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Thermalization and Sub-Poissonian Density Fluctuations
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We observe thermalization in the production of a degenerate Fermi gas of polar “°K®’Rb molecules. By
measuring the atom-dimer elastic scattering cross section near the Feshbach resonance, we show that
Feshbach molecules rapidly reach thermal equilibrium with both parent atomic species. Equilibrium is
essentially maintained through coherent transfer to the ground state. Sub-Poissonian density fluctuations in
Feshbach and ground-state molecules are measured, giving an independent characterization of degeneracy
and directly probing the molecular Fermi-Dirac distribution.
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Degenerate gases of polar molecules, which exhibit
long-range, anisotropic dipole-dipole interactions, open
new possibilities for engineering strongly correlated quan-
tum matter [1-9]. Heteronuclear molecules have been
produced near quantum degeneracy by magnetoassociation
of weakly bound Feshbach molecules followed by coherent
optical transfer to the rovibrational ground state [10-17].
Recently, a degenerate Fermi gas of polar “°K®Rb mole-
cules was realized using this method, starting from a deeply
degenerate Bose-Fermi atomic mixture [18]. The degen-
erate molecules were found to have momentum distribu-
tions consistent with thermal equilibrium and exhibited
reduced chemical reactivity due to quantum statistics.

Reaching higher phase space density remains an out-
standing challenge in ultracold molecule experiments.
Multiple factors hinder efficient evaporation of ground-
state molecules, including inelastic loss [19,20] and weak
elastic interactions in the absence of an applied electric
field [21]. Thus, producing degenerate Feshbach molecules
can be critically important for creating degenerate ground-
state molecules. Feshbach molecule conditions may depend
sensitively on atom-dimer thermalization during the mol-
ecule association process, which has not been studied in
experiment.

Bosonic Feshbach molecules formed in Fermi-Fermi
mixtures are observed to reach thermal equilibrium due to
strong atom-dimer and dimer-dimer elastic interactions and
fermionic suppression of inelastic processes [22-28]. For
heteronuclear molecules produced from Bose-Fermi mix-
tures, the situation is more complex. Inelastic boson-dimer
collisions play a larger role [29-31] and atom-dimer elastic
scattering has not been previously measured. Characterizing
elastic and inelastic processes in these systems is essential
for understanding thermalization dynamics and optimizing
the production of a low-entropy sample.
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In this Letter, we demonstrate that “°K3’Rb Feshbach
molecules (KRb*) produced from a degenerate Bose-Fermi
mixture rapidly come to thermal equilibrium, and that
equilibrium is essentially maintained after coherent transfer
to ground-state molecules (KRb). To quantify elastic proc-
esses during KRb* formation, we measure the magnitude of
the atom-dimer scattering length for K-KRb* and Rb-KRb*
collisions as a function of the magnetic bias field. We find
that the molecular degeneracy saturates as a function of the
magnetoassociation ramp rate, indicating that elastic colli-
sions predominate over inelastic collisions and lead to
thermalization. As a direct probe of the state occupation
of degenerate molecular samples, we additionally measure
sub-Poissonian number fluctuations in KRb* and KRb, a
technique previously used to characterize degeneracy and
phase transitions in atomic gases [32—37]. The momentum
distribution in time-of-flight (TOF) expansion and the spatial
profile of density fluctuations give consistent results for the
molecular T/Ty, where Ty is the Fermi temperature,
validating the thermometry of the gas.

We prepare an ultracold mixture of fermionic *°K in the
|F,mg) =19/2,-9/2) hyperfine state and bosonic 8’Rb in
the |1, 1) state in a crossed optical dipole trap. The trap
frequencies are (w,,w,,w,) = 2z x (60,240,60) Hz for
K, and are scaled by factors of 0.72, 0.83, and 0.79 for Rb,
KRb*, and KRb, respectively. The trap y axis and the
bias magnetic field B are aligned in the direction of
gravity. Feshbach molecules are produced by ramping B
through the broad interspecies resonance at By = 546.62 G
(3.04 G width) [38], and subsequently can be transferred to
the ground state using stimulated Raman adiabatic passage
(STIRAP). Initial atom conditions for optimal molecule
production are 5 x 10° K at T/Tr = 0.1 and 6 x 10* Rb at
T/T.=0.5, resulting in 3 x 10* KRb molecules at
T/Tr=0.3[18].
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The interplay of atom-atom and atom-dimer elastic and
inelastic processes, which depend on the detuning from the
Feshbach resonance, leads to a complicated evolution of the
K-Rb-KRb* mixture during the Feshbach ramp. Inelastic
processes in this system have been previously characterized
experimentally [29,30]. Near the Feshbach resonance, free
K and Rb atoms are indistinguishable from the weakly
bound molecular constituents, leading to fermionic sup-
pression of inelastic collisions of KRb* with K and bosonic
enhancement of those with Rb. In order to minimize inelastic
Rb-KRb* losses, the initial Rb numberis chosen so that Rb is
no longer condensed after molecule production. After
forming molecules, the peak density of K is approximately
10 times larger than Rb, so thermalization of KRb* is
expected to occur predominantly through collisions with K.
Despite the low Rb density, we expect a small number of
Rb-KRb* elastic collisions to occur during the Feshbach
ramp; measurements of the Rb-KRb* scattering length are
included in the Supplemental Material [39].

