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Abstract: The development and investigation of miniature narrow-line coherent light sources based
on microresonators with low-power-consumption whispering gallery modes (WGMs) is an actual
trend in modern photonics. Raman WGM microlasers can operate at wavelengths inaccessible
to traditional laser media and provide a huge pump frequency tuning range. Here, we propose
and theoretically study multicascade Raman microlasers based on soft tellurite TeO2–WO3–Bi2O3

glass WGM microresonators (microspheres) which can operate in the near-IR and mid-IR with
the pump in the telecommunication range. Thanks to a large Raman gain (120 times exceeding
the maximum Raman gain of silica glass) and a huge Raman frequency shift of 27.5 THz for this
glass, the Raman waves at 1.83 µm, 2.21 µm, 2.77 µm, and 3.7 µm in the first, second, third, and
fourth cascades, respectively, are theoretically demonstrated with a pump at 1.57 µm. We analyze in
detail the influence of different factors on the characteristics of the generated Raman waves, such
as microsphere diameters, Q-factors, pump powers, and detuning of the pump frequency from
exact resonance. We also solve a thermo-optical problem to show that the temperature of a soft
glass microresonator heated due to partial thermalization of pump power remains below the glass
transition temperature. To the best of our knowledge, mid-IR tellurite glass Raman WGM microlasers
have not been studied before.

Keywords: Raman lasing; tellurite glass; microlaser; microresonator; whispering gallery modes

1. Introduction

The development of narrow-linewidth near-IR and mid-IR sources of coherent light
based on lasing or nonlinear optical effects is in demand for manifold applications and fun-
damental research. Raman lasers allow generating narrow-line coherent light in spectral
ranges inaccessible to “conventional” lasers operating at radiative transitions of rare-earth
ions (Yb3+, Er3+, Tm3+, etc.) [1]. In Raman lasers, thanks to inelastic light scattering, the
pump light may, in principle, be converted to the low-frequency range throughout the
transparency band of a chosen material (with appropriate pump sources) [2,3]. For rare-
earth ion-doped lasers, the pump frequency must belong to a certain absorption band of
the used rare-earth ions, while there is no such strict limitation on pump frequency for
Raman lasers [1]. For Raman lasers, the frequency shift of the generated Raman wave
with respect to the pump frequency (∆f R) depends on the material properties (and often
corresponds to the frequency of the maximum gain). It is well known that cascade Ra-
man lasing can be achieved when the generated coherent Raman wave itself serves as a
pump for the generation of a second-order coherent Raman wave; then, the generated
second-order Raman wave serves as a pump for the generation of a third-order coherent
Raman wave, and so on [3,4]. Thus, the frequency of the second-order Raman wave is
down-shifted by 2 × ∆f R relative to the pump frequency, the frequency of the third-order
Raman wave is down-shifted by 3 × ∆f R, and the frequency of the Nth-order Raman wave
is down-shifted by N × ∆f R. Therefore, multicascade Raman lasers can provide frequency
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tuning in a wide frequency range, which may be important for many applications and
fundamental problems.

Raman lasers are based on different materials, including bulk elements made of
crystals and glasses [5,6], glass fibers [3,7], gas-filled fibers [8,9], microresonators made of
glass and crystalline materials [10,11], gases in cells [12], and others. An active medium
and a resonator are frequently required for creating lasers, including Raman ones [1]
(although random distributed feedback (DFB) lasers with a mirrorless open cavity are also
known [13]). Mirrors and reflective coatings, as well as Bragg gratings in the case of fiber
lasers, can serve as a resonator [3]. When working with cascade Raman lasers, a resonator
is usually required for each wavelength (exceptions are DFB lasers [14]). For example,
for fiber lasers, several pairs of Bragg gratings corresponding to the number of Raman
cascades can be used [15]. However, a microresonator with whispering gallery modes
(WGMs) is simultaneously a gain medium and a cavity for a Raman microlaser including
multicascade ones [10,11,16]. A dielectric resonator with WGMs can trap photons by total
internal reflection ensuring light propagation along its equator [10]. Such microresonators
have huge Q-factors and large nonlinearity due to extremely small mode volume, which
make it possible to attain nonlinear effects at very low pump powers [10,11,16]. It is
known that Raman generation is observed in WGM microresonators in many cascades
(for example, the number of cascades was five in silica [16] and chalcogenide As2S3 [17]
microspheres, and eight in a CaF2 microdisk [18]). At the same time, it is rather problematic
to obtain Raman generation with a large number of cascades in more traditional systems
with separated active medium and resonators. Therefore, if the development of a miniature,
low-power narrow-line coherent light source with a low-power consumption and a huge
pump frequency tuning range is required, a multicascade Raman WGM microlaser seems
to be an excellent solution.

