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Hyperfine-to-rotational energy transfer  
in ultracold atom–molecule collisions of  
Rb and KRb
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Marcin Gronowski    4, Hela Ladjimi    4, Michał Tomza    4, John L. Bohn5, 
Timur V. Tscherbul    6 & Kang-Kuen Ni    1,2,3 

Energy transfer between different mechanical degrees of freedom in atom–
molecule collisions has been studied and largely understood. However, 
systems involving spins remain less explored. In this study, we directly 
observed energy transfer from atomic hyperfine to molecular rotation  
in the 87Rb (|Fa,MFa ⟩ = |2, 2⟩) + 40K87Rb (X1Σ+, rotational state N = 0) ⟶ Rb 
(|1, 1⟩) + KRb (N = 0, 1, 2) collision with state-to-state precision. We also 
performed quantum scattering calculations that rigorously included the 
coupling between spin and rotational degrees of freedom at short range 
under the assumption of rigid-rotor KRb monomers moving along a single 
potential energy surface. The calculated product rotational state 
distribution deviates from the observations even after extensive tuning of 
the atom–molecule potential energy surface. In addition, our ab initio 
calculations indicate that spin–rotation coupling is enhanced close to a 
conical intersection that is energetically accessible at short range. This, 
together with the deviation, suggests that vibrational degrees of freedom 
and conical intersections play an important part in the coupling. Our 
observations confirm that spin is coupled to mechanical rotation at short 
range and establish a benchmark for future theoretical studies.

Advances in joint experimental and theoretical tools have allowed 
scattering experiments to probe molecular interactions during col-
lisions, revealing reaction mechanisms, dynamics and the structures 
of collisional complexes1–4. After decades of work, sophisticated and 
accurate quantum dynamics calculations of atom–molecule collisions 
are now feasible5, especially for collisions and reactions involving only 
vibrational, rotational and electronic states6–12.

Adding spin degrees of freedom complicates the interactions  
and poses challenges for experiments and a full understanding of 
the dynamics. Yet, collisions involving spins are of interest in many  
areas, such as buffer gas cooling13, sympathetic cooling14–17, spin- 
exchange optical pumping18,19, Feshbach resonances20–23 and the 

magneto-association of triatomic molecules24. Another notable exam-
ple is the spin–orbit interaction, which plays an important role in the 
paradigmatic chemical reaction F + H2 → HF + H, the only known source 
of HF in the interstellar medium25,26.

Besides their fundamental significance, spin-dependent inter
actions could play an essential role in the formation of long-lived  
complexes in ultracold atom–molecule and molecule–molecule 
collisions27–29. These complexes are commonly described using the 
statistical Rice–Ramsperger–Kassel–Marcus (RRKM) theory, which 
gives the lifetime (τ) of a complex as τ = 2πℏρ/No, where ℏ is the reduced 
Planck constant, ρ is the density of states and No is the number of open 
channels27,28. While the lifetimes predicted by the RRKM theory agree 
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state X1Σ+ |N = 0,MN = 0,MI,K = −4,MI,Rb = 1/2⟩, where N is the rota-
tional quantum number, MN is the rotation projection onto the magnetic 
field axis, MI,K and MI,Rb are the nuclear spin projections of K (nuclear 
spin IK = 4) and Rb (nuclear spin IRb = 3/2) onto the magnetic field  
axis at 0.4 μK following the procedure described previously38,39. The 
Rb atoms were residuals from the Feshbach association process  
and were in the |Fa,MFa ⟩  = |1, 1⟩  state at 0.8 μK. Following molecule  
production, the magnetic field was ramped down from 543.5 G to 30 G 
in 20 ms, after which the Rb atoms were transferred from the |1, 1⟩  
state to the |2, 2⟩ state via an adiabatic rapid passage microwave pulse. 
At this point, the atom–molecule collisions of interest began. The  
excess energy in this inelastic collision is carried away as the kinetic 
energy of the products, allowing for their escape from the ODT. The 
products were then probed via a state-selective 1 + 1′ resonance- 
enhanced multiphoton ionization (REMPI) scheme (see ‘1 + 1′ REMPI 
detection of collisional products’ in the Methods). In the experiment, 
we protected the reactant cloud from REMPI beams using a dark mask 
(see ‘1 + 1′ REMPI detection of collisional products’ in the Methods)  
and only probed the escaping products of the collisions.

REMPI detection of collision products
To detect the hyperfine states of the product Rb atoms, we applied a 
420 nm laser resonant with the 5S1/2, Fa = 1 to 6P3/2 transition and then 
photoionized the 6P3/2 Rb atoms using a 532 nm pulsed laser (Fig. 2a). 
The resulting Rb REMPI spectrum is shown in Fig. 2b along with theo-
retical stick spectra for transitions resulting from various MFa levels 
within Fa = 1. The stick spectra take into account the laser polarization 
and Clebsch–Gordan coefficients between different Zeeman states, 
which represent the ionization spectrum if all three MFa  states are  
evenly populated. In the experiment, only lines corresponding to the 
MFa = 1 states were observed, with no signature lines of the MFa = 0, −1 
states observed. This indicates that the atoms predominately  
(>95%) populate the |1, 1⟩ state following collision. We similarly per-
formed F = 2 to 6P3/2 spectroscopy and found that the population  
of |2, 1⟩ is less than 5% of the total Rb population with negligible popu-
lation in other MFa levels.

Similarly, we probed the rotational state of KRb molecules after 
collisions using the REMPI scheme shown in Fig. 2c. By scanning the 
666 nm laser frequency, we identified KRb molecules in the N = 0, 1 and 
2 states following collision (Fig. 2d). We found no evidence for KRb 
excited to the N = 3 level, suggesting that these rotationally excited 
KRb species originated from a single collisional event, as a secondary 
collision with a |2, 2⟩ Rb atom would have sufficient energy to reach the 
N = 3 level (~6.683 GHz from N = 2).

