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We study the decay of a dense, ultracold sample of weakly bound DyK dimers stored in an optical dipole trap.
Our bosonic dimers are composed of the fermionic isotopes ¢! Dy and 4°K, which is of particular interest for
experiments related to pairing and superfluidity in fermionic systems with mass imbalance. We have realized
dipole traps with near-infrared laser light in four different wavelength regions between 1050 and 2002 nm. We
have identified trap-light-induced processes as the overall dominant source of losses, except for wavelengths
around 2000 nm, where light-induced losses appeared to be much weaker. In a trap near 1550 nm, we found a
plateau of minimal light-induced losses, and by carefully tuning the wavelength we reached conditions where
losses from inelastic collisions between the trapped dimers became observable. For very weakly bound dimers
close to the center of a magnetically tuned Feshbach resonance, we demonstrate the Pauli suppression of

collisional losses by about an order of magnitude.

DOI: 10.1103/ftpc-qqéc

I. INTRODUCTION

Since its first demonstration almost 40 years ago [1],
the trapping of atoms by the optical dipole force in off-
resonant laser light [2] has become a key technique in modern
atomic physics and quantum sciences [3]. Optical dipole traps
(ODTs) have found numerous applications, e.g., for ultrapre-
cise atomic clocks [4,5], for precision measurements [6—8],
and for quantum computation and simulation [9-12]. In the
broad research field of ultracold quantum gases [13—15], opti-
cal dipole trapping schemes have, in many cases, served as the
enabling tool to achieve quantum degeneracy [16—18] and to
create novel quantum-degenerate systems with single species,
spin mixtures, and mixtures of different species.

In the rapidly developing field of ultracold molecules,
ODTs are widely employed for the preparation of cold
and dense atomic samples, serving as a starting point to
create molecules by subsequent photo- [19,20] or magneto-
association [21,22] techniques. A multitude of different
experiments have been carried out on optically trapped
molecules, such as collisional studies [23-25] and the ma-
nipulation of internal states [26-28]. A very prominent
example is the transfer of dimers to their rovibronic ground
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state [29-31]. Quantum degeneracy of molecular samples
was achieved more than 20 years ago with the observation
of molecular Bose-Einstein condensation (BEC) of weakly
bound pairs of fermionic atoms [32-34] and the experimental
realization of the crossover from BEC to Bardeen-Cooper-
Schrieffer (BCS)-type systems [35-39]. The condensation of
weakly bound molecules made of bosonic atoms was demon-
strated in Ref. [40] and, most recently, BEC of ground-state
dipolar molecules was achieved [41,42]. Another important
development in the field is the optical dipole trapping and
manipulation of diatomic [43-45] and polyatomic [46,47]
molecules using optical tweezers and tweezer arrays. To
fully exploit the wide application potential of ODTs for
experiments on ultracold molecular samples, thorough under-
standing of the limiting processes is required. The complex
interactions between molecules along with their very rich
level structure can lead to additional effects not relevant for
trapped atomic samples.

In our laboratory, we have demonstrated [48] the prepara-
tion of optically trapped samples of weakly bound bosonic
dimers, composed of two different fermionic constituents,
161Dy and “°K. We have achieved efficient molecule pro-
duction by applying standard magneto-association techniques
(Feshbach ramps [21,22]) to a double-degenerate atomic mix-
ture. The samples of Feshbach molecules created in this way
are of great interest in view of molecular Bose-Einstein con-
densation in heteronuclear systems and, in a more general
sense, as a starting point for the realization of many-body
states of strongly interacting fermions with mass imbalance
in BEC-BCS crossover regimes [49-51]. Such systems are
particularly promising for the realization of asymmetric su-
perfluids with unconventional pairing mechanisms [52-55],
most notably the elusive Fulde-Ferrell-Larkin-Ovchinnikov

Published by the American Physical Society


https://orcid.org/0009-0006-8367-209X
https://orcid.org/0009-0008-0355-112X
https://orcid.org/0009-0006-3974-1203
https://orcid.org/0000-0002-7994-1975
https://orcid.org/0000-0001-5259-2210
https://orcid.org/0000-0003-0878-8296
https://orcid.org/0000-0003-1085-5558
https://ror.org/054pv6659
https://ror.org/056hzt889
https://crossmark.crossref.org/dialog/?doi=10.1103/ftpc-qq4c&domain=pdf&date_stamp=2026-05-08
https://doi.org/10.1103/ftpc-qq4c
https://creativecommons.org/licenses/by/4.0/

ALBERTO CANALI et al.

