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ARTICLE INFO ABSTRACT
Keywords: We theoretically prove that introducing 5.23-pm mid-infrared (MIR) seed laser can greatly in-
Two-photon absorption crease output power of two-photon pumped Rb-vapor laser (Rb-TPAL) for the first time. Firstly,

Alkali vapor laser
Blue laser
Mid-infrared laser

MIR laser stimulated radiation is added to the three-dimensional calculation model we reported in
Ref. [1]. Then we simulate the Rb-TPAL pumped by a high-power continuous-wave laser diode
and analyze the effects of MIR seed power and direction, vapor cell temperature and length, waist
radii of pump and MIR seed, and output mirror reflectance on the output characteristics. The
results show that by optimizing the above parameters, the MIR seed laser can not only signifi-
cantly improve the output power and conversion efficiency of blue and MIR laser, but also reduce
the pump and temperature thresholds of blue laser. This study can be useful for designing a TPAL
system with high-power dual-waveband laser output.

Mid-infrared seed laser

1. Introduction

Alkali-vapor lasers are divided into single-photon pumped alkali lasers and two-photon pumped alkali vapor lasers (TPALs) ac-
cording to the number of absorbed pump photons from the ground state to the pump upper states. Usually, alkali-vapor lasers absorb a
near infrared photon through n%S; /» to n?Ps, transitions, and generate a near infrared photon through n?P1 /5 to nS; / transitions (n
=4 for K, n = 5 for Rb and n = 6 for Cs). Single-photon pumped K, Rb and Cs vapor laser can achieve single-wavelength laser output at
770 nm, 795 nm and 895 nm, respectively. With laser diodes (LDs) pumping, the single-photon pumped alkali laser have been scaled to
kW levels [2-4]. Compared with the single-photon pumped alkali lasers, TPALs can output the multi-wavelength laser in visible,
near-infrared, mid-infrared (MIR) and even far-infrared bands by absorbing two photons and pumping alkali atoms to higher states.
One of their advantages is the realization of coaxial output of blue laser and MIR laser, which effectively avoid the dilemma of laser
beam combining. The generated MIR and blue dual-band laser can be used in many fields, such as imaging, laser spectroscopy, un-
derwater communication, and remote sensing surveys [5-8]. Another advantage is that no hydrocarbon gas is required as a buffer gas,
and dual-wavelength laser output can be achieved without buffer gas or adding a small amount of He [9,10].

TPALs can be divided into dual-wavelength and single-wavelength excitation systems that use dual-wavelength or single-
wavelength pump laser, respectively. The realization method of dual-wavelength excitation TPALs are complicated, which need to
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adjust the polarization of the pump laser and combine the two pump beams. Single-wavelength excitation TPALs do not need any
complex pump laser system or any complicated optical adjustment structure to meet the phase-matching condition; thus, a system-
atical study of single-wavelength excitation TPALs is very meaningful. In 1976, the transitions from 525, ,2 to n°Ds /2 and n’Ds o (=
11-32) were found in Rb by single-wavelength two-photon pump for the first time [11]. However, due to the lack of suitable pump
source and corresponding detection equipment, the achievements before 2010 mainly focused on the two-photon absorption char-
acteristics, high-order nonlinear effect, frequency conversion characteristic, etc [12-14]. Recently, with the development of
high-power narrow-linewidth laser technology and the increasing maturity of single-photon pumped alkali laser, single-wavelength
excitation TPALs technology is rapidly developing. By improving the pump intensity and polarization, alkali vapor pressure, as
well as temperature dependence, single-wavelength excitation Rb-vapor TPALs (Rb-TPALs) and Cs-vapor TPALs (Cs-TPALs) achieved
blue laser output [10,15-18]. However, the output power and optical-optical efficiency of single-wavelength excited TPALs are very
low, which limits the application of TPALs. For the blue laser, the highest optical-optical efficiency only achieved 1% in the Rb-TPAL
pumped by a dye laser at 778.1 nm in 2016 [19]. The output power of blue laser can only reach mW level [20,21]. For the MIR laser,
the window material of the alkali-vapor cell used in TPALs is mainly quartz or pyrex glass that has a strong absorption of MIR laser.
Therefore, the power and efficiency of MIR laser generated by TPAL are extremely low [22-24], many TPALSs system only achieve blue
laser output without generating the MIR laser [20,21]. In terms of theory, we proposed the theoretical model of TPAL in [1] for the first
time and analyze the reasons for the low power and efficiency of blue laser in Rb-TPALs. The simulation results suggest that a
considerable number of Rb atoms will gather at 52Ds, 5 energy level if not consider MIR stimulated radiation. The spontaneous emission
rate between 52Ds,5 energy level and 62 P3,, energy level is relatively low, which makes it difficult for a large number of particles in the
52Ds,, level to transition to the 62 P3; level resulting in low power and conversity efficiency of the blue laser.