To obtain a quantitative population distribution of the KRb  
rotational states, we scanned the delay t of the 532 nm pulsed laser with 
respect to the beginning of the 666 nm excitation pulse (Fig. 3). With 
a pulse delay time t, the ion counts are proportional to the population 
of B1Π after the first transition of the REMPI (Fig. 2c), which mainly 
depends on the molecule population in N, the 666 nm Rabi rate for each 
transition and the excited-state lifetime. For N = 2 and 1, we observed 
a damped oscillation. The lineshape of the N = 0 scan showed little 
dependence on the delay t because the pulsed 532 nm beam induced a 
light shift in the R(0) transition (see ‘1 + 1′ REMPI detection of collisional 
products’ in the Methods) and the 666 nm pulse was resonant only for 
a fixed duration when the 532 nm beam was on.

Because the exoergicity of this inelastic collision is small, the 
product molecules are relatively slow moving and can experience 
multiple ionization pulses before they leave the detection region, while 
the REMPI efficiency for each ionization event varies as the ionization 
beam intensity decays following a Gaussian profile. To account for all 
these factors, we performed a Monte Carlo simulation of the multi-
pulse ionization process and fitted the results to the data in Fig. 3 to 
extract the branching ratio (see ‘Monte Carlo simulation of REMPI’ in 
the Methods for details).

well with some experiments, such as KRb + KRb (ref. 30) and RbCs +  
RbCs (ref. 31), this is not the case for other complexes32,33. A striking 
example is the Rb–KRb collision complex formed by the Rb atom in the 
ground hyperfine state (|Fa,MFa ⟩ = |1, 1⟩ ), where Fa and MFa  are the 
hyperfine quantum number and its projection along the quantization 
axis, and KRb is in its rovibronic ground state; the experimentally 
measured lifetime of this complex is five orders of magnitude longer 
than RRKM estimates in which spins were treated as ‘spectators’34. At 
present, this discrepancy remains unsolved35. Recently, ab initio evi-
dence for strong spin-dependent hyperfine interactions was reported 
for the Rb–KRb complex36. Because sufficiently strong spin-dependent 
interactions can couple electron and nuclear spins to molecular rota-
tions at short range, spins can dramatically increase the density  
of states of ultracold collision complexes and hence their RRKM 
lifetimes27,29, potentially explaining the large discrepancy.

These crucial spin-dependent hyperfine interactions have never 
been experimentally observed directly or rigorously explored in quan-
tum scattering calculations. On the experimental side, detecting these 
interactions would require state-to-state measurements of collisional 
processes specifically mediated by spin-dependent interactions. On 
the theoretical side, enormous rotational and spin basis sets have 
prevented rigorous atom–molecule quantum scattering calculations37.

In this study, we directly probed the spin-dependent interactions 
in Rb + KRb collisions by activating the spin degree of freedom with 
the Rb atom prepared in an excited hyperfine state (|Fa,MFa ⟩ = |2, 2⟩; 
Fig. 1). We also calculated the underlying potential energy surfaces and 
developed the formalism for rigorous quantum scattering calculations 
to model these collisions. As the KRb + Rb → K + Rb2 reaction is 
endothermic34, only inelastic collision outcomes are allowed at  
ultracold temperatures. We directly measured the final states of the 
atoms and molecules, finding the excitation of molecules to all ener-
getically allowed rotational levels commensurate with a relaxation  
of the atoms to their ground hyperfine states. This observation con-
firms the coupling between spin and mechanical rotation in the  
KRb2 complex.

Results and discussion
The experiment started with a cloud of ~104 40K87Rb and ~104 87Rb atoms 
co-trapped in an optical dipole trap (ODT) operating at a wavelength 
of 1,064 nm. The molecules were prepared in the rovibronic ground 
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Fig. 1 | Schematic of hyperfine-to-rotational energy transfer in 87Rb + 40K87Rb 
collisions. Left: Rb atoms were prepared in the |Fa = 2,MFa = 2⟩ excited 
hyperfine state of the 5S1/2 manifold, while KRb molecules were prepared in the 
ground rotational state |N = 0⟩ of their vibronic ground state, X1Σ+, ν = 0, where  
ν is the vibrational quantum number. L represents the collision partial wave 
between the atom and molecule. Right: following collision, Rb atoms relaxed  
to the Fa = 1 manifold, predominantly to the |1, 1⟩ state, while the molecules 
populated multiple rotational states up to N = 2. The red bars represent the 
experimentally measured branching ratio. This process occurred due to coupling 
between atomic spin and molecular rotation in the KRb2 collision complex. This 
collision was studied under external magnetic field B = 30 G and electric field 
E = 17 V cm−1, where B and E were perpendicular to one another.
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From the fitting, we obtained the number of molecules in each 
rotational state and determined the branching ratio for N = 2, 1 and 0 
to be 0.53(9):0.33(8):0.13(3). The error bars were calculated by propa-
gating a 68% confidence interval from the fitted molecule numbers 
and assuming a 10% overall fluctuation in the initial atom and molecule 
numbers. We also studied a |2, 2⟩ Rb colliding with KRb in N = 1 and  
found that the population of the product KRb rotational states  
followed a branching ratio for N = 2, 1, 0 of 0.59(13):0.32(9):0.09(2) 
(Extended Data Table 1). This indicates that the scattering process  
is relatively insensitive to the interaction potential.

A pure chemical exchange channel, in which the incoming Rb  
atom swaps with the Rb atom in the KRb molecule, could qualitatively 
explain our observations. In the |0,0, −4, 1/2⟩ KRb + |2, 2⟩ Rb collision, 
the nuclear spin states of the two Rb atoms are different, allowing  
the Rb atom to end up in the |1, 1⟩ state after exchange. To test whether 
chemical exchange alone could explain our results, we also studied 
KRb in |0,0, −4, 3/2⟩  and Rb in |2, 2⟩, where both Rb atoms have the  
same nuclear spin state MI,Rb = 3/2. We observed KRb in the N = 2 state 
after collision, indicating the coupling between atomic spin and 
mechanical rotation in the KRb2 system, as a pure chemical exchange 
process would effectively result in an elastic collision.

