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ABSTRACT
We experimentally investigate trap-loss spectra of the cesium 6S1/2(F = 4)→ 71P3/2 Rydberg transition by combining the cesium atomic
magneto-optical trap with the narrow-linewidth, continuously tunable 318.6 nm ultraviolet laser. Specifically, the atoms in the magneto-
optical trap are excited to the Rydberg state due to the ultraviolet laser single-step Rydberg excitation, which leads to the reduction of atomic
fluorescence. Based on the trap-loss spectroscopy technology, the Autler–Townes (AT) splitting due to a strong cooling laser is observed, and
the parameter dependence of the AT splitting interval of trap-loss spectroscopy is investigated. The effective temperature of cold atoms is
measured by using simplified time-of-flight fluorescence imaging. In addition, closed-loop feedback power stabilization of 318.6 nm ultravio-
let laser is carried out. This lays the foundation for further experimental research related to the Rydberg atoms using ultraviolet lasers, which
is of great significance for the development of quantum computing and quantum information.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0141479

I. INTRODUCTION

The strong long-range dipole–dipole interactions between
highly excited Rydberg atoms result in the Rydberg blockade. It
is very promising for applications in multi-body physics,1 quan-
tum computing,2 quantum information,3 nonlinear optics,4,5 and
imaging.6,7 For the detection of the Rydberg atoms, optical detec-
tion8 and field ionization detection9 are generally adopted. For the
applications of quantum information, non-destructive detection is
necessary. Therefore, the method of all-optical detection using the
step-type electromagnetically induced transparency (EIT) spectra of
the Rydberg atoms10,11 is widely used. Experimentally, the highly
excited Rydberg atoms are usually prepared by cascaded two-photon

or three-photon excitation. The single-photon excitation can avoid
atomic decoherence from population in the intermediate state, the
photon scattering, and the AC-Stark shift during multi-photon exci-
tation. Therefore, the single-photon excitation scheme has obvious
advantages for the preparation of the Rydberg atoms for quantum
computing and quantum information.

The use of single-step excitation to prepare Rydberg state atoms
has a low probability of direct excitation, and the transition wave-
length is generally in the violet or ultraviolet (UV) band, which is
not easy to achieve; therefore, there are fewer experiments using
single-photon excitation to prepare Rydberg state atoms. Tong et al.
obtained a 297 nm UV pulsed laser by doubling the frequency of
a 594 nm dye laser and achieved single-photon Rydberg excitation
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of 85Rb atoms 5S1/2 → nP3/2(n = 30–80) in rubidium cold atomic
magneto-optical trap.12 Thoumany et al. used a similar device to
obtain a 297 nm UV continuum laser to achieve single-photon
Rydberg excitation of the 85Rb atom 5S1/2 → 63P3/2 in a room
atomic vapor cell.13 Arias et al. used a 572 nm dye laser to dou-
ble the frequency to produce a 286 nm laser for the experimental
study of the 39K cold-atom Rydberg-dressed-ground-state Ramsey
interferometer.14

In recent years, with the development of nonlinear optical
frequency conversion technology and quasi-phase matching tech-
nology, as well as the maturity of crystal materials and crystal coating
technology, the implementation of continuously tunable UV lasers
has been gradually developed. Hankin et al. used the sum frequency
of 1071 and 1574 nm to generate a 638 nm laser, after which a
300 mW, 319 nm continuous UV laser was obtained by frequency
doubling and used for single-photon Rydberg excitation of cesium
atoms. The Rydberg blocking effect was observed in two single-
atom optical dipole traps at a distance of 6.6 μm.15 Li et al. obtained
a 297 nm ultraviolet laser of about 200 mW by quadrupling the
frequency of a 1188 nm infrared laser, which was used for the exper-
imental study of single-step Rydberg excitation in the rubidium hot
atomic vapor cell.16,17 In 2020, our experimental group explored the
DC electric field sensing of cesium cold atomic systems by using a
319 nm UV laser.18

