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Abstract: Rydberg atoms possess highly excited valence electrons that are far away from atomic
cations. Compared with ground states, Rydberg states are excited states with a high principal
quantum number n that exhibit large electric dipole moments and have a variety of applications
in quantum information processing. In this communication, we report the measurement of the 6Li
Rydberg excitation spectrum by ladder-type electromagnetically induced transparency (EIT) in a
vapor cell. The 2p→ ns/nd EIT spectra were recorded by sweeping the frequency of an ultraviolet
Rydberg pumping laser while keeping the probing laser resonant to the 2s→ 2p transition. All lasers
were locked on an ultrastable optical Fabry-Pérot cavity and measured by an optical frequency comb.
Our results provide valuable information to precisely determine quantum defects and enable novel
experiments with Rydberg-dressed ultracold Fermi gases.

Keywords: two-photon excitation; electromagnetically induced transparency spectra; quantum
defects

1. Introduction

The Rydberg states of atoms and molecules have highly excited valence electrons
with a principle quantum number n � 1. The valence electrons are far away from the
nucleus and weakly bound, exhibiting very large electronic dipole moments and high
sensitivity to external electromagnetic fields [1]. Rydberg atoms have strong dipole–dipole
interactions which scale as n4 and long radiative lifetimes that scale as n3 [2]. The lifetime
for higher-lying Rydberg states could be in the order of 100 µs, nearly four orders longer
than the lower-lying excited states. Due to their long lifetimes, strong dipole–dipole
interactions, and large nonlinear coefficients, Rydberg atoms have been widely used in
quantum nonlinear devices [3–6], high-sensitivity electric field detectors [7], quantum
programmable simulators [8–10], etc. Particularly for the study of ultracold many-body
physics, Rydberg-dressed ultracold quantum gas has attracted increasing attention. Due to
its strong long-range dipole interactions, a variety of many-body phenomena, including
the Rydberg blockade effects [11–13], many-body phase transitions [14–16], and formation
of exotic molecules [17,18], have been theoretically studied or experimental realized in the
past decade.

To achieve better control over the Rydberg states of atoms and molecules, one has to
know precisely the atomic Rydberg electronic structure, as the dipole interactions can be
controlled by static electric or magnetic, laser, or microwave fields. The Rydberg states of
alkali-metal elements usually consist of a fully filled electron core and a far-away valence
electron, making them hydrogen-like particles. Precisely measuring the energy structure
is crucial in controlling Rydberg atoms. Previous work has been conducted on 7Li [19,20],
39K [21], 40K[22], 85Rb [23,24], 87Rb [25], and 133Cs [26], where Rydberg spectroscopy was
experimentally performed in vapor cells and cold atoms.

Among these, lithium is the simplest alkali-metal element. The structure of its electrons
make it practically hydrogenic. Knowing its energy levels precisely would help to better
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understand the details of atomic spectra and verify theoretical atomic models. There are
two stable isotopes of lithium in nature, 6Li and 7Li. These two isotopes exhibit different
quantum statistics, while 7Li is a composite boson and 6Li is a composite fermion. Unlike
its bosonic isotope, the Rydberg excitation of fermionic 6Li atoms has been realized with a
single-photon process [16,27]. Nevertheless, a detailed calibration of Rydberg spectra in
6Li is still needed to determine the energy levels. In this communication, we present an
experiment carried out to measure the two-photon Rydberg EIT spectra in a 6Li vapor cell.
By carefully shielding the external magnetic field, we precisely measured the energy levels
of Rydberg states and determined the ionization energy and quantum defects, which lays a
foundation for further research on Rydberg-dressed ultracold 6Li Fermi gas.

2. Experimental Methods

To measure the Rydberg spectra of 6Li, we employed the experimental setup shown
in Figure 1. The Rydberg states were excited by a two-photon process with a ladder-
type EIT method. A weak probe beam with a wavelength of 671 nm was locked to the
2s → 2p transition, while the strong coupling laser of 350 nm drove the transition of
2p → ns/nd. Both lasers were locked to a high-finesse ultrastable optical cavity, which
enabled a frequency stability of about 30 kHz per day and a linewidth of about 10 kHz after
being locked on the cavity. Two fiber electro-optic modulators (EOMs) were employed to
control the absolute locked frequencies. This provided an ideal laser source to measure the
Rydberg spectra.
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Figure 1. (a) The frequency stablization of the laser source, including the probe beam and the strong-
coupling laser. (b) A schematic figure of the setup to measure the EIT spectrum. PBS: polarized beam
splitter, EOM: electro-optic modulator, BS: beam splitter.