When developing a Raman WGM microlaser, special attention should be paid to
the choice of material, since Raman amplification properties vary greatly for different
media. For instance, for a standard silica glass, the maximum gain is 10–13 m/W (for a
pump wavelength of 1 µm), and the Raman frequency shift corresponding to this value
is ∆f R = 13.2 THz [2]. For crystalline materials such as CaF2 widely used for fabricating
WGM microdisks, the maximum Raman gain has the same order but the Raman shift
is lower (~10 THz) [18]. In recent years, special soft glasses with huge nonlinearity and
a wide transparency range (with mid-IR red border) have been attracting increasing at-
tention. For widespread chalcogenide As2S3 and As2Se3 glasses, the Raman gains are
4.3 × 10−12 m/W [19] and 5.1 × 10−11 m/W [20], respectively. However, their Raman
shifts are relatively low: ~10 THz [19] and ~7 THz [20], respectively. Against this back-
ground, special tellurite glasses with a transparency band of ~0.5–5 µm and Raman gains of
two orders of magnitude higher than the value for silica glass and the frequency shift corre-
sponding to a maximum of 20–28 THz [21,22] seem to be very promising materials for the
implementation of multicascade mid-IR WGM microlasers, even with a pump wavelength
belonging to the well-mastered telecommunication range. We recently demonstrated Ra-
man lasing in a tellurite TeO2-WO3-La2O3 (TWL) microsphere (for the first time for tellurite
microresonators) [23]. In this case, the maximum wavelength in the second cascade was
2.01 µm with a pump at 1.57 µm [23]. It should be noted that we previously achieved the
same wavelength with the same pump source in a chalcogenide As2S3 microsphere but in
the fourth cascade [24]. In both cases, we used a silica fiber taper to extract the generated
Raman waves. This taper has huge losses at wavelengths >2 µm, so we could not register
generation in higher cascades.

Here, we propose and theoretically study multicascade Raman microlasers based
on TeO2–WO3–Bi2O3 (TWB) glass with a maximum Raman gain 120 times exceeding the
maximum Raman gain of silica glass [22]. This glass also has a huge Raman frequency shift
of ∆f R~27.5 THz [22], which allows broadband frequency conversion using a reasonable
number of cascades. It is important to note that since tellurite glasses have a relatively low
glass transition temperature (Tg~370 ◦C for TWB glass [25]), it is necessary to take into
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consideration the heating of the microresonator during partial pump thermalization and to
control that the maximum temperature should remain below Tg, which is also taken into
account in the simulation. We investigate a realistic design of microlasers and demonstrate
numerically their mid-IR operation using a standard telecom pump wavelength. To the
best of our knowledge, the mid-IR tellurite glass Raman WGM microlasers have not been
previously studied.