In this paper, single-step Rydberg excitation in a cesium
cold atomic ensemble is achieved by using a narrow-linewidth
single-frequency 318.6 nm ultraviolet laser and an all-optical detec-
tion scheme. In the experiment, 637.2 nm red light is generated
by the sum frequency of 1560.5 and 1076.9 nm, and then 318.6 nm
UV laser of 2 W is generated by the double frequency of red light.
Then, a cesium magneto-optical trap is constructed to measure
the effective temperature, size, and atomic density of cold atoms
by using simplified time-of-flight fluorescence imaging. Finally,
the trap-loss spectra of the 6S1/2(F = 4)→ 71P3/2 Rydberg transi-
tion are studied by using a 318.6 nm UV laser combined with a
cesium magneto-optical trap. Based on the trap-loss spectroscopy
technology, the Autler–Townes (AT) splitting due to the strong
cooling laser is observed, and the parameter dependence of the AT
splitting interval with trap-loss spectroscopy is investigated. The
single-photon Rydberg excitation in this paper has positive implica-
tions for the further development of quantum optics and quantum
information processing by using cold atomic samples.

II. THE VAPOR-CELL MAGNETO-OPTICAL TRAP
OF CESIUM ATOMS

The specific Cs atomic magneto-optical trap (MOT) schematic
is shown in Fig. 1(a), where the MOT is loaded in a vacuum glass
cell with a size of 30 × 30 × 120 mm3, with a wall thickness of 5 mm
and vacuum degree maintained at ∼10−10 Torr. In the figure, the
quadrupole magnetic field gradient required for the MOT is pro-
vided by a pair of inverted Helmholtz coils, as depicted by the gray
coil, which is fixed in front (−z) and behind (z) of the glass cell, pro-
ducing a magnetic field gradient of 32.0 G/cm when the current is
1.6 A.

The 852 nm cooling laser is produced by a grating feedback
external cavity diode laser (ECDL) of Wavicle with an output power
of ∼90 mW, and then through the laser amplifier of Toptica can

FIG. 1. Relevant hyperfine levels for Cs atomic MOT. (a) Schematic diagram of
cesium atomic magneto-optical trap. (b) Energy level diagram, the cooling beams
have Rabi frequency Ω12. Δ12 is the detuning of the cooling laser—the 852 nm
cooling laser is detuned by Δ12 from the Cs 6S1/2(F = 4)→ 6P3/2(F′ = 5) tran-
sition and the resonance of the 852 nm repumping laser is at the Cs 6S1/2
(F = 3)→ 6P3/2(F′ = 4) transition.

produce 852 nm laser with a power of ∼200 mW and beam dia-
meter of ∼10 mm. The cooling laser is detuned by Δ12 = −12.4 MHz
from the Cs 6S1/2(F = 4)→ 6P3/2(F′ = 5) transition. The 852 nm
repumping laser is provided by a distributed Bragg-reflector (DBR)
diode laser with an output power of ∼80 mW. The resonance of the
repumping laser is at the Cs 6S1/2(F = 3)→ 6P3/2(F′ = 4) transition
and has a beam diameter of ∼11.5 mm. The angle of the cooling
laser and the repumping laser in the XY plane is 30○. As shown
in Fig. 1(a), the six cooling lasers and repumping lasers overlap
in the cesium atomic vacuum glass cell, and the intersection point
coincides with the zero point of the magnetic field of the anti-
Helmholtz coil. The effective temperature, cold atomic size, and
atomic number density of the cesium magneto-optical trap are mea-
sured by simplified time-of-flight fluorescence imaging. The relevant
energy levels are shown in Fig. 1(b).

For the temperature measurement of cold atomic samples,
we use a simplified time-of-flight fluorescence imaging method,
especially the cooling laser for laser cooling and trapping atom
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FIG. 2. Fitting of the effective temperature data for cold atoms. The pink curve
is the atomic Gaussian radius measured in the Z-direction with time of flight, and
the fitted effective temperature is 15.4 ± 2.7 μK. The green dashed curve is the
atomic Gaussian radius measured in the Y-direction with time of flight, and the
fitted effective temperature is 22.3 ± 2.2 μK.

instead of an additional probe laser of standard time-of-flight flu-
orescence imaging. The inset shown in Fig. 2 can be obtained as a
grayscale of the fluorescence image with time intervals of 2.1, 4.0,
6.0, 8.0, and 10.0 ms. The atomic Gaussian radii are obtained by
processing different atomic fluorescence images as a function of
diffusion time.

