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The excited bands in optical lattices manifest an important tool for studying quantum simulation and many-
body physics, making it crucial to measure high-band scattering dynamics under strong interactions. This work
investigates both experimentally and theoretically the collisional scattering of 6Li2 molecular Bose-Einstein
condensate in the D band of a one-dimensional optical lattice, with interaction strength directly tunable via
magnetic Feshbach resonance. We find a clear dependence of the D-band lifetimes on the interaction strength
within the strongly interacting regime, which arises from the fact that the scattering cross section is proportional
to the square of the scattering length. The maximum lifetime versus lattice depth is measured to reveal the effects
of interactions. We also investigate the scattering channels of D-band molecules under different interaction levels
and develop a reliable two-body scattering rate equation. This work provides insight into the interplay between
interaction and the collisional scattering of high-band bosons in optical lattices, paving the way for research into
strong correlation effects in high-band lattice systems.
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I. INTRODUCTION

Quantum gases confined in optical lattices have emerged as
a versatile platform for exploring fundamental physics, partic-
ularly in many-body systems, due to their high controllability
and robustness [1]. These systems allow for the simulation of
complex phenomena, such as phase transitions [2–5], quan-
tum magnetism [6,7], and strongly correlated systems [8–10].
An intriguing aspect of these systems is the study of excited
bands, which provide insights into the production of novel
quantum phases [11–16] and the dynamics of external states
[17–19].

Collisional scattering is one of the most fundamental
interaction processes in many-body systems. Research has
focused on low-energy collisions within various systems, in-
cluding atomic [20–25], ionic [26,27], and electronic systems
[28–30]. This process is particularly significant in the con-
text of quantum gases, where the system’s lifetime is strictly
inversely proportional to the two-body collision rate in most
cases. The scattering cross section, which characterizes the
two-body collision rate, has been extensively investigated
both experimentally and theoretically in one-, two-, and
mixed-dimensional optical lattices [31–36], such as the
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scattering model for atoms in the P band of a one-dimensional
(1D) lattice [36], the measurement of the collision rate for
atoms in the D band of a 2D triangular lattice [37,38] and
the observation of scattering halos [39,40], etc.

In most cases, quantum simulation based on the excited
bands [41–44] is significantly influenced by the collisional
scattering regardless of the interaction levels. However, pre-
vious works have only studied the impact of parameters such
as lattice depth and gas temperature on collision scattering in
the weakly interacting regime. Currently, due to the difficulty
of accurately tuning interactions in condensed excited-band
systems in optical lattices, there is no reliable experimental
evidence to verify the correspondence between interactions
and excited band collision scattering rates within the strongly
interacting regime.

In this study, we explore both experimentally and theoreti-
cally the collisional scattering and lifetimes of 6Li2 molecular
Bose-Einstein condensates (mBEC) in the D band of a 1D
optical lattice. Our main focus is on the impact of interpar-
ticle interactions on scattering rates and processes, with the
interaction strength precisely adjustable via magnetic Fesh-
bach resonance. We present measurements of the lifetimes
of D-band molecules under various interparticle interactions
and lattice depths, revealing the squared relationship between
D-band scattering rates and scattering lengths within a cer-
tain strongly interacting regime. The D-band lifetimes are
meticulously measured as a function of lattice depth, and
the discrepancies between experimental results and theoretical
predictions are analyzed and discussed. Furthermore, we ex-
amine the D-band scattering processes in both the strongly
interacting 6Li2 system and weakly interacting 87Rb system,
with the latter demonstrating strong agreement with the rate
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FIG. 1. (a) Band structure of a 1D lattice and two-body scattering processes in the D band. Two D-band bosons collide and each transitions
into separate bands with lower total energy. (b) Relative scattering cross sections are given by the theoretical model. The dark blue solid line
marks the relative scattering cross sections of (D, D) to (P, P), and the shallow blue solid line, dashed line, dotted line, and dash-dotted line
mark (D, D) to (S, S), (D, P), (S, D), and (S, P), respectively, under different lattice depths. (c) The relative proportion of channels with the
lattice depth U0 = 10Er . The proportions of other channels are close to zero and can be considered negligible. Note that these scattering cross
sections are calculated in weak-interacting conditions.

equation model developed in this study. We discuss the dis-
crepancies between the two in depth and qualitatively analyze
the interactions’ role.

