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The ultracold mixture of »*Na and 8’Rb atoms has become an important system for investigating physics in
Bose-Bose atomic mixtures and for forming ultracold ground-state polar molecules. In this work, we provide
an improved characterization of the most commonly used Feshbach resonance near 347.64 G between **Na
and ¥'Rb in their absolute ground states. We form Feshbach molecules using this resonance and measure their
binding energies by dissociating them via magnetic-field modulation. We use the binding energies to refine
the singlet and triplet potential-energy curves, using coupled-channel bound-state calculations. We then use
coupled-channel scattering calculations on the resulting potentials to produce a high-precision mapping between
magnetic field and scattering length. We also observe ten additional s-wave Feshbach resonances for 2’Na and
$7Rb in different combinations of Zeeman sublevels of the F = 1 hyperfine states. Some of the resonances show
two-body inelastic decay due to spin exchange. We compare the resonance properties with coupled-channel

scattering calculations that full take account of inelastic properties.
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I. INTRODUCTION

Feshbach resonances (FRs) provide a very flexible toolbox
for controlling dilute gases of ultracold atoms [1,2]. They
allow exploration of many interesting phenomena in few-body
and many-body physics [3,4]. A Feshbach resonance occurs
when a weakly bound or quasibound molecular level is shifted
by an external magnetic field to be degenerate with the two-
body scattering threshold. Near the resonant magnetic field
By, the two-body s-wave scattering length for elastic scatter-
ing is approximately

B) = 1 A 1
a( )—abg( +B——BO>’ (D

where apg is the slowly varying background scattering length
and A is the resonance width. By simply scanning the
magnetic field, a and thus the effective two-body contact
interaction can be changed from repulsive (for a > 0) to at-
tractive (for a < 0). Essentially arbitrary interaction strengths
can be achieved. This capability has played a vital role in the
study of exotic physics such as controlled collapse [5] and
soliton formation in Bose-Einstein condensates (BECs) [6,7],
the BEC-BCS crossover in quantum-degenerate Fermi gases
[8-11], and more recently the formation of dilute quantum
droplets [12—14]. In addition, FRs are used to associate atomic
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pairs and form weakly bound Feshbach molecules (FMs) [2].
Combined with a subsequent two-photon Raman process, this
has led to the creation of long-sought ultracold ground-state
molecules [15-20].

In many applications, a very accurate knowledge of the
mapping a(B) between magnetic field and scattering length
is needed. This can be provided by coupled-channel calcula-
tions on an accurate interaction potential. To obtain a suitable
potential, it is necessary to fit potential parameters to high-
resolution data that include accurate information on the FRs
of interest.

The position of a FR is often measured by observing the
peak in three-body loss that occurs near resonance. However,
this method has limited accuracy because the position and
shape of the peak is influenced by complicated few-body
processes. A more precise method is to measure the binding
energy of FMs as a function of the magnetic field [21,22].
The binding energy can be measured spectroscopically, either
by forming FMs by associating atom pairs or by dissociating
FMs back to atoms. The association and dissociation process
can be driven either by applying a radio-frequency field or by
modulating the applied magnetic field. In general, the dissoci-
ation method offers higher precision because it is immune to
thermal averaging [21,22].

In previous work on ultracold mixtures of Na and Rb, FRs
were observed by measuring three-body losses and modeled
with coupled-channel calculations [23]. Binding energies of
FMs were observed by magnetic-field modulation-induced
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association for two of the resonances, near 347.64 and
478.7 G in collisions between **Na |F =1, mp = 1) and
8Rb |F = 1, mp = 1); here F is the hyperfine quantum num-
ber and my is its projection onto the axis of the field [24]. The
resonance near 347.64 G was used to create 2*Na 8’Rb FMs by
magnetoassociation [24] and transfer them to the ground state
[19]. It was also used to investigate heteronuclear few-body
processes [25]. The mapping a(B) between magnetic field
and scattering length was obtained from the binding energies
using a simplified square-well model [24]. However, in recent
studies of quantum droplets formed in mixtures of >*Na and
87RDb [26], it became clear that a more accurate mapping is
needed, particularly in the vicinity of this FR.

This work reports new measurements of binding energies
for the state that causes the FR near 347.64 G. To reach
the highest accuracy, we implement the dissociation method
to measure the binding energies. We achieve magnetic-field
stability at the mG level. The data are used to refine the
interaction potentials for the X! £+ and a> £+ electronic states
by fitting to coupled-channel bound-state calculations. We
then use coupled-channel scattering calculations to obtain a
highly accurate mapping a(B) for the FR near 347.64 G. This
mapping provided a cornerstone for our recent experiment on
the heteronuclear >*Na - 8’Rb quantum droplet [26]. We also
report ten s-wave FRs in different combinations of Zeeman
levels mp in the atomic F' = 1 manifolds measured by the
inelastic-loss method. These resonances may find applications
in future explorations of the 2*Na - 8’Rb system.

