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Photoassociative spectroscopy of ¥’Sr
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We demonstrate photoassociation (PA) of ultracold fermionic ®’Sr atoms. The binding energies of a series
of molecular states on the !5 552 1§ +5s5p ' P molecular potential are fit with the semiclassical LeRoy-
Bernstein model, and PA resonance strengths are compared to predictions based on the known 'Sy + 'S,
ground-state potential. Similar measurements and analysis were performed for the bosonic isotopes ¥ Sr and
86Sr, allowing a combined analysis of the long-range portion of the excited-state potential and determination
of the 5s5p ' P, atomic state lifetime of 5.20 + 0.02 ns. The results enable prediction of PA rates across a wide

range of experimental conditions.
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I. INTRODUCTION

Ultracold gases of the various isotopes of strontium are
currently studied for a wide range of applications, such as fre-
quency metrology [1-3], quantum simulation of many-body
physics [4,5], quantum information [6,7], Rydberg physics
[8,9], and cold collisions [10-13]. The fermionic isotope
(®’Sr) in particular attracts significant attention because it
is used in optical atomic clocks [1,14] and the ground-state
tenfold degeneracy arising from the large nuclear spin (I =
9/2) introduces novel magnetic phenomena [4]. For many of
these experiments, ultracold samples are trapped in optical
lattices in order to prevent atom-atom interactions or introduce
spatial periodicity for quantum simulation of materials. Pho-
toassociative (PA) spectroscopy [15,16], which is the optical
formation of bound molecules from the initial state of two
colliding atoms, is a well-established and useful technique for
probing ultracold gases in optical lattices. It can be used to
detect double occupancy of lattice sites [17], which provides
a measurement of sample temperature and probe of quantum
phase transitions [18]. This technique has not been utilized
for Sr, however, and no study on PA in this isotope has
been published. PA formation of molecules bound in the
55% 18y +5s5p 3P, molecular potential in 87Sr was mentioned
in Ref. [19], and this is more challenging than in bosonic iso-
topes [20-22] because of the large nuclear spin and hyperfine
splitting of the molecular states.

Here, we report photoassociation in ¥’Sr to states on the
st 557 1§o +5s5p ' P molecular potential, to the red of the
principal transition at A = 460.85 nm. Hyperfine splitting in
the excited state is small (=60 MHz) and unresolved, produc-
ing a simple spectrum. We report line strengths in terms of
PA collision-event rate constants for transitions across a wide
range of binding energies and provide parameters for a fit
of the binding energies to the semiclassical Leroy-Bernstein
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formula [23]. This can inform design of experiments using
PA spectroscopy as a probe of Sr in optical lattices. We
also report Leroy-Bernstein parameters describing molecular
binding energies for 3Sr and 3°Sr. The extracted value of the
C; coefficient and associated ! P; atomic lifetime are compared
with previous results from PA spectroscopy of 33Sr [24,25]
and %Sr [26] and measurements of AC Stark shifts [7]. PA
collision-event rate constants are compared to predictions [27]
based on the known '£F 55% 'S +55% 'Sy potential [10,28].

II. EXPERIMENTAL METHODS

Using methods described in Ref. [29], ultracold strontium
atoms are trapped in an optical dipole trap (1064-nm wave-
length) consisting of two crossed elliptical beams propagating
perpendicular to gravity with tight axis along gravity. Atoms
are initially loaded into the trap and then a short stage of
evaporation produces the sample used for PA spectroscopy.
For ¥Sr, spectroscopy is performed in a trap with oscillation
frequencies (fx, fy, fz) = (68,85,433) Hz. At the start of PA
laser exposure,the number of atoms is N = 2.3 x 10, the
temperature is 7 = 1.8 uK, and the peak density is ny =
2.1 x 10"* cm™3. The sample has approximately equal pop-
ulation of the 10 nuclear spin states [30]. For 34Sr, these
parameters are (fy, fy, f;) = (81,30,406) Hz, N = 4.5 x 100,
T =19uK, and np = 1.7 x 103 ¢cm™3. For %Sr, these pa-
rameters are (fy, fy, fz) = (61,76,388) Hz, N =1.2 x 109,
T = 1.8uK, and nyg = 1.1 x 103 cm—3. The PA laser inten-
sity (3.6-237 mW/cmz) and exposure time (10-1000 ms) are
varied depending upon the sample and strength of the PA
transition. Typical peak atom loss due to PA is 10-50%. The
sample temperature varies by no more than 25% for measure-
ments of the PA rate constant. The PA laser beam has e~ radii
of Wher, = 850 um and wye = 440 um on the atoms, and it
is treated as homogeneous over the sample.