This paper is organized as follows. In Sec. II, the theoreti-
cal model for the collisional scattering of D-band particles in
a 1D optical lattice is described. Our experimental procedure,
including the shortcut loading into the D band and lifetime
measurement, is shown in Sec. III. In Sec. IV, we present the
experimental results of D-band lifetimes with varying interac-
tion strengths and lattice depths. The experimental results of
scattering channels and the rate equation model are described
in Sec. V with a discussion. Finally, we give the conclusion in
Sec. VI.

II. THEORETICAL MODEL OF EXCITED-BAND
SCATTERING

For ultracold bosons in the excited band of optical lattices,
two-body collisions induced by s-wave scattering serve as the
primary decay mechanism. In these collisions, two bosons in
excited-energy bands collide and each scatters into the energy
states with lower total energy. Here we introduce the two-body

scattering model in a 1D optical lattice, with the Hamiltonian
given by

Ĥ = − h̄2

m

(
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+
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where r1, r2 are the coordinates of two bosons, with r = r2 −
r1; U0 is the lattice depth; L is the lattice constant; and as is
the s-wave scattering length. As illustrated in Fig. 1(a), two
bosons initially in D band scatter into the final bands (n1, n2)
through the first-order scattering process, which depends on
the overlapping integral defined as [35]:

�D,D
n1,n2

(q′
1, q′
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∫ L

0
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n1,q1
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2
(x), (2)

where uni,qi is the periodic Bloch function for bosons in energy
band ni with quasimomentum qi. Moreover, the scattering
cross section is given by:

σ (D, D; n1, n2)v = 8πa2
s L2

m

∫
dqdq1dq2 �(q1, q2)θ

(
ED,q1 + ED,q2 − En1,(q1+q2 )/2+q − En2,(q1+q2 )/2−q

)

× ∣∣�D,D
n1,n2

(q1, q2; (q1 + q2)/2 + q, (q1 + q2)/2 − q)
∣∣2

, (3)
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where v is the relative velocity of the two bosons, �(q1, q2)
is the quasimomentum distribution of the two bosons, and
θ (x) is the Heaviside step function defined as θ (x) = 1 when
x � 0 and θ (x) = 0 when x < 0. Eni,qi is the single-atom
energy. This scattering cross section quantifies the strength
of the interband or intraband scattering process, namely the
scattering channel.

For two bosons in D band, the possible final bands after
scattering include (n1, n2) = (S, S), (P, P), (S, P), (P, D),
and (S, D). In the weakly interacting regime, where the mo-
mentum broadening effect is negligible, the scattering cross
sections can be calculated by approximating the two-body
quasimomentum distribution in the D band as �(q1, q2) ≈
δ(q1)δ(q2) in Eq. (3). Applying this approximation, the rela-
tive scattering cross sections in the weakly interacting system
with varying lattice depths are presented in Fig. 1(b). It shows
that across all lattice depths, the scattering cross section for
(D, D) → (P, P) (the dark blue solid line) is the largest,
followed by (D, D) → (S, S) (the shallow blue solid line).
Specifically, we demonstrate the relative cross section when
U0 = 10Er in Fig. 1(c), which shows the dominant scattering
channel is (D, D) → (P, P) due to the large overlap between
the wave functions [38]. It is noteworthy that D-band bosons
undergoing the first scattering event may further experience
secondary scattering, thus making the results of D-band scat-
tering different from the theoretical predictions above.

Given the s-wave scattering length as, the scattering rate of
the D-band bosons, K (D, D), can be calculated by summing
over the cross sections of all possible scattering channels:

K (D, D) = nD

∑
n1,n2

σ (D, D; n1, n2)v = nDR(U0)a2
s , (4)

where R(U0) is a function of U0 determined by the scattering
cross sections and nD is the density of D-band bosons held in
the optical lattices. Therefore, the lifetime of D-band bosons,
τ , can be estimated by the initial scattering rate Ki(d, d ):

τ ∝ 1

Ki(D, D)
= 1

ni
DR(U0)a2

s

, (5)

where ni
D is the initial density of bosons in the D band after

loading.
In this manner, we theoretically predict the factors influ-

encing the scattering rates of D-band bosons and identify
the dominant scattering channel. Experimental validation of
these predictions requires low particle temperatures, rapid
preparation of D-band occupation (relative to the timescale
of scattering lifetimes), and the capability to directly control
scattering lengths.

III. EXPERIMENTAL DEMONSTRATION

To study the above collisional scattering phenomena,
our experiments are performed with BECs of 6Li Fesh-
bach molecules [45], with each molecule constituted by
two lithium atoms in the lowest hyperfine states |F = 1/2,

mF = 1/2〉 (|1〉) and |F = 1/2, mF = −1/2〉 (|2〉). The inter-
molecule interaction strength can be set over a range by tuning
the s-wave scattering length a12 between atoms in states |1〉

and |2〉 via the Feshbach resonance [46] and the s-wave scat-
tering length between molecules is given by as = 0.6a12 [47].

