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1. INTRODUCTION

The studies of the systems consisting of highly
excited Rydberg atoms are of appreciable current
interest because of the possibility of modeling the pro�
cesses related to astrophysics and quantum comput�
ing, as well as of creating antimatter. The ability to
control the processes of decay and crystallization
could be fundamental for developing quantum com�
puters [1]. This idea resulted in experiments on the
interactions with individual Rydberg atoms and their
blockade [2–4]. The experiments with Rydberg atoms
can become the model ones for studies on the recom�
bination behavior characteristic of the experiments
involving the creation of antihydrogen [5–7]. They
can also be helpful in the search for optimum ways for
the trapping of a large amount of antihydrogen atoms
by using high applied magnetic fields. Note that lith�
ium is a chemical element closest in its characteristics
to hydrogen.

This paper extends a series of our experimental and
theoretical works dealing with producing and studying
the ensembles of ultracold Rydberg atoms [8–13].
There are a sufficiently large number of works con�
cerning the preparation and diagnostics of highly
excited Rydberg states. These studies involve both
clouds of ultracold atoms and pencil beams of hot
atoms. One of the ways for generating such states is
their pulsed multistage excitation with the further
diagnostics using the emission of electrons induced by
a weak dc electric field [14–16]. A disadvantage of
such methods is a small number of excited atoms and

the destruction of Rydberg states resulting from the
diagnostics. In the experiments reported in [17], the
diagnostics of Rydberg atoms was implemented
through the use of the weak probe field related to the
resonant transition and the high controlling field
related to the transitions between the excited states.
The electromagnetically induced transparency was
recorded in the probe field spectrum. In these experi�
ments, the population of the Rydberg states was also
quite low. In our setup, we implement the method of
coherent excitation of the Rydberg states. The possi�
bility of its implementation in the cascade system of
the low�lying 5S–5P–5D levels was described in [18].
A specific feature of this method is the process targeted
at the two�photon excitation of the Rydberg levels
involving the intermediate atomic state. Note that this
process is highly efficient. At a sufficient laser power,
the majority of atoms located within the magneto�
optical trap are transferred to the Rydberg state during
a short time interval in the continuous coherent two�
photon process.

2. EXPERIMENTAL SETUP

In our experiments, we use lithium�7 atoms. To
produce ultracold gas of highly excited (Rydberg) lith�
ium atoms and ultracold plasma consisting of lithium
atoms, we developed an experimental setup. This
setup provides an opportunity to perform the laser�
induced cooling of lithium atoms and their reliable
confinement within the magneto�optical trap at an
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ultralow temperature [12, 13]. A schematic diagram of
the performed experiment is shown in Fig. 1.

For producing Rydberg atoms, we use a cw ultravi�
olet (UV) laser (Newport�Spectra Physics). The laser
operates in the free generation mode. This laser with
an output power up to 100 mW works at a wavelength
of 350 nm and has a width of the emitted radiation
spectrum of the order of several megahertz. The UV
laser radiation is directed to the cloud of ultracold
atoms located within the trap and the radiation fre�
quency is continuously tuned. When the UV laser fre�
quency passes through the resonance with the Rydberg
transition, we observe the reduction of the fluores�
cence of the atomic cloud down to its partial or com�
plete vanishing depending on the UV laser power and
on the upper level involved in the transition. After
passing through the resonance, ultracold atoms start
again to be accumulated within the magneto�optical
trap. For the reliable recording and determination of
the transition frequency, in addition to the recording
by the CCD camera, we use a photodetector, onto
which a certain portion of the fluorescence is focused
by a lens. The UV laser frequency is controlled by a
high�precision wavelength meter WS�U (High
Finesse�Angstrom). In our experiment, the wave�
length meter is calibrated using a stabilized diode laser
operating at a wavelength of 780 nm, whose frequency
is stabilized by a cell with rubidium�85 vapor within
the saturated spectrometry scheme. The diagram
depicting the levels involved in the transitions into the
Rydberg states is shown in Fig. 2.

According to the selection rules, the transitions
from the 2P state are possible only to the nS and nD
states, whereas the probability of the transition to the
D level is higher than that to the S level. The detuning

of the cooling laser is 46 MHz and the detuning of the
optical pumping laser is 20 MHz toward the red side
from the resonance for achieving the density of ultra�
cold atoms equal to about 5 × 1010 cm–3 [12, 13].

3. EXPERIMENTAL RESULTS

We studied several transitions from the low�lying
2P3/2 state to the highly excited S and D Rydberg
states. In Fig. 3, we illustrate the results obtained for
the transitions to the 41S and 41D states.

