
Abstract. We review the current research on precision spectro-
scopy and quantum optics applications of laser-cooled lantha-
nides. We discuss the specific electronic structure of hollow
atoms, which determine prospects for application in optical
frequency standards and in quantum simulators based on spin
interactions in optical lattices. Using the example of the thulium
atom, we describe the specifics of laser cooling, optical lattice
trapping techniques, and clock transition spectroscopy using
spectrally narrow lasers.
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dards, ultrastable laser systems, quantum simulations

1. Introduction

The field of laser cooling of rare-earth elements was being
rapidly developed in the last decade. The closed outer 6s2 shell
of these elements makes them similar to alkaline-earth
elements; however, the spectra of rare-earth atoms prove to
be considerably more complicated due to the inner f and d
shells. Progress in the development of laser cooling of this

group of atoms seems to have been restrained for a long time
just by this factor: at first glance, neither of the rare-earth
atoms has the strong closed transitions required for efficient
laser cooling. A decisive breakthrough was achieved by a
group in the USA in 2006, which demonstrated the laser
cooling of erbium atoms at a wavelength of 400.1 nm [1]. All
the numerous possible decay channels of the upper cooling
level proved to be too weak to considerably affect the laser
cooling process. The laser cooling of dysprosium [2], thulium,
and holmium [3] was demonstrated somewhat later. The laser
cooling of thulium atoms was first demonstrated by our
group at the Lebedev Physical Institute, RAS (FIAN) in
2010 [4]. At present, studies of ultracold lanthanides are being
performed in the USA, Russia, Germany, and Austria, where
the interactions of strongly magnetic atoms are investigated
at ultralow temperatures and new frequency standards are
being developed.

Most lanthanides have an incomplete inner 4f shell and
large ground-state fine splitting. In addition, such transitions
are forbidden in the electric dipole approximation, and
therefore have a small spectral width. Earlier, we performed
a series of studies on coherent population trapping in
samarium vapors at transitions in the ground-state fine
structure [5]. The combination of the high transition
frequency (up to an optical frequency) with long coherence
times (about 1 s) makes lanthanides promising candidates for
use in modern optical clocks [6].

A parallel avenue in the use of ultracold lanthanides is the
study of their interactions at ultralow temperatures. A
specific feature of lanthanides with incomplete inner electron
shells is the large ground-state magnetic dipole moment,
which can reach 12 Bohr magnetons. Because of the long-
range character of dipole±dipole interaction and its aniso-
tropy, a number of quantum effects taking place in solids can
be reproduced in atomic ensembles. Despite the difference in
scales (a few hundred nanometers in atomic ensembles and a
few fractions of a nanometer in solids), the interaction
Hamiltonians turn out to be identical, which allows predict-
ing a number of properties of a solid with the help of such
atomic `simulators'. It was found that the strength of the
interaction between atoms and its sign, i.e., whether the
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interaction is attractive or repulsive, can be controlled, for
example, with the help of Feshbach resonances in an external
magnetic field [7]. This opens up a unique possibility to study
magnetic properties, phase transitions, and other processes
by changing the interaction Hamiltonian using the same
atomic ensemble.

In this paper, we consider some applications of ultracold
lanthanides using the example of laser-cooled thulium atoms.
In Section 2, we present our recent results on second-stage
cooling at a wavelength of 530.7 nm. Section 3 is devoted to
the study of a 1.14 mmmagnetic dipole transition that we plan
to use to create stable and precise optical clocks. In Section 4,
we describe the current state and consider the prospects for
the development of ultrastable laser systems in our group for
laser cooling and clock transition spectroscopy. In Section 5,
a brief review of possible applications of lanthanides to
address the challenge of quantum simulators is presented.

2. Deep laser cooling of thulium atoms

At the first stage of laser cooling and trapping of thulium
atoms in a magneto-optical trap (MOT), we used the
410.6 nm transition with the natural width g1 � 10 MHz
(Fig. 1). This corresponds to the Doppler temperature limit
of 240 mK. However, because of the close values of Land�e
g-factors of cooling levels, the sub-Doppler cooling mechan-
ism [8] works efficiently directly in the MOT. Due to such a
specific feature, a temperature of 25 mKwas achievedwithout
using special techniques. Details of experiments on first-stage
laser cooling and trapping of thulium atoms are described
in [4, 6].

