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Lattice Light Shift Evaluations in a Dual-Ensemble Yb Optical Lattice Clock
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In state-of-the-art optical lattice clocks, beyond-electric-dipole polarizability terms lead to a breakdown
of magic wavelength trapping. In this Letter, we report a novel approach to evaluate lattice light shifts,
specifically addressing recent discrepancies in the atomic multipolarizability term between experimental
techniques and theoretical calculations. We combine imaging and multi-ensemble techniques to evaluate
lattice light shift atomic coefficients, leveraging comparisons in a dual-ensemble lattice clock to rapidly
evaluate differential frequency shifts. Further, we demonstrate application of a running wave field to probe
both the multipolarizability and hyperpolarizability coefficients, establishing a new technique for future

lattice light shift evaluations.
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Optical lattice clocks (OLCs) are among the most
accurate [1-4] and precise [5-8] sensors ever created by
humankind, positioning them as strong candidates for the
redefinition of the SI second [9]. Modern clock perfor-
mance further supports studies of fundamental physics,
from searches for dark matter [10,11] to tests of general
relativity [12,13]. In parallel, emerging transportable OLCs
promise to revolutionize relativistic geodesy, mapping
Earth’s geoid to new levels [14].

Central to OLC performance is the trapping of ultracold
atoms at the so-called magic wavelength (or frequency)
[15,16], where the differential dynamic polarizability
between clock electronic states vanishes. The resulting
differential light shift is fundamental to OLCs and is an
accuracy-limiting systematic effect [2,4]. Higher-order
perturbations from magic wavelength trapping, such as
magnetic-dipole and electric-quadrupole terms (so-called
multipolarizability) [17], produce nontrival couplings
between the resulting light shifts and the motional states
of the atomic sample, challenging the efficacy of magic
wavelength trapping. Careful characterization of these
shifts is ongoing. Multiple experimental evaluations of
these higher-multipolar corrections in ¥’Sr [18-20], com-
bined with recent theoretical development [21,22], have
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resolved disagreement of both the sign and magnitude of
the multipolarizabilty coefficient. In '7'Yb, disagreement
remains between a single experimental result [23] and
theoretical calculations [24-26].

Simultaneously, recent efforts have demonstrated how
imaging techniques combined with multi-ensemble oper-
ation may be used to enhance the measurement capabilities
of OLCs [27]. For example, differential measurements
made by synchronous comparison between multiple
optical clocks [5,6] or within a single clock system [7]
reject common mode laser noise, realizing an effective
decoherence-free subspace [27,28]. Such techniques in 1D
OLCs have demonstrated remarkable progress, observing
the gravitational redshift at the millimeter scale [13] and
utilizing multi-apparatus operation for extended coherence
times [5,29].

In this Letter we demonstrate application of emerging
multi-ensemble techniques to a full differential polariz-
ability evaluation in an Yb OLC. Our experimental appa-
ratus, described in previous publications [2,30], is a
standard OLC utilizing a vertical retro-reflected 1D magic
wavelength optical lattice at 759 nm. Here, we employ a
recently demonstrated “ratchet loading” technique [31]. We
load two spatially separated ensembles using a combination
of magnetic field control during MOT operation and
shelving to the metastable clock state (see Fig. 1). We
then employ clock-mediated Sisyphus cooling [30] to
achieve radial temperatures of ~600 nK and sideband

© 2025 American Physical Society
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FIG. 1. (a) Schematic of a dual-ensemble 1D Yb OLC (not to
scale). The 759 nm lattice is formed via retroreflection of a single
beam and clock light is introduced through the mirror used for
reflection of the 759 nm beam. The directions of the polarization,
magnetic field, and gravity orientation are indicated. (b) A
759 nm transverse running wave may be introduced to ensemble
2, allowing evaluation of the running wave magic wavelength and
hyperpolarizability via differential comparisons. (c) The longi-
tudinal motional state of the atoms in each ensemble may be
manipulated separately, providing enhanced, differential sensi-
tivity to higher-order light shift terms.

cooling to prepare atoms in the ground longitudinal band,
providing a more uniform sampling of the lattice antinodes.
This dual-ensemble preparation forms the basis of the
experiments reported in this Letter, allowing differential
measurements between the ensembles. Details of the dual-
ensemble preparation are given in the Supplemental
Material [32].

