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Designing potentials with Laguerre-Gaussian modes for systematic effects characterization below 10 -18 level in strontium optical lattice clocks

Introduction 10 -18

Have reached an accuracy [1] Optical tweezers [2] 3D optical lattices [3] Laguerre-Gaussian lattices

The most accurate optical lattice clocks

We propose to increase the number of trapping sites in a magic wavelength optical lattice by using sinusoidal LG 0l modes with azimuthal index l, whose transverse profile is composed of 2l identical trapping sites. We expect a better accuracy of our clock by reducing the average occupancy atoms per site. The new proposed trapping potential can be modeled by the equation:

U 0ℓ (r, φ, z) = -α E 1 I 0 e -2r 2 w 2 (z) -2r 2 w 2 (z) |ℓ| cos 2 (ℓφ) cos 2 (kz)
A third-generation Sr OLC clock equipped with this new trapping geometry is under construction at SYRTE.

LG 0l lattices

Cavity geometry preservation

Amplified power

Increase the number of trapping sites Adaptable trap (number of lobes)

LS coupling verification

Mechanical stability

Spatial purity of the mode

Decrease in cold collisions

Advantage for systematic effects characterization

Advantages of using the LG scheme

I. Density and average occupancy of atoms in LG 0ℓ lattices

For a TEM 00 lattice, the distribution of atoms over the lattice longitudinal direction reads [4]:

N (i) = N tot λ 2 √ πσ e -( iλ 2σ ) 2
The average number of atoms per lattice site i is given by the expectation value

N = N tot λ 2 √ 2πσ
. The mean density ρ over the entire 1D lattice of wavelength λ [5]:

ρ = N tot λ 8π 2 σ⟨L x ⟩⟨L y ⟩⟨L z ⟩
Where the ⟨L x,y,z ⟩ represent the 1/e 2 cloud diameter along the three rectangular directions. For LG 0l>0 lattices, the average number of atoms per lattice site i is given by:

N = N tot λ 4ℓ √ 2πσ
The mean density ρ over the entire LG 0l>0 lattice:

ρ(ℓ) = N tot λ 16ℓπ 2 σ⟨L r ⟩⟨L φ ⟩⟨L z ⟩
The LG 0l>0 lattices parameters ⟨L r,φ,z ⟩ after the cylindrical symmetry of these higher orders. LG 02 potential wells with U 02 depth and the expected cloud diameters.

We executed Monte-Carlo simulations for analyzing the trapping capability of LG lattices and the density ρ for ℓ = 0, 1, 3, 6, as it is shown in Section II (for the sake of clarity: TEM 00 is the same LG 00 ).

II. Monte-Carlo simulations

From a sampling of 10 6 87 Sr atoms trapped in a magnetooptical trap (MOT) (radius σ= 1 mm) with T mot = 1 mK:
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More atoms can be trapped for higher LG 0ℓ potentials with the same trap depth. ρ stays roughly constant even if higher LG 0ℓ contains more atoms and N decreases, which should help limit two body losses [4].

III. Expected evolution of density shifts

With fixed laser power for generating LG potentials, the depletion of ρ and N is evident because depth reduction leads to fewer trapped atoms.
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LG 0l LG 0l ⇒ The spectral width of the clock resonance can be narrowed [6] because of the density cutback, even when adding more atoms by increasing the azimuthal index ℓ. ⇒ The Quantum Projection Noise (QPN∝ 1/ √ N ) could be improved, contributing to the clock stability [7]. ⇒ The lattice light shift (∆ν LS ) should stay constant if the lattice laser power increases for compensate the intensity reduction (when increasing ℓ). For low lattice light intensity [8,9]: LG 00

∆ν LS ∝ I 1/2 ∝ U 1/2
LG 01

LG 03

LG 06 The LG modes are generated using a liquid-crystal on-silicon spatial light modulator (LCOS-SLM). The SLM displays a computer-generated hologram that encodes the phase of the LG mode and a blazed diffraction grating [START_REF] Cifuentes Marin | Joint EFTF/IFCS[END_REF].

IV. Generation of LG 0l lattices

The shape of the desired mode appears in the first diffraction order.

Hologram and generated

LG 02 mode.

The modulable cavity filters the shape of the beam diffracted by the SLM, then it is locked with a PDH scheme as in [START_REF] Fulda | [END_REF]. The next figure shows the efficiencies corresponding to the diffraction of the SLM (η slm ), the coupling of the modes with the cavity (η c ), and the total (η tot ≈ η slm η c ). Keeping the same mode matching of the TEM 00 is also appropriate for the creation of the LG 0ℓ>0 lattice traps.

Resulting LG potentials Our clocks require at least 70E r during the clock interrogation. However, with the optical drain used to transfer the atoms from the blue MOT to the lattice [12], a trapping depth as large as 1000E r is required. So, we propose to either load the lattice directly from the LG mode, or to do it from a TEM 00 and engineer a cavity switching to an LG 0ℓ for the interrogation stage.
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Conclusions and perspectives

The simulations show the capability of LG 0ℓ lattices for reducing the density shift below 10 -18 level without renouncing the number of atoms, which could also help clock stability.

The creation of LG 0ℓ lattices was realized for ℓ = 0, 1, 2, 3, 4 with decent trapping depths to be used during the interrogation.

To overlap the drain lasers with the LG 0l lattices, so it will be possible to execute the trapping of atoms.

To realize the clock spectroscopy for studying the systematic uncertainties associated with cold collisions and lattice light shift effects for the new SrC optical clock.
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