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Abstract—We describe recent experimental progress with 
the JILA Sr optical frequency standard, which has a system-
atic uncertainty at the 10−16 fractional frequency level. An 
upgraded laser system has recently been constructed in our 
lab which may allow the JILA Sr standard to reach the stan-
dard quantum measurement limit and achieve record levels of 
stability. To take full advantage of these improvements, it will 
be necessary to operate a lattice clock with a large number of 
atoms, and systematic frequency shifts resulting from atomic 
interactions will become increasingly important. We discuss 
how collisional frequency shifts can arise in an optical lattice 
clock employing fermionic atoms and describe a novel method 
by which such systematic effects can be suppressed.

I. Introduction

optical atomic frequency standards based on ultra-
cold neutral atoms trapped in magic wavelength op-

tical lattices have made impressive progress in the few 
years since their initial proposal [1]. however, such clocks 
have not yet realized their anticipated accuracy and still 
lag behind the best optical clocks based on single trapped 
ions [2], [3]. Because of the reduction in quantum projec-
tion noise [4] when a large number of particles are si-
multaneously interrogated, neutral atom clocks have the 
potential to surpass single ion clocks in terms of stability. 
current ultrastable laser technology is not yet sufficiently 
advanced to fully realize this advantage, and the stability 
of current lattice clocks is limited by the optical dick ef-
fect [5] at about the same level at which single ions clocks 
are limited by quantum projection noise. The dick effect 
may be mitigated by operating a lattice clock at high duty 
cycle [6], but improvements to the stability of the inter-
rogation laser also have a direct influence on clock stabil-

ity. In this article, we will discuss a state-of-the-art laser 
system recently constructed at JIla.

The quantum projection noise-limited stability of a fre-
quency standard operating with two-pulse ramsey spec-
troscopy is given by
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where C is the contrast of the ramsey fringes, T is the 
ramsey interrogation time, ν0 is the optical transition fre-
quency, pe is the excited state fraction at the operating 
points, N is the number of atoms interrogated, tc is the 
cycle time, and τ is the averaging time. Using some typical 
operating parameters for the JIla sr standard (T = 0.1 s, 
ν0 = 429.228 Thz, C = 0.5, pe = 0.5, N = 5000, tc = 
1.0 s), we find σy(τ) � 1.0 × 10 16− / τ. as laser technology 
continues to improve and lattice clocks begin to reach the 
quantum projection noise limit, systematic inaccuracies 
associated with trapping large numbers of atoms will be-
come a pressing concern. although spin-polarized fermi-
ons do not interact via s-wave scattering, sizable colli-
sional frequency shifts can still occur [7]. We will detail 
the underlying mechanisms responsible for these effects, 
and will also discuss a novel method of suppressing colli-
sional frequency shifts by trapping atoms under strongly-
interacting conditions, which was recently demonstrated 
in our laboratory [8].

II. strontium optical lattice clock

In the JIla sr optical lattice clock experiments, a 
sample of 87sr atoms is prepared by cooling and trapping 
atoms in an optical lattice using a two-stage magneto-
optical trap (MoT). sr atoms are loaded into the first 
MoT stage, operating on the strong 1s0 → 1P1 transi-
tion at 461 nm, from a Zeeman-slowed thermal atomic 
beam. approximately 106 atoms are cooled to millikelvin 
temperatures in this “blue” MoT, and are then loaded 
into a second “red” MoT operating on the narrow (line-
width 7.6 khz) 1s0 → 3P1 intercombination transition at 
689 nm, where they are cooled to temperatures of just a 
few microkelvin. during the second MoT stage, atoms 
are loaded into an optical lattice formed by a vertically-
oriented standing wave laser field which is overlapped with 
the atoms. This lattice is tuned to the magic wavelength 
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[9] for the 1s0 → 3P0 optical clock transition, at which ac 
stark shifts of the lower and upper clock states are equal. 
The 1s0 → 3P0 clock transition is highly forbidden in bo-
sonic alkaline-earth isotopes, but is weakly allowed in fer-
mionic species because of hyperfine-induced mixing, with 
an estimated linewidth of ~1 mhz [10], [11], [12]. Follow-
ing the MoT-cooling stages, atoms are optically pumped 
to a single nuclear spin state, and may be further cooled 
in the lattice via doppler and sideband cooling procedures 
[13]. The clock transition is then interrogated with an ul-
trastable laser aligned along the lattice direction, so that 
the atoms are probed in the lamb-dicke and resolved-
sideband regimes [13]. after the clock interrogation, the 
population in the 1s0 state is destructively detected by 
observing atomic fluorescence due to a probe beam on the 
strong 461-nm transition; the population in the 3P0 state 
is then measured by first optically pumping those atoms 
to the ground state and then detecting their fluorescence 
when exposed to the probe beam. The ultrastable laser 
system used in most of the experiments described in this 
article was detailed in [14]. recently, a significantly im-
proved laser system was constructed in our laboratory; it 
will be discussed in section III.