Near the magic wavelength, the lattice light shift 6v; ¢ can
be written as a function of trap depth U, detuning 6, of lattice
frequency v; from the electric dipole (E1) magic frequency
vg (0 = vp —vgy), radial temperature 7', and longitudinal
vibrational state n,. For simplicity we follow Ref. [18],
adopting a light shift model utilizing a harmonic basis (see
Appendix A for a complementary treatment with a more
general model). The lattice light shift is then given by

SI/LS(uvéL? n

o
) r < T 55M1E2> (n, +1/2)u'’?

v, ov
a 1
{—SE15L+ ﬂ(n +n, +2>}
- 1 -
+2ﬂ<nz+§>u3/2—ﬂu2, (1)

where we have divided the clock shift (ov;5) by the
clock frequency (v.) and utilize normalized trap depths
u=U/Eg. Ex = (hv;)?/2mc? is the recoil energy and ¢
the speed of light, m the atomic mass, and & Planck’s
constant. The effects of transverse temperatures are captured
via an effective depth u/ — (1 + jkgT,/uEg)~'u/ [18,52],
where j is the power series exponent for each term in Eq. (1).
kg is the Boltzmann constant and trap depth is measured via
sideband spectroscopy [53]. All trap depths u/ in the Letter
implicitly assume this effective radial thermal averaging.

Complete lattice light shift evaluations require knowl-
edge of vg; and the three differential atomic coefficients
within Eq. (1). (dag,/dv) is the linear slope of the differ-
ential E1 polarizability between the ground (!S,) and
excited (*Py) clock states arising from a Taylor expansion
about vg. @y and f are the differential multipolariz-
ability and hyperpolarizability, respectively. These coeffi-
cients are often evaluated via interleaved comparisons
between two trap depths (u#) [26] or two motional states
(n,) [18]. By operating over a broad range of trap depths,
lattice frequencies, and motional states, individual polar-
izability terms can be disentangled and measured. In many
OLCs, however, practical limits of the realizable trap
depths make such an evaluation daunting at the state-of-
the-art level. Here, we overcome this limitation by supple-
menting the standard evaluation techniques with imaging
and multi-ensemble operation.

Evaluation of dag,/dv—The only terms in Eq. (1) that
include (0@, /dv) are proportional to §; (and vice versa).
Therefore, single ensemble measurements of the light shift
taken by temporally self-interleaving between two lattice
detunings &; and &, allow (dag;/dv) to be isolated. With
the same preparation conditions, the frequency difference is

AIJ5(M,51,52,7’1Z> _ _()(IEI (52 _51)14/’ (2)
v, ov

where we have introduced u’ = [u— (n, + 1/2)u'/?].
Critically, such self-interleaved measurements are inde-
pendent of &z, B, and vy, while also differentially
rejecting cold collision shifts. As shown in Fig. 2, we
perform these measurements at four trap depths with
5, —6; = —108.2(2) MHz and find (dag, /dv) = 4.2(1) x
1072°/MHz, in excellent agreement with previous
measurements [2,54].

Evaluation of p—We now turn to the remaining atomic
coefficients in Eq. (1). At the limited trap depths available
in our apparatus (< 140 Ey), evaluation of these shifts
with standard interleaved measurements is challenging.
Instead, we utilize imaging and dual-ensemble operation
as shown in Fig. 1. Frequency comparisons between the
two ensembles (found by converting differences in exci-
tation probabilities to frequency via the known Rabi line
shape [32]) are insensitive to laser frequency-noise, pro-
viding enhanced relative stability [8,27]. We regularly
measure frequency instabilities of ~4 x 10717 at 1 s for
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FIG. 2. (dag,/ov) is measured by temporally self-interleaving
between lattice frequency detunings 6, and &, for a single
ensemble. The frequency shift, with error bars derived from
the Allan deviation at half the total measurement time, is plotted
versus u’. A zero-intercept linear fit, with 1o error bars (shaded
region), gives (d&y, /dv) as the slope.

synchronous comparison between ensembles as compared
with ~3 x 107'® for temporally self-interleaved measure-
ments, allowing us to evaluate shifts nearly 50 times faster.

