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The power broadening of a coupling laser can be converted into two-photon
detuning by electromagnetically induced transparency (EIT), resulting in a
residual Doppler effect. The residual Doppler effect in a ladder-type EIT in a
room-temperature atom ensemble is further amplified through a wavelength
mismatch effect between the probe and coupling laser beams, which reduces the
atomic coupling of light or microwaves. Wemeasured the Rydberg spectra of the
electric dipole (E1) and electric quadrupole (E2) microwave transitions,
demonstrating that the reduction in the Rydberg EIT signal can be recovered
through far-off-resonance E2 microwave transition dressing and achieving an 8-
dB enhancement in the Rydberg EIT signal. The frequency-dependent dressing of
the E2 transition enables the shift of the dressed Rydberg states to be tuned,
thereby providing a scalable approach to optimize the interaction between the
Rydberg state and microwave field.
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1 Introduction

Rydberg atoms are promising candidates for microwave (MW) electric field
measurements owing to their high polarizability and strong electric dipole moments
[1–9]. In a room-temperature atomic ensemble of Cs atoms, the inhomogeneous
broadening of Doppler effect σ (~350 MHz) is larger than the homogeneous broadening
of the spontaneous decay linewidth Γ of the 6P state (~5.2 MHz). The current experimental
study suppresses the velocity-dependent inhomogeneous spectral broadening in precise
Rydberg spectroscopy via Doppler-free configurations. Electromagnetically induced
transparency (EIT) is a destructive interference effect with a narrow linewidth. Sub-
Doppler Rydberg EIT spectroscopy can be achieved using two-photon excitation. The
power broadening of a coupling laser with a ladder-type EIT in a room-temperature
ensemble can be converted into two-photon detuning or broadening [10–13]. This residual
Doppler effect is further amplified as the wave vector mismatch between the probe and the
coupling laser, which reduces the atomic absorption [14–16].

Recent studies on atomic clocks and interferometry have counteracted inhomogeneous
broadening or shift using a magic or tune-out wavelength [17–19]. In these scenarios,
multiple-field dressings allow the atomic degrees of freedom to be tuned and thereby
improve coupling. More recent studies have used MW-dressed Rydberg atoms to tune
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atom–atom interactions [20–22]. These approaches have can also
suppress spectral broadening or atomic decoherence [19, 23–26];
however, resonance transition dressings cause undesired Rydberg-
state populations and introduce additional broadening. In contrast,
far-off-resonance MW dressing offers an effective shift in the state
but is less effective in modifying dressing polarization owing to its
frequency insensitivity.

In this study, an auxiliary field dressing for the electric quadrupole
(E2) transition is used to counteract inhomogeneous spectral
broadening. The reduction in atomic coupling of the optical and
MW fields can be recovered by E2 transition dressing. The
E2 transition modifies both the dressing shift and polarization. The
dressing developed in this study provides a new method for recovering
velocity-dependent residual Doppler effects in ladder-type EIT.

2 Experimental methods

The experimental apparatus (Figure 1) includes an external cavity
diode laser operating at a wavelength of 852 nm to generate a probe
beam and a fiber laser operating at a wavelength of 509 nm to produce a
coupling laser beam. Their linewidths are approximately 100 kHz and
20 kHz, respectively. The probe laser frequency was stabilized to the Cs
D2 transition 6S1/2 (F = 4) → 6P3/2 (F = 5) via saturation absorption

spectroscopy (SAS). The frequency of the coupling laser beam was
stabilized by Rydberg atom EIT spectroscopy. A cylindrical cell with a
length and diameter of 75 mm and 25 mm, respectively, confines the Cs
vapor at room temperature. TheMW field was transmitted to the vapor
cell through a standard gain horn antenna, and the MW signal
generator (Rohde & Schwarz, SMA100B) was stabilized using a Rb
atomic clock (Stanford Research Systems, FS725). The probe laser
power used in the experiment is 20 μW, and the diameter is
0.65 mm. The corresponding Rabi frequency is and Ωp = 2π ×
4.98MHz. The coupling laser power used in the experiment is
80 mW, and the diameter is 0.85 mm the corresponding Rabi
frequency is and Ωc = 2π × 0.4 MHz. The atomic density is 5.97 ×
1010 cm−3. The probe laser beam was recorded using a photodiode
detector (PD), and an oscilloscope (Keysight, DSOX3024T) and a
spectrum analyzer (Keysight, 9030 B) were used to record and
process the transmitted signal.

