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Modification of atom scattering using an intercombination-line optical Feshbach
resonance at large detuning
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We demonstrate control of the scattering properties of atomic strontium with an optical Feshbach
resonance near the 1 So->P; intercombination transition at 689 nm. Significant changes in scattering
length on the order of 10 ag can be achieved at large detuning (~ 10° linewidths), and we are able to
increase phase space density through enhanced evaporative cooling. Loss rate constants are at least
two orders of magnitude smaller than in previous experiments with optical Feshbach resonances,
but are three orders of magnitude larger than predicted.

The ability to tune interactions in quantum atomic
gases makes these systems ideal for exploring many-body
physics [1] and has enabled some of the most important
recent advances in atomic physics, such as investigation
of the BEC-BCS crossover regime [1] and creation of
quantum degenerate molecules [2,13]. Magnetic Feshbach
resonances [4], which are the standard tool for chang-
ing atomic interactions, have proven incredibly powerful,
but they are also limited because the methods for creat-
ing magnetic fields preclude high-frequency spatial and
temporal modulation.

Here, we demonstrate tuning atom interactions with an
optical Feshbach resonance (OFR) [] in ultracold atomic
strontium. Using light, it should be possible to manip-
ulate interactions on time scales as short as a femtosec-
ond and spatial scales as fine as an optical wavelength.
By exploiting the regime of large detuning from a nar-
row intercombination optical transition, we demonstrate
much lower atom loss rates than seen in previous OFR
experiments |6, (7, I8, 9], which will open new avenues of
research in non-linear physics, quantum optics, and con-
densed matter physics, such as stabilization of matter-
wave solitons in two dimensions [10], controlled emission
from a matter-wave laser [11], and creation of quantum
fluids with random non-linear interactions [12].

In a Feshbach resonance, the scattering state of col-
liding atoms couples to a bound molecular state, result-
ing in significant enhancements of elastic and inelastic
collision cross sections when the free and bound states
are in resonance. In an OFR, coupling is created by a
laser driving a photoassociative resonance between col-
liding atoms and an excited molecular level. Previous
observations of OFRs [6, [7, [8] used strong dipole-allowed
transitions in alkali-metal atoms to alter atomic colli-
sion properties, but substantial change in the atom-atom
scattering length was accompanied by rapid atom loss.
For example, Theis et al. [7] found that for a scattering
length change of £90 ag (ap = 5.29 x 1071'm), large
inelastic-loss rate constants (3;, ~ 10719 cm3/s) limited
observation times to less than 100 us, which is insuffi-
cient for applications [10, [11, [12]. Similar results, but
with about two orders of magnitude lower loss, were ob-
tained for a magnetic Feshbach resonance using an AC
Stark shift of the closed channel to modify the position

of the resonance [13].

Ciurylo et al. |14, [15] predicted that an OFR in-
duced by a laser tuned near a weakly allowed transi-
tion should tune the scattering length with significantly
less induced loss. This can be done with alkaline-earth
atoms, or atoms with similar atomic structure such as
Ytterbium (Yb), by exciting near an intercombination
transition from the singlet ground state to a metastable
triplet level. The improved OFR properties result from
the long lifetime of the excited molecular state and rel-
atively large overlap integral between excited molecular
and ground collisional wave functions.

An OFR driven with an intercombination transition
was recently investigated in Yb [9]. Very large changes
in the scattering length were inferred from changes in
the photoassociative loss spectrum. However, observed
loss rate constants were still on the order of 107! cm?/s
because the OFR laser detuning was kept small (A ~ 100
MHz), similar to alkali atom experiments |6, [, I8]. This
experiment did not test the scaling of loss and scattering-
length-change with detuning, nor did it examine the large
detuning limit in which losses are expected to be small;
both are crucial for applications.

