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Abstract

®

CrossMark

We demonstrate 1.37 pm coherent near-infrared light generation via self-seeded parametric
four-wave mixing (FWM) process in Rb atomic vapor. Two lasers (780 nm and 776 nm) in the
co-propagating configuration, drive the Rb atoms from the 5S,, ground state to the 5Ds;,
excited state. The parametric FWM around the 5P3/,—5Ds/,—6P3,—6S,,—5P3; transition loop is
effectively established under phase matching conditions. The generated coherent light
wavelength is confirmed using an optical spectrum analyzer, and the output power is
investigated with the input laser frequency, power and atomic density. Consequently, a 1.37 yum
coherent light with the power of 27 xW and the beam quality of M7 = 1.22 and M; = 1.25 is
obtained. An additional 795 nm laser is introduced to enhance the output power by 1.5 times

through velocity-selective optical hyperfine repumping.
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(Some figures may appear in color only in the online journal)

1. Introduction

Diode pumped alkali lasers (DPALs) are a new type of laser
based on the excitation of alkali atomic vapors and play a cru-
cial role in the laser invention [1]. These novel lasers com-
bine the characteristics of both gas and solid-state lasers, and
can be used as excellent substitutes of solid-state and chem-
ical lasers owing to high quantum efficiency, high beam qual-
ity and better thermal management. High power DPALSs can be
used to charge remote photovoltaic cells and remote material
processing [2], whereas moderate to low power DPALSs with
narrow linewidth are suitable for research in quantum optics
[3, 4], optical communication [S] and atomic physics [6, 7].

* Authors to whom any correspondence should be addressed.
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DPALs are primarily produced by the nonlinear optical
effects of parametric four-wave mixing (FWM) [8] and ampli-
fied spontaneous emission (ASE) [9]. FWM is a practical and
effective technique for generating polychromatic optical fields
with high coherence, tunable narrowband and high beam qual-
ity. Therefore, frequency conversion in atomic ensembles has
been a very active research area in FWM process, which will
result in the efficient generation of new coherent optical fields,
expanding from ultraviolet (UV) [10] to infrared (IR) [11] via
different atomic transitions. The UV or blue lasers are widely
investigated in underwater optical communication [12], while
the IR lasers promote the progress in laser guide star technique
[13] and remote magnetometry [14, 15]. In particular, the IR
lasers simultaneously match with a telecom window and an
atomic transition line, thus they can be used to realize long-
distance quantum networks [16].

© 2021 Astro Ltd  Printed in the UK
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Figure 1. (a) Relevant energy levels in the experiment. (b) Schematic illustration of the experimental setup. HWP, half wave plate; PBS,
polarization beam splitter; M, high reflection mirror; SAS, saturation absorption spectroscopy; EIT, electromagnetically induced
transparency spectrum; WM, wavelength meter; L, lens; DM, dichroic mirror; PD, photodiode; BB, beam block; OSA, optical spectrum

analyzer; SSBP, scanning slit beam profiler.

To date, coherent lights generated by the FWM in atomic
mediums have been extensively investigated. The UV or blue
emissions at 455 nm [17], 420 nm [18, 19], 311 nm [10],
have been achieved in Rb or Cs vapors excited through two-
photon excitation. However, the IR lights generated by FWM
process in atomic ensembles have been rarely investigated
owing to their low efficiency compared with UV or blue lights.
The correlation between 780 nm and 1.37 pum photons are
studied in Rb atomic ensemble [20, 21]. Then, the 1.37 ym
coherent near-IR light (CNIRL) and 420 nm coherent blue
light (CBL) have been simultaneously observed [11], and
the major processes are also distinguished via orbital angular
momentum transfer [22]. The interaction between ASE and
FWM is demonstrated by IR and blue lights generated in Rb
[23] or Cs [24] atomic systems. Therefore, in view of the out-
standing advantages and possible applications in remote detec-
tion and other fields, a further research about generating high-
quality and available IR laser is relevant.

In this paper, we report the CNIRL generation in dense
Rb atomic vapor via ASE induced self-seeded FWM pro-
cess. The generated coherent light wavelength is confirmed
with an optical spectrum analyzer. The dependence of CNIRL
power on various experimental parameters is investigated in
detail, and the competition between two different parametric
loops is clearly demonstrated. An additional 795 nm laser is
used to increase the CNIRL output power through velocity-
selective optical hyperfine repumping. This study is benefi-
cial for understanding the FWM process in the atomic vapor
cells. Furthermore, it provides an experimental basis for the
light source used in laser guide star technique, remote mag-
netometry and long-distance quantum network.