Statistical aspects of Rb + KRb scattering
One way to interpret the observed Rb spin flip is to use a statistical 
theory of collision complexes and a time-dependent perturbation 
theory applied to the spins27. We modelled the complex as a Rb atom 
repeatedly bouncing off the KRb molecule at a time interval estimated 
by averaging over classical trajectories in a pure C6 potential. Given  
a typical gigahertz spin-dependent interaction strength36 and  
a 0.54(10) ns measured complex lifetime (Supplementary Section D), 

a single Rb spin flip probability is found to be near unity, while a second 
spin flip to |1,0⟩ is unlikely (see ‘Rb spin-flip rate based on a statistical 
model’ in the Methods), matching the observation.

The fact that the relative populations of the rotational states N  
are in proportion to their degeneracies 2N + 1 invites a statistical inter-
pretation of the branching ratios before diving into rigorous quantum 
scattering calculations. We calculated the expected KRb branching 
ratio assuming that the collision process is ergodic and that all states 
of the collision complex, as well as all exit channels, are populated with 
equal probability. In total, there are six angular momenta in the system: 
molecular rotation N̂, collision partial wave L̂, Rb atom nuclear spin ̂Ia, 
Rb electronic spin Ŝ, K molecular nuclear spin ̂I1 and Rb molecular 
nuclear spin ̂I2. As our method of detection can only resolve atom spins 
and molecular rotation, the molecular nuclear spins and partial wave 
enter into the degeneracies of the N = 0, 1, 2 product channels. When 
the external magnetic field is weak (our measurement at 2 G yields  
the same ratio as at 30 G, Extended Data Table 1), the total angular 
momentum ̂J is conserved. The total angular momentum ̂J is the vector 
sum of the angular momentum for total mechanical rotation ̂Jr = N̂ + L̂ 
and the spin angular momentum F̂ = Ŝ + ̂Ia + ̂I1 + ̂I2.

If we assume that all of the degrees of freedom are scrambled, the 
degeneracies of the N = 2, 1, 0 channels have a ratio of 0.544:0.340:0.116 
following the statistical model (see ‘Statistical model of the KRb branch-
ing ratio’ in the Methods), in agreement with the measured ratio.

We acknowledge that the spin-dependent interaction terms in 
the Hamiltonian are weak, in which case the total mechanical rotation 
angular momentum Jr would be conserved in the collision. Assum-
ing the conservation of Jr = 0 throughout the process, the statistical 
model predicts the ratio of N = 2, 1, 0 to be 1:1:1, which deviates from 
the experimental finding. Thus, the statistical hypothesis can explain 
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Fig. 2 | REMPI detection of collision products. a, Rb REMPI detection scheme. 
State-selective ionization of Rb was performed using a 1 + 1′ REMPI scheme, with 
the 420 nm laser pulse resonant with the 5S1/2, Fa = 1 to 6P3/2 transition, followed  
by a 532 nm pulsed laser (10 ns) ionizing atoms in the 6P state. We note that 
two-photon ionization from the 532 nm laser was negligible compared with the 
REMPI process. b, Rb REMPI spectroscopy of the |2, 2⟩ + KRb collision products. 
Filled blue circles represent data points. The solid dark-blue line represents  
a fit to Lorentzian line shapes. We extracted the 420 nm laser polarization 
composition from the relative heights of the Lorentzian peaks. Light-blue (open 
squares) vertical lines represent the predicted line positions for Rb atoms in the 
|1, 1⟩ state in 5S1/2 targeting different hyperfine states in 6P3/2. Similarly, the red 
(open diamonds) and brown (open circles) vertical lines show the predicted line 
positions for |1,0⟩ and |1, −1⟩ in 5S1/2, respectively. The vertical lines were 
simulated using the fitted polarization and assuming equal population among 

the various MFa levels, scaled such that the population of |1, 1⟩ matches the data. 
The data points represent the mean of three averages; the error bars represent 
the shot noise. c, KRb REMPI detection scheme. Rotational-state-selective 
ionization of KRb was performed using a 1 + 1′ REMPI scheme, where the 666 nm 
laser pulse was resonant with one of the X1Σ+, ν = 0, N = 0, 1 and 2 to B1Π, ν′ = 0 
rovibronic transitions, followed by a 532 nm pulsed laser directly ionizing KRb in 
the B1Π state. d, REMPI spectra of KRb collision products. The 666 nm laser 
frequency was scanned over 11 GHz, revealing a number of qualitative features 
corresponding to molecular rovibrational P (ΔN = N′ − N = −1), Q (ΔN = 0) and R 
(ΔN = 1) transitions of the N = 0, 1 and 2 levels of X1Σ+ KRb (circles). The solid lines 
are Lorentzian fits. Notably, no molecules were observed in the N = 3 level. Inset: 
Herzberg diagram of relevant transitions between the KRb ground and excited 
states49. The data points represent the mean of five averages; the error bars 
represent the shot noise.
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the observed distribution of rotational levels, provided that Jr is able 
to change freely during collision.

Rb + KRb interactions
As an alternative hypothesis to explain the distribution of rotational 
levels, we performed a full coupled-channel calculation.

We began by using ab initio quantum chemical methods to obtain 
the interaction potentials V(R,r,θ) in Jacobi coordinates (where R is the 
atom–molecule distance, r is the internuclear distance in KRb and θ 
is the orientation angle; Supplementary Section A), which dominate 
the atom–molecule collisions but do not couple spins. Examples of 
these potential energy surfaces (PESs) for selected geometries are 
presented in Fig. 4a.