To solve this problem, we propose that 5.23-um MIR seed laser can be introduced to increase the transition rate from 52Ds 5 to 62
P3/2 in Rb-TPAL, which not only improves the output power and optical-optical efficiency of blue laser, but also amplifies the 5.23-pm
MIR laser, a similar method was experimentally tested in Ref. [25]. Gai et al. found that introduce a MIR seed laser at 2.42 um can
enhance the intensity of the laser at 455.6 nm by promoting the transition process of Cs atoms from 72Ds 5 to 72 P35 in Cs-TPAL
experiment. The experimental results show the feasibility of introducing 5.23-pm MIR seed laser into Rb-TPAL to increase output
power and optical-optical efficiency of blue and MIR laser.

Against this backdrop, we theoretically verify the influence of MIR seed laser on output power and conversion efficiency of Rb-
TPAL. Firstly, we establish a three-dimensional (3D) theoretical model of TPAL considering the MIR laser stimulated radiation base
on the rate equations. And then we simulate the influence of MIR seed laser on the output characteristics of Rb-TPAL pumped by a high-
power continuous-wave (CW) LD. We theoretically prove that the MIR seed laser can effectively improve the output power and
conversion efficiency of Rb-TPAL for the first time. Then, we analyze the effects of MIR seed laser power and direction, vapor cell
length and temperature, waist radii of pump and MIR seed, and output mirror reflectance on the characteristics of the blue and MIR
laser. Thus, the model and simulation results will contribute to the design of high-power dual-wavebands TPAL systems.

2. Computation method

We report a 3D theoretical model considering the MIR laser stimulated radiation based on the rate equation. The model considers
the configuration of a CW single-wavelength end-pump Rb-TPAL with seed laser at 5.23 pm. As shown in Fig. 1, the Rb-vapor cell is
cylindrical with length L and diameter D. The laser and pump beams propagate along the z-axis, and the direction of the pump laser is
positive. The pump laser is incident from the window A of the vapor cell and exits from the window B. The coordinate origin locates in
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Fig. 1. Schematic diagram of single-wavelength excitation Rb-TPAL system.
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the center of the cross-section, and the coordinate axes of the vapor cell cross-section are x and y. The pumping source is chosen as CW
fiber-coupled LD at 778.1 nm. The pump, blue and MIR laser intensities are I, I and IF, respectively (+ and — indicate laser beams
propagating in the + z and —z directions). The intensities of MIR seed laser, MIR output laser and blue output laser are Iin, Loy, and Ipoys.

The mechanism of two-photon absorption and energy level transition process of Rb-TPAL are shown in Fig. 2. The Rb atoms are
excited by absorbing two pump photons at 778.1 nm from the ground state 525, 5 to the upper states 5Ds via the intermediate
virtual level, which marked with the dotted line. Then 5.23-pm MIR photons are generated from the 52Ds,5 to 6 Py transition. And
the blue laser at 420 nm is produced due to the transition from the 62 P35 energy level back to the ground state 52S; /,. When quartz or
pyrex glass is used as window material, 5.23-pym MIR laser is difficult to oscillate due to the strong absorption of window. The
spontaneous emission rate between 52Ds 5 to 62 P35 is relatively low that makes it difficult to cause a large number of particles from
the 5%Ds 5 level to the 62 P35 level, resulting in a lower output power of blue laser. Therefore, we propose a way to introduce the 5.23-
pm MIR seed laser to Rb-TPAL. Even though the vapor cell window has a large absorption of MIR laser, partial MIR seed laser can still
enter the vapor cell through the window. The transition rate from 52Ds 5 to 62 P35 can be increased by stimulated radiation of MIR
laser, which not only increases the output power blue laser, but also obtains high-power MIR laser output.

