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Rabi spectroscopy of the clock transition in thulium atoms

in a one-dimensional optical lattice
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Abstract. The clock transition at a wavelength of 1.14 pm in thu-
lium atoms in an optical lattice in the Lamb—Dick regime is stud-
ied. The capture of thulium atoms makes it possible to suppress
completely both the transition broadening due to the first-order
Doppler effect and the shift of the transition frequency caused by
the recoil effect. The excitation spectra of sideband oscillation fre-
quencies and Rabi oscillations of population between the clock
transition levels upon resonance excitation are investigated.
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1. Introduction

Currently, the frequency is one of the most precisely mea-
sured physical quantities; the relative precision and stability
of frequency references are continuously improved. The rela-
tive precision at 1 part in 10'8 [1, 2] opens up a wide range of
possibilities of using frequency standards in the optical range
to solve a number of fundamental [3, 4] and applied [5] prob-
lems. Since transportable frequency standards are often called
for, along with stationary optical clocks, compact systems
(insensitive to external perturbations) are being developed
throughout the world [6—9]. A promising element for design-
ing a transportable optical clock is thulium, which demon-
strates extremely low (for neutral atoms) sensitivity to ther-
mal radiation of the environment and external static electrical
fields [10].

In most of optical clocks based on neutral atoms the latter
are captured into an optical lattice [11], within which atoms
are localised in space along a certain direction at distances
smaller than the excitation wavelength; this arrangement
makes it possible to suppress completely the recoil effect and
the first-order Doppler effect (Lamb—Dicke regime [12]). The
reason is as follows: the velocity of an atom in a confining
potential ceases to be a continuous variable, and its motion is
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described by an oscillatory state. As a result, when studying a
transition of an atom in a confining potential, one observes
not a Doppler-broadened line but a discrete absorption spec-
trum, consisting of lines spaced by the vibrational frequency
v. (it is assumed that the natural transition width y is small in
comparison with the oscillation frequency v. and that the
transitions with a change in the vibrational quantum number
are spectrally resolvable). The probability of the transitions
with a change in the vibrational quantum number is deter-
mined by the Lamb—Dicke parameter = 2nz,/A,, i.e., by the
ratio of the characteristic size of the wave function in the
ground vibrational state z, to the excitation wavelength A,
[12]. In the limit » << 1 (Lamb-Dicke regime) the transitions
at sideband frequencies are significantly suppressed.

The study of the spectrum of a clock transition in an opti-
cal lattice is an important stage in developing optical clocks;
in particular, it is a way of measuring the distribution of
atoms over vibrational sublevels and determining decoher-
ence sources. In this study we consider the Rabi spectroscopy
of the clock transition [4f'3(2F°)6s?, J = 7/2) — [4f13(>F°)6s?,
J=5/2) at the wavelength A, = 1.14 um in thulium atoms in an
optical lattice, in the Lamb—Dicke regime at spectrally resolv-
able sideband frequencies.

2. Experimental setup

To form a cloud of ultracold thulium atoms, we used a mag-
neto-optical trap (MOT) with two cooling stages [13], which
provides capture of up to 10° atoms at a temperature of
15 uK (Fig. 1). After the end of cooling cycle atoms are recap-
tured into a one-dimensional optical lattice at a magic wave-
length of 813.32 nm [14], and the central magnetic compo-
nent of the clock transition |/ =7/2, F=4, mp=0) > |J = 5/2,
F =3, mp=0) is excited in it. The radiation source for excit-
ing the clock transition is a semiconductor laser, frequency-
stabilised to an external high-Q cavity [made of ULE (ultra
low expansion) glass] by the Pound —Drever—Hall method
[15]. The clock laser radiation was fed into a vacuum cham-
ber through a polarisation-maintaining optical fibre and
aligned with the beam forming the optical lattice on a polar-
isation beam splitter. The focal length and position of the
objective at the fibre output were chosen such as to make
the clock laser beam at the centre of vacuum chamber be
collimated and have a size greatly exceeding the atomic
cloud size.

To remove the magnetic sublevel degeneracy, a uniform
magnetic field By = 0.45 G was switched on for the excitation
time of clock transition; this field, directed horizontally and
perpendicular to the optical lattice axis, specified the quanti-
sation axis in the system under consideration. The optical lat-
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Figure 1. (Colour online) Schematic of the experimental setup: (red)
optical lattice radiation, (yellow) excitation radiation of clock transi-
tion, (green) optical pumping radiation, and (turquoise) cooling radia-
tion. The gray arrow shows the direction of magnetic field By. Thin ar-
rows indicate the beam polarisation.

tice radiation is linearly polarised, and its electrical compo-
nent is parallel to the magnetic field B,. The clock laser radia-
tion is also linearly polarised, and its magnetic component is
oriented along the magnetic field. Since the clock transition
under study is a magnetic dipole transition, this configuration
allows one to excite © transitions. To amplify the excitation
signal of the clock transition, atoms were prepared in the state
with mp = 0 using optical pumping, which was discussed in
detail in [16].