2. Materials and Methods

We considered the scheme of a TWB glass WGM microlaser shown in Figure 1a. We
assumed that a fiber taper made of tellurite glass was used to couple the pump light
and extract the generated coherent Raman waves. The pump wavelength was taken to
be 1.57 µm (corresponding to a frequency of 191 THz), as in our previous experimental
work [23].
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The cascade scheme of Raman processes is presented in Figure 1b. We took into ac-
count that the maximum Raman gain is inversely proportional to the pump wavelength [2].
The model Raman gain function of TWB glass in comparison with the Raman gain func-
tion of silica glass is plotted in the inset in Figure 1b based on the data presented in [22].
The expected frequencies in the Raman cascades were 191 THz − 27.5 THz = 163.5 THz
(in the first cascade), 191 THz − 2 × 27.5 THz = 136 THz (in the second cascade),
191 THz − 3 × 27.5 THz = 108.5 THz (in the third cascade), and
191 THz − 4 × 27.5 THz = 81 THz (in the fourth cascade). So, the expected wavelengths
of Raman waves in the first, second, third, and fourth cascades were 1.83 µm, 2.21 µm,
2.77 µm, and 3.70 µm, respectively. The fifth cascade was not expected here because the
corresponding frequency 191 THz − 5 × 27.5 THz = 53.5 THz (wavelength of 5.6 µm) was
beyond the transparency range of TWB glass.

2.1. Numerical Model for Multicascade Raman Lasing

The theoretical study of multicascade Raman lasing according to the scheme shown
in Figure 1a was performed using the coupled mode theory for intracavity electric field
amplitudes Uk. We used the well-known model for cascade microlasers [16]:

dU0

dt
=

(
i∆ω0 −

1
2τ0

U0

)
− g1

ω0

ω1
|U1|2U0 +

√
κ0P, (1)

dUk
dt

= − 1
2τk

Uk + gk|Uk−1|2Uk − gk+1
ωk

ωk+1
|Uk+1|2Uk, fork = 1, . . . , N − 1, (2)

dUN
dt

= − 1
2τN

UN + gN |UN−1|2UN , (3)

where U0 corresponds to the electric field pump wave at angular frequency ω0 and Uk
corresponds to the Raman wave generated in the k-th cascade at angular frequency ωk; t is
the time; ∆ω0 is the angular frequency detuning of the pump frequency from the nearest
exact resonance; P0 is the pump power; τs is the total photon lifetime at ωs (s = 0, 1,. . . N,
τs = Qs/ωs, where Qs is the loaded Q-factor); κs is the coupling coefficient (we set κs = 1/(2
× τs)); and gk is the intraresonator Raman gain coefficient proportional to the maximum
Raman gain for bulk TWB glass gTWB with allowance for wavelength scaling (Figure 1b):

gk = ΓgTWBc2/
[
n2

TWB(V k−1 + Vk

)
], (4)

where c is the speed of light, nTWB is the linear refractive index of TWB glass, Vk and Vk−1
are effective mode volumes Veff in the kth and (k − 1)th cascades, and Г is the overlap factor
between the waves in the kth and (k − 1)th cascades (we estimated and set Г = 0.7). The
effective mode volume Veff for a microsphere with diameter d (Figure 2a) is calculated as

Ve f f = πd

(∫
Sϕd2r

)2∫
S2

ϕd2r
(5)

where Sϕ is the azimuthal projection of the Pointing vector and d is the microsphere di-
ameter. For calculating Veff the spatial distribution of the WGM electromagnetic field as
well as the WGM eigenfrequency are needed. The eigenmodes of a dielectric sphere are a
well-known problem in electrodynamics; the characteristic equations and expressions for
electric and magnetic fields can be found in [26]. We solved the characteristic equations
numerically to determine the WGM eigenfrequency for a microsphere of a specific diameter
near target wavelength. Next, we used it to calculate the electromagnetic field distribu-
tion and then performed the integration procedure to obtain Veff as in Equation (5). We
considered only TE fundamental WGMs in all calculations. The obtained effective mode
volumes Veff as a function of the light wavelength λ for microspheres of different diameter
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(d = 40 µm, d = 60 µm, d = 80 µm, and d = 100 µm) are presented in Figure 2b. As expected,
the smaller the microsphere, the smaller the effective mode volume.
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dispersion (c) vs wavelength λ for different microsphere diameters d.

