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We present two-photon photoassociation to the least-bound vibrational level of the Xlzg elec-
tronic ground state of the 6Sro dimer and measure a binding energy of Ej, = —83.00(7)(20) kHz.
Because of the very small binding energy, this is a halo state corresponding to the scattering reso-
nance for two 86Sr atoms at low temperature. The measured binding energy, combined with universal
theory for a very weakly bound state on a potential that asymptotes to a van der Waals form, is used
to determine an s-wave scattering length a = 810.6(3)(9) ao, which is consistent with, but substan-
tially more accurate than the previously determined a = 798(12) ap found from mass-scaling and
precision spectroscopy of other Sr isotopes. For the intermediate state, we use a bound level on the
metastable 1.5y — 3P potential. Large sensitivity of the dimer binding energy to light near-resonant
with the bound-bound transition to the intermediate state suggests that 36Sr has great promise for
manipulating atom interactions optically and probing naturally occurring Efimov states.

I. INTRODUCTION

Weakly bound ground-state dimers are of great inter-
est in ultracold atomic and molecular physics. In the
extreme case of a scattering resonance, the least-bound
state represents an example of a quantum halo system
[1] with spatial extent well into the classically forbidden
region. Halo molecules show universality, meaning that
molecular properties such as size and binding energy can
be parameterized by a single quantity, the s-wave scat-
tering length a, independent of other details of the atom-
pair interaction [2, 3]. For potentials that asymptote to
a van-der-Waals form, an additional parameter, the van
der Waals length l,qw, can be introduced for a more
accurate description. Efimov trimers also exist in sys-
tems near a scattering resonance, influencing dimer and
atomic scattering properties and introducing additional
universal phenomena [4, 5]. Ultracold halo molecules are
often associated with magnetic Feshbach resonances [6],
for which the scattering state and a bound molecular
state can be brought near resonance by tuning a mag-
netic field.

Here we study the least-bound vibrational level of the
XlE;r electronic ground state of the 8¢Sry dimer (Fig.
1), which is a naturally occurring halo molecule, mean-
ing it exists in the absence of tuning with a magnetic
Feshbach resonance. A well-known example of a natu-
rally occurring halo molecule is the *Hey dimer [2, 7, 8].
The least-bound vibrational level of the ground state of
40Cay, which was recently studied using similar methods
[9], is also very close to this regime.

There are important differences between halo
molecules associated with magnetic Feshbach resonances
and the naturally occurring halo molecule in 8Sr. With
magnetic Feshbach resonances, the relevant scattering
and bound molecular states lie on different molecular
potentials, and single-photon magnetic-dipole transitions

can be used to measure molecular binding energies with
RF or microwave spectroscopy [6, 10, 11]. Typically,
this is done by first forming molecules through magneto-
association and then driving bound-free or bound-bound
transitions converting the halo molecule into a different
state. Other methods include spectroscopy with an
oscillating magnetic field [11], a modulated optically
controlled Feshbach resonance [12], and Ramsey-type
measurements of atom-molecule oscillation frequencies
[13]. Tt is also possible to efficiently populate halo states
with a magnetic-field sweep [14] or evaporative cooling
[15] near a magnetic Feshbach resonance [6]. These are
powerful techniques for manipulating quantum gases of
alkali metals and other open-shell atoms, for which there
are many magnetic Feshbach resonances. Strontium,
however, due to its closed-shell electronic structure,
lacks magnetic Feshbach resonances in the electronic
ground state.

In this work, we probe the halo state in 85Sr using
two-photon Raman photoassociation (PA) [16], in which
two laser fields couple colliding atoms to the least-bound
state of the ground molecular potential. We tune near
resonance with an intermediate state that is bound in the
0, potential corresponding to the 1Sy + 3P, asymptote
at long range [17] (Fig. 1). We accurately determine the
86Sr, binding energy, considering possible collisional fre-
quency shifts and AC Stark shifts due to trapping and
excitation lasers. Using the universal prediction for the
binding energy, including corrections derived for a van
der Waals potential [18-20], we derive a more accurate
value of the s-wave scattering length for 6Sr atomic col-
lisions [17, 21].
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FIG. 1: Two-photon photoassociation diagram (color online).
The energy of two well-separated 1Sy atoms at rest is taken
as zero. e is the kinetic energy of the colliding atom pair. Ep1
is the unperturbed energy of the bound state of the excited
molecular potential that is near resonance with the free-bound
laser, which in these experiments is the second-least bound
level of the excited molecular potential (v = —2). Ep2 (< 0)
is the unperturbed energy of the least bound state of the
ground molecular potential. The photon of energy hw: is
detuned from Ep; by hA; for € = 0, while the two-photon
detuning from FEypz is hA>. The decay rate of by is 1. Stark
and collisional frequency shifts are neglected in this schematic.

