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Fig.2 Schematic of Rydberg atom EIT setup (/2 represents half-wave plate, PBS represents polarizing beam splitter, SAS
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Fig.3 Schematic of cat-eye configure laser setup (diode represents laser emitter; col lens represents collimating lens; filter

represents a narrow bandwidth filter, the emission beam wavelength can be changed via rotating the filter angle 0;

OC represents the output plate)
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Abstract

Objective The Rydberg atom can be a sensor exhibiting enhanced sensitivity to microwave electric fields due to the
larger dipole moment. The demands for the 852 and 509 nm single-frequency narrow linewidth laser systems are
huge in preparing Rydberg atom; however, the generation of 509 nm laser is still complicated or premature.
Generally, a green laser near 509 nm is generated by direct emission from an external cavity diode laser (ECDL) or
double-frequency from 1018 nm. The former only obtain power about tens of milliwatts, and ECDL with poor
mechanical stability has difficulty realizing a wide range of wavelength tuning. The common frequency doubling
method employs an external enhancement cavity to achieve high-efficiency and high-power frequency doubling.
However, frequency doubling process is complex for the laser system. Therefore, we demonstrate a new robust,
compact, and high-power green laser system using the cat-eye configure diode laser (CEDL) as a seed laser. A
maximum power of 5 W was obtained from 1018 nm narrow linewidth doped ytterbium fiber amplifier ( YDFA),
second-harmonic generation (SHG) of 509 nm laser was from a fiber-coupled single pass periodically poled MgO-
doped lithium-niobate (MgO:PPLN) nonlinear crystal with 470 mW output. The quantum number n = 67 Rydberg
atom was prepared by the laser system. The linewidth of D state electromagnetically induced transparency (EIT)
spectrum was about 5 MHz, indicating its significant role as a core part in a self-calibrating, SI-traceable broadband

Rydberg atom-based radio-frequency electric field probe, and measurement instrument.

Methods CEDL is shown in Fig. 3, including three functionally different parts: diode emitter, narrow bandwidth
filter, and collimator lens with cat-eye configuration. This 852 nm CEDL output power structure was scaled to
60 mW after polarization-maintaining (PM) fiber. Additionally, its center wavelength could be tuned by driver
current, diode base temperature, and piezoactuator (PZT) attached at the output plate. The 1018 nm CEDL was
made to be the seed of 1018 nm YDFA. The output of the seed was coupled by a PM fiber (PM980-XP, Nufern),
splicing with the input of YDFA. The 509 nm single-frequency green laser was generated from 25 mm long
MgO:PPLN crystal according to a single-pass crystal laser frequency doubler. A dichroic mirror was installed to
separate the unwanted residual fundamental light and the generated green light after the crystal, which are highly
transmittive and reflective at 509 and 1018 nm, respectively. We realized a three-level configuration using three
levels with cesium (Cs) atoms: 6S,,, F=4; 6P,,, F=5; 67D;,, (Fig. 1), to interact with a 2.28 GHz microwave
field. The probe laser frequency was locked with a saturated absorption spectrum in Fig. 4. According to the two-
step excitation method, the preparation of Rydberg Cs atoms was in the vapor cell at room temperature using the
above laser system in Fig. 2. The probe and coupling laser beam counter-propagated through the room-temperature
Cs cell, with minimized Doppler broadening of the transition. After absorption by Cs atoms, the power of the probe
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light incident on the detector was recorded as the EIT spectrum when scanning the coupling laser frequency.

Results and Discussions To characterize the profit of the CEDL configuration, three points should be announced:
1) the mechanical structure stability; 2) powerful wavelength tuning ability, equipped with PZT for linear sweep
tuning external cavity, current fast tuning, and temperature slow tuning ability of the laser wavelength; 3) the laser
output direction will not be changed, even for a wide range of wavelength tuning. The temperature tuning curve of
the single-pass SHG is shown in Fig. 5. The fundamental laser center wavelength was 1018.9 nm with an output
power of 1 W. The fitting curve has a full width at half maximum bandwidth of AT =0.9 C at the optimum phase-
matching temperature of 51.9 ‘C . The second-harmonic power and SHG efficiency were considered as functions of
the fundamental power at the optimum phase-matching temperature (Fig. 6). When the fundament power reaches
5 W, the maximum SHG output power is scaled to 470 mW. The single-pass nonlinear conversion efficiency was
9.4% . Based on the ladder configuration Rydberg EIT spectrum in Fig.1, the probe and coupling beam, the 1/¢”
beam diameter were near 0.8 and 0.9 mm, respectively. The probe power incident to the vapor cell was about
10 pW. We compared the effect of coupling laser power on the EIT spectrum. The higher coupling beam power, the
higher EIT peak intensity.

Conclusions In ladder type EIT, decreasing probe optical power and increasing coupling beam power can minimize
the population of the middle state in vapor cell. This is essential for the lifetime of coherent state between Rydberg
atom and ground state. Due to the broadening of the atomic spectral by increasing probe power, we set the probe
power below the saturated intensity. In comparison, the EIT peak increases as the coupling laser power increases;
however, the spectrum linewidth is only broadened slightly. For a high electric-field strength, we should increase
the coupling laser power to distinguish AT splitting peaks. We have developed strong engineering applicability and
high stability Rydberg atomic excitation light system based on CEDL. The laser linewidth is about tens of kHz, with
a flexible wavelength tuning, providing fast and slow feedback channels for locking center frequency. The 1018 nm
CEDL is the ideal seed laser for YDFA. Based on the fiber-coupled single-pass crystal frequency doubling, the power
of the single-frequency narrow line width of 509 nm laser is about 470 mW. Meanwhile, its power and the linewidth
parameter can meet the Cs atomic Rydberg atom EIT spectrum applications. The preparation and optimization of EIT
signal measurement is the next step in building a reliable microwave field strength measurement system based on the
above laser system.

Key words laser optics; Rydberg atoms; electromagnetically induced transparency ( EIT ); laser system;
microwave electric field
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