Here, we extract the elastic cross section for K-KRb*
scattering as a function of B by measuring the damping of
KRb* center-of-mass oscillations due to collisions with K.
The damping rate is proportional to the elastic collision rate
[ =760y, where i=(1/Ng+1/Nggy ) [ ngngry: d>x is the
overlap density between the two species, ng (nggry) 1S
the K (KRb*) density distribution, & is the K-KRb* elastic
cross section, and v, = [(8kg/7) (T / mx + Txry: / Mgy )] />
is the average relative velocity between the two species
[45-49]. We assume s-wave atom-dimer collisions, so that
o = 4na2,/(1 + k3 a2,), where a, is the K-KRb* atom-
dimer s-wave scattering length, ky, = /2ukzT/h?* is the
thermal collision wave vector, and y is the K-KRb* reduced
mass [50]. A universal prediction gives a,q4 = 1.09a near the
Feshbach resonance for the mass ratio my/mg, = 0.46,
where a is the K-Rb scattering length [51].

To perform the measurement, first we produce ground-
state KRb at B = 545.5 G and remove all of the Rb atoms
and a fraction of the K atoms using a combination of
microwave pulses and light resonant with the atomic
transition. A second STIRAP sequence transfers the mol-
ecules back to the Feshbach state, producing a sample
of 2x10* KRb* at T=300nK and 1.5x 10° K at
T = 600 nK. The timing of the two STIRAP pulses is
chosen such that the photon recoil selectively excites a
center-of-mass oscillation of KRb* [39]. Next, we ramp to
the target B in 0.5 ms, and after a variable hold time, image
the position of KRb* after 6 ms TOF. Because of the large
number imbalance between K and KRb*, no induced
motion of K is observed. By fitting the decay of the
KRb* oscillations, corrected by a small background damp-
ing rate due to trap anharmonicity, we obtain a measure-
ment of the collision rate ' and extract |a,q|. The upper
panel of Fig. 1 shows the KRb* oscillations at a field of
B = 546.1 G with varying overlap density 7. Over nearly a
factor of four in 7, we extract consistent values of |a,q].
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FIG. 1. Upper panel: example oscillations of KRb* at

B =546.1 G, varying the overlap density 7. The values of
|aaq| = 684(110)a, and 648(88)a, extracted from the middle
and bottom data, respectively, are in good agreement. Lower
panel: |a,q| vs B — By. Dashed line is a fit to the experimental
data; see main text. For comparison, the K-Rb scattering length
a(B) is shown (solid line). The overlap density for these
measurements is 72 = 1.0(1) x 10'?> cm™3. Vertical error bars
denote the standard error; horizontal error bars reflect a small
settling of B during the hold time.

Since K is initially much hotter than KRb*, KRb* rapidly
heats to the temperature of K. Measuring the timescale of
this heating gives a consistent measurement of the atom-
dimer cross section [39].

The results are summarized in the lower panel of Fig. 1,
which shows the extracted |a,q| as a function of B — B,,.
We perform measurements in the region a < 2000q
(B — By < —0.3 G), where the average collision energy
is lower than the binding energy. The measured |a,q]
as a function of B is fit with a single parameter c,
which accounts for a scaling |a,q| = ca. The best fit gives
¢ =0.74(5). Because of the high collision energy and
relatively low atom-atom scattering lengths considered
here, we do not necessarily expect that the universal
prediction a,q = 1.09a holds [51]. Nonetheless, we
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measure a large atom-dimer scattering length whose
magnitude increases near the resonance. An estimate using
our typical atomic and molecular densities and the mea-
sured |a,y| suggests more than six elastic collisions
per molecule occur during a 5 ms Feshbach ramp
from 555 to 545.5 G (1.9 G/ms ramp rate), enabling
thermalization [39].