The estimated error of the JIla sr optical frequency 
standard is given in Table I. Many of the systematic ef-
fects listed are expected to be controllable at the sub-
10−17 level. The magic wavelength is known to within a 
5-Mhz uncertainty, permitting control of the differential 
stark shift due to the optical lattice at the 1.0 × 10−17 
level with a trap depth of ~20 μK [15] (the −6.5 × 10−16 
correction was applied to the clock frequency because the 
optical lattice was operated slightly away from the magic 
wavelength in [16], [17]). higher-order effects (hyperpolar-
izability effects and magnetic dipole (M1)/electric quad-
rupole (E2) polarizability effects [18]) as well as vector 
and tensor components of the electric dipole (E1) polar-
izability have also been found to be manageable at the 
10−17 level or better [15]. The first-order Zeeman effect 
(as well as vector polarizability effects) can be addressed 
by averaging the clock transition frequency for two differ-
ent projections of the nuclear spin [17]. The BBr shift is 
obviously the largest single frequency shift affecting the 
sr clock transition. Improved knowledge of several key 
atomic transition rates [19] or measurements of the dif-
ferential static polarizability [20] should enable a more 
precise calculation of the shift, but any room temperature 
clock experiments must contend with experimental uncer-
tainties in the ambient BBr environment. spectroscopy of 
rydberg transitions from the 3P0 state has recently been 
proposed as a method of in situ temperature determina-
tion [21]. Because the BBr shift scales with the fourth 
power of the temperature, interrogating the sr clock tran-
sition in a cryogenically-cooled region may provide a so-
lution to this problem [20]. The other primary contribu-
tion to the error budget of the JIla standard comes from 
atomic density-dependent collisional interactions. These 
collisional frequency shifts can occur despite the fact that 
the JIla standard is based on ultracold fermions [7]. We 

will detail how collisional shifts can arise in such a clock 
in section IV and describe a method by which they are 
controllable at the 10−17 level.

III. Ultrastable laser system

at the heart of any optical frequency standard lies an 
ultrastable laser system. The remarkable short-term per-
formance of the best of these systems, which has been 
demonstrated to be at the low 10−16 instability level [22], 
[23], allows hertz-level resolution of the ultra-narrow opti-
cal transitions used in optical standards. It is this same 
short-term stability that determines the performance of 
optical standards up to the 10-s range. depending on the 
type of spectroscopy and experimental sequence used, the 
long-term stability of optical clocks is crucially dependent 
on the frequency noise spectrum of the local oscillator 
laser via the optical dick effect [24]. The current develop-
ment of next-generation ultrastable laser systems, both 
at JIla and elsewhere, will allow the full signal-to-noise 
benefit of using thousands of neutral atoms to be realized.

To this end, we have designed a cavity-stabilized laser 
system to be used as the new local oscillator of the JIla 
sr optical lattice clock, comprised of an external cavity 
diode laser locked to the stable reference cavity shown in 
Fig. 1. The optical characteristics of the cavity are de-
termined by the ultra-high reflectivity mirrors, which are 
the same design as those used in [14] with fused silica 
substrates. These mirrors are optically contacted to the 
ultra-low expansion glass (UlE) spacer. We measure a 
finesse of 190 000, which results in a resonance width of 
2 khz. We have attached additional UlE rings to the back 
of these mirrors as in [25], whose effect we have modeled 
to raise the zero-crossing of the ensemble coefficient of 
thermal expansion (cTE) by ~3°c. We expect the en-
semble cTE to be nulled at approximately 17°c, and the 
cavity is maintained at this temperature. The cavity is 
enclosed in a two-stage vacuum envelope, and the pres-
sure within the inner vacuum chamber is ~1.3 × 10−6 
Pa (~1 × 10−8 torr). a copper heat shield between the 
cavity and the inner vacuum chamber wall serves to fur-

TaBlE I. systematic Frequency shifts and Their 
Uncertainties for the 87sr Frequency standard (as in [16]). 

contributor
correction 
(× 10−16)