The paper is organized as follows: In Sec. II, we measure
binding energies of FMs close to the FR near 347.64 G with
the dissociation method. In Sec. III, we refine the interac-
tion potentials for the singlet and triplet states by fitting to
the binding energies near the two resonances using coupled-
channel calculations, and obtain an accurate mapping from
magnetic field to scattering length. In Sec. IV, we present ten
interspecies s-wave resonances in several different collisional
channels with atoms in F = 1, measured by observing the
enhanced atom losses. The observed resonance positions are
compared with the results of coupled-channel calculations
on the refined interaction potentials. In Sec. V, we give the
conclusions of the work.

II. MEASUREMENT OF THE **Na ¥ Rb FESHBACH
MOLECULE BINDING ENERGY

The most accurate method of characterizing a FR re-
lies on measurements of the binding energy E, of FMs by
dissociation [21,22,27,28]. This can be achieved by apply-
ing a radio-frequency pulse to drive a bound-free transition
[21,22,28]. The binding energy is obtained by subtracting the
free-free transition energy from the bound-free transition en-
ergy. In the current work, as shown schematically in Fig. 1(a),
the FM lies very close in energy to the free-atom pair. In this
case, the dissociation can be driven by magnetic-field modu-
lation spectroscopy [29,30]. As illustrated in Fig. 1(b), this is
implemented by adding a small-amplitude oscillation to the
magnetic field after the magnetoassociation. The oscillating
magnetic field can be expressed as B + A sin(2x ft), with B
being the final magnetic field that determines Ey,, A < By — B
and f the modulation amplitude and frequency, respectively.

(a) (b)

Na Rb 11 1y4+)11) B

° |‘%%W\t

FIG. 1. Measuring the binding energy of a Feshbach molecule
with magnetic-field modulation spectroscopy. (a) The binding en-
ergy of the FM is E,. A bound-free transition can be driven by an
oscillating magnetic field. (b) The FMs are first created by ramping
the magnetic field across By. After the magnetic field is stabilized to
its final value, a small-amplitude sinusoidal oscillation at frequency
f near E,/h is added to dissociate the FMs and measure the binding
energy. See the text for a more detailed description of the magnetic-
field ramping procedure.

Dissociation starts to occur when f matches Ey/h. For f >
Ey/h, the excess energy is converted to kinetic energy of
the free atoms as Ex = hf — Ey. Due to the variation of the
bound-free Franck-Condon factor with Ey [27], the dissocia-
tion spectrum is typically asymmetric and broad with respect
to f.

Our experiment starts from an optically trapped ultracold
mixture of >*Na and 8’Rb atoms, both in their lowest hyperfine
state |F = 1, mp = 1) [23,24,31]. Magnetoassociation starts
from an initial magnetic field of 350 G, just above the FR at
By = 347.64 G. The magnetic field is ramped down across the
resonance to form FMs, and then to 335.6 G. At this field,
the FMs have a nearly zero magnetic dipole moment; this
allows us to remove the residual atoms with a short and strong
magnetic-field gradient without losing molecules. Afterwards,
the magnetic field is ramped up to a range of target values
below By for further experiments. Following this procedure,
we can routinely obtain a pure sample of >*Na®’Rb FMs
with a typical temperature of 300 nK and a trap lifetime of
more than 30 ms. This short lifetime is due to near-resonance
photon scattering by the 947 nm optical trap light [31,32],
which is provided by a home-built diode laser system. In
another experiment on >*Na 8’Rb, in which a single-frequency
1064 nm laser is used as the optical trap light, FM lifetimes
greater than 100 ms have been observed [25,26]. Nevertheless,
the current lifetime is more than enough for the present work,
as we need only 10 ms for magnetic-field stabilization and less
than 1 ms for dissociation.

The magnetic-field modulation is generated by a single-
loop coil driven by a low-frequency high-power radio-
frequency amplifier. The single-loop coil is placed just above
the vacuum cell and coaxial with the Feshbach coils so that an
oscillating magnetic field of several mG can be added to the
large magnetic field. The coil has a limited modulation band-
width of about 2 MHz. To avoid the AC Stark shift from the
trapping light, the optical trap is turned off 50 us before the
modulation is applied. This also reduces possible systematic
errors induced by mean-field shifts of both the FMs and the
free atoms as the density of FMs is lowered. The duration of
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FIG. 2. Feshbach molecule dissociation spectrum at magnetic
field of (a) 347.371 G, and (b) 346.000 G. The red solid curves are
fit to Eq. (2) to extract the FM binding energies. Because of the
limited modulation bandwidth of the single-loop coil, only part of
the spectrum is accessible in panel (b).

the magnetic-field modulation pulse is chosen empirically so
that the fraction of dissociation is no more than 70%.

