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Detection of the clock transition in thulium atoms

by using repump laser radiation

D.O. Tregubov, A.A. Golovizin, E.S. Fedorova, D.A. Mishin, D.I. Provorchenko,
K.Yu. Khabarova, V.N. Sorokin, N.N. Kolachevsky

Abstract. A population transfer from the upper level of the clock
transition in thulium atoms to the ground level is demonstrated by
using radiation with a wavelength of 402 nm. The method for
detecting the clock transition excitation that is not affected by tech-
nical fluctuations of the number of atoms in an optical lattice is
investigated. The hyperfine splitting of the |4f12(3F,)5d 5,652 J =
712) level in the thulium atom is measured to be 1480(9) MHz. The
suggested method for population transfer can be applied to both the
hyperfine components of the clock transition intended for compen-
sating Zeeman effect in a thulium optical clock.

Keywords: spectroscopy, hyperfine splitting, optical clock, clock
transition, ultracold atoms, thulium.

1. Introduction

Presently, modern optical clocks provide the most accu-
rate relative frequency measurements. They are used for
testing fundamental theories [1—3] and in applied fields
[4]. Optical clocks based on single ions reach a relative
error of 9.4 x 107'% and a relative frequency instability of
1.2x10715//T at an averaging time 7 (s) [5]. Optical
clocks on neutral atoms have a higher stability and simi-
lar relative error as compared to clocks on single ions
[6, 7]. This is especially important for transportable
clocks outside laboratories when the time needed for per-
forming measurements and achieving the required accu-
racy should be minimal.

The employment of transportable optical clocks opens a
possibility of charting maps of the Earth gravitational field [8]
and using these devices in satellite positioning [9]. Optical
clocks based on neutral thulium atoms form an attractive
basis for transportable clocks because the clock transition
exhibits a low sensitivity to thermal emission and static elec-
tric fields unlike neutral atoms [10—12]. This eases tempera-
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ture control requirements for the environment and simplifies
the construction of a system.

The relative instability of a clock frequency v determined
by the standard quantum noise limit depends on the signal
averaging time t according to the formula [13]

_vw_ ¢
o) =75 (SIN)/T (1)

where £ is the dimensionless parameter close to unity related
to the method of atomic transition interrogation; dv is the
detected spectral width for the transition at frequency v; and
S/N is the signal-to-noise ratio, that is, the ratio of the prob-
ability for resonant excitation of the clock transition to the
inaccuracy of determining this probability.

In previous papers [10, 14—16] devoted to thulium optical
lattice clock, the probabilty of the clock transition excitation
was calculated from the number of atoms at the ground state
under the assumption that the total number of atoms remains
constant throughout the experiment. However, there are fluc-
tuations of the number of particles, which may both deterio-
rate the signal-to-noise ratio and shift the line centre due to an
incorrectly determined error signal used for stabilising the
clock laser frequency.

The transition excitation probability can be determined
more accurately by using two numbers obtained from a single
measurement cycle (the number of atoms at the ground state
and at upper level of the clock transition), similarly to optical
clocks based on strontium and ytterbium atoms [17, 18] and
on atomic fountains [19]. Therefore, a controlled mechanism
of atom return from the upper clock level to the ground state
is needed without employing the clock laser radiation. Such a
mechanism may be atom excitation from the upper level of
the clock transition to the level from which atoms mainly
decay to the ground state in a short time as compared to the
clock level lifetime. For this purpose, the transition with a
wavelength of 402 nm to the level [r) = |4f2(°F,)5ds;,65%
J = 7/2) [20] was chosen. The probability of the dipole transi-
tion from this level to the ground state is A, = 2.17 X 107 57!
and to the clock level is 4., = 4.5X 105571,