II. EXPERIMENTAL SETUP
A. Laser Cooling and Trapping

Two-photon spectroscopy is performed on ultracold
86Sr atoms in a single-beam optical dipole trap (ODT)
generated from a 1064-nm laser propagating perpendic-
ular to gravity with beam waists of 260 um and 26 ym
[17, 22]. The tight waist provides vertical confinement.
The trap depth after an evaporative cooling stage de-
termines the sample temperature, which is set between
30 —1000nK. Typical atom numbers are several hundred
thousand and peak densities are as high as 2x 102 ¢cm=3.
The number of atoms and sample temperature are mea-
sured using time-of-flight absorption imaging operating
on the 'Sy-'P; transition. Trap oscillation frequencies
are determined by measuring dipole and breathing col-
lective mode frequencies, which allow determination of
trap volume and sample density.

B. Photoassociation

After the atoms have equilibrated in the final ODT
configuration, the PA lasers are applied (Fig. 1). A sin-
gle acousto-optic modulator, driven with two RF fre-
quencies, is used to generate both PA beams. Light is
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FIG. 2: Photoassociation laser schematic (color online). A
master laser is frequency-stabilized via saturated absorption
spectroscopy to the 1.Sp-3P; atomic transition. After amplifi-
cation with a diode slave laser, light at two controllable fre-
quencies is generated with a single acousto-optic modulator
(AOM) and delivered to the atoms with an optical fiber. The
beat note between the two frequencies is monitored after the
fiber.

derived from a frequency-stablized master laser (Fig. 2)
and coupled into a single-mode optical fiber with out-
put optics that yield a 320 um waist at the atoms, much
larger than the size of the atom cloud. Both PA beams
are linearly polarized along the same direction. The beat
signal of the two light fields after the fiber is monitored
on a photodiode and the RF powers are adjusted to en-
sure matched intensities for the two frequency compo-
nents (I} = I = 1I).

The sample temperature is low enough that collisions
are entirely s-wave. The target state for the two-photon
transition has total angular momentum J = 0 and bind-
ing energy Epa(< 0). 3°Sr has no nuclear spin and a
1Sy electronic ground state, leading to a single ground
electronic molecular potential (X'X}). The dominant
intermediate state (b1) is the J = 1 rotational state of
the second least-bound (v = —2) vibrational level on
the 0 molecular potential, which asymptotically con-
nects to the 1S5p->P; atomic transition at long range.
This state is bound by 44.246(10) MHz [23]. We define
Al = W1 — Ebl/h and AQ = W] — Wy — EbQ/FL as the one-
photon detuning from state b; and two-photon detuning
from state by respectively for an initial scattering state
with collision energy e = 0. 23 12 is the Rabi frequency
for coupling between states b; and by due to the laser
field at wo with single-beam intensity I>. Because the
binding energy of the halo molecule is very small com-
pared to Ajp, both laser frequencies are near resonance
with the v = —2 state. The transitions to the least-
bound (v = —1) J = 1 excited molecular state, bound
by 1.633(1) MHz, and the excited atomic state lie near
enough in energy that they can effect our observations.

Photoassociation leads to loss of atoms from the trap
through radiative decay from the intermediate, excited
electronic state, and from collisions between molecules
and background atoms. The PA spectrum is obtained by



holding ws fixed and varying wy, which varies As across
resonance (Fig. 1). A; thus also varies slightly during a
scan, but the spectra are so narrow compared to A; that
we neglect this in our analysis. After an exposure time
on the order of one hundred milliseconds, the number of
ground-state atoms remaining and the sample tempera-
ture are measured with time-of-flight absorption imaging.