The transition spectra of the MW frequency-related E1 and
E2 transitions [Figure 2B] were measured by probing the EIT signals
using an amplitude modulation (AM) technique for EIT signals. The
dipole moments of the two microwave transitions are 5,445 a0e
(72 S1/2 → 72 P1/2) and 5,240 a0e (72 S1/2 → 72 P3/2), respectively.
The quadrupole moments of the two microwave transitions are
2.334 × 10−3 a0e (72 S1/2 → 70 D3/2) and 2.352 × 10−3 a0e (72 S1/2 →
70 D5/2), respectively. In this experiment, 100% AM at 131 kHz was

FIGURE 1
Schematic of the experimental apparatus. Using a counterpropagating configuration, the probe and coupling beams (wavelengths 852 nm and
509 nm, respectively) overlap in the Cs atomic vapor cell. The frequency of the probe beam is stabilized to the hyperfine transition via saturation
absorption spectroscopy (SAS). The frequency of the coupling beam is stabilized in the Cs-cell through Rydberg atom EIT spectroscopy. OI: optical
isolator; λ/2: half-wave plate; PBS: polarizing beam splitter cube; MS: magnetic shielding; PD: photodiode detector; DM1: 852-nm high-reflectivity
(HR) and 509-nm high-transmissivity (HT) dichroic mirror; DM2: 852-nm HT and 509 nm HR dichroic mirror; Dump: optical dump.
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applied to the signal and demodulated using a spectrum analyzer
with a resolution bandwidth of 1 Hz. The MW frequency was
scanned from 8.6 to 10.6 GHz in steps of 2 MHz.

3 Results and discussion

The coupled atomic energy levels of Cs participating in ladder-type
EIT (Figure 2A) involve two optical fields of wavelengths 852 nm and
509 nm corresponding to 6S1/2→6P3/2 and 6P3/2→72S1/2 transitions,
respectively. The E1 transitions couple the 72S1/2 states to the 72P1/2 and
72P3/2 states with corresponding MW transition frequencies of
9.50 GHz and 10.17 GHz, respectively. Similarly, the E2 transitions
couple the 72S1/2 state to the 70D5/2 and 70D3/2 states with
corresponding transition frequencies of 8.82 GHz and 9.02 GHz,
respectively. The E2 transition is of the order a0

2, where a0 is the
Bohr radius; thus, the E2 transition is always three to four orders of
magnitude smaller than a typical E1 transition. The transition spectra of
the MW frequency-related E1 and E2 transitions (Figure 2B) were
measured by probing the EIT signals using an amplitude modulation
(AM) technique for EIT signals.

The measured peaks are consistent with the resonance transition
characteristics of both the E1 and E2 transitions. The signal intensity of
the E2 transition at 8.82 GHz (72S1/2→70D5/2) is approximately 42 dB
weaker than that of the E1 transition at 9.50 GHz (72S1/2→72P1/2). To
investigate the differences in the performance between the frequency-
related E1 and E2 transitions, the full width at half maximum (FWHM)
of these transitions were measured. The FWHM of both E2 transitions
at 8.82 GHz (72S1/2→70D5/2) and 9.02 GHz (72S1/2→70D3/2) is
~10 MHz. In contrast, the FWHM of both E1 transitions at
9.50 GHz (72S1/2→72P1/2) and 10.17 GHz (72S1/2→72P3/2) is
significantly higher at ~200MHz. The broadening mechanism for

E1 transitions primarily involves an inhomogeneous broadening of
wavelength mismatch from the excitation laser beams, that is, σR = (λp/
λc)Γ6P, and Stark shifts induced by the off-resonant MW field, that is,
σS �

�������

Ω2 + Δ2
√

, where Δ is the off-resonant detuning.
To further explore the frequency shifts of the Rydberg E1 and

E2 transitions, the shifts were recorded at different MW emission
powers. With a sufficiently strong interaction in the 72S1/2→72P3/2
transition, Autler–Townes splitting of the Rydberg E1 signal occurs
(Figure 3A). The shapes of the EIT-AT peaks are asymmetric at a high-
level radio frequency (RF) transmitted strength primarily owing to the
inhomogeneous distribution of the space RF field over the vapor cell,
but also partly due to the small amount of ionization [27, 28].When the
intermediate-level detuning of the E2 transition is larger than the width
of the E1 transition, the E2 interaction can be considered an AC Stark
effect through off-resonance excitation. The magnitude of the power-
dependent shift of the E2 transition increases with the MW field power
(Figure 3B). The spectral linewidth increases from ~1 to 80MHz as the
MW power increases from −30 dBm to 20 dBm. Shift measurements
are shown in the inset of Figure 3B.