The dissociation signal is detected by absorption imaging
of the fragment 8’Rb atoms. Figures 2(a) and 2(b) show two
example dissociation spectra as a function of the modula-
tion frequency f for FMs at 347.371(5) G and 346.000(5)
G, respectively. Here the magnetic field is measured with
radio-frequency spectroscopy of the Rb atoms. Thresholds for
dissociation are clearly visible in both spectra. For Fig. 2(a),
no dissociation is observed for f below 60 kHz, while in
Fig. 2(b), the threshold is near 1.3 MHz. Since the dissocia-
tion process involves no momentum transfer, the dissociation
threshold is an accurate measurement of the binding energy Ej,
of the FM. Above this threshold, the profile of the spectrum
is determined by the overlap between the wave functions of
the bound and free states. As the excess energy hf — Ej is
converted into the relative motion of the two atoms, the wave
function of the free atoms and thus the bound-free transition
rate changes with f. Following Ref. [33], the lineshape of
magnetic-field modulation spectroscopy can be represented as

Jif —E,
o

For this lineshape, a dissociation maximum occurs at f =
2E, /h; above that, the signal decays with a long tail following
1/+/f. The spectrum in Fig. 2(a) follows this lineshape well.
For the spectrum in Fig. 2(b), the maximum is not reached due
to the limited modulation bandwidth. The same is true for all
the spectra with E,/h > 1 MHz.

To determine the dissociation threshold, we fit each spec-
trum with Eq. (2). For partial dissociation spectra like
Fig. 2(b), we have verified with simulated data that E}, can
still be determined with uncertainties less than 5 kHz. The
variation of Ey, with magnetic field, over a range from 0.061
to 1.739 MHz, is plotted in Fig. 3(a) as blue open circles.
The error bar for each Ej is smaller than the symbol size.
Near 347 G, the shot-to-shot fluctuation of the magnetic field,
which was measured with microwave spectroscopy of 8’Rb, is
+3 mG.

Figures 3(b) and 3(c) show values of E, for FMs that
were obtained in 2015 with the association method [24] near
the resonances at 347.64 and 478.7 G. In that work [24],
the binding energy was fit using the square-well model [34]
with a fixed background scattering length ap, = 66.77aq. This
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FIG. 3. (a) Binding energy of **Na®Rb Feshbach molecules
created via the FR near 347.64 G in the entrance channel Na |1, 1) +
Rb|1, 1). The blue open circles are the data points measured in this
work with the dissociation method. The error bars are smaller than
the symbol size. The red solid curve is from the coupled-channel
fitting, while the black dashed curve is from the universal model.
Panels (b) and (c) show the comparison between the previously
observed binding energies [24] (black open squares), measured using
the association method, and the calculations (red solid curves) from
the present coupled-channel model, for FMs created near the FRs at
347.64 G and 478.7 G, respectively.

value of ap, was obtained from the coupled-channel modeling
of the several Feshbach resonances observed with atom-loss
spectroscopy in 2013 [23]. However, the square-well model
requires ap; much larger than the interaction range, which
is set by the mean scattering length of the van der Waals
potential [35]; this is @ = 55.2 ay for >>Na 8’Rb. This condi-
tion is not satisfied for the Feshbach resonances considered
here. It is also well known that resonance positions measured
by atom-loss spectroscopy can be affected by the compli-
cated dynamics of three-body recombination. These issues
all contribute to the inaccuracy of the Feshbach resonance
parameters determined previously [24]. In the following, we
solve these issues with a coupled-channel modeling of the
binding energies of the FMs.