After exposure, the PA laser and the dipole trap are ex-
tinguished, and the atom number and sample temperature are
measured with resonant time-of-flight absorption imaging on

©2021 American Physical Society
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FIG. 1. Representative atom-loss spectra for excitation to molecular states on the 'S 552 1Sy +5s5p ' P, molecular potential in ¥ Sr.
Background atom number is normalized to one. PA laser exposure times and intensities are adjusted to give comparable atom loss for all
spectra, so line intensity does not reflect the PA collision-event rate constant. Exposure times and intensities vary from 75 to 200 ms and from
3.6 to 11.5mW /cm? respectively. Inset is a representative fit to a Lorentzian.

the 461-nm transition. Photoassociation is indicated by atom
loss. Figure 1 shows representative atom-loss spectra for 8Sr.
The PA laser is locked to a wavemeter (Moglabs FZW600)
that is calibrated against the atomic 55> 'Sy — 5s5p 'P; tran-
sition, with a frequency accuracy of ~ +30 MHz.

III. BINDING ENERGIES AND EXCITED-STATE
MOLECULAR POTENTIAL

The PA resonances, labeled by vibrational index v, are
fit to a Lorentzian line shape. Typical linewidths range be-
tween 60 and 150 MHz. This is consistent with the lower limit
given by twice the atomic linewidth Y,omic = 30.24 MHz [25].
The dominant source of additional line broadening is laser
frequency jitter. Binding energies (defined as E, > 0) are
determined by taking the difference between PA resonance
positions and the wave number corresponding to excitation of
the 552 'Sy — Ss5p ' P, atomic resonance.

The long-range form of the excited-state 'S 'S+ 1P
molecular potential can be approximated as

G RUJI+1)+2
Ve(r):D—r—§+M

_3nx°
T 16737’

where D is the dissociation energy, u is the reduced mass,
r is the internuclear separation, and t = 1/(27 Vatomic) 1S the
lifetime of the P, atomic state. Because of the ultracold
temperature, only s-wave collisions occur and only J = 1
molecular rotational states are excited. The rotational energy
is small and can be neglected, as can thermal energy of the
initial collisional state. The binding energies, E,, can be fitted
to the semiclassical Leroy-Bernstein formula [23]:

g L nr(3) [2x 2
3= 71 )
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where v = 1 corresponds to the least-bound state, I" is the
gamma function, and vp is a fit parameter ranging from 0 to
1 that takes on a different value for each isotope. We perform
a combined fit of all data to Eq. (2) using a common value of
C; as a fit parameter and independent values of vp for each
isotope. The quantum numbers v assigned to each level are
shifted to obtain 0 < vp < 1.

6]

20 r? 3

E, = [(v — vp)H;]°,

Figure 2 shows binding energies for ¥’Sr and residuals
for all isotopes. Table I shows the fit parameters, including
the value of 7 extracted from the C; coefficient. The sta-
tistical uncertainty in t from this procedure is very small,
but the fit residuals for all three isotopes show a systematic
trend corresponding to ~100 MHz variation over a change
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FIG. 2. Fit of the binding energies of states on the

'sF 552 1Sy +5s5p P, molecular potential for various strontium
isotopes. Plots (a)—(c) show the difference (§) between observed
and fit values for the binding energies for *Sr, ®Sr, and ¥Sr
respectively, using parameters from Table I. Plot (d) shows the
measured binding energies as a function of vibrational quantum
number, v, for ¥’Sr. The dashed line is the best fit of the data to

Eq. (2).
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TABLE I. Parameters from a fit of binding energy for 3*Sr, 36Sr,
and ¥Sr to Eq. (2).