A sub-Doppler spectrum of the 6S1/2→6P3/2→72S1/2 Rydberg EIT
signal was obtained using counterpropagating excitation beams from
the probe and coupling lasers. The typical EIT linewidth measures
several tens of megahertz [7, 12, 28, 29], which is considerably larger
than the spontaneous emission linewidth of Rydberg states. These
spectral broadenings include spontaneous emission broadening of
the intermediate levels and power broadening of the coupling laser
beam, the latter of which can be converted into two-photon
detuning using the EIT scheme, resulting in a velocity-
dependent residual Doppler effect. The residual Doppler effect
in the ladder-type EIT of the Rydberg atom may be amplified
through a wavelength mismatch associated with a larger
wavelength difference between the probe and coupling laser

FIGURE 2
(A) Atomic energy level diagram of Cs associated with Rydberg EIT signals. (B) Spectral characterization of the dipole (E1) and quadrupole (E2)
transitions. The EIT signal intensity is measured by AM probing. The MW field transmission power level is fixed while the MW frequency is scanned from
8.6 to 10.6 GHz in steps of 2 MHz. The probe and coupling lasers are frequency stabilized to the 6S1/2→6P3/2→72S1/2 transitions through EIT
spectroscopy. The Rabi frequencies of the probe and coupling beams are 2π × 4.98 MHz and 2π × 0.4 MHz, respectively.
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beams. The linewidth of the 6P3/2 intermediate state is Γ6p =
5.2 MHz, which yields a fundamental spectral wavelength
mismatch limit of σR = (λp/λc)Γ6p = 8.7 MHz. Inhomogeneous
broadening of the residual Doppler effect, which scales as Γ/σ,
may reduce atomic coupling of the MW fields.

An auxiliary dressing of the E2 transition was employed to
recover the atomic E1 transition coupling of the MW field, thereby
alleviating the inhomogeneous broadening of the residual Doppler
effect and enhancing the atomic coupling of the MW field. The
E1 transition of 72S1/2→72P1/2 and the E2 transition of 72S1/
2→72D5/2 were chosen as the signal MW field and dressing field,

respectively. These 2 MW fields were transmitted to the vapor cell
via two standard horn gain antennas. A previous study has derived
the compensation condition Ω2

c /(Δc − δc) � Ω2
a/(Δa − δa) for

absorption loss due to Doppler mismatch; here, Ω is the Rabi
frequency, Δ is the frequency detuning, and δ is the frequency
shift. The subscripts “c” denotes the coupling laser, and “a” denotes
the auxiliary or dressing field [16]. The E1 transition was fully
recovered to the homogeneous absorption level in an
inhomogeneous broadening atomic ensemble during an
experimental demonstration [16]; therefore, we hypothesize that
the MW coupling of the Rydberg E1 transition, 72S1/2→72P1/2, may

FIGURE 3
Shifts in E1 and E2 transition responses as a function of MW power: (A) Autler–Townes splitting induced by the E1 resonance transition; (B) shift in
E2 transition induced by the AC Stark effect. Spectral broadenings caused by power-dependent resonant coupling. Inset: shifts in the E2 signal as a
function of MW power.