Varying the Feshbach ramp rate provides an additional
method for probing the balance between elastic and
inelastic scattering rates [22]. In the molecule creation
process, there is a competition between thermalization,
which favors slower ramp rates, and inelastic losses, which
are minimized with faster ramp rates. Figure 2 shows the
T /Ty of the KRb cloud, measured by fitting the shape of
the cloud after TOF expansion, as a function of the B ramp
rate. For intermediate ramp rates of 0.5-3 G/ms, T/T
reaches a minimum at 0.3. At very slow ramp rates
(<0.5 G/ms), we observe substantial loss from inelastic
processes, resulting in a sharp increase in the molecular
T/T . We also observe a gradual rise in T/Tf as the ramp
time becomes much shorter than the trap oscillation period,
while the molecule number remains constant, suggesting
that thermalization is hindered for fast ramp speeds.

To confirm that the molecules are in thermal equilibrium,
we measure the number fluctuations in the gas as an
independent probe of T/Tp. Within a subvolume of a
classical gas at any temperature, fluctuations are
Poissonian, meaning the particle number variance over
many experimental repetitions is equal to the mean:
o%/N = 1. In the case of a Fermi gas with T/Tp < 1,
where nearly all states below the Fermi energy are singly
occupied, the peak variance is suppressed below the mean
by the factor (3/2)T/Ty [34]. Therefore, the quantity
0% /N is directly related to the degeneracy of the sample
and provides a local measurement of state occupation.

The T/Tr of molecules has so far been measured by
fitting the momentum distribution after free expansion. The
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FIG.2. KRb T/Tf vs Feshbach ramp rate. Error bars denote the
standard error. The most degenerate molecules are created with
intermediate ramp rates of 0.5-3 G/ms.

result is in good agreement with the ratio of the measured
temperature and the T calculated from the molecule
number and trap frequencies. One important consideration
for thermometry of ground-state molecules is the effect of
STIRAP, which uniformly introduces a small number of
holes in the KRb state distribution while preserving the
shape of the expanded cloud. Here, we validate expansion
thermometry by measuring local number fluctuations in
degenerate molecular gases, and show that STIRAP has
only a small effect on the molecular state occupation even
for the lowest temperatures achieved.

We perform measurements of number fluctuations on K,
KRb*, and KRb after 6 ms of free expansion [39]. For
measurements on KRb, two successive STIRAP sequences
are used: the first converts KRb* to KRb and the second
converts KRb to KRb* for imaging prior to TOF expansion.
The total duration of the two STIRAP sequences is 270 us,
short enough that inelastic losses between KRb and the
remaining atoms are negligible [19]. In order to accurately
count the molecule number, we adiabatically dissociate
KRb* during expansion with a 2.5 G/ms ramp of B before
imaging [52]. Sub-Poissonian number fluctuations have
not been previously observed in molecules, making
characterization of the imaging system and of the data
analysis procedure essential. We use measurements on
degenerate and nondegenerate K atoms to benchmark
the experimental methods against previous studies on
atomic Fermi gases [34,35].

We postselect images to reduce shot-to-shot variation by
automatically discarding outliers in total number and
temperature and do not manually exclude any images.
Final analysis is performed on 50—60 absorption images of
each species. We subdivide the images into bins and fit each
to the Fermi-Dirac momentum distribution. Subtracting
each fitted profile from the raw optical density profile
normalizes against total particle number fluctuations,
which would otherwise be the dominant contribution to
the variance. By additionally subtracting technical sources
of variance—photon shot noise, camera readout noise, and
saturation corrections—we obtain the particle number
mean and variance for each bin in the set of images.
The measured variance is scaled up to account for imaging
resolution and depth-of-field effects, using a scaling factor
of 2.2 determined from experimental measurements and
simulations of nondegenerate K [39]. Finally, we compute
0% /N for each bin across all images and compare it to
theoretical predictions in order to extract the average T/T
of the set of images.