IIT. THEORETICAL DESCRIPTION OF
PHOTOASSOCIATIVE LOSS

PA loss is described with a local equation for the evo-
lution of the atomic density

n = —2Kn* —T'n, (1)

where the laser-frequency dependence of the collision-
event rate constant, K, determines the spectrum of the
PA loss. The one-body loss rate, I, is due to background
collisions and off-resonant scattering from the PA lasers.
By integrating this equation over the trap volume, we
can obtain the evolution of the total number of trapped
atoms
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where Ny is the number of trapped atoms at the be-
ginning of the PAS interaction time. The effective trap
volumes V, are

U(r)
Ve :/Vd3re_quT, (3)

for trapping potential U(r). (K) is the trap-averaged

collision event rate constant
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which is itself a thermal average of the scattering prob-
ability for loss (|S(e, w1, w2, ..., r)|?) over the collision en-
ergy €, with an energy cutoff €pax to be discussed mo-
mentarily. The trapping potential is given by U(r) =
mgz + hx1064,g 11064 (r)

X
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— Umin, where mgz is the gravi-
tational potential at height z, I194(7) is the intensity of
the trapping light, and x1064,, = 11 Hz/(W/cm?) [24] is
proportional to the polarizability of ground state atoms
due to 1064nm light. Uy, is subtracted to set the po-
tential at the trap minimum to zero. The spatial integral
is restricted to regions around the trapping local mini-
mum with U(r) less than the trap depth [25]. Downbhill
regions on the other side of the saddle point defining the
trap depth are excluded. The laser intensity profile is
measured independently, and the potential is found to
be consistent with measured trap oscillation frequencies.
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The partition function is Qr = (
mass u = m/2 and sample temperature T, for atoms of
mass m.

Equation (4) provides the correct thermal average
when the collision-energy distribution does not need to be
truncated (€max — 00). For our data, however, the ratio
of sample temperature to trap depth is kgT/Udeptn ~ 3
for samples with temperature above 100 nK and drops to
unity for 30nK samples, so truncation effects are im-
portant. If the single-particle kinetic-energy distribu-
tion function is a Boltzmann truncated at Uqepsh — U(r),
then the collision-energy distribution follows a Boltz-
mann distribution at low energies [¢ < Ugepth — U(r)]
and falls off more quickly at larger energies, reaching zero
at 2[Udepth — U (r)]. We find that this treatment predicts
a narrower distribution on the red side of the spectral
line than we observe in our data, suggesting the presence
of atoms in non-ergodic orbits with energies above the
saddle point of the trap. This is not surprising given the
large collisional loss rate associated with near-resonant
scattering in this isotope. Fortunately, the molecular
binding energy is strongly determined by the sharp edge
of the spectrum on the blue side of the line, which is rel-
atively insensitive to the description of the red tail. Our
data is fit well with a truncated Boltzmann distribution
of collision energies [Eq. (4)]. To estimate the systematic
uncertainty introduced by this treatment, we perform fits
with €max equal to 2[Ugeptn — U(r)] and Ugepsh — U(r)
and take the mean of the two results as the best value
for the binding energy and half the difference as a sys-
tematic uncertainty o, ~ 100Hz. This procedure does
not correctly represent the overall normalization of (K),
but we are not concerned with overall signal amplitude
in this study. Atom temperatures vary by no more than
20% during the interaction time, so assuming a constant
sample temperature is reasonable.

Bohn and Julienne [26] provide an expression for
|S(€,w1,wa,...)|? for a collision on the open channel of
two ground state atoms (g) with total energy e leading
to loss-producing decay from the excited state by with
rate 71 (Fig. 1),

ISP = (5)
(A2 +€/h)*117s
2 12 :
(A1 +e/m)(Da +¢/m) = F2 ]+ [242] (Ao + /1)

For simplicity, we have omitted the light shift of b; due to
coupling to the scattering continuum [27]. This approach
was found to be sufficient for describing two-photon spec-
troscopy to a more deeply bound molecular level in 88Sr
[17]. Equation (5) neglects all light shifts due to the
trapping laser. Light shifts due to the photoassociation
lasers coupling to states outside our model (Fig. 1) are
also neglected. The thermal energy is much greater than
the zero-point energy for trap motion, T >> hvgap/kB,
so confinement effects are negligible [44]. v1 = 2Yatomic,
where Yatomic = 4.7 x 10*s™! is the decay rate of the



atomic 2Py level. 74(¢) is the stimulated width of b; due
to coupling to the initial scattering state by laser 1, which
for low energy can be expressed as [9, 23, 28]