PHYSICAL REVIEW A 113, 053306 (2026)

(FFLO) state [56—58]. In addition to that, a variety of inter-
esting few-body phenomena has been predicted to emerge in
resonant fermion mixtures [59-61].

A question of central importance concerns the stability of
the trapped dimer sample against inelastic dimer-dimer col-
lisions. For homonuclear dimers in fermionic spin mixtures,
it is well known that a Pauli suppression effect [14,62] can
strongly reduce collisional losses, thus greatly enhancing the
stability of the system. We would expect a similar effect to
be present for our weakly bound DyK molecules [63,64], but
our previous attempts to study collisional effects [48] were
obstructed by another, by far dominant loss mechanism. Our
experiments provided strong evidence for a light-induced de-
cay caused by the ODT itself. The loss effect has been noted
before in a few bi-alkali molecular systems [43,65,66], but it
appears to play a much more important role for more complex
dimers like LiCr [67] and DyK.

In the present work, we report on systematic studies of
losses from an optically trapped, dense sample of weakly
bound DyK molecules. After summarizing the main proper-
ties of the dimers in the vicinity of a Feshbach resonance
(Sec. II) and outlining the main experimental procedures and
conditions in (Sec. III), we present detailed measurements
of trap-light-induced losses (Sec. IV). We investigate four
different wavelength regions in the near infrared, carrying
out spectroscopic wavelength scans in certain regions of in-
terest and measuring the linear coefficient that characterizes
intensity-dependent losses. We also identify regions of min-
imal losses. With a proper choice of the trap wavelength
mitigating the detrimental effect of light-induced losses, we
identify the losses caused by inelastic dimer-dimer collisions
(Sec. V) and we measure the corresponding rate coefficient
as a function of the magnetic detuning from resonance. We
indeed observe a reduction of collisional losses close to reso-
nance by about an order of magnitude, which is in accordance
with theoretical expectations for the Pauli suppression effect.
Finally (Sec. VI), we discuss the implications of our findings
for future experiments.

II. DyK FESHBACH MOLECULES

As our essential tool to control the s-wave interaction
between '®'Dy and “°K atoms and to form molecules, we em-
ploy a low-field interspecies Feshbach resonance near 7.3 G
[48,68]. The narrow resonance is well isolated from other
interspecies resonances and can thus be described in terms of a
standard two-channel model well established in the literature
[22,69]. Moreover, the resonance is not contaminated by in-
traspecies resonances [68]. To set the stage, we summarize the
main properties of this resonance and the relevant parameter
values, which were accurately determined in our previous
work [48,68].

Close to the resonance, the s-wave scattering length can be
expressed as

A
a(B) = apg — — ay, 1
(B) = ang 55 %0 1
where A characterizes the strength of the resonance, §B = B —
By represents the magnetic detuning from the resonance cen-
ter, aye denotes the background scattering length, and ay is the
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FIG. 1. Properties of the 7.3-G Feshbach resonance. (a) Scatter-
ing length a, (b) molecular state energy E\,, and (c) closed-channel
fraction Z as functions of the magnetic detuning B. The insets in
(b) and (c) focus on the near-universal region close to resonance.

Bohr radius. To our best knowledge, resonance parameters are
By =7.276(2) G, A = 24.0(6) G, and apg = 23(5) ao [48,68].
In Fig. 1(a), we show the scattering length in proximity to the
resonance.

In the case of a narrow Feshbach resonance, also referred
to as closed-channel dominated resonance [22], it iS neces-
sary to introduce an additional parameter to fully characterize
the interaction properties. For this purpose, it is convenient
to consider the range parameter R* = 7’ /2m,apdpA) [69],
where m; is the reduced mass and §it = fopen — Iclosed 18 the
difference in magnetic moments between the atomic scatter-
ing state (open channel) and the molecular state underlying
the Feshbach resonance (closed channel). For a 2 R*, the in-
teraction physics acquires universal behavior in the sense that
a single parameter, such as the scattering length, is sufficient
to describe the underlying physics [70]. For the resonance
considered here R* = 604(20) ay, which corresponds to a uni-
versal regime accessible for [§B| < 40 mG.

The molecular state energy related to a narrow Feshbach
resonance can be expressed as

5B 2
Epol(B) = —(maB*( =g ™ 1) . 2)
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Here, for brevity, we have introduced the magnetic field scale
8B* =m, Sua} A?/(21?), for which a(—8B*) = 4R*, which
corresponds to §B* = 9.9(6) mG, in our case. In Fig. 1(b),
we show the binding energy of the DyK dimers according to
Eq. (2), in the magnetic detuning range —500 mG < éB < 0.