The probe beam came from a low-noise 671 nm fiber laser (Precilasers,YTFL-SSFQ-671-
4-CW), which was realized by combining two high-power fiber laser sources, i.e., 1950 nm
and 1023 nm, allowing for an output power of nearly 4 watts with the linewidth narrowed
to 20 kHz. In contrast to the 671 nm laser source, the high-power coupling ultraviolet laser
was obtained from a frequency-doubling system. The fundamental laser comprised one
Ti:sapphire laser system (Sirah Lasertechnik, Matisse TS), which could output 3.5 watts
with a 700 nm laser. Then, one ring-cavity frequency-doubler system transferred the laser
source to 350 nm with an efficiency of about 12%. An ultraviolet laser of nearly 400 mW
could be used to pump the atoms to Rydberg states. The frequency stabilization of the
ultraviolet laser was realized by locking the fundamental 700 nm Ti:sapphire laser to the
same ultrastable cavity to suppress frequency drifts.

In contrast, we measured the EIT spectra using the D1 and D2 lines [28]. To reduce the
Doppler broadening of the spectrum, the weak probe beam and high-power coupling beam
propagated in the opposite direction through a vapor cell, as shown in Figure 1b. As the
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natural abundance of 6Li is quite low at only 7.5%, the cell was filled with several pieces
of 6Li metal and heated up to about 630 K to reach a high atomic density. To suppress
the back-illumination laser light, the cell was sealed with two fused silica windows tilted
at the Brewster angle. As Rydberg atoms are extremely sensitive to the environment,
external perturbations like RF fields [24] and magnetic fields [29] would certainly split the
spectrum and make the energy levels shift and broaden. We placed the cell on a clean table
and protected it with 3 layers of permalloy shield. The measured residual magnetic field
was considered to be weaker than several tens of mG and so could be neglected in this
experiment. In the experiment, the probe beam was focused at the center of the vapor cell
with a Gaussian waist of about 100 µm. To obtain a better EIT signal, the coupling beam
was also focused at the center of the cell with a Gaussian beam waist of about 70 µm. The
power of the probe beam and coupling beam were 40 µW and 100 mW, respectively.

3. Measurements of EIT Spectra

Usually, there are two methods for measuring EIT spectra. The first method is to
measure the transmission signal of the probe beam while scanning its frequency and
keeping the coupling beam resonant to the Rydberg excited states. The second method
is to record the transmission of the probe beam while sweeping the coupling beam. The
frequency of the probe beam is locked for this method, which is very useful for suppressing
the Doppler background. Figure 2 shows the measurement results using the first method.
The Rydberg EIT has a ladder-type configuration, as shown in Figure 2a. We kept the
coupling laser resonant to the 22P3/2 → 30s/30d transition, while the frequency of the
probe beam swept near the D2 transition.

The ground state 22S1/2 was split into two hyperfine states, separated by 228.20 MHz.
The excited state 22P3/2 was split into three energy states with a total splitting of about
4.4 MHz, smaller than the natural linewidth of 2p excited states. Figure 2b,c show the
Rydberg state EIT spectrum of 30s/30d. The signal refers to the transmission of the probe
beam. We only found two peaks when sweeping the frequency of the probe beam, repre-
senting the hyperfine splitting of the 22S1/2 states. We also found that the EIT signal of
22P3/2 → nd was stronger and wider than the transmission of 22P3/2 → ns, indicating a
larger coupling strength for the nd Rydberg states.
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Figure 2. (a) Energy-level diagram of the two-photon excitation of 6Li to Rydberg ns and nd states.
(b) The EIT spectrum of 22S1/2 → 22P3/2 → 30s. (c) The EIT spectrum of 22S1/2 → 22P3/2 → 30d.

To systematically measure the transition frequency of 22P3/2 to the ns/nd Rydberg
spectrum, we swept the frequency of the ultraviolet coupling beam while keeping the
probe beam resonant to the 6Li D2 line, which could suppress the frequency shift due to
the Doppler effect in a ladder-type EIT configuration. The intensity of the probe beam
was decreased to the limit of our detection system, about three orders smaller than the
coupling beam, to obtain sharp EIT peaks. Table 1 shows the measurement results of the
Rydberg energy level of ns and nd, which was about 500 MHz to 600 MHz smaller than the
theoretical calculation according to Ref. [30].
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Table 1. Rydberg state transition of 6Li from 22P3/2 → ns and 22P3/2 → nd according to both theory
and the experiment. Here, n is the principle quantum number of the Rydberg state, and the theoretical
results were predicted in Ref. [30].

n Theory (ns, THz) Experiment (ns, THz) Theory (nd, THz) Experiment (nd, THz)

...
...

...
...