Uncertainty 
(× 10−16)

lattice stark (scalar/tensor) −6.5 0.5
hyperpolarizability (lattice) 0.1 0.1
Blackbody radiation stark 54.0 1.0
ac stark (probe) 0.2 0.1
First-order Zeeman 0.2 0.2
second-order Zeeman 0.36 0.04
density 3.8 0.5
line pulling 0 0.2
servo error 0 0.5
second-order doppler 0 ≪0.01
systematic total 52.1 1.36
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ther reduce the feedthrough of external temperature fluc-
tuations. With millikelvin-level stability on our vacuum 
chamber and a two-day thermal time constant between 
the chamber and the cavity, the temperature-induced fluc-
tuations of the laser drift are at the 5 mhz/s level over 
an hour time scale. relative to our previous ultrastable 
laser system [14], this represents an approximately 100-
fold improvement in the predictability of the drift over 
experimental timescales.

To overcome the well-known problem of mirror and 
substrate Brownian thermal noise [26], [27], we have cho-
sen to use a much longer cavity for laser stabilization in 
comparison to our previous systems. The new system is 
39.4 cm in length, compared with the 7 cm length of the 
previous-generation system [14]. additionally, we have 
chosen to use fused silica mirror substrates as opposed to 
UlE mirror substrates, which give an additional factor of 
two improvement in the thermal noise due to the mirror 
substrates. In total, we expect a factor of 10 improvement 
over the previous system, with a resulting thermal noise 
floor of 1 × 10−16. The detailed expected thermal noise 
spectrum due to Brownian, thermo-elastic, and thermo-
optic noise is shown in Fig. 2, and is based on the treat-
ments found in [28]–[31].

To minimize the coupling of vibrations to an optical 
length change of the cavity, we performed finite element 
analysis to optimize the cavity mounting configuration 
[32]. an example of the simulated deformation is shown 
in Fig. 1(b). The geometry of the UlE cavity spacer was 
fixed because it had been manufactured at an earlier date 
for a different application not requiring vibrational insen-
sitivity. Motivated by symmetry considerations, we opti-
mized the support points to minimize sensitivity to accel-
erations in the vertical direction arising from both mirror 
displacements and mirror tilts. our procedure was to vary 
the support points’ longitudinal position and vertical dis-
tance from the midplane and numerically calculate the 
mirror tilt and displacement. By accumulating an array 
of values corresponding to different support positions, we 

were able to use a linear model that described the tilt 
and displacement about the respective zero-crossings to 
extrapolate the optimal positions. such an extrapolation 
is desirable in that it can reduce sensitivity errors arising 
from numerical imprecision.

at the optimized support condition, numerical predic-
tions of vibrational coupling to fractional length change 
in the horizontal direction was found to be small, at the 
level of 8 × 10−11/g, where g is the acceleration of gravity. 
however, the mirror tilt sensitivity in this direction is un-
compensated, meaning horizontal accelerations cause mir-
ror angular displacement at the level of 40 nrad/g, which 
further increases vibrational sensitivity if the optical mode 
does not lie in the geometric center of the cavity [33]. 
Finally, sensitivity to vibrations in the longitudinal direc-
tion can also occur, primarily due to asymmetries in the 
mounting structure and mirror positions, which couples 
mirror tilt to optical path length changes.

By applying an oscillating force to the platform on 
which the laser cavity sits, we have measured the vibra-
tional sensitivity by monitoring the frequency noise spec-
trum of the beat between this system and a second ultra-
stable laser system with stability at 1 × 10−15 [14]. We 
find that the extrapolated dc vibrational sensitivity is at 
the 1.4 × 10−9/g level for accelerations applied nominally 
in the vertical direction. We estimate that a 1 mm error 
in the placement of the cavity support structures leads to 
an increase of the acceleration sensitivity of ~1 × 10−10/g, 
and therefore such errors are not likely to be the cause of 
the discrepancy between our modeling and the measured 
performance. It is possible that the applied oscillatory 
force had a small component in the horizontal plane, to 
which our accelerometer was not sensitive.

although the sensitivity of 1.4 × 10−9/g is an order of 
magnitude from the state of the art [34], [35], it is never-
theless adequate to reach the thermal noise limited fre-

Fig. 1. (a) Mechanical design of the 39.4-cm JIla optical cavity. The sup-
port structure comprises Teflon posts of approximately 10 cm in length. 
The fused silica mirrors (light blue in color) are optically attached to the 
spacer. additional ultra-low expansion glass annular rings are attached 
directly to the back surface of the mirrors. (b) Finite element analysis 
of the spacer with optimized support conditions and a downward accel-
eration equal to 1g, where g is the acceleration of gravity. The relative 
deformations have been amplified by a factor of ~3 × 109, with color 
specifically indicating displacements along the optical axis.  