The closed-channel fraction quantifies the admixture be-
tween the bare molecular state and the free-atom scattering
state in the wave function of the Feshbach molecules. It
can be obtained from the molecular binding energy through
the differential magnetic moment, § o1 (B) = 0Emo1/dB. The
closed-channel fraction is then given by

Z(B) = dpimol(B)/d 11, 3)

and Fig. 1(c) shows the resulting Z(B) for DyK molecules
near the 7.3-G resonance.

III. EXPERIMENTAL SEQUENCE

The preparation of the molecular sample closely follows
the procedures developed in our previous work [48,68,71]. As
a starting point, a double-degenerate mixture of '*' Dy and “°K
is prepared with both species spin polarized in their lowest
hyperfine states, |F, mg) = |21/2, —21/2) and [9/2, —9/2),
respectively. Dimers formed in the lowest hyperfine spin chan-
nel cannot dissociate spontaneously because of the absence
of energetically lower atomic pair states. Therefore, our sys-
tem is immune against potentially fast dissociation losses as
studied for homo- and heteronuclear Feshbach molecules in
Refs. [64,72].

We first prepare the double-degenerate atomic mixture at
low magnetic field and then ramp the field to the vicinity
of the 7.3 G-Feshbach resonance. DyK molecules are sub-
sequently associated by performing a magnetic field sweep
across this resonance [22,48]. The molecular sample ob-
tained by this Feshbach ramp is then purified by removing
the remaining atoms using a Stern-Gerlach technique [48].
With this procedure, we produce a pure molecular sample of
typically 10000 DyK molecules at a temperature of around
70 nK, with mean trap frequency & = 27 x 31 Hz. Com-
pared with our previous work, we are now able to obtain
twice the number of molecules. We achieve this improve-
ment by carefully optimizing both the mixture preparation
sequence and the Stern-Gerlach purification scheme. In partic-
ular, we perform the cleaning sequence at a detuning of §B =
—40 mG, which is 80 mG closer to resonance than previously,
and reduces light-induced losses of molecules during the
process.

All results presented in this work are based on measuring
the number of the molecules after a variable hold time in
a target ODT. After the purification process, the molecular
sample is transferred into the ODT under investigation, where
the measurement takes place. At the end of the investiga-
tion time, the ODT is switched off and the magnetic field is
quickly ramped across the resonance to positive detunings,
thus dissociating the molecules. The number of molecules is
finally obtained from absorption images of the resulting K
atoms [73].
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FIG. 2. Trap-loss spectroscopy on DyK Feshbach molecules by
variation of the ODT wavelength. (a) refers to the region around
1051 nm, with initial number Ny = 1.1 x 10* and a hold time of
10 ms. (b) refers to the region around 1547 nm, with Ny = 9 x 103
and a hold time of 33 ms. The error bars represent lo standard
errors, calculated from multiple repetitions. The vertical dashed lines
in (a) and (b) indicate the selected wavelengths 1051.03 nm and
1547.12 nm, respectively, used for all further measurements pre-
sented in this work.

IV. LIGHT-INDUCED LOSSES

We investigate the dependence of light-induced losses on
wavelength and intensity of the near-infrared light used for
the ODT. In Sec. IV A, we report the results of spectroscopic
measurements performed on the DyK Feshbach dimers in
two different wavelength regions. In Sec. IV B, we compare
light-induced losses at different wavelengths by observing the
dependence of loss rate on intensity.

A. Spectroscopy in two regions of interest

We perform spectroscopy on the DyK Feshbach molecules
by scanning the wavelength of the near-infrared trapping
light and observing losses from the ODT. For generating
the trap light, we have the choice between two fiber lasers,
with wavelengths centered around 1051 nm (NKT Koheras
BOOSTIK Y10, linewidth < 20kHz) and 1547 nm (NKT
Koheras BOOSTIK E15, linewidth < 0.1 kHz). Both lasers
feature a tuning range of around 1 nm.