III. COUPLED-CHANNEL MODELING

Coupled-channel calculations rely on expanding the total
wave function for a pair of interacting atoms in a basis set
that represents the electron and nuclear spins and the relative
rotation of the atoms (the partial wave L). Substituting this
expansion into the total Schrodinger equation produces a set
of coupled differential equations that can be solved to obtain
either bound-state or scattering properties. The Hamiltonian
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for the interacting pair is

. B[ 1 d? I 3
H = ﬂ[_ﬁﬁR—l— ﬁ] +Hx+Hg +V(R), (3)
where R is the internuclear distance, u is the reduced
mass, and 7 is the reduced Planck constant. L is the two-
atom rotational angular-momentum operator. The single-atom
Hamiltonians H; contain the hyperfine couplings and the
Zeeman interaction with the magnetic field. The interaction
operator V (R) contains the two isotropic Born-Oppenheimer
potentials, for the X' singlet and a 3%F triplet states,
and anisotropic spin-dependent couplings which arise from
dipole-dipole and second-order spin-orbit coupling. In the
present work, scattering calculations are carried out using the
MOLSCAT package [36,37] and bound-state calculations use
the related packages BOUND and FIELD [37,38]. The scattering
wave function is expanded in a fully uncoupled basis set that
contains all allowed spin and rotational functions, limited by
Linax = 2. The numerical methods are similar to those used in
Ref. [39], so will not be described in detail here.

The interaction potential used here is based on the potential
curves for the X'S+ and a*X7 states of NaRb, originally
obtained by fitting to Fourier transform (FT) molecular spec-
troscopy [40] and later refined by Feshbach spectroscopy with
ultracold atoms [23]. The potential curve for each electronic
state, with spin S = 0 (singlet) or 1 (triplet), has three parts:
(1) a high-order power series in the well region, which is the
part best determined by FT spectroscopy; (2) a long-range
extrapolation, outside internuclear distance Ry r s, which uses
theoretical dispersion coefficients and a simple exchange
term; (3) a short-range extrapolation, inside Rsg s, which uses
a simple repulsion of the form Ag + By /R Rggr s is usually
chosen as a distance just outside the inner turning point of
the potential at zero energy. For particular values of Rsg s and
Ns, Ag, and By are usually determined so that the short-range
extrapolation has the same value and derivative at Rsg s as the
mid-range power-series potential.'

Our goal is to adjust the interaction potential to fit the
measured FM binding energies, while retaining as much as
possible its ability to reproduce the FT spectra. We therefore
keep the two power series that represent the singlet and triplet
potential wells fixed at the fitted values of Ref. [23]. We
also retain the long-range extrapolation in its original form,
with the dispersion coefficients unchanged. We vary only the
parameters Rggr s and Ny that define the short-range extrapo-
lations. For the triplet potential, Rsg 1 is held at its original
value from Ref. [23], and NV, is varied; this provides sufficient
flexibility to adjust the singlet scattering length and reproduce
resonance positions and binding energies. For the singlet po-
tential, however, the original value of Rgsg ¢ is so close to the
turning point that varying Ny does not allow enough change in
the potential to reproduce the experimental data. In this case
Ny is held at its original value from Ref. [23], and Rsr o is
varied.

The shape of the curve of E}, as a function of B is quite
insensitive to variations in the singlet and triplet scattering

I'This constraint was applied in the present work, but for the poten-
tial of Ref. [23] there are derivative discontinuities at Rgg s.

TABLE 1. Parameters of the two low-field s-wave Feshbach res-
onances for the entrance channel Na |1, 1) + Rb |1, 1).

By (G) A (G) avg (ap) Reference
347.648(33) 4.259(2) 76.33(1) This work
347.64 5.20 66.77 [24]
347.75 4.89 66.77 [23]
478.714(28) 3.495(3) 71.48(7) This work
478.83 4.81 66.77 [24]
478.79 3.80 66.77 [23]

lengths, represented by Rsgo and Nj. It is therefore suffi-
cient to fit to one binding energy from each FR. For the
resonance near 347.64 G, we choose the point with Ey/h =
0.611(6) MHz at 346.646(5) G, while for the resonance near
478.7 G, we choose the point with E,/h = 0.400 MHz at
478.052(10) G. The parameters Rsg o and N; are then adjusted
so that these binding energies are reproduced essentially ex-
actly. The resulting values are Rsr o = 27256 A and N; =
11.492.

The fitted potentials are used to calculate the binding en-
ergies of the bound states that cause the resonances near
347.64 and 478.7 G as a function of B, using coupled-channel
calculations, as described above. We also calculate the singlet
fraction and the magnetic moment with respect to free atoms.
The calculated binding energies E° are shown in Fig. 3 as
solid red lines; they agree with the experimental data very
well, even though only two data points are used in the fitting.
The relative residuals Ep,/E¢° — 1 are all within £2%.

We use the fitted potentials to calculate the s-wave scat-
tering length a(B). We find that each resonance is well
represented by Eq. (1). The parameters By, A, and ay, are
obtained as described by Frye and Hutson [41] and are given
in Table L. In Fig. 3(a), the binding energies calculated from
the universal model E, = /i*/2ua(B)? using the new a(B) is
also shown. Compared with the coupled-channel results (red
solid curve), this reproduces the data only for E, < 0.6 MHz.