Figure 2(a) shows the schematic of the experimental setup
(full details provided in Ref. [43]). The mBECs of about
20 000 molecules are confined in the crossed optical dipole
traps formed by a pair of far-red-detuned lasers in a vertical
plane with a 30◦ to each other. A pair of hollow electric coils
produce the Feshbach Resonance magnetic field. The trapping
frequencies are (ωx, ωy, ωz ) = 2π×(39.5, 187.8, 195.0) Hz,
where the x axis refers to the horizontal direction where the
plane trapping beams are located, the y axis the other hor-
izontal direction, and the z axis the vertical direction. The
one-dimensional optical lattice is formed by two counterprop-
agating beams of λ = 1064-nm lasers resulting in a lattice
constant L = λ/2 = 532 nm, with lattice potential U (x) =
U0cos2(πx/L) in the horizontal direction, where U0 is the lat-
tice depth. The characteristic lattice energy is Er = h̄2kl

2/2m,
where kl = π/L and m is the mass of a 6Li2 molecule.

The experimental time sequence is presented in Fig. 2(b).
After evaporative cooling, the degenerate gas is prepared at
a temperature of T/TF 	 0.1. The Feshbach magnetic field
is then adiabatically (300 G/s) ramped to the target value
and kept for an additional duration to stabilize. Then a nona-
diabatic shortcut method is utilized to load particles from
the harmonic trap into the D-band � point (q = 0) of the
lattice. For different lattice depths, which are calibrated by
Kaptiza-Dirac (KD) scattering [48], a distinctive sequence of
optical pulses with intervals is optimized to reach the target
state with high fidelity [44,49]. For instance, a two-pulse se-
quence (ton

1 , toff
1 , ton

2 , toff
2 ) = (2.9, 6.0, 8.3, 5.4) µs is used for

the lattice depth U0 = 10Er with the theoretical fidelity above
99.5% in the noninteracting limit. This shortcut method can
be applied to different lattice depths and interactions while
maintaining high fidelity (see Appendix A for details). After
the loading process, the D-band mBECs stay in the lattice for a
period of evolution time tevo. Then we apply the band mapping
method [50] to read out band distribution by ramping down
the lattice in the form of e−tmap/τ , where tmap = 100 µs and
τ = 50 µs. This mapping process projects particles in differ-
ent bands into the corresponding Brillouin zone (BZ). Thus,
molecules at the D-band � point are mapped to the boundary
between the second and third BZs at p = ±2h̄kl . Finally, the
optical dipole traps and the optical lattices are both turned off,
and particles in different states expand during a TOF process,
which is detected via standard absorption imaging.

A typical distribution of D-band mBECs is shown in
Fig. 2(c). This distribution is integrated along the y axis to
obtain a one-dimensional density distribution function. Here,
we use a bimodal fitting method to obtain the number of
molecules in the D band, which is marked by the yellow
dashed line in the bottom panel of Fig. 2(c). The function can
be expressed as follows:

f (p) = A0e
− (p−p0 )2

2w2
0 +

5∑
i=1

Ai

(
1 − (p − pi )2

w2
i

)2

. (6)

The first term represents the scattering halo, while the second
term represents condensed particles at p = 0 (S band), ±h̄kl

(P band), and ±2h̄kl (D band). Here Ai are the amplitudes and
wi are their widths. By integrating the corresponding terms,
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FIG. 2. (a) Schematic of the experimental system. Feshbach mBECs are trapped in a pair of crossover dipole traps. The blue circles in
the x-y plane represent the Feshbach magnetic coils and the yellow Gaussian beams along the x axis mark the crossed optical dipole trap.
The two purple arrows in the x-y plane denote the counterpropagating lattice beams. The green arrow shows the imaging direction, which is
perpendicular to the x-y plane. (b) A typical experimental sequence of the lattice light. After preparing steady mBEC with varying interaction
strengths, the lattice sequence will be initiated. The pulses applied before the evolution time tevo are shortcut pulses designed to load mBEC
into the D band with lattice depth U0. The lattice beam intensity decreases to zero adiabatically in time tmap to give a band mapping after
tevo. tTOF represents the time of flight following the complete switch-off of the lattice and trapping potential, after which imaging detection
is performed. Experimental stages are shown above. (c) Top: Images taken with U0 = 10Er , tevo = 100 µs, tmap = 100 µs, and tTOF = 2 ms at
different interaction strength and (bottom) the corresponding fitting result. (c1) as = 655a0. (c2) as = 1100a0. (d) Measurement of molecular
lifetime in the D band (U0 = 10Er , as = 655a0). The D-band proportion PD is normalized to Pi