Vs (6) = 2klopt'}/17 (6)

where the optical length (lopy o< I1) is related to the
overlap between the initial colliding state and b1, and k =
(21€)/% /h. We take the intermediate state by as the v =
—2 state, for which lopt /I = (1.5£0.3) x 10* ag /(W /cm?)
[23], where ag = 5.29 x 10~ 1' m is the Bohr radius.

For the experiments reported here, we maintain signif-
icant intermediate-state detuning, A;, for which |Aq] >
|22,12]. Thus we are in a Raman configuration, and not
in the Autler-Townes regime [17]. In the Raman regime,
Eq. 5 shows a maximum near two-photon resonance at
Ay +€/h = Q3 1,/4A,. Following a treatment discussed
recently for a similar experiment in calcium [9], if the
detuning is restricted to near two-photon resonance then
|S|? can be approximated as a Lorentzian

A(e)

Q2 2
(A2 te/h— 74@111/;1)) +

S ~ (7)

To(e)/27
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In practice, the variation of collision energy is negligible
compared to the one-photon detuning A;.

There are several concerns regarding the rigorous ap-
plication of the Bohn and Julienne theory [26] to our
experiment. The obvious one is that it assumes an iso-
lated intermediate state, which is not always a good ap-
proximation because of the proximity of state b; to the
1Sy + 3P, asymptote and to the v = —1 state. Because
of the small decay rate 7; of the intermediate molecu-
lar state associated with metastable 3P, atomic state,
we also expect that loss from the ground molecular state
cannot be neglected.

The more subtle issue is that Eq. (7) is derived as-
suming only a single laser beam is near resonant with
each leg of the two-photon transition, which is not a
good approximation for two-photon spectroscopy of a
halo state and the resulting small laser-frequency dif-
ference w1 — we &~ —Epy < |A1]. We can expect that
coupling between pairs of states due to both photoasso-
ciation lasers will contribute to the transition strength
and light shifts of the levels induced by the photassocia-
tion lasers [26, 27].

In the absence of a more complete theory treat-
ing these effects, we analyze loss spectra using the ef-
fective expression given by Eq. (10), where the ob-
served molecular binding energy (Ej,) includes any

perturbations due to AC Stark or collisional shifts.
I e
|S|2: L(€)+’7ff
FL(E)
nA(e)

) 2 T 29 (10)
(Wl_w2+€/ﬁ—Eé2/h) + [M}

Parameters have been added in Eq. (10) to account
for deviations of the signal strength (1) and width (ves)
from the predictions of [26]. If deviations from Eq. (7)
are small, we expect 1 ~ 1, Yo ~ 0, and El’)2 ~ Epo +
Q3 15/4(A1 + ¢/h).

Light shifts (AC Stark shifts) due to the trapping
lasers and collisions with ground-state atoms (density
n) should contribute to shifts of molecular resonance.
Similar effects were taken into account in a recent, high-
precision study of weakly bound molecular states of ul-
tracold ytterbium atoms [29]. In addition, we expect that
both 689-nm excitation lasers will shift the line, not just
Iy x 93)12. We model the relationship between the mea-
sured resonance positions and the unperturbed binding
energy Epo as

Ejy = Eus + hxesoleso + hxio6al1064(r) + hyxnn(r). (11)

The susceptibilities, in Hz per unit intensity or density,
will be determined from experimental data or theoretical
considerations. The variation with position of the trap-
ping laser intensity (I1064) and the density give rise to
the spatial dependence of |S|? and the need for a spatial
average in Eq. (4). We take Igg9 as twice the single-beam
intensity Iggsg = 21. The 689-nm excitation beam is large
enough compared to the atom sample to neglect spatial
variation. The functional form for the AC Stark shift due
to the excitation lasers is discussed in Sec. V.