The output power in a Raman wave is Pk = κk|Ak|2. We considered continuous wave
operation; so, the left-hand sides of Equations (1)–(3) were zero, (dUs/dt = 0). The system of
equations became algebraic and was easily solved analytically. We successively considered
all regimes of Raman lasing: when only one Raman wave in the first cascade could be
generated (in this case, Equations (1) and (3) for N = 1 were used); when two Raman
waves in the first and second cascades were generated (the system of Equations (1)–(3) was
written for three equations at N = 2); when three cascades were generated (the system of
Equations (1)–(3) was written for four equations at N = 3); and when four cascades were
generated (the system of Equations (1)–(3) was written for five equations at N = 4). As
noted above, the Raman lasing in the fifth cascade was not considered, as the corresponding
wavelength of 5.6 µm was beyond the transparency band of TWB glass.

We neglected four-wave mixing processes (between pump, Raman Stokes and anti-
Stokes photons and other combinations of pump and Raman waves). However, it is known
that when phase matching conditions are met, anti-Stokes light components can be gener-
ated with reasonable efficiencies in microresonators even with a normal dispersion [27,28].
We checked using the previously implemented model [29] that for our resonators the phase
matching conditions are not met. The calculated second-order dispersion coefficients β2 vs.
wavelength are plotted in Figure 2c.

2.2. Numerical Model for Microsphere Heating under Partial Pump Thermalization

The thermo-optical heating was studied using a theoretical model based on finding the
temperature distributions in a TWB glass microsphere during pump power thermalization.
The corresponding problem of thermodynamics can be expressed via the heat equation [30]:

ρcp
∂∆T

∂t
+ div φ = Q (6)

φ = −k∇(∆T), (7)

where ∆T is the temperature increase, ρ is the glass density, cp is the glass heat capacity at
constant pressure, φ is the heat flux density, Q is the heat source, and k is the glass thermal
conductivity. We used the following parameters of the tellurite glass: ρ = 5940 kg/m3,
cp = 370 J/(kg·K), and k = 1.2 W/(m·K).

We developed a numerical model employing the finite element method (FEM) for
calculating the spatial distribution of the temperature increase ∆T. As in a real experiment,
a microsphere is usually supported by a fiber stem that influences the heat flow, and the
calculations were performed for a realistic axially symmetric geometry demonstrated in
Figure 2a. It should be noted that Figure 2a shows only a part of the model omitting the
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rest of the relatively long (several mm) fiber stem. On all surfaces we chose the boundary
condition of free convection in air [30]:

φnorm = −αconv∆T, (8)

where φnorm is the outward-pointing component of the heat flow density vector and αconv is
the convection coefficient. We used empirical relations for αconv [30].

We assumed that heating occurs only in a small near-surface region of a microsphere
with elliptical cross-section (marked red in Figure 2a); this is done to mimic partial pump
power absorption in a highly localized WGM. The total heating power Pheat is evenly
distributed over this region and its total volume should coincide with the effective mode
volume Veff.

3. Results
3.1. Numerical Simulations of Microsphere Heating under Partial Pump Thermalization

First of all, we solved the thermo-optical problem to understand what powers can
be used. It is important for us that the temperature of heated microsphere should be
notably lower than Tg at the pump power required for generating the fourth Raman
cascade. An example of the calculated temperature field (temperature increase) in a
microsphere with a diameter of 60 µm at the thermalized power Pheat = 4 mW is shown in
Figure 3a. It can be seen that the largest temperature increase ∆T~200 K is observed near the
equator, but at the same time, this temperature increase in the volume of the microsphere
is approximately 10% lower; so, heating occurs fairly evenly. It should be noted that a
significant increase in the tellurite microsphere temperature leads to thermal expansion
with the coefficient α = 14 × 10−6 K−1 and refractive index changes ∆n = (dn/dT) × ∆T,
where dn/dT = −8 × 10−6 K−1. For a 60 µm microsphere heated to ∆T~200 K, its diameter
increase is only ∆d~0.17 µm and ∆n = −0.0016. We assumed that the spherical form is
preserved with a sufficient accuracy. These changes are too small to alter the general form
of Equations (1)–(5). However, it is well known that under the influence of these two factors,
a thermo-optical shift of microsphere eigenfrequencies occurs [31]. So, the detuning value
∆ω0 in Equation (1) corresponds to a “hot” resonator (in the study presented in Section 3.2
we examine in detail the lasing characteristics as a function of this “hot” detuning).
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Figure 3. (a) Example of temperature increase distribution in a 60 µm microsphere for thermalized
power Pheat = 4 mW. (b) Maximum temperature increase (dashed curve), temperature increase
averaged over the effective mode volume (solid green curve), and temperature increase averaged
over the microsphere without the stem (red curve).

