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Nonlocal spatial correlations in an interacting atomic gas
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We report in situ measurements of the nonlocal two-body spatial correlation function g (R) in an ultracold
Bose gas with strong interactions using photoassociation of ultra-long-range Rydberg molecules (ULRRMs) as a
spatially selective probe. This technique provides access to g (R) on length scales from 60 to 180 nm, bridging
the gap between short-range and long-range correlation measurements. The large s-wave scattering length of
8Sr (a = 811 ay) enables exploration of the universal regime where g (R) is governed solely by two-body
interactions. Comparison with a weakly interacting isotope, 3*Sr, highlights interaction-induced suppression of
pair correlations. The measured correlation functions agree quantitatively with ab initio calculations based on
the two-body reduced density matrix, without adjustable parameters. Our results establish Rydberg molecular
photoassociation as a powerful tool for probing nonlocal correlations in situ in strongly interacting quantum

gases.
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I. INTRODUCTION

Spatial correlation functions [1] herald distinctive prop-
erties of quantum many-body systems, such as ordering in
quantum spin models and magnetism [2-5], fermionization
in strongly interacting Bose gases in one dimension [6—10],
and the absence of bunching in a Bose-Einstein condensate,
which indicates the coherent state [11,12]. Powerful in situ
probes have been developed to access short-range or local
correlations in quantum gases, such as three-body recombina-
tion [7,9,11] and photoassociation [8] of dipole-dipole or van
der Waals molecules [13]. Atomic gas microscopes [4,14—17]
provide access to nonlocal spatial correlations at length scales
on the order of a wavelength of light or larger. However,
in situ probes in an intermediate regime have proven elusive.

A new in situ probe of the nonlocal, two-body spatial cor-
relation function g (R) in the intermediate regime utilizing
photoassociation rates of ultra-long-range Rydberg molecules
(ULRRMs) [18,19] was reported in Refs. [20,21] and used
to observe bunching and antibunching in weakly interacting
Bose and Fermi gases, respectively. Here we report the use of
this probe to study correlations in a range from 60 to 180 nm
in an atomic gas with strong interactions. Exploiting the large
s-wave scattering length of %°Sr (ags = 811 ag [22], where aq
is the Bohr radius), we access a regime where interactions
dominate and the pair correlation function reflects universal
few-body behavior. Our measurements show clear suppres-
sion of g (R) in a strongly interacting gas of %*Sr compared
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to the relatively weakly interacting isotope 3*Sr (ag4 = 123 aq
[23]) and agree quantitatively with ab initio calculations using
a finite-range two-body interaction.

ULRRMs [18,19] consist of one or more ground-state
atoms bound to a Rydberg atom through electron-atom scat-
tering. Measurement of spatial correlations with ULRRMs
takes advantage of the nearly constant bond length associated
with small vibrational amplitudes in ULRRM dimers in the
ground vibrational state [20]. Therefore, the dimer photoasso-
ciation probability is proportional to the probability of finding
an atom pair in the initial gas with separation close to the bond
length R, ~ 1.8(n — 8)*ay, where n is the Rydberg principal
quantum number and § is the quantum defect. By scanning
the principal quantum number, g®(R) of the initial gas can
be mapped. Earlier studies of ULRRM formation in weakly
interacting ultracold gases of atomic strontium 3*Sr and ¥’Sr
revealed bunching and Pauli exclusion in the two-body [20]
and three-body [21] correlation functions as a result of Bose
and Fermi statistics, respectively.

In ®Sr, a natural halo state exists on the ground-state
potential, which causes an unusually large s-wave scattering
length that is close to the internuclear separation for n = 25
ULRRM dimers. age is much larger than the van der Waals
length of the ground-state potential (£yqw = (MgeCs/H*)'/* =
75 ap) [24], but is significantly less than the de Broglie wave-
length A4g = 3200 ¢a( for the sample at T = 1.3 uK, where
My is the atomic mass and Cg is the long-range van der Waals
coefficient for the atom-atom potential [25]. This enables ex-
amination of a universal regime [26,27], where the correlation
function is determined by a single parameter, asg, neglecting
three-body effects. Comparison with the more weakly inter-
acting % Sr provides normalization and allows us to assess
numerical calculations and the range of validity of approxi-
mations of the correlation functions [1] in strongly interacting
Bose gases.
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FIG. 1. ULRRM spectroscopy. (a) 5s* 'Sy — 5sns 'Sy ULRRM
photoexcitation scheme, (b) simplified diagram of the inside of the
science chamber, and (¢) ULRRM photoexcitation and detection
pulse sequence used.