...
30 853.14012481 853.139625(2.0) 853.238946780 853.238402(2.5)
31 853.38149687 853.380931(1.9) 853.471000983 853.470447(5.5)
32 853.60031868 853.600253(2.8) 853.681640530 853.681084(6.4)
33 853.79931423 853.798746(1.8) 853.873421573 853.872860(2.9)
34 853.98080828 853.980256(4.8) 854.048529868 854.047953(3.4)
35 854.14679455 854.146233(5.9) 854.208843495 854.208256(4.6)
...

...
...

...
...

43 855.08189001 855.081821(3.2) 855.115241259 855.114642(4.5)
44 855.16408339 855.163507(5.7) 855.195201873 855.194617(8.6)
45 855.24081032 855.240745(2.7) 855.269890967 855.269297(3.0)
46 855.31254502 855.311976(2.6) 855.339761976 855.339676(4.5)
47 855.37971139 855.379642(1.9) 855.405220550 855.404632(2.3)
48 855.44268924 855.442116(3.8) 855.466630577 855.466049(3.7)
49 855.50181977 855.501250(3.1) 855.524319130 855.523736(2.9)
50 855.55741004 855.556839(1.6) 855.578580965 855.577998(3.9)
...

...
...

...
...

4. Quantum Defects of 6Li

To determine the energy level of the ns and nd Rydberg states, we needed to measure
the transition frequency of both 22S1/2 to 22P3/2 and 22P3/2 to ns/nd. We then present
measurements of the transition frequency from 22S1/2 to 22P3/2 through the saturated
absorption spectrum. We observed saturated absorption signals with a linewidth of about
10 MHz by optimizing the temperature of the cell, intensity of the laser light, etc. Calibrated
by the ultrastable cavity and optical frequency comb, the measured frequency of the 22S1/2
to 22P3/2 transition was determined to be 446.799574 (1.2) THz, agreeing well with the
results in [31].

Combined with the transition frequencies from 22S1/2 to 22P3/2 and 22P3/2 to ns/nd,
our results could thus provide a precise determination of ionization energy and quantum
defects for 6Li. The energy levels for a one-valence-electron atom can be described by the
Rydberg–Ritz equation [32]:

En,j = Ei −
Ry

(n− δn,j)2 , (1)

δn,j = δ0 +
a1

(n− δ0)2 +
a2

(n− δ0)4 + ..., (2)

where En,j is the energy levels of the Ryberg states, Ei is the ionization energy, Ry is the
Rydberg constant, and δn,j is the corresponding quantum defects. For higher Rydberg states
(quantum principle number n ≥ 30), we could take the quantum defects as a constant
value to derive other parameters, as the higher-order terms on the right side of Equation (2)
would be relatively small.

Thus, the results were fitted with Equation (1), and Ei and δ0 were treated as variable
parameters. The experimental dependence of the Rydberg energies on the principal quan-
tum number n and best-fitting curves according to Equation (1) are presented in Figure 3.
We obtained a good description with the formula for n ranging from 30 to 60. In Figure 3,
we changed the energy units to cm−1 by dividing the transition frequencies by velocity of
light in vacuum.
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For 6Li, the Rydberg constant is 109,727.308 cm−1, about 1.301 × 10−5 smaller
than the value of 7Li [32,33]. We found that the ionization energy for ns and nd was
43,486.545 ± 0.003 cm−1 and 43,486.540 ± 0.002 cm−1, respectively. The fitted results
showed that the quantum defects for ns and nd were 0.4001± 0.0007 and 0.0023± 0.0008,
respectively. The ionization energy for 6Li in [32] was determined to be 43, 486.55673 cm−1,
about 2.7× 10−7 larger than our results. The quantum defects for ns and nd were found to
be 0.3995106 [33] and 0.002129 [30], which shows excellent consistency with our results.

30 40 50 60
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n

E
n
(1
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)

 ns
 nd

Figure 3. measurement results for Rydberg ns (black points) and nd (blue dots) energy levels. The
solid lines are best fit according to Equation (1).

5. Conclusions

In summary, we established the measurement of Rydberg excitation spectra by ladder-
type electromagnetically induced transparency (EIT) in a 6Li vapor cell. After carefully
optimizing the experimental conditions, we observed the narrow ns and broad nd features
in the spectra of the excited Rydberg states. The transition from 2p→ ns/nd was measured
by the combination of the ultrastable optical Fabry-Pérot cavity and optical frequency comb.
Based on the Rydberg spectra with principle quantum number n ranging from 30 to 60,
we determined the ionization energy and quantum defects of 6Li with high accuracy. The
measured ionization energy was about 2.7× 10−7 smaller than the theoretical calculation,
while the quantum defects for ns and nd showed excellent consistency. Our results provide
valuable information for controlling the Rydberg states of 6Li atoms and promote novel
experiments related to ultracold Fermi gases with long-range interactions.
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