The maximum temperature increase ∆Tmax, the temperature increase averaged over the
mode volume ∆Tmode, and the temperature increase averaged over the microsphere volume
∆Taver as a function of thermalized power Pheat are plotted in Figure 3b. The negligible
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difference between ∆Tmax and ∆Tmode can be explained by the small effective mode volume
that causes a fairly even temperature increase in the pump thermalization region.

Next, we solved the thermo-optical problem for microspheres of different diameters.
The curves for the maximum temperature increase as a function of thermalized power for
microsphere diameters of 40 µm, 60 µm, 80 µm, and 100 µm are plotted in Figure 4.
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The smaller the microsphere, the higher the maximum temperature. The qualitative
explanation of this effect is rather straightforward. The total surface area of the microsphere
is proportional to d2. Equation (7) shows that the convective heat flux density φ on
the surface of the microsphere is roughly proportional to the temperature increase ∆T
and the convective coefficient αconv. For our conditions, αconv can be approximated as
αconv ≈ 2kair/d [30], where kair is the thermal conductivity of air, i.e., αconv is inversely
proportional to d. Therefore, the total convective heat flow, which is mostly responsible for
the cooling process and can be found by integrating the convective heat flux density over
the microsphere surface, is roughly proportional to d. A decrease in d lowers the total heat
flow at a given temperature increase; thus, the equilibrium temperature must be higher for
compensating the same thermalized power Pheat. Despite it being a very rough estimate, it
provides a simple qualitative explanation.

3.2. Numerical Simulations of Multicascade Raman Lasing

Multicascade Raman generation was numerically simulated using microspheres of
different diameters and with different Q-factors. It should be noted that the highest loaded
Q-factor for tellurite microresonators experimentally achieved so far was Q = 3.7 × 107 [32].
Raman lasing up to the second cascade inclusive was obtained in a TWL microsphere with
loaded Q-factor Q = 2.4 × 107 [23]. The threshold pump power Pthr for Raman lasing in the
first cascade was found from Equations (1) and (2):

Pthr =
1

2κ0τ0g1

[
1

4τ2
0
+ ∆ω2

0

]
. (9)

To obtain (9), we assumed τ0 = τ1 and κ0 = κ1. It is seen that for the exact resonance
∆ω0 = 0, the threshold pump power is inversely proportional to Q2; so, the Q-factor is a
very important characteristic.

The calculated threshold pump powers as a function of two variables, pump power
and pump frequency detuning, for microspheres of different diameters are plotted
in Figure 5. The upper row corresponds to the highest considered intrinsic Q-factor
Q = 2.4 × 107, the middle row corresponds to intermediate value Q = 1.2 × 107, and
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the bottom row corresponds to the lowest considered Q-factor Q = 0.5 × 107. The left
column demonstrates the results for the threshold pump powers required to achieve
the first-order Raman wave, while the second, third, and fourth columns demonstrate
the pump powers required to achieve Raman lasing in the second, third, and fourth
cascades, respectively. As expected, the higher the Q-factor, the lower the threshold.
The larger the microsphere, the higher the threshold. It should be noted that in the
experiment the Q-factors of the manufactured samples of tellurite microsphere were
practically independent of their diameters (for d ranging from 30 to 100 µm) [23]. So,
on the one hand, it seems that small microspheres are most suitable for multicascade
Raman lasing. On the other hand, as demonstrated in Figure 4, the temperature increase
for them is maximal. Therefore, we can say that in the experiment it may be better to
work with microspheres with intermediate diameters, for example, 60 µm, for which the
pump power thresholds are quite low and, at the same time, the temperature remains
below Tg.