A complete error analysis would require refitting in the
full parameter space of Ref. [23], which has more than 50
dimensions, and including all the experimental data from FT
spectroscopy. This is beyond the scope of the present work
and indeed has not been done for any of the alkali-alkali
interaction potentials fit to FT spectroscopy by the Hannover
group. In this work we focus on the parts of the poten-
tial needed to give a good account of the magnetic Fesh-
bach resonances near 347.64 and 478.7 G. These properties
are principally sensitive to the singlet and triplet scattering
lengths, which are adjusted using Rsr o and N;. Neverthe-
less, to estimate the way in which uncertainties in magnetic
fields and binding energies propagate, we have repeated the
fits with the two data points described above shifted in ei-
ther direction by their 1o uncertainties. This yields potential
parameters Rsg o = 2.7256(6)/0% and N; = 11.492(100). The
uncertainties in resonance parameters resulting from this are
included in Table I. It should be noted that there are additional
uncertainties due to model dependence and to parameters not
refitted here. It is not practical to evaluate these in a systematic
way.
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FIG. 4. Comparison of the mapping between magnetic field and
scattering length in units of Bohr radius gy with Feshbach resonance
parameters obtained in this work, using coupled-channel results di-
rectly (blue open circles) and fit to Eq. (1) (blue solid curve), and in
Ref. [24] (red dash-dotted curve) and Ref. [23] (black dashed curve),
both using Eq. (4). The region of interest for the droplet experiment
[26], marked with a vertical gray bar, is enlarged in the inset.

The singlet and triplet scattering lengths calculated
from the fitted potentials are a; = 106.487(3)ap and a; =
68.859(6) ay, respectively. These are 0.27 ay smaller and
0.24 gy larger than the values of Ref. [23], indicating that the
triplet potential needs to be slightly more repulsive than the
original at short range, while the singlet potential needs to be
slightly less repulsive.

In the present fit, the resonance near 347.64 G has shifted
by about 0.08 G compared with Ref. [23]. The resonance near
487.7 G has shifted by more than 0.1 G. These shifts produce
substantial changes in the calculated scattering lengths. More-
over, in Ref. [23], the calculated scattering length was fit using
the formula

Ao A
+
B—B, B-B

a(B)=abg[1+ +} “)
with a single B-independent background scattering length
aypg for all resonances. This formula breaks down when the
background scattering length varies significantly between res-
onances. In the present work, Eq. (1) is found to be a good
local representation for each resonance, but significantly dif-
ferent values of ayy are needed for the resonances at 347.64
and 487.7 G. Such behavior can arise from many sources,
including the changing spin character of atomic states with
magnetic field and the presence of additional resonances not
included in the summation of Eq. (4). As shown in Fig. 4, for
the resonance near 347.64 G, the scattering lengths calculated
with the new potential differ by about 20ay from those of
Ref. [24] in the region from 349.8 to 350.0 G that is important
for studies of Na—Rb quantum droplets. This change is signif-
icant and largely explains the discrepancies initially observed
between experiment and theory in Ref. [26].

All the coupled-channel calculations use a basis set that
includes functions for partial waves L = 0 and L = 2, with the

effective dipolar coupling function of Ref. [23] unchanged.
Omitting the L = 2 basis functions causes shifts that are on
the same level as the experimental uncertainties: the cal-
culated resonance positions and binding-energy curves shift
down by between 3 and 4 mG. It is possible to include addi-
tional partial waves, but we expect the shifts to be very small.
In contrast to Ref. [23], we do not include any variation of the
atomic hyperfine coupling with internuclear distance.

IV. ADDITIONAL FESHBACH RESONANCES

So far, most experimental work on the ?Na - ’Rb system
has been performed with the FR near 347.64 G. However,
23Na - ¥Rb actually has very rich resonance structure in col-
lisions between atoms in F = 1 states. In this section, we
investigate that structure. For simplicity, we denote the state of
a pair of 2Na + 8’Rb atoms by |m}?) + |mRP). Reference [23]
investigated the entrance channels |1) + |1) and |—1) + |—1)
and in total observed three s-wave and two p-wave FRs. In
addition, ten more s-wave FRs were predicted for collisions
between pairs of atoms in different F = 1 hyperfine Zeeman
states. In this section, we report the experimental observation
of several of these FRs below 1000 G in five hyperfine Zee-
man combinations. We believe these FRs will find important
applications in the future, for example in the investigation
of BEC mixtures and quantum droplets with more than two
components [42].