II. EXPERIMENTAL METHODS

The experimental setup is described in detail in previous
work [20,21]. 3*Sr and ®Sr atoms (both bosons with nuclear
spin I = 0) are laser cooled via a two-staged magneto-optical
trap that utilizes the 55> 'Sy — 5s5p'P; and then 5s% 'Sy —
5s5p 3P, transitions. After transfer to a crossed optical dipole
trap (ODT), atoms are further cooled to a final temperature
of 1.3 uK through free evaporation at a constant trap depth.
The prepared samples typically contain 10% atoms at a peak
density of 3 x 10'2 cm™3.

ULRRMs are produced in both samples in the vibra-
tional ground state using a two-photon transition (55> 'Sy —
5s5p 'P — Ssns 'S) driven by counterpropagating 461- and
413-nm photons with aligned polarizations [see Figs. 1(a)
and 1(b)]. Both lasers are stabilized to a high-finesse cav-
ity constructed with ultra low expansion glass, resulting in
a total excitation bandwidth of less than 50 kHz. To limit
off-resonant scattering, the 461-nm photons are 18 GHz blue-
detuned from resonance with the intermediate state. The
magnetic field is zeroed to less than 10 mG. The 413-nm
photons are tuned to select ULRRMs with Rydberg principal
quantum number 28 < n < 47. Considering the quantum de-
fects for 5sns 'Sy Rydberg states is § = 3.269 [28], this range
of n corresponds to ULRRM sizes 58 nm < R, < 182 nm.

Rydberg molecules are produced using laser pulses of
20-us duration. After each pulse, an electric field ramp is
applied to induce field ionization (Fig. 1). Liberated electrons
are guided to a microchannel plate (MCP) for detection. Ex-
citation rates are limited to typically one Rydberg per laser
pulse or fewer to avoid effects of Rydberg-Rydberg inter-
actions. This experimental cycle is repeated 100 times on a
single trapped sample at each two-photon excitation energy.
At the end of these cycles, the atom number and temperature
are measured by releasing atoms from the trap and monitor-
ing cloud expansion via resonant absorption-imaging on the
55% 1Sy — 5s5p'p; transition. (Temperature and atom num-
ber vary by less than 10% during the 100 excitation pulses,
and this small variation is neglected.) Then a new sample is
trapped and the process is repeated for the next photoassoci-
ation energy. Typical measured spectra are shown in Fig. 2.
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FIG. 2. Excitation spectra for 5sns 'S, v = 0 ULRRM for ¥Sr
and %8r as a function of detuning from resonance for an atom
pair initially at rest. The signals are normalized as described in the
text. Note the different scales for n = 28 and 30 and n = 32 and 35.
Solid lines (**Sr red, 36Sr blue) show fits using a two -component
convolution line shape described by Eq. (1) (n = 28, 30, and 32),
and a simple Voigt profile (n = 35). Dashed lines show the contribu-
tions from N = 0 and N = 2 rotational states in 3Sr. Zero detuning
corresponds to the molecular binding energy of the N = 0 rotational
state.

The normalization procedure used to account for drifts in the
experimental parameters is described below. For calibration
purposes, we also record atomic Rydberg excitation spectra in
a similar fashion.

III. RESULTS AND DISCUSSION

A theoretical model of the photoexcitation line shape for
singlet ULRRM dimers, including the effects of interactions
in the atomic gas, was presented elsewhere [29,30]. This work
showed that the excitation rate for a total two-photon laser de-
tuning  to a given vibrational level v is proportional to a sum
over final ULRRM rotational states and a thermally weighted
average over initial atom scattering states for temperature T
and reduced mass p, written as

)\ 32
f@) %ﬂ \/z f > / dkk2e~ K /CuksT)
A? " T /,LkBT
N,My
2
< Y |Fnay (k. N'. M| Ly v (k. o). (1)
N' .M},

The total angular momentum and projection quantum num-
bers for initial and final states are labeled as N’ and M),
and N and My, respectively, and /ik is the initial relative
momentum of the colliding pair. F, yum,(k, N, M},) is the
Frank-Condon overlap between the initial and final states.
Only even values of N are allowed for the indistinguishable
bosons used here. The excitation laser intensities are /; and I,
and the intermediate state detuning is A. $, is the square of
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FIG. 3. The ratio of nonlocal correlation functions

gézﬁ) R)/ ggf (R) determined experimentally from the ratio of
the normalized spectral integrals I',, ,—o together with the results of
theoretical calculations as described in the text.