IV. SPECTRAL FITTING AND
DETERMINATION OF THE HALO BINDING
ENERGY

A. Fitting the Spectra

Figure 3 shows a series of spectra for different final
trap depths and sample temperatures. The characteristic
asymmetric lineshape for excitation of a thermal sample
is evident, with width decreasing as sample temperature
decreases. The molecular binding energy is close to the
sharp edge on the blue side of each spectrum.

We fit atom-loss spectra with Eq. (2) for the evolution
of atom number with time, using the phenomenological
expression Eq. (10) for the scattering probability and Eq.
(4) for the average of the collision event rate constant over
the trap volume and collision energy. The sample tem-
perature, perturbed resonance frequency E/,, 7, and Yeg
are taken as fit parameters. In the final analysis, tem-
peratures are set to values determined from time-of-flight
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FIG. 3: Atom-loss spectra as a function of two-photon dif-
ference frequency (w1 — w2)/2m for intermediate detuning
A1 /27 = —9MHz (color online). Sample temperature and av-
erage trapping laser intensity are indicated in the legend. The
single-beam excitation laser intensity is I = 25 mVV/cm2 for
the 104 nK spectrum and I = 48 mW /cm? for the 211 nK and
402 nK spectra. Fits are described in the text, with the two
boundaries of each band given by the fits with collision-energy
truncation €max equal to 2[Udepth — U(r)] and Ugeptn — U(r).

imaging of the atoms, but when they are allowed to vary,
the fit values differ by no more than 10%. Approximately
10 spectra are recorded for each set of experimental pa-
rameters, and the spread of resulting fit values are used
to determine best values and uncertainties.

B. AC Stark Shift due to Excitation Lasers

The most significant perturbation to the resonance
position is the AC Stark shift due to the excitation
laser intensity, as shown in Fig. 4. For this data, the
trap parameters, temperature (7' = 30nK), and initial
peak sample density (ng =2 x 102cm=3) are held con-
stant. We vary the single-beam excitation intensity from
I = 0.02 — 0.06mW /cm~2, and the excitation time is
50ms. The observed shifts are comparable to the thermal
width of the spectrum, allowing a precise determination
of xes0 = —21(1)(2)kHz/(W/cm?) from a linear fit to
the resonance positions, Ej, « hxesolese (Fig. 5). The
first quoted uncertainty is statistical and it arises from
variations in parameters and fluctuations in the measured
intensity during the scans. The second value is system-
atic, reflecting uncertainty in laser-beam size and inten-
sity profile at the atoms. All parameters beside the 689-
nm laser intensity are held fixed for this data set, and
the AC Stark shift is not correlated with any other vari-
able, such as density or trap intensity. We thus obtain an
accurate measure of ygsg without attempting to account
for other systematic shifts of Ej, in this data. A study
of the dependence of yggg on detuning from the excited
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FIG. 4: Atom-loss spectra as a function of two-photon dif-
ference frequency (w1 — wz)/2m for intermediate detuning
A1/2m = —9 MHz and various 689-nm excitation laser intensi-
ties (color online). Twice the single-beam intensity Isgg = 21
is indicated in the legend.
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FIG. 5: Measured resonance position Ej, plotted versus twice
the single-beam intensity Igsg = 21 (color online). The linear
fit provides the AC Stark shift parameter xeso.

molecular state will be discussed in Sec. V.

Broadening to the red of the spectrum reflects the dis-
tribution of atom-atom collision energies, while broaden-
ing to the blue is most sensitive to decay of the interme-
diate state (I',) and the phenomenological broadening
term Yeg [Egs. (9) and (10)]. The long lifetime of the
excited state and the significant detuning A; result in a
width I'z,(¢€) less than 5 Hz for all conditions. This is ex-
tremely small compared to observed width, which yields
values of v on the order of 300 Hz. We hypothesize that
this width reflects decay of molecules in the electronic
ground-state due to collisions with background atoms.



C. Density-dependent Frequency Shift

A shift of the two-photon resonance position is pos-
sible due to differing mean-field shifts of initial atomic
and final molecular states arising from interaction with
the background of ground-state atoms. Such a shift
would be proportional to the atom density and depend
upon the s-wave scattering lengths for atom-atom and
atom-dimer collisions, agg and a,q respectively. This
was observed in a Rb Bose-Einstein condensate (BEC)

in [30]. For a non-degenerate gas, this effect yields
Xn = h(fﬁf‘j1 — %) = %(%aad — 8asge), where p,q and

Laa are the reduced masses for molecule-atom and atom-
atom collisions respectively. Note that the shift would
vanish for a,q = (16/3)ase.