Fig. 2. Thermal noise contributions to the frequency noise power spectral 
density of a laser stabilized to the cavity presented in Fig. 1: (i) total 
Brownian motion contribution arising from the cavity spacer, mirror 
substrates, and mirror coatings, (ii) thermo-elastic noise arising from 
statistical temperature fluctuations in the mirror substrate, and (iii) 
thermo-optic noise arising from temperature fluctuations in the mirror 
coating driving optical length changes through both thermal expansion 
and the thermo-refractive index change of the mirror coating.  

http://dx.doi.org/10.1109/TUFFC.2012.2210/mm5
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quency noise spectrum in the 0 to 5 hz range with our 
expected vibration spectrum of ~ ,50 ng/ Hz  given by the 
noise level of the commercial active vibration cancellation 
platform on which the cavity is mounted. additionally, 
the cavity length of 39.4 cm is, to our knowledge, the 
physically longest cavity in operation, a factor of five 
times larger than our previous cavity with vibrational sen-
sitivity of 6 × 10−10/g. Given that fractional sensitivity 
scales with length and the additional complication that 
our system is mounted horizontally, we find our measured 
sensitivity to be a favorable validation of our design ap-
proach.

To test the performance of the new cavity-stabilized 
laser system, we used the ultra-narrow 1s0 → 3P0 clock 
transition in the 87sr optical lattice clock. We locked the 
laser to the mF = +9/2 resonance in the presence of a 
small bias magnetic field and recorded the shot-by-shot 
correction signal applied by a digital servo system to the 
laser frequency (see Fig. 3). at the beginning of the mea-
surement, we applied a constant drift to cancel the in-
trinsic material relaxation effect of UlE. The correction 
signal therefore was an estimator of all laser noise with 
the linear drift removed, and with the additional detec-
tion noise of the atomic system comprising photon and 
atomic shot noise (quantum projection noise) in addition 
to other technical sources of detection noise. We were able 
to observe ~10 minute periods of time where the laser 
frequency excursions were bounded below 1 hz. The allan 
deviation of the correction signal reaches 3.5 × 10−16 at 
the 30-s time scale before rising again because of the few 
millihertz per second of uncancelled drift. It is important 
to note that at short time scales, the noise averages down 
as white frequency noise, which can arise from the afore-
mentioned detection noise issues in addition to the optical 
dick effect [24]. The deviation of the correction signal rises 
again at longer times, which we attribute to longer-term 
drift in the cavity resonance frequency. We emphasize that 

these measurements represent an upper limit to the stabil-
ity of our new laser system.

a final test of the laser performance was achieved by 
optically pumping all atoms to a single nuclear spin state 
in the presence of a small bias field, and directly scan-
ning the stabilized laser across the clock transition with 
an interrogation time of 1 s. The laser power was chosen 
to achieve maximum excitation on resonance, consistent 
with a rabi π pulse. (The maximum excitation fraction is 
limited by elastic and inelastic interactions, as well as by 
inhomogeneous excitation; see section IV.) We performed 
spectroscopy on an intentionally dilute atomic sample at 
our coldest achievable temperature of 1 μK to reduce any 
potentially detrimental density-dependent broadening. In 
Fig. 4, we combine 25 consecutive line scans by center-
ing each scan at zero detuning and furthermore bin the 
combined data using a 90 mhz bin size. The re-centering 
between scans serves to remove large frequency excursions 
due primarily to the 1/f character of the laser frequen-
cy noise. The result, shown in Fig. 4, has a linewidth of 
870 mhz, which is close to the expected 800 mhz Fourier 
limit for rabi spectroscopy with a 1-s interrogation pulse.

IV. collisional shifts in a Fermion lattice clock

collisions between atoms occupying the same lattice 
site may lead to both a broadening and a shift of the 
clock resonance [36]. These effects can be mitigated by 
operating the lattice clock with ultracold fermionic atoms; 
at temperatures of a few microkelvin, l ≥ 1 partial wave 
scattering is suppressed by the centrifugal barrier in the 
interatomic potential, and l = 0 partial wave scattering 
is forbidden for identical fermions. This Pauli-blocking of 
fermionic collisions occurs because the total wave func-
tion must be antisymmetric under the exchange of any 
two particles; if the particles are initially prepared in the 

Fig. 3. allan deviation of fractional frequency corrections applied to the 
clock laser to keep it on resonance with the ultra-narrow 87sr 1s0 → 3P0 
clock transition.  