gr

2. Spectroscopy of the transition
for population transfer

Optical repumping of thulium atoms was studied by using a
diode laser. According to information from the manufacturer
(VitaWave), the radiation spectral width of about 1 MHz is
determined by an external laser cavity. The laser frequency
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was stabilised by a WSU-30 wavelength meter (Angstrom).
The feedback was realised by applying the corresponding
error signal to a piezoelectric actuator of the laser diffraction
grating. The system of frequency stabilisation with the wave-
length meter made it possible to scan the laser frequency in a
range of several gigahertz and study excitation spectra of thu-
lium atoms in a wide spectral band. According to the data-
base [20], the resonance frequency of the repump transition is
745060.3(9) GHz disregarding the hyperfine splitting. The
nuclear spin of the only stable thulium isotope is 1 = 1/2,
which leads to a dublet hyperfine structure. In an optical
clock on thulium atoms, it is assumed to employ two hyper-
fine components of the clock transition |g, 4) = |c, 3) and |g, 3)
- |c, 2) for cancelling the quadratic Zeeman effect for the
mean frequency of two transitions (here, [c, N) = |4 13(2F°)6s%;
J=5/2,F=N)and g, N) = [4f3(2F°)6s% J = 7/2, F = N)).
Therefore, both hyperfine components |r, 4) and |r, 3) of the
[r) level should be excited. All the levels of the thulium atom
involved in the present work are shown in Fig. la.
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Figure 1. (a) Energy level diagram of thulium atoms and (b, c) pulse
sequences with indicated durations for determining the energy level
(b) |r, 4) and (c) |r, 3). Level notations: |g, 4) is the ground level for thu-
lium; |c, 3) and |c, 2) are the upper levels of the clock transition; |r, 4) and
r, 3) are the auxiliary levels for population transfer, which are studied
in the present work; |b, 5) is the level used for the first cooling stage used
for measuring the number of atoms. The radiation pulses of duration
0.2 ms with a wavelength of 410 nm, which are resonant to the |g, 4) >
|b, 5) transition, are used for determining the number of atoms.

In all experiments discussed below, a cloud of thulium
atoms was prepared in a magneto-optical trap (MOT) in
two stages of laser cooling and was recaptured into an opti-
cal lattice (see, for example, [14—16]). In the present work,
an optical lattice was operated at a wavelength of 1064 nm
which, according to results from [10], is near a magic wave-

length resides for the lattice polarisation direction normal to
the quantisation axis defined by the magnetic field. The
number of atoms in the ground state |g, 4) was found from a
luminescence signal from atoms under excitation of the
410 nm transition to the level |b, 5) = 4f'2(?Hs)5d5,65% J =
912, F = 5), measured with a CMOS camera. It is a destructive
method because atoms leave the trap as a result of multiple
photon scattering while interacting with the resonant radia-
tion at 410 nm.

The frequencies of transitions |c, 3) = |r, 4) and |c, 3) = |,
3), and values of hyperfine splitting of the |r) level were found
by using two schemes of the experiment presented in Figs 1b
and lc. In the first scheme, a pulse of the clock laser excites
approximately 40% of atoms to the |c, 3) level. The subsequent
pulse at a wavelength of 402 nm returns part of the excited
atoms back to the ground level. Dotted arrows in Fig. la
denote the most probable channels of spontaneous decay for
each of the hyperfine components of the |r) level. Here, decay
to another hyperfine component of the ground level and to the
[c) level is 35 and 50 times less probable, respectively. In the
case where the 10-ms radiation pulse at 402 nm is in resonance
with the |c, 3) - |r, 4) transition, some atoms return to the
ground state. As a result, an increased number of atoms is
observed when luminescence is detected (Fig. 2).

1.25

1.20 -

—_
—_
[
T
l
©

Relative number of atoms
Y
T

1.05

1.00 —=—&%-

1 1 1 1
-40 =30 -20 -10 0 10 20 30

200 -

100 -

Time/s

(v—v34)/MHz

Figure 2. (a) Detection of the |c, 3) = |r, 4) transition at a wavelength of
402 nm (near the resonance v ~ v3, the number of atoms at the ground
level increases due to atoms returned from the upper clock level); (b)
laser radiation frequency and its statistical error determined from wave-
length meter readings vs. time.

For obtaining spectra, the following order of operations
was realised. A desired value was set in a program for stabilis-
ing the radiation frequency of the 402-nm laser. Then a 15-cycle
measurement of the excitation efficiency was taken while
recording the measured laser frequency (Fig. 2b); from these
data, a statistical error of the laser frequency was found (dark
points in the figure mark the error of frequency measurement
for the first point in the spectrum shown in Fig. 2a).
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A frequency of the hyperfine component [c, 3) - |r, 3)
was found by using the second scheme shown in Fig. Ic.
Atoms excited to the |c, 3) level are repumped through the
intermediate level |r, 3) mainly to the |g, 3) sublevel and no
longer interact with the clock laser radiation and 410-nm
radiation for detecting the number of atoms. Thus, the radia-
tion at 402 nm, which is resonant to the |c, 3) = |r, 3) transi-
tion, reduces the number of detected atoms (Fig. 3).
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Figure 3. Detection of the |c, 3) = |r, 3) transition at a wavelength of
402 nm (near the resonance frequency vs3 the number of atoms at the
ground level reduces due to atom transfer to the |g, 3) sublevel). The
laser frequency and its statistical error are determined from wavelength
meter readings. Approximation by a Gaussian profile (solid curve)
yields the value v33 = 745063143.7(5) MHz (the statistical error of ap-
proximation is given in parenthesis).