These surfaces reveal various important facts about the interac-
tion: (1) the Rb + KRb PESs are highly anisotropic, (2) the conical inter-
section (CI) between the ground and first-excited electronic states 
is energetically accessible for ultracold Rb + KRb collisions, (3) the 
excited electronic state is also energetically accessible at short range, 
(4) the excited-state PES is strongly dependent on the internuclear 
distance in KRb (that is, its vibration), while the ground-state PES shows 
little dependence on it, and (5) the exchange of Rb atoms can proceed 
without any electronic barrier.

In addition, we contemplated spin-dependent interactions that 
are active in the short range and that take the form

̂Vsd = ∑
m=1,2,a

[AFC
m (R, r,θ)Ŝ ⋅ ̂Im

+Ŝ ⋅ Aahf
m (R, r,θ) ⋅ ̂Im] + Ŝ ⋅ ϵ(R, r,θ) ⋅ (N̂ − L̂).

(1)

The intermolecular hyperfine interactions between Ŝ and ̂Im consist 
of scalar Fermi contact couplings AFC

m (R, r,θ) and tensor (or anisotropic 

hyperfine, ahf) couplings Aahf
m (R, r,θ)  (ref. 40), which depend on the 

atom–molecule distance R, the internuclear distance r in KRb and the 
orientation angle θ. Finally, the spin–rotation interaction between the 
overall rotation of the collision complex and its electronic spin is 
described by the tensor ϵ(R,r,θ). All of the terms in equation (1) depend 
on θ and couple spins to the mechanical rotation, which qualitatively 
explains the hyperfine-to-rotational energy transfer.

The Fermi contact interaction is generally the dominant 
spin-dependent interaction at short range, with typical values on the 
order of gigahertz (ref. 36), but conserves Jr. By contrast, the intermo-
lecular spin–rotation and tensor hyperfine interactions in equation (1) 
couple states with different Jr, and so does the intramolecular nuclear 
electric quadrupole interaction in KRb, which is part of the KRb  
molecular Hamiltonian ̂Hmol (Supplementary Equation (4)). However, 
the spin–rotation coupling has a typical short-range value of around 
10 MHz and is enhanced to gigahertz values at the CI only (Fig. 4b). The 
typical strength of the tensor hyperfine is on the order of 10 MHz for 
the Rb–KRb complex, while the strength of the nuclear electric quad-
rupole interaction in KRb is less than 1 MHz (ref. 41).

Coupled-channel calculations
A complete quantum scattering calculation incorporating both elec-
tronic energy surfaces and molecular vibration, together with nuclear 
spins, molecular rotations and external fields, is not possible at present.
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We therefore made the following assumptions (Supplementary 
Section B). First, the KRb fragment is assumed to be rigid, which is 
necessary to limit the number of scattering channels, and hence 
the computational complexity, to a tractable level. Second, the CI 
between the ground and first-excited electronic states of Rb–KRb is 
neglected for the same reason. Under these assumptions, we developed 
a coupled-channel (CC) model of Rb + KRb collisions in an external 
magnetic field based on the ab initio PES36 and spin-dependent inter-
actions (equation (1)). These approximations enabled us to rigorously 
account for all rotational and spin degrees of freedom of Rb–KRb in the 
presence of an external magnetic field. Our approach complements 
previous calculations on ultracold alkali dimer–atom collisions, which 
did not include spin degrees of freedom and Zeeman interactions, but 
rigorously treated the rovibrational modes and CIs42,43.

To handle the computational complexity, we used a recently  
developed CC basis set composed of the eigenstates of the total 
mechanical rotational angular momentum of the atom–molecule 
system ̂Jr = N̂ + L̂  (ref. 37). As shown in Supplementary Section B,  
our CC model, which rigorously includes all six angular momenta in 
Rb–KRb and the couplings between them, predicts that Jr is nearly 
perfectly conserved in the rigid-rotor approximation. In addition, to 
explore the role of the CI, we included in our CC calculations the  
spin–rotation tensor, which is greatly enhanced close to the CI (Supple
mentary Information). The calculations show that to break the conser-
vation of Jr, the already enhanced spin–rotation interaction would have 
to be inflated by a factor of ≥100. This indicates that the effects of 
vibrational modes and the CI go beyond just enhancing the spin–rota-
tion interaction and need to be accounted for in a more rigorous way, 
such as explicitly including them in CC calculations in the future.

The fact that Jr is conserved in the CC model greatly reduces the 
computational cost. Using extensive basis sets, including as many as 
181 rotational states of KRb, we demonstrated numerical convergence 
of Rb + KRb collision cross-sections in the rigid-rotor approximation. 
This marks the achievement of convergence for a heavy, strongly ani-
sotropic atom–molecule collision system in a magnetic field including 
the rotational and spin degrees of freedom.

To account for the variation in the final product state distributions 
with respect to the fine details of the PES, we averaged the calculated 
distributions over 40 PES samples44. The resulting histograms (Fig. 5) 
show that the product KRb rotational states tend to peak in the  
lowest final rotational state N = 0, in disagreement with experiment. 
The corresponding Rb product state distribution is largely dominated 
by the |Fa = 1,MFa = 1⟩ and |Fa = 2,MFa = 1⟩ hyperfine states, consis
tent with the selection rules for spin-dependent interactions in  
equation (1).

Although it was possible to bring our converged Jr = 0 rigid-rotor 
CC calculations into agreement with the observed product state  
distributions by fine-tuning the strength of the Rb–KRb interaction, 
the resulting PES is extremely unlikely (Supplementary Information) 
and the observed total inelastic rate could still not be reproduced.