The molecules are loaded within 1 ms from a 1064-nm
crossed-beam ODT into the single-beam ODT used for spec-
troscopy. The molecules are then held at a magnetic detuning
of 6B = —60 mG for a fixed amount of time, while being lev-
itated by a magnetic field gradient. We choose a hold time of
10 ms for the 1051-nm case and 33 ms for the 1547-nm case,
in order to obtain a similar contrast for loss features in the two
signals. We report the main results of these measurements in
Fig. 2. For the 1051-nm case, the ODT has a waist of 72 um
and a power of 46 mW, corresponding to a peak intensity of
0.55 kW/cmz. For the 1547-nm case, the ODT has a waist
of 90 um and the measurements were taken using a power of
220 mW, corresponding to a peak intensity of 1.7 kW /cm?.
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In Fig. 2(a), we report the result of the trap-loss spec-
troscopy for the 1051-nm case. Our main observation is a
broad loss feature, showing a large width of about 0.2 nm
(~60 GHz) together with very fast losses. This suggests a
strong, resonant coupling to the manifold of electronically
excited molecular states. Without knowledge of the DyK
molecular structure, we can only speculate about the particular
mechanism and the physical origin of the very broad loss fea-
ture. Light-induced dissociation of the molecules [19] could
result from coupling to the repulsive branch of an excited-state
molecular potential. Another possibility would be a negative
dynamic polarizability of the closed-channel dimer on the
blue side of a molecular resonance as observed in Ref. [74].
This would lead to an antitrapping potential for the molecules
and thus to rapid trap losses. As a feature of practical interest,
we also identify a plateau with a local maximum of the molec-
ular lifetime on the shorter wavelength side of the resonance.

In Fig. 2(b), we show a corresponding spectroscopic mea-
surement in the region around 1547 nm. In contrast to the
1051-nm case, we do not observe any broad resonance fea-
tures. Instead, we identify three much sharper loss features
on a slowly varying background. By performing individ-
ual Lorentzian fits on each of the features, we extract a
typical linewidth (full width at half-maximum) of approxi-
mately 1.2 GHz and a separation between neighboring lines
of about 20 GHz. This separation between the lines is of the
order of typical rotational splittings in diatomic molecules,
as observed in other heteronuclear systems, such as KRb
[75], and NaRb [76,77], but the lines seem to be unusually
broad. Detailed knowledge of the DyK molecular structure
will be needed for a comprehensive interpretation of all these
observations.

B. Dependence on light intensity

Here we investigate the dependence of the observed light-
induced losses on the intensity of the trapping light. For
the two wavelength regions discussed before, we avoid loss
resonances by choosing the specific wavelengths where we
have identified plateaus with minimal losses, at 1051.03 nm
and 1547.12 nm (vertical dashed lines in Fig. 2). In addi-
tion to these two wavelengths, we operate an ODT based
on a single-frequency fiber laser at 2002 nm (Precilaser
FL-SF-2001-20-CW, linewidth ~5 kHz), and we reanalyze
our earlier measurements with a single-frequency laser at
1064.04 nm (Azurlight ALS-IR-1064-50-1-CC-SF, linewidth
<50kHz) [48]. The experiments with four different laser
sources allow us to investigate and compare the loss behavior
in four different near-infrared wavelength regions.

The 1064-nm laser source is not tunable and therefore does
not allow for a search of points of minimal losses. This makes
the choice of the wavelength a matter of chance, but with a
reasonable probability to avoid detrimental resonances. Re-
garding the 2002-nm light, we performed similar wavelength
scans as the ones near 1051 nm and 1547 nm, but interference
effects in our optical setup, which was not designed for this
wavelength, masked the signal and we could not identify
any resonance structure related to light-induced losses. As
an arbitrary choice for our further experiments, we set the
wavelength to 2002.00 nm.

All measurements on the intensity dependence are carried
out with the molecules held in a single-beam ODT, with a
waist of 72, 90, 90, and 120 um for the wavelengths 1051,
1064, 1547, and 2002 nm, respectively. For calculating the op-
tical trapping potentials, we assume corresponding values for
the dynamic polarizabilities of 805, 784, 557, 510 a.u. These
values are obtained from knowledge of the polarizabilities for
both atomic species (see Refs. [71,78,79] for Dy and [80,81]
for K) together with the assumption that the polarizability
of a weakly bound molecule can be approximated by the
sum of the atomic polarizabilities. The latter turns out to be
reasonable as long as accidental resonances of the trap light
with optical transitions to excited molecular states, leading to
anomalous behavior [74], can be avoided.

To extract the loss rates for the different cases, we record
decay curves for hold times of up to 1 s. Assuming one-body
effects (processes involving one molecule) to dominate, we
fit the different loss curves, except the 2002-nm case, with
a simple exponential decay, N(t) = Nyexp (—«t), where the
initial molecule number Ny and the loss rate coefficient « are
kept as free parameters. For the 2002-nm case, the one-body
contribution to loss is strongly reduced and two-body contri-
butions (dimer-dimer collisions) to the decay process can no
longer be neglected. Consequently, we fit the lifetime data,
taking into account both one- and two-body contributions
according to the expression [64]

exp (—at)

1+ ‘iv{’,—i[l — exp (—at)]

N(@) =Ny

, “4)

where B is the two-body loss coefficient, and Vi =
[(@mkgT)/(m@*)]*/? is the effective volume of the sample,
with m being the mass of the dimer, 7 the temperature and
@ the mean trapping frequency. We will discuss in detail the
role of collisional losses in Sec. V.