We investigate the large detuning regime of an opti-
cal Feshbach resonance driven with an intercombination
transition in 88Sr and directly probe the effect on the elas-
tic collision rate. The OFR laser is tuned near the 'Sp-
3P, transition at 689 nm. Significant changes in scat-
tering length on the order of +10ag can be achieved, in
agreement with theory [14, [15], and loss rate constants
are at least two orders of magnitude smaller than in pre-
vious experiments [9,|14,[15]. Large detuning from molec-
ular resonance is defined by the condition [14]

|A]> Dot + Tstim. (1)

Here, A is the detuning of the OFR laser, of intensity
I, from an excited molecular level that has a natural
linewidth Ty = 1 x 10°s™ 1. Ty o< I is the laser-
stimulated linewidth resulting from the coupling of the
excited level to the ground state of colliding atoms.

The OFR laser modifies the atomic scattering length
according to a(A, I) = apg + aopt(A, I), where apg is the
background scattering length in the absence of laser light,
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and

| R
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is the optically induced part of the scattering length for
large detuning. The “optical length” [,,;, a parameter
characterizing the strength of the OFR, is proportional
to I and defined as

Fstim
lopt = =
Pt 2krrmol (3)

where k. = v/2ue,/h, p = m/2 is the reduced mass, ¢,
is the kinetic energy of the colliding atom pair, and &
is Planck’s constant divided by 27w. The elastic collision
cross section determines the cooling power of evaporation
in ultracold gases, and it varies with the square of a,

0 = 87 (aopt + apg)?. (4)

The Feshbach laser also induces two-body inelastic col-
lisional losses, which are described by the loss rate con-
stant Bm (Av I),

drh, (Toor\’
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Bin(A,I) is defined such that it contributes to density
evolution as 17 = — B, (A, I)n?.

The ground and excited molecular potentials in Sr are
well-characterized from FTIR spectroscopy |16] and one-
[17, [18, 19] and two-photon [20] photoassociation exper-
iments. In 88Sr, the least-bound state of the molecular
1Sy+3 P, potential is bound by only 400 kHz with respect
to the asymptotic energy of a free 1Sy and 3 P; atom pair,
which leads to an extremely large I,y for I = 1mW/ cm?
of 4.5 x 102 ag [19]. lop decreases rapidly with increas-
ing binding energy of the molecular state, and coupling
to the least-bound level dominates the OFR, effect even
at large red detunings (A/27 > 1 GHz) for which there
are other molecular levels at smaller detuning. Equa-
tions () and (B) predict that for laser intensities on
the order of 15 W/cm? (Tgpip /27 ~ 108 Hz) and de-
tunings of +10 GHz, the 88Sr scattering length can be
changed by aop: = £10ag with a loss rate constant of
only Bi, = 10717 cm?/s. This change in scattering length
is reasonable in absolute terms, but is also very large in
relative terms because for 88Sr, a;, is very close to zero
[20]. The fortunate occurrence of a large I, and small
apy makes 88Sr ideal for exploiting an OFR.

To determine the effect of the OFR, on elastic and in-
elastic collision properties, we measured the evolution of
the number of atoms and temperature for samples held in
a crossed optical dipole trap (ODT) using time-of-flight
absorption imaging as previously described in [20]. The
OFR laser is applied after an equilibration time of 60 ms
in the ODT, and it remains on during a variable hold
time (0.1 — 5s) until the ODT beams are extinguished
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FIG. 1: Atom sample evolution and model fits with and with-
out the OFR laser. The initial peak density is 4 x 10" cm™3
and the trap depth is 7.5 uK. (A) The sample temperature
drops in the presence of the OFR beam (I = 24 W/cm?,
A/2n = —2.5GHz), indicating an increase in elastic colli-
sion cross section and efficiency of evaporative cooling. (B)
The number of atoms decreases more quickly due to losses
induced by the OFR laser, but the sample lifetime is still
approximately 500 milliseconds. (C) The peak phase space
density (PSD) initially increases. Solid lines are fits using the
model described in the text. The dashed line is the modeled
evolution including heating and losses due to the OFR laser
but assuming the elastic cross section does not increase.

and the atoms are released, at which time the OFR laser
is also blocked. Initial conditions in the ODT, which de-
pend on the trap depth, are approximately 4 — 15 x 10°
atoms and 3 —10 pK. Trap frequencies for the ODT were
measured using a parametric oscillation drive technique
[21] and range between 100 and 500 Hz.