We apply an auxiliary running wave field to the second
ensemble [Fig. 1(b)], near the magic frequency (but
> MHz detuned from the standing wave laser frequency).
For a running wave the E1 polarizability and multipolariz-
ability terms simply add, in contrast to a standing wave
where they are out of phase. The fractional frequency shift
from the addition of an auxiliary running wave to the
standing wave is

/ -
uZiCELALD ~ = <6aE1 6, + ayip + ,Bdu’> U, (3)
V. ov

where u, is the running wave “depth,” u’ the average
standing wave depth experienced by the atoms [as intro-
duced in Eq. (2)], , = v, — v, and v, the running wave
frequency (note that shifts of order u? and higher have been
omitted here [32]). Equation (3) includes a shift term that is
 u'u,, arising from the dichromatic hyperpolarizability /3,
[55,56]. For parallel linear lattice and running wave polar-
izations (Fig. 1), the dichromatic hyperpolarzability is
related to the more familiar hyperpolarzability of Eq. (1)
by B, = 45 [56]. This interference effect provides a new
method to determine ﬁ with minimal correlation to v, [26].
Further, the use of synchronous dual-ensemble measure-
ments facilitates its precise determination at shallow lattice
depths. The auxiliary field has a u’-dependent frequency
V,(u') where Svg(u,,u',v, —vg) =0, given by

a 4pu’
u) = (v -2 ) - @

v v

v.(u') is a linear function of «’ with a slope revealing /5 and
an offset v/,.(0) = vg| — ay g/ (00g, /Ov), directly relating
Vg1 and &MlEZ'
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FIG. 3. Measurement of the running wave magic frequency,
V,(«'). (a) The frequency shift arising from the addition of a
running wave, measured synchronously, is plotted versus the
running wave frequency, v,. Error bars are smaller than the point
size and Ve = 394798 300 MHz. We show the fit for a
u' = 54 standing wave contribution with black lines showing
the fitted intercept for v/, (u'). (b) v} (u') is plotted versus u’ for
each of the four evaluated depths. The blue line and associated 1o
statistical uncertainty region show the fit to Eq. (4).

To experimentally evaluate v/.(u') we apply a running
wave beam with a waist of =150 pm to ensemble 2.
We evaluate the ensemble-averaged depth to be u, =~ 10,
calibrated in situ by dividing the slope of Fig. 3(a)
by —(0d&g;/ov). In this experiment, we do not apply
Sisyphus cooling to lower the radial temperature, unlike
all other measurements in this Letter, as the addition of
the running wave interferes with the optical access used
for cooling. At four different standing wave depths the
running wave frequency is stepped over 500 MHz centered
around the approximate location of v,(u') (see Fig. 3).
From these measurements a linear fit gives § = —1.7(4) x
1072! and ¢/.(0) = 394798 300.4(18) MHz. This value of
j falls between previous measurements using relatively
deep optical lattices [23,26] and is in good agreement
with independent evaluations made via two-photon
resonances [57,58].

Evaluation of @y g, and vgi—Returning to Fig. 1, we
may prepare ensemble 1 in n, ~ 0 and ensemble 2 in either
n, ~ 1 orn, = 2 [32]. This allows differential comparisons
between ensembles to be preferentially sensitive to the
@1 > dominated /u term of Eq. (1). The differential
lattice light shift between samples with motional states n;
and n, is given by
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with &, = [y, — /.(0)]. Note the elimination of vg; in
Eq. (5) by substitution of ¢/(0) into Eq. (1). With the
determinations of (9@ /dv), 1.(0), and B in hand, this
leaves only @,;g, to evaluate.