D 	 0.7, and the error bar shows the standard
error of five measurements. The position of PD/Pi

D = 1/e is marked by the gray dashed line.

we determine the number of particles in the D band (ND) and
the total particle number (N). The results for intermolecule
scattering length with as = 655a0 [Fig. 2(c1)] and 1100a0

[Fig. 2(c2)] are displayed, where a0 donates the Bohr radius
(0.0529 nm). We observe that the larger interactions result in a
more prominent scattering halo, which has been investigated
in our work [51]. Halo formation primarily stems from col-
lisions during TOF expansion, with a secondary contribution
from collisions during the lattice pulse.

Here we define the strongly and weakly interacting regimes
based on experiments. In the strongly interacting regime,
where as > 500a0, there are additional effects beyond the
excited-band scattering process, such as coherence loss and
more pronounced halos during TOF expansion, whereas in
the weakly interacting regime, for as < 100a0, the halo and
coherence loss are negligible. Despite these additional effects
in the strongly interacting regime, the fitting process ensures
that our measurements of the D-band proportion remain solid.

The proportion of remaining condensed molecules in the D
band over time can be obtained by changing the evolution time
tevo in the lattices. As shown in Fig. 2(d), for as = 655a0 and
U0 = 10Er (the laser power ≈250 mW), PD = ND/N normal-
ized to the initial proportion Pi

D = 0.7 as a function of varied
τevo is shown by the blue dots, with τevo changed every 0.1
ms up to 2 ms. It is fitted by a red solid line to calculate the
molecular D-band lifetime with PD/Pi

D = 1/e, and we get the

D-band lifetime τ = (1.393 ± 0.071) ms in this situation. In
this way, we can measure the lifetimes and scattering rates
of D-band molecules under different interactions and lattice
depths.

IV. INFLUENCE OF INTERACTIONS
ON EXCITED-BAND LIFETIMES

According to Eq. (5), D-band lifetime is primarily influ-
enced by three factors: the s-wave scattering length as, the
initial particle number density ni

D, and R(U0), which is de-
termined by the scattering cross section as a function of U0.
The first two factors are directly related to interactions, while
U0 can also influence interactions in optical lattices to some
extent. Therefore, in this section, we investigate how the D-
band lifetime is affected by the interactions originating from
the interplay between as and U0, and the resulting influence as
reflected through its trend.

A. The relationship between scattering length and D-band
lifetime under varying lattice depths

To explore the relationship between the D-band lifetime
and the s-wave scattering length, we measure lifetimes across
different lattice depths with varying interaction strengths
while maintaining the particle number density nearly constant
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FIG. 3. D-band lifetimes under different interaction strengths
(nD = 1.0×1018 m−3). The blue squares, green triangles, and red
circles indicate the results of U0 = 10Er , 12Er , and 14Er . The
corresponding lines are linear fitting of the four data points with the
largest 1/a2

s .

(nD = 1.0×1018 m−3) by adiabatically tuning optical dipole
traps. The experimental results are presented in the form of
τ − 1/a2

s to better assess the relationship, in Fig. 3. As an
example with U0 = 10Er , we measure the D-band lifetime
for as = 1600a0, 1330a0, 1100a0, 865a0, 655a0, and 523a0,
which correspond to the six blue squares from left to right
in Fig. 3, respectively. The error bars represent the fitting
uncertainty of the lifetimes. Visually, for a given lattice depth,
a degree of linearity is observed for the five data points
corresponding to the smallest s-wave scattering lengths (i.e.,
the five largest 1/a2

s ). But for the largest scattering length
(as = 1600a0), the lifetimes decrease sharply to less than
100 µs. Linear fits are attempted for both the five and four
largest 1/a2

s . The fit to the four exhibits superior linearity,
achieving R-squared (R2) values greater than 0.99 across all
lattice depths (indicated by the solid lines in Fig. 3). However,
the remaining two data points (as = 1600a0, 1330a0) deviate
significantly from the linear relationship, falling below the
fitted line.