We produce the OFR beam by injection-locking a slave
diode with the output of a stable master ECDL in a
Littman-Metcalf configuration (linewidth below 1 MHz).
The detuning from the OFR molecular resonance is mea-
sured with an accuracy of 100 MHz with a Fabry-Perot
reference cavity. The OFR laser was applied to the atoms
in a single-pass running wave with a beam waist of 228
pm and a peak intensity of about 38 W/cm? for the max-
imum output power of 31 mW.

Figure MA shows the use of an OFR at large detun-
ing to tune the elastic collision and thermalization rates.
Samples are held in a crossed optical dipole trap (ODT).
The OFR laser increases the elastic collision cross section
and enables more efficient evaporative cooling, causing
the temperature to drop in comparison to when no OFR
laser is present. Atom losses due to the OFR are also
apparent, but the long time scale of atom loss of approx-
imately 500ms is a significant improvement over previ-
ous experiments with OFRs [6, [7, 8], allowing a slight
increase in phase space density.

To quantify the effect of the OFR, we numerically



model the evolution of atom number and total sample
energy following the formalism of Comparat et al. [22],
which adapts the evaporative cooling treatment of [23]
to describe evaporation, two-body inelastic losses due to
the OFR laser, heating due to photon scattering from the
ODT and OFR lasers, and one-body losses due to back-
ground gas collisions and scattering of OFR laser pho-
tons. The main assumptions are ergodicity and a trun-
cated Boltzmann distribution for the atom velocity dis-
tribution. Because the 88Sr elastic cross section is small,
the ratio of trap depth to temperature is relatively small,
n =~ 2 — 4. Combined with the lack of spatial symmetry
in the ODT, this precludes the use of normal approx-
imations that simplify expressions for heating, cooling,
and loss processes [22, 24, 125]. Reference |26] describes
the full numerical calculation developed to handle this
situation, which allows extraction of elastic and inelastic
collisional rate constants from data such as that shown
in Fig. [l

With no OFR laser we derive an elastic collision cross
section of o = 600 3. Data with longer hold times allow
clear separation of one- and two-body loss contributions
and show that (;, is negligible if the OFR laser is absent,
and that it can be set equal to zero. This yields a one-
body loss rate of approximately 1s~!, consistent with
background collisions.

The small negative value of apy, = —1.4(6) ag for *Sr in
the limit of vanishing collision energy leads to significant
variation of the cross section with energy (Fig. 2A) [20].
This complicates comparison of theory and experiment
because a distribution of collision energies contributes in
the thermal sample in the ODT; a full energy-dependent
calculation is beyond the scope of this study. We treat
this phenomenon in approximate fashion by forming an
effective, temperature-dependent cross section, (o), that
is an average of the collision-energy dependent cross sec-
tion o (Feoir), where the weighting is the relative con-
tribution of collisions of each energy to the total colli-
sion rate per volume in the sample (Z) [26]. This yields

(o) = Z/(2nd\/ L), where kp is Boltzmann’s constant,
ng is atom density, and 7" is the temperature. Here, Z is
calculated using the theoretical energy dependence of o
[20] and, for simplicity, an untruncated velocity distribu-

tion [27]

27n3 o (Eeon) —_»>_
7 = 220 | gpp3—— 7%  ToukpT 6
o / PP k)2 (6)

where the collision energy is F.o; = % for relative mo-
mentum p. We find agreement between observed and
theoretical cross section values (Fig. 2A), giving confi-
dence in the numerical model of collision dynamics.