As shown in Fig. 4, we perform differential n_ experi-
ments at a variety of trap depths. The shift is shown
normalized by the differential n, applied between ensem-
bles, highlighting the /u dependence (fit shown in blue).
The radial temperatures are measured for each ensemble,
and n,-dependent cold collision corrections are applied
[32]. A Monte Carlo method is used to propagate sources of
uncertainty from both measured atomic coefficients and
model inputs to the fit of each ensemble to Eq. (1). We find
dyig = —1.41(9) x 10713, in good agreement with a
previous measurement at lower precision [23]. Finally,
@11 18 substituted back into the definition of /,(0), giving
Vg = 394798 266.9(26) MHz. Table I summarizes our
experimental results.

Theoretical predictions of @y pp—It is now recog-
nized that earlier calculations for Yb [24-26], Sr
[24,25,55,59,60], and other alkaline-earth(-like) systems

*
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Avp, /ve(n, = 1,2)/An, (10717)

FIG. 4. a1 is measured via synchronous comparison of
n,~0to n, ~ 1 (black squares) and to n, =~ 2 (gold diamonds).
The fit to Ayn:/ V., Eq. (5), is shown in blue, with associated 1o
statistical uncertainty shaded. We plot the shifts normalized by
An, = n, —n; to highlight the \/u dependence predominantly
arising from @,;g,. State-preparation errors resulted in An, =
1 - 0.8 and An, ~2 — 1.3 [32]. As a result, the plotted fit to
Eq. (5) is meant as a visual guide as it assumes perfect state
preparation. A Monte Carlo fit to Eq. (1) for each ensemble is
required to fully account for n, and other experimental values,
with the results in Table I. A reduced chi-squared of 1.7 is found.

TABLE 1. Summary of experimental and theoretical values
derived from this Letter. See Appendix A for a complementary
Born-Oppenheimer + WKB treatment [52].

Coefficient Value

(0ag, /ov) (1072°/MHz) 4.2(1)

B (10721) -1.7(4)
~f/lxlp§;|mem (10_18) —141(9)
ey (10718) —1.9(5)

v (MHz) 394 798 266.9(26)
v,(0) (MHz) 394 798 300.4(18)

[24,25,61-64] did not include the important diamagnetic
contribution to the M1 polarizability at the magic wave-
length. This resulted in a disagreement between theoretical
and experimental results [18-20,23], recently resolved in
the case of Sr [21,22]. The diamagnetic shift has been
discussed extensively in the literature for the case of
uniform dc magnetic fields (e.g., Refs. [65-67]). In a
nonrelativistic treatment, the diamagnetic shift appears at
first order in perturbation theory and is proportional to the
expectation value (r?), where r denotes the distance from
the electron to the nucleus, a sum over all electrons is
implied, and a total electronic angular momentum J = 0 is
assumed. In a relativistic treatment starting from the Dirac
equation, the emergence of the diamagnetic shift is less
conspicuous. It arises at second order in perturbation
theory, being attributed to negative-energy (positron) states
in the summation over states. However, it can be reformu-
lated in terms of the expectation value (fr?), where f3 is a
conventional 4 x4 Dirac matrix [65,66]. Evaluated
between Dirac bispinors, the operators > and Sr’ have
contributions attributed to large and small components of
the Dirac bispinors. The inclusion of § merely effects a sign
change for the small-component contribution, which van-
ishes in the nonrelativistic limit [67].

TABLE II. M1 differential polarizability, evaluated in the dc
limit and at the magic frequency. Theoretical contributions
include the 3P, — 3P, paramagnetic (positive energy state) con-
tribution, the diamagnetic (negative energy state) contribution,
and other smaller contributions. This is an abbreviated version of
a more expansive table presented in the Supplemental Material
[32], which also includes discussion of theoretical uncertainties.
For the dc limit, the final theoretical value is compared to the
experimental value. All values are in 1073 a.u., where a.u. denotes
atomic units based on Gaussian electromagnetic expressions.