From the experimental results, we find that the linear re-
lationship between τ and 1/a2

s holds within a certain range,
indicating that the scattering rate of the D band is proportional
to the square of the scattering length. However, for stronger
interactions (as > 1330a0), the experimental data do not yield
reliable lifetime fittings due to the drastic decay in D-band
occupation and influential scattering halos. It suggests that
when as → +∞, τ gradually deviates from linearity and con-
verges to zero, marking the failure of excited-band scattering
theory. Meanwhile, in the noninteracting regime, the lifetime
improves but does not approach infinity due to the nonuni-
formity of the external harmonic trap and collisions with the
background gas.

To summarize, in a certain strongly interacting regime
where the scattering length does not diverge, the D-band
scattering rate is proportional to a2

s and can be supported by
our experiments. This relation can be generalized to other

FIG. 4. (a) The D-band lifetimes with varying U0 (nD =
1.0×1018 m−3) are shown under different values of as. The green
triangles, red circles, and blue squares represent the experimental
results for as = 523a0, 655a0, and 865a0, respectively. The theoreti-
cal results with momentum broadening, δq = 0, and 0.1 � δq/h̄kl �
0.5 are depicted by the green dashed line and the green shading, re-
spectively. (b) The theoretical peak lattice depth UMax as a function of
momentum width δq. (c) The condensed fraction Pi

con on completion
of band preparation (tevo = 0), for various lattice depths.

excited energy bands with necessary corrections. The scat-
tering behavior in the vicinity of the crossover between
interaction regimes presents a promising direction for future
experimental and theoretical investigation.

B. Variation of the D-band lifetime with lattice depth
under different interactions

In our previous work [38], we predicted the existence
of an optimal lattice depth for weakly interacting D-band
bosons in various optical lattice configurations, including
1D lattices. However, its validity under stronger interaction
regimes remains unclear. To explore this, we conduct exper-
iments with varying U0 at as = 523a0, 655a0, and 865a0, as
shown in Fig. 4(a). The experimental results suggest that, for
U0 � 10Er , the D-band lifetime remains largely unchanged
with a slight increase, whereas for U0 > 10Er , it decreases
monotonically. The lifetime is maximized at around 10Er

without an explicit peak. It suggests other interaction effects
on the excited-band lifetime, leading to the absence of a uni-
versal optimal lattice depth for the D band within the strongly
interacting regime.
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By performing numerical calculations, we obtain the life-
times for different lattice depths U0 at as = 523a0 [green
dashed line in Fig. 4(a)]. The D-band lifetime initially in-
creases, reaching a maximum and then decreases as U0

continues to rise. This behavior can be explained by the non-
monotonic variation of the overlap integral in Eq. (2) [38].
As U0 increases, the two-body D-band Bloch wave function,
u2

D,0(x), first localizes at the central peak, then spreads out to
the two side peaks, and eventually relocalizes at the center.
As a result, the theoretical D-band lifetime changes with the
sum of scattering cross sections shown in Fig. 1(b), exhibiting
this trend. Although both the theoretical predictions and ex-
perimental results exhibit a similar trend, featuring a peak and
subsequent decline, a significant discrepancy exists between
them. From a qualitative perspective, the discrepancy may be
attributed to several primary factors.

The first factor is the non-negligible momentum broad-
ening arising from the strong interaction strength, especially
when as > 500a0. As shown in Fig. 2(c), the quasimomen-
tum broadening width of the condensate is substantial and
increases with increasing scattering length. In this situation,
the momentum distribution in the vicinity of the � point
can no longer be approximated as a δ function. We instead
approximate the two-body quasimomentum distribution as a
Gaussian function:

�(q1, q2) = 1

2πδq2
e
− q2

1+q2
2

2δq2 , (7)

where qi is the quasimomentum of the two particles and δq
is the quasimomentum broadening width in the D band. Us-
ing Eqs. (3) and (4), we calculate the D-band lifetime as a
function of lattice depth for different values of δq. The theo-
retical lifetime interval for 0.1 � δq/h̄kl � 0.5 at as = 523a0,
with the initial D-band density ni

D = 1.0×1018 m−3 (approx-
imated by the mBEC density), is shown in Fig. 4(a) with the
green shading. As δq increases, τ increases in the shallow
lattice, while the magnitude of its variation decreases, and
its maximum shifts to a lower U0, as illustrated in Fig. 4(b),
which qualitatively agree better with our experimental results
compared to the nonbroadening case. While this adjustment
does not achieve perfect agreement between experimental and
theoretical results, it does bring them closer in terms of the
observed trend. Therefore, we consider this to be a potentially
contributing factor. It is important to note that δq cannot be
easily deduced from our experiment because the D-band par-
ticles separate into two clusters after band mapping, and the
TOF process is affected by interaction effects. Thus the actual
momentum broadening is smaller than that directly inferred
from measurements in quasimomentum space (∼0.4h̄k).

