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Abstract

We describe our experimental technique for preparation and study of ultracold gas of Rydberg atoms.
A magneto-optical trap for 7Li atoms is assembled. Using an ultraviolet laser, we perform a cw two-step
excitation of atoms in the ground state to highly-excited states. For identification of highly-excited
Rydberg states (n = 41 and 110), we record the resonance fluorescence of ultra-cold atoms in the trap.
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1. Introduction

Our goal is to prepare and study ultra-cold Rydberg gases and strongly coupled plasmas [1, 2]. A

challenge is to create self-organized crystal structures from Rydberg atoms [3–6]. The results of such

investigations may be useful for fundamental physics and different applications. Atoms can be effectively

transferred to definite Rydberg states by two-photon or multiphoton excitation [1, 7, 8]. The important

part of a research work with Rydberg atoms is diagnostic of highly-excited states. In addition to the

traditional approach, such as induced ionization of Rydberg atoms by applying an electric field [1],

recently new techniques, such as electromagnetically induced transparency [9] and four-wave mixing [10],

have been used for diagnostics of the Rydberg transitions. As a first step in our research project, we have

realized the cw two-step excitation of ultra-cold lithium atoms from the ground state to the highly-excited

Rydberg states.

In this paper, we describe our experimental setup and direct observation of the Rydberg transitions

in the resonance fluorescence of 7Li atoms in a magneto-optical trap (MOT). A generic description of the

MOT for lithium atoms is presented in [11]. Our setup is similar to an experimental apparatus developed

for investigation of the Fermi gas of 6Li atoms [12].
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Fig. 1. Diagram of energy levels in 7Li atom.

The atomic transitions in 7Li atom used in our experiments are shown in Fig. 1. Optical transitions

in D2 line are used for optical cooling and trapping of lithium atoms. Optical transitions in D1 line are

used for absorption measurements of an atomic cloud in the MOT using a weak probe laser. In Fig. 1,

the light gray arrow indicates an ultraviolet transition (350 nm) from the excited state 2P3/2 to a highly

excited state n�.

2. Experimental Apparatus

In our laboratory, an experimental setup for trapping and ultraviolet excitation of 7Li atoms is

assembled. The apparatus is briefly described in [13, 14]. The setup consists of vacuum and optical

systems. The vacuum system includes an oven (the source of a thermal atomic beam), a Zeeman slower,

and a main vacuum chamber (residual air pressure < 10−9 Torr), where 7Li atoms are trapped.

In the optical part of the setup, we use two amplified external-cavity diode lasers (ECDL) for the

cooling and trapping of 7Li atoms. One of them is the cooling laser, which is slightly detuned from

the cycling transition 2 S1/2 (F = 2) – 2P3/2 (F′ = 3). The laser is locked to the thermally stabilized

reference cavity with tunable transmission resonances. The other laser is a re-pump laser locked close to

the Doppler-free saturation resonance in a hot lithium atomic vapor (T ∼ 700 K). The laser frequency

is detuned by 20 MHz from the transition 2 S1/2 (F = 1) – 2P3/2 (F′ = 2). The re-pump laser needs

to return atoms from sublevel F = 1 to sublevel F = 2 in the ground state. The optical beams from

these two lasers are recombined by polarized beam splitters (PBS) and wave plates to several beams with

circular polarization. An optical beam with power near 100 mW is used in the Zeeman slower. Other

optical beams with a total power of 150 mW are sent to the vacuum chamber to cool and trap 7Li atoms.

The diameters of the optical beams in the vacuum chamber are equal to 2.4 cm. For characterization
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of the cloud of ultra-cold atoms, we use a weak probe ECDL. Also our setup includes an ultraviolet

laser system (λ ≈ 350 nm) to create Rydberg atoms and a near infrared ECDL (λ ≈ 797 nm) to probe

fluorescence of Rydberg atoms.

3. The MOT Parameters

Fig. 2. Atomic cloud in magneto-optical trap.

Using the CCD camera, we measured the intensity pro-

file of fluorescence from the atomic cloud in the MOT. The

results of the measurements are presented in Fig. 2, which

correspond to a magnetic field gradient of 21 G/cm. The

profiles of the atomic cloud are very close to the Gaussian

distribution with diameters (FWHM) dx = 0.24 cm and

dy = 0.16 cm.