According to the kinetic processes, we can obtain the rate equations that describe the population distributions of Rb-TPAL

dN, _N16131p+(N2_2N1)6211b+1&+&7

dt hl/,) huy, T T

sz o (N3 — 1.5N2)O’321, (N2 - 2N])O'2]Ib Nz N3
. _ e
dt hv, hy, T T3

N, +N, +N; =N, (€9)]

where Nj, Ny, and N3 are the densities at the levels ground level (5231 ,2), upper pump level (62 P3/2), and upper laser level (52D5/2),
respectively. h is the Planck’s constant. v, 1, and v, are the central frequency of blue laser, pump laser and MIR laser, respectively. 613,
021 and o3z are the pump absorption cross section, blue laser emission cross section, and MIR laser emission cross section, respectively.
7; (1 = 1,2,and 3) is the radiative lifetime of upper level, calculated in [1].

Np is the total Rb atom population density, which strongly influenced by cell temperature T [26].

4040
My = 133.322 x 102.881 +4.312 - kT 2)

The go1 (x, y, 2) and g21 (x, ¥, 2) are the saturation gain coefficient of the blue laser and MIR laser at the position (x, y, 2),
respectively. ¢ (x, y, 2) is saturation absorption coefficient. They can be written as:

g2 (x,¥,2) = 62 [Na(x,y,2) — 2N (x, ¥, 2)] 3
3

&n <x,y,Z) =03 {N3 (x,5,2) —3M <x7y, Zﬂ @

o(x,y,2) = 013N, = omarlpNy(x,y,2) 5)

where o74p is the two-photon absorption cross section (cm*/W). Our group derived a calculation formula based on coupled wave
equations [27]:
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Fig. 2. Schematic illustration of energy structures and transition process of Rb-TPAL.
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Where kj, is pumping laser wave number, 49 is permeability of vacuum and c is the speed of light in vacuum. Im ] is the imaginary
part of third-order susceptibility of Rb in four-wave mixing process. The values of relative natural abundance f;s,(Rbgs) and fi5,(Rbg7)
are 72.2% and 27.8%, respectively. Sgp is hyperfine line strengths and fr is statistical distribution of population among F states of
ground energy level.

The paraxial approximation can be used to simulate the propagation process of the blue and MIR laser in resonant cavity. In our
study, the spatial distribution of the single-wavelength excitation Rb-TPAL laser intensity is calculated by beam propagation equation.
In the free space part of the resonator, the paraxial wave equations for calculating the blue and MIR laser amplitude Ap and A, are
written as [28].

i OAn(x,3,2) _ PA(x,y,2) | PA(x,y,2)
O P T

A, (x,y,2) _ A, (x,,2) N PA(x,y,2)

0z 0x? 0y? @

2ik,

Where kj and k; are the wave numbers of blue laser and MIR laser in vacuum, respectively. For the laser propagating in the vapor cell of
the resonant cavity, the formulas for calculating the blue and MIR laser amplitude A and A, are written as [28].
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For absorbed pump beam in the alkali vapor cell, the pump amplitude A, is calculated as

L 0A(x,,2) A7) | 0°A(x,),2)
2ik; F) = > + 2
74 ox dy )

+ik,0(x,y,2)Ap(x,y,2)

The blue and MIR laser in the Rb vapor cell and the free space inside the resonant cavity can be numerically calculated by solving
Egs. (1)-(8). An iterative method is proposed to numerically simulate the laser resonant in the cavity: The gain medium of Rb-TPAL is
divided into small volume segments of length Az along the z-axis of the Rb-vapor cell. The initial value of the pump intensity I, (x, y, 0)
and MIR seed laser intensity Ii, (x, ¥, 0) or I (x, y, L) and is set by Gaussian functions. The blue laser intensity I, (x, y, 0) is chosen
arbitrarily. The initial value of MIR laser intensity I, is determined by I;,,. In steady-state CW operation all the time derivatives in Eq. (1)
are zero and the population densities N;, N2, and N3 are determined, I, (x, y, A2), I; (x, y, Az) and I (x, y, Az) are obtained by
substituting Eqs. (3)-(6), and (8-9); I (x, ¥, Az) = I§ (x,y, Az) +; (x, y, Az) and I, (x, y, Az) = I (x, y, Az) +I; (x, y, Az) are calculated
using the complex amplitudes stored in the previous step. The blue and MIR laser intensity free space part of the resonator can be
calculated using Eq. (7). The dual-waveband laser is round-trip propagated through the cavity until the values of the pump and laser
intensity stabilize. Accordingly, the intensity of the pump laser, MIR laser and blue laser of the Rb-TPAL is obtained. And then we can
calculate the output power of blue laser P, and MIR laser P,;.

