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Abstract—Population inversion on the 7S, /5 —6P;/, transition
of cesium atoms is built by 455 nm diode laser pumping, and
continuous-wave (cw) lasing is observed without the feedback on
the gain medium from cavity mirrors. The stimulated emission at
1.47 pm infrared wavelength is restricted to a narrow angle along
the direction of propagation of the pumping laser. Evidence of
threshold-like characteristic is demonstrated in the cw mirrorless
lasing dependence on pumping laser detuning, atomic density,
and pumping light intensity. This compact structure can be used
to generate mirrorless laser in a number of infrared wavelengths
applied for the communication area. Moreover, it is expected to
realize the narrow-linewidth optical frequency standard from an
ultralow-finesse optical cavity.

Index Terms—continuous-wave mirrorless lasing, vapor cell,
threshold-like characteristic

I. INTRODUCTION

The coherent light amplification in cesium (Cs) vapor by
selective optical pumping with 388.8 nm helium lamp is firstly
proved by Rabinowitz et al. in 1961 [1]. Laser action is
observed at 7.2 pum and 3.2 pm transition. After, laser with
transition of 7P; /5 — 7S5} /5 in helium-buffered Cs vapor was
produced in 1969 [2]. Until 1981, the continuous-wave (cw)
mirrorless lasing in optically pumped Cs atomic vapor is firstly
demonstrated by Happer’s group [3]. Happer et al. proved that
without cavity mirror for feedback and under weak pumping
light condition, the light amplification by stimulated emission
of radiation can be also realized. Besides, utilizing the three-
level pump scheme with direct optical excitation, the lasing at
894 nm (6P1/2 - 651/2) [4] and at 459 nm ( 7P1/2 - 651/2)
[5] is produced in a mixture of Cs vapor and buffer gas. More
recently, a mirrorless laser using Cs vapor with 459 nm laser
pumping is reported [6]. Also, the simultaneous cw mirrorless
lasing on multiple optical transitions is realized by pumping
the Cs vapor with 388 nm laser [7].

In this work, we report the cw mirrorless lasing at 1.47 um
in thermal Cs vapor with weak 455 nm optically pumping.
Detecting along the propagation direction of pumping laser,
the power of the cw mirrorless lasing is up to 67 puW.
The spectral property and the threshold-like characteristic of
mirrorless lasing are analyzed. By further adding an low-
reflectivity cavity mirror, this system is expected to generate
an active optical clock [8]-[14] with ultra-narrow linewidth.

978-1-6654-3935-0/21/$31.00 ©2021 IEEE

F:
7Py, _— 83.0 MHz i
66.4 MH
§49x o 3
F=4
TS —< 2.18 GHz
3
455 nm 1470 nm
251 MHz | >
6P;), 201 MHz 4
z 3
681/2

F=4
—=<_ 9.19GHz
3

(a)

4
SAS >@

Magnetic shielding

S~
ISO

455 nm DL BS Ml Cscell F

(b)

Fig. 1. (a) Cs energy level showing optical pumping of 7Pz, by 455 nm
radiation. (b) Experimental setup for mirrorless laser generation. 455 nm DL,
455 nm diode laser; ISO, optical isolator; BS, beam splitter; Cs cell, Cs vapor
cell; F, filter; SAS, saturation absorption spectroscopy; PD, photodetector. M1
is a plane mirror coated with anti-reflectivity at 455 nm, and reflectivity at
1470 nm of 50%. Blue line represents the 455 nm pumping laser, and the red
line is the 1470 nm cw mirrorless lasing.

II. METHODS

The energy level and the experimental diagram are given
in Fig. 1(a) and Fig. 1(b), respectively. An external-cavity
diode laser (ECDL), whose center wavelength is 455.5 nm, is
used to pump the thermal Cs vapor. After interacting with the
atoms, the atoms is pumped from the 6.5, /2 state to the 7P3 /o
state. Then, the fluorescence on the 7.5} /5 - 6P, transition is
realized. The plane mirror M1 in Fig. 1(b) is coated with anti-
reflectivity at 455 nm, and with reflectivity of 50% at 1470
nm. The 1470 nm spontaneous radiation is amplified by the



mirror M1 with low reflectivity, and output the cw mirrorless
laser.