Figure 3 shows the dependence of number variance on
mean number for degenerate KRb and nondegenerate K. In
the nondegenerate case, the variance has linear scaling with
mean number over the entire gas, the result expected from
Poissonian statistics. By contrast, the degenerate KRb
exhibits nonlinear scaling of fluctuations, which separate
into two distinct regimes. At the edge of the cloud,
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FIG. 3. Variance vs mean number for nondegenerate K (open

squares) and degenerate KRb (solid triangles), averaged over bins
with similar mean number. The dashed line indicates equal mean
and variance, the expected result for classical particles, and the
solid curve is a guide to the eye.

corresponding to bins with the lowest mean molecule
number, the fluctuations are Poissonian due to high avail-
ability of unfilled states near the Fermi surface. At the
center of the cloud, corresponding to bins with the highest
mean molecule number, the fluctuations are sub-Poissonian
since most states are filled.

Integrating the particle density in the imaging direction
and using the local density approximation, the spatial
profile of the variance suppression is given by

Li] (_Ce—V(x.z)/kBT)

T Lig(—Ce Vel (1)

2|

where  is the peak fugacity, V(x, z) is the optical potential
in the imaging plane (scaled by the TOF), and Li; is the
polylogarithm function of order i [35]. Since here V(x, z) is
harmonic, in situ number fluctuations are preserved in TOF
[34]. Figure 4(a) shows profiles of the mean and variance

for each species, obtained in separate experimental runs.
The suppression is largest at the center of the gas and is
reduced approaching the edges, due to the spatial profile of
the trapping potential. Independent measures of 7/T are
obtained by (i) fitting the cloud profile in expansion or
(i1) fitting the variance suppression to Eq. (1) and extracting
¢. Comparing the T/Tf fit from both methods, we find
close agreement for all species across a large range of T/T i
[Fig. 4(b)].

STIRAP transfers KRb* to KRb with a measured
efficiency of 85%, producing a slightly out-of-equilibrium
initial KRb distribution and increasing the observed num-
ber fluctuations. In the general case of molecule formation
in bialkali atomic mixtures, STIRAP efficiency poses a
technical limitation on degeneracy in the absence of
ground-state molecule thermalization [39]. For KRb* with
T/Tp = 0.4, the occupation fraction of the lowest-energy
state in the trap is approximately 0.77. After the application
of STIRAP, treated as a binomial process with uniform
conversion efficiency over the entire molecular distribution,
the occupation fraction is reduced by 15%. The resulting
increase in number fluctuations corresponds to a 17%
increase in T/Tr [39]. For these conditions, the effect of
STIRAP is small since the number of thermal holes is still
significant.

When KRb is transferred back to KRb* for imaging, the
second STIRAP sequence introduces additional holes;
however, since the physical KRb distribution is not
affected, this is an imaging artifact and can be corrected
[39]. Accounting for the added variance reduces the KRb
T/Tp extracted from Eq. (1) from 0.49(2) to 0.44(2). As
shown from the comparison to expansion profile fitting
in Fig. 4(b), the overall effect of STIRAP on the state
occupation is minimal.

We have shown that atom-dimer elastic collision proc-
esses thermalize Feshbach molecules during conversion
and enable the production of a degenerate molecular
Fermi gas at equilibrium. Sub-Poissonian density fluctua-
tions measured in degenerate Feshbach and ground-state

Mean and
Variance (arb. units)

0 100
Position (um)

FIG. 4.

T T T T T L
£ KRb | 2 050 (b) +.7
Ay S 2
. AA AwM .S 04 s ’ /_+_ 7]
X AAAA g F . . 4
§ N g 0.3 + - T
A * w r 4 ’
Ant N I =] S i
AL \ ) = S R T |
-100 0 100 0.2 0.3 0.4 0.5
T/Tg (Expansion)

(a) Mean (open symbols) and variance (solid symbols) profiles, in units of maximum particle number per bin, for K, KRb*, and

KRb, averaged over the central 30 camera pixels of each image in the z direction. Solid lines are fits of the mean and variance to the
Fermi-Dirac distribution and Eq. (1), respectively, used to independently determine the 7'/T of each set of images. (b) Comparison
between T/ T extracted from both fitting methods for K (square), KRb* (circle), and KRb (triangle). Dashed line indicates equal 7/T
between the two methods. In both panels, KRb variance is not corrected for STIRAP effects (see main text). Error bars are statistical and

correspond to standard errors of the mean.
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molecules provide independent thermometry and a con-
sistent picture of thermal equilibrium. In future experiments
on polar molecular gases, local measurement of fluctua-
tions could be used as a sensitive probe of many-body
correlations.
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