Table 1

Parameters used in the model.
Parameters Definition Value
032 Stimulated emission cross section of MIR 2.367 x 107! cm?
Ar MIR central wavelength 5.23 um
NA numerical aperture of the pump fiber 0.22
Tfiber Pump core radius 200 um
o Waist radius of pump laser 400 pm
wr Waist radius of MIR seed laser 400 pm
P, Pump power 100 W
Ry Output mirror M2 reflectivity of blue laser 15%
Ty Vapor cell transmission of blue and MIR laser 95%
L Vapor cell length 0.45 cm
T Vapor cell temperature 220 °C
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3. Results and discussions

In this section, the simulation and optimization of a Rb-TPAL pumped by a high-power CW LD are conduction and explore the effect
of MIR seed laser on the output characteristics of blue laser and MIR laser. The simulation conditions are as Table 1. The other pa-
rameters are the same as those in [1].

3.1. Influence of input power and direction of MIR seed laser

By our model, we simulate the influence of MIR seed laser on output characteristics of TPAL in four cases: co-direction, counter-
direction, co- direction double-pass and counter- direction double-pass.

As shown in Fig. 3, M1 and M2 are input mirror and output mirror of the resonator respectively. Fig. 3(a) is the co-direction case:
the MIR seed laser and pump laser are combined by a dichroic mirror (DM) co propagate into the resonator, M1 and M2 have high
transmission for 5.23-pm MIR laser. The MIR laser and blue laser can output coaxially in the same direction. Fig. 3(b) shows the
counter-direction case: the direction of MIR seed laser is reverse to the pump laser, and the MIR laser output in the counter direction of
blue laser. The other parameters are consistent with the Fig. 3(a). Fig. 3(c) shows the co-direction double-pass case: after reflected by
the polarized beam-splitter (PBS), the s-polarized MIR seed laser and pump laser are combined by the DM and co-propagating. M1 and
M2 are antireflection-coated and high-reflection-coated at 5.23-pm, respectively. A quarter-wave plate (QWP) is added to the reso-
nator, the angle between the fast axis of the QWP and the MIR seed polarization direction is 45°. The MIR laser is transmitted through
M1 and reflected by M2, then converted into p-polarized MIR laser by pass through the vapor cell and QWP twice, finally outputs
through M1, DM and PBS in the counter direction of blue laser. Fig. 3(d) shows the counter-direction double-pass case: the experi-
mental setup is similar to Fig. 3(c), the difference is that M1 is high-reflection-coated at 5.23-pm, and M2 is antireflection-coated for
MIR laser. The propagation direction of MIR seed laser is reverse to the pump laser, and MIR laser and blue laser output in the co-
direction.

Fig. 4 shows the output power of the blue laser Py, as a function of the input power of MIR seed laser P, under different cases. It
can be seen that when P, < 0.01 W, Py, increases with the increase of P,;;,. When Py, is 0 and 0.01 W, Ppoye is ~0.4 W and ~6.6 W,
respectively. This indicates that introduction of 5.23-ym MIR seed laser can significantly improve the output power of blue laser. At the
same time, the way of introduction MIR seed laser has little effect on the output power of blue laser. However, when P,;;; > 0.01 W, the
output power of blue laser does not continue to increase and stabilize at ~6.6 W. Fig. 5 shows the distribution of population densities
Njat 62 P3/5 in co-direction case under P, = 0 W, 0.0001 W, 0.01 W and 0.1 W, respectively. It can be seen from Fig. 5(a-c), when Py,
< 0.01 W, N3 increases as the increase of P, in the pump laser irradiation region, which indicates that the transition rate from 52D5 /2
to 62 P4 /2 increases, thus promoting the output power of blue laser. However, when P, > 0.01 W, N3 tends to be saturated as shown in
Fig. 5(c-d). As a result, Py, no longer increases and tends to be stable. Therefore, no matter how the MIR seed laser is introduced, when
MIR seed power is large enough, the output power of blue laser will not continue to increase after reaching the maximum.

