stable under normal atmospheric con-
ditions. Once inside the clean room environment or vacuum,
the Q can be preserved on a very high level for indefinite
amount of time, for which our experiments are conducted in
the clean room.
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Fig. 2. (a) Diagram of the measurement setup for characterizing the nonlinear optical processes based on high-Q CaF, optical resonator. (b)
Schematic diagram of fiber coupling in CaF, resonator. (c) The calculated Q for CaF, resonator of 8.43x10%. DLC: pro continuous-wave
tunable laser, PC: polarization controller, EDFA: erbium-doped fiber amplifier, PD: photodetector, OSC: oscilloscope, SG: signal generator,

OSA: optical spectrum analyzer, WDM: wavelength division multiplexer.

3.2. Raman lasing measurement

For Raman lasing measurement, the pump wavelength is
1550.58 nm, and the pump power gradually increases from
100 pW. When the pump power is increased to 33 mW, the
first-order Raman laser with the signal to noise ratio (SNR) of
46 dB is observed on the optical spectrum analyzer, as shown
in Fig. 3(a). Similarly, when the pump power is gradually
increased to 36 mW, the first-order Raman comb appears in
Fig. 3(b) and the second-order Raman lasing appears when the
pump power is increased to 45 mW in Fig. 3(c). Raman combs
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result from the delayed molecular response of the host medium
to the laser excitation. Thanks to the low lasing threshold, the
first Stokes radiation to longer wavelengths is feasible, result-
ing in Raman combs. By further enhancing the pump power,
the intracavity first Stokes power will be sufficiently high to
act as a secondary pump source to enable the second Stokes
lasing at 1722.19 nm, as shown in Fig. 3(c). The transition
from Fig. 3(b) to Fig. 3(c) is because the energy coupling from
the side modes to the second Stokes, when the second Stokes
existed. Since the side modes has lower gain than that of the

central mode, so only the central mode survived.?”!
207 T T -
| Pump power =36 mW (b)
orF —1st Raman comb

—100
1550 1600 1650 1700 1750
Wavelength (nm)
2000 T T T T
500 -
koo : . = (d)
1600 boo| | =" .

l100 an
0fm mum |P“‘:30 mW

F 0 20 40 60 80 100
[

Ju—y
\~]
o
o

Slope~9.68%

800

10

400
= Measurement data
— Linear fitting

0 100 200 300 400
Pump power (mW)

0 160 200 300 400 500
Pump power (mW)

o

[ Absorbed power (mW

Fig. 3. Observation of cascaded Raman lasing and threshold measurement. (a) First-order Raman lasing at 1631.59 nm. (b) First-order Raman
comb generation. (c) Second-order Raman lasing generation. (d) Raman output power as a function of the pump power based on a diameter of

4.96-mm resonator.
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In order to measure the Raman threshold, we plot the Ra-
man output power as a function of pump power in Fig. 3(d).
The measurement shows a linear dependency and indicates
the pump power threshold is 30 mW for a diameter of 4.96-
mm CaF, resonator. We also plot the relationship between the
pump power and the cavity absorbed power, as shown in the
inset of Fig. 3(d). The actual power entering the resonator is
only 9.68% of the pump power, the calculated conversion ef-
ficiency is about 5.27%. The power of the Raman lasing peak
seems very low is because the attenuator is connected before
connecting to the OSA during the experiment. The first-order
Raman comb threshold pump power is 36 mW, and the second-
order Raman lasing is 45 mW. The reasons for the low conver-
sion efficiency mainly include the following aspects: (i) the
detuning loss caused by the frequency scanning of the pump
laser; (ii) the loss at the connection of various devices; (iii) in
our experiment, we use the ‘zero-gap’ coupling state, that is,
the tapered fiber is attached to the surface of the resonator, the
influence of environmental fluctuation noise is suppressed, but
reduces the Q.

Since Raman lasing threshold is proportional to Vi,/Q?,
mode volume to quality factor squared ratio, it is natural to ex-
pect improvements in efficiency and threshold for a cavity with
higher Q factor. The higher the Q (theoretical Q ~ 10'#) and
the smaller the mode volume (V-shaped), the lower the Raman
threshold (a few W), so that the crystalline WGM resonators
can become efficient and compact Raman converters. Next,
we will prepare V-shaped resonator to further reduce the mode
volume and thus lower the Raman threshold.

3.3. Thermal effect and Raman laser

When the input power increases above 30 mW, a strong
heat accumulation occurs inside the resonator, resulting in
thermal effect. The heat generated by the absorbed opti-
cal power in the mode volume elevates the temperature very
rapidly. As the cavity temperature varies, nes and R change
due to the thermo-optic (TO) effect (dn/dT = —1.14 x
10> K1) and thermal expansion (TE) effect (dR/RAT =
1.87 x 1073 K1), respectively, giving rise to the resonance
shift. While taking the direction of the wavelength shift into
consideration, we scan the pump laser wavelength in the long
to short wavelength direction. The scanning voltage of the
laseris 1.5V, and the scanning frequency is 10 Hz, as shown in
the upper picture of Fig. 4(a). When the pump light scans into
the resonant peak in the long wavelength direction, the ther-
mal effect will push the resonant peak to move in the opposite
direction due to the negative TO effect, and the compressed
resonant peak will be obtained on the transmission spectrum.
On the contrary, when the pump light scans to the short wave-
length and enters the resonant peak, the pump light will stay
in the resonant peak for a long time, and a broadened resonant

peak will be obtained in the transmission spectrum, as shown

in the lower picture of Fig. 4(a).
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Fig. 4. (a) Thermal nonlinear effects in CaF, resonator. (b) The pump laser
and Raman laser from the WDM on the OSC.