The second factor is the decoherence during both the
preparation and evolution stages. As shown in Fig. 4(c), the
initial condensed fraction Pi

con (the fraction of particles in
the D-band condensates) after the band preparation (tevo = 0)
exhibits a significant decrease around U0 = 10Er , indicat-
ing a substantial reduction in coherence for U0 > 10Er . The
increased presence of noncondensed particles amplifies the
collisions between those and coherent particles, resulting in
elevated scattering rates. This may explain the rapid de-
crease in lifetime when U0 > 10Er . Furthermore, factors in
the evolution stage, such as fluctuations, nonuniformity, and

localization, may also reduce coherence and thereby impact
lifetime. First, the lattice laser power increases with U0,
amplifying noise within the lattice system. This noise encom-
passes intensity fluctuations and thermal fluctuations. These
are exacerbated by higher laser power and have been shown
in interferometric systems to irreversibly degrade coherence
[41]. Second, a deeper lattice enhances the harmonic confine-
ment, leading to increased nonuniformity within the system
and accelerating decoherence. Third, larger U0 corresponds
to reduced tunneling J , signifying enhanced localization and
consequently contributes to increased decoherence within the
system. These factors can accelerate the system’s thermaliza-
tion, converting some of the condensed particles into thermal
ones, thus revealing faster scattering rates and consequently
shorter lifetimes. Therefore, we consider this to be a poten-
tially contributing factor. Further advances in experimental
techniques are essential to obtain more conclusive empirical
evidence of decoherence’s impact on lifetime.

Beyond these two factors, several experimental factors
could contribute to this discrepancy. These include the en-
hanced on-site interactions arising from the increased lattice
depth, variations in on-site density due to lattice loading,
and differing fidelities of the shortcut loading method across
various lattice depths. Although isolating and measuring these
effects individually presents experimental challenges, they
warrant further investigation in future experiments.

In conclusion, these factors could all contribute to the
increased lifetime in shallow lattices, the reduced lifetime in
deep lattices and leftward shift of the peak observed. They
may qualitatively account for the trend differences between
the experimental results and theoretical predictions. However,
further research is required to establish a robust theoretical
foundation capable of providing a quantitative interpretation
of these observations.

V. DISCUSSION ON THE COLLISIONAL SCATTERING
PROCESS IN 1D OPTICAL LATTICES

A. Scattering process in a strongly interacting system

To distinguish the scattering channel of D-band molecules
in a 1D optical lattice with remarkable interactions, we per-
form the D-band experiment with a molecular number density
nd = 1.0×1018 m−3 and a lattice depth of U0 = 10Er to in-
vestigate the collisional scattering process in the D band. To
minimize the scattering halo resulting from in-trap and time-
of-flight collision, we choose the minimum scattering length
as = 523a0. The band-mapping distributions against tevo are
shown in Fig. 5(a1).

Despite the minimum scattering length used in our experi-
ment, a scattering halo still covers the lower band distribution
after band mapping. A typical TOF image is presented in
Fig. 5(b1) with tevo = 2ms. Aside from the D-band parts (the
yellow solid line), we observe two additional condensates (the
red dashed line) in the second BZ through the fitting. Note
that particles in the P band possess a negative effective mass,
causing them to gradually shift to ±h̄kl in the presence of an
external harmonic trap. Thus, these condensates correspond to
P-band particles. Since the scattered particles consist of both
condensates and thermal clouds, we determine band fractions
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FIG. 5. (a) The collisional scattering process of D-band molecules under U0 = 10Er . Band-mapping distributions are plotted against
evolution time tevo. (b) Top: Raw images of the red dashed boxes in (a) and (bottom) the corresponding 1D density distribution along the lattice.
The first and second BZs are indicated by blue and red shading, respectively. The D-band condensed parts are shown by yellow solid lines. The
P-band condensed parts are marked by red dashed lines. (c) The variation curves of the particle numbers in different bands. Blue squares and
red circles represent the scattered particle numbers in the S and P bands, respectively. Green triangles represent all scattered particles except
for those in the D band. The solid lines represent the solution of the rate equation accounting for the secondary scattering. [(a1), (b1), and
(c1)] 6Li2 molecules (as = 523a0, nD = 1.0×1018 m−3, tmap = 0.1 ms). [(a2), (b2), and (c2)] 87Rb atoms (as = 100a0, nD = 1.0×1020 m−3,
tmap = 0.5 ms).

by integrating the first term in Eq. (6) within the first BZ
(S band, the blue shading) and second BZ (P band, the red
shading) as well as the S-band parts (hardly any) and P-band
parts (the red dashed line) in the second term, respectively.
Moreover, the proportion of scattering halos at tevo = 0 ms is
subtracted from the total particle number to eliminate distur-
bance from the scattering halos.