2. Experiment setup

Figure 1(a) presents the multi-level structure of the FWM
process. Two photons of 780 nm and 776 nm excite the Rb
atoms from the 5S;, state to the 5Ds;, state. The cascade
de-excitation of atoms is distributed among numerous paths,

and induces multi-color ASE processes with population inver-
sion. Then, these optical fields, which are generated internally
via ASE processes, serve as seeded lights, inducing two dif-
ferent parametric loops under the two-photon excitation. Con-
sequently, the 1.37 um and 420 nm coherent lights are gener-
ated when the phase matching conditions are met.

Figure 1(b) schematically illustrates the experimental
setup. The Rb atoms are excited stepwise from the 5S;,, state
to the 5Ds,, state using two pump lasers, which are provided
by a 780 nm external cavity diode laser (DL pro, Toptica)
and a 776 nm tapered amplifier diode laser (DLC TA pro,
Toptica). The saturation absorption spectrum is used as the
frequency reference for the 780 nm laser. The 776 nm laser
frequency is referenced using an electromagnetically induced
transparency spectrum in a reference cell and monitored by
a wavelength meter (WS-7, High Finesse). The main strong
beams consisting of 780 nm and 776 nm are overlapped with
co-propagating configuration. A 5 cm long Rb vapor cell is
used for the frequency conversion, which is housed in a u-
metal to shield stray magnetic field. The temperature is varied
from 95 °C to 145 °C by a self-feedback system. The 1.37 ym
and 420 nm coherent lights are generated with the occurrence
of two parametric FWM processes. At present, the CBL has
been widely studied [25], while the 1.37 pum CNIRL gener-
ated simultaneously is less efficient and difficult to be detected.
Here, the 1.37 um CNIRL is separated from the background
light and blue light using a dichroic mirror and an IR filter,
and simultaneously detected by the optical spectrum analyzer
(AQ-6370C, ANDO) and IR photodiode (PDA20CS2, Thor-
labs). The beam quality M? of the generated CNIRL is evalu-
ated by using a scanning slit beam profiler (BP109-IR, Thor-
labs). The 420 nm CBL is also detected with a photodiode
(PDA36A-EC, Thorlabs).

3. Results and discussions

The wavelengths of the generated near-IR beams are detected
using the optical spectrum analyzer, as shown in figure 2. The
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Figure 2. Signal of the output near-IR beam detected by an optical
spectrum analyzer. The inset is the zoomed view of left peak.

frequency peak is centered at 1366.9 nm with the full-width at
half-maximum of 0.13 nm corresponding to the 5P3,—5Ds/;,—
6P3,,—6S1,—5P3, FWM process. While, the very weak peak in
the left is centered at 1323.9 nm corresponding to the 6S;,—
5Py, ASE process. The inset in figure 2 presents a zoomed
view of the weak peak. The intensities of these two beams
(11366.9 nm/I1323.90 nm) have a large ratio, which exceeds the value
of 400. Thus, we can consider that the detected signal repres-
ents the intensity of the 1366.9 nm CNIRL.

The competition between the two different parametric
FWM loops shows interesting experimental results, character-
ized by the intensities of CNIRL and CBL. Figure 3 presents
the concise two-dimensional maps of the CNIRL and CBL
normalized intensities. The powers of the 780 nm and 776 nm
lasers are 20 mW and 350 mW, respectively. The atomic dens-
ity is approximately 1.51 x 10'* cm™3. The resonance fre-
quencies of the 780 nm and 776 nm lasers correspond to the
hyperfine transitions of 3Rb 5S;, (F = 3)-5P3, (F = 4)
and 5P3;, (F = 4)-5Dsp (F = 5), respectively. The CNIRL
is clearly observed around the 3Rb 5SS, (F = 2, 3)-5P3,
and 8’Rb 58, (F = 2)-5P3,, while the CBL is detected only
around the 8°Rb 58, (F = 2, 3)-5P3,. Moreover, the max-
imum intensities of CNIRL and CBL are achieved at different
frequency positions. The maximum intensity of the 1.37 um
CNIRL is obtained when the two pump lasers resonate with
85Rb 551/2 (F = 3)—5P3/2 (F = 4)—5D5/2 (F = 5), while the
420 nm CBL is relatively weak at this resonance position for
the self-absorption effect [18, 25].

The clear competition between two different FWM pro-
cesses of 5P3/2—5D5/2—6P3/2—6S1/2—5P3/2 and 551/2—5P3/2—
5D5,—6P3,—5S1, leads to this result. To understand the
competition between two self-seeded FWM processes start
by ASE, the spontaneous decay rates of the involved dif-
ferent decay channels are given in [26]. The ASE pro-
cess can be achieved only with the population inver-
sion, which generates a directional optical field. Because

Uspg—6py, < T6pyn—65,, < L'6s;,—spy,, substantial population
inversions on the 5Ds;,—6P3,, and 6P3,—6S,, transitions lead
to the directional emissions at 5.23 pym and 2.73 pum. The
two FWM loops of 5P3,—5Ds,—6P3,—6S1,-5P3, and 5S;,—
5P3/,—5Ds5,,—6P3,,—-5S 1, are simultaneously established with
the help of ASE processes. The former process generates the
1.37 pym CNIRL and the latter process produces the 420 nm
CBL, their directions are determined by the phase matching
conditions. Both processes originate from the de-excitation of
the 5Ds/, state, which inevitably leads to competition between
the two FWM processes. The result is beneficial for clearly
understanding the underlying physics in such complex energy
level structures and, thus enabling the realization of multi-
wavelength lasers.