Fig. 4. Ultra-narrow atomic resonance scan obtained by superimpos-
ing 25 individual scans, each comprising 40 points. The rabi π-pulse 
duration was 1 s. By combining scans in this way, slow frequency excur-
sions are removed, and the lineshape information is retained and better 
resolved via averaging. The figure inset shows representative single-scan 
data, with no averaging.  

http://dx.doi.org/10.1109/TUFFC.2012.2210/mm6
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same internal state, then their spatial wave function must 
be antisymmetric, and thus s-wave scattering processes do 
not occur.

despite these arguments, a large collisional shift was 
observed at JIla in a system of ultracold fermions po-
larized to a single nuclear spin state [7]. In that work, 
atoms were trapped in a 1-d optical lattice at the magic 
wavelength, and the clock transition was interrogated us-
ing rabi spectroscopy. The optical clock frequency was 
measured against the cold ca optical frequency standard 
at nIsT, as in [17]. The collisional shift was measured 
by varying the number of atoms loaded into the lattice 
and observing a shift in the clock resonance. The shift 
was characterized as a function of the detuning of the 
locking points from the center of the resonance, which 
determines the average excited state fraction at the end 
of the pulse (see Fig. 5). shifts of the clock transition fre-
quency at the 10−15 fractional level were observed. These 
results were explained using a simple mean field model of 
the dynamics, as detailed in [37]. If, during interrogation 
of the clock transition, the optical coupling strength is 
different for different atoms, then the atoms will evolve 
into a different superposition of the two clock states, and 
conditions for complete Pauli blocking are not satisfied. 
Instead, the atoms experience a mean field shift of the 
transition frequency that depends on their degree of mu-
tual distinguishability, as quantified by the two-body cor-
relation function. The mean field shift then manifests as 
a time-dependent shift of the resonance frequency dur-
ing the course of the rabi interrogation. This model does 
predict a zero-crossing of the shift near a final excited 
state fraction of 50%, which was consistent with the ex-
perimental measurements. however, the simple mean field 
model is not in quantitative agreement with the data, and 
several more sophisticated theoretical treatments of col-

lisional shifts in a fermion system have been presented in 
the literature [38]–[41].

The inhomogeneous coupling described previously can 
occur fairly easily in an optical lattice clock. In a trap, the 
atom-clock laser coupling is a function of the vibrational 
modes occupied by the atoms [42]. In a one-dimensional 
(1-d) optical lattice clock, atoms are typically sufficiently 
cold that only the lowest one or two vibrational modes 
along the lattice direction are appreciably populated. 
however, the trap is relatively weak along the transverse 
directions, and atoms occupy many transverse vibrational 
modes. In this case, if the clock laser wave vector has 
a component along the transverse directions (if it is not 
perfectly aligned with the 1-d lattice), then the rabi 
frequency of the atoms, and thus the degree of coupling 
inhomogeneity, becomes a function of the degree of mis-
alignment and the ratio of the sample temperature to the 
transverse vibrational energy spacing [37]. If some mis-
alignment between the clock laser and the lattice exists, 
or the atoms are not sufficiently cold that only the ground 
state of the lattice is occupied, then the optical excitation 
will be inhomogeneous, potentially leading to sizable col-
lisional frequency shifts.

In the rest of this article, we follow the treatment of 
references [38] and [39]. We consider two particles on the 
same lattice site, undergoing laser interrogation and col-
liding with one another. assuming that the vibrational 
quantum numbers of the particles are conserved during 
the collision/interrogation process, the hamiltonian for 
the two-particle system can be written in a four-state 
pseudospin basis set, comprised of three symmetric states 
with total pseudospin S = 1 (the triplet states), and an 
antisymmetric state with S = 0 (the singlet),
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In this basis and under the rotating wave approximation, 
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The inhomogeneous coupling is parameterized by the rabi 
frequencies Ω1,2 of the two particles; Ω = (Ω1 + Ω2)/2 is 
the average of the two particles’ rabi frequencies and ΔΩ 
= (Ω1 − Ω2)/2 is half of their difference. The detuning of 
the coupling laser from exact (zero-density) resonance is δ, 
and Ueg is an interaction energy due to s-wave collisions. 
If the two particles’ coupling strength is the same, then a 
system initially prepared in the triplet manifold (e.g., in 