Photonics 2023, 10, x FOR PEER REVIEW 8 of 11 
 

 

expected, the higher the Q-factor, the lower the threshold. The larger the microsphere, the 
higher the threshold. It should be noted that in the experiment the Q-factors of the man-
ufactured samples of tellurite microsphere were practically independent of their diame-
ters (for d ranging from 30 to 100 µm) [23]. So, on the one hand, it seems that small mi-
crospheres are most suitable for multicascade Raman lasing. On the other hand, as 
demonstrated in Figure 4, the temperature increase for them is maximal. Therefore, we 
can say that in the experiment it may be better to work with microspheres with interme-
diate diameters, for example, 60 µm, for which the pump power thresholds are quite low 
and, at the same time, the temperature remains below Tg. 

 
Figure 5. Diagrams demonstrating threshold powers for Raman wave generated in the 1st, 2nd, 
3rd, and 4th cascades (each column corresponds to a certain cascade at 1.83 µm, 2.21 µm, 2.77 µm, 
and 3.70 µm, respectively) for different microsphere diameters (each line style corresponds to a 
certain diameter) and for different Q-factors (each row corresponds to a certain Q-factor). 

Next, we analyzed Raman lasing in more detail specifically in 60 µm microspheres. 
We chose an intermediate value of the intrinsic Q-factor (Q = 1.2 × 107). Figure 6a–d show 
the Raman wave power in the first, second, third, and fourth cascades, respectively, as a 
function of two variables: the pump power and the pump frequency detuning from the 
exact resonance. The red lines in the green planes demonstrate the thresholds (only for 
the first cascade in Figure 6a, for the first and second cascades in Figure 6b, for the first, 
second, and third cascades in Figure 6c, and for all four cascades in Figure 6d). It is seen 
that a sub-mW level of output Raman waves in all cascades can be achieved for a rea-
sonable pump power level of 10 mW. 

 

Figure 5. Diagrams demonstrating threshold powers for Raman wave generated in the 1st, 2nd, 3rd,
and 4th cascades (each column corresponds to a certain cascade at 1.83 µm, 2.21 µm, 2.77 µm, and
3.70 µm, respectively) for different microsphere diameters (each line style corresponds to a certain
diameter) and for different Q-factors (each row corresponds to a certain Q-factor).

Next, we analyzed Raman lasing in more detail specifically in 60 µm microspheres.
We chose an intermediate value of the intrinsic Q-factor (Q = 1.2 × 107). Figure 6a–d show
the Raman wave power in the first, second, third, and fourth cascades, respectively, as a
function of two variables: the pump power and the pump frequency detuning from the
exact resonance. The red lines in the green planes demonstrate the thresholds (only for the
first cascade in Figure 6a, for the first and second cascades in Figure 6b, for the first, second,
and third cascades in Figure 6c, and for all four cascades in Figure 6d). It is seen that a
sub-mW level of output Raman waves in all cascades can be achieved for a reasonable
pump power level of 10 mW.
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Figure 6. Output power in Raman wave as a function of pump power and detuning for the first
cascade (a), the second cascade (b), the third cascade (c), and the fourth cascade (d) in a 60 µm
microsphere with Q = 1.2 × 107. Output power in Raman wave as a function of pump power for all
cascades at fixed detuning (e). Output power in Raman wave vs. detuning for all cascades for a fixed
pump power of 12 mW (f).