Complementary, high-resolution spectroscopy of 7Li

atoms in the MOT is performed by the probe laser. The

diameter of the probe beam is much less than the size of the

cloud. The intensity of the probe beam is reduced to ensure

the regime of linear absorption. The results are presented in

Fig. 3.

As one can see, the hyperfine splitting of D1 line is re-

solved, whereas the hyperfine splitting of D2 line is not resolved. In general, both spectra can be used to

estimate the number density of atoms in the MOT.

In order to improve the accuracy, we estimated the population of the ground-state sublevels, using

Fig. 3. Transmission of the atomic cloud on D1 (up)
and D2 (down) lines.

Fig. 4. Concentration of trapped atoms on sublevels F =
2 and F = 1 of the ground state 2 S1/2. The experimental
data for concentrations ng1 on sublevel F = 1 (�) and
ng2 on sublevel F = 2 (◦). The curves serve as guides
for the eye.
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the transmission spectra of D1 line. In this case, the absorption is relatively small, and excited state

2P1/2 is unpopulated. The concentration of the trapped atoms on the sublevel Fg of the ground state

2 S1/2 can be calculated from measured transmittance T , in view of the Beer law,

T = exp[−σ(Fg, Fe)ndx]. (1)

We adopted the expression for the absorption cross section for the hyperfine components of D1 line

from [15]; it reads

σ(Fg, Fe) =
λ2

4π

A

Γ

g(Fg, Fe)(2Je + 1)

(2Jg + 1)
. (2)

Here, A is the Einstein coefficient and Γ is the spectral width of the atomic transition; in our case,

A = Γ = 2πγ. A natural spectral width of the transition γ is 6 MHz. The factor g(Fg, Fe) can

be expressed using 6 J symbols [16]. The calculated concentrations of the ground-state atoms versus

detuning of the cooling laser are shown in Fig. 4.

Fig. 5. Loading and decay curves.

Note that the populations of the ground-state

2 S1/2 sublevels are quite close in magnitude. This

can be explained by the fact that the upper state

2P3/2 sublevels are not resolved (hf-splitting is of

the same order as the natural width γ). Therefore,

it is impossible to select the circling transition for

the effective optical cooling. Atoms are continu-

ously transferred from F = 2 to F = 1 and back.

In the maximum (detuning range from 3γ to 6γ),

the estimated population of the excited state 2P3/2

is of the order 10−2 of the total population of the

ground state. Therefore, the maximum total den-

sity of the trapped atoms n is near 5 · 1010 cm−3.

Under these experimental conditions, the estimated

total number N of the trapped atoms is 4 ·108. The
estimated temperature of the trapped atoms is of the order of 5 · 10−4K. The concentration n and total

number N of atoms can be enhanced by increasing the magnetic field gradient. The linear dependence

of n and N on the magnetic field gradient in the range 20 – 35 Gauss/cm has been observed earlier [14].

With the help of the CCD camera, we studied the loading and decay processes in the MOT. In

order to prepare the measurements, the de-accelerating optical beam in the Zeeman slower was switched

off. Then the de-accelerating beam was switched on, and the loading curve was recorded. When the

fluorescence signal reached its maximum value, the de-accelerating beam was switched off again, and the

decay curve was recorded. The loading and decay curves recorded at the optimum cooling laser detuning

(≈ 20 MHz) and field gradient 21 Gauss/cm are shown in Fig. 5. The loading (τload) and decay (τdec)

times are 23 s and 26 s, respectively.

4. Two-Step Excitation of Rydberg Atoms

A preliminary observation of the two-step excitation of Rydberg atoms in the resonance fluorescence

of lithium atoms was reported in [17]. In the present work, the spectral resolution is improved. For
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excitation of Rydberg atoms, we use ultraviolet laser system (Newport Spectra Physics). This cw laser

system emits coherent light at a wavelength of 350 nm with an output power up to 100 mW. The laser

linewidth is less than 10 MHz and is defined by a short-term stability.

The ultraviolet laser beam (diameter ≈ 1 cm) is sent onto the atomic cloud, and the laser frequency

can be continuously tuned. When the ultraviolet laser frequency passes through the Rydberg transition,

we observe the reduction of the resonance fluorescence of the trapped atoms. It has gone down to its

partial or complete vanishing depending on the ultraviolet laser-beam power and the quantum number

of a highly-excited Rydberg state. The reduction of the fluorescence is due to the two-step excitation of

lithium atoms.