The lack of complete agreement between experiment and our scat-
tering calculations using only the ground-state PES and the rigid-rotor 
approximation strongly suggests the importance of the KRb vibration 
and excited-state PES, which are the main missing elements in our 
theoretical model. This is supported by the presented ab initio calcula-
tions, which show that, at large R, the rigid-rotor assumption is a good 
approximation (the green and black lines overlap in Fig. 4a), while at 
short range, it is not due to the excited electronic state of Rb–KRb 
becoming energetically accessible. The related strong enhancement 
of spin–rotation coupling at the CI is shown in Fig. 4b. This enhance-
ment correlates with the electron g-factor reaching zero, which  
can potentially lead to Majorana-type spin-flip transitions45 at the CI. 
The CI could potentially introduce strong mixing between different 
Jr and explain the statistical distribution of the KRb rotational states.

Conclusion
Our experiment has demonstrated energy transfer from the atomic 
spin degree of freedom to molecular rotation in Rb (|2, 2⟩) + KRb 
(|0,0, −4, 1/2⟩) collisions. Following collision, Rb predominantly popu
lates a single hyperfine state (|1, 1⟩) and KRb populates its various ener-
getically allowed rotational levels up to N = 2. We experimentally 
observed interspecies spin-dependent hyperfine interactions. Intrigu-
ingly, our observations match well the statistical model under the 
assumption of the non-conservation of Jr. We developed a state-of-the- 
art quantum scattering methodology to understand the results.  
However, under the rigid-rotor assumption and using only the ground- 
state PES, the non-conservation of Jr cannot be justified and the quan-
titative branching ratio as well as the scattering cross-sections did not 
match the experiment after extensive efforts. In electronic structure 
calculations, we identified the enhancement of spin–rotation coupling 
close to the CI, which is energetically accessible and could play an 
important role in collision dynamics. As CIs can be found in a wide 
variety of molecules46,47, the effect of the CI on spin-dependent interac-
tions and the non-conservation of Jr can also be generalized to other 
chemical species and higher collision energies when the CI becomes 
more easily accessible. We note that fully converged scattering calcu-
lations that include vibrational modes and CIs are beyond the current 
state of the art42,43,48. Our findings also shed light on a previously meas-
ured, exceptionally long lifetime of the ground-state Rb–KRb complex34 
that may have a similar origin. For the spin-state combination of 
KRb + Rb explored here, we measured the lifetime of the complex to 
be 0.54 ns (Supplementary Section D), while the calculated RRKM life-
time based on the ground-state electronic potential and neglecting 
the role of spin–rotation coupling is 0.6 ps. Properly taking into account 
nuclear spins and spin-dependent interactions could dramatically 
increase the density of states and may bring the RRKM estimate and 
experimental value to closer agreement. These joint experimental and 
theoretical efforts manifest the complexity of atom–molecule dyna
mics and call for more advanced theoretical and computational tools 
to study quantum scattering. One possible direction for future research 
could involve combining the CC methodology developed in this work 
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Fig. 5 | Histograms of rotational-state distributions of product KRb. KRb 
rotational-state population distributions following ultracold Rb (|2, 2⟩) + KRb 
(|0,0, −4, 1/2⟩) collisions, obtained from converged CC calculations that 
included the 181 lowest rotational states of KRb and Jr = 0. The distributions are 
defined as state-to-state inelastic cross-sections to a given final rotational state of 
KRb (N) summed over all hyperfine sublevels in the Nth manifold and normalized 
to the total inelastic cross-section. The distributions are averaged over 40 
samples of PES2 (grey bars) and PES7 (red bars). The PES samples were obtained 
by scaling the corresponding PESs by a constant factor λ, as described in the 
Supplementary Information.
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with rigorous quantum reactive scattering calculations that accurately 
account for the electronic, vibrational and rotational degrees of  
freedom of the collision partners42,43,48.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41557-025-01778-z.
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Methods
Rb spin-flip rate based on a statistical model
We modelled the complex as a Rb atom repeatedly bouncing off the 
KRb molecule at average time intervals of Δt. By averaging over clas-
sical trajectories in a pure C6 potential, Δt was previously estimated 
to be 1.0 × 10−10 s (ref. 27). While these mini-collisions are going on, 
the hyperfine constant of the Rb atom changes due to the presence 
of other atoms. The change from the native Rb hyperfine constant at 
large R to that at small R is given by ΔA = AFC (ref. 36); it vanishes at large 
R and approaches a value ΔA ≈ 1 GHz at small R. Thus, the Rb atom sees 
its hyperfine constant fluctuate on a scale of ΔA at time intervals of 
roughly Δt. The probability (P) that a hyperfine transition may occur 
during a time T spent in the complex can be estimated according to27:

P = π2 (ΔAτ
h

) (ΔAΔt
h

) , (2)

where h is Planck’s constant. Experimentally, we measured the  
intermediate complex lifetime to be τ = 0.54(10) ns (Supplementary 
Materials D), and thus the spin-flip probability is close to unity. This 
back-of-an-envelope estimation suggests that the transition can indeed 
be made on the observed timescale, while suggesting that a second 
transition, to |10⟩, is less likely.

Statistical model of the KRb branching ratio
We proposed a statistical model as follows. We chose, in principle, a 
Jacobi coordinate system for the triatomic encounter. We let r be the 
vector joining the K and Rb atoms in the molecule and R the vector 
between the molecule’s centre of mass and the incident Rb atom. Similar 
to the coupled-channel calculations, we assumed that the magnitude 
r is fixed, or more properly, that this degree of freedom is ignored. It 
may contribute to the lifetime of the complex or the density of resonant 
states, but it is unlikely to directly affect rotational branching ratios. 
Similarly, the magnitude R was not treated explicitly, except as follows: 
when R is large, the states of the system are given in terms of atom + mol-
ecule quantum numbers that define asymptotic |a⟩ states, to be speci-
fied further in the following discussions; when R is small, the triatomic 
system is described by states |c⟩ of the complex, also specified later.