For a better understanding of the obtained results, we fixed the detuning value
(∆ω0/(2π) = 25 MHz) and considered how the powers of the Raman waves depended on
the pump power. The results are shown in Figure 6e. We also analyzed how the powers in
Raman waves depended on the detuning at a fixed pump power of 12 mW (Figure 6f). It is
seen that when the pump power is sufficient for the generation of a wave only in the first
cascade, the power of this Raman wave increases nonlinearly. When two Raman waves
can be generated in the system (in the first and second cascades), the wave power in the
first cascade at 1.83 µm remains constant, while the wave power in the second cascade at
2.21 µm increases linearly with increasing pump power. When Raman waves are generated
in the system in three cascades, the wave power in the second cascade remains constant,
while the powers in the first and third (at 2.77 µm) cascades increase with increasing pump
power. When the pump power is sufficient to generate waves in all four cascades, the wave
powers in the first and third cascades do not change, while the powers in the second and
fourth (at 3.7 µm) cascades increase linearly with increasing pump power. It should be
noted that this behavior of the powers in Raman waves in different cascades is consistent
with the results of the reference [16].

4. Discussion and Conclusions

To conclude, we proposed and theoretically investigated multicascade Raman micro-
lasers based on soft tellurite TeO2–WO3–Bi2O3 glass WGM microresonators which can
operate in the near-IR and mid-IR with a narrow-line pump in the telecommunication range.
We assumed that a tellurite fiber taper (transparent in the near-IR and mid-IR) can be used
to couple the pump light into a microsphere and extract the generated Raman waves from
it. We considered a realistic design and performed a detailed theoretical study using the
experimental parameters of the glass reported in [22] and the experimental parameters of
the microspheres produced previously from a similar tellurite TeO2–WO3–La2O3 glass [23].
Thanks to the large Raman gain (120 times exceeding the maximum Raman gain of silica
glass) and a huge Raman frequency shift of 27.5 THz for this glass (against 13.2 THz for
silica glass), the Raman waves at 1.83 µm, 2.21 µm, 2.77 µm, and 3.7 µm in the first, second,
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third, and fourth cascades, respectively, with a pump wavelength of 1.57 µm were demon-
strated. Previously, we experimentally achieved two-cascade Raman lasing in a 30 µm
microsphere made of TeO2–WO3–La2O3 glass with the frequency shift ~21 THz [23]. The
Raman wavelength in the second cascade was 2.01 µm [23]. Experimental measurements
were in good agreement with simulations performed using a similar general approach,
confirming the validity of our model. Here, we extended the theoretical model to include
Raman cascades beyond the second order. We believe that multicascade Raman lasing can
be observed in optimized experiments.

We also solved a thermo-optical problem using the finite element method to show that
the temperature of a soft glass microresonator heated due to partial thermalization of pump
power remains below the glass transition temperature (for reasonable pump powers). The
smaller the microsphere, the higher the temperature increase. It was demonstrated that the
maximum temperature increase in the equatorial region, where the main pump thermaliza-
tion occurs, exceeds the temperature increase averaged over the entire microsphere by only
about 10%.

To describe multicascade Raman lasing, we used the coupled mode theory. We
analyzed in detail the influence of different factors on the characteristics of the generated
Raman waves, such as microsphere diameters, Q-factors, pump powers, and detuning of
the pump frequency from exact resonance. The higher the Q-factor, the lower the pump
power threshold for Raman lasing. The larger the microsphere, the higher the pump
power threshold. So, on the one hand, small microspheres seem to be most suitable for
multicascade Raman lasing. On the other hand, the temperature increase for them is
maximal. Therefore, we can say that for the proposed experimental implementation, it may
be better to work with microspheres with intermediate diameters (about 60 µm), for which
the pump power thresholds are quite low and, at the same time, the temperature remains
below Tg.

To the best of our knowledge, the mid-IR tellurite glass Raman WGM microlasers
have not been studied before. We believe that this work can serve as a guide in the
development of promising miniature multicascade mid-IR WGM microlasers, which
may find many applications.
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