For a deeper cooling, we used the narrow 530.7 nm
transition with the natural width g2 � 350 kHz, correspond-
ing to the Doppler limit of 9 mK. The second harmonic of a
Toptica DL-pro semiconductor laser was used as a cooling
light source. The laser radiation frequency was stabilized with
a high-Q stable ULE (Ultra Low Expansion) glass resonator.
The stabilization method and laser parameters are presented
in Section 4. Stabilization is required to narrow the laser
linewidth, which should be much narrower than the natural
width g2 of the cooling transition. In addition, stabilization
makes tuning to the transition frequency considerably easier
due to the high long-term stability of the laser frequency.

We used a classical MOT scheme [10] in experiments.
Three pairs of mutually orthogonal beams (two couterprop-
agating beams with circular polarizations with opposite signs
in each pair) created a three-dimensional optical molasses at
the center of a vacuum chamber. A quadrupole magnetic field
was produced with the help of a pair of coils in the anti-
Helmholtz configuration. Circularly polarized 410.6 nm
radiation was used for Zeeman slowing [11]. The first-stage
and second-stage cooling beams were combined on polariza-
tion beamsplitters, and the atoms were loaded into the MOT
for 1 s. Then, first-stage cooling beams were switched off and
the atoms were additionally cooled in the second-stage MOT
for 30±50 ms. The second-stage cooling experiment is
described in detail in [12].

The temperature of the atoms was measured by the
ballistic expansion method. For this purpose, the cooling
radiation and magnetic field were switched off after the
MOT loading, and then the cloud was illuminated after a
time t (0±10 ms) by a resonance 410.6 nm pulse and a
photograph of the luminescing cloud was recorded.

Figure 2 presents the shape of the atomic cloud before its
expansion and its temperature depending on the second-stage
cooling laser detuning. The light intensity in this series of
measurements was 75 mW per beam, corresponding to the
saturation parameter S � 2 at the trap center. The minimum
temperature was 8 mK along the horizontal axis and 16 mK
along the vertical axis. It can be seen from Fig. 2 that as the
detuning increases, the cloud moves downwards and the
temperature becomes independent of detuning. This is
explained by the fact that gravity plays a noticeable role
during cooling at a narrow transition. At large detunings of
cooling radiation, the trap depth decreases and gravitation
causes a displacement of the potential minimum downwards
[13]. The cloud falls within a nonzero magnetic field region
and the appearing Zeeman shift of atomic levels begins to
compensate the frequency detuning of cooling radiation, with
the effective detuning remaining constant and temperature
being invariable.

The use of a narrow transition for laser cooling also allows
observing other interesting effects, for example, the forma-
tion of momentum-space crystals. This phenomenon, appear-
ing during the change of the negative sign of the cooling
radiation frequency to the positive sign, consists in the
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Figure 1. Energy level diagram of thulium atoms involved in experiments.
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Figure 2. (a) Dependence of the atomic cloud temperature in a MOT on

the laser detuning in the second-stage cooling cycle. Circles corresponds to

the ensemble temperature in the vertical direction and squares, to

temperature in the horizontal direction. The cloud temperature was

measured by the ballistic expansion technique. (b) Shape and position of
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separation of atoms into several velocity groups whose
position in the momentum space resembles a cubic crystal
lattice. Such a behavior of an ensemble is explained by the fact
that for a positive detuning of cooling radiation, the MOT
light does not decelerate atoms but accelerates them along the
direction of the beams. As the atoms are accelerated, the
frequency detuning in the reference frame connected with an
atom increases due to the Doppler effect, and the atom
interacts with light more weakly. As a result, this process is
stabilized at some equilibrium velocity [13].

The separation of the atomic ensemble into subgroups in
themomentum space is revealed in the coordinate space in the
picture of the expansion of an atomic cloud, which separates
into eight parts located in the vertices of a cube. To obtain
such crystals in the momentum space, the atoms were
captured in the second-stage MOT, as described above. The
sign of the cooling radiation detuning was then changed, and
the atomic cloud began to expand in a characteristic way
(Fig. 3).

In the nearest future, we plan to decrease the temperature
by evaporation cooling in an optical dipole trap and to study
the distribution of atoms over themagnetic sublevels after the
second-stage cooling.

3. Observation of the 1.14 lm
magnetic dipole transition

A specific feature of the thulium atom is the presence of the
ground-state fine structure with a 263 THz transition
frequency (see Fig. 1). The magnetic dipole transition
coupling these two levels has a natural linewidth of about
1Hz and the wavelength 1:14 mm,whichmakes it a promising
candidate for use as an optical frequency reference [6].
Theoretical calculations of the excitation probability for this
transition under real experimental conditions and the first
experimental observation of the resonance excitation of the
transition in a cloud of cold thulium atoms are presented
in [14].