Trap-light-induced losses in Feshbach molecules can es-
sentially be attributed to the coupling between the trapping
light and the closed-channel fraction of the weakly bound
dimers. The role of the closed-channel fraction has been stud-
ied for the case of Li, molecules [82], for KRb molecules
[65], and in our group for DyK molecules [48]. To facilitate
a comparison between our different measurements, taken at
magnetic-field detunings between —30 mG and —60 mG, we
convert the measured values of the loss rate «, which depend
on the magnetic field, to the asymptotic loss rate o, using the
relation

a(B) = e Z(B), S

where Z(B) is the closed-channel fraction as calculated ac-
cording to Eq. (3). The different values for closed-channel
fraction for each measurement are reported in Table 1.

In Fig. 3, we show the closed-channel loss rate o as func-
tion of the light intensity / for the different ODTs, together
with a linear fit

e = Teel + ap, (6)

to each data set. These fits yield a wavelength-specific coef-
ficient ', which quantifies the slope for each data set [83].
The resulting values are summarized in Table I. They show
a dramatic variation of I'.. over more than three orders of
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TABLE 1. Measured values for the coefficient I'.., which for
light-induced losses characterizes proportionality between loss rate
and light intensity. The 1051-nm and 1547-nm values are obtained
after careful optimization of the wavelength to avoid resonant pro-
cesses, while the 1064-nm and 2002-nm case are at an arbitrary
wavelength (see text for details). We also report the values of the
closed-channel fraction Z(B) used to calculate the closed-channel
loss rates for each wavelength, according to Eq. (3).

Wavelength (nm) z Tee (7! cm?/kW)
1051.03 0.62 177(7)
1064.04 0.50 41(2)
1547.12 0.58 8.4(7)
2002.00 0.58 0.11(5)

magnitude. The linear fit also indicates the presence of resid-
ual losses in the limit / — O (parameter «). Such losses,
which cannot be explained in terms of trap-light-induced
decay, are likely due to technical imperfections when oper-
ating ultrashallow ODTs and play no role for our present
experiments. Measurements on light-induced decay have been
reported for LiCr Feshbach molecules in Ref. [67], these ex-
periment also demonstrating an order-of-magnitude reduction
with increasing wavelength in the infrared.

The observed decrease of the light-induced loss rates
with larger wavelengths, i.e., lower photon energies, can
be explained by a reduced density of electronically excited
molecular states that can resonantly couple to the Feshbach

1
200 ” ¢ 1051 nm| |
I 1064 nm
00} ¢ 1547 nm| |
qll ¢ 2002 nm| _
w3001 ' - |
I -
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S 200 4 - |
¢ ///
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FIG. 3. Loss rate as a function of the trapping beam peak inten-
sity. We show the closed-channel one-body loss rates measured in
the experiments for the 1051.03 nm, 1547.12 nm, and 2002.00 nm
ODTs in blue, red, and gray dots, respectively. Note that the data
and fit result for the 2002-nm case have been scaled by a factor of
10 for better visibility. For comparison, we also show the data for
a trap at 1064.04 nm in yellow, already reported in Ref. [48]. The
data are shown with 1o error bars derived from the lifetime fits (in
some cases smaller than the symbol size). For conversion of intensity
(in kW /cm?) to optical potential depth (in 1K) use the factors 1.76,
1.81, 1.25, and 1.15 for the wavelength 1051 nm, 1064 nm, 1547 nm,
and 2002 nm, respectively.

molecules. Below a certain threshold wavelength, which is
given by the energy difference between the lowest molec-
ular state (the rovibronic ground state of lowest molecular
potential), resonant excitation is no longer possible. This
wavelength sets a natural scale for the appearance or disap-
pearance of light-induced losses. For diatomic molecules in
ultracold gases, it typically lies in a range between 1.7 um and
2.8 um [84].

Our results highlight the benefit of laser sources in
the wavelength region of 2 um for trapping of ultracold
molecules. They combine extreme detuning (previously re-
alized in quasielectrostatic traps based on CO, laser light
at 10.6 um [2,85]) to avoid any molecular excitations with
the practical advantages of modern fiber laser technology.
Currently, the 2 um wavelength region is not common in
molecular quantum-gas experiments, but it holds great poten-
tial for future experiments.