As shown in Fig. 5(c1), it is evident that the increase of
particle number in the P band is significantly higher than
in the S band, suggesting that the dominant scattering chan-
nel is (D, D) → (P, P). It exhibits a consistent conclusion
with the prediction in Sec. II. However, interactions disrupt
the information of scattered particles, and thus the conclu-
sion regarding the substantial accumulation in the P band
can only be inferred through fitting rather than observed
directly.

B. Scattering process in a weakly interacting system

To observe scattering channels and the secondary scat-
tering process more clearly, we repeat the experiment in a
weakly interacting 87Rb system (as = 100a0) due to the dif-
ficulty of further reducing interactions in the 6Li2 system.
The experimental results, with the atomic number density

nD = 1.0×1020 m−3 and lattice depth U0 = 10Er , are shown
in Fig. 5(a2). A more detailed description of this system is
given in Ref. [42], and the scattering halo effect is mostly
suppressed here. After an evolution time of tevo = 1 ms, a
significant distribution of particles at ±h̄kl states is directly
observed, as demonstrated by Fig. 5 for tevo = 4.2 ms. We
present the obtained band fractions in Fig. 5(c2) and it also
suggests that the (D, D) → (P, P) process is the relatively
dominant scattering channel.

Additionally, we observe a slight decline of P-band dis-
tribution after 3 ms, which becomes more pronounced after
5.4 ms. It may be attributed to the enhancement of secondary
scattering. To explain this, we develop a rate equation (see
Appendix B for details) by considering all scattering channels
from the D band and the secondary scattering from the P band
to simulate the variation curves of band fractions in the S,
P, and D bands. The solutions of the rate equation are repre-
sented by the solid lines in corresponding colors in Fig. 5(c2).
The solutions fit well with the experimental data, especially of
the proportion of P-band scattered particles. The contribution
of the secondary scattering plays a significant role, preventing
the P-band proportion from increasing monotonically (see
Appendix B for results without the secondary scattering).
They all suggest that the excited-band scattering theory is
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quite robust in a weakly interacting system. Nonetheless, the
theoretical model does not work well in our 6Li2 system [solid
lines in Fig. 5(c1)], which means it needs further modification
to become more applicable for systems in the strongly inter-
acting regime.

VI. CONCLUSION

In this work, we explore the effects of interactions on
the collisional scattering of D-band 6Li2 molecules in a 1D
optical lattice with the shortcut loading method. By measuring
the lifetimes of D-band particles under various interaction
strengths, we experimentally investigate the squared relation-
ship between the scattering rate of excited-band particles and
the s-wave scattering length. It remains valid within a certain
strongly interacting regime but breaks down as the scattering
length diverges, supported by our experimental results. Mean-
while, interactions affect the trend of D-band lifetime varying
with lattice depth, shifting the lifetime maximum to shallower
depths compared to theoretical predictions and precluding the
identification of an explicit optimal lattice depth. Possible
contributing factors are discussed here to provide direction for
future theoretical and experimental investigations.

Moreover, we analyze and discuss the scattering process
of D-band particles. In the strongly interacting 6Li2 system,
we observe the dominant scattering channel (D, D) → (P, P)
by fitting, but scattering halos induced by interactions hinder
our direct detection of detailed scattering phenomena. For
comparison, we conduct the same experiments in a weakly
interacting 87Rb system and observe more details. The rate
equation developed in this study accurately calculates the
evolution of band fractions when accounting for secondary
scattering.

This work enhances our understanding of the interplay be-
tween interactions and collisional scattering of excited-band
particles in optical lattices, paving the way for future research
into many-body physics in lattice systems.
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APPENDIX A: D-BAND SHORTCUT SEQUENCES

The shortcut method is a robust way to load BEC from
the harmonic trap into optical lattices. In our previous work
[14,35,49], we have used the method to load bosons into S
band and excited bands of 1D, 2D, or 3D lattice. The basic
principle of shortcut is that the evolution operators L�k (t ) of
momentum states |�k〉 are different between the lattice on and
off. As shown in Fig. 2(c), after several laser pulses, the final

TABLE I. The shortcut sequences to load bosons into the D band
in 1D optical lattices with different lattice depth.

