Yb optical lattice clock at INRIM
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INTRODUCTION

The Unit of Time in the International Systems of Units is realized at the relative frequency accuracy level of few
parts in 107! by laser cooled Cesium fountains [1]; since 2003 INRIM has operated a laser cooled Cesium fountain with
relative frequency accuracy at the level of 5 x 107! and has contributed with this frequency standard to the generation
of the International Atomic Timescale of Bureau International des Poids et des Mesures (BIPM). Since 2009 a cryogenic
Cesium fountain is under operation and its metrological characterization is in progress, with a target accuracy of 1 x 10716,

The current realization of the second is expected to be improved in the next future by high performances optical clocks
as regognized by time and frequency community, by the BIPM and the Time and Frequency Consultative Commitee of
the International Committee for Weights and Measures, and in the future a possible redefinition of the second could be
based also on optical atomic transitions.

In order to go beyond the relative frequency accuracy level of 1 x 107!, several laboratories have developed or are
developing optical frequency standards based on neutral atoms [2-6] or ions [7-9], and outstanding results have been
obtained with frequency uncertainties of few parts in 10~'® and even few parts in 10~!7 in the comparison between Hg*
and Al frequency standards.

In this scenario, INRIM has started the developement of a lattice optical clock based on neutral Ytterbium, as it is a
recognized candidate for optical clock realizations, and high-performances Yb optical frequency standards have beeen
demonstrated at National Institute of standards and Technology both on the even isotope 174 and the odd 171 [10, 11].

The Ytterbium clock reference transition 'Sq —3Py (A = 578.4 nm) is strictly dipole-forbidden from spin and orbital
angular momentum selection rules; an appreciable excitation probability is present for odd isotopes due to hyperfine state
mixing of the 3P sublevels resulting in a natural linewith of ~ 10 mHz; for even isotopes the clock transition could be
excited by Magnetic Induced Specrtoscopic techniques [12].

The clock transition is ac-Stark shift free when Ytterbium is trapped in a dipole far off resonance lattice at the magic
wavelength of 759 nm.

Laser cooling of Ytterbium is obtained by a double stages magneto-optical trap. First, using the dipole transition
1§, —1P, at 399 nm (natural linewidth I = 28.9 MHz), whose Doppler limit temperature is 690 uK. Then, atoms can be
furtherly cooled using the intercombination line 'Sy —3P; at 556 nm (completely closed, I' = 187 kHz), whose Doppler
limit is 4.5 uK. Then, cold Ytterbium can be trapped in the optical lattice with an efficiency of about 10%.

Yb also provides the possibility for studing bosonic, fermionic and mixed systems, having five bosonic isotopes and
two fermionic ones. The atomic levels scheme is reported in Fig.1.

EXPERIMENTAL SET UP

In our experimental set up, the atomic Yb source is an effusion oven operating between 360 and 390°C, the nozzle

is multichannel array realized with a microtubes bundle, maintained at a temperature of 400°C. The latter is made by 200

microtubes in Monel400 (100 pum of internal diameter, 10 mm long), that implies a thermal beam divergence of 17 mrad.

The physical structure is mantained under Ultra High Vacuum by two ion pumps which ensures a differential vacuum:

the trap region is mantained at10~® Pa and the oven region pressure is ten times higher. The MOT region is placed about

50 cm from the nozzle, where the thermal beam has a diameter of 20 mm. There is not a Zeeman slower in order to
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Fig. 1. Yb energy levels.

simplify the structure and avoiding any stray magnetic field in the clock implementation. Yb atoms interacts with three
retro-reflected laser beams in a XYZ (0,0,1) configuration, each beam has 4 mm diameter and is red detuned of about 14
MHz. Two double-pass acusto-optic modulator systems[14] are used to frequency detune the laser frequencies. The MOT
magnetic static gradient is generated by two anti-Helmholtz coils that provide a magnetic field gradient of 12 gauss/cm/A.
The trapped atoms cloud is approximately spherical and has a diameter of 1 mm (1/e, for the 399 nm MOT). Atomic
fluorescence light is collected by a CCD camera placed outside the vacuum chamber, 25 cm far away from the interaction

region.
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Fig. 2. Optical bench scheme for the experiment laser generation.



In order to increase the number of atoms in the trap an additional cooling laser beam, counterpropagating to the Yb
beam, has been added: this beam works at a fixed frequency, which is 140 MHz red detuned from the atomic resonance of
the 399 nm transition for each isotope and, currently, its intensity is comparable to the one of the 399 nm cooling beams.