3. Clock transition spectroscopy

3.1. Sideband frequencies

Absorption spectra were measured by scanning the clock
radiation frequency near the resonance value (corresponding
to the clock transition) using an acousto-optic modulator; the
excitation probability was found from the fraction of atoms
remaining in the ground state. The clock transition was
excited by a short pulse (z = 2 ms), whose intensity greatly
exceeded the intensity necessary for forming a m pulse of
duration 7. The high excitation radiation intensity made it
possible to increase the excitation probability of transitions
with a change in the vibrational quantum number; in this
case, the central line corresponding to the transitions without
a change in this parameter was saturated under these condi-
tions.

One of the obtained clock transition spectra in the
Lamb-Dicke regime with spectrally resolvable sideband fre-
quencies is shown in Fig. 2a. It can be seen that the sideband
resonances, corresponding to the excitation of clock transi-
tion with a simultaneous change in the vibrational quantum
number by unity, have a pronounced asymmetric shape. This

shape of sideband resonances, typical of experiments with
cold atoms in optical lattices [17, 18], is related to the lattice
potential anharmonicity.

A model describing the shape of sideband resonance lines
for a one-dimensional optical lattice was presented in [19].
The total excitation probability of an electronic transition
with a change in the longitudinal vibrational quantum num-
ber by +1(-1) in dependence of the excitation radiation
detuning 6 (on the assumption of thermal distribution of
atoms over vibrational states) is described by the expression

N:

o@D exp(- @), (M)

nz=0(1)

where 7. is the number of the vibrational state corresponding
to the longitudinal motion of atoms in the lattice, N. is the
total number of longitudinal vibrational states in the poten-
tial trap, kg is the Boltzmann constant, 7~ is the temperature
of the distribution of atoms over longitudinal vibrational
states, and; E,. is the atomic energy corresponding to the lon-
gitudinal vibrational state 7. (disregarding the coupling with
transverse modes). The probability of exciting an electronic
transition with a change in the longitudinal vibrational quan-
tum number by £1 for the state n. can be written as [19]
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O(x) is the Heaviside function, 7, is the temperature of the
distribution of atoms over the vibrational states correspond-
ing to the transverse atomic motion in the lattice, v,o. =/ X
(224*m)~! is the recoil frequency, A is the wavelength of the
radiation forming the optical lattice, m is the atomic mass,
and / is Planck’s constant. The recoil frequency for thulium
atoms in an optical lattice at a wavelength of 4 = 813.3 nm is
Viee= 1.8 kHz.

We approximated the shape of the experimentally
obtained lines by expression (1); determined the atomic tem-
perature, assuming it to be the same for longitudinal and
transverse vibrational states; and measured the longitudinal
vibrational frequencies of the optical lattice, v. (Fig. 2a). For
example, for an optical lattice of depth U = 344E,.. (E.. =
hv,e. 1s the recoil energy), we found that the atomic tempera-
tureis 7=11 = 2 uK and the longitudinal vibration frequency
isv. = 60 £ 2 kHz. The longitudinal vibration frequency can
be expressed in terms of the trap parameters as

_4_ [ 2aiaP. 3)
wok cm

where wy is the waist radius (wy = 126 um in our experiment),
P, is the power of radiation forming the optical lattice, ag is
the Bohr radius, and ¢ is the speed of light; the polarisability
a is taken in atomic units. Thus, based on the dependence of
lattice vibrational frequencies v. on power (see Fig. 2b), one

V; =
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Figure 2. (a) Spectrum of the clock transition in the Lamb—Dicke regime at spectrally resolvable sideband frequencies and optical lattice depth
U = 344E .. (the solid line is an approximation of the sideband frequencies by expression (1) for the high- and low-frequency wings and by a
Lorenzian for the central resonance) and (b) dependence of the oscillation frequencies of thulium atoms in a confining potential in the direction
of the optical lattice axis on the power P, of the radiation forming the optical lattice (the solid line is an approximation of experimental data by

the function y = fx).

can determine the dynamic polarisability of the central mag-
netic sublevel of the ground state: @ = 139 + 7 au. The calcu-
lations showed that the contribution of the tensor polaris-
ability o, for the central magnetic sublevel of thulium atom at
A=813.32 nm is 3 au; in sum, the scalar polarisability &, = 136
t+ 7 au, which is in agreement with the value obtained previ-
ously from the spectrum of parametric resonances: ¢, = 146
44 au [14].

The fairly high atomic temperature in the optical lattice
may lead to spectral broadening of the clock transition and
limit the excitation efficiency due to the dephasing of Rabi
oscillations for the atoms in different vibrational states (see
below). Indeed, the mean value of vibrational quantum num-
ber at an atomic temperature 7 is given by the expression

et

At a temperature 7 = 11 uK the mean value is 7 = 3.3,,
which corresponds (at a total number of vibrational levels
N. = 10) to a rather high population of all vibrational states.