Figure 4(b) uses the wavelength division multiplexer
(WDM) to separate the pump laser and the Raman laser, and
then connect them to the oscilloscope for simultaneous obser-
vation. CaF, resonator has a negative TO coefficient and a
positive TE coefficient, these two parameters will cause com-
pletely opposite changes in the resonance wavelength, result-
ing in the fluctuation of the intracavity power, so the output
light field exhibits periodic oscillation, that is, thermo-optical
oscillation can be generated, as shown in the lower picture of
Fig. 4(b). When the power reaches the threshold, the intracav-
ity power increases rapidly, the Raman emission power turns
into laser oscillation. A higher input pump power results in
a longer thermal drift and a higher Raman emission power
while the threshold coupled power is maintained. However,
different modes have different Q and require different pump
power to generate thermal effects. When the pump power is
greater than 30 mW, the mode with higher Q will first gen-
erate thermo-optic oscillation, while the mode with lower Q
does not observe the phenomenon, that is, the relatively lower
Q does not generate Raman laser accordingly. Furthermore,
thermal broadening and thermal compression occur in pairs,
located on the left and right sides of the triangular wave, re-
spectively. In order to see the paired phenomenon more in-
tuitively, we added triangular waves in Fig. 4(b). And in the
experiment, the threshold for generating thermo-optical oscil-
lation is also 30 mW, that is, Raman lasing is always accom-
panied by thermo-optical oscillations. It was found that the
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threshold for the oscillations is approximately coincident with
Raman lasing threshold.

3.4. Other nonlinear effects

As the pump power increases, the energy will be concen-
trated in the ultrahigh-Q resonator, the resonant frequency of
the resonator and the detuning of the pump light will reach
a balance point, and then the degenerate four-wave mixing
(FWM) effect will appear. Further broadening of the FWM re-
sults in an optical frequency combs. When the power reaches
the threshold, the intracavity power increases rapidly because
the Kerr effect causes a rapid redshift of the resonance wave-
length. The wavelength of the pump light power is set to
1550 nm, when the input power is set to 80 mW, after the
energy is accumulated in the resonator, the primary comb are
generated due to the FWM effect. Since the pump power en-
ergy is high enough, the energy in the resonator is further ac-
cumulated, and the secondary combs appears due to the cas-
caded FWM effect. The wavelength range of optical frequency
comb extends from 1520 nm to 1650 nm and exceeds 120 nm,
as shown in Fig. 5(a).

The pump wavelength is swept from short to long wave-
lengths while gradually increasing the power from 100 pW
to 80 mW. When a sideband appears near the pump wave-
length, stop increasing the pump power, detuning the pump
wavelength from blue to the resonance peak, and observe the
change of the comb teeth. At this time, several symmetrical
spectrum lines appear around the pump wavelength, which are
mainly composed of multiple FSRs. When the pump wave-
length gradually approaches the resonance peak from blue de-
tuning, the main combs have strong sideband effects and ex-
cite regular and gradually denser secondary combs. With the
further reduction of the detuning amount of the pump wave-
length, the sideband effect continues to strengthen, and more
spectrum can be generated. The secondary combs next to the
main comb continue to expand, the spectrum becomes denser,
and finally an optical frequency comb is formed. The modula-
tion of the optical frequency combs can be achieved by using
the frequency tuning of the pump light.

The power and mode spacing of the optical frequency
comb are not uniform, which is caused by the changed tem-
perature of the resonator absorbed optical power and the ex-
istence of abundant resonance modes in the CaF, resonator,
and the interaction between different modes. This tempera-
ture change leads to a modification of the refractive index of
calcium fluoride which affects the optical path length of the
resonator modes. In order to reduce the influence on the opti-
cal frequency comb, it is necessary to improve the fabrication
process and continuously modify the shape to prepare a V-type
crystal resonator. In addition, the mutual coupling of other
nonlinear effects and the optical frequency comb effect will

also produce some burrs, thus affecting the comb mode spac-
ing. Therefore, it is necessary to precisely control the power
to reduce the influence of other nonlinear effects in the exper-
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Fig. 5. (a) Optical frequency combs with wavelength range from 1520 nm to
1650 nm in CaF; resonator. (b) The influence of frequency tuning on optical
frequency combs.

4. Conclusion

In conclusion, we theoretically analyzed the Raman
threshold of the CaF, resonator, and obtained the Q is in-
versely proportional to the Raman threshold, the mode volume
(Vm) of the resonator is proportional to the Raman threshold,
therefore, choosing an ultrahigh Q, small mode volume CaF,
resonator can further reduce the Raman threshold. Meanwhile,
we experimentally demonstrated Raman lasing, first-order Ra-
man comb, and the second-order Raman lasing in a CaF, disk
resonator with a diameter of 4.96 mm and an ultrahigh Q of
8.43x10% at 1550-nm wavelength. At the same time, we also
observed thermal effects in CaF, disk resonators, and obtained
the threshold for thermo-optical oscillations is approximately
coincident with Raman lasing. With a further increase in
pump power, we observed optical frequency combs with wave-
lengths from 1520 nm to 1650 nm, with the range greater than
120 nm and a wavelength interval of 4 x FSR. This work pro-
vides a comprehensive understanding of the Raman lasing and
other nonlinear effects, which has great applications in optical
communication, biological environment monitoring, spectral
analysis, and microwave signal sources.
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