the reduced two-photon electronic-transition matrix element,
which varies with principal quantum number as n~3. The
spectrum is also convolved with the Lorentzian instrumental
line shape L, y(k, @) that takes into account energy conser-
vation and Doppler-broadening, which is negligible in this
study. Rotational states are resolved for n < 33. At larger n
(and inter-nuclear separation), the rotational energy becomes
small and a simple Voigt profile fits the dimer spectrum well.
Figure 2 shows typical spectra and fits using Eq. (1), along
with contributions from N = 0 and N = 2 rotational states.
The correlation function is extracted from the integral,
I, v=0, of the experimental signals summed over all rotational
levels. Accounting for factors that are required to normalize
the signal, I, ,— is proportional to the detection efficiency «,
the integral over space of the square of the atom density p(r),
and the integral over frequency of the excitation rate f(w):

Frvo = a / Prpry? / doof()

L1
o a?Npoﬂnongm(Rn). )

The integral over space and density yields a numerical fac-
tor times the product of the total atom number N and the
peak density pg. Because of the localization of the ULRRM
vibrational wave function at internuclear separation near R,,
the frequency integral of f(w) is proportional to g»(R,),
the pair-correlation function for separation R,, and an n-
dependent factor O,, that can be accurately calculated from
knowledge of the ULRRM vibrational wave functions (see
Appendix B) [20].

To account for variations in experimental parameters, spec-
tra (e.g., Fig. 2) are normalized by I}, I, N, and py for each
trapped sample [31]. By taking the ratio between the normal-
ized I',, ,—o for ®°Sr and 4Sr, common factors like «, O,,, and
B, are eliminated. This yields the ratio g(826) (R)/ g§324)(R) shown
in Fig. 3. Figure 3 also shows the ratio calculated numeri-
cally from the expectation values of the two-particle, reduced

density matrix for 3°Sr and 34Sr using a local-density ap-
proximation and partial-wave-scattering wave functions that
include the s-wave-scattering phase shifts. (See Appendix
A and Eq. 4.23 of Ref. [1].) The decrease in this ratio
seen as the interparticle separation decreases is a result of
strong interactions on ggzg(R). The ratios of the measured
and calculated g®(R) curves agree reasonably well with no
adjustable parameters. Systematic deviations are within the
bounds expected from systematic uncertainties in the density
and temperature measurements for the two isotopes. Three-
body effects have been neglected in this analysis [26,32].

If one assumes that the nonlocal spatial correlation func-
tion for 34Sr follows the form for a noninteracting Bose gas,
gg)(R) =14 7R )‘d*’)z, then ggg (R) can be extracted from
the data in Fig. 3 with no additional calculations or assump-
tions. However, as discussed below, there are indications that
interactions have a small effect on g (R) for *Sr at the lower
end of the range of internuclear separations probed here.

In order to independently extract measured values of
g (R) for each isotope, the normalized T, ,—o signals are
divided by the integral of the atomic Rydberg excitation spec-
trum for the same n, scaled to the same laser parameters and
sample number and density. This removes dependence on «
and B,. We also scale the signal by the n dependence of O,
(n —8)%7 calculated numerically from the overlap of the
rovibrational ULRRM wave functions with initial scattering
states, neglecting atom-atom interactions (Appendix B). This
scaling agrees well with the dependence O, o (n — §)%>%0-3
determined from the excitation rates observed for ULRRM
dimers in a ten-state mixture of %’Sr, which approximates a
classical gas [20].

The resulting data match for both isotopes for R 2 Agp,
providing confirmation of the interisotope calibration factors
applied in this analysis. A single scaling factor is then applied
to set the average of the values of g®(R,) for n > 42 for
84Sr and ®Sr to unity. This yields the measured g*(R,,) from
ULRRM dimer spectroscopy for 3Sr and *Sr shown in
Fig. 4.

ggf (R) for the weakly interacting isotope 3*Sr increases as
the interparticle separation decreases, as expected for bosonic
bunching. For comparison, Fig. 4 includes the correlation
function for an ideal Bose gas, gg)z)(R), which rises towards
2 for R < Agp. Figure 4 also shows numerical calculation of
ggf (R) from the expectation value of the two-particle, reduced
density matrix (Appendix A), which reveals that even for the
moderate values of the s-wave scattering length for 3¢Sr [23]
(agq = 124 ap =~ rgg/25), spatial correlations are suppressed
due to atom-atom interactions. Reference [1] provides an in-
tuitive analytical approximation for the correlation function
for an interacting gas that is valid for a < Aqg/v/27:

a\?2
§2®) = g ®(1- %)
an?
+{1 - [g®]’) [(1 + I—e) —~ 1}, 3)
where g})(R) = e "®/*®)” is the first-order correlation func-
tion for a noninteracting Bose gas, and (1 — 1%)2 is the square

of the relative wave function in the limit of low scattering
energy. For 3 Sr, Eq. (3) agrees well with the numerical
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FIG. 4. Comparison of measured values of the nonlocal spatial
correlation function g®(R) for 3*Sr and 36Sr with theoretical cal-
culations, including for an ideal gas, numerical calculations taking
interactions into account using the two-body reduced density matrix
(Appendix A), analytical expressions valid for weak interactions
[Eq. (3)], and the universal low-temperature limit [Eq. (4)]. The
arrow indicates the de Broglie wavelength for 36Sr atoms at 1.3 uK.