Transitions between asymptotic states and states of the complex 
were handled in the spirit of a frame transformation. That is, the proba
bility of a given incident asymptotic channel |a⟩ finding itself in  
state |c⟩ of the complex is ∣〈a∣c〉∣2, the matrix element taken over all 
degrees of freedom except R. Similarly, the same kind of matrix element 
gives the probability of complex channel |c⟩ decaying into asymptotic 
channel |a⟩.

For convenience, here we again identify the various angular 
momentum operators as follows: molecular rotation N̂, collision partial 
wave L̂, Rb atom nuclear spin ̂Ia, Rb electronic spin Ŝ, K molecular 
nuclear ̂I1 is the spin and Rb molecular nuclear spin ̂I2. Using these 
ingredients, the separated atom–molecule states are given by

|a⟩ = |NMN⟩|LML⟩|I1MI1 I2MI2 ⟩|FaMFa ⟩, (3)

where |FaMFa ⟩  are the eigenstates of the square and z-projection of  
total atom angular momentum operators ̂F

2
a and ̂Faz, F̂a = Ŝ + ̂Ia is the 

total angular momentum of the atom and ML is the magnetic quantum 
number corresponding to L. The complex was assumed to be a state  
of good total angular momentum | JMJ⟩, where MJ is the magnetic  
quantum number corresponding to J, in spite of the presence of small 
magnetic and electric fields. To describe the states of the complex,  
we chose the following angular momentum coupling scheme: mole
cular nuclear spin =  ̂I = ̂I1 + ̂I2; total spin = F̂ = ̂I + F̂a; total mechanical 
rotation =  ̂Jr = N̂ + L̂ ; total angular momentum =  ̂J = ̂Jr + F̂ . A state  
of the complex is therefore denoted

|c⟩ = | [(NL) Jr; [(I1I2)I; Fa]F ] JMJ⟩. (4)

One further constraint on both basis sets is that parity be conserved, 
that is, (−1)N+L = 1, as it is in the initial state with N = L = 0.

To determine overlap integrals for these states, we expanded the 
complex state explicitly as

|c⟩ = ∑
ℳ
|NMN⟩|LML⟩|I1MI1 I2MI2 ⟩|FaMFa ⟩ (5)

×⟨NMNLML| JrMr⟩⟨I1MI1 I2MI2 |IMI⟩ (6)

×⟨IMIFaMFa |FMF⟩⟨ JrMrFMF| JMJ⟩, (7)

where ℳ = {Mr,MF,MN,ML,MI,MFa ,MI1 ,MI2 } denotes, formally, the set of 
magnetic quantum numbers corresponding to {Jr, F, N, L, I, Fa, I1, I2} in 
this expansion.

The projection of asymptotic states onto states of the complex 
therefore takes the form

⟨a|c⟩ = ⟨NMNLML| JrMr⟩⟨I1MI1 I2MI2 |IMI⟩ (8)

×⟨IMIFaMFa |FMF⟩⟨ JrMrFMF| JMJ⟩. (9)

Some of the quantum numbers are specified in the basis sets;  
others are determined by angular momentum conservation. Thus, 
Mr = MN + ML, MI = MI1 +MI2 and MF = MJ − Mr.

In the initial state with N = L = 0, the overlap simplifies, as Jr = 0  
and J = F. The probability of the initial complex finding itself in a state 
with total angular momentum J is the sum of the probabilities of  
arriving in any of the states with a given total J and all values of any other 
quantum numbers, in this case I. We denote this probability as follows:

P( J ) = ∑
I
||⟨I1MI1 I2MI2 |IMI⟩⟨IMIFaMFa | JMJ⟩||

2, (10)

where MI1 = −4, MI2 = 1/2  and Fa = MFa = 2  are specified by the initial 
condition.

It is likely that only certain substates of the complex, with a given 
value of JMJ, are populated by the initial collision, for example, only 
those with N = L = 0. In the full statistical approximation, it was assumed 
that the complex thoroughly scrambles all the states that are allowed 
by angular momentum conservation. That is, during the lifetime of 
the complex, all such states become equally populated. This assump-
tion could be restricted later, based on other physical considerations.

In this circumstance, we considered the probability that the com-
plex with total angular momentum J decays into an asymptotic channel 
where the molecule has rotation N. This is the sum of the probabilities 
∣〈a∣c〉∣2 for all states of the complex with total angular momentum J 
and all final asymptotic channels consistent with N, summed over all 
the other quantum numbers. Such a probability (D(N, J)) is denoted

D(N, J ) = ∑
Jr ,I,F

∑
MN ,L,ML ,MI1 ,MI2

||⟨NMNLML| JrMr⟩⟨I1MI1 I2MI2 |IMI⟩ (11)

×⟨IMIFaMFa |FMF⟩⟨ JrMrFMF| JMJ⟩||
2. (12)

This expression requires Fa = MFa = 1  in the final state that is mea
sured. The quantum numbers MI1 and MI2 are no longer constrained, 
but run over all allowed values.

The probability D(N) that the incident state produces, after colli-
sion, a state of rotation N of the molecule is therefore the probability 
that a complex of total angular momentum J so decays, weighted by 
the probability that the collision populates such a complex in the first 
place, is given by:

D(N ) = ∑
J
P( J )D(N, J ). (13)
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As noted earlier, the full statistical model would allow for all possible 
states of the complex. In particular, the mechanical rotation Jr could 
range over many values. In this case, the branching ratio for N = 2, 1 
and 0 is 0.544:0.340:0.116, in agreement with the measured results. 
However, as noted earlier, the available spin–rotation and tensor hyper-
fine interaction that can actually change Jr in a collision is quite weak, 
whereby we had to also consider incomplete statistical models that 
restrict the value of Jr. If Jr is completely restricted to its initial value of 
Jr = 0 (consistent with N = L = 0), then the unsuitable branching ratio 
1:1:1 results. However, if this weak perturbation can drive the complex 
from Jr = 0 to even Jr = 2, the corresponding statistical model restores 
the branching ratio to 0.50:0.33:0.17. This suggests that only a weak 
scrambling is required to tip the complex into something like its full 
statistical behaviour.

