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            Abstract
Chemical reactions represent a class of quantum problems that challenge both the current theoretical understanding and computational capabilities1. Reactions that occur at ultralow temperatures provide an ideal testing ground for quantum chemistry and scattering theories, because they can be experimentally studied with unprecedented control2, yet display dynamics that are highly complex3. Here we report the full product state distribution for the reaction 2KRb â†’ K2 + Rb2. Ultracold preparation of the reactants allows us complete control over their initial quantum degrees of freedom, whereas state-resolved, coincident detection of both products enables the probability of scattering into each of the 57 allowed rotational state-pairs to be measured. Our results show an overall agreement with a state-counting model based on statistical theory4,5,6, but also reveal several deviating state-pairs. In particular, we observe a strong suppression of population in the state-pair closest to the exoergicity limit as a result of the long-range potential inhibiting the escape of products. The completeness of our measurements provides a benchmark for quantum dynamics calculations beyond the current state of the art.
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                    Fig. 1: Energetics and product quantum states for ultracold reactions between KRb molecules.


Fig. 2: State-resolved coincidence detection of reaction products.


Fig. 3: Measured product state distribution and comparison to statistical theory.


Fig. 4: Influence of the long-range potential on product formation near the energy threshold.



                


                
                    
                
            

            
                Data availability

              
              The data that support the findings of this study are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Timing diagram for product ionization.
The relative timing between the ODT, REMPI, and cleanup pulses during the state-selective ionization of reaction products. The inset shows a close-up view of a single modulation period. Unperturbed reactions occur during the dark phase of the period, while reactions influenced by the (1,064 nm) ODT light occur during the bright phase. The numbers in parentheses indicate pulse durations.


Extended Data Fig. 2 Modelling the geometric factor for product sampling.
The plot shows the fraction of product pairs that remain within the REMPI beam volume at the time of ionization as a function of the velocity of the K2 product within the pair. Blue and red dashed lines indicate the maximum velocities of the K2 and Rb2 products, respectively. The inset shows the ionization geometry.


Extended Data Fig. 3 Modelling the Doppler factor for product sampling.
a, Normalized optical intensity profiles of the REMPI laser pulses. The red trace corresponds to the 648 nm or 674 nm lights, and is proportional to \({\varOmega }_{01}\). The green trace corresponds to the 532 nm light, and is proportional to \({\varGamma }_{{\rm{ion}}}\). b, The Doppler factor FDoppler(v) versus the velocity of the K2 product. The lower and upper bounds correspond to \({\varGamma }_{{\rm{i}}{\rm{o}}{\rm{n}}}/(2{\rm{\pi }})\) at peak values of 6 MHz and 14 MHz, respectively.


Extended Data Fig. 4 Distribution of product translational energy.
The measured (blue circle) and predicted (red diamond) scattering probabilities for all allowed state-pairs are plotted versus their translational energies (T). The two sets of points are offset horizontally by 0.014 cmâˆ’1 for clarity. To aid in the identification of systematic deviations, we multiply each scattering probability by a normalized Gaussian function with a 1Ïƒ width of 0.25 cmâˆ’1, and sum them up to construct broadened distributions as shown by the blue and red curves. These curves are scaled by a factor of 0.2 for convenience.


Extended Data Table 1 Molecular dissociation energies of 40K87Rb, 40K2 and 87Rb2Full size table


Extended Data Table 2 Rotational and centrifugalÂ distortion constants for 40K2 and 87Rb2Full size table


Extended Data Table 3 The internal energy (U) and degeneracy (\({\mathcal{D}}\)) for all measured product state-pairsFull size table


Extended Data Table 4 Various measured quantities that are used towards calculating the scattering probability into each product state-pairFull size table
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