In view of future improvements, we note that our present
setup was not designed to use such a wavelength. In particular,
the viewports of the vacuum apparatus are not antireflection
coated for this wavelength, and we observed reflections of
the trap light of up to 30% when passing through a sin-
gle view port. Scanning the laser wavelength, we found that
these reflections caused interference effects such as spatial
modulations of the trapping potential. However, in future ex-
periments, this technical limitation can be overcome by using
dedicated optics in an improved setup, which will allow us to
take full advantage of the wavelength region around 2 um.

V. COLLISIONAL LOSSES AND PAULI SUPPRESSION

Having understood the role of losses induced by the trap
light, we are now in a position to thoroughly investigate the
contribution of inelastic collisions to the decay of the molecu-
lar sample. In particular, it is well known that in the universal
regime close to the resonance center, collisional losses are
reduced by Pauli suppression. This has been observed in
samples of weakly bound bosonic molecules composed of
fermionic atoms (°Li [86,87], “°K [88], and °Li *°K [64]).

In order to observe collisional processes in the DyK molec-
ular sample, it is essential to minimize light-induced decay
while achieving a high collisional rate. Besides optimization
of the trap light wavelength, this requires an ODT that pro-
vides tight confinement at a relatively low central intensity.
This means that tightly focused laser beams need to be ap-
plied. Because of the technical limitations in our present setup,
this is not possible with the 2002-nm light, and we therefore
conducted this measurement with the 1547-nm laser light.

The trap consists of a crossed-beam ODT at 1547 nm. The
main trapping beam propagates along the horizontal plane
and is focused on the molecules with a waist of 25 um. For
additional confinement in the axial direction of the tight trap,
we add a vertical beam, with a waist of 120 um. A magnetic
gradient is applied to levitate the molecules. In this ODT, the
geometrically averaged trap frequency is @ = 27 x 32 Hz.
With this configuration, we obtain between 5500 and 7000
molecules, at a temperature of around 90 nK, corresponding
to peak densities up to 7.6 x 10'! cm~3, entering the regime
where collisional losses play an important role. The power
used for the horizontal (vertical) beam is 4.6 mW (51 mW).
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FIG. 4. Two-body loss rate coefficient versus magnetic detuning
from resonance. The dashed line represents a one-parameter fit of
Eq. (7) to the data points for detunings §B < —20 mG (filled sym-
bols). Additional measurements (open symbols) closer to resonance,
presumably beyond the limitations of our simple model, have not
been taken into account for the fit. Vertical error bars indicate 1o
errors, derived from fits to the decay curves. The horizontal error
bars represent the 2-mG peak-to-peak magnetic field noise.

The total light intensity is 0.71 kW /cm?. Based on the results
of Sec. IVB, we can expect a closed-channel loss rate of
e = 6.0(7) 571,

In order to study the Pauli suppression of inelastic colli-
sions expected close to resonance, we measure the two-body
coefficient § for different detunings from the Feshbach res-
onance. We extract values for 8 by analyzing the decay of
the sample at different magnetic field strengths and fitting
Eq. (4) to the data, with Ny, «, and B as free parame-
ters. The values obtained in this way for o (not shown)
follow the general behavior according to Eq. (5) and yield
Qe = 6.2(2) s~!, which is fully consistent with the results of
Sec. IV B, and follows the behavior observed in Ref. [48]. Our
experimental values for the magnetic-field-dependent two-
body coefficient § are displayed in Fig. 4. We indeed observe
a clear reduction of 8 for magnetic fields approaching the res-
onance center, which we interpret as the expected suppression
effect.

In Ref. [64], collisional relaxation of weakly bound dimers
composed of fermionic atoms has been modeled, considering
the situation near a narrow Feshbach resonance. In this work,
DyK molecules have served as a specific example. According
to the model, collisional relaxation takes place in three dif-
ferent channels, the two atom-dimer channels (atoms of Dy
or K with closed-channel DyK dimers) and the dimer-dimer
channel. Consequently, the total collisional relaxation rate is
obtained as a linear combination of the relaxation rates for
each channel weighted with a specific suppression function
that contains the Pauli blocking effect.