The difference of frequencies in Figs 2 and 3 makes it pos-
sible to determine the value of hyperfine splitting which is
1480 MHz.

3. Estimation of measurement error

A statistical error of determining the line centre through
approximation of experimental data is 0.7 MHz for the
|, 3) = |r, 4) transition and 0.5 MHz for |c, 3) - |r, 3).

The systematic error is combined from the wavelength
measurement error and various shifts of the transition fre-
quency. According to manufacturer, a WSU-30 wavelength
metre for 10 hours since the last calibration has an error of
30 MHz for a single-mode fibre and 100 MHz for a multi-
mode fibre. The device resolution is 5 MHz. In the experiment
we measured the 410 nm laser radiation frequency using a
fibre that is single-mode in the standard transmission window
(and multimode for the radiation at 410 nm). It was estab-
lished that the frequency is reproduced within 5 MHz for a
time interval of 1 h. In this case, the laser radiation was sta-
bilised by a high-Q cavity using the Pound—Drever—Hall
locking technique [21]. The width of the cavity transmission
line is 5 MHz. Analysis of the transmission spectrum and of
the error signal allowed us to estimate the spectral width of
stabilised laser radiation to be less than 500 kHz. This radia-
tion is routinely used for cooling atoms on a 10-MHz-wide
transition, and the frequency instability for a time interval of

1 s—1 day does not exceed 1 MHz. Hence, in determining the
frequency difference for the two transitions, the frequency
error for each of them, related to the wavelength metre, is at
most 5 MHz. Note that inaccuracy of the absolute value of
the transition frequency is 100 MHz.

No frequency shift dependence on the power of 402-nm
radiation was observed within the error of 3 MHz.

Due to the Stark effect, the optical lattice can shift posi-
tions of the levels |r, 4) and |r, 3); however, one should bear
in mind that we deal with two hyperfine components of the
same level. The level polarisability that determines the shift
value comprises scalar and tensor components, the scalar
part being independent of the total atomic moment F. A
contribution of the tensor component turns to zero after
averaging over all magnetic sublevels. As a result, the polar-
isabilities of the two studied levels are equal; hence, the fre-
quency shifts are equal at the same intensity of the optical
lattice.

For estimating the frequency shift due to the Zeeman
effect, the residual magnetic field was found experimentally
from the shift of an atomic cloud in MOT under varying
gradient of the quadruple field in the trap. The characteristic
value of the magnetic field gradient in MOT is 5 Gs cm™". At
a half gradient, the position of the atomic cloud remained
constant within the accuracy of 30 um (the position was
determined using the camera), which limits the residual
magnetic field to the value of less than 7 mGs. Taking into
account g-factors of the levels |c) and |r), such field leads to
the frequency difference between outer magnetic sublevels
of at most 100 kHz; hence, an estimate of the upper bound-
ary of the frequency error due to the magnetic field yields
the value of 0.1 MHz. Below, the values of the error (in
MHz) of determining the hyperfine splitting are given for
various sources.

Systematic error of the wavelength metre . . . . . ... .. S
Stark effect (optical lattice) . . . . . ... ... ... .... 0
Stark effect A =402nm) . . . .. ... ... .. ...... 3
Zeeman effect (residual magnetic field). . . . . . ... .. 0.1
Sum systematic error for each transition . . . . . . ... .. 6
Statistical error for the |c, 3) > |r,4) . . . . .. ... ... 0.7
Statistical error for the|c,3) = |r,3) . . . . .. ... ... 0.5
Totalerror . . . . . . . .. ... ... ... 9

Finally we obtain that the hyperfine splitting of the |r)
level is 1480(9) MHz, the level with F = 4 being lower in
energy than the level with F = 3. The frequency of the |c, 3) =
[r, 4) transition is 745061.66(10) GHz.