Figure shows that with the application of an OFR
laser, the collision cross section varies quadratically with
I/A, as expected from Egs. (@) and (). The largest
value of (o) observed is approximately (o) = 5000 a?.
Even though the experiment does not access the low-
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FIG. 2: (A) Variation of the ®¥Sr collision cross section with
collision energy or temperature in the absence of an OFR
laser. The dashed curve gives the variation of cross sec-
tion with collision energy |20], where collision energy is set
to 2kpT, the average collision energy for temperature 7. The
solid curve is an average of the cross section over collision en-
ergies as a function of sample temperature as described in the
text. (B) The elastic collision cross section versus the scaling
parameter, I/A. Error bars reflect statistical variation. The
solid line is a fit to Eq. (@), with confidence intervals marked
by the dashed lines.

energy limit in which the scattering length is strictly de-
fined, for clarity we will characterize the cross section
with an effective scattering length according to Eq. ().
We thus infer a maximum of |a| = 14 ag, which is a sig-
nificant change from apg. The fit yields an optical length
for I = 1mW/cm? of Iy = 1.775:2 x 102 ap. Quoted un-
certainties are statistical. In addition, there is a factor
of two uncertainty arising from 20% uncertainty in the
optical trap oscillation frequencies, so there is reasonable
agreement with the value determined from the intensity
of the photoassociation spectrum [9].

The curve in Fig. 2B is not centered on zero, which
reflects the fact that aygy # 0. The fit yields apg = 3 ao,
in good agreement with the value expected for samples
in this temperature range (Fig.[2IA). Negative detuning is
required to create an aqp; < 0 and a minimum in the cross
section. We suspect that the discrepancy between data
and theory near the minimum results from our simplified
treatment of the energy dependence of the cross section.

The two-body inelastic loss rate constant 3;, (Eq. (&)
is also determined from the model fit as shown in Fig. [
At low values of the intensity, (;, is small, and there
is too much correlation between the one- and two-body
losses to determine [3;, well. We overcome this problem
by determining f;, for larger intensities and using a lin-
ear fit of f3;, to determine the values at lower intensity
(Fig. BIA), which are held constant while fitting other
parameters in the collisional dynamics model.

The measured SB;,/I values roughly follow a 1/A2
dependence as predicted by Eq. (@) (Fig. BB), with
Bin/I = 4 x 1071 /[A/27(GHZ)]* (cm®/Ws). Fluctua-
tions in the data lead to a factor of two statistical uncer-
tainty, in addition to the factor of two systematic uncer-
tainty from determination of the optical trap oscillation
frequencies. This value of (;,/I is approximately 1000
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FIG. 3: (A) Variation of B;» with OFR laser intensity and
detuning. One- and two-body losses are strongly correlated
for low intensities so we determine (;, for large intensities
and use these linear fits to extrapolate to lower values. (B)
Frequency dependence of (3, /I. Error bars reflect statistical
variation. The solid line is a fit to Eq. (@).

times larger than one would expect from the value of
lopt determined in Fig. PJA, and the cause of this dis-
crepancy is an open question. At smaller detunings and
larger loss rates, it was found that losses do follow the-
oretical predictions [7, I8, |9]. It was suggested [19] that
off-resonant scattering on the atomic 1Sy-3P; transition

would be a concern for using the OFR at large detuning
in Sr. Light-assisted collisional processes that stimulate
this transition may also contribute to the larger-than-
expected (;,. Alternatively, the two-level theory for an
OFR [14, [15] may require modification in the regime of
large detuning.

We have used a laser detuned far from molecular reso-
nance near the weakly allowed 'Sy-3 P, intercombination
line to substantially alter the collisional properties of ul-
tracold Sr. Changes in the elastic collision cross section
agree well with theory for an OFR, but the inelastic colli-
sion rate constant is larger than expected. Our measure-
ments show that a laser intensity of 20 W/cm? at +10
GHz detuning produces £10 ag of tunability in a and an
estimated 1s lifetime at a density of 10'* cm™3. Larger
laser intensity and detuning are required to use an OFR
for significant increase in evaporative cooling efficiency,
but the performance already demonstrated is sufficient
to make an OFR near an intercombination line a power-
ful tool for modifying the non-linear interactions between
ultracold atoms.
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