A. Experimental observation with atom loss spectroscopy

The experiment for this section starts from optically
trapped thermal mixtures of 2*Na and ¥’Rb atoms in the states
|—1) + |—1). The number of atoms for each species is typi-
cally around 10° and the sample temperatures are about 1 uK.
The atoms are then transferred to selected hyperfine Zeeman
levels by radio-frequency rapid adiabatic passage. For each
species, the Zeeman splittings |[—1) — |0) and |0) — |1) are
very similar. In addition, these splittings in different species
are very similar to each other. To avoid cascade transitions
and to realize species-selective state control, the state transfers
are performed at 100 G, where the transition frequencies all
differ by more than 500 kHz. With this method, we are able
to prepare the *Na-3Rb mixture in all nine possible my
combinations of the F = 1 states.

After the state preparation, we ramp the magnetic field
to different values and hold the samples for typically 50 ms
before releasing the atoms from the optical trap and measuring
the numbers of atoms remaining. Interspecies FRs manifest as
losses of both 2Na and ¥Rb atoms, as a result of enhanced
interspecies three-body recombination rates or enhanced two-
body inelastic processes. As shown in Fig. 5, we observe ten
FRs in six hyperfine Zeeman combinations.

The observed loss features have a wide range of widths.
This is partly due to the availability of different inelastic loss
channels for different entrance channels. For two-body colli-
sions in a central field, the total angular-momentum projection
Mp = mR® + m* is conserved. However, when [Mp| <2
there is more than one channel with very similar energy.
Figure 6(a) shows the threshold energies of the two channels
with Mp =1 in a magnetic field up to 1000 G. |1) + |0)
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channels in the My = 1 manifold; Panels (c)—(e) are for the three channels in the My = 0 manifold. The typical holding time at each magnetic
field is 50 ms. The solid curves are from Gaussian fitting to determine the lineshape center. Error bars for the atom numbers represent one
standard deviation. The large error bars for the magnetic field for the several broad loss spectra are due to less precise magnetic field control in

these cases (see text).

always has lower energy than |0) 4 |1). Correspondingly, the
two loss features for the entrance channel |0) + |1), shown
in Fig. 5(b), are broadened by inelastic loss due to spin ex-
change to the channel |1) 4 |0) [43,44]. The three channels
with Mp = 0, shown in Fig. 6(b), are more complicated. The
lowest-energy channel is |—1) + |1) for magnetic fields below
1 G [44], |0) 4+ |0) between 1 and 450 G, and |—1) + |1)
above 450 G. The highest-energy channel is always |1) +
|—1). As shown in Fig. 5(c), for the entrance channel |0) +
|0), the resonant feature near 411 G is very narrow, while the
other two features near 526 and 760 G are increasingly broad.
For the entrance channel |—1) + |1), only a narrow resonance
near 724 G is observed. For the entrance channel |1) + |—1),
all the observed loss features are very broad.

Experimentally, for the loss spectra with widths narrower
than 10 G, the magnetic field is controlled by a high-

0 0
M =1 = Mg=0
—_ N —_ ~°\
¥ 5001 3 N
= S -500f ..
B 1000l 3 —— Na[1,1>+Rb|1,-1>"3
2 - - -Nal1,1>+Rb|1,0> 2 - - -Na|1,0>+Rb|[1,0>  “*,
w —— Na|1,0>+Rb|1,1> w - = Na|1,-1>+Rb|1,1> v,
5001 -1000f DR
@, (b)
0 200 400 600 800 1000 0 200 400 600 800 1000

Magnetic field (G) Magnetic field (G)

FIG. 6. (a) Channel energies for the manifold with My =1 for
magnetic field up to 1000 G. (b) The same for the manifold with
My = 0. The energies of the channels |0) + |0) and |—1) + |1) cross
each other near 450 G, as marked by the black open circle. For each
M, atom pairs in higher-energy channels can undergo inelastic loss
by spin exchange to the lower-energy channels.

stability feedback system and also calibrated locally with rf
spectroscopy on ¥’Rb atoms immediately after taking each
loss spectrum. The measured magnetic fluctuation is around
10 mG. For very broad spectra, the magnetic field is controlled
less precisely and the fluctuation is larger.

To extract the resonance center for each resonance, we fit
the loss spectra of both the Rb and **Na atoms to Gaus-
sian functions, giving the red curves in Fig. 5. For all the
resonances, the parameters obtained from the fitting are not
the same for the two species. The resonance centers By ™
listed in Table II are the means of the fitted resonance centers
of 8Rb and »*Na. The center and width measured in the
loss spectroscopy are likely to be shifted from the By and A
parameters of a FR as in Eq. (1) because of the complicated
two-body and three-body physics of loss.