1 + 1′ REMPI detection of collisional products
Our scheme of the 1 + 1′ REMPI detection of KRb used two lasers. One 
was a continuous-wave external cavity diode laser operating at 666 nm 
and the other was a pulsed frequency-doubled Nd:YVO4 laser with a 
wavelength of 532 nm and a pulse duration of 10 ns. The 666 nm laser 
was resonant with the KRb X1Σ+ (ν = 0) to B1Π (ν′ = 0) vibronic band tran-
sitions, as shown in Fig. 2. The power of the 666 nm light was 8.7 mW 
with a 1/e2 beam radius of 1.0 mm. The pulse energy of the 532 nm 
laser was set to 189 μJ with a 1/e2 beam radius of 1.0 mm. Similarly, the 
1 + 1′ REMPI detection of Rb used a continuous-wave external cavity 
diode laser operating at 420 nm and the same 532 nm pulsed laser. The 
420 nm laser was resonant with the Rb 5S1/2, F = 1 to 6P3/2 transitions, as 
shown in Fig. 2. The power of the 420 nm light was 1.9 mW with a 1/e2 
beam radius of 1.0 mm. The REMPI beams were significantly larger than 
the ODT, which consisted of a horizontally propagating ODT beam and 
vertically propagating ODT beam with beam radii of 35 and 100 μm, 
respectively. This ensured that all post-collision products were exposed 
to the REMPI beams to maximize detection efficiency.

The 666 and 420 nm laser frequencies were stabilized by locking 
to a wavelength meter (Bristol 871A) inside a pressure-stable chamber. 
We further calibrated the wavelength meter readings to an external cav-
ity diode laser at 970 nm locked to a high-finesse stable cavity, which 
enabled us to improve the frequency accuracy to 5 MHz.

To protect the reactant KRb molecules in the ODT from the scat-
tering of the repeatedly fired REMPI pulses, we placed a copper wire 
(American Wire Gauge 36, 127-μm diameter) in the REMPI beam path 
and cast its shadow on the plane containing KRb molecules using an 
f = 250 mm focal length achromatic plano-convex lens. The shadow 
of the copper wire had a width of 250 μm and was centred around the 
location of the molecular cloud.

The 666 and 420 nm laser pulses were fired at a repetition rate of 
10 kHz and temporally overlapped with the 532 nm pulses. The pulse 
lengths of the 666 and 420 nm light and the relative timings to the 
532 nm pulses were controlled and optimized using a delay function 
generator. The resulting ions were accelerated onto an ion detector 
under a constant electric field (E = 17 V cm−1) generated by a series of 
plate electrodes and counted39,50. The ionization sequence lasted for 1 s, 
and the ODT intensity, magnetic field and electric field (perpendicular 
to the magnetic field) were held constant for the entire duration. The 
atoms and molecules were depleted after the ionization sequence.

From our KRb REMPI spectra (Fig. 2), we extracted rotational 
constants (B) of 2π × 1,112(3) and 2π × 961(1) MHz for KRb in the X1Σ+ 
and B1Π (ν′ = 0) states, which are in good agreement with the previously 
measured value38 (B = 2π × 1.1139(1) GHz) and theoretical prediction51 
(B = 2π × 953 MHz). The Λ-doublet splitting of the B1Π excited state 
is 2π × 7(5) MHz. In addition, we observed that the frequency of the 
R(0) transition is offset by 2π × 100 MHz from the prediction using 
the rotational constants due to the light shift caused by the 532 nm 
light (Extended Data Fig. 1). It is important to take this into account to 
extract the population of post-collision N = 0 molecules.

We additionally checked the linear correlation between the  
product KRb molecule population and the initial |2, 2⟩ Rb atom number 
(Extended Data Fig. 2), validating that the N = 0 KRb with sufficient 
kinetic energy to escape the ODT and the excited KRb molecules in N = 1 
and 2 originate from inelastic atom–molecule collisions.

Monte Carlo simulation of REMPI
To obtain the branching ratio between different product rotational 
states, we created a model that accurately reflected the ionization 
efficiency for each state to convert the experimental signal ion counts 
to the corresponding molecule population. The model addressed 
several not-so-straightforward aspects, including the fact that the 
release of kinetic energy from the collision is small and the products 
could experience multiple ionization events in the detection volume. 
In addition, the 666 nm transition Rabi rate was comparable to the 
excited-state decay rate. As a consequence, a single ionization event 
could not deplete the ground-state population of the product mol-
ecules and later ionization events could also contribute to the total ion 
signal. Moreover, due to the Gaussian intensity profile of our REMPI 
beams, ionization events exhibited different dynamics depending on 
their distance from the trap centre.

To obtain an accurate branching ratio, we modelled all ionization 
processes through Monte Carlo (MC) simulations and fitted the data 
shown in Fig. 3 to our simulations.

In the simulations, both the 666 and 532 nm beams had  
Gaussian profiles with a 1/e2 beam radius of 1 mm. The width of the 
dark mask was 250 μm and covered the centre of the ionization beams. 
These geometric parameters were chosen to be consistent with our 
experimental values. Meanwhile, the three rotational states of the 
KRb product molecules had velocities of v0 = 4.18 m s−1, v1 = 3.54 m s−1 
and v2 = 0.74 m s−1 for N = 0, 1 and 2, respectively. The simulation  
was initialized with 1,000 product molecules for each rotational state, 
all located at the centre of the REMPI beams. Each molecule followed 
a uniform spherical velocity distribution and an initial starting time 
drawn from a uniform distribution between 0 and 100 μs, which  
was the time difference between two ionization events to model the 
asynchronous nature of product formation.