By using the relationship between the rate of diffusive expan-
sion of the atomic cloud and the temperature, σ2

t = σ2
0 +

kBT
m t2, the

initial temperature of the atom and the initial size of the atomic
cloud can be obtained after the fit, where m is the atomic mass
(for 133Cs atoms, m = 2.2× 10−25 kg), kB = 1.38× 10−23 J/K is the
Boltzmann constant, T is the effective temperature of the cold atom,
σt is the Gaussian radius of the atomic cloud at time t, and σ0 is the
initial radius of the cold atomic cloud.

As shown in Fig. 2, along the Z-direction, the atomic diameter
is 365.4 ± 3.2 μm and the effective temperature is 15.4 ± 2.7 μK,
where as along the Y-direction, the atomic diameter is
436.3 ± 4.5 μm and the effective temperature is 22.3 ± 2.2 μK.
Furthermore, the average density of cold atoms can be estimated to
be ∼ 2.2 × 1010 cm−3. Note that the experimentally measured tem-
perature is consistent with common sense, and the Doppler cooling
limit temperature of the cesium atom is 125 μK. Even without polar-
ization gradient cooling in MOT, there is a sub-Doppler cooling
mechanism that can reduce the temperature of the atoms in MOT
below the Doppler cooling limit temperature.

III. ULTRAVIOLET LASER SYSTEM AND POWER
STABILITY

The experimental setup is shown in Fig. 3, with references to
the literature19–21 for details. The 1560.5 nm master oscillator power
amplifier (MOPA) system consists of a 1560.5 nm distributed feed-
back erbium-doped fiber laser (DFB-ErDFL) with an output power
of ∼200 mW and a linewidth of ∼160 Hz. It is used as a seed laser
injected in an erbium-doped amplifier (ErDFA) with a wavelength

FIG. 3. Diagram of the experimental setup: the 1560.5 nm MOPA system con-
sists of a distributed feedback erbium-doped fiber laser (DFB-ErDFL) with a
narrow linewidth (160 Hz) of 1560.5 nm and an erbium-doped amplifier (ErDFA),
between which a waveguide-type electro-optical phase modulator (EOPM) with an
input–output polarization-preserving pigtail is inserted; the 1076.9 nm MOPA sys-
tem consists of a distributed feedback ytterbium-doped fiber laser (DFB-YbDFL)
with a narrow linewidth (2 kHz) of 1076.9 nm and a ytterbium-doped amplifier
(YbDFA); the AOM closed-loop positive feedback power stabilization device; the
cesium atomic magneto-optical trap including anti-Helmholtz coil and vacuum
glass cell.

of 1540–1565 nm. The beam is ∼1.4 mm in diameter and can pro-
duce a nominal 1560.5 nm laser with an output power of ∼15 W. A
waveguide-type electro-optic phase modulator (EOPM) is inserted
between the 1560.5 nm laser and the amplifier for phase modulation.
The 1076.9 nm MOPA system consists of a 1076.9 nm distributed
feedback ytterbium-doped fiber laser (DFB-YbDFL) with an output
power of ∼80 mW and a linewidth of ∼2 kHz. It is used as a seed
laser injected in a ytterbium-doped amplifier (YbDFA) with a wave-
length of 1060–1090 nm. The beam is ∼1.7 mm in diameter and can
produce a nominal 1076.9 nm laser with an output power of ∼10 W.
As shown in the figure, the 1560.5 nm laser and 1076.9 nm laser
pass through the periodically polarized PPMgO:LN (PPLN) crystal
and the sum frequency to produce 637.2 nm red light, after which
the 637.2 nm laser is injected into the four-mirror ring doubling
cavity to produce a ∼2 W, narrow-linewidth, continuously tunable
318.6 nm UV laser; and the doubling crystal is β-BaB2O4 (BBO)
crystal.