The results in Fig. 4 also show that P, affects the output power of MIR laser P,,,. Compared with the four cases in Fig. 3(a-d), Proy
grows with increase of P,;,. When P;,= 1 W, Py in the four cases is 1.793 W, 1.872 W, 1.625 W and 1.794 W, respectively. However,
when Py, continues to increase, Py, begins to be lower than P;,. When P,= 10 W, P, in the four cases is 9.107 W, 10.043 W,
8.878 W and 9.008 W, respectively. This indicates that when the P, is too large, the MIR seed laser can not be amplified or even be
absorbed. When 0.01 W < Py, < 1 W, the MIR laser can be amplified and the output power blue laser reaches maximum. Therefore, we
should choose the appropriate MIR seed laser power to obtain high-power and high-efficiency blue and MIR laser output in the TPAL
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Fig. 3. Schematics of the TPAL under four cases of the introduction of MIR seed laser and pump laser in (a) co-direction (b)counter- direction (c)co-
direction double pass (d) counter- direction double-pass. DM, dichroic mirror; QWP, quarter-wave plate; PBS, polarized beam-splitter; M1, input
mirror; M2, output mirror.
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Fig. 5. Distribution of population densities of 6 P/, in the vapor cell at steady state under different P,;, in the co-direction case.

experiments. Py, is the largest in the counter-direction case, and the other three cases are similar. Fig. 6 shows the distribution of gain
coefficients of MIR laser when MIR laser is introduced in different directions when P,;;= 1 W. It can be seen that the MIR gain in Fig. 6
(b) reaches largest. Therefore, the MIR laser power in the counter-direction case is the highest.

Compared with the four cases, the values of Py, are almost identical, and P, in the counter-direction case is the largest, but the
value is little different from the other three cases. For the experimental setup of Rb-TPAL in the cases of counter-direction, counter-
direction double-pass and co-direction double-pass, they are complex and difficult to realize. Although the output power of MIR laser
in the counter-direction case is slightly larger than the co-direction case, the blue laser and MIR laser cannot output in the same di-
rection. The experimental setup under the co-direction case is relatively simple, and the blue and MIR laser can output in the co-
direction coaxially. Therefore, we only consider the co-direction case in the following simulation.
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Fig. 6. Distribution of gain coefficients of MIR laser in the vapor cell at steady state when MIR laser is introduced in different directions
when P,=1 W.

3.2. Temperature and length of Rb-vapor cell

In order to obtain high power and high conversion efficiency of blue and MIR laser, P, is set to 1 W, and the other parameters are
the same as mentioned above. We simulate the relationship between the output power of blue laser Py, and MIR laser Py, as a
function of the cell length L at different temperatures T.

Fig. 7 displays the output power as a function of L at different T. There is no MIR seed laser in Fig. 7(a), and Fig. 7(b) shows the
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Fig. 7. Dependence of output power and cell length under different temperature conditions when P,;,= 1 W. (a) is without MIR seed laser, and (b)
shows that the MIR seed laser is introduced in co-direction. (Solid line is blue laser output power, the dotted line is MIR output power).
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results with MIR seed laser in co-direction case. When T is 160 °C, blue laser can be obtained after introducing of MIR seed laser, the
maximum power is 0.231 W with length of 0.6 cm, which indicates that the introduction of MIR seed laser reduces the temperature
threshold of TPAL system. When T is 180 °C, 200 °C and 220 °C, the maximum blue laser output powers in Fig7(a) are 0.022 W,
0.143 W and 0.575 W, corresponding to the optimal lengths of the cell are 0.75 cm, 0.7 cm and 0.6 c¢m, respectively. The maximum
blue laser output powers in Fig7(b) are 1.274 W, 3.340 W and 6.604 W, the corresponding lengths of the cell are 0.55 cm, 0.5 cm, and
0.45 cm, respectively. The results show that for a certain T, there is an optimal L that maximizes Pp,,. With MIR seed laser introducing
and T increasing, the optimal vapor cell length decreases, and the corresponding Py, increases. The explanation of the optimal L is that
when the cell length is less than the optimal L, the pump laser cannot be fully absorbed so that the P, is lower. When the cell length
exceeds the optimal L, the pump laser is completely absorbed at the front end of the alkali vapor cell, resulting that the Rb atoms in the
back half of the vapor cell not being able to absorb enough pump laser to be excited, and Rb vapor forms an absorption loss on the blue
laser, which results in the decrease of Py, The higher the T, the shorter the optimal L because Rb population densities increase with
the T increase, and the L required to ensure complete absorption of the pump is shorter; therefore, the optimal L is shorter. After the
introduction of MIR seed laser, the conversion efficiency of blue and MIR laser increases, which accelerates the absorption of pump
laser, the optimal L required to ensure complete absorption of the pump laser is shorter, so the optimal length is shorter.