Isotope 878y 865y 84Sy
Vp 0.87 £ 0.02 0.20 £ 0.02 0.87 + 0.02
T (ns) 5.20 + 0.02

of ~100GHz in binding energy. This trend might indicate
systematic wavemeter error, variation in molecular-state AC
Stark shifts from the optical dipole trap laser fields, or the
influence of additional terms in the molecular potential not
accounted for by the Leroy-Bernstein formula [31]. Adding an
additional fit parameter in the form of a binding energy offset
removes the systematic trends in the residuals and increases
7 by 0.02ns or 0.4%, which we take as our uncertainty. We
thus quote a final value of 7 =5.20 & 0.02ns. The value
of t determined here differs by 1% from the most accurate
reported measurement of t = 5.263 £ 0.004 ns, performed
with photoassociation in an optical lattice [25], and is in closer
agreement with a more recent value of v = 5.234 + 0.008 ns
determined from AC Stark shifts of Sr levels [7]. The binding
energies for all observed transitions are included in the Sup-
plemental Material [32].

IV. PHOTOASSOCIATIVE LOSS

The loss of atoms due to photoassociation is described by
a local equation for the evolution of the atomic density

i=—pU, fHin* —Tn, 3)

where I'; describes one-body loss due to light scattering on
the atomic transition or background gas collisions, and the
two-body loss is described by 8, which depends on PA laser
intensity, /, and frequency, f. Assuming constant sample tem-
perature, the number of atoms in the trap as a function of the
PA exposure time ¢ is given by

Noefrlt

e

where Nj is the number at the beginning of the PA interaction
time and ny is the initial density. The density can be calculated
from the number and sample temperature, approximating the
trap as an infinitely deep harmonic potential with oscillation
frequencies matching the measured frequencies of the optical
trap. Equation (3) has been integrated over volume to yield the
evolution of sample number, which is solved by Eq. (4).

Near resonance with the transition to a molecular state with
vibration quantum number v and center frequency f,, the PA
loss is described with a Lorentzian line shape [26],

2K, v ¥mol 1

vy L+4Af = AP/
where Yol = 2Vatomic 15 the natural linewidth of the PA transi-
tion due to radiative decay of the molecular state and y is the
observed linewidth of the transition. K,,, which is proportional
to laser intensity /, is the resonant collision-event rate constant

that would be observed in the absence of any broadening
beyond the natural linewidth. Thermal broadening is much
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FIG. 3. Atom-loss spectra for PA to the v = 105 state of the
s+ 552 15, +5s5p P molecular potential for *°Sr. PA laser ex-
posure time is indicated in the legend. A combined fit of all data
to Egs. (4) and (5) determines the the peak PA collision-event rate
constant K,. The PA laser intensity is 3.6 mW/cm? and the ini-
tial density is 79 = 1.3 x 10'3 cm™3. The fit result is K, /I = 2.8 x
10" cm’ /(s mW).

smaller than yy,, and the laser intensity is low enough that
saturation effects are negligible.

Figure 3 shows a fit of typical atom-loss spectra to Egs. (4)
and (5) for different PA laser exposure times for 3°Sr. All fit
parameters are well determined, but systematic uncertainty in
laser intensity, atom density, and sample temperature lead to
systematic uncertainty of about a factor of 3 in the fundamen-
tal quantity for comparison with theory, K, /I.

K, /I is proportional to Fe:,(E , A,), the free-bound Franck-
Condon factor for excitation to the excited state v from the
ground 12; 552 1S9 +5s> 1Sy potential, where E is the initial
collision energy and A, < 0 is the detuning from atomic
resonance. Through the relation

hA, =V, (r2) — D — V,(rp), (6)

the detuning defines the Condon radius, rp, which is the
internuclear separation at which the photon energy (via the
Plank constant %), is resonant with the difference in molecular
potentials. 7 can be interpreted as the classical separation at
which excitation occurs. At long range and ultracold temper-
atures, the ground potential can be approximated by V,(r) =
—CG/}”6 — CS/VS - Cl()/l"lo.

Using the reflection approximation [27], the Franck-
Condon factor can be related to the energy-normalized
ground-state wave function at the Condon point, W,(r%, E)
through

JdE, 1

Wﬁ“’g(’é’Eﬂz (7

Fe;(E» Ay) =

where 0E,/dv is the spacing between adjacent vibrational
levels in the excited state at level v, which can be found from
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FIG. 4. Intensity-normalized resonant collision-event rate con-
stant (K,) for strontium PA transitions. Solid lines are predictions
based on Franck-Condon factors derived from numerically calculated
ground-state wave functions [Eq. (7)] as described in the text.