In our experimental setup, the laser radiation at 399 nm is provided by the 798 nm radiation obtained from a Ti-Sa
laser frequency doubled using a 20 mm long PPKTP crystal placed in an enhancement ring cavity. Up to 70 mW of 399
nm radiation have been obtained from 600 mW infrared radiation. The resonant ring cavity is locked to the Ti-Sa laser
using the Hansch-Couillaud technique [15].

The 556 nm radiation is generated by frequency doubling of a 1112 nm source generated by a Yb:doped fiber laser and
a fiber amplifier. A PPKTP crystal in a single pass configuration provides up to 20 mW of 556 nm radiation from 1 W
infrared laser radiation.

The clock radiation at 578 nm will be generated using the Sum Frequency Generation in a 20 mm long PPLN
waveguide non linear crystal pumped by a 100 mW ND:YAG laser at 1319 nm and a 93 mW Er:doped fiber laser at 1030
nm, whose radiation will be mixed in a fiber coupler and iniected in the crystal. The clock radiation will be stabilized
using an ultra-stable ULE cavity whose finesse is expected to be about 200000 with a notched design in order to use as
supports the Airy points of the cavity[25]. The optical bench scheme is reported in Fig. 2.
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Fig. 3. Temperature stability of the ULE cavity.

In order to minimize the perturbation from the enviroment, the ULE cavity is closed in a vacuum chamber thermally
controlled where the pressure is mantained at a constant level of 10~ Pa by a 2 /s ion pump. The vacuum chamber is
placed on an vibration insulation platform to reduce the seismic noise and closed in a acoustic enclosure. The thermal
control of the chamber allows to search for the zero-CTE temperature of the cavity, that is between 20 and 40 °C at 90%
confidence level. The temperature stability is shown in Fig. 3 This stability, better than 1 uK at 1 s is compatble with a
frequency stability of 10713 at 1 s.

The seismic noise limitation to the final frequency stability has been evaluated by use of a Finite Elements Modelling
software. In the experiment configuration, a frequency stability of 10713 at 1 s is achievable if the seismic noise presents
a root mean square acceleration < 2.5 x 10~*m-s~2. The seismic noise spectrum has been measured by a seismometer
on the acoustic enclosure floor and on the cavity dumped board and the results are reported in Fig. 4. Within 100 Hz, the
equivalent acceleration is < 1 x 10™*m-s72,
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Fig. 4. Seismic noise on the ULE cavity dumped board

MEASUREMENTS OF THE lPl BRANCHING RATIOS

Currently, atoms have been cooled in the 399 nm MOT and five isotopes have been trapped; a typical image is
reported in Fig. 5. A first study concerns the dynamics of the number of atoms in the trap, analyzing the loading curve
of the trap for different isotopes. First of all we have evaluated the number of atoms, analizing the fluorescence light
collected by the CCD camera and using the relation Eq.1:

Pyor =P @ T =N, L Ik Q T (1)
= ——a = oms \ ~ -—a
MOT MOT tot an shut 2 atoms 21 I/I() (26/F)2 an shut

where Pyor is the light power collected by the CCD camera, § is the detuning of the laser beams, Jy= 60 mW/cm? is
the saturation intensity for the 399 nm transition, / the total beam intensity of the six laser beams in the trap, I'=27 x 28.9



MHz is 27 times the linewidth of the transition, % the solid angle substained by the CCD camera, ay,,, a corretion factor
due to the mechanical shutter of the CCD camera and T the transmittance of the windows of the vacuum chamber.

The typical intensity of each laser beam is about 58 mW cm ™2, obtaining a total intensity in the trap ~ (0.5 +0.8)I:
3-10° atoms can be trapped without the pre-cooler and up to 1.5 - 10° with the pre-cooler, whose intensity is equivalent
to those of the trapping beams. This result makes possible to avoid a Zeeman slower in the setup. Image Analysis of
CCD camera signal shows that the density distribution of the atoms in the trap is well described by a gaussian function,

as shown in Fig. 6.
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Fig. 5. Yb MOT atomic trap atoms fluorescence; the coils for the magnetic static gradient generation are visible.
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Fig. 6. The Gaussian profile of the atomic cloud in the MOT.