As for the MIR laser, Fig. 7(b) shows that when T is 160 °C, 180 °C, 200 °C and 220 °C, the maximum output powers of MIR laser
can achieve 0.916 W, 1.122 W, 1.569 W, 2.358 W, respectively. As T increases, the concentration of Rb atoms increases, and the gain
increases; thus, P,y increases with enhancing in the working temperature. We also find that as the length of the vapor cell increases,
the P,y increases, and the trend of saturation gradually appears. Since the lower energy level of MIR laser is 62 P35, it is easy to form
particle number inversion, resulting in the gain of MIR laser can be achieved even if the pump intensity is weak.

For the single-wavelength pumped Rb-TPAL, high pump intensity is generally essential to promote the two-photon absorption
process, and the pump threshold intensity is a key parameter. In order to investigate the pump thresholds of blue and MIR laser, P, is
set to 0.1 W, and the other parameters were the same as mentioned above. Fig. 8 exhibits the dependence of the output power on the
pump power at different temperatures with the optimal L. For the blue laser, Fig. 8(a) shows the Rb-TPAL system without MIR seed
laser: when temperatures T is 180 °C, 200 °C and 220 °C, the pump threshold intensities are 1.413 x 10* W/cm?, 1.393 x 10* W/cm?
and 1.154 x 10* W/cm?, respectively. Fig. 8(b) shows the Rb-TPAL system with MIR seed laser in the co-direction case: when tem-
peratures T is 160 °C, 180 °C, 200 °C and 220 °C, the corresponding pump threshold intensities of blue laser are 1.512 x 10* W/cm?,
1.253 x 10* W/cm?, 1.134 x 10* W/em? and 1.054 x 10% W/cm?, respectively. It can be seen that the MIR seed laser can reduce the
pump and temperature thresholds of blue laser.

When T is 160 °C, 180 °C, 200 °C and 220 °C, the threshold intensities of MIR laser are 6.167 x 10° W/cm?, 3.581 x 10° W/cm?,
2.586 x 10° W/cm? and 1.592 x 10° W/cm?, respectively. The results show that the MIR laser threshold is much lower than the blue
laser threshold. The reason is that the lower level of blue laser is the ground state, it requires strong pump intensity to form particle
number inversion. However, the lower level of MIR laser is 62 P35, which is an excited stated and basically empty at room temperature.
It is easy to form particle number inversion between 52Ds,; and 62 P3 5. Therefore, the generation of MIR laser is easier than the blue
laser. The similar results have also been proved in the experiment [29]. The blue and MIR laser thresholds of pulse pumped Cs-TPAL
were tested in Ref [29], and the values were 0.3 mJ and 3 nJ, respectively. The blue laser threshold was much higher than the MIR laser
threshold, indicating that our calculation results agree with the experiment.
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3.3. Waist radii of pump and MIR seed laser

From the above simulation results, the temperature T is set to 220 °C, L is chosen to be 0.45 cm, the pump beam waist is located on
the center of the vapor cell and the other parameters are the same as mentioned above. For the LD pumped TPALs with MIR seed, the
pump beam waist radius w;, and MIR seed waist radius w, have a significant effect on the output power. Therefore, we obtain the
relationship between the output power and pump waist radius of MIR seed laser w; at different pump waist radii w;, as shown in Fig. 9.

The Fig. 9 shows that when wj, is 300 um, 400 ym,500 pum and 600 um, and he Rayleigh lengths of the pump beam are 36.34 cm,
64.60 cm, 100.94 cm and 145.35 cm,corresponding to the output powers of blue laser are 12.680 W, 6.611 W, 2.453 W and 0.313 W,
respectively. Ppo increases with the decrease of w;,. Because the pump laser intensity increases as wj, decreases, and more Rb atoms can
be excited to 52D5/2 level and the gain increases, which causes the blue laser power increasing. However, w; has little effect on Ppy.
Fig. 10(a-c) illustrates the gain coefficients distribution of blue laser in the cell under steady state for a waist radius when wr is 300 pm,
400 pm and 500 um, respectively. It can be seen that the gain of blue laser is almost unchanged under different wy.