For magnetic detunings outside of the universal range
(a < R* corresponding to |§B| 2 45B*), the model can be fur-
ther simplified [64]. Here the dimer-dimer channel dominates
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FIG. 5. Collisional decay and the role of light-induced decay, ob-
served in a 1547-nm trap. The red dots show the number of molecules
measured after a variable hold time. The red dashed line represents
a fit according to Eq. (4), which yields the parameter values o =
424)s7!, B =1.5(0.7) x 107" ecm?®s~!, and Ny = 5530(130). The
orange dash-dotted line shows a hypothetical loss curve with the
same two-body loss in the complete absence of one-body losses
(¢ — 0). The shaded region reflects the 1-o uncertainty in S.

the relaxation and the contribution of the two atom-dimer
channels can be neglected. The suppression function for the
dimer-dimer channel simplifies to the squared closed-channel
fraction, Z?(B), and we can approximate the relaxation rate
coefficient by

B(B) = po Z*(B), (7)

with By as the only free parameter. A corresponding fit to the
experimental data, shown by the dashed line reported in Fig. 4,
describes well the data for 6B < —20 mG, a range over which
the closed-channel character of the molecules is expected to
prevail. From the fit we obtain the closed-channel dimer-dimer
asymptotic rate coefficient By =2.3(1) x 1070 cm? s~
This value is comparable with predictions from a quantum
Langevin model calculated for similar systems [89-91]. The
minimum value 8 ~ 2 x 107" ¢cm? s~! is obtained around
the detuning §B = —17 mG (see also Fig. 5) and shows a
reduction of B by about an order of magnitude, compared to
the asymptotic value.

Closer to resonance, a further decrease of g may be ex-
pected as a consequence of the increasing role of the fermionic
nature of the dimer’s constituents [64]. However, for 6B 2>
—13 mG, we observe a rapid increase of the two-body coef-
ficient. We attribute this to a combination of different effects
leading to a dissociation of the very weakly bound dimers.
One contribution is caused by the magnetic field gradient,
which makes the exact resonance position dependent on the
vertical position. At a detuning of —10 mG the resonance pole
is located only few tens of um above the center of the molec-
ular cloud, which is comparable with the vertical extension of
the cloud. Moreover, as a rather technical issue, the transfer of
the molecules between different traps can excite a weak dipole
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mode in the vertical direction, bringing the molecules even
closer to the resonance pole. Additionally, in this region of the
magnetic field, the binding energy of the molecules is only a
few hundred of nK, less than an order of magnitude above
the thermal kinetic energy of the molecules. In this regime,
endoergic collisions can lead to dissociation of the weakly
bound dimers [87,92]. The resulting atoms do not fulfill the
magnetic levitation condition and cannot be kept in the trap.
In this way, the inherent Stern-Gerlach selection effect [48],
which is not present for homonuclear dimers, steadily purifies
the molecular sample (see also Sec. III). Understanding the
particular role and interplay of these dissociation effects will
require more investigations, e.g., in optical trapping schemes
combined with homogeneous magnetic fields. Closer to res-
onance there is potential for further enhancing the fermionic
suppression effect.

In Fig. 5, we show the observed decay of the molecular
sample at the detuning §B = —17 mG, where we have identi-
fied minimal collisional losses (lowest value of g in Fig. 4),
together with the best fit according to Eq. (4). As a guide for
future experiments, we consider the hypothetical case where
light-induced losses are completely absent and only two-body
collisional losses remain. Thus setting « — 0 and using the
fitted parameter values for Ny and B, we obtain the decay
curve expected in the absence of light-induced losses, shown
as the orange line in the figure. This analysis demonstrates
that, in a trapping regime free of light-induced losses, substan-
tially longer decay times are achievable than in our present
experiments.

Finally, it is very instructive to compare the elastic collision
rate in the trapped dimer sample with the minimum two-body
loss rate under the best conditions we could so far achieve
(6B = —17mG). We further assume the complete suppression
of trap-light induced one-body losses (¢ = 0) in an ideal
ODT. The elastic scattering rate can be calculated as y =
710 Ure, With the mean number density 7 = N/V.g the mean
relative velocity vy = [16kgT/ (wm)]"/?, and the scattering
cross section o = 8 aﬁm], where ane = 0.77 a represents the
dimer-dimer scattering length [63,93]. For the experimen-
tal parameters of Fig. 5 (N =5500, & =27 x32Hz, T =
90 nK), we obtain y, = 48 s~L. For the loss rate, we calcu-
late Yioss = 718 = 3.4 s~!. The ratio ye/Vioss & 14 tells us that
elastic collisions dominate over inelastic ones, but only by
about one order of magnitude. Consequently, our attempts to
implement evaporative cooling in the present setup were not
successful.