Contribution dc limit Magic frequency
3p, - 3P, 5.469 —-0.016
Diamagnetic —-0.099 —-0.099
Other 0.008 —0.002
Total 5.379(10) —0.116(5)
Experiment [2,68] 5.363(6)
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For Yb, we start by considering the differential M1
polarizability in the dc limit. Table II presents a breakdown
of contributions calculated as detailed in the Supplemental
Material [32]. The final results are compared to the
experimental value, which has a 0.1% uncertainty [2,68].
As expected, we find that the 3Py—’P, “paramagnetic”
contribution dominates, in part due to a small energy
denominator (i.e., the fine structure splitting) in the
second-order summation over states. Meanwhile, we find
that the diamagnetic contribution amounts to a ~2%
correction, with other contributions being an order of
magnitude smaller still. Though subdominant, the dia-
magnetic contribution is non-negligible in the theory-
experiment comparison, exemplifying its role in the differ-
ential M1 polarizability.

We next consider the differential M1 polarizability
evaluated at the magic wavelength (see Table II and
[32]). We find that, relative to the dc limit, the 3Py—3P,
paramagnetic contribution is largely suppressed, a conse-
quence of the lattice photon energy being much greater than
the fine structure splitting. Meanwhile, the dc value for the
diamagnetic contribution can be directly applied for the
magic wavelength case, as the photon energy is signifi-
cantly below the energy associated with electron-positron
pair production. It follows that the diamagnetic contribution
becomes the dominant contribution for the differential M1
polarizability at the magic wavelength. Further, evaluating
and including the differential E2 polarizability at the
magic wavelength [32], we obtain the theoretical result
i = —1.9(5) x 1078, in good agreement with the
experimental results (Table I). Finally, using formalism
described in Ref. [59] we found = —2.3 x 1072 in the
CI + all-order approximation. In two dominant terms, we
replaced the theoretical denominators with more correct
experimental ones, that strongly affect the result. We
consider the result an order of magnitude estimate.

Summary—With multi-ensemble operation and imaging,
we realize a complete lattice light shift evaluation of a
standard retroreflected 1D OLC using modest trap depths.
Our independent evaluation provides valuable atomic
coefficients for Yb OLCs while also demonstrating novel
techniques for the evaluation of both (dég,/dv), B, and
12 [55]. Finally, the experimental and theoretical results
from this Letter further validate the recent consensus on the
origin of the disagreement on the sign and magnitude of the
multipolarizability term &y gs-
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End Matter

Appendix: Borm-Oppenheimer + WKB  approximation—
The lattice light shift model in the main text follows a
standard harmonic basis treatment [18]. While it gives
important physical intuition, these models are known
to break down at higher temperatures as they fail to
capture axial-radial couplings [52]. Considering our radial
temperature of ~600 nK (~1 pK in the running wave
measurements), we elect to perform an additional analysis
using a Born-Oppenheimer + WKB treatment (BO+
WKB) which better captures axial-radial couplings [52].
In this treatment the lattice light shift is given by

06{51

—ZW |:—5LX(H Up, Tr)uO

5ULS(M 5L7

+ &M1E2Y(nz’ ug, T, )ug

+ ,BZ(nZ, Uy, Tr)u(z)} , (A1)

where W), is an n, band weight and u is the peak trap
depth normalized by Eg. X(n_,uy,T,), Y(n.,uy, T,), and
Z(n,,uy,T,) are trap depth reduction factors which are
numerically calculated [52]. As presented in Table III,
we find good agreement between models, but note a
l-o discrepancy of (0@g;/ov). We note that future
evaluations with improved uncertainties will likely need
to utilize colder temperatures to continue to employ the
harmonic basis model.

TABLE III.  Comparison of experimental results as derived from
either the harmonic [Eq. (1)] or BO + WKB [Eq. (1)] treatment.

Coefficient Harmonic basis BO + WKB
(0ag /ov) (1072°/MHz) 4.21(10) 4.31(9)

B (1072 —1.7(4) -2.0(6)
~1]:4/;(11)§r21menl (10—18) —141(9) —145(8)

vg; (MHz) 394798 266.9(26) 394 798 266.3(30)

v,(0) (MHz) 394798 300.4(18) 394 798 300.0(25)
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