Fig. 5. density shift measurements in a 1-d optical lattice clock. The 
inverted clock transition 3P0 → 1s0 was interrogated by rabi spectros-
copy, using a sample of spin-polarized atoms. The sample temperature 
was varied between 1μK and 3μK. The shift is plotted as a function of 
final ground state fraction after the interrogation pulse. The final ground 
state fraction is a function of the detuning of the laser from the center of 
the clock resonance. The data are scaled to a common reference density, 
ρ0 = 1 × 1011 cm−3.  

http://dx.doi.org/10.1109/TUFFC.2012.2210/mm2
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the |gg〉 state) will remain in that manifold. conversely, if 
the coupling is inhomogeneous, then a finite singlet ampli-
tude will be excited, leading to a density-dependent asym-
metry of the resonance.

lineshapes obtained by numerical integration of the 
schrödinger equation using the hamiltonian (3) are pre-
sented in Fig. 6. In the presence of inhomogeneity, the 
energy scale represented by Ueg becomes relevant. If Ueg ≤ 
Ω, as in Fig. 6(a), then the singlet amplitude can be effi-
ciently excited, potentially leading to large collisional fre-
quency shifts of the clock transition. however, if interac-
tions are strong (Ueg ≫ Ω), then excitation of the singlet 
is suppressed, and only becomes appreciable when the 
clock laser detuning matches the energy splitting of the 
dressed state (Ueg � Ω2 2+ δ ). In this case, a singlet 
resonance appears that is separated from the carrier, a so-
called interaction sideband [43]. This situation is depicted 
in Fig. 6(b).

Experimentally-observed lineshapes [43] in both 1-d 
and 2-d lattices (see subsequent discussion) are shown in 
Fig. 7. These lineshapes were obtained by scanning the ul-
trastable laser frequency across the clock resonance sever-
al times and averaging the atomic response at each detun-
ing. To account for the effect of laser drift, each scan was 
centered by fitting a lorentzian function to the atomic 
response before averaging (we note that these data were 
taken using our older ultrastable laser system; with our 
upgraded system, similar spectra are obtained in a single 
scan). In a 1-d lattice, the lineshape is well approximated 
by the rabi solution to the problem of a driven two-level 
system. however, in the 2-d lattice, strong interactions in 
multiply-occupied sites lead to the sideband-like features 
at negative detuning. In current experiments, these side-
bands are broadened because of the variation of site oc-

cupation number and the thermal distribution of occupied 
vibrational modes within a site, but in degenerate gases 
of alkaline earth atoms they are predicted to be narrow 
and may be useful as precision probes of interaction pa-
rameters and occupation number (see reference [43] and 
associated supporting online material).

The sideband picture also points toward a novel meth-
od of suppressing the collisional shift in an optical lattice 
clock. If the interactions are strong, or can be engineered 
to be so, then the interaction sidebands will be well-re-

Fig. 6. lineshapes obtained by numerical solution of schrödinger equation with the hamiltonian (3), for Ω = 40 s−1 and ∆Ω Ω/  = 0.16. (a) Weakly-
interacting particles (Ueg = 0.6Ω): the singlet amplitude is excited by a clock laser tuned near the triplet resonance, leading to an asymmetric line-
shape and a density-dependent frequency shift. (b) strongly-interacting particles (Ueg = 10Ω): the singlet amplitude is excited only when the clock 
laser is detuned from the main resonance, appearing as a sideband. In this case, the singlet resonance has minimal influence on the lineshape at small 
detunings, and thus the density-dependent frequency shift is suppressed. Both lineshapes are unit normalized; the higher peak excitation in (b) is 
due to the shift of the singlet resonance away from the carrier. The frequency shift of the lineshape in (a) is about −200 mhz, or −4.5 × 1016 in 
fractional frequency units, whereas the shift of the lineshape in (b) is only about −7 mhz, or −1.6 × 1017 in fractional units, for a locking modulation 
width of 10 hz (the frequency shift depends on the width of the frequency modulation used to interrogate both sides of the resonance). The sign of 
the shift is actually negative for both sets of parameters considered here, due to interference effects between the singlet and triplet excitation path-
ways. If a thermal average was taken, these effects would average away and one would recover the sign of the shift expected from the simple line-
pulling argument (see [39] for more details). although Ueg is positive here, the sideband features observed experimentally occur at negative detunings 
from resonance.  