On the vertical axis, zero corresponds to the com�
plete absence of the fluorescence from the cloud of
cold atoms, whereas unity corresponds to the maxi�
mum fluorescence signal from the cloud, when the
cloud turns out to be transparent to the UV laser radi�
ation. The scanning range of the UV laser does not
allow observing simultaneously both the transitions to
the 41S and 41D states. For this reason, in Fig. 3, we
show the results of two measurements shifted in time.
The labels on the lower horizontal axis denote the rel�
ative interlevel distance in gigahertz, whereas the

Fig. 1. (Color online) Schematic diagram of the setup for
generation of Rydberg atoms using lithium�7 atoms con�
fined within the magneto�optical trap.

Fig. 2. (Color online) Diagram of levels in lithium�7
atoms.
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labels on the upper one denote time (in seconds) dur�
ing which the laser frequency is being changed.

To evaluate the results, we used the information on
Li�7 from the NIST database. In this database, one
can find the data corresponding to Li�7 levels only to
the 42nd one and only for the transition from the S to
P state. Since the tuning range for our cw UV laser
does not allow the excitation of Li�7 atoms with n < 40,
we use for comparison the data from [19] concerning
n = 41 obtained for the transition from the ground S to
the Rydberg P state. Our experimental data for n = 41
and n = 94 at the transitions from the P state to S and
D states are given in Table 1.

Taking the ionization threshold frequency νi [14]
and the frequency νC of the cooling laser [20], we can
calculate the principal quantum number taking into
account the quantum defect (Table 1) by the formula

.n
RH

νi νC– νn–
����������������������=

For the 41st P level from the NIST database, we have

.

The values used in the calculation are given in Table 2.

In Table 1, we see that the 41S level lies above (in
the wavelength scale) the 41P level, while the 41D level
lies below it. In addition, the 41D level is characterized
by the smallest quantum defect related to the differ�
ence between lithium�7 and hydrogen atoms [22]. In
Fig. 4, we demonstrate the experimental results for the
94th level concerning the transitions to the S and D
states at different levels of the power generated by the
UV laser.

The quenching time for the cloud of atoms excited
to the 94th level is much longer than that for the 41st
level and the quenching level is much lower. For the
94th level, the relative experimental error is an order of
magnitude larger than that for the 41st level. We also

n
RH

νi ν41P–
����������������=

Fig. 3. (Color online) Variation of the fluorescence from a cloud of ultracold atoms corresponding to the 41st level in S and D
states at the input intensity of UV radiation equal to 8.5 × 10–3 W/cm2 at the entrance to the vacuum chamber.

Table 1. Data for high Rydberg levels of lithium�7*

Notation of νn Transition, cm–1 Usual notation
for transitions Transition, nm n, calculated in com�

parison to hydrogen

ν41S 28516.61(1) 1s22p3/2(F = 2)–1s241s 350.6728(1) 40.600(2)

ν41P (NIST) 43420.9 1s22s–1s241p 40.7

ν41D 28517.90(1) 1s22p3/2(F = 2)–1s241d 350.6569(1) 41.000(2)

ν94S 28570.6(1) 1s22p3/2(F = 2)–1s241s 350.010(1) 93.4(3)

ν94D 28570.8(1) 1s22p3/2(F = 2)–1s241d 350.008(1) 94.0(3)

* Notation 41.000(2) corresponds to 41.000 ± 0.002.
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observe an appreciable difference in intensity between
the S and D levels. The amount of created Rydberg
atoms can be controlled by increasing or decreasing
the UV laser power.

4. CONCLUSIONS

As a result of this study, we have developed an effi�
cient technique to detect the states of Rydberg atoms.
It is based on the usage of a cw UV laser combined with
a magneto�optical trap for lithium�7 atoms. We have
studied the 41st and 94th states of S and D configura�
tions in ultracold lithium�7 atoms. Our experimental
data verify that the principal quantum numbers for
41D and 94D configurations in lithium�7 atoms coin�
cide within the experimental error with those charac�
terizing the 41st and 94th levels in hydrogen atoms.
The difference in the principal quantum numbers for
41S and 94S configurations in lithium atoms is deter�
mined taking into account the quantum defect. The

main advantage of the used experimental setup is the
possibility to detect the Rydberg states avoiding the
destruction of Rydberg atoms. The atoms have a very
low temperature. Therefore, the Doppler broadening
does not manifest itself. Further studies can result in a
significant enhancement in the accuracy of measure�
ments. The implemented design of the experimental
setup is similar to that of a reliable 0–1 logic element.
This technique also allows creating a large number of
Rydberg atoms by the efficient two�stage coherent
process with the aim to generate strongly nonideal
ultracold plasma [23] and Rydberg matter (crystalliza�
tion of Rydberg atoms) [24–28].
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