calculation, and the second term adds a 5% correction at
most. Experimental data are systematically below the ideal
gas values for R/Agg < 0.5 and are reasonably consistent with
predictions including interactions, although we note that the
deviations from ideal gas behavior are on the order of uncer-
tainties in the applied scaling for O,,.

In contrast to *Sr, gézg (R) shows strong suppression as R
decreases, reflecting the large scattering length ags = 811 ag
[22] of 8°Sr. Because the scattering length satisfies £yqw <
age < Agp, this behavior has an intuitive explanation. For
R < Mg, spatial correlations are sensitive only to the s-wave-
scattering partial wave, which for ¥Sr has a node at R =
age ~ 0.25)14p, causing g%zg (R) to vanish there. Experimental

values match the prediction of g%zé)(R) based on numerical
calculation of the reduced two-particle density matrix over the
entire accessible range.

The analytical expression based on Eq. (3), however, yields
a nonphysical result for #Sr, notably missing the strong sup-
pression of g®)(R) near the scattering length. At the present
sample temperature and for 3°Sr, the assumption underlying
the theory—that the scattering length is much smaller than the
de Broglie wavelength—is not satisfied, and the second term
in Eq. (3) is large.

In the zero-temperature limit, because of the increased Agg,
Eq. (3) is valid over the range of experimentally measured
internuclear separations, and it reduces to

@ (py As o _2)2% ( _ﬁ>2

PR w(1-2) ~2(1-2) @
which is proportional to the square of the magnitude of the
scattering wave function. To investigate the significance of
thermal effects on the form of gézg(R), Fig. 4 shows the
numerical prediction for 7 = 100 nK, which matches the
zero-temperature limit.

This demonstrates that the present experimental measure-
ments lie very close to the universal limit [Eq. (4)] in which
the form of g(R) is determined by a single parameter, the
s-wave scattering length. Such behavior is only accessible for
a gas with strong interactions such that the scattering length
is large enough to dominate the behavior over a wide range of
experimentally accessible internuclear separations.

IV. CONCLUSION

We have used photoassociation of ULRRMs to perform
in situ measurements of the nonlocal two-body spatial cor-
relation function ¢ (R) in *Sr, a Bose gas with strong
interactions. This method probes length scales from 60 to
180 nm, where the large scattering length of ¥ Sr results in a
pronounced suppression of spatial correlations, and the corre-
lation function approaches a universal form at sufficiently low
temperatures. Ab initio calculations based on the two-body
reduced density matrix match the data without adjustable pa-
rameters.

These measurements establish ULRRMs as a powerful
experimental platform for exploring equilibrium many-body
physics with spatial resolution that bridges the gap between
conventional short-range probes and optical-scale imaging.
The technique can be readily extended to other atomic species
and interaction regimes, and to the study of nonequilibrium
dynamics, opening new avenues for tests of many-body theory
and exploration of exotic phases of matter.
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APPENDIX A: NUMERICAL CALCULATIONS
OF TWO-BODY CORRELATIONS

The pair-correlation functions are calculated for a gas of
atoms at low density for which three-body and higher-order
collisions are negligible. (At the peak density the probability
to find two atoms within a distance equal to the scattering
length (~811ap) is about 3 x 1073 and that for three atoms
is 9 x 107%.) In this limit the pair correlation can be approxi-
mated [1] as

GO (71, 72) = (71, RIQTGP'Q7, 7). (Al)

For two-body scattering, the Mgller operator €2 maps a state
before the collision |k, k») onto an asymptotic state after the
collision.

When the asymptotic state is assumed to have a constant
scattering amplitude a, i.e.,

e G

022803-4



NONLOCAL SPATIAL CORRELATIONS IN AN ...

PHYSICAL REVIEW A 113, 022803 (2026)

the pair correlation of interacting bosons can be expressed an-
alytically by Eq. (3) [1]. Rewm = (7 + 72)/2 and R=F—7
are the center of mass and relative coordinates, and ECM =
121 + 122 and k = (El — 122)/2 are the total and relative wave
vectors. This approximation is valid only for two-body scat-
tering with small scattering length a < Agp/v/27.

For the numerical calculations presented here estimating
the pair-correlation function, we replace the scattering wave
function [Eq. (A2)] with the two-body wave function ob-
tained numerically using the finite-range interaction potential
[25]. (Note that the potential is for the 'S+ 'S asymp-
tote of Srp, but the same potential is employed also for
higher partial waves.) The calculated wave functions indicate
that the momentum-dependent s-wave scattering length a(k)
stays within 10% of its zero-energy value a(0) up to 7 =
k2 /(ukg) = 2.4 uK, even for *°Sr with a(0) = ags ~ 811 a.u.
Consequently, a node in the scattering wave functions around
R = age survives even after thermal averaging at 7 = 1.3 uK
and the pair correlation displays a clear suppression.

APPENDIX B: n-DEPENDENT SCALING FACTORS
IN THE EXCITATION STRENGTH

For ultra-long-range Rydberg molecules, the interaction
between the Rydberg electron and the ground-state atom is
typically very weak. Therefore, the electronic wave function
of a Rydberg molecule is essentially the same as that of
a Rydberg atom. Therefore, the excitation strength can be
factorized to the squared two-photon dipole transition matrix
element of the electron, §,, and an effective Franck-Condon
factor, F. The two-photon dipole transition scales as S, «
(n — 8)73. The Franck-Condon factor between the molecular
state (R|v, N, My) = RV,N(R)Ylf,WN (R) and the single initial
scattering state (Rlk,N', M) = jv (kR)Y%’ (R) is given by

Fonmy(k, N, My)

= Sy Oty / dRR*R,n(R)jw (kR).  (BI)
We note that for excitation of strontium singlet Ssns Rydberg
states, the effects of recoil momentum [29] are small and ne-
glected. The effective Franck-Condon factor F for the ground
vibrational state (v = 0) becomes proportional to the thermal
average of the Franck-Condon factor summed over rotational
levels, N and My, i.e.,

F E (2N + l)‘l—z k S/Z/dka —*k2 ) QukpT)
e
N 7 \ ukgl

X |Fyzon.ay (ks N, My)[>.

(B2)

For bosons, the effective Franck Condon factor Fyos0n 1S Ob-
tained by summing over rotational states with even N. For 3*Sr
and 3°Sr the spherical Bessel function jy:(kR) is phase-shifted

only for N’ = 0 to account for the s-wave scattering length.
The effective Franck-Condon factor F.;, is also evaluated
for an ideal gas of distinguishable atoms and used to nor-
malize the excitation strength. One key feature is that the
ground vibrational state has a radial wave function well local-
ized around R = R, ~ 1.8(n — §)? and nearly N-independent
Ryn(R) >~ R,(R). At low temperature, the wavelength of
the initial scattering state, A = 27 /k, is much longer than
the width of the vibrational wave function and the spherical
Bessel function can be treated as nearly constant around R =
R,. Within this approximation the effective Franck-Condon
factor can be factorized as

\/7 h 3/2
F ;(mv +1) ;<uk3T>

X /dkk2€hzkz/(zukBT)|jN’(kRn)|2:|

2

X . (B3)

f dRR*R, n(R)

The first bracket is the thermal average of the initial scattering
state which is proportional to the pair-correlation function
of the initial gas. The pair correlation of bosons is obtained
by summing over the rotational states with even N and
that of fermions is obtained by summing over the rotational
states with odd N. Normalization is given by g?(R = R,,) =~
Fi boson/ On, where

2

0, ~ ' / dRR*R., n(R) (B4)

is an n-dependent factor that depends on the molecular wave
function. Because the factor in brackets in Eq. (B3) equals
unity if the sum extends over all N, O, approximates the
effective Franck-Condon factor F; , for an ideal gas, O, =~
Fe.n wWhich is the n-dependent excitation strength. Numerical
calculations confirm that O,, agrees with F; , for low n or low
temperature.

The factorization of the effective Franck-Condon factor is
only strictly valid for relatively small values of n because
the vibrational wave function for n > 50 becomes gradually
delocalized and the n dependence of the factor O, needs to be
more carefully determined. Even when the vibrational wave
function is delocalized, the extracted value can be interpreted
as the average pair correlation over the width of the vibrational
wave function R,—¢ around R >~ R,,. O,, can be calculated
accurately from knowledge of the effective potential for
ULRRMs and is found to vary as O, « (n — 8)°7 in the
range of n (< 50) used here, while the exponent increases to
0, « (n—8)"° for n > 50.
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