Fig. 7. Interaction sidebands in the strongly-interacting and weakly-
interacting regimes. For each lineshape, several traces are averaged to-
gether to reduce the effects of laser noise, and the resulting lineshapes 
are normalized to their peak value. In a 1-d lattice, the lineshape is 
well-approximated by the classical rabi solution to the problem of a 
two-level atom. In a 2-d lattice, sidebands appear due to interactions in 
multiply-occupied lattice sites. If interactions are strong enough, then 
these sideband features will be entirely resolved from the carrier and the 
collisional shift can be suppressed.  
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solved and any line pulling associated with them will have 
minimal impact on the carrier resonance. By trapping 87sr 
atoms in a 2-d optical lattice, we were able to reach this 
strongly-interacting regime and observe a marked sup-
pression of the collisional shift [8]. In that work, atoms 
were first loaded into a 1-d optical lattice, and a second 
nearly-orthogonal lattice was adiabatically established in 
the same spatial region. after loading of the 2-d lattice, 
the original 1-d lattice was ramped off and then on again, 
to remove any atoms trapped in the region outside the 
overlap of the two beams. The two lattice beams were 
co-polarized to eliminate the possibility of vector or ten-
sor shifts of the clock transition [15]. The two beams were 
detuned from one another by 200 Mhz to eliminate in-
terference effects, and were detuned by ±100 Mhz from 
the magic wavelength. This large detuning was chosen for 
reasons of experimental convenience, and in a true 2-d 
optical lattice clock the detuning could be made much 
smaller, or the two beams could be phase-stabilized and 
operated exactly at the magic wavelength. The loading 
conditions were such that the majority of lattice sites were 
singly occupied, but in sites occupied by more than one 
atom (~20% to 30% of lattice sites) the local density was 
an order of magnitude larger than in a 1-d lattice at com-
parable temperature. The density shift was measured by 
servo-controlling the clock laser to the atomic clock reso-
nance while the number of atoms loaded into the lattice 
was varied on a short time scale. The averaged difference 
in the frequency of the locked clock laser under the two 
density conditions is a measurement of the shift. When un-
dertaking such a differential measurement, it is important 
that nothing but the particle density varies between the 
two experimental conditions, or a systematic effect could 
mimic the density-dependent shift. In these experiments, 
the density was modulated by varying the rate at which 
atoms were loaded into the first stage MoT (the loading 
rate was varied by changing the power in a laser beam 
that slowed atoms from the thermal atomic beam source; 
this beam was mechanically shuttered during interroga-
tion of the clock transition). We emphasize that the par-
ticle density was not varied by changing the timing of the 
experimental sequence, as would be the case if the loading 
time of the MoT was varied. at lower trap depths and 
at higher temperatures, large density-dependent frequency 
shifts were observed (even at the lowest trap depths inves-
tigated, the particle density in multiply-occupied lattice 
sites was still significantly larger than in a 1-d lattice). 
at the lowest temperatures investigated and with sample 
sizes of 1000 to 2000 atoms, no collisional shift was ob-
served, with an uncertainty of 1.7 × 10−17 (Fig. 8). The 
sample temperature was not observed to depend on the 
sample density. a complete theoretical model of s-wave 
collisional frequency shifts in a strongly-interacting lattice 
clock is presented in [8] and in the accompanying support-
ing online material. It is worth noting that, in this strong-
ly-interacting regime, the splitting of the singlet resonance 
from the carrier increases as more atoms are loaded into a 

lattice site, and therefore the atomic density shift can be 
increasingly suppressed as the particle number increases.

recently, evidence of residual p-wave interactions was 
observed in a yb optical lattice clock at a temperature of 
10μK [44]. If p-wave interactions are important, then the 
two-particle hamiltonian (3) possesses additional diagonal 
interaction terms Vgg, Vee, and Veg in the triplet manifold, 
which lead to a bosonic excitation spectrum:
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In this case, atoms initially prepared in |gg〉 are coupled to 
the S = 1, M = 0 state when the laser detuning matches 
Veg − Vgg, and a two-photon resonance occurs when δ = 
1/2(Vee − Vgg). The excitation spectrum may still display 
s-wave interaction sidebands, but the carrier resonance 
itself will be shifted and broadened in a density-dependent 
manner. although the sr–sr p-wave centrifugal barrier is 
estimated to be >25μK and the JIla sr lattice clock is 
typically operated at temperatures of just a few microkel-
vin, we have evidence that these interactions play an im-
portant role in ultracold sr collisions. Further investiga-
tion of the role of p-wave interactions in a sr system is 
currently under way.