The 1560.5 nm laser frequency is locked by injecting the
1560.5 nm infrared laser into an ultralow expansion (ULE) cav-
ity (cavity length is 47.6 mm; the free spectral range is 3.145 GHz;
the fineness is 34 000@1560.5 and 30 000@637.2 nm), and the
laser frequency is locked by using the PDH sideband modulation
technology. Here, a waveguide-type EOPM is added between the
1560.5 nm laser seed source and the amplifier for phase modulation
of the laser, mainly because the EOPM cannot operate above the
watt power due to its low damage threshold. On the other hand,
the modulation frequency added to the 1560.5 nm laser can be
transferred to the generated 637.2 nm red light through the sum-
frequency process, which, in turn, enables frequency-doubling cavity
locking.
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The frequency stabilization of the 1076.9 nm laser is per-
formed by using a 637.2 nm laser, employing the electronic
sideband (ESB) frequency stabilization technology,22 which is
different from the PDH frequency stabilization by phase modu-
lation of the modulation sideband carried by the 637.2 nm laser.
Finally, the feedback signal is fed back to the piezoelectric trans-
ducer (PZT) port of the 1076.9 nm fiber laser to realize the frequency
stabilization of the 1076.9 nm laser. This results in frequency sta-
bilization of the entire 318.6 nm UV laser system, which has the
advantage of continuous tuning (range >6 GHz) while locking the
laser.

The experimentally generated 318.6 nm laser is power stabi-
lized by an acousto-optic modulator (AOM), as shown in Fig. 3.
Experimentally, the 318.6 nm laser passes through the AOM, and

FIG. 4. When the feedback loop is open or closed, (a) the peak–peak value of
power fluctuation in the time domain decreases from ±12.50% to ±0.08%, and (b)
the effective bandwidth in the frequency domain is ∼13.0 kHz.

the 0-level light is blocked out and the 1-level diffracted light is
taken, followed by a small angle sampling with beam splitter (BS).
The sampled laser passes through the servo control system after the
detector and finally is used to control the AOM. The other laser
beam after beam splitting is sampled by BS small-angle, one way
for subsequent laser use and one way through the detector divided
into two parts for monitoring, by using a digital multimeter to mon-
itor the intensity fluctuations in the time domain as well as the
SR785 fast Fourier transform spectrometer to monitor the intensity
fluctuations in the frequency domain. As shown in Fig. 4, the
laser intensity fluctuation in the time domain is suppressed from
±12.50% to ±0.08%, the pink and green colors illustrate the inten-
sity fluctuation under the feedback open loop and closed loop,
respectively, and the response bandwidth of the feedback loop in
the frequency domain is about ∼13.0 kHz, after which the trap-
loss spectrum is studied by combining the UV laser with a cesium
magneto-optical trap.

FIG. 5. (a) Trap-loss spectrum of the 6S1/2(F = 4)→ 71P3/2 Rydberg transition,
the error bars are standard deviations obtained by using multiple measurements.
(b) Energy level of dressed states. When the strong coupling laser interacts with
a two-level system, the atomic energy level is split into two, which is induced by
dressing splitting. Therefore, the 6S1/2(F = 4) state forms two dressed-ground-
states, ∣ 1D′⟩ and ∣ 1D′′⟩. Ω1r is the Rabi frequency of 318.6 nm UV laser,
Δ12 is the detuning of 318.6 nm UV laser, and the excitation of the Rydberg
states is accomplished by a single-step direct excitation scheme from the 6S1/2
(F = 4)→ 71P3/2 transition with a 318.6 nm UV laser.
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IV. FLUORESCENCE TRAP-LOSS SPECTRA OF CESIUM
COLD ATOM SAMPLES IN MAGNETO-OPTICAL TRAP