The maximum central value of the density g currently reached is 4 - 108 cm ™3 with a diameter of 1 mm.
The time evolution of the number of the atoms in the trap can be described as [18]:

dN
— =R-— OtN—B/nz(?)d3? (2)
dt
where R is the trap capture rate, o the linear loss rate, 3 the rate coefficient for two body collisions and r the internuclear
distance, n(7) the spatial density distribution. As shown in Fig. 5, the spatial distribution of the atom density in the trap is

. . . = _i2 /g2 . . .
gaussian and it can be written as n(¥) = npe 11°/a° 5o the last integral can be evaluated, obtaining the expression:
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In the following calculations, only the linear term will be considered, so the solution of the differential equation is
N(t) =Rt (1 - e’l?) with 7-! = «, that defines the loading time of the trap. According to a simple model, it is possible

to write the trap loading time separating the contribution to the loss of the trap due to the collisions with the atoms from
the thermal beam and the contribution due to the de-excitation of the atoms from the ! P, state to the metastable states
3P270 via the D-states 3D2,1. Assuming that the collisions with different species of isotopes are negligible, the trap loading
time is:

o' =nsLtaf  (4)

where ’L’i;l is the laoding time for the is isotope, 7, its abundance, L a term which inludes all the contribution linear in
the abundance, f the fraction of the atoms in the excited state, defined as
1 1/l
21+1/I+(26/T)?

f= (5)

According to assumptions made, the meaning of the term L is the following: the rate of the atoms ejected from the
trap by collisions with atoms in the thermal beam can be written as o, = nv,, 6, where n is the density of the atoms of the
background, v, the thermic velocity (the same within the 2% for all the isotopes) and ¢ the cross section for collisions
with the same isotope, which can be assumed to be approximately constant for all the isotopes (a simple classical model
calculates that the dependence from the isotope is < M 176, 50 the discrepancy is less than 1%). Writing n = njshy,, wWith
nsor the density of all the isotopes in the thermal beam, we obtain o, = ;L.

A typical experimental loading curve obtained is presented in Fig. 7.
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Fig. 7. Loading signal in the'’*Yb 399 nm MOT, with and without the pre-cooler beam.

As already observed in [17], the presence of the pre-cooler introduces an additional loss channel not well predictable,
so all these acquisition were made without the pre-cooler beam (this is the reason because the intensity of the pre-cooler
beam is maintained similar to the trapping ones). The loading curves acquired for the isotopes 170 and 171 were too
noisy, so all the calculations were made using the three most abundant bosonic isotopes, that is A = 172, 174, 176. The
measured value of the lifetime of the three most abundant bosonic isotopes are reported in Table 1.



Isotope | 7/ms | Abundance %
172 | 852(7) 21.9
174 | 801(6) 31.8
176 78(6) 12.7

TABLE 1. Measured loading times for the three most abundant bosonic isotopes

Comparing the loading times of the three possible couples of isotopes, we can construct three different simple linear
system with unknown quantities L and a, ¢ and the results for a» o are reported in Tab.2. The uncertainity of the results
is mainly due to the incomplete knowledge of the intensity of the laser beam in the trap itself and to estimate this lack of
knowledge we adopted a cover factor equal to the 30% of the total value of the laser intensity.

Isotope 1 | Isotope 2 | aygThis Work | apg Ref. [18] ayo Ref. [19-24]
172 174 8(4) s~ !
172 176 10(5) s~ 1 23(11) s7 ! 6.6(4.6)s71
174 176 11(5) s7 1

TABLE 2. Branching ratio ay( for the decay of the 1P, state to the metastable states 3Pg,o via the D-states 3D271

In Tab.2 are also reported the value of ay, evaluated by [18] from the intensity dependence of the lifetimes, and
the theoretical prediction for this branching ratio [19, 20, 21, 22, 23, 24]. The value obtained from our measurement
agrees with the theory and also with the experimental value [18], even if in our model an important assumption about the
collisional rate was made, in order to justify the differences in the loading times.

CONCLUSIONS AND PERSPECTIVES

At INRIM, the development of an Ytterbium lattice clock is in progress. Up to now, the experiment is capable of
trapping and cooling five Yb isotopes using the allowed transition at 399 nm, without the use of any Zeeman slower, and
then demonsrating the possibility to implement a simpler physicis package for neutral atoms optical clock. Indeed, the use
of just a fixed frequency precooling laser, generated by the same cooling lasers, allows the loading of 1.5-10° atom, that
are enough to implement the optical clock. The branching ratio a; o has been measured, in fair agreement with theoretical
predictions and with previous measurements. The clock radiation will be provided by sum frequency generation in a
waveguide crystal and stabilized on an ultrastable ULE cavity. The ULE cavity reference has already been realized and
its length thermal and seismic noise has been characterized, demonstrating not to be a limit to reach a relative frequency
instability of parts in 10~!> over 10 s integration time.
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