V. conclusion

state-of-the-art ultrastable laser systems may allow op-
eration of an optical lattice clock at the stability limits set 
by quantum projection noise. such a clock, operating with 
several thousand atoms, could exhibit a stability of ~1 × 
10 16− / τ. avoiding collisional frequency shifts at large 
particle densities will be challenging, but operating a lat-
tice clock in the strongly-interacting regime may, para-
doxically, reduce or eliminate systematic frequency shifts 
due to atomic interactions.

appendix

In the JIla experiments, the optical lattice is loaded 
from a MoT operating on the 1s0 → 3P1 transition. The 
lattice is overlapped with the MoT atomic cloud, which 
has an approximately Gaussian spatial distribution with a 
standard deviation σcloud � 30 μm. We therefore assume 
that atoms are distributed across lattice sites according to 
a Poissonian distribution with a mean particle number per 
site given by the Gaussian spatial distribution of the MoT.

The mean number of particles at lattice site i is

 G i
N i

l l
( ) =

2 2
,0

2

2

2πσ σ
exp −










  (5)

where N0 is the total number of atoms loaded, i is the site 
index (which can take both positive and negative values 
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and is equal to zero at the center of the atom cloud), and 
σl = σcloud/(λl/2) is the standard deviation of the MoT 
cloud in units of lattice half-wavelengths. The probability 
of n particles occupying lattice site i is then given by the 
Poisson distribution

 P i n e
G i
n

G i
n

( , ) =
( )
! .( )−  (6)

The expected site occupancy for the JIla experiment 
(and in the inset, the fraction of the population with a 
given site occupancy) are plotted in Fig. 9.

assuming a Boltzmann thermal distribution, the spa-
tial distribution of particles in the harmonic potential of a 
lattice site is also Gaussian:
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where Nsite is the number of particles occupying the site, 
and Lj=x,y,z are the 1/e widths given by

 L m nj
j

j= 2 2 1,
�
π ν × 〈 〉 +  (8)

where m is the sr mass, νj is the trap oscillation frequency 
along ,̂j  and
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is the average vibrational quantum number in the ĵ direc-
tion. This expression has the virtue that it smoothly inter-
polates between the high temperature (kBT > hνj) limit 
where the atomic distribution is Gaussian, and the low 
temperature (kBT ≤ hνj) limit where mostly the ground 
state of the trapping potential is occupied and the atomic 
distribution is given by the zero-point wave function with 
a characteristic width �/(2 )π νm j . The density averaged 
over a lattice site is given by the density-weighted density,

 
n N n

N
L L Lx y z

=
1

( )

=
(2 )

.

2

3 2

site

site
/
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In the JIla 1-d optical lattice clock, with trapping fre-
quencies νz = 80 khz and νx,y = 450 hz, and typical tem-

Fig. 8. density shift measurements in a strongly-interacting lattice clock. 
(a) Measurement record. Each point represents a period of continuous 
lock while the particle density was being modulated, with error bars 
determined from the standard error of shift measurements during the 
lock period. The weighted mean (solid line) and error (dashed lines) of 
all points was (0.6 ± 1.7) × 10−17 at a particle number of ~1000 atoms, 
and χred

2  = 0.73. (b) allan deviation of the shift measurements from 
(a), ignoring dead time between measurements, displaying white noise 
behavior.  

Fig. 9. Expected site occupancy for the JIla experiments with N0 ~ 104 
atoms. When the lattice is loaded from a magneto-optical trap with a 
characteristic dimension σ cloud = 30 μm, approximately 440 lattice sites 
are occupied and the average number of atoms per site is ~22.6. The 
largest fraction of the total population is contained in sites with occupa-
tion number ~50. 
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peratures of Tx,y,z � 3μK, the density per particle is ρparticle 
= 1.7 × 1010 cm−3. With 104 particles loaded into the 
optical lattice, the average site occupancy is N site � 23, so 
that the average site has a particle density of ρsite = 3.9 × 
1011 cm−3.

For purposes of comparison, the sr optical lattice clock 
at lnE-syrTE loads atoms directly from a larger MoT 
cloud, σcloud = 700 μm, operating on the 1s0 → 1P1 transi-
tion, and these atoms are loaded into a lattice with trap-
ping frequencies νz = 120 khz and νx,y = 250 hz, at tem-
peratures Tz � 4μK, Tx,y � 15μK [45]. Following the same 
procedures as previously given, we estimate that the den-
sity per particle is ρparticle = 1.4 × 109 cm−3. With 104 
particles loaded into the optical lattice, approximately 
5200 sites are occupied, and the average site occupancy is 
N site � 1.9. Therefore the average site density is ρsite = 2.7 
× 109 cm−3, a factor of 145 smaller than in the JIla ex-
periment. The absence of a density shift in the syrTE 
experiments [45] is thus consistent with their measure-
ment precision.
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