The CNIRL power depends on several experimental para-
meters, such as the input laser power and the atomic density.
The CNIRL power dependence as a function of the 776 nm
laser power is quantitatively investigated in figure 4(a). The
two pump laser frequencies resonate with Rb 5S;, (F = 3)
—5P3pp (F = 4)-5Ds;; (F = 5). The 780 nm laser power is
20 mW and the atomic density is about 7.85 x 10'3 cm™3.
The frequency conversion efficiency dramatically increases
when the applied laser power is less than 220 mW. Fur-
ther, the saturation of the CNIRL power is observed as the
776 nm input power continues to increase. This behavior is
expected because the two optical fields involved in the para-
metric FWM process originate from the ASE processes and
should possess threshold-like power dependence [11]. For the
given input laser powers of 20 mW and 350 mW, figure 4(b)
shows the CNIRL power versus atomic density ranging from
4.34 x 10" cm™3 to 7.85 x 10'* cm™3. A threshold depend-
ence on the atomic density is observed, in other words, a suffi-
ciently large atomic density is required to start the FWM pro-
cess. The CNIRL power steadily and linearly increases as the
atomic density increases, without noticeable saturation.

In order to evaluate beam quality of the CNIRL, the beam
profile is directly measured, as shown in the inset of figure 5.
A good Gaussian beam profile is clearly demonstrated. The
two pump laser frequencies resonate with Rb 5S;, (F = 3)
—5P3; (F = 4)-5Ds;; (F = 5) transitions and the powers are
20 mW and 350 mW. The atomic density is approximately
7.85 x 103 cm™3. In figure 5, the measured beam waists at
different positions along the x axis and y axis, are represented
by black squares and red circles, respectively. The resulting M?
values are M7 = 1.22 and M; = 1.25. Thus, the novel coherent
light generated in an atomic medium also shows a good beam
profile with respect to the crystal case [27].

Velocity-selective optical hyperfine repumping can signi-
ficantly enhance the efficiency of the parametric FWM pro-
cess [18]. The population of the 5S;, (F = 3) state can be
enhanced using an additional laser interacting with the 5S,,
(F = 2) state. Figure 6(a) shows the enhancement effect with
a repump laser resonating with 5S;, (F = 2)-5P; trans-
ition. The inset presents a zoomed view of the weak peak.
The related experimental parameters are similar to those of
figure 5, and the 795 nm repump laser power is 21 mW. As a
result, the maximum power of the 1.37 um CNIRL is improved
by a factor of approximately 1.5, while the 1.32 ym beam
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Figure 3. Normalized intensities of (a) CNIRL and (b) CBL as a function of the two pump laser frequencies. The white curve denotes the

saturated absorption spectrum (SAS) of 780 nm laser.
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Figure 6. (a) Intensities of the generated 1.37 pm and 1.32 pm beams with or without the 795 nm repump laser. The inset shows the
zoomed view of the left peak. (b) Intensities of the generated 1.37 ym and 1.32 um beams as a function of the repump laser power. The

error represents the standard deviation of three measurements.

is completely suppressed due to population increase in the
5P, state. Figure 6(b) shows the dependence of the gener-
ated 1.37 ym and 1.32 pm beams on the repump laser power.
The conversion efficiency of the FWM process dramatically
increases as the applied repump laser power increases.

4. Conclusions

In summary, the CNIRL at 1.37 pum is experimentally gen-
erated in Rb vapor via ASE induced self-seeded FWM pro-
cess. The spectral and spatial characteristics of CNIRL are
investigated in detail. The maximum intensities of CNIRL
and CBL occur at the different frequency positions, the res-
ult clearly shows the competition between the two different
FWM processes. Under the optimal experimental parameters,
a 27 yW CNIRL with the beam quality of M? = 1.22 and
M? = 1.25 is obtained. Additionally, the output power is fur-
ther enhanced by a factor of approximately 1.5 by introducing
a 795 nm repump laser. In future work, the circulating intens-
ity of the two-photon excitation beam can be increased using
an external cavity. The approach used herein is applicable to
various atomic media, and inherently suitable for developing
polychromatic, coherent and frequency tunable lasers.
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