4. Determining the excitation probability
for the clock transition

Figure 4 shows a sequence of pulses for determining the
excitation probability of the clock transition. It is assumed
that by the time the clock pulse starts, a constant magnetic
field is switched on and atoms are optically pumped to the
central magnetic sublevel (the procedure is thoroughly
described in [16]). The laser used in the present work for
probing the clock transition is stabilised to a high-Q resona-
tor using the Pound-Drever—Hall locking technique [21]
and has the radiation spectrum width of less than 10 Hz,
which is confirmed by the transition line with a width of
10 Hz measured in [10].
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Figure 4. Pulse sequence in the experiment: after a short clock pulse
lg, 4) = |c, 3), the number 7n; of atoms is detected, which have not been
pumped to the central sublevel; then, after a long clock pulse |g, 4) - |c,
3), the number n, of atoms that have returned to the ground state is
measured; finally, by using repumping radiation, the number 75 of at-
oms remaining at the upper level of the clock transition is found.

First, a short w-pulse of the clock laser excites nearly all
atoms from the central magnetic sublevel. At a duration t =
1 ms, the transform limited profile width is Av ~ 0.8 kHz,
according to the equation Avt ~ 0.8 for a rectangular pulse.
The line width of 1.14 um laser radiation and the line width
of the clock transition are much less than this value. All
atoms that remained at the ground level were at a non-zero
magnetic sublevel, which is explained by imperfect optical
pumping. Due to excitation by a subsequent radiation pulse
at 410 nm, these atoms escape from the trap. The camera
detects luminescence and the number of atoms n; is found
which gives an estimate of the optical pumping efficiency
~70%.

Then a long m-pulse of the clock laser follows, which
transfers atoms to the ground state. In this experiment, the
duration of this pulse was 40 ms, which corresponds to the
transform limited line width of approximately 20 Hz. The
number of atoms n,, which have transferred to the ground
state is measured in 1 ms after the spectroscopic (long) pulse
has passed; in this process, atoms are heated and leave the
trap. A delay between the pulses is added to avoid possible
overlapping with the clock laser pulse.

Then a radiation pulse of duration 5 ms at a wavelength
of 402 nm resonant to the |c, 3) - |r, 4) transition is used,
which transfers atoms from the upper clock level to the
ground state, and then the number of atoms n; is finally
measured. The pulse duration chosen experimentally is defi-
nitely longer than the time needed for the population
repumping. Efficiency of the population transfer £ ~ 0.89
was found experimentally using the fact that the number of
atoms in the trap determined as n; + n, + n3/k should not
depend on the detuning Av of the clock radiation frequency
from resonance frequency. The excitation probability is
found from the last two measurements taking into account
the population transfer efficiency

— "
P= ¥ mlk: 2

Probability p reaches the value of 0.94; however, there
is a plateau at a level of 0.35 (Fig. 5). This is related to the
fact that during the clock laser radiation pulse of duration
40 ms, some atoms spontaneously decay to the ground
state regardless of the pulse presence. This decay occurs
regardless of the method of exciting the transition and lim-

its the amplitude of a line profile. Thus, for atom excitation
from the ground level with the same experimental parame-
ters the maximal probability p would be 0.6 with a zero-level
plateau.
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Figure 5. Probability of exciting the clock transition vs. laser radiation
frequency detuning from the resonance frequency: relative numbers
of atoms ny, n, and n3 detected as a result of the first (m), second (a),
and third (v) pulses of illuminating radiation |g, 4) - |b, 5), respectively.
The inset shows the spectrum of probability p obtained from these
numbers by formula (2). Dotted and dashed curves are approxima-
tions by the theoretical profile obtained for excitation of the transition
by a rectangular pulse.

5. Conclusions

In experiments, the frequency is determined for the transi-
tion [4f13(2F°)6s2; J = 5/2, F = 3) > |4f>(3F,)5d 5,65%
J =712, F = 4) vy, = 745061.66(10) GHz and the value of
hyperfine splitting for the upper level of this transition Avyg =
1480(9) MHz. The transition is used to transfer the popu-
lation of the upper level of the clock transition to the
ground level in a short time not using the clock laser radi-
ation. The method suggested allows one to determine the
excitation probability of the clock transition free of fluctua-
tions in the number of atoms in the optical lattice. The profile
of excitation probability for a clock transition witha FWHM
of 20 Hz is obtained, which demonstrates experimental appli-
cations of the method.

Importantly, the radiation shifted in frequency by —653 MHz
will help realise the population transfer from the clock sub-
level [4f13(2F°)6s% J = 5/2, F = 2), which is supposed to be
employed for eliminating the quadratic Zeeman effect [10].
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