For every product molecule created with its initial time and velo
city vector, the subsequent ionization process became deterministic. 
We calculated the coordinates of the molecules for each ionization 
pulse, from which we obtained the REMPI beam intensities for each 
ionization event. Each ionization event was modelled using a two-level 
system with decay in the excited state52. The dynamics of the ground 
state |g⟩ in the X1Σ+ manifold and the intermediate state |e⟩ in the B1Π 
can be described using the following rate equations:

d
dt
ρgg = − i2 (Ωgeρeg − c.c.), (14)

d
dt
ρee = −(Γ + Γion)ρee +

i
2 (Ωgeρeg − c.c.), (15)

d
dt
ρeg = − 1

2 (Γ + Γion)ρeg + i∆ρeg +
i
2Ωeg(ρee − ρgg), (16)

where c.c. represents the complex conjugate, ρgg and ρee represent the 
populations in the ground and intermediate state, ρeg is the coherence 
between the two states, Ωge is the Rabi rate of the 666 nm bound-to- 
bound transition, Δ is the 666 nm laser detuning, Γ is the decay rate of 
the excited state |e⟩ and Γion is the ionization rate of the 532 nm 
bound-to-continuum transition. We characterized the decay rate of 
the excited state Γ = 2π × 15.6(3.2) MHz using absorption imaging  
and fixed this parameter in the MC simulation. The ion counts were 
calculated using ∫ρee(t)Γion(t)dt, where Γion(t) is proportional to the 
532 nm pulse intensity, with a peak value Γion = 2π × 5 MHz (ref. 52) at 
the centre of the Gaussian beam.
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We solved the aforementioned rate equations for each ionization 
event and obtained the ion counts and remaining ground-state popula-
tion ρgg, which rolls over to the next ionization event. We summed the 
ion counts from all product molecules and all ionization pulses that 
each molecule experienced, from which we extracted the branching 
ratio. We note that the choice of peak 532 nm laser ionization rate did 
not affect the final branching ratio. Doppler shifts were taken into 
account in our simulation.

When fitting the data to our MC simulation, we set the initial num-
ber of molecules, 666 nm Rabi rate and 666 nm laser detuning as free 
fitting parameters. Meanwhile, we fixed the excited-state decay rate, 
temporal profile of the REMPI pulses, the peak 532 nm laser ionization 
rate at the centre of the beam and the geometries of the REMPI beams 
with the dark line from experimentally measured values.

For the R(0) branch, we additionally took into account the light 
shift caused by the pulsed 532 nm light observed in the experiment 
by introducing a time-dependent detuning. We also considered the 
excited-state hyperfine structure in the R(0) transition (Extended 
Data Fig. 1) by extending the two-level system model to include three 
independent excited states with the same Rabi and decay rates. We 
did not observe significant light shifts in the Q(2) and Q(1) transitions 
caused by the 532 nm light. The hyperfine structures in the excited 
states in the Q(2) and Q(1) transitions are similar to R(0) and ignoring 
the hyperfine structure would cause at most a 5% overestimation of 
the excited-state population.

The fitted Rabi rates for Q(2), Q(1) and R(0) were 2π × 10.2(2), 
2π × 10.0(5) and 2π × 13.7(1.0) MHz, respectively, with the error bars 
representing a 68% confidence interval (Fig. 3). The R(0) Rabi rate 
extracted from the fitting agrees well with the Rabi rate measured using 
depletion spectroscopy (2π × 14(4) MHz). In addition, the ratio between 
the three Rabi rates shows good agreement with the Hönl–London 
factors53 for X1Σ+ to B1Π transitions, assuming that the MN distribution 
was randomized. In addition, no dependence of KRb ion counts on 
polarization was observed across all transitions, indicating that the 
MN levels were scrambled after collision.

Data availability
The data supporting the findings of this study are available from the 
corresponding authors on request. Experimental data and related 
processing codes are also accessible at Harvard Dataverse via https://
doi.org/10.7910/DVN/O24MN4 (ref. 54).
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Extended Data Fig. 1 | Light shift and hyperfine structure observed in the R(0) 
transition. (a) Pulsed 532 nm light induced light shift in the R(0) transition. The 
dark blue solid circles represent the R(0) transition with an overlapping 666 nm 
pulse and 532 nm pulse. The light blue open circles represent the R(0) transition 
without overlapping 666 nm and 532 nm pulses. The solid lines are fittings to 
Lorentzian lineshapes. The insets are the corresponding REMPI pulse timing 

diagrams. The data were collected using 5 averages. (b) Depletion spectroscopy 
of N = 0 KRb molecules from absorption imaging near R(0) transitions. The 
spectrum shows hyperfine structure of the N = 1 level in the electronically excited 
state. The data points represent the mean value, normalized to the maximum 
molecule number. All error bars in this figure represent the shot noise.
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Extended Data Fig. 2 | Rb atom number dependence of KRb ion counts. KRb ion 
counts were measured with the 666 nm laser resonant with the Q(2) (circles), Q(1) 
(triangles) and R(0) (squares) transitions as a function of the initial |2, 2⟩ Rb atom 
number, which was controlled by varying the duration of the microwave ARP 
pulse. To account for imperfections in the dark mask that give rise to signal from 
|1, 1⟩ atoms in the reactant cloud, the same measurements were performed 

without a microwave ARP pulse to establish a background. The results with 
background subtraction are shown here. For each point, the X-axis values and 
error bars indicate the mean and standard deviation of relative atom number of 
the 5 measurements, while Y-axis values and error bars represent the mean of 5 
measurements and shot noise. Solid lines are linear fits to the data.
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Extended Data Table 1 | Table of product KRb branching ratio under different conditions. We presented 30 G, |2, 2⟩ Rb + N=0 
KRb data in the main text. Electric fields for all three datasets are the same (17 V/cm and perpendicular to the magnetic field)
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