Fig. 9 also show that P, increases with the w, increasing, This can be attributed to the distribution of the gain coefficients of MIR
laser in the cell under steady state for w,= 300 um, 400 um and 500 pm, as illustrated in Fig. 10(e-f). As w; increases the MIR gain
becomes larger, which lead to the increase of P,y Moreover, Proy increases with the w;, decreasing. When wy, is 300 um, 400 um,
500 ym and 600 um, the maximum MIR laser power with w, of 500 um can reach 4.940 W, 2.363 W, 1.520 W and 1.211 W,
respectively. Because higher pump laser intensity can also improve the MIR laser power. The above results show that high-power blue
and MIR laser output can be obtained by choosing smaller waist radius of pump laser and larger waist radius of MIR seed laser in the
experiment.

3.4. Output mirror reflection

In this section, the value of w, is chosen to be 500 um. The other parameters are the same as above. We analyze the relationship
between the output power and the blue laser reflectivity of the output mirror Ry, at different pump waist radii w,.

Fig. 11 displays that the output power as function of output mirror reflectance of blue laser when wj, are 300 um, 400 um,500 pm
and 600 um. When wj, are 300 um and 400 um, as Rjp decreases, the Py, increases. When Rp = 0, the blue laser power reaches the
maximum, which is 13.587 W and 6.880 W, respectively. The results reveal that the Rb-TPAL system can obtain high-power blue laser
output without the resonator cavity. When wj, are 500 ym and 600 um, the optimal R;, are 5% and 30%, and the maximum output
powers of blue laser are 2.471 W and 0.333 W, respectively. When R, = 0, the output powers of blue laser are 2.432 W and 0.245 W,
which indicates that high-power blue laser can also be obtained without resonant cavity. The results in Fig. 11 also show that Py
increases with the decrease of wj, which is consistent with the conclusion of Section 3.3.

From the Fig. 11, we can also see that Ry, has little effect on the Py, When w;, are 300 ym, 400 um,500 pm and 600 um, output
powers of MIR laser are ~5 W, ~2.4 W, ~1.5 W and ~1.2 W, respectively. It can be seen that high-power MIR laser output can be
obtained even without resonant cavity. In experiment, since the resonant cavity mirror of TPAL system needs to consider the coating of
blue laser, near-infrared laser and MIR laser, the technology is complex and the cost is high. Therefore, the resonant cavity can be
eliminated in the experiment, and the adjustment of the resonant cavity can be avoided.
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4. Conclusion

In this study, we establish a 3D single-wavelength CW TPAL theoretical model considering the MIR laser stimulated radiation and
simulate the effect of MIR seed laser on the characteristics of Rb-TPAL for the first time. Firstly, we verify that the introduction of 5.23-
pm MIR seed laser can significantly increase the output power and optical-optical conversion efficiency of blue laser, which verify the
similar scheme in Ref. [25]. As for the direction of the MIR seed laser, Rb-TPAL in co-direction case has a simple structure and can
obtain high-power coaxial and co-direction dual-band lasers, which is suitable for the Rb-TPAL system. For the vapor cell temperature
and length, an optimal combination of temperature and cell length can maximize blue and MIR laser output power. With MIR seed
laser and the increase of cell temperature, the corresponding optimal cell length decreases, and higher blue and MIR laser output
powers are achieved. The pump and temperature thresholds of blue laser can also be reduced by introducing MIR seed. Moreover, the
threshold of MIR laser is much lower than blue laser, which is consistent with the experimental results of Ref. [29]. As for the waist
radii of pump and MIR seed, with the pump waist radius of the pump beam decreases, the output power of blue and MIR laser increase.
With the MIR seed waist radius increasing, the MIR laser output power increases, but the output power of blue laser is almost un-
changed. The high-power lasers output can be obtained without resonator cavity, which can simplify experimental device and save the

10



Y. Jietal Optik 273 (2023) 170423

===, =300pum ====w, =400pm

[y
N
T

=1, =500pm =——w, =600um

i

[
[\
-
Output power of MIR laser (W)

o
<
T

Output power of Blue laser (W)
=<}
-

0 I I
0% 20% 40%

Output mirror reflectance of blue laser

. 1
80% 100%

60%

Fig. 11. Output power as function of output mirror reflectance of blue laser under different pump waist radii (Solid line is blue laser output power,
the dotted line is MIR laser output power).

cost. This simulation results are very useful for designing TPAL system with high-power blue and MIR dual-band laser output.
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