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Fig. 1. Experimental system. The lattice light (FEiice) IS in-
cident horizontally, overlapped with the clock laser (Eyoc)
and perpendicular to the direction of the gravity and mag-
netic field B. The probe light (E,,.) is incident horizont-
ally and perpendicular to the lattice light. An electron mul-
tiplier charge-coupled device (EMCCD, ANDOR-897U) is
used for in situ imaging of the optical lattice, and the angle
between the detection direction and the probe light is 60°.
This experiment only considers the imaging region of 8 (row) x
11 (column) as shown in the bottom figure. These
11 columns are labeled by S;—85;; from left to right, respec-
tively. The labeled zaxis is parallel to the lattice light and
clock laser, and the a-axis is parallel to the gravity direction.
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Fig. 2. (a) Stabilities of the in situ synchronous frequency
comparison. The black squares indicate the stability of the
synchronous frequency comparison between S (atom num-
ber N; = 68) and S;; (N, = 81) (8.9 x 106 (7/s) %), and
the blue dots are the stability (2.7 x 10 !¢ (7/s) %) of the
synchronous frequency comparison between S—S; (N; =
809) and Si—S); (N, = 917). The solid lines are the detec-
tion-noise-limited stability calculated by Eq. (1), and the
red dotted line represents the Dick-noise-limited stability (2 x
101 (7/s)%%). Error bars indicate 1 standard deviation.
(b) Scatter plots of excitation fractions of the compared re-
gions shown in (a). P, and P, represent the excitation frac-
tion of S; (or $1=Ss5) and Sy; (or S—S;;), respectively.
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Fig. 3. Measurements of density shift: (a) Sideband-re-
solved clock transition spectra obtained in S), S; and S,
respectively; (b) the distribution of the number of atoms;
(c) density shift as a function of atom number difference
(AN). Red solid line shows the linear fitting (the intercept
with the y-axis is fixed as zero), and the orange shade cor-
responds to 68% confidence intervals of the fitting line. Er-

ror bars indicate 1 standard deviation.
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Abstract

Precision measurement of the density shift caused by the interaction among neutral atoms trapped in an
optical lattice has important applications in the study of multi-body interaction and the realization of high-
performance optical lattice clocks. The common methods of measuring the density are the self-comparison
technique and frequency comparison between two optical lattice clocks. Both methods are based on the identical
density shift coefficient and should interrelatedly operate the clock at high- and low-density state, respectively.
The precision of self-comparison method is limited by the Dick effect. The synchronous frequency comparison
between two optical lattice clocks can realize the precision beyond the Dick limit. However, both methods can
only obtain the average density shift and ignore the fact that the magnitude of the density shift is different over
the lattice sites as inhomogeneous density distribution in the lattice. In this paper, the synchronous frequency
comparison technique based on in situ imaging is used to accurately measure the density shift coefficient of
optical lattice clock. Atoms in the optical lattice are simultaneously and independently excited by the same
clock laser beam, and the clock transition probability of 11 uncorrelated regions of the optical lattice is
simultaneously detected by in situ imaging. Thus, the clock laser noise, which is the root cause of the Dick
effect, is common-mode rejected as the frequency difference between uncorrelated regions is measured by the
clock transition spectrum. Beyond the Dick-noise-limited stability, the stability of synchronous frequency
comparison between uncorrelated regions is consistent with the limit resulting from the atom detection noise.
Between the center and margin of the lattice, the differential shifts of the black-body radiation shift, lattice AC
Stark shift, probe Stark shift, DC Stark shift, and quadratic Zeeman shift are all below 5 x 10 Hz, which is
three orders of magnitude smaller than the density shift and can be ignored in this experiment. Benefitting from
the inhomogeneous distribution of atom number and negligible external field gradient in the optical lattice, the
compared frequency shift between uncorrelated regions indicates the density shift. By measuring the
relationship between the density shift and atom difference, the density shift coefficient is determined as
—0.101(3) Hz/atom/site (with a measurement time of 103 s), and the fractional measurement uncertainty of the

mean density shift of our system is 1.5 x 10717,

Keywords: ensity shift, optical lattice clocks, atomic and molecular physics, optical lattice
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