B. Theoretical modeling

We have carried out coupled-channel calculations of res-
onance parameters for both elastic and decayed resonances,
using the interaction potentials obtained in Sec. III. The results
are included in Table II. For elastic resonances, the resonance
positions for the lowest threshold of each M is first located
with the FIELD program [37,38]. The FRs are then character-
ized using the MOLSCAT program [36,37] following the elastic
procedure of Ref. [41], which converges on the resonance
position Bg°, the elastic resonance width A, and the back-
ground scattering length ape. Here ay, is a local background
scattering length that is different for each resonance. In the
current calculation, we have not included the spin-spin inter-
action, so that both the quantum number L of the partial wave
and its projection M|, are conserved in the calculation. Since
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TABLE II. Comparison of experimental resonance positions By™" with theoretical parameters for interspecies FRs below 1000 G in

BNa - "Rb, for the nine F = 1 entrance channels. L indicates the partial wave of the entrance channel. Bg""l is the mean of the centers of
the loss spectra for 2*Na and 8’Rb in Fig. 5, determined by Gaussian fitting. Error bars represent one standard deviation. The theoretical
values are from coupled-channel calculations using the singlet and triplet potential-energy curves described in Sec. III with the latest potential
parameters. Bi°, A, and ay, are the theoretical position, elastic width, and background scattering length, respectively. The last column “Inel.?”
indicates whether the FR is subject to inelastic losses from spin exchange. For decayed FRs with inelastic losses, the resonant scattering length

ares and the inelastic width T, are also listed.

Entrance channel L B;P(G) B (G) A(G) ang(do) res (ag) Cinet (G) Inel.?
Na|l, 1) + Rb|1, 1) 1 284.1(3) 283.894 N
1 284.2(3) 283.936 N
1 284.9(3) 284.735 N
1 285.1(3) 284.993 N
0 347.61(2) 347.648 4.259 76.33 N
0 478.82(3) 478.714 3.495 71.48 N
Na|l, 1) + Rb |1, 0) 0 388.5(2) 388.577 5.684 78.44 6550 —0.136 Y
0 522(10) 524.3 1.01 74.3 13 —12 Y
Na|l,0) +Rb]|l1, 1) 0 358.078 <0.001 80.11 N
0 484.45(5) 484.569 4.476 77.26 N
0 570.441 <0.001 73.78 N
0 716.97(6) 717.166 5.593 73.00 N
Na|l, 1) + Rb|1, —1) 0 587(3) 580.7 0.24 82.4—0007  2.4+4009i —17 Y
0 920(1) 913.4 0.09 81.1 +0.035: 0.540.1{ —-31 Y
Na|l, 0) + Rb]|1, 0) 0 410.90(1) 409.810 0.176 82.33 N
0 526.29(3) 526.548 5.676 78.13 23500 —0.0377 Y
0 759(13) 768.8 1.64 75.5 20 —12 Y
Na|l,—1)+Rb]|1, 1) 0 419.648 <0.001 80.11 0.255 —0.345 Y
0 516.986 0.003 79.40 N
0 724.38(4) 727.270 4.870 76.44 N
Na|l,0) +Rb]|1, —1) 0
Na|l, —1) + Rb|1,0) 0 609.754 0.416 80.57 N
0 759.441 5.676 78.83 N
Na|l,—1)+Rb|1, —1) 0 899.8(3) 900.317 —0.315 79.27 N
1 954.2(3) 954.755 N
1 954.5(3) 955.024 N

Mo = mi¥* + mR® + My, is conserved, only closed channels
with Mp = m¥® + mR® the same as the colliding atoms can
cause FRs.

When an inelastic channel is present, the states at threshold
are quasibound, so using FIELD is more complicated. Instead,
the FRs are located by computing the scattering lengths for
magnetic fields up to 1000 G using the MOLSCAT program
[36,37]. Once a FR is located, the resonance parameters are
then determined following the regularized scattering length
or fully complex procedure of Ref. [41]. In this case, the
scattering length is complex and shows an oscillation rather
than a pole at resonance [45]. Such a resonance is termed
decayed, and the procedure generates the resonant scattering
length a.s and the inelastic width T'j, in addition to B°, A,
and ap,.

The calculation reproduces all the observed s-wave reso-
nances. As shown in Table II, the deviations between Bj° and
By are within 0.5 G for most of the elastic FRs, labeled
by “N” in the last column (“Inel?”). The only exception is
the resonance observed at 410.9 G for the entrance chan-
nel |0) 4 10), for which Bg is 1.1 G lower. As shown in
Fig. 6(b), this channel features a nearby switch-over between
the relative channel energies near 450 G. The four s-wave

resonances for the entrance channels |1) + |1) and |0) + [1)
all have calculated resonance widths A of several Gauss. They
should all be useful for investigating >*Na-%"Rb mixtures
with tunable interactions. These resonances also have rather
small calculated effective ranges, on the order of tens of ay;
thus for most applications, using the scattering lengths should
be sufficient.