The largest density used in our experiment (~ 1 x
10'2cm™3) is relatively low compared to typical BEC
densities, and at this time we are unable to accurately
measure a variation of resonance position with density.
However, the atom-atom scattering is close to resonance
and thus Efimov physics can provide information on a,q
[4, 5] and an estimate of the systematic error introduced
by any residual density-dependent frequency shifts. For a
zero-range interaction, the atom-dimer scattering length
is related to the atom-atom scattering length through the
three-body Efimov parameter k. according to [4]

aad = age {1.46 + 2.15cot[soln(14.1k.as6)]}

where so = 1.006 [45].

In principle, the atom-dimer scattering length can take
any value. However, for a deep atom-atom potential,
such as for the ground-state strontium dimer [21], there
is a universality of the three-body physics that sets k. =

0.226(2)/law [31]. Here, lLaw = (2uCs/h2)"* 2 =
74.6 ap is the van der Waals length associated with the
Cs coefficient of the long-range Sro ground-state poten-
tial. We use Cg = 3.03(1) x 1077¢ JmS found from
a fit of potential parameters to spectroscopic data [21],
which is consistent with a recent ab initio calculation [32].
This yields k. = 5.72 x 10"m~! = (330a0)~!. Equation
(12) then predicts aaq = 6.4 ase, which leads to a small
density-dependent frequency shift parameter of x, =
50Hz/(10*2 cm~3). A numerical calculation including a
finite-range correction for the atom-atom interaction [33]
results in a,q = 3.5as6 and x, = —90Hz/(102 cm™3).
Thus, a very small shift is expected for the densities used
here. We incorporate x,, = 04 90Hz/(102cm~3) as a
set parameter in our model of the spectrum, where we set
the systematic uncertainty to reflect the spread of theory
predictions. This uncertainty will be significant for our
determination of the unperturbed halo binding energy.

(12)

D. Unperturbed Halo Binding Energy and AC
Stark Shift due to Trapping Lasers

With an accurate determination of ygg9 and a value
for xp, we use the data shown in Fig. 3 to determine the
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FIG. 6: Measured resonance positions corrected for
excitation-laser AC Stark shift and collisional frequency shift,
Ejo — x689 1689 — Xn(n), as a function of average trap laser in-
tensity (I1064) for the data such as in Fig. 3 (color online).
The trend line and confidence intervals are described in the
text.

susceptibility for the AC Stark shift from the trapping
laser, x1064, and the unperturbed halo binding energy
Eys. Figure 6 shows a plot of Ej, — xes9l639 — Xn(n) ver-
sus ([1064), where Ej, is the resonance position from each
fit and (...) indicates a weighted average of the quantity
over the trapped sample, with a weighting given by the
square of atom density. This weighting reflects the con-
tribution to photoassociative loss, a two-body process.
The plotted uncertainties in E}, — X699 — Xn(n) are
from statistical variation in the fit parameters. The typi-
cal average density is (n) ~ 1 x 10'2cm~2. The linear fit
function is to Ep2 + X1064(l1064)- In addition to statisti-
cal uncertainty, we have systematic uncertainty from y,
and treatment of the truncation of the collision-energy
integral [Eq. (4)]. The dashed lines shown in Fig. 6 are
resulting fits when the values of Ej, — x6s9l639 — Xn(n)
are shifted by the sum of these systematic uncertainties.
The resulting value for the unperturbed binding energy is
Eyz/h = —83.00(7)(20) kHz, where the first uncertainty
is statistical, and the second is systematic. We observe a
susceptibility to J1064 of x1064 = 0 & 10 Hz/(kW/cm?).