Eq. (2). Also,

d
de = E[Ve(r) — V,(r)] ®)

o
r=rg

is the difference in slopes of the excited and ground potentials.

V. RATE-CONSTANT MEASUREMENTS

We calculate ground-state wave functions for a collision
energy of 2 uK by numerically integrating the Schrédinger
equation [33]. We use the full ground-state potential from
Ref. [28] in the form from Ref. [34] with recommended values
of Cs=1.525x 10" em™'A°, Cy =5.159 x 10® cm™! A%,
and Cjo = 1.91 x 10" cm~' A'°, Figure 4 shows the mea-
sured values of K, /I and theoretically expected values based
on the calculated wave functions. A common scaling fac-
tor is applied to theoretical predictions to account for the
proportionality between K, /I and the Franck-Condon factors.
Predicted rates for ¥ Sr are further reduced with respect to the

bosons by the ratio of the pair correlation functions g(fz) / g(bz),

where gf) = 2 reflects bunching for bosons and g?) =0.9
reflects Pauli exclusion for a gas of identical fermions in ten
equally populated internal states [30]. Measurements for Sr
agree within a factor of 2 with previously reported values [26],
which is reasonable given systematic uncertainties.

The rate coefficients go to zero when the Condon radius
for the transition is near a node of the ground-state wave
function (Fig. 4). For Sr and ®*Sr, the node interrogated
by measurements reported here corresponds to internuclear
spacing equal to the s-wave scattering lengths, ags = 123 ag or

ag; = 96ag [10], where ag is the Bohr radius. For %°Sr, ags =
823 ay is a larger length scale than probed here, and the node
corresponding to A = —500 GHz is the second preasymptotic
node [26].

VI. PHOTOASSOCIATION IN AN OPTICAL LATTICE

For ¥Sr and #Sr, the two isotopes most often used for
quantum-gas research [1,2,4,5,9], the PA rate constants are
relatively small at convenient detunings for experiments. A
useful figure of merit is the ratio of the number-loss rate for PA
of two atoms in a single lattice site (Npa) to the off-resonant,
single-atom, photon-scattering rate (R ~ 27y, i/ A%)-
The ratio of laser intensity to the atomic transition’s saturation
intensity (I, = 40 mW /cm?) is indicated by so.

For two %’Sr atoms in a single site of an optical lattice,
each of mass m, Nps ~ 2K, [ d*rn’(r) = 2K,/(Qra}o)¥?,
where we have assumed the atoms are both in the ground
state of a single site in a deep optical lattice in different
internal spin states [35]. ago = +/fi/mw is the harmonic os-
cillator length for w = /4VyEg/h and lattice depth Vy. Eg =
22 (mA,) is the recoil energy for lattice laser wavelength
Ma. For Ay = 1064nm and Vy = 16Eg, 1/(2majg)’? =
1 x 10 cm™3. For PA at small detuning (A = —10GHz),
Npa ~ 3 x R. For detuning beyond the wave-function node
(A = —300GHz), NpA ~ 13 x R, which is more favorable.
At A = —-300GHz, a PA laser intensity of 20l yields
Npa & 10/s.

VII. CONCLUSION

In summary, we have measured and characterized photoas-
sociation resonances up to ~314 GHz red detuned from the
atomic asymptote of the = 552 1§y +5s5p P molecular
potential in fermionic ¥ Sr. Similar measurements were made
in bosonic ®Sr and 3*Sr, and a combined fit to the semiclas-
sical LeRoy-Bernstein model allowed determination of the
' P, atomic state lifetime and other spectroscopic parameters.
Resonance intensities were compared with predictions from a
reflection approximation and the ground-state wave function
calculated with the best available ground-state potential. We
find that, to within experimental uncertainties, the resonance
frequencies and intensities are reasonably well described by
theoretical predictions. This work will enable accurate pre-
diction of photoassociative transition frequencies and rates
for experiments with the strontium isotopes most commonly
used in quantum gas experiments, including experiments with
fermionic Sr.
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