The decayed FRs can have very different characters, de-
pending on aes and/or ;. When ay is large and IMjpe) < A,
the resonance may be fairly similar to the elastic case and be
dominated by three-body loss. However, when a5 is small
and Iy, is comparable to or larger than A, the loss is more
likely to be dominated by two-body loss. This looks to be the
case for the resonances at 522 G for |1) 4 |0), at 759 G for
|0) + |0), and the unobserved one at 420 G for |—1) + |1). It
is also true for both resonances for |1) 4+ |—1), but for those
there is a significant background loss characterized by the
imaginary part of ap,.

For the decayed resonances with i) < 1 G at 388 G for
[1) 4+ |0) and at 526 G for |0) + |0), the calculated resonance
positions B agree with the measured resonance positions
B™" very well. However, deviations up to several Gauss are
observed for inelastic resonances with large I'jpe). These can

023313-7



GUO, JIA, ZHU, LI, HUTSON, AND WANG

PHYSICAL REVIEW A 105, 023313 (2022)

be attributed to several factors. For the two resonances with
very broad observed loss spectra at 522 G for |1) + |0) and at
759 G for |0) + |0), the resonance centers have large uncer-
tainties near 10 G. In addition, in presence of the background
loss, the two-body loss induced by these resonances has an
asymmetric (Fano-like) profile and its measured peak is not
at By. Finally, although we have not studied them carefully,
some nearby intraspecies FRs in Na or Rb may also affect the
measurements of the resonance positions.

Several resonances predicted by the coupled-channel cal-
culation are not observed experimentally. Most of these are
very narrow ones with calculated A in the mG range. No res-
onance is found from the calculation for the entrance channel
|0) + |—1). In addition, we have not searched experimentally
for FRs in the entrance channel |—1) + |0) although the cal-
culation indicates that two resonances should exist.

Table II also lists the several p-wave FRs reported in
Ref. [23] for the entrance channels |1) + |1) and |—1) + |—1).
As mentioned above, we have not attempted to improve the
agreement between the current calculation and the experiment
by including the dependence of the atomic hyperfine coupling
on R. We note that Ref. [46], which presented a compilation
of FRs for alkali-metal atoms calculated with multichannel
quantum-defect theory (MQDT), identified the resonance near
284 G as a “broad” p-wave resonance.

It would be possible to perform a full-scale coupled-
channel fitting to these resonances. This, however, is not
pursued here because it would involve further adjustments to
the potential parameters beyond those used in Ref. [26]. In
view of the inaccuracy of the loss spectroscopy compared with
the measurements of FM binding energies, we believe such a
fitting is not currently justified.

V. CONCLUSION

We have measured precise binding energies for the
bound state responsible for the broad Feshbach resonance
near 347.64 G in the lowest Zeeman hyperfine channel of
2Na-%Rb. The measurements use magnetic-field modula-

tion spectroscopy to dissociate Feshbach molecules. We have
used these measurements, together with earlier measurements
[24] of the bound states responsible for the resonance near
478.7 G, to refine the repulsive part of the potential-energy
curves for the singlet and triplet electronic states, using
coupled-channel bound-state calculations. We have then used
coupled-channel scattering calculations on the refined inter-
action potentials to provide a precise mapping a(B) from
magnetic field to scattering length. The mapping differs sub-
stantially from earlier results [23,24]. It sets the stage for
experiments on ultracold mixtures of *Na - 3’ Rb with tunable
interactions, such as quantum droplet formation and stability
[26], polaron physics, and Efimov physics [25].

We have also measured ten Feshbach resonances in a
variety of Zeeman combinations of »Na (F = 1) and %’Rb
(F = 1). We have carried out coupled-channel scattering cal-
culations of the resonance parameters, including positions
and both elastic and inelastic widths. For resonances where
only elastic scattering is possible, or inelastic decay is weak,
the positions are in generally good agreement with exper-
iment. However, there are other resonances for which the
calculations identify strong inelastic decay, which can shift or
broaden the resonances and in some cases makes them unob-
servable by the present methods. The rich resonance structure
in the >*Na-%Rb system makes it a candidate for studying
multiple-component ultracold mixtures with two tunable in-
terspecies interactions [42]. In addition, there are resonances
with partial-wave quantum number L = 1 that may be useful
for investigating quantum gas mixtures with nonzero relative
angular momentum [46,47].
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