V0 ton
1 (µs) toff

1 ton
2 toff

2 Theoretical fidelity

5Er 4.4 11.2 7.3 5.7 99.992%
7Er 9.1 2.3 7.6 23.7 99.995%

10Er 2.9 6.0 8.3 5.4 99.992%
12Er 9.9 14.2 0.5 13.7 99.988%
14Er 5.0 10.3 9.7 22.4 99.860%

state is

|ψ f 〉 =
∑

�k

n∏
i=1

Loff
�k

(
toff
i

)
Lon

�k
(
ton
i

) × |�k〉, (A1)

where n is the number of pulses and Lon/off
�k (t ) is the evolution

operator when the lattice is on/off.
By choosing the number of pulses and pulse length, we can

optimize the final state |ψ f 〉 to aimed state |ψa〉. The fidelity
is defined by |〈ψ f |ψa〉|2 to describe the loading efficiency. In
the experiment, the optimized sequence has two pulses to load
atoms into the D band of 1D optical lattices, and the pulse
sequences of different lattice depths are shown in Table I. The
theoretical fidelity is calculated under noninteraction condi-
tions.

If interactions are considered, then the loading fidelity of
the shortcut method decreases somewhat. As an example, the
theoretical fidelity at U0 = 10Er with strong interactions is
calculated by the Gross-Pitaevskii equation and demonstrated
in Table II. Although there is a drop, we cannot observe
condensates in other bands experimentally. Thus we conclude
that this method is still valid within the strongly interacting
regime.

APPENDIX B: RATE EQUATION OF THE EXCITED-BAND
SCATTERING PROCESS

In this section, we develop a rate equation to evaluate the
scattering process in the excited band. For the first scattering
event, particles in the D band scatter into the S and P bands
with different quasimomenta. We define the first scattering
rate per unit density as follows:

R1,DP = σ (D, D; P, P)v + 1
2σ (D, D; D, P)v,

R1,DS = σ (D, D; S, S)v, (B1)

where σ (n1, n2; n′
1, n′

2) is defined in Eq. (3), and the channels
(D, D) → (S, D), (S, P) are neglected here due to their min-
imal scattering cross sections. After the first scattering event,
P-band particles can continue to scatter into the S band, a
process we call secondary scattering. We now evaluate the

TABLE II. The D band fidelity of shortcut method in 1D optical
lattices with different interaction strengths (U0 = 10Er).

as 523a0 655a0 865a0 1100a0 1330a0 1600a0

Fidelity 99.992% 99.992% 99.991% 99.991% 99.990% 99.988%
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FIG. 6. The solution of rate equations in (a) 6Li2 molecules system (as = 523a0, nD = 1.0×1018 m−3) and (b) 87Rb atoms system
(as = 100a0, nD = 1.0×1020 m−3). The red and green solid lines depict the fractional changes of the P and S bands, respectively, after
incorporating secondary scattering. For comparison, the red and green dashed lines show the corresponding fractional changes in the P and S
bands without considering secondary scattering. The difference between the solid and dashed lines thus quantifies the contribution of secondary
scattering to the band fractions. The green solid line represents the change in the sum of the S-band and P-band fractions.

secondary scattering rate, R2,PS = σ (P, P; S, S)v, from the P
band at different q states to the S band. The P-band quasimo-
mentum distribution, fP(q), after first scattering from the D
band can be approximated by the overlap integral:

fP(q) =
∣∣�D,D

P,P (0, 0; q,−q)
∣∣2

∫
dq

∣∣�D,D
P,P (0, 0; q,−q)

∣∣2 , (B2)

which is the normalized differential scattering cross sec-
tion of the D band to the P band. Note that the (D, D) →
(D, P) process is neglected in the secondary scattering pro-
cess for simplicity. With this distribution, we set �(q1, q2) =
fP(q1) fP(q2) in σ (P, P; S, S)v and obtain R2,PS . Combin-
ing both the first and secondary scattering processes, the

differential equations governing the evolution of the scattering
process are given by:

dnD

dt
= −R1,DPn2

D − R1,DSn2
D,

dnP

dt
= R1,DPn2

D − R2,PSn2
P,

dnS

dt
= R1,DSn2

D + R2,PSn2
P, (B3)

with the initial condition: nD(0) = ni
D, nS (0) = nP(0) = 0.

The solution of these equations, with and without R2,PS , is
displayed in Fig. 6. The experimental data in Fig. 5 suggest
that secondary scattering plays a significant role in practice.
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