The single-step Rydberg excitation of cold cesium atoms is
studied. Experimentally, we adopt high-precision trap-loss spec-
troscopy to determine Rydberg excitation because the Rydberg
atoms cannot be trapped by MOT.23,24 In MOT, the Rydberg exci-
tation results in a reduction of the atom number in the 6S1/2(F = 4)
ground state since the atoms are excited to the Rydberg state. The
cold atom fluorescence loss rate of atoms in MOT is proportional
to the number of atoms excited to the Rydberg state. The number
of atoms excited to the Rydberg state can be estimated by mea-
suring the cold atom fluorescence before and after the Rydberg
excitation to obtain the fluorescence loss rate. Specifically, we use a
digital CCD camera (Thorlabs, 1500M-GE) to take spatially resolved
images of MOT and monitor the atom number of the ground state
[6S1/2(F = 4)]. MOT is continuously loaded, and the MOT fluores-
cence is recorded on the CCD with and without UV beam for 10 s
each.

In the experiment, we use standing laser field excitation to
reduce the radiation pressure of the laser, which can push cold atoms

out of the magneto-optical trap. Since the UV laser is weak, the
photoionization of cesium atoms due to the UV laser should be rela-
tively small. Therefore, the reduction of cold atoms in the magneto-
optical trap is mainly due to the interaction of the UV laser with
cold atoms, which excites them from the ground state to the Rydberg
state.

In the cold atom system, since the MOT cannot capture the
Rydberg atoms, when a 318.6 nm ultraviolet laser is applied to the
cold cesium atoms in MOT, the atoms will be lost from the trap.
Therefore, the excitation of the Rydberg atoms is judged experi-
mentally by trap-loss spectroscopy, i.e., the fluorescence change of
the cold atom cloud caused by the UV laser resonance with atoms
is directly measured. The loss rate of cold atom fluorescence of
atoms in MOT is proportional to the number of atoms excited
to the Rydberg state. The typical trap-loss spectrum is observed
experimentally, corresponding to the 6S1/2(F = 4)→ 71P3/2 Ryd-
berg transition. As shown in Fig. 5(a), Ω12 = 22.8 MHz,
Ω1r = 156.0 kHz, and the double pits in the spectrum are due to
AT splitting caused by a strong coupling cooling laser. When the
strong coupling light interacts with a two-level system (transition),

FIG. 6. Trap-loss spectra are obtained by changing the Rabi frequency of the cooling laser. (a) The trap-loss spectra are observed when the Rabi frequencies of the cooling
laser are 19.9, 24.9, and 27.2 MHz. The solid lines are the results of theoretical calculations, and AT splitting intervals are 23.9, 27.4, and 30.0 MHz. (b) The AT split interval
varies with the Rabi frequency of the cooling laser. (c) The linewidths of the AT splitting double pits as a function of the Rabi frequency of the cooling laser.
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the atomic energy level will be dressed split, that is, the strong cool-
ing laser interacts with the cold atom and leads to the splitting of
atomic energy levels, and the UV laser acting on the atomic level
leads to new resonance. As shown in Fig. 5(b), the 6S1/2(F = 4) state
forms two dressed ground states (∣1D′⟩ and ∣1D′′⟩) so that when the
318.6 nm UV laser acts on the atoms, two absorption pits are formed
at the two dressed state positions.

Based on a frequency-stabilized tunable UV laser system, we
measure the fluorescence trap-loss spectra of the 71P3/2 Rydberg
state at different Rabi frequencies of the cooling laser. As shown
in Fig. 6(a), here, the UV power is fixed at ∼2 mW and the Rabi
frequency of the cooling laser is varied, and the trap-loss spectrum
is measured when the weak 318.6 nm UV laser is scanned near the
6S1/2(F = 4)→ 71P3/2 transition. Among them, the Rabi frequencies
of the cooling laser corresponding to black, blue, and green squares
of data are 19.9, 24.9, and 27.2 MHz, respectively, and the measured
AT split intervals are 23.9, 27.4, and 30.0 MHz, respectively, which
are experimental measurement results. The solid line is based on the
theoretical calculation of AT splitting spectra in a V-type three-level

system. It can be seen from the figure that there are two pits in the
spectrum, namely, AT splitting. The AT splitting is caused by the
strong coupling of the cooling laser. To further prove our inference,
we also measure the variation of the AT interval with the Rabi fre-
quency of the cooling laser. As shown in Fig. 6(b), the black data
are the experimentally measured extraction values, which are the AT
splitting intervals extracted from the trap-loss spectra measured by
changing the Rabi frequencies of different cooling lasers. It can be
seen from the figure that the AT splitting intervals in the trap-loss
spectra increase with the increase in the Rabi frequency of the cool-
ing light, and the red solid line is the calculation result of the dressed
state theory.25