To develop optical clocks, it is necessary to capture
atoms in an optical dipole trap providing: (i) the absence of
resonance radiation; (ii) the absence of a magnetic field;
(iii) the confinement of atoms in both the ground and
excited states of the clock transition; and (iv) the removal
of Doppler broadening (the Lamb±Dicke regime in an
optical lattice [15]). An optical dipole trap was created using
an 8 W single-frequency Coherent Verdi-V8 laser emitting at
532 nm. The use of a retroreflector allows creating a one-
dimensional optical lattice, i.e., a dipole trap in the form of a
standingwave. The first results of the recapture of atoms from

aMOT after the first-stage cooling to a dipole trap showed an
efficiency of� 1%,whichwas caused by the high temperature
(100 mK) of atoms after the first-stage cooling. Another
factor reducing the recapturing efficiency was the large size
of the MOT cloud, equal to 200 mm for a dipole trap waist
equal to 50 mm. Second-stage cooling described above
considerably reduced the cloud temperature. The use of
second-stage cooling resulted in an increase in the efficiency
of recapturing from the MOT to the optical lattice to 50%.

We recorded the excitation profile of the 1.14 mm
magnetic dipole transition in thulium atoms captured in an
optical trap. After the first-stage and second-stage cooling,
the atoms are captured in the optical lattice, with �1ÿ5� � 105

atoms accumulated in the 50� 50� 100 mm region at a
temperature of 10±20 mK. Then, 1.14 mm clock laser radia-
tion is switched on for 1 ms to excite the magnetic dipole
transition. The laser output power is 360 mW, which
corresponds to the saturation parameter 3� 109. The laser
frequency is stabilized with a high-Q ULE resonator (see
Section 4), which narrows the laser linewidth to less than
100 Hz.

The 1.14 mm resonance radiation excites some of the
atoms to the upper sublevel of the clock transition (see
Fig. 1). The number of atoms remaining in the ground state
ismeasured by the resonance luminescence signal at 410.6 nm.

Figure 4 shows the spectral profiles of the magnetic dipole
transition for two excitation regimes: (i) in the optical dipole
trap (circles) and (ii) after switching the dipole trap off
(triangles). The spectral width of the magnetic dipole
transition profile recorded in the first case was 1 MHz. This
width contains contributions from the Doppler broadening
(0.05 MHz), Zeeman splitting in a residual magnetic field
(0.4 MHz), broadening caused by tensor polarizability at the
trap wavelength of 532 nm and inhomogeneity of the optical
lattice potential (0.4 MHz), and power broadening by
excitation light (< 0:1 MHz).

If the atoms are released from the optical dipole trap, the
spectral width of the clock transition line decreases to
0.6 MHz, which is explained by elimination of the trap
potential contribution. Figure 4 shows that the transition
frequency also changes because of different dynamic polariz-
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Figure 3. Formation of a momentum-space crystal. A cloud of Tm atoms

separates into eight groups flying apart along the principal diagonals of a

cube. (a) Top and (b) side views of the atomic cloud after a 2ms expansion.
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abilities of the lower and upper levels at a wavelength of
532 nm.

Our experimental results show that in order to develop
optical clocks, it is necessary to load atoms into an optical
lattice produced at the `magic' wavelength at which the
dynamic polarizabilities of the upper and lower levels of the
clock transition become identical [16]. We plan to search for
themagic wavelength using radiation from aTi:Sa laser in the
wavelength range from 700 to 800 nm.

4. Ultrastable laser systems

In the last decade, considerable progress has been observed in
the development of optical atomic clocks. With the advent of
a new era in optical frequency measurements [17], their
stability has increased by two orders of magnitude over that
of cesium fountains, which are the best primary frequency
standards. To excite narrow optical transitions, the linewidth
of the exciting (`clock') laser should be minimal. The laser
system itself must have high frequency stability at time
intervals up to 10 s to ensure the accumulation of data read
from atoms. To solve these problems, the laser is typically
actively stabilized by an external high-Q Fabry±Perot
resonator. The stabilization setup is described in detail in [18].