E. Discussion of the Halo Binding Energy

In the limit of extremely small binding energy, and thus
resonant atom-atom interactions, the binding energy of
a halo molecule is approximately given by [2]

Ey = —h?/2pa’. (13)

For interactions described at long-range by the van-der-
Waals form, V(r) = —Cs/r®, as with ultracold atoms, a
convenient figure of merit for quantifying how accurate
this simple expression should be is given by the ratio
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terms as indicated in the legend [zo = @/(a — a@)]. The data
point is the prediction of Eq. (15) for the recommended value
of the measured binding energy.

of the s-wave scattering length to the mean scattering
length or interaction range, closely related to the van der
Waals length through [10, 18]

(14)

Slightly away from resonance, corrections to the bind-
ing energy for the van der Waals potential were worked
out in [19, 20], yielding

h 14 20 _er
a)? a—a a—a

Ep=—"—
7 2u(a—a)

where g; = I'(1/4)* /672 —2 = 0.918... and go = (5/4)g? —
2 = —0.947.... The range of validity of this expression
is @ 2 2a. The accuracy of the first term in this ex-
pansion has been experimentally confirmed for various
systems such as ®°Rb [13, 34], 4°K [35, 36] and SLi [37].
This derivation of Eq. (15) assumes that the influence of
short-range physics, which can be expressed through a
quantum defect, varies negligibly from threshold to the
molecular binding energy. We expect this to be an excel-
lent approximation, since, as shown in Ref. [19] the cor-
rections are typically less than about 1% even for GHz
binding energies.

For ground-state 86Sr atoms, @ = 71.3a9. The most
accurate value available for the s-wave scattering length
isa = 798(12) ap [21], satisfying the requirement of a > a
for the least-bound state on the ground molecular poten-
tial to be a halo molecule. Nonetheless, a/(a — @) = .10,
and the corrections given by Eq. (15) are significant. Fig-
ure 7 shows the importance of the correction terms.
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FIG. 8: Two-photon PA resonance positions as a function
of twice the single-beam excitation intensity, 21 = Igg9 for
various intermediate state detunings, A1 (color online).

Equation (15) and the previous best value of the scat-
tering length [21] predict a binding energy of Ep =
—86(3)kHz. This agrees with our measurement, but by
inverting Eq. (15), we can use our increased accuracy in
Epo to extract an improved value of the scattering length
of a = 810.6(3)(9) ag, where uncertainties reflect statisti-
cal and systematic uncertainties in Ejys respectively. The
next higher-order term in z¢ = a/(a — a) is likely to in-
troduce a correction on the order of 100Hz in Eq. (15),
creating a systematic uncertainty in a that is about one
third of the uncertainty from our measurement.

V. FUNCTIONAL FORM AND FREQUENCY
DEPENDENCE OF AC STARK SHIFT DUE TO
EXCITATION LASERS

The proximity of 6Sr to a scattering resonance and
the susceptibility of the halo binding energy to the in-
tensity of the excitation light suggests using light to
tune the binding energy and scattering length as was
done with optically assisted magnetic Feshbach reso-
nances [12, 38|, which is closely related to the use of
optical Feshbach resonances [39-43]. Understanding the
frequency-dependence of ygsg is important for investigat-
ing this possibility, so we extracted this parameter from
spectra at a wide range of 689-nm laser intensities and
detuning from the intermediate resonance (Ay).

Figure 8 shows the resulting resonance positions, Ej,,
versus twice the single-beam intensity, 2] = Iggg. The
shift in molecular binding energy is linear with intensity
over the explored range, but varies greatly in magnitude
and sign. From linear fits, we extract the AC Stark shift
parameter xgs9(A1) through Ej, = Eys + hxeso(A1)lsse
(Fig. 9).

In the experiment, the total 689-nm intensity oscil-
lates with 100% contrast according to Iiotal = I1 + Io +
2/ 15 cos [(wy — wa)t] = 2T {1 + cos[(w1 — w2)t]}. The
functional form we use to fit the AC Stark shift reflects
the time average of the intensity and neglects the interfer-
ence term. To confirm that this is the correct description,



we numerically solved the time-evolution for a three-level
system with similar optical couplings and oscillating op-

tical intensity as present during two-photon PA of a halo
state. The Hamiltonian is