3.2. Dephasing of Rabi oscillations

When exciting a transition in an atom by resonance radiation
(6 = 0), the upper-level population is described by Rabi oscil-
lations:

Pe(nz,nr,t) = sin® (2 1) . %)

The Rabi frequency £2,.,. depends on the atomic vibrational
states n. and n,. For the transition without a change in the
vibrational quantum number, the Rabi frequency has the
form [19]

Qun, = Qo exp( Z )exp (— —)Ln 0P L (7). (6)

Here 5. and #, are the Lamb—Dicke parameters for the longi-
tudinal and transverse degrees of freedom, respectively; € is
the Rabi frequency for a stationary atom; and L,(x) are
Laguerre polynomials.

Since one cannot excite a single specific vibrational state
in an experiment, the total excitation probability for atoms in
all these states is observed. At the initial instant of transition
excitation, the Rabi oscillations for the atoms in all vibra-
tional states have the same phase; however, in the course of
time, the difference in the Rabi frequencies €,.,, leads to a
phase difference for population oscillations and damping of
the general observed Rabi oscillations for an atomic ensemble.

To obtain a time dependence of the total excitation prob-
ability, one must perform summation over all vibrational
states with the corresponding weights ¢, and ¢x,:

P(1) = anz(ﬂ)qn,(ﬁ)pe(nz,nr, f). 7
where

0= ol o

qn(T)) = [1 exp( thIr;)]eXp<_ r/gh;g)

The radial oscillation frequencies are generally much lower
than the confining potential depth: v, << U/h; therefore, as
was shown in [19], the sum over . can be considered as a sum
of an infinite series. As a result, the total excitation probabil-
ity is given by the expression

P.(1) = Z{% + %[l - exp(— k?ﬁ)]
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Figure 3. Dependences of the populations of the upper clock level on the excitation pulse duration r at a wavelength of 1.14 um for ;= (a) 1.11 £
0.01 kHz and (b) 1.51 % 0.01 kHz. The solid lines are approximations of experimental data by expression (8).

The Rabi oscillations of the upper clock level population
upon resonance excitation and their dephasing were observed
experimentally. The measurement results and their approxi-
mation by expression (8) are given in Fig. 3 for an optical
lattice of depth U = 208F..

When carrying out an approximation, the parameters v, =
= 43 kHz and v, = = 76 Hz (obtained from the spectra of
sideband oscillation frequencies) were fixed, while the Rabi
frequency €); temperature (on the assumption that 7. =7, =
T); and longitudinal and transverse Lamb—Dicke parame-
ters, 7. and 7, were varied. The following optimal parameters
were found: 7= 11 £ 2 uK, . = 0.24 £ 0.01, . = (5.5 £
0.8)x 1073, and £, =1.11£ 0.01 kHz and 1.51+ 0.01 kHz (for
two experiments with different clock-transition excitation
intensities). It should be noted that the Lamb—Dicke param-
eter 7. = 0.24 = 0.01 found by approximation exceeds the
calculated value #. = 0.14. This discrepancy may be due to
the significant anharmonicity of the optical lattice potential in
the experiment and necessity of taking into account higher
order terms in the expansion of potential in powers. When the
excitation beam direction coincides exactly with the optical
lattice axis, the Lamb—Dicke parameter for transverse oscil-
lations should be zero (, = 0). Its nonzero value is due to
the inaccuracy of alignment and relatively high atomic tem-
perature.

Another specific feature of the observed oscillations is
that their fast damping (for few milliseconds); this damping
time is much shorter than the radiative lifetime of the upper
level of clock transition (112 ms). In addition, the decoher-
ence time changes with an increase in excitation intensity,
whereas the number of oscillation periods remains constant
(Fig. 3). This behaviour is characteristic of the decoherence
caused by the dephasing of Rabi oscillations arising upon
excitation of different vibrational states. Indeed, time 7 and
Rabi frequency € of atom at rest enter expression (8) in the
form of a product, and a change in € scales the general pat-
tern in time, retaining invariable the relative phases of the
terms and, correspondingly, the number of damping peri-
ods.

The results reported in Fig. 3 confirm again the relatively
high temperature of atoms in the optical lattice and its influ-
ence on the clock transition excitation. To reduce this effect,
we are planning to use one of deep laser cooling techniques in
further experiments, for example, cooling at sideband oscilla-
tion frequencies [20], SWAP cooling [21], evaporative cooling
by reducing the depth of confining lattice potential [22], or

Doppler cooling using a transition with a natural linewidth of
~10 kHz [23].

4. Conclusions

We have present the spectroscopy of the clock transition |J =
712, F=4, mp=0)—|J=5/2, F=3, my=0) in a thulium atom
at the wavelength 4. = 1.14 um in an optical lattice in the
mode of spectrally resolvable sideband frequencies and in the
Lamb-Dicke regime. An approximation of the line profile
makes it possible to determine the atomic temperature and
the optical lattice frequency corresponding to the longitudi-
nal motion of atoms. We also observed Rabi oscillations
between clock transition levels under resonance radiation.
The high temperature of atoms in the optical lattice leads to
dephasing of oscillations and their damping for a time much
shorter than the radiative lifetime of the upper clock level. We
are planning to reduce the temperature of atoms in the optical
lattice in further experiments to observe a more contrast pat-
tern of Rabi oscillations.
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