Today, high stability parameters are provided by ULE
glass resonators [19]. ULE glass is optically transparent in a
broad wavelength range and has a zero linear coefficient
of thermal expansion at temperatures close to room tempera-
ture [18]. Our group at FIAN manufactured and tested a
number of laser systems stabilized by high-Q ULE glass
resonators. These systems are used for secondary cooling of
thulium (530.7 nm) (see Section 2) and strontium (689 nm)
atoms [18] and for recording the clock transition in thulium
(1140 nm) and strontium (698 nm) atoms.

Figure 5 presents the normalizedAllan deviation obtained
by comparing two identical laser systems at a wavelength of
698 nm, developed at FIAN.With the linear drift ignored, the
mutual instability of the two systems for averaging times up to
100 s remains at a level of 3� 10ÿ15, approaching the limit of
thermal noise produced by resonators, substrates, and mirror
coatings. All other laser systems mentioned above are
expected to have similar characteristics.

Thermal noise arises due to random relative motion of the
surface of cavity mirrors caused by thermally excited
vibrational modes of the cavity spacer, mirror substrates,
and the multilayer mirror coating. Fluctuations of mirror
surfaces change the resonator length and frequency fluctua-
tions. The spectral density of thermal noise introduced by the
cavity spacer is described by the expression [20]

Sspacer�o� � 4kBT

o
L

3pR 2E
fspacer ; �1�

where T is the cavity body temperature, kB is the Boltzmann
constant, L is the resonator length, R is the radius of the
cavity spacer, E is Young's modulus of the material, and
fspacer is the mechanical loss coefficient.

Young's modulus of ULE glass is E � 6:8� 1010 Pa. The
loss coefficient is inversely proportional to the Q factor:
fspacer � Qÿ1spacer � 1:7� 10ÿ5.

Thermal noises introduced by mirror substrates are
described by the expression

Smirror�o� � 4kBT

o
1ÿ s 2���
p
p

Ew0
fsub ; �2�

where s � 0:18 is the Poisson ratio for ULE glass, and w0 is
the waist radius on the mirror (usually 200±500 mm). Mirror
substrates are also made of ULE glass, and therefore
fspacer � fsub.

Thermal noises introduced by the multilayer coating of
mirrors are additionally determined by the multilayer coating
thickness and the high loss coefficient,

Scoat�o� � Smirror

�
1� 2���

p
p 1ÿ 2s

1ÿ s
fcoat

fsub

d

w0

�
; �3�

where fcoat � 25fspacer is the loss coefficient in the deposited
material (as a rule, SiO2 and Ta2O5 layers). The multilayer
structure thickness is d � 2 mm. Thermal noises impose a
fundamental restriction on the frequency stability achieved
using such a material. Obviously, the thermal noise limit can
be reduced by lowering the temperature and choosing
materials with better mechanical parameters.

One promising material is monocrystalline silicon [21].
This material is optically transparent at wavelengths above
1:2 mm, has a low loss coefficient f < 10ÿ7, and has Young's
modulus three times higher than that of quartz. In addition,
monocrystalline silicon has a crystal temperature close to
124 K (at this point, the linear coefficient of thermal
expansion vanishes), and recrystallization processes inherent
in ULE are absent in it. In [21], the stability of laser systems
based on monocrystalline silicon cavities was demonstrated
at a level of 2� 10ÿ16 for 1 s. In this case, multilayer mirror
coatings made the main contribution to thermal noise in the
systems.

Thermal noise can be reduced further by passing from
dielectric reflecting coatings to crystalline coatings, which
provides an increase in Young's modulus and the mechanical
Q factor of the coating material, resulting in a further
reduction in the thermal noise limit (3). It was shown in [22]
that the use of a mirror with a semiconductor crystalline
reflecting coating (AlGaAs=GaAs) provides an order-of-
magnitude decrease in the thermal noise level introduced by
mirror coatings. Such coatings have excellent optical proper-
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ties at wavelengths above 1 mm, providing cavity finesse
above 105.

Our group at FIAN, in collaboration with researchers at
the All-Russian Research Institute of Physicotechnical and
Radio Engineering Measurements (VNIIFTRI), began work
on the development of a laser system stabilized by a high-Q
monocrystalline silicon Fabry±Perot resonator with mirrors
with crystalline reflecting coatings. The resonator will be
cooled to 124 K with a cold nitrogen flow (Fig. 6). The gas
flow is supplied through a bellows into a toroidal reservoir
around the cavity. The cavity is surrounded with heat-
insulating jackets to minimize its temperature variations. We
expect that the frequency instability of the laser system
stabilized with respect to this cavity will be reduced to 10ÿ17.