0 01 [cos(wit) + cos(wat)] 0
H = | Qo1 [cos(wit) + cos(wat)] Ey Q2 [cos(wit) + cos(wat)]
0 042 [cos(wit) + cos(wat)] Epo
[
For Qo1 < Q12 < |A1| = |wy— Ep1/h|, which is analogous 60 L b o
to the experimental conditions used here, we find that the I : -
two-photon resonance is shifted by — 0 i '
£ 20t '
hQ3, n "3, ~ hﬂﬂ' (16) E 0 .:
4A1 4(A1 — Ebg/h) 2A1 < i : :
£ -20 I x B
This agrees with our observation of a shift that is linear 2 40 - '
with intensity, and implies that the susceptibility is re- i@ 60| :E ]
lated to the Rabi frequency for a single-beam intensity I }Zé’ - i’
through xeso ~ (Q12/V1)?/(87Ay). 80T ]
This single-resonance model [Eq. (16)] describes the -100 e
observed shifts well for detuning close to the v = —2 L -'

state of the 0 molecular potential (small A;). For
large positive A1, however, at which w; and ws approach
atomic resonance, deviations indicate coupling to one or
more other states (Fig. 9). The most likely suspects are
the v = —1, J = 1 excited molecular state, bound by
1.633(1) MHz, and the 'Sp+3P; continuum. The sign of
the deviation indicates that AC Stark shift of colliding
1Sy atoms due to coupling to the 3P; state is dominant
in this regime. We have neglected shifts due to colli-
sions and the trapping laser, which are small at the large
excitation-laser intensities used here.

A fit of the single-resonance model as shown in Fig. 9
yields Q2 12/2m = Q12/27 = 800kHz for I = 1 W /cm?.
Note that €3 12 as defined here would be the splitting
of the Autler-Townes doublet [9], which differs from the
Bohn-Julienne definition of the molecular Rabi coupling
[26]. From the measured 312, one can extract the
Franck-Condon factor, frcr, reflecting the overlap of the
ground and intermediate molecular states through

I
Q212 = V/ froT fFCF%tomic\ Eya—— (17)
sat,atom

where Lt atom = 272 Yatomic/ (3A3) = 3 uW /em? is the
atomic saturation intensity for the ! Sy-3P; transition and
I = Igg9/2 is the single-beam intensity. The rotational
factor fror accounts for the change in dipole moment
from atom to molecule due to symmetry of the wave
function and projection on a rotating molecular axis. Fol-
lowing the formalism described in [9], froT = 2 for the
J =1 — 0 bound-bound molecular transition studied
here. This yields frcr = 0.03.

-120
- 10 20 30 40

A,/2n (MHz)

FIG. 9: AC Stark shift susceptibility, xsso (color omnline).
Dashed lines indicate the positions of the v = -1, J =1
excited molecular state, bound by 1.633(1) MHz, and the
1So+3P; continuum. Solid and open symbols show experi-
mental measurements of the susceptibility. Using only the
solid symbols, we fit a single resonance model of the form
Xoso = (Qi2/vV1)?/(87A1) and show this fit result as a solid
line.

VI. CONCLUSION

We have measured the binding energy of the least-
bound vibrational level of the ground electronic state
of the ®Sry molecule with two-photon photoassociative
spectroscopy. Using the universal prediction for the bind-
ing energy of a halo state including corrections derived
for a van der Waals potential [Eq. (15)] [18-20], we ex-
tract an improved value of the s-wave scattering length.

We also characterized the AC Stark shift of the halo-
state binding energy due to light near resonant with the
single-photon photoassociation transition. A model only
accounting for a single excited-state channel [26] cannot
explain the observed frequency dependence of the AC
Stark shift, which can be attributed to the proximity of
other excited states.

Large AC Stark shifts of the halo state point to the
possibility of optically tuning the 36Sr scattering length,
similar to recent demonstrations of optical tuning of mag-
netic Feshbach resonances [12, 38]. This is attractive be-



cause ground-state strontium lacks magnetic Feshbach
resonances. With improved measurement of the pho-
toassociation resonance frequency and its dependence on
background atom density, perhaps combined with optical
manipulation of the scattering length, it may also be pos-
sible to study the landscape of Efimov trimers associated
with this naturally occurring scattering resonance. This
work also points to the need for improved theory, such as

an improved calculation of the Sr ground-state molecu-
lar potential and Cy coefficient, which could be compared
with this high-accuracy measurement of the halo binding
energy.
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est Efimov trimer would have in the case of resonant

atom-atom interactions.

10