In view of prospective experiments involving quantum-
degenerate molecular samples, it is an interesting question
whether conditions can be reached for efficient evaporative
cooling, which typically requires a good-to-bad collision ratio
Yel/Vioss > 100 [94]. If we assume a reduction of the magnetic
resonance detuning from the present optimum §B = —17 mG
by just a factor of two, which corresponds to an increase of
the scattering length a by a factor of two, this would increase
the elastic scattering rate y,; o a” by a factor of four. At the
same time, according to the scaling predicted for the Dy-K
mass ratio [63] yjoss ¢ a'®, the inelastic rate would drop by
a factor of about 3.5. These two effects together would boost
the good-to-bad collision ratio by a factor of 14 to ye1/Vioss ~
200, which seems promising for evaporative cooling. To take

full advantage of this in an experiment, a highly stable,
homogeneous magnetic field would be necessary along with
an optical trapping scheme that does not require magnetic
levitation.

VI. CONCLUSIONS AND OUTLOOK

We have studied the decay of a dense, ultracold sample
of weakly bound DyK dimers stored in an optical dipole
trap that operates with far red-detuned laser light. We con-
sider the case of bosonic dimers composed of the fermionic
isotopes '°'Dy and “°K, which is of particular interest for
experiments related to pairing and superfluidity in fermionic
systems with mass imbalance. We have identified trap-light-
induced and collisional processes as the two main sources of
losses, and we have demonstrated ways to reduce these losses
substantially.

Light-induced losses have been investigated in four se-
lected spectral windows in a wide near-infrared wavelength
range between 1051 and 2002 nm. We have measured cor-
responding loss rate coefficients, which we found to vary
over four orders of magnitude with a clear general trend of
strong decrease with larger wavelengths. In addition to that,
we have observed resonant loss features, pointing to bound-
bound electronic transitions, and plateaus of minimal losses,
which are of particular interest for specific applications. Back-
ground losses seem to be present everywhere in the spectral
range investigated, as our sample spectra suggest. Qualita-
tively, this behavior can be explained by the very complex and
dense spectrum of molecular states in a dimer with complex
electronic structure, which features a multitude of different
potential curves. With increasing wavelength, i.e., lower pho-
ton energy, less molecular potentials become accessible and
the resonance density decreases until resonant excitation is no
longer possible beyond a certain point (wavelengths typically
22 um). A comprehensive interpretation of all the features
observed in our experiments would require detailed knowl-
edge of the spectrum of molecular states, which is currently
not available for the DyK system.

While light-induced losses constitute a detrimental effect
for the specific application discussed in our present work, they
more generally offer a sensitive probe for pair correlations
and related interaction phenomena in resonant quantum gases
[82,95-97]. When harnessed as an experimental diagnostics
tool, these losses can provide unique insights into the role of
closed-channel dimers near narrow Feshbach resonances and
the system’s rapid nonequilibrium dynamics. Such potential
applications motivate further investigations of light-induced
effects in near-resonant systems, including the Dy-K mix-
ture studied here and other single- or mixed-species quantum
gases.

Collisional losses in our system result from inelastic
dimer-dimer collisions. For their experimental observation,
it was necessary to minimize light-induced decay by care-
fully choosing the wavelength of the ODT (1547.21 nm
regarding the available laser sources). For dimer binding
energies exceeding ~h x 1 MHz, we measured collisional
decay rates typical for cold dimers in high-lying vibra-
tional states. For a much lower binding energy of about
20 kHz (closer to the center of the Feshbach resonance
employed), we observed a clear suppression of inelastic
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collisional losses by roughly one order of magnitude. We
interpret this observation in terms of the famous Pauli sup-
pression effect that stabilizes weakly bound dimer samples
and fermionic mixtures near Feshbach resonances and en-
ables experiments in the resonance regime. In principle, much
stronger loss suppression can be expected closer to the reso-
nance, but our present experiments were technically limited
by magnetic field inhomogeneities caused by the magnetic
levitation gradient that was needed to keep the cold sample in
the trap.

In view of future experiments, our work conveys important
messages. Optically trapped molecules, in particular those
with complex electronic structure, will be in general much
more susceptible to detrimental light-induced processes than
we are used to from the bi-alkali dimers commonly used in
many experiments. Thus, experiments will require a careful
choice of the particular trap-light wavelength. The wavelength
region around 2 um, where high-power fiber laser sources
are now available, appears to be particularly promising for
eliminating light-induced losses. For our special application
related to mass-imbalanced Fermi gases, we could confirm
the presence of Pauli suppression of collisional losses near
a Feshbach resonance. However, to take full advantage of
this effect in the DyK system, a trap setup is needed that
allows one to work in a precisely controllable homogeneous

magnetic field. These insights will be essential for planning a
second-generation setup.
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