According to the theory of dressed states, the interval of the
AT double pits can be expressed as Ω̃ =

√

Ω2
12 + Δ2

12, where Ω12 is
the total Rabi frequency of the cooling laser and Δ12 = −12.4 MHz
is the detuning of the cooling laser with respect to the 6S1/2
(F = 4)→ 6P3/2(F′ = 5) hyperfine transition. The asymmetry of the
AT double is due to the non-zero detuning of the cooling beam
with respect to the hyperfine transition.25,26 We can see that the

FIG. 7. Trap-loss spectra are obtained by changing the power of the ultraviolet laser. (a) The trap-loss spectra are observed when the UV power is 8.0, 20.0, and 30.0 mW.
The AT splitting intervals are 25.8, 25.9, and 25.6 MHz. (b) The AT split interval varies with the power of the ultraviolet laser. (c) The linewidths of AT split pits as a function
of UV power.
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theoretical calculations, in general, agree with the experimental data,
which further proves that the double pits are caused by the strong
cooling laser leading to the dressed splitting of the cesium atom
ground state.

Figure 6(c) shows the linewidths of the AT splitting double pits
as a function of the Rabi frequency of the cooling laser. According to
Ref. 27, the linewidth of AT split double pits can be expressed as
Γ± = Γ+D

2 (1 ∓
Δ12√

Δ2
12+4Ω2

12

) + W, where Γ± is the linewidth of two

states, D is the Doppler broadening, W is the other broadening
mechanism, and Γ is the decay rate from the excited state to the
ground state. The spectral linewidth is mainly affected by Doppler
broadening, power broadening, interatomic collision broadening,
and transition broadening. The squares are the experimental data
and the solid lines are the fitting results.

The fluorescence trap-loss spectra of the 6S1/2(F = 4)→ 71P3/2
Rydberg transition under varying UV power conditions are mea-
sured in Fig. 7(a). The black, blue, and green squares of the data
correspond to the UV power of 8.0, 20.0, and 30.0 mW, respectively,
and the measured AT splitting intervals are 25.8, 25.9, and 25.6 MHz,
respectively, which are the experimental measurement results. Here,
the Rabi frequency Ω12 of the cooling laser is 22.8 MHz, and the
frequency detuning Δ12 is −12.4 MHz. It can be seen from the figure
that the AT splitting interval changes a little with the change in the
UV power. This is because the Rabi frequency of the UV laser is
much smaller than the Rabi frequency of the cooling laser, so the
AT splitting interval basically does not vary with the power of the
weak UV laser. As shown in Fig. 7(b), we measure the AT split-
ting interval for six groups of UV lasers whose power varies from
5 to 40 mW. It can be seen from the figure that the AT splitting
interval is about 25.8(2) MHz, which is basically consistent with
the theoretical calculation value of 25.9 MHz. Figure 7(c) shows the
linewidths of AT split pits as a function of UV power. From the
figure, it can be seen that the linewidth basically does not vary with
the UV power.

V. CONCLUSION
In this paper, a single-step Rydberg excitation experiment of

the cesium cold atomic system is carried out by a power-stabilized
318.6 nm laser system. Based on the trap-loss spectroscopy tech-
nology, we realize the nondestructive detection of the Rydberg state
and observe the Autler–Townes splitting in the cold atom ensem-
ble due to the strong cooling laser, and investigate the parameter
dependence of the AT splitting interval in the trap-loss spectroscopy,
which satisfy the theory of dressed states. Furthermore, the rele-
vant parameters of cold atom samples are measured in the cesium
magneto-optical trap, including the size, effective temperature, and
atomic number density of the cold atoms. It has positive signifi-
cance for further development of quantum information processing
and quantum computing by using single-step Rydberg excitation in
cold atom systems.
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