FIGURE 4
Enhanced E1 coupling via E2 transition-dressed Rydberg atoms: (A) Signal response of the 9.50-GHz E1 transition as a function of the auxiliary field.
The signal magnitude is not affected by an E2 fieldwith a power of less than −10 dBmbut quickly increases as the power increases from −10 to 10 dBm. (B)
Dependence of the signalmagnitude on the frequency of the auxiliary field. A Voigt fit (gray curve) of the data yields a linewidth of approximately 10.5 MHz
for a typical E2 transition.
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be enhanced by tailoring the effective linewidth of the Rydberg state
to satisfy the aforementioned compensation condition. We
monitored the AM probe signal using an EIT apparatus.
Figure 4A shows the magnitude dependence of the E1 signal field
on the power of the E2 dressed field. As the magnitude of E2 field
increases from −10 to 10 dBm, the AM probe signal magnitude
rapidly increases; the 72S1/2 state is modulated through the
E2 dressing field, and the inhomogeneous broadening of the
72S1/2 state is compensated. Compensation of the inhomogeneity
broadening can recover the fraction of the atomic absorption cross
section and enhance microwave coupling. In particular, the signal
magnitude reaches a maximum when the power of the E2 field is
10 dBm. Under these conditions, the absorption cross sections of the
72P1/2 and 72S1/2 states are substantially recovered. With a further
increase in power, the AM signal magnitude decreases because the
E2 dressing broadening of 72S1/2 is greater than the power
broadening of the coupling laser, which increases the
inhomogeneous spectral broadening. Under the optimized
conditions, the Rabi frequencies of the probe and coupling laser
beams areΩp = 2π × 4.98 MHz andΩc = 2π × 0.4 MHz, respectively.
The E2 dressing parameters yields a maximum enhancement factor
of approximately 8 dB. The noise limit of the spectrum analyzer
is −135 dBm, and the PD electric noise is approximately −130 dBm.
Technical noise of ~5 dB results from fluctuations in the laser
beam power.

In contrast to the far-off-resonance MW or DC electric field
dressing, the shift in the E2 transition dressing is frequency-
dependent and therefore has the ability to manipulate the coupling
of the Rydberg states. Figure 4B illustrates the dependence of the AM
signal magnitude on the E2 transition frequency. This effect was
evaluated using a Voigt fit of the data, which provided a linewidth
of approximately 10.5 MHz for a typical E2 transition, comparable to
those obtained in previous studies [30, 31]. Similarly, the E2 transition
of 72S1/2→70D3/2, which has a resonance frequency of 9.02 GHz,
exhibits enhanced coupling and frequency dependence similar to
those of the 72S1/2→70D5/2 transition.

In principle, auxiliary field dressings can recover the coupling near
the homogeneous or spontaneous decay limits in a room-temperature
atom ensemble; however, in practice, Rydberg atoms are susceptible to
excitation and stray environmental electromagnetic fields. Blackbody
radiation can couple adjacent Rydberg states in atom ensembles at room
temperature, thereby causing energy shifts or mixing [12, 32].
Moreover, optical pumping and polarization introduce polarization
broadening of the magnetic quantum number m, which describes
vector and tensor polarizabilities [33, 34]. The E2 transition dressing
can recover the power-broadening-dependent Doppler effect caused by
the coupling laser; however, it is less effective for the factors noted above,
which may limit further enhancement of the MW-atom coupling.

4 Conclusion

We report E1 and E2 MW transitions in Rydberg atomic
ensembles. The frequency-dependent dressing of E2 transitions
allows the shift of Rydberg states to be tuned, thereby offering a
scalable approach to optimize the coupling of the MW field by the
Rydberg state.

MW dressings are advantageous owing to their practicality.
First, using optical dressing, the phase fluctuation of the light
fields can be converted into amplitude fluctuations by coupling
and dispersion under the EIT scheme. This conversion is
sensitive to two-photon detuning. Under conditions of very
slow phase fluctuations, the atomic state follows the phase
fluctuation, thereby changing the absorption cross-section.
The phase fluctuation in the MW field is too small to affect
the atomic absorption cross section. This presents a potential
advantage over the use of optical dressings. Second, unlike far-
off-resonance MW or DC electric field dressings, E2 transition
dressings exhibit a frequency-dependent shift, allowing the
direction of the shifts of the coupled states to be tuned
(Figure 4B). Moreover, the vector and tensor polarizabilities of
the E2 transitions in the nS Rydberg state are weak. The higher-
order polarizabilities under linearly polarized fields depend only
on the absolute value of the magnetic quantum number m. In
accordance with the transition selection rules, the magnetic
sensitivity of the MW-dressed process may be further
inhibited and may substantially suppress field broadening.
Considering these factors, the approach described herein has a
significant advantage.
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