Pure Cs atoms contained in a 5 cm long quartz-glass cell
are maintained at temperature in the range 120°C-195°C
with temperature-control precision being around 0.1°C. The
magnetic shielding composed of two layers of p metal is used
to reduce the influence of external magnetic field on the atoms.
The 455 nm pumping power is tunable from ImW to 6.5 mW
with spot size of 0.605 x 0.485 mm?2. The light output from
the ECDL is divided into two parts. One part is used in the
saturation absorption spectrum (SAS) to provide the frequency
reference. The other part is used to pump the Cs atoms to
observe the resonance spectrum of 1470 nm cw mirrorless
lasing on photodetector (PD2), which is around 20 cm away
from the output window of the atomic vapor. It also reflects
that the 1470 nm mirrorless lasing has a strong directional
characteristic.

III. EXPERIMENTAL RESULTS

The mode-hop-free range of the ECDL is about 7 GHz,
which covers the hyperfine splitting of the second excited state.
The pumping light is resonant with Cs 6575 (F=4) to 7P; 5
transition, and the corresponding SAS is shown in the upper
of Fig. 2. The bottom is the 1470 nm resonance spectrum at
different vapor temperatures with pumping power of 6 mW,
and the insert is an example at 132.9°C. The 1470 nm lasing
is detected when the 455 nm laser is resonant with 655
(F=4) to 7P3 5 (F=5) transition. With the increase of the vapor
temperature, the power of 1470 nm lasing corresponding to
the pumping laser frequency far detune from the 6.5, /o (F=4)-
7Ps3/5 (F=5) transition increases gradually. However, the 1470
nm laser power increases first and then reduces with increasing
of vapor temperature, when the pumping laser is resonant with
the 65/, (F=4)-7P;/5 (F=5) transition.
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Fig. 2. The upper curve is the 455 nm saturation spectroscopy corresponding
to 6S;/5(F=4) - 7TP3,5. The bottom represents the 1470 nm resonance
spectrum at different temperatures with pumping laser power of 6 mW and
spot size of 0.605 x 0.485 mm?. The inset is a typical resonance spectrum
at 132.9°C, which is around threshold temperature.

As shown in Fig. 3, the 1470 nm laser power reaches
the maximum when the vapor temperature rises to 170°C,

then the laser power decreases with the further increase of
vapor temperature. This may be interpreted as the enhanced
atomic collision with increasing temperature, which leads to
the transition on 75/2-6P/, being dominant. Limited by
the highest heating temperature of 200°C, the temperature
threshold at higher temperature is not given in Fig. 3.
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Fig. 3. The 1470 nm laser power as a function of Cs vapor temperature.
The pumping power is 6 mW with spot size of 0.605 x 0.485 mm?. Here
the 1470 nm laser power is measured by the intensity of the highest peak
corresponding to 6S; /5(F=4) - 7P3 /5(F=5) transition of 455 nm SAS in the
resonance spectrum.

Next, the 1470 nm laser power as a function of 455 nm
pumping power is analyzed. We measured the laser slope
efficiency for the gain medium with several different vapor
temperatures in the range 138-195°C. As depicted in Fig. 4,
with the increase of atomic density, the laser slope efficient
increases first and then reduces. The maximum laser power
can reach 67 yW with pumping power of 6 mW. The laser
power can be further improved with a higher pumping power.
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Fig. 4. The power of cw mirrorless laser as a function of 455 nm pumping
power at different vapor temperatures. The spot-light size of pumping laser
is 0.605 x 0.485 mm?.

IV. CONCLUSION

In conclusion, this work explored a cw mirrorless lasing
without the use of feedback from optical resonator. The
threshold characteristic of mirrorless lasing with the change
of pumping frequency detuning, vapor temperature and the



pumping power is analyzed. According to Ref. [3], the stim-
ulated emission in a number of other wavelengths, such as
7P3/2 — 751/2 2.932 pm, 751/2 — 6P1/2 1.359 pm and
TP3/9 — 5D5/9 1.361 pum transitions can be also realized
with the 455 nm laser as the pumping laser. Among these
possible transitions, the strength of 2.932 pum and the 1.470
pm lasing are relatively high. As an optical frequency stan-
dard, high transition frequency is easier to achieve better
frequency stability. Therefore, the mirrorless lasing at 1.470
pm transition is studied in this paper. Next, we will study the
laser characteristic of 1.359 pum. Moreover, further research
on the linewidth characteristics of the cw mirrorless laser
is necessary. By adding another cavity mirror with ultralow
reflectivity, such as 1%, to enhance the feedback from optical
resonator on atoms, the mirrorless laser can be developed to
the bad-cavity laser [8], [15]. This structure can be used to
analyze the differences between the cw mirrorless lasing and
the bad-cavity laser, which is aimed at to realize an active
optical frequency standard with narrower linewidth.
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