5. Quantum simulations

Technological progress in recent decades is closely related to
the synthesis of newmaterials used in various fields of science
and technology. AsVitalii Ginzburg predicted, the creation of
a room-temperature superconductor will be of great impor-
tance [23±27]. And, although virtually any compound can
presently be synthesized in chemical laboratories, the search
for materials having the required set of properties remains an
unsolved quantum mechanical problem because of the
enormous computational complexity [28].

Ultracold atoms confined in an optical trap [29] are the
ideal model of a particle (electron) moving in the periodic
potential of an atomic lattice [30]. It has been proposed to use
such systems for simulating processes taking place in solids

[31, 32]. This requires an approximate coincidence of the
Hamiltonian of atoms in the optical lattice with the electronic
Hamiltonian in a solid [33]. The required Hamiltonian can be
`synthesized', for example, using a train of laser pulses
producing effective gauge fields [34, 35], or with the help of
Feshbach resonances [7], which change the scattering length
of atoms in a broad range, or by varying the optical potential
itself. Simultaneously, using the atoms of two different
elements [36] (or identical atoms in different quantum
states), it is possible to imitate the electron spin, while
changing the optical potential locally allows taking defects
in a solid into account. Because characteristic evolution times
are about 1ms, the real-time control of the system dynamics is
possible. Moreover, because the individual sites of the lattice
can be optically resolved [37, 38], it is possible not only to
measure the `macroscopic' properties of the system but also to
study quantum entanglement [39]. The possibility of studying
one-dimensional, two-dimensional, and three-dimensional
systems has emerged.

Today, proof-of-principle experiments are being per-
formed that confirm the possibility of simulations of the
properties of solids by using atomic gases [40±42]. A number
of effects such as magnetism [43], Bloch oscillations [44], and
the metal±dielectric transition [45, 46] have been reproduced.

In most of the papers mentioned above, the interaction
between atoms was short-range, i.e., it was sufficient to take
the interaction only between neighboring atoms into account.
The use of rare-earth atoms with a large ground-state
magnetic moment adds the potential of magnetic dipole
interaction and considerably extends simulation possibilities
[47, 48]. The thulium atom stands out among other rare-earth
atoms by its relatively simple energy level diagram [49], which
simplifies the control of the internal states of the atom. In
addition, in other experiments, an optical lattice is created
using near-IR laser radiation, whereas thulium can be
trapped in lattices at a wavelength of 532 nm [50], which
enhances the magnetic dipole±dipole interaction by almost an
order of magnitude.

Feshbach resonances allow changing the scattering length
of atoms by varying an external magnetic field. These
resonances most often fall in the range from a few hundred
to a few thousand gauss [7], which poses technical difficulties
related to the production and stabilization of the magnetic
field. Recent measurements of rare-earth Er [51] and Dy [52]
atoms have shown the presence ofmanyFeshbach resonances
in the region of magnetic fields on the order of a few gauss,
which greatly simplifies the configuration of experiments.
This specific feature of rare-earth atoms is explained by their
anisotropic interaction with each other [53]. We can expect
that thulium also has a number of strong Feshbach
resonances in weak magnetic fields. These resonances are
being studied at our laboratory at FIAN.

6. Conclusions

Some specific properties of laser-cooled lanthanides have
been demonstrated using the example of the rare-earth
thulium atom. The formation of momentum-space crystals
has been demonstrated by irradiation of a cold atomic cloud
by a narrow-line laser with blue frequency detuning. The
1.14 mmmagnetic dipole transition between the ground-state
fine structure components were studied.

It has been shown that the spectral broadening of the
transition is manly determined by the inhomogeneous broad-
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Figure 6. Vacuum chamber of a monocrystalline silicon resonator:

(1) resonator body; (2) thermal shields; (3) cold nitrogen reservoir;

(4) optical axis.
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ening in the gradient of the light field of the optical dipole trap
caused by different dynamic polarizabilities of the levels and
also by the large tensor polarizability.

We plan to proceed to the magic wavelength, which
should eliminate light shifts and open the possibility of
approaching the realization of thulium optical clocks.

Progress is presented on the development of ultrastable
laser systems using ULE resonators and in a new direction,
the development of cryogenic resonators based on crystalline
structures. This approach should suppress thermal noise by
two orders of magnitude and provide relative instability of
laser systems at a level of 10ÿ17 per second.

Possible applications of thulium atoms and other rare-
earth elements to the challenge of quantum simulators have
been described, which can bring the creation of room-
temperature superconductors closer.
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