The frequency of the ultraviolet laser is controlled by a high precision wavemeter WSU (High Finesse-

Angstrom). In our experiment, the wavemeter was calibrated using a stabilized ECDL, whose frequency

was locked to the Doppler-free absorption resonance in rubidium-85 atomic vapor. According to the

selection rules, transitions from the P states are possible only to the nS and nD states. In the experiment,

we have measured frequencies νn� of Rydberg transitions 2P3/2-n�. To identify Rydberg states, we

calculated the quantum numbers nl, taking into account the quantum defect Δn and using the expression

[8, 17, 18]

n∗ =
√

Ry

νi − νSP − νn�
. (3)

Here, n∗ is the quantum number with quantum defect Δn, Ry is the Rydberg constant for 7Li atoms, νi
is the ionization threshold frequency for 7Li atoms, and νSP is a frequency interval between the centers

of gravity of the 2 S1/2 and 2P3/2 states.

a) b)

Fig. 6. Resonance fluorescence of the trapped atoms near the transition 2P3/2 – 41D recorded with fast (a) and
slow (b) scan of the laser frequency.

In the first measurements, a high scanning rate of the laser frequency (∼1 GHz/s) was used. The

signal of the resonance fluorescence around Rydberg transition 2P3/2 – 41D is shown in Fig. 6 a. The

dip in the fluorescence signal is attributed to the transition of the ground-state lithium atoms to the

Rydberg state by a two-step excitation process.

Here, due to the high scanning rate, the spectral resolution is quite low. One can see the steep

reduction of the resonance fluorescence due to the resonance two-step excitation, and then the smooth

growing of the resonance fluorescence due to the MOT loading. Our preliminary observations of this

transition and other Rydberg transitions obtained with the same low spectral resolution are presented in

[18]. Recently we have improved the long-term frequency stability of the laser system. The improvements

allow us to reduce the scanning rate to a value less than 0.1 GHz/s and increase the spectral resolution.

The signal of the resonance fluorescence obtained with better spectral resolution is shown in Fig. 6 b.

Here, two components D3/2 and D5/2 of the 41D-state are presented. The average measured frequency

of the transition 2P3/2 – 41D is 854944.8(3) GHz. In the stationary regime, when the signal of the
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fluorescence is a little bit more than zero (dip on the right-hand side of Fig. 6 b), the transition rate of

trapped lithium atoms to the highly-excited state is of the order of the MOT loading rate 1/τdec ∼ 0.1 s−1

(see Fig. 5). By taking into account the transition rate and relaxation processes, the evaluated number

of atoms in the Rydberg state is much less than the number of atoms in the ground states. In Fig. 7,

the dips corresponding to the states 114 S1/2, 114D3/2, and 114D5/2 are shown. The components of

the 114D-state are not completely resolved due to a large spectral broadening. The measured average

frequencies of transitions 2P3/2 – 114 S1/2 and 2P3/2 – 114D3/2 are 856647.1(3) and 856648.6(3) GHz,

respectively.

Fig. 7. Resonance fluorescence of the trapped atoms on transitions 2P3/2 – 114 S and 2P3/2 – 114D recorded
with slow scan of the laser frequency.

The isolated resonance (the dip), which corresponds to the transition 2P3/2 –114 S, shows a minimum

spectral width of 0.1 GHz. The S-states (l = 0) are less sensitive to external perturbations in comparison

with the D-states (l = 2). We would like to reduce the width of the resonances by changing powers

of the laser beams, magnetic field gradient, and other experimental parameters. Probably, the stray

electric field in the vacuum camera should be suppressed. Also interactions between Rydberg atoms may

contribute to the spectral width of the resonances.

We plan to study Rydberg atoms by recording the emitted light at the transition 3P – 2 S (323 nm)

induced by applying the laser field at selected n� – 3P transitions (797 nm). It will be great to detect

the appearance of long-range interactions between Rydberg atoms [19,20].

5. Summary

To summarize, we list the main results of this study.

We demonstrated the cw two-step excitation of Rydberg lithium atoms in the magneto-optical trap.

Lithium atoms were excited using the ultraviolet laser system. For identification of the Rydberg transi-

tions, we recorded the resonance fluorescence of ultracold lithium atoms. In our work, the first results

on high-resolution spectroscopy of several S and D Rydberg states